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ABSTRACT: TASK ORIENTATED AUTOMATA 

An al ternati ve between product dedicated automation and 
general purpose robots is presented. with the new approach a 
given robot is customised to fulfil the requirements of the 
manufacturing tasks to be automated, is programmed in terms of 
production tasks or can be truly automated. This allows 
exploitation of the natural relationship between production tasks 
and robot systems. 

Current construction of industrial robots relies on a 
one-to-one r e lationship between robot and controller. The 
perceived way forward with this constraint has been the 
functionally related general purpose Industrial Robot. 
paradoxically, industrial robots are 'bolted' to task specific 
environments which have fixed repertoires of materials and tools 
to act upon. 

computer integration of these functional machines involves 
human interaction to constrain the general purpose robots to 
relatively simple production tasks. This increases the overall 
cost, levels of expertise required to program the robots and 
lead-times in reprogramming. Unquestionably these factors have 
led to a reluctance towards exploitation of industrial robots. 

The research undertaken endeavoured to provide an 
alternative to this method of automation. The research completed 
allows robots to be programmed in terms of production tasks and 
dissolves the necessity to specifically design a robot controller 
for a given robot configuration. A modular robotic framework 
which consists of a number of generic modules has been employed. 
A loosely coupled transputer computer network has been 
implemented to encompass task, robot coordination and robot axis 
levels. 

At task level a 'production orientated programming 
environment' reflects the corresponding manual production 
activities. Information is gathered from this environment to 
allow 'task related rules' to be formulated. These 'task rules' 
have been utilised to fully automate, allowing product 
specifications to be translated to machine actions. 

The robot coordination level translates global coordinates 
to joint actions. A set of closed loop inverse kinematic 
equations have been generalised to ensure that the robot 
controller is not dependent upon a given robotic structure. These 
generic equations are customised to the localised constraints of 
each modular robotic element of the robot structure. 

Robust axis control is utilised to decouple robot control 
at joint level. 'Mix-and match' hardware and software techniques 
have been created which facilitate customisation of a given robot 
axis, and in turn, the ascending levels of the system. Hardware 
design capitalised on new advances in compact components which 
allowed self contained modular robotics elements to be formed. 
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OBJECTIVES AND DIRECTIVES 

To create a system to design, construct and program industrial 
robots which are tailored to the requirements of production 
whilst at the same time are easy to program or fully automate, 
are justifiable in terms of economics and are not product 
dependent. 

From the outset of the research the aims were: 

To develop a methodology which offered an alternative to 
ei ther 'hard automation' or the broad 'general purpose 
manipulator' approaches. 

To investigate customising a robot system from mechanical 
modules (containing actuator, sensors, power amplifiers and 
embedded controller) . 

To find methods of combining, coordinating and configuring 
such robots to match the requirements of a given production 
task. 

To form task specific applications concisely on a hierarchy 
from point to point control level rising to a production 
goal level from a set of generic modules. 

To develop a methodology of programming a robot which 
reflects the corresponding manual operation to provide a 
comfortable front-end, which does not require in depth 
knowledge of the robotics to operate and which had the 
ability to form a fully automated machine (translated 
product descriptions to machine actions). 
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FOREWORD: A TREATISE OF ROBOTICS 

'Robota': From the Czech word for compulsory labour, which some 
read as the four letter word, work. 

'Robot': from Webster's dictionary, 'an automatic device that 
performs functions ordinarily ascribed to human beings'. 

'Robot': from English dictionary (1923) 'All those machines which 
wholly, or in part imitate man, sometimes his appearance, 
sometimes his actions and sometimes both. ' 

Specification of a 
, Astounding Science 
Engleburgeri 

robot, 
Fiction, 

published by Isaac Asimov in 
March 1942 and adopted by Joe 

A robot may not injure a human being or, through 
inaction allow a human being to come to harm. 

-- A robot must obey the orders given to it by human beings 
except where those orders would violate the First Law. 

-- A robot must protect its own existence, except where 
that would violate the First or Second Law. 

The word 'Automatization' is accredited to John Diebold, Harvard 
Business School in 1950 and is followed by his book 'Automation' 
in 1952. 

The Robot Institute of America describes an industrial robot, as 
a 're-programmable multi-functional manipulator designed to move 
materials, parts, tools or specialized devices, through variable 
programmed motions for the performance of a variety of tasks'. 

The Japanese (Industrial Robot Association) classifies robots 
functionally into manual handling, pick and place 
(programmability of end-stops), programmable variable-sequence 
manipulators, robots taught manually, robots controlled by a 
programming language and robots which can react to their 
environments. 

The British (Robotic Association) describes an industrial robot 
as a programmable device designed to both manipulate and 
transport parts, tools, or specialised manufacturing implements 
through variable programmed motions for the performance of 
specific manufacturing tas~ 
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Summary of Research 

ROBOTICS OUT IN INDUSTRY 
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Chapter 1 portrays a world-wide status of automation. 

Attention is drawn to the industrial robots and in particular the 

short falls of the general purpose manipulator. The technology 

drive towards increasing the functionality of all robots toward 

human abilities while remaining insensitive to the real 

requirements of automation is reported. It is argued that 

increased functionality of a single robots to cover all 

manufacturing tasks will only diverge from cost- effectiveness 

and true CIME . 

. ~ 

The criteria for new types of automation will be discussed. 

The research by the author on a innovative approach. 'The Task 

Orientated Methodology' is presented. This approach is based on 

three directives: manufacturing tasks to influence robot design, 

inexpensive robot construction, and complete computer 

integration. 
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Summary or Ilesearch 

Chapter 2 presents a literature search on commercial and 

research activities into industrial robots, and the background 

material on the task approach. 

Parallel processing within robotics is discussed. Attention 

is drawn to modular techniques of system design and the way these 

modules can be integrated. construction of industrial robots, and 

in particular modular robotics is discussed. 

Attention is drawn towards generalising a set of inverse 

kinematic equations. Existing methods of completing this 

objective are reported. These include recursive techniques and 

symbolic solution of inverse kinematic equations. The 

limitations of these approaches are evaluated together with their 

respective 'cost'. 

Throughout Chapter 2 the research activities are categorized 

(see below) and related to associated research programmes and 

the background material is presented. 

The Task orientated Methodology: The application of an 
industrial robot is utilised to show that the approach 
creates robots which are closely related to the objectives 
of the factory as a whole. 

A Generic controller: A generic controller framework which 
has been created is described. This facilitates computer 
aided robot design. New approaches created which allow 
rapid customisation via mixing and matching of robot 
elements are presented. 

A Generalised Closed Form of Inverse Kinematics: A set of 
generalised inverse kinematics is discussed which utilises 
an existing framework. 

Prototype Task orientated Robot: The application of 
automated spraying has been utilised to demonstrate the 
approach and to allow results to be drawn and compared with 
existing industrial robot approaches. 
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Summary or Research 

Chapter 3 presents the work which was to be completed to allow 

the research to be investigated. Work utilising the technology 

duo of Occam/Transputers is reported. 

Innovative work on the new robotic system is presented. The 

prototype version of the controller, together with cost-effective 

methods of creating modular robotic elements is considered. 

Work completed on the development of a loosely coupled 

parallel processing architecture which utilises only two types 

of transputer modules to form a robot controller is presented. 

These modules are the Processing Node and the Application Board. 

The relationship of this approach to existing CAD facilities and 

a.new multi-discipline CAD approach are discussed. 

A prototype robot controller which has been developed from a 

combination of these two modules is presented together with 

future plans of exploitation. 

Chapter 4 conveys the concepts, results and conclusions drawn 

from the research undertaken in modular' robotics. customisation 

of the joint controllers using a generic software framework and 

a communication method is reported. A new method of integrating 

the primitive elements of a servo system, the actuator, drive and 

sensors within the generic framework is discussed. The new 

approach is then extended to robot customisation. 

xiv 



Summary or Researcb 

Chapter 5 discusses the focal core of the research. The 

subject matter concerns the second layer of the robotic system -

robot coordination. 

Existing methods of generalising inverse kinematic equations 

are reviewed with regard to suitability. A number of new 

approaches to resolve the problem of generalising inverse 

kinematics more realistically are considered. 

Implementation of these inverse kinematic equations within 

the framework of the overall task orientated robot architecture 

is discussed. Attention is drawn to joint selection from a given 

set of solutions. 

Chapter 6 portrays how the research into modular robotics and 

the generic robot coordinator has been utilised to form a task 

orientated robot. A automated spray application is selected to 

test the approach using a surrogate robot structure. 

The results obtained on the case study 'sprayer task robot' 

are given. The consequences of relating the kinematic selection 

rules to a kinematic strategy for the spraying task are reported. 
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Summary 01 Research 

At the task level manual programming facilities are related 

to the actual performance of the task robot. The results from the 

automated Sub-Task-Functions, such as raster patterns, are 

reported. Comparisons were drawn between a functional robot 

programming environment, a manual task related programming 

environment, a semi-automated task related menu driven 

environment and an automated task· machine environment. The 

coverage of the task rules devised for the sprayer are 

considered. 

Chapter 7 draws conclusions from the results obtained. A 

number of questions are raised: 

What do you gain by constructing a task orientated machine 
over the general purpose robots? 

Is it viable to have a generic robot controller? . 

How closely does the task machine match the manufacturing 
task? 

How concise is a task orientated programming environment? 

How easy is it to upgrade a task machine? 

A final conclusion is given together with the outstanding 

research programme: 

SERVOCAD/ROBOCAD: Multi-discipline CAD/CAM system to allow 
modular robotic elements to be designed and manufactured. 

CASE STUDIES: Application of the new task orientated 
approach to further manufacturing tasks. 

PRODUCTION ORIENTATED MANUFACTURE: Research into multi
task machine programming leading to full automation. 
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CHAPTER 1 

REQUIREMENT FOR A NEW AUTOMATION APPROACH 

This chapter portrays the state of automation. Attention is 
drawn by the lack of adoption of industrial robots. The 

requirement for a new approach which dissolves the necessity 
for the general purpose robot approach is reported. 
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They will say not having learning, I will not properly speak 
of that which I wish to elucidate. But do they not know that 

my subjects are better illustrated from experience than by yet 
more words? Experience which has been the mistress of all 

those who wrote well and thus as mistress, I will cite her in 
all cases. Leonardo da Vinci 



CHAYfER 1 - Introduction 

1.1 Why Automate? Where to Automate? What to Automate? 

Automation Directives 

Requirement and criteria for a new approach. 

Whilst automated machinery was in a state of infancy the 

answer to the question 'Why automate?' was simple - automation 

provided a programmable means of repeating production actions 

wi th greater agility or precision than could be achieved by 

manual production and reduced risks in hostile environments. In 

terms of manufacturing goals this related to safer and cleaner 

manufacturing environments, reduced manual labour costs and 

repeatable product quality (1.1). 

Performance of automated factories has traditionally been 

measured in terms of accountable variables which are observable 

by the manufacturer, but have little importance to the customer 

who desires the right product with the desired timing, quality, 

quan\ity and pricing (1.2). 

Labour costs are often perceived as accounting for 50% of a 

product's cost. These figures fuel the argument that a 

competitive automation strategy would be to reduce labour costs. 

In reality only 12 to 22 percent of a products' price tag can be 

assigned to labour costs, the majority of the cost being 

accountable to raw materials. 
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CHAPTER 1 - Introduction 

In relation to time scales, 40 to 60 percent of process time 

can be spent in manually producing an item (1.3). The quoted 

times are dominantly process related. For example, the time 

taken to mill a 5 mm slot in a piece of mild steel, rather than 

machine loading times. 

Exploiting automation to reduce labour costs merely shifts 

emphasis from labour costs to capital expenditure. Viewed 

against the world backdrop of abundant inexpensive manual labour 

forces, it becomes fruitless to pursue such an automation target. 

Increased throughput of factories, the 'make it quick and 

plentiful' philosophy has saturated the traditional domestic 

markets. Mass production by itself offers a short-term gain. 

Established markets soon saturate as popular items fall in price 

and lose their desirability. Products which have suffered such 

fates are the digital watch, the calculator and the personnel 

stereo. The digital watch, is now perceived as 'tacky' When 

compared against traditional watches and 'designer' watches, yet 

in the majority of cases the same technology is utilised, all 

that differs is the perceived look and the price tag. 

Resource based third world economies complicate the 

manufacturing picture by utilising rather than exporting their 

plentiful raw material in 'down stream' factories. Their 

position is strengthened when they impose tariff barriers on 

exports of the desired raw materials. 

3 



CHAPTER 1 - Introduction 

computer Integrated Manufacture and Engineering (CIME) 

implemented close to the market place could in itself tilt the 

balance in fa vour of the European manufactur ers '. The directive 

is not in terms of tangible a c c ountancy measures , but rather on 

the increased dynamic behaviour of manufacturers ' wh o invest in 

cum. Significant reductions have be~n made in reducing 

lead-times beti-.'een customers and products 'i-,'hen automation is 

applied selectively (1. 4) [Figure 1.1j , 

cp c p. W fug iWia AW if ''''MW 'P. aM 

Measure Of Automation Success 

Throuput: 

Stock Investment: 
Anu'al stock Turns: 

25 days to 2 days 

£10M to £2M 
5 to 30 

Reduction in Eq~ipment and Manual Labo~t: 

. Rework (Quality) 

Delivery Time: 

24 to 5 fork lift trucks 
Hours Per Unit 330 to 200 

cut by 84% 

On time, 60% to 98% 

l,m M 

Bold text signifies direct . improved customer performance. 

Figure 1.1 - Fruits From Automation 
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Factories which exploit true CIME can interact dynamically 

with the surrounding market place. As transportation of raw 

materials is far easier than worked goods, CIME introduces a 

natural reluctance for the customer to go further afield as the 

customer I S requirements are satisfied locally. This suggests that 

even if adoption of automation is world-wide, the customer will 

be satisfied by the factories within a local vicinity. 

To capitalise on this fact a core of automation machinery has 

to be made available such that it: 

Can be integrated (physically, electrically, electronically 
and software) within a factory framework. 

Can be modified as the factory evolves and hence is not 
product dependent. 

Is cost effective with regard to low waged countries and 
transportation costs. 

Does not shift production costs from a manual production 
line to the cost of employing a number of highly skilled 
operators. 

These automation directive signifies the paramount importance 

of research into a range of production machines which are 

automated, can be customised to a set of production criteria and 

which can be interfaced readily to CAE packages in a systematic 

fashion. 
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1.2 Functional Robotics: A Users Perspective 

The British Robotic Association describe an industrial robot 
as a programmable device designed to both manipulate and 
transport parts, tools I or specialised manufacturing 
implements through variable programmed motions for the 
performance of specific manufacturing taskS. 

Industrial robots have been utilised throughout the f actor y 

but are predominantly employed in material ha ndling where 

accurate point-to-point control suff ices. Such industrial robots 

feed conveyor belt systems and automatic guided vehicles from 

goods inwards and component stores to final 'product packaging. 

The collection of materials and tools are scheduled through a 

range of manufacturing cells via palleting stations, where 

material handlers pass the materials to islands of automation. 

Within the manufacturing cells the robots feed computerised 

milling machines, moulding machines and the such with raw, or 

part worked material. The material can be grasped and thrusted 

through space by a pre-defined gripper or 'dragged' back to a 

material handling point. Robot speed can be sacrificed in favour 

of increased pay-loads as larger volumes of raw material 

inherently requires more time to machine. 
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swift precise operation with assembly tasks becomes paramount 

as machine time becomes transpa.rent. Direct drive robots offer 

such agility. Specialised light-weight multi-fingered grippers 

can exploit this throughput performance further by picking and 

placing batches of components [Plate 1.1]. 

00 F NL ROBOT 
I 100 

Plate 1.1 - SCARA Assembly Robot with Double Ended Gripper 
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spot welding (and spot gluing) requires nimble actions between 

welding points. Electro-tips are attached to the end-effector 

of the robot to pass the intense current through the welding 

point. Corrosion of the electro-tips has to be monitored to 

ensure ample current flows between the sheets of metal to form 

the weld point. This data together with the time constraints of 

the process have to be embedded into the program of the robot. 

continuous welding, seam gluing and spraying applications 

require graceful smooth motion. The feed-rates of· the robot are 

implicitly defined by the process and material in use. For 

continuous welding attention is drawn to the ability of the robot 

to track paths in cartesian space. Robot dexterity becomes 

critical when sprayer robots have to spray restricted areas. 

common to all applications is the desire to match the physical 

abilities of a selected robot to the specific manufacturing task 

within an entire factory framework. 

To a manufacturer wishing to automate, a seemingly exhaustive 

range of industrial robots can be purchased (1.6). Closer 

scrutiny of the distribution of industrial robots used reveals 

that the classifications pre-dominate world-wide are the jointed 

robot, SCARA, cylindrical and cartesian configurations [Fig 1.2] 

(1.7). 
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Figure 1.2 - Distribution of Manufactured Robot Classifications 

These configurations in themselves only have minor kinematic 

deviations [Fig. 1.3]. Viewed individually the different 

configurations are employed for distinct production tasks. For 

instance, the deviation between SCARA and jointed configurations 

is a mere 90 degrees rotation between joints 1 and 2, yet the 

former is exclusively employed in assembly and the latter for 

such tasks as welding. This suggests that there is a natural 

relationship between task and robot structure which has only been 

exploited to a limited extent. 
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Figure 1.3 - Kinematic structure of Commercial Robots 

For applications such as material handling the user is unable 

to influence the 'reach' of the industrial robot to match the 

physical requirements imposed by surrounding machinery. Either 

flexibili ty is traded-off in preference of tailored end-stop type 

robots or a six degree of freedom (6DOF) robot has to be 

constrained in the associated programming environment to perform 

relatively simple tasks. 
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Generally the robot user is restricted to exploitation of 

general purpose 6 OOF robots if any degree of flexibility of the 

factory is to be obta ined. These are perceived as the 'ultimate' 

manufacturing solution at this time. From the distribution o f 

classifications it is evident that such robots have been designed 

to mimic the structure of the human arm or one of the standard 

coordinate systems (and hence simple inverse kinemati cs) . 
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m 
' IX I 
,/1 

: RO SO T CO\"E OLLE~ , 

ROBOT DESlCN AND SELLCTION ROlT£ 
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Figure 1.4 - The Functional Robot System 
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There is a relationship between robot structure and the design 

of the robot control unit [Fig. 1. 4] • This one-to-one 

relationship encourages the instinctive tendency to develop a 

robot 'which can do all', since it minimises the number of robot 

controllers which have to be specifically developed. 
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The functionality of the robot, imposed from the lowest level 

upwards, is reflected throughout a given robot's specification 

[Fig. 1.5]. This restricts customer relations - the customer 

wishes to purchase a robot which for example, can spray a panel, 

not a robot which is capable of maximum joint speeds of say 120 

degrees/sec. 

Model: Modified Syke A600 DrivePower:O;C. Servo 

I.~e..in Applica.tion: Spraying Classifi6ation: ~ointed 

Number of Axes: 3 Repeatability: O.5mm Accu racy: rv s mm 

Weight Capability: 3-6Kg 

.Structural Speci~icatio~: 

Hori ionta ',,: :.700mm 
. . .: .. vert; ca 1 . <: ·:::950mrri 

. . . :-.::. :360' .' . . Rotate .:..: ..... . 
. '. <:Vert lea ,'Ar·m:·:360 ,:::: . 
. 'upp:er'Arm' ..>360' 

:contr~l~yste~~: .. 
... . ... .' ... 

()p~fa};:on::~o.d:e.:>/·<.: .... 

:Typ~:'6{MemorY; »< 
Fiqure 1.5 - summarised BRA specification for Modified Syke Robot 

The abilities of industrial robots are described in terms of 

functionality, in so much as whether point-to-point, continuous 

or predefined paths can be programmed ata given speed, for a 

given robot work-volume and for a given payload. 
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Robot sophistication has been increased when industrial robots 

have been put under the scrutiny of research. Suggesting that 

the commercial abilities of the robot, prescribed by the 

controller, fall short of the physical abilities of the robotic 

structure. For instance, the majority of robot systems comprise 

of d.c. servo systems which are capable of tracking paths, and 

hybrid position/force control schemes. When the commercial 

controllers are modified it is found that significant 

improvements can be made to the robots performance. 

To the robot customer, the robot controller can only be 

perceived as an awkward jumble of electronics, computers and 

embedded software which permanently prescribes the abilities of 

the robot and which has to be integrated with existing machinery. 

Robot controllers are generally microprocessor based. 

Up-grades to the robot controller should be as natural as 

up-grading the software of a desk-top publishing system. 

Paradoxically, when robot controllers are up-graded, redesign is 

necessary. 

In essence, the industrial robot is purchased as a predefined 

enti ty which is either constrained to a production task or 

completely abandoned, barely satisfying any long term continuity 

plans of the customer. This fact is enforced by the associated 

programming environment of such robots. 

13 
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A range of user interfaces are provided to program the 

robots to an actual production task, but again these are 

predefined by the robot manufacturer and are extremely 

specialised, requiring training in operation. The range of 

programming techniques include 'walk through', teach pendants and 

linguistic and graphical programming techniques. By the nature 

of general purpose machines, specific production tasks such as 

spraying, welding and gluing cannot be" programmed without 

considering the functional motion of the robot. 

Prescribing the desired path by physically 'walking through' 

and recording the path of a robot offers a method of programming 

an industrial robot utilising a 'play-back' execution mode. In 

terms of intelligence, full reliance is placed on the operator 

to guide the robot through the surrounding static production 

environment. computer integrated manufacture is possible, in so 

much as a range of manufacturing chores can be selected and 

endlessly 'played-back' if so desired. Human intervention does 

in itself introduce lead- times. This time interval is on-line, 

and hence continuous production is not possible. 

Teach pendants offer a servo assisted alterative to the lead 

through systems. Robot motion is defined by increments within 

either joint, tool or cartesian space. Intermediate points of 

a path are visually positioned by the operator and stored within 

a program structure in slow motion. Feed rates of the 

end-effector are then adjusted to suit the particular 

14 
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application. A number of teach pendant driven systems have the 

ability to interpolate circular or cartesian paths between the 

'moved and stored' positions. Programming is still achieved via 

on-line means and for complex motions large lead times can be 

incurred. 

Off-line programming techniques have improved significantly 

with the advent of microprocessors. A number of robot 

programming languages have been developed, including AL, AML, 

Emily, LM, ML, MAL, PAL, RAIL, VAL and WAVE. The majority of 

these allow the robot motion to be predefined in much the same 

way software defines the branches and calculations made by a 

microprocessor system [Fig. 1.6]. 

As graphical support has increased robot programming by 

simu~ation has gained significant favour. This approach relies 

on portraying a 3- dimensional model on a high resolution 2-D 

screen which mimics the actions of a given robot. The user 

interacts with this graphical front-end to prescribe the motion 

of a geometric model of the robot. These graphical simulation 

packages offer a broader method of programming a robot. An 

entire dynamic production environment can be simulated. 
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Figure 1.6 - Sample Robot Program 

Few third party graphical robot programming packages have 

become available. Once the robot model has been entered into such 

a system the burden of functional programming becomes less, as 

the visualisation of the robot activities can be clearly observed 

on the graphic screen. In the main, robot programming techniques 

constrain the general purpose machines to specific production 

tasks. Human intervention is required to translate the 

production actions required, to the functional program of the 

industrial robot. 
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These attributed intricacies of the general purpose robot 

approach have introduced a reluctance to adopt industrial robots 

within U.K. industries (1.8). The same is not true within Japan 

and Germany. Imputed to their success has been the luxury of low 

staff turn-over and robots which are developed solely for in

house use. This conceals the problems associated with general 

purpose machines, as it allows the expertise required to utilise 

industrial robots to become self-contained. 

Indisputably the requirement for extensi ve research into 

industrial robots still exists world-wide to overcome the 

following imposed characteristics and implied problems: 

1) To date Industrial Robot design has been based on a set 
of general requirements. Predominantly three robot 
configurations have been utilised. Kinematically only 
minor deviations exist between these configurations yet 
each type tends to separate into a preferred manufacturing 
role. This suggests a natural relationship between 
manufacturing task and robot configuration. 

2) The robot customer is unable to influence structural 
changes to match the physical constraints of the factory. 
Inherently factory design becomes pivoted around shuffling 
a number of fixed production machines. 

3) To cope with general requirements, 6 degrees of freedom 
robots are perceived as the ultimate manufacturing 
solution. The robot operator has to constrain the complex 
structure to a spec if ic manufacturing task wi thin the 
programming environment. Whereas the manufacturer's (the 
customer) requirements could influence robot design without 
the robot becoming product dependent. 

4) The present general purpose approach stems from a direct 
relationship between a robot and a purpose buil t 
controller. The one-to-one relationship imposes 
significant reluctance to up-grade robotic systems. 
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5) Computer integrated manufacture is limited and relies on 
play-back of a repertoire of pre-programmed functional 
motions. The robot operator has to be well versed in 
robotics to cope with the reflected idiosyncrasies of the 
robot within the programming environment. This sets a 
requirement for extensive training, an ability to decipher 
operator manuals or the expense of employing third party 
expertise. 

6) simulation of robot systems considerably enhances 
functional programming of factory processes. "It has been 
shown that one man using simulation can develope in one 
week a feasible robotic process where six men have failed 
after six months with traditional design methods." (1.10) 
This signifies the use of simulation for robot design 
rather than programming. 

7) As industrial robot applications spiral a corresponding 
increase in robot functionality results. This only serves 
to increase the cost and complexity of the general purpose 
robot. 
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1.3 Task orientated Robotics 

It is noticeable that many Japanese manufactu~ing control 
systems use a combination of some standard computer 
software modules with extensive ' use " of tailored 
applications in order to truly ~chieve competitive 
advantages. 

Lucus 1987 

_MPM'. 

l1anufacturers wishing to exploit traditional industrial robots 

are faced with a daunting and costly prospect of constraining a 

general (but complex) robot structure to specific production 

tasks, or incurring further expenditure by utilising third party 

assistance to provide turn-key solutions. 

An alternative is to specify a robot system in terms of tasks, 

rather than functional abilities - e.g. a robot which can spray 

panels, rather than follow paths continuously [Compare Fig. 1.5, 

and Fig. 1.7]. The manufacturer, the industrial robot customer, 

is then able to match the production chores to be automated to 

the available robots, which are task related. 
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Model: POM - Painter 

Main Application: Remote Electro-Spraying of Panels 

Panel Size Constraint: Radius of 0.6 Meter At Height 0.75M 

Standard Fitting To Spray canisters: Bmm Bore Standard 
Bayonet 

Spray Viscous Rate: 0.4 - 0.75 p.u. 

Nozzle Attachments : 0.01 - 0.7 :m.m. Bore, 
8mm h'enti-.'orth Thread 

programming Environment: Constrained paint cursor 

Semi-Automat ic Facilities: Automatic Raster Planner 

Simulation: Raster Playback and Colour Testing 

A~to~aEic Facilities: Automatic Shape Decomposition 

Figure 1.7 - Task orientated (Spraying) Robot specification 

The task orientated approach postulates that rather than 

pursuing single robot structures which can 'do all' you tailor 

an industrial robot to the production task(s) required and the 

permanent aspects of the surrounding production environment. 

Here robot functionality is clearly related to the task at hand, 

leading to savings in structural complexity of the robot as a 

fuller specification of the robot is related to robot design. 

[It must be stressed that this approach relates production tasks 

not products to robot design.] 
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concise task related robot structures inevitably lead to 

reduced controller complexity and to a simpler programming 

environment. Instead of programming the robot in terms of 

functions of motion, a 'comfortable' cybernetic interface can be 

provided when the programming environment reflects the task at 

hand. For instance, if the automated production environment 

encompassed panel spraying, the zig-zag action of the robot can 

be related to a 'paint shape' command. In the same way a 

computer paint package can be programmed by paint actions, not 

by manipulating pixels. 

The incentives of this approach can be summarised as: 

(1) Complexity of the robot structure can be reduced if the 
robot is designed around a number of real production 
objectives, exploiting the natural relationship between 
task and robot structure. The alternative is to design 
robots which could conceivably be assembling pistons into 
an engine, spot welding car panels, and possibly spraying 
them. 

(2) Improvements in the task robot inherently relate 
hand-in-hand to refinements to the production task. For 
instance, if a new raster pattern is introduced to a 
~prayer robots' repertoire, direct improvements would be 
made to the (semi-) automated spraying machines 
abilities/quality. with broad functional improvements 
exploi tation is solely the responsibility of the robot 
programmer. 

(3) Performance and levels of functionality can be directly 
"related to the task at hand. In the case of the sprayer 
robot, continuous path control is required to perform the 
desired rasters. The robot controller can be conf igured to 
this level of sophistication. The broad alternative is to 
include all conceivable functionality, and inevitably 
increase cost and complexity. 
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(4) Task simulation facilities can be provided whilst the 
confidence level of the task rules reach a suitable level. 
For example, with a sprayer robot the raster can be played 
back in much the same way that path cutting profiles are 
with DNC milling machines. 

(5) Task level programming can lend itself to complete 
automation. with the sprayer robot task, for example, 
panel shapes and colour information· from existing CAD 
packages can be related to the selected spray materials and 
raster patterns. . 

(6) If human intervention is preferred in favour of full 
automation, then the operator is not burdened with low 
level functionality of the robot and hence the operator can 
concentrate on improving the production task rather than 
exploring the intricacies of the machine. 

(7) If the task approach is adopted across an entire 
factory, complete automation is possible using a hierarchy 
of task languages [Fig. 1.8]. For instance, it is 
perceivable that a . 'make car' command could be issued 
whereby the respective task machines would interrogate the 
respective aspects of the car's design specification. 

The task approach assists the robot customer by relating the 

user requirements to the desired robot. Such an approach seems 

attractive but it imposes considerable burdens on the robot 

manufacturer. The one-to-one relationship of traditional 

controller to robot is a major concern. If task orientated robots 

are to be made economical then design times and costs (of a given 

task robot) have to be minimised. 
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Considering the prospect of developing a number of similar 

systems, it soon becomes apparent that a number of modules will 

be common to all applications. Considering a robot system, a 

framework and a number of generic modules could be formed. After 

these exist, for a given application, a computer assisted package 

could guide the designer through the process of customising a 

robot system from a number of intelligent building blocks. 

As a means of justifying this approach, and to overcome the 

economical constraint of designing one-controller-for-one-robot, 

the following key aspects have been undertaken by the author: 

(1) A Hodular Design Approach: Constructing the robot from 
a mix-and-match collection of hardware and software, in the 
form of modular robotic elements, such that it exploits 
existing CAD/CAM facilities. 

(2) A Generic Robot Control Framework: To provide a number 
of generic modules which can be customised within a 
framework of design. This includes utilising robust joint 
control to decouple robot control and generalising a set of 
inverse kinematic equations, which suit the task approach, 
and which facilitate robot coordination. 

(3) A customisation Methodology: Designing a method by 
which the software is integrated to bind the system 
together but which can be modified if so desired without 
major redesign. Traditional methods rely on fixed 
integration which make use of a fixed communication 
protocol. The method devised allows the modules of the 
system to interrogate each other and exchange the 
information that is required to integrate themselves. 

wi th these aspects a robot can be customised rather than 

specifically developed as a whole without excessive design [Fig. 

1.9]. The interrogation methodology allows the constraints of 

the system to infiltrate to the highest level. 
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Collectively three directives summarise the new approach. 

These are: 

Directive 1: Design industrial robots for the permanent 
aspects of the surrounding production environment, and the 
task at hand. 

Directive 2: The robot controller should be expandable to 
the requirements of the customer, from a set of generic 
modules ' and the robot itself should be constructed from 
modular robotic elements. 

Directive 3: Robots should be task not functionally 
programmed using 'native' production languages or a 
graphical interface. such a rule based hierarchy should 
interface directly to existing CAD/CAM facilities. 
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2. A picture of Automation Meeting and crossing the 

Technology Barriers 

Two decades ago the main objectives of research into robotics 

were to form intelligent general purpose robots capable of 

sensing the surrounding environment (2.1). A number of main 

directions of automation have been traced over the last two 

decades. 

(1) General purpose robots (designed broadly without reference 
to a particular product or task) . 

(a) Programmable Approach based on fixed mechanical 
structure, combining a number of peripheral and mechanical 
modifications to suit the requirements. 

(b) Industrial Robots - Complex robot to robot manipulation 
using a sophisticated 6 OOF robot. 

Generation 1.0 

Generation 1.5 

Generation 2.0 

'Senseless' robots. 

Robots with sense but a fixed scenario once 
they have been programmed. 

Robots with sense and can be reprogrammed. 
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(2) Tailored Automation (modules customised to meet a particular 
application). 

(3) 

(4) 

(a) Programmable Motion Actuators (integrated to form a 
given application). 

Computer Controlled Servo Approach - use of servo driven 
actuators which can be programmed to perform various joint 
actions. A large range of servo controllers are available 
with both position and force feedback, which can be 
programmed to track trajectories and point-to-point motion. 
A system designer would use such units, but would have to 
build the infra-structure for multi-axis configurations. 

(b) Modular Approach - use of fixed programmed modules 
which provide several variants of required motion and can 
be put together to meet requirements. The Martonair modular 
handling range is an exemplary example of this type of 
automation. For instance the M/60260 Rotary Base Module can 
be rotated at a constant speed between two non-contact end 
stops, can have intermediate stops and damped motion at the 
end-stops. Typically such a module would be used to service 
a production machine. 

Machine design for a particular item but which can cope 
with variations. 

versatile 'dedicated' approach - based on the development 
of a standard programmable control system, standardised 
parts, posi tioning and orientation systems and standard 
actuators. The mechanical structure of the machine is 
altered to suit a particular application. This type of 
automation takes advantage of a factory with a product 
"range which is essentially assembled from a number of 
standard components. 

Product dedicated automation (a particular product 
specification is implicit to the design of a machine) • 

. Transfer Lines - If it can be projected that the same 
component will be manufactured in bulk over a large period 
of time a dedicated machine can be designed. For instance 
the motor assembly of a consumer product does not have to 
change with the fashioned housing. 
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The three broad classifications of industrial automation are 

fixed -> versatile automation [(2), (3) & (4)], programmable 

automation (1) and flexible automation. Flexible automation is 

generally defined as the integration of the other two types of 

automation such that once one batch of work is completed another 

(possibly with different characteristics) can precede without 

reprogramming. This flexibility is provided by computer control 

of the overall manufacturing system and more than often involves 

scheduling of stores and the material handlers. It relies on 

storing a repertoire of the variant processes which have to be 

preformed, with regard to the programmable devices. 

Each different type of available automation has distinct uses 

and risk factors. A hybrid combination (possibly towards flexible 

automation) is more likely. to be adopted by a conservative 

manufacturer than the purest view that one type of automation is 

suited to all situations. 

Taking the domain of a domestic product which contains a motor 

assembly a circuit board and external shell. There would be no 

reason for changing the motor within the product unless a new 

design of the motor assembly would lead to increased profit 

margins. Hence the production of the motor assembly and gear box 

could be considered as a fixed component. Use of programmable 

automation would more suited for the population of the discrete 

components of the P.C.B. controller and the milling of the mould 

for the external plastic case. 
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To justify this, the P.C.B. would only change if a new 

function was included into the product or the housing changed so 

drastically that it warranted redesign of the board. Whereas 

driven by market fashions, the housing is likely to change (and 

likewise the mould), and hence the final assembly might warrant 

flexible assembly. 

Apart from the manufacture of electronic boards, where the 

production processes involves a known set of components and 

planar manufacture, full automation (a direct computer link 

between a product description and the production machines) is not 

possible as a programmer is presently required to program the 

versatile production machines for each design variation. 

Current automation techniques offer a number of ways of 

reducing the lead time associated with reprogramming of machines 

and the risk in investing solely in dedicated automation. In the 

main these involve the use of flexible manufacture and variant 

design approaches. Namely you purchase an automated system which 

is integrated by a single supplier (a larger robot system which 

is simpler to program than a collection of robots supplied by a 

number of different robot manufacturers), flexible automation OR 

you consider the machines which will manufacture the product at 

the design stage with the aim of reducing reprogramming, variant 

design. 
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Considering the first option in more depth, flexibility is 

provided by customising a number of general purpose robots 

(designed without reference to a product) with versatile machines 

(designed around a product specification with a variance). Such 

combinations comprise of two extremes: 

General Purpose Robots (used for the manufacturing 
processes which are likely to change): These have a wide 
distribution of applications but require programming to 
constrain the complex structure to relatively simple tasks. 
i.e. It is assumed that there is a high probability that 
the robot can be reprogrammed if a new design is to be 
produced. 

versatile Machines (used for the manufacturing aspects 
which only change marginally) : A Narrow bound of 
applications, but require little or no reprogramming. i.e. 
It is highly probable that if the product changes beyond 
the narrow bounds of the versatility, the 'robot' would 
require structural changes. 

The assumption made is that the cross product between the two 

boundaries of the two main types of production machines and that 

if the correct judgement required in selecting each type of 

equipment is taken, it will: 

reduce the risk of the entire manufacturing cell(s) 
becoming obsolete, 

not require excessive reprogramming and 

at the same time can be programmed using the prescribed 
programming environment of one robot supplier, and 

will bridge the gap between the two distinct types of 
automation with regard to product variety and production 
volume. 
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The second possibility mentioned is to reduce the bounds of 

the input to the manufacturing system (the product design) so 

that re-programming is minimised (similar to linearising a 

control system). Although it is essential that new designs can 

be assembled with as few operations as possible and to 

incorporated the physical limitations of the factory (2.2), it 

would be clearly unwise to limit your design because it reduced 

the cost of reprogramming the automation system, which in the 

first instance had been chosen because it was flexible, as: 

you would not capitalise from the programmable nature of 
the automated system, 

your product range would be limited , almost to the 
point were you have effectively a dedicated production 
line. 

It can thus be concluded that a paradox exists -with the 

current types of automation - programmability is necessary to 

increase versatility, and at the same time the limiting factor 

with regard to batch size. This paradox could be resolved if: 

The complexity of the robot structure could be rationalised 
without it becoming product dedicated. 

The time to program a robot could be reduced to a 
satisfactory level. 

Complete or part automation of an industrial robot could be 
achieved. 
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with regard to the first postulation, this would obviously 

increase the probability of the other two postulations. 

Considering part/full automation, a number of combinations exist, 

these include: 

The design (customer) department could be modif ied such 
that it could integrate directly to the functional actions 
of the automated machines. 

A central intelligent interface is placed between the 
design department and the factory. 

The intelligence of the automated machines is such that 
they can interface certain' aspects of a design 
specification/production work-sheet. 

considering the last option, each machine would be required 

to complete a certain manufacturing task, such as welding, 

spraying assembling etc. with regard to this option the bounds 

of the knowledge required to implement such autonomy would be 

relatively concise and thus more probable to succeed than the 

other methods. 

Considering the consequences of designing a robot around a 

'task specification': 

The robot structure will be more concise than a general 
purpose robot, as it's design will be orientated around a 
known task rather than a broad specification. 

It will be more apt (will have better performance) to 
perform the task, as the task would be considered at the 
design stage. 

By programming in terms of a task, if the opera'tor can 
perform the task, then the operator should be able to 
program the robot more and hence find it easier than if a 
functional programming environment had been used. 
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As the information captured to describe the task (task 
modelling) will be narrow, then it follows that a set of 
clearly defined rules can be determined. 

possible formats for further generations of robots could be: 

Generation 
programmed 
and have 
integrated 

2.5 : Robots which are designed and 
in terms of the task they are required for 
rich interaction with the surrounding 
environment. 

Generation 3.0 
reprogramming to 
specification. 

Robots that do not 
apply the task to a 

require 
product 

To conclude, each production machine can be considered as 

having a versatility bound, an element which describes a 

profitable frequency of change (the batch size), an element 

related to an integration factor (of the machine to other 

machines), and a cost element. It is essential that a spectrum 

of production machines is available to meet the application 

within manufacture. 
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2.1 Areas of Research - Advances, Objectives and Methodologies 

A robotic system can considered as consisting of four main 

aspects [Fig. 2.1]. The first of these is the actual design of 

the robot. Two extremes exist. The first option is to purchase 

a number of servo controllers and design a system. The 

disadvantage of this method is that the software above the 

actuator level has to be written implicity for a particular 

application. The second is to use a robot which has been designed 

to a general specification with high degrees of freedom. As high

lighted by the previous section there is an alternative. That is, 

if a task specification is utilised at the design stage of a 

robot development, then the resulting robot will be more concise 

then the general purpose robot, whilst not becoming product 

dedicated. 

The next aspect addressed is how to interface the operator, 

and whether it is possible, if so desired, to part or fully 

automate a manufacturing task. 

A robotic language is an essential component of the infra

structure of a robot system and although attractive to robotic 

scientists, providing such a robot language which can be used by 

an operator has proven difficult. This fact is supported by the 

need to subscribe to a training course when you purchase a robot 

(a particular problem in the U.K. with high turn-over figures -

Economic Trends Annual Supplement, Central statistics Office). 
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A similar situation existed with implicit computer systems not 

so long ago. Resolving this problem (and the inevitably drop in 

hardware costs) in the computer market led to the success of the 

personal computer market. Hence, unless it is in some way 

desirable to perceive robot systems as a technology (subject for 

intellectuals) and an accompanying language (similar to 

philosophy and Greek or opera and Italian) wide-scale use of 

robotics is likely to be limited. 

The alternative is to interface the robot in terms of the 

task. Hence, if the operator can perform the task, then if the 

task interface is correctly implemented, the operator should be 

able to use the programming environment with little or no 

training • 

. Designing a robot for a production task and programming the 

robot in terms of the task are seen as the key steps forward in 

starting to automate a task. The first aspect towards this is to 

form a concise robot which is not over complex (general) but at 

the same time is not too specific (product dependent). As the 

robot sophistication is reflected in the programming environment, 

it follows that this should lead in turn to a less complex 

programming environment than the equivalent 6 DOF robot. A task 

orientated programming environment goes one step further by 

focusing the attention of the programmer to said task. 
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By gathering information from the task orientated programming 

environment, certain sUb-tasks can be identified, if they are not 

plainly evident, and verified by introducing a note-pad facility 

for the operator to report the effectiveness of the newly 

introduced sub-task (I wish such a facility existed with this 

over complex and badly written word-processor). As the sub-tasks 

are organised in a hierarchical structure it soon becomes 

conceivable to provide an automated facility. 

The next aspect of the research concerns ·the practicalities 

of providing a service to allow a robot system to be designed 

around a task. Apart from the robot structure which is related 

to the task, the majority of the modules of a robot controller 

have common characteristics, and thus can be made generic. The 

main focus of the research was to endeavour to form a framework 

(infra structure), with a number of intelligent building blocks 

to allow the system builder to customise rather than specifically 

design the electrical/electronic/computer/software elements of 

a task robot. 
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An example of a generic module is the coordinator. This 

relates global and joint space. Although methods of dealing with 

the analysis of inverse kinematics are available, in a recursive 

form which can be applied to redundant manipulators, and symbolic 

algebra can be utilised to form the forward kinematic equations, 

no practical methods of forming a general coordinator were 

available which could be implemented within the task orientated 

framework. 

One of the lessons learnt from the last generation of robots 

was that limited computing can soon lead to obsolescence. To 

address this problem, and to implement a distributed control, 

parallel processing was reviewed. In particular use was made of 

the transputer and occam. Developing a number of robotic 

elements, self contained robotic modules also had an attraction 

within the framework. Such modul'es would allow a robot to be 

constructed from a number of intelligent building blocks; towards 

the objective of a task robot. 
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2.2 Worlds Apart, Away From Functionality and Towards computer 
Integration 

'Consideration of what robots are has evolved over time into consideration of 
.. what robots do - this fact forces us to think of robot and task together.' 

.;w 

D.E. Whitney 

'What is the correspondence between manipulator task domains, manipulator 
operations, and automatic planning procedures?' 

T.M. Mason 

ssew-

To a manufacturer, the merit of a computer controlled machine 

is that it can be reprogrammed to carry out a production task on 

a worked object, versatility. Over the last two decades three 

generations of robotic programming languages have emerged (2.3): 

Generation -1: Teach and Repeat 

Generation 1 : Motion Level Languages - 'Teach position and 
store I method of programming with an accompanying list of 
commands and functional motions (circular or linear). 

Generation 2 Textual languages (computer orientated 
languages) Teach pendants driven or user defined 

.~oordinate frameworks, structured program constructs, the 
ability to include user-defined programs, richer 
interaction with external sensors and further computer 
controlled equipment. 

Generation 3 : World Modelling - Robot system . has knowledge 
of the environment and is able to carry out required action 

·to achieve a certain action. 

Full reliance is placed on the operator (robot programmer) to 

interface the details of manufacture to the functional motion of 

the robot, and for the operator/robot combination to be effective 

(profitable) the frequency of re-programming has to be 

considered. 
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If a factory employing industrial robots produces large batches 

of worked goods then the time taken to re-program the robot can 

be included within the calibration and maintenance plan of the 

robot. If such a situation exists, it would be perfectly 

acceptable to program manufacturing cells comprising of a single 

industrial robot (programmable machine) with a teach pendent. 

Gruver et all summarised a number of reasons for moving away 

from such methods of programming (2. 4), to summarise (an outl ined 

history is given on the next page): 

When it is more convenient to calculate a reference 
position than teach it (i.e precision robot systems). 

When it is not possible (dangerous) or convenient/ 
profitable (to stop production) , allowing off-line 
programming. 

When the time between programming is short enough that it 
makes it worthwhile to develop a program which can be re
used and easily edited. 

When the robot program is used for a number of robots. 

When additional sensors have to be integrated into the 
robot system, such as force sensors. 

When multi-machine integration is required. 
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Brief Historic List of Activities of programming Languages: 
(Dates and names detailed on publications obtained) 

T. Lozano-Perez 

Stanford 
R.P. Paul 

IBM 
*L.I. Lieberman 
M. Wesley 

R.J. popplestone 
A.P. Ambler 

Unimation 
V. Scheinman 
B. Simano 

IBM 
R.H. Taylor 
P.Summers 

P.D. Summers 
D. Grossman 

LAMA 1977 
A language for 
assembly. 

automatic mechanical 

WAVE (and then AL, based on concurrent 
pascal 1974) Capability of cooperative 
tasks (multi-manipulator coordination) and 
assembly tasks with force feedback. 

(Emily -> ML -» *AUTOPASS 1976 
A semi-automatic programming system for 
computer controlled mechanical assembly. 
Abstraction: Object level 
Task: Assembly 
Generation: Third 

RAPT 1978 
An object level language (in that the 
language describes the objects which are 
manipulated) for describing assembly. 
Abstraction: Object level 
Task: Assembly 
Generation: Third 

VAL 1978 Versatile robot programming and 
control language. 

Abstraction: Level - Manipulator 
Tasks: General Purpose 
Generation: Second 
For Robots: Product Range 

AML 1981 - A menu driven Machine Language. 
Abstraction: Level ~ Manipulator 
Tasks: General Purpose 
Generation: Second 
For Robots: 7565, 7535 & 7540 

XPROBE 1984 
Experimental system for programming robots 
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Experience required to program the robot using these languages 

ranges from a robotic/computer scientist (AL), to an operational 

eng ineer versed in robotics with a ' bas ic ' understanding of 

computers (VAL). 

Each robot manufacturer provides their own particular 

language, and unless the factory consists of solely one 

manufacturer it is likely that a range of languages will be used 

to program the factory. The high level language is ei ther 

interpreted or compiled down to an intermediate language and then 

assembled. Portability is limited as the equivalent of a 'cross 

compiler' is not seen as desirable. 

with regard to portability (writing a program in a chosen 

language for a proprietary industrial robot), this is one of the 

major draw-backs to computer integration of a factory. The roots 

of this problem lie in the design/market strategy of robot 

manufacturer, i.e. when the robot controller/ structure and the 

programming environment are considered as a single development 

[Fig. 2.2]. Current graphical robot programming packages relax 

such problems by 'post-processing', however, each time a new 

robot system is manufactured a new post-processor has to be 

devised. 
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THE ROBOT HAS TO GO THROUGH CALIBRATION 

Figure 2.2 - Functional Robot System 
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Kempf (1982)* reviewed a collective view of the types of 

languages requ i red in a robotic system. Task d e cision to language 

to level of abstraction . The robot sys t em wa s conside r ed as 

comprising of three peripherals - a planner (at tha t time an 

operator), manipulator and sensor - 'vli th a c entral operating 

s y stem. vlhere "the operating s ys tem reconciles the symbol 

manipulating powers of the planner and the wor ld manipulating 

pm.lers of the manipulators " [Fig . 2 . 3] . 

Object 

Level 

Parameter 
Level 

Image 
Level > 

Modelled World 

Knowledgeable 
Planners 

Keen World Agile 
Robots 

Physical World 

Figure 2.3 - Robot system Prospective 

* Acknowledged to Popplestone, Ambler and Streeter 
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The tasks required were related to the different types of 

languages, which were categorised by required reaction time: 

TASKS - Material handling and assembly •••• 

(1) Decision time minutes to months: A language to provide an 
interface between planner and manipulator (task solution -> 
executable manipulator program). i.e tasks which have 
little uncertainties (i.e. use of preC1S10n position 
systems and the object to be handled are known) and so can 
be pre-programmed with out reference to an uncertain 
world. 

(2) A language for the interface between the planner and 
sensor. For instance, if the task was to pick up an object 
and the (motion) path was known but the object to be picked 
up had to be measured. i.e uncertainties in the object 

TASKS - Screwing, threading, seam welding •••• 

(3) Decision time parts of a second: A language to deal the 
interface between the sensors and the manipulator. Le. 
tasks which have uncertainties and require measurements. 

The difference between this perspective and the functional 

robot system was the inclusion of a global sensor, which allowed 
: .. 

the level of abstraction to be lifted to object level (symbolic 

manipulation). The uncertainties (unknown details of the object 

or manufacturing process) of the task could be introduced into 

the program structure by a 'MEASURE WORLD' command rather than 

the less convenient 'OPERATE STORE WORLD POSITION' associated 

with the eye coordination of an operator and a teach pendent 

(i.e. the sUb-task associated with robot programming had been 

automated). 
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using an object abstraction level relates strongly to the 

information from CAD systems if a graphical interface is used 

rather than a language as the operator interface. Details from 

traditional CAD facilities are represented by 3-D drawings, 

offering snap-shots of the worked material before and after each 

manufacturing action, thus defining the outline of the part. By 

including a 'MEASURE PART' the uncertainties on the worked part 

dimensions can be determined. When a industrial robot with a 

high precision is used the uncertainties can be reduced to a 

point where it becomes insignificant. 

The disadvantage of this approach is that it leads to the 

requirement for a precise machine and measurements (essentially 

an absolute position control system with reference to the task 

in terms of pure kinematic considerations - frameworks or 'solid 

bodies' approximated with phototyped geometric shapes) and that 

the object level has to be translated to the manipulator 

abstraction level, and eventually to the actuator level giving 

movements in the real-world. 
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The first problem is an inherent one when implementing a task 

with a position! velocity controlled system and has a number of 

technical problems: 

CONTROL OF ROBOT - The accuracy to which a position 
controlled robot can be resolved to. With material handling 
this accuracy relates to a steady state precision. with 
assembly tasks, maintaining the accuracy with a downward 
(cartesian) motion may be required if no compliance exists. 

LIMITATION OF GLOBAL SENSORS - Video cameras (30 world 
projected onto a 20 sensor plane) are based on human 
characteristics, i.e. the sample frequency is set to the 
flicker frequency of the eye, the resolution is constant 
over the whole 20 image and set to that of the human eye. 
Considering the resolution of a captured picture, assuming 
that the plane of motion of the robot corresponds to plane 
of the capture vision and no optical distortion exists, 
then 

R = L * L ! N R = Resolution, Lv == Length of 
i 

. v • e • 
V S10n f1eld, Le = L1ne length of camera and N == pixels 
per line. 

Further, if the robot is moving, to maintain the same 
resolution the robot must not go any faster than R!50 
(m! s) • 
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with regard to the second problem, the actions of the operator 

moving the graphical model of the part (peg), related to gripper 

position and orientation, to a base component/or automatic chuck 

(the hole), constrains the path. 

The asynchronous actions of the operator in the world model 

can then be related to the robot using an appropriate cost

function as a basis for a given criteria (energy, distance, time 

taken, path shape, wear on the components) to allow optimisation 

of the original path. 

The inverse kinematic model of the actual robot is then used 

to get to joint space for a pure position system, or for a hybrid 

position/speed system the inverse kinematics and the Jacobian. 

The desire for automatic planners within a robot system has 

always had a driving force, motivated by 'design to product'. 

Sanders [1990] gives a literature review on the works completed 

on path planning. If the task is how to qet 'object' from 'A' to 

'B' without hitting an obstacle, then the problem is not the same 

as the AGV problem, as collisions of each joint member have to 

be considered. 
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Broader issues on AI and robotics are reported by Brady 

[1984]. The use of symbolic (or graphical) reasoning has been the 

focal point for introducing artificial intelligence into 

robotics, but is stated to be in its infancy (related to 

hierarchical kinematic properties only). In that it describes 

relative motions, with no reference to whether an object is 

heavier (has mass), rough (has friction) or is spongy (has an 

inner-structure), or the worthiness of including such realism 

with regard to a given system. 

The important aspect with all of the automated/semi-automated 

systems was that fruitful results were obtained by considering 

a narrow bound task, with a number of variants (divide and 

conquer), leading to a broad coverage, rather than a general 

solution to 'the world and all we produce in that world'. In the 

main, the uncertainties in the world can be reduced by global 

sensors and tasks can be described generally, but you still need 

to be able to focus on the said task for a practical solution to 

be attained. 

To support this, a method of describing 'all the world and 

what we do in this world' is an unbounded knowledge, requiring 

a infinite amount of computer power to model (one would imagine 

an exponential relationship between the two for finite knowledge 

bounds) • 
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Whereas a particular task is clearly a narrow bound of 

knowledge, considering that relatively few manufacturing task 

exist, this suggests that a hierarchical piece-wise presentation 

of this knowledge would be best suited for the purpose of 

automation. Further, the adoption of intelligent robots into 

manufacture is likely to be conservative (especially with current 

reservations in robotic technology), hence adoption of the new 

type of robot can be a gradual process. 

The approach applied with the task orientated methodology is 

that a task orientated programming environment (generally a 

graphical environment) is utilised to allow the user to program 

the robot in terms of the task. A test to see if a fair knowledge 

of the task has been gained is to select an operator who can 

perform the equivalent manual activities but has no knowledge 

about robotics, only given a simple explanation on how to use the 

interface developed" and see if the operator can program the 

system. 

Having made this step, if the actions of a selected operator 

are observed (by logging the activities, thus gaining the task 

domain knowledge) this information can be studied and a number 

of different sub-tasks can be automated, providing a semi

automated facility. These new task rules can then be verified by 

allowing 
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the operator to respond to the effectiveness of the new sub-task 

by providing a 'note-pad' facility, allowing the operator to 

suggest what the alternative action would have been. This will 

allow the task rules to be adapted to a given level of 

refinement. 

This process can be continued, and cross-referenced to further 

installation until the desired level of automation is obtained. 

Existing techniques and technologies would obviously be used to 

get to this point. If a particular application proved to be 

difficult this would identify whether it would be worthwhile to 

research into/adoption of further techniques and technologies. 

By considering the complexity of structures/sensor systems/ 

computer requirements and whether the task knowledge stabilised, 

with regard to the complexity of the task, would identify if a 

wrong path had been chosen and identify where and why. 
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2.3 Modular Robotics, Robotic Fr ... works , Intelliqent Actuators 

The majority of the work on 'automatic regulators and 

servomechanisms' was sparked off by the second world war with 

regard to control of gun turrets (2.5). A review of the status 

of servo mechanisms at this period is given by Whiteley (2.6). 

The potential use of "packaged controlled actuators", be it using 

mechanical, analogue or digitai computers, has always been 

realised (2.7). 

By feeding back the states of a system, position, speed and 

force (pressure), and forming a corrective drive signal allows 

either a governor to be formed (when the input signal (desire) 

is maintained to a constant level) or a servo-mechanism (a 

tracking device). The obje.ctive with a control system is to 

minimise the error signal whilst maintaining stability. ' 

The main stream applications have relied on the use of 

position -Integral-Differential arrangements. Position schemes, 

wi th an appropriate gain, allow the system to be stabilised 

whilst maintaining a healthy response time. Integral terms are 

included to minimise steady state errors, and a differential term 

to enhance the performance to step changes. For a given plant, 

the parameters of the controller are calculated and tuned. If the 

load (plant) changes, the characteristics of the response will 

change (the system is not robust against plant deviation). 
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To overcome this aspect , adaptive control schemes (gain 

scheduling and auto-tuning) which automatically adjust the 

controller parameters have been devised. with the advent of 

computers, by using a simple model of the system (model reference 

adaptive systems), the affects of such adjustments can be 

precalculated, judged and acted upon more dynamically. 

with predictive control "A fast model is set up which 

corresponds to the plant, but with all time constants reduced by 

some factor. At the start of each computation the status of the 

model is set to correspond to the present state of the plant, and 

the model is then allowed to run, predicting the future behaviour 

of the plant under control for some given input. From this 

behaviour a logical decision is made, determining the required 

present plant input, and the model is the reset to commence the 

next iteration" (Billingsley 1967). 

For multi-joint (path) control the system can be considered 

as coupled or assumed as a decoupled system. If it is considered 

as coupled, information about the interactive forces (joint 

disturbances caused by relative motion of the other joints in the 

structur~prominent for relatively high speeds) are used within 

an overall control scheme. 
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Taylor, (bounded deviation paths) recursively decomposed two 

consecutive joint demands, associated with a cartesian path, 

until the deviation was below a prescribed threshold. This was 

achieved by providinq a knot point in the joint interpolator. As 

anqular velocity of the joints had been 'constant', the segment 

of the interpolation function had been considered as smooth 

transitions at constant acceleration. 

Paul (computed torque method) used a dynamic model of the 

structure to provide feed-forward of the estimated joint torques. 

However, estimation of the model parameters and the computinq 

requirements were costly. Alternatively, use of the forward and 

reverse kinematics models can be utilised to form error terms 

within cartesian space. 

In the pursuit of cartesian straiqht lines usinq a tele

operator system, Whitney noted that if the 'control switches' 

were in terms of velocities in cartesian space, and these were 

resolved usinq the Jacobian matrix, then improvements could be 

made. 

If the robot joints are considered as separate sub-systems 

wi th disturbance control schemes can be devised to provide 

robustness aqainst such disturbances, whilst still minimisinq the 
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error between 'desire' and 'output'. with a robot system the 

inverse kinematic model can be used to transform between 

cartesian and joint space. If the coordinator of such a system 

up-dates the joint demands infrequently, then joint interpolation 

is required to provide smooth motion of the joints. (This is 

generally true with any of the methods which use complicated 

models with limited computer resources). 

These control schemes, and many others, can be considered in 

implicit terms (also true to whether the control system is 

considered as a pure position, position/velocity or torque driven 

system). Alternatively they can be considered as having 

particular advantages in certain circumstances (tasks they are 

used for), leading to a piece-wise control system (pragmatic 

control). For instance many robot controllers make use of both 

'gross' and 'fine' control modes. This is related to the action 

of material handling,where the positioning of the end-effector 

at rest is important, but the error bound of the path, in simple 

environments, is less critical. 

with regard to the pursuit of the 'perfect' controller which 

minimises the error term or the squared error term, all actuators 

have physical limitations (bounded mechanical energy sources 

which dynamics) and sensors provide a state with a given 

frequency band of information to a given accuracy. 
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Whether it is worthwhile investing in a sophisticated scheme, 

which would say provide a 10% improvement but at a cost increase 

of 40%, with regard to the overall system, must be judged 

carefully. If a model is used in the control scheme, then the 

sensitivity to parameter variation/estimation must be considered 

and the increase in computing power against the increased in 

performance. 

The investigation of new actuators and sensors, and the 

integration thereof with control software has been one of the 

main driving forces within Japan. Closer scrutiny of the 

dynamics of the sub-systems, with the purpose of improving the 

performance of the system, has led to the cross discipline 

subject of 'Mechatronics'. Taking advantage of high resolution 

sensors, cheap microprocessor and electronic i/o devices, leads 

to the concept that for an actuator (i.e. a set of physical 

limitation such a position limits, maximum velocity and maximum 

acceleration), software, computer control, electrical drives and 

sensors can be integrated together physically to provide a 

'software actuator'. 

The philosophy is that changes in hardware costs using eight 

bit to 16 bit to 32 bit technology (resolution) is marginal, 

hence although you could have designed a particular system using 

eight bit technology, it will not cost any more to design it for 

say a 16 bit technology and broaden the applications. The 
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important aspect about such devices, if they are made robust, is 

that the system builder can use them as intelligent building 

blocks, rather than use a collection of sub-systems, thus 

reducing design costs. 

The problem of expensive computing power recently has taken 

an all too familiar turn in events, similar to the days when 

operational amplifiers were utilised to form analogue computers. 

The concept of the transputer was to provide the power of a 

super-computer using a number of loosely coupled inexpensive 

single chip computers. At the start of the research program such 

devices were relatively expensive, but like the analogue 

counterpart they will inevitably drop in price and they will be 

considered as the equivalent '741' for computing problems. 

Providing a framework of control has been one of the major 

directions of the research undertaken. The key aspect to the 

design of such a system is that although a spectrum of control 

stratagems exists, each suited/unsuited to a particular 

situation, the common core of the analysis is model-based. This 

leads to the conclusion that a generic framework can be 

established by providing kinematic and dynamic models which can 

be customised and interconnected to the particulars of a given 

system arrangement. 
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In this sense, simulation of real-time systems becomes a 

process of interconnecting a number of concurrent modules within 

software. Where the realisation of the system will relate 

strongly to the software generated by the selection process and 

the inter-connection thereof in the simulation phase. (i.e. All 

that would have changed would have been that the verified model 

of the plant and the feedback systems would have been replaced 

by the physical counter-parts.) 

A range of presented. architectures are included in the 

references associated with chapter 3 (see appendix 2). The main 

differences between the hardware architectures is that either: 

a common broadcast bus is used (tightly coupled systems) 
for communication, and or pooled memory exists (shared 
memory) , 

a hierarchy of bus's are introduced to cope with the 
different band-widths of the system (processing and 
input/output) -- partitioned bus schemes or 

the local bus structure of each processor is used, and each 
processor is connected directly to the neighbouring 
processors (loosely coupled systems). 
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2.4 A Relative Question of Where Am 11 

One of the most commonly used types of model in the field of 

robotics (simulation and coordination of robots) is a set of 

forward or reverse kinematic equations. Such models are used to 

design robots, to simulate robots, as a means to object level 

programming, and to coordinate the joints of a robot. 

The Denavit Hartenburg notation for a joint with all possible 

deviations is a compact notation (2.8). To draw a parallel with 

other scientific notations, the DHN is a convenient and general 

description of a joint linkage, in much the same way the centre 

of gravity is used to concentrate cl mass to a point to ease 

analysis. 

A homogenous transformation (dual matrix) is used to describe 

the relationship between robot links. The 3-by-3 sub-matrix 

describing the orientation transformation has redundancy (9 

elements to describe three non-trivial variables) and although 

convenient to solve the inverse kinematic equations (qv), can be 

more concisely described (dual quaternion). 
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Figure 2.4 - The DH Notation 
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The position sub-matrix of the homogenous transformation (a 

position vector) describes the position of the origin of the 

current frame system (i). When a vector within this coordination 

framework is multiplied by the respective homogenous 

transformation, the said vector is orientated to the next 

coordinate frame system (i-1) and the resultant vector is added 

to position vector. 

The relationship between the global coordinates and a vector 

within the space of the last frame system for a given joint 

configuration, with the homogenous, can· be obtained by 

multiplying descending order of joint transformations, thus 

transforming the local space of the end-effect to. the next 

coordinate frame system and so on down the kinematic chain until 

the base of the robot is reached. 

The problem of obtaining an inverse solution is one of finding 

the joint configuration with the first link of the chain 

constrained at the base, with the last framework constrained to 

a given position and orientation, i.e. a closed loop. For robots 

structures which have consecutive pairs of revolute joints a 

number of solutions are possible for the same world constraint. 
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The main stream of works on the solution of the inverse 

kinematic problems is based on a mathematical solution of the 

forward kinematic equations. For simple structures a algebraic 

solution is possible, using the standard solution of simple 

geometric equations. 

Pieper [1968] solved the inverse kinematics for the sub-class 

of six axis robots, where the last three joints had a coincident 

axis's (and hence could be partitioned as an orientation term as 

the last three joints did not affect the overall position term) • 

Paul [1981] made use of the redundancy within the homogenous 

transformation at different relative coordinate frameworks of the 

kinematic chain. In effect a further five equations (for a 6DOF) 

were formed by successively pre-multiplying the homogenous matrix 

of the world constraint by the homogenous transformation of the 

respective joint transformation (conceptually a process of 

looking at the next joint with relation to the global constraint 

to eliminate the previous joint motion, thus solving said joint 

angle). 
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The ironic limitation of this approach was that although for 

simple joint configuration, simple geometric equations could be 

formed to give an independent joint solution, intuition was 

required in the selection process. 

Lee and Ziegler (1984) resolved the problem of selecting joint 

solutions by introducing 'configuration indicators'. The solution 

of the inverse kinematics were. resolved by considering the 

geometry of the structure as well as the open-loop equations. As 

the approach relied on· a geometric understanding of the 

structure, more insight into the actions of the structure was 

gained. 

Duffy (1975) approached the inverse problem with a slightly 

different slant, by considering the kinematic chain as movable 

closed loop polygons. The theory was built up by considering the 

inter-relationship of the external angles of a planar triangle 

and ~hen a planar quadrilateral (two planar triangles) upwards 

to standard robot configurations. To solve the inverse problem, 

the global constraint (the last link and associated angle of the 

polygon) was considered as the input, by considering the effects 

of this input (last link length and angle) on the output, the 

first joint angl~ an independent solution of the first joint 

angle was obtained. This input/output process was shown 

graphically, joint, against the input joint. Essentially, to 

resolve the inverse problem analytically the process still 

involved algebraically solving trigonometric equations. 

63 



CHAPTER 2 • Uterature Survey and Background Material 

To summarise on the mathematically closed form solutions, the 

objective had been to obtain a set of equations, the inverse 

kinematic equations. The latter two approaches did offer some 

insight into how a kinematic structure would act (rather than 

providing a set of equations which would give you the solution), 

as the global constraint is adjusted, but this is because the 

actions of the structure had to be studied as a means to the 

solution. 

If a structure is to be found which is well suited for a given 

task, this process of understanding how a given robot will act 

has to be obtained without having to actually solve the inverse 

kinematic equations. Both of the latter approaches although 

going some way towards this obj ecti ve, do require in depth 

knowledge. Further, although the inversion method offers some 

generality of the solution (in that twists and buckles can be 

left general to a limited extent, and thus cover a range of 

structures), a general set of solutions is not possible as the 

joint types (prismatic/revolute) have to be specified to obtain 

a solution [6 knowns (position and orientation) - 6 unknowns 

(joint variables)]. 
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If the objective is to find the joint solutions (rather than 

understanding how the structure acts) then iterative solutions 

are possible (iterative solutions to the non-linear equations, 

i.e. the forward inverse kinematic equations) • Uicker, Oenavit 

& Hartenberg [1964, a good year for some] analysed the mechanism 

as a series of instantaneous positions. By noting that a slight 

change, from a pivot configuration, in a single joint 

configuration was the original transform plus the partial 

differential of the transform with respect to the joint angle, 

an iterative relationship was formed for the kinematic chain. 

The iterative approach can be extended to resolve the problem 

of finding solutions to structures with more than 6 axis, 

redundant manipulators. Considering a manipulator with 12 joints 

consisting of a chain of revolute and prismatic joints, then such 

methods offer a general solution for 6 OOF robots. 

Goldenber and Lawrence presented such a generalised solution. 

[1984]. Gupta and Kazerounian [1985] offered improvements in 

reliability and stability with regard to using the Newton

Raphson, by using a modified predictor-corrector. 
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The joint solutions are critical pieces of data, if the 

recursive cycle extended the maximum period of calculation or the 

solution diverged , corrective actions would have to be made. This 

leads to an off-line solution of a given set of solutions (a 

path), if the robot has to modify the path dynamically, such 

interaction would not be possible. 

For the basis of the research deterministic methods of forming 

the inverse problem were obviously more favourable. As the basis 

of the research completed is to attain rules of design for the 

task type robot, intuition of the action of the kinematics has 

to be gained. Hence, rather than using existing forms of general, 

but recursive forms of inverse kinematics, a study of closed loop 

forms was undertaken. 
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3.0 Introduction: System customisation Versus system Deaiqn 

For a given application the design of a servo system has a 

well established route. In brief, the desired response , stability 

criteria, and mechanical load together with physical constraints 

such as size, weight and cost are used to select an appropriate 

actuator-transmission arrangement. The actuator prescribes what 

type of power drive is required and the sensor(s) and the control 

algorithm determined the eventual accuracy which can be attained. 

with the plant determined, a simUlation package can be used to 

estimate the parameters of the controller. 

One way of realising a servo system rapidly is to purchase a 

power drive and a controller card. The functionality present 

within such systems ranges from point-to-point motion to 

trajectory control. Normally fault handling of some description 

is included. To reduce the bandwidth requirements of the 
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communication link (generally an RS-232 serial link) between the 

servo-controller and the application software, an encoded list 

of commands is used. 

A PlO algorithm is more than often used to form the 

controller. Some of the marketed servo controllers have the 

facility to accommodate for a range of mechanical loads. Whilst 

others allow the controller parameters to be calibrated to a 

given load. When such servo arrangements are utilised the 

designer buys the system 'lock-stock and barrel'. Such servo 

systems are designed for general use and tend to be over-designed 

for many applications, are bulky and rather expensive (£1000 -

£3000 per controlled actuator). 

As a multi-servo system is partitioned into a 

mechanical/electrical sUb-system which is connected to a remote 

enclosure with a number of power-amplifiers and controller cards 

mounted in a rack, the price of the overall system soon 

escalates. If the joints have to be coordinated, then once the 

cost of the software and computing hardware has been taken into 

account, the price of the overall system soon rises towards £10' s 

of thousands. 

Marginal savings can be made (whilst the risk factor of the 

application escalates) if the designer undertakes the ·arduous 

task of developing particular servo hardware. If a user interface 

is required then a standard Personal Computer (PC) and a number 
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of standard P.c. input/output cards can be a less expensive 

alternative. However, it does imply that the entire application 

software has to be written, and low level programming of the PC 

is necessary to provide frequent interrupts to the controlled 

actuators. 

For more time critical real-time control (i.e. say the control 

of an agile manipulator) based on technical merit, one of the 

high bandwidth standard bus structures might be chosen in favour 

of the other approaches.- When the computer requirements are 

modest (a few microprocessors) such systems can be effective. An 

operating system and multi-tasking facilities can be provided in 

the development system. Software development is notoriously hard 

and such systems are considerably more expensive than the other 

options. When the number of computer elements are increased, then 

communication bottlenecks across the common broadcast structure 

start to become a problem (3.1). 

with all the current commercial methods of forming an actuator 

system simUlation facilities are provided by separate vendors (to 

those of the electronic CAD/CAM facilities and- the software 

development system). The total cost of developing a servo system 

can soon become excessive when outlays of upwards of £15,000 for 

the hardware, a further £10,000 on software developments and the 

commitment of a simUlation package are considered collectively. 
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Although packaged servo systems release the designer from the 

burden of designing the real-time software and standard bus

systems, the hardship in hardware design, whilst providing a 

high-level programming environment, none of these previous 

approaches lends themselves to the concept of building self 

contained modules which are compact, light weight and which can 

be produced rapidly and inexpensively (£200 - £350 per axis). 

What is the alternative? 

One alternative is to take advantage of existing uni

discipline CAD/CAM packages and produce an infra-structure to 

provide a multi-discipline 'design through to manufacture' 

package. The combination of a P.C. and plug in transputer boards 

can be used to provide a CAD facility at the fraction of the cost 

of more' conventional CAD work-stations. As the multi-discipline 

activity of development of servo systems has a well established 

design routine, this can be used to guide the system builder. 

Providing a facility which will reduce the burden of specific 

hardware/software developments. For instance, available 

commercial motors, gear-boxes, sensors and controllers could be 

included into a number of libraries (similar to electronic 

CAD/CAM). Providing up to date catalogued details of the 

available components would be in the vendors interest. 

By adopting a modular software structure (see chapter 4 for 

details), including proven hardware/software interfaces within 

the component libraries, if,a component is selected then the 
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associated electrical/electronic/ computer/software 

specifications would be defined. The tedious and time consuming 

process of selecting the correct components can be relaxed by 

allowing the computer system to search and cross-reference the 

component libraries. 

Presenting the designer with a structured menu system and a 

central graphics window would give high levels of interaction 

without burdening the designer with the restriction of having to 

learn endless strings of commands. The designer could choose a 

given control scheme or may wish to experiment with a particular 

control structure. Using the central graphics window such inter

connections could be constructed by manipulating the component 

blocks within the graphics window. The details in each block 

would be dependent on what components had been selected from the 

catalogue libraries. 

The process of design becomes one where a prototype outlay of 

a servo system is presented (the ingredients), the designer 

arranges these modules to suit the application and fills in the 

details (for simulation, automatic software/ hardware creation) 

by the selection process. 

Once the designer has outlined the inter-connections of the 

system, the system could be simulated by using the models 

I attached I to the physical devices within the libraries. The said 

selection process effectively builds up the software for the 
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servo system and the circuit diagram of the hardware. Once, each 

component had been selected then the entire software, and 

hardware circuit would be defined. Tuning of the control 

parameters could be achieved using the integral simulation 

package, or an 'auto-search' facility could be provided to 

determine the optimal parameter settings. The effects of changing 

the components in the system could be investigated to provide 

cost/performance trade-offs. 

If the servo system forms part of a dynamically coupled 

machine the facility could be extended to encompass mUlti-axis 

control. The accuracy bounds of the component models could be 

used to define the specification of outlined design, allowing a 

preliminary specification of the system to be detailed and 

compared against the application specification. 

Once satisfied with the simulation, as each component has an 

interface circui t to a standard microprocessor, the entire 

circuit diagram of the power amplifier and the controller is 

defined. This can be used to auto-route a PCB over a specified 

area to allow the controller and motor assembly to be integrated 

together. Alternatively, if sufficient P.C.B. area is available, 

a standard microprocessor module could be used together with an 

application module. The circuit details of the application 

module would be the available interface circuits selected with 

the component(i.e. the drive, DAC and the sensor input, ADC or 

incremental encoder). 
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In both cases the artwork can be auto-routed, etched and 

populated to provide the prototype system which would then be 

tested. (Alternatively for an application with a large number of 

projected unit-sales the equivalent ASIC CAD package could be 

linked into the framework of an overall CAD facility.) 

This outlined approach is based on SERVOCAD (3.2). Overall 

the approach is based on customisation of software modules and 

hardware, rather than specific design by 'picking and matching' 

servo elements and guiding the system designer through the task 

of designing a servo controller. The incentives of introducing 

such a structure are rapid development by exploiting well proven 

existing CAD/CAM facilities, a closer match of the servo 

specification and realistic simulation. 

Such a 'SERVOCAD' is the underlying approach throughout the 

research undertaken. Within this chapter, five important aspects 

are brought to light towards such a system: 

i) The topology of the controller. 

ii) The technology used to realise such a topology. 

iii) The generic modules of the system and standard 
interface between them. 

iv) Use of robust control to facilitate decoupled control. 

v) The. fact that the elements of a servo system can be 
incorporated into the framework of a robot joint or 
motor assembly. 
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3.1 Tiqhtly Coupled Versus Loosely Coupled 

At the onset of the research a number of robotic systems had 

been utilised in existing research programmes within the robotics 

research group at Portsmouth Polytechnic. Each relied on a common 

broadcast system [Fig. 3.1]. The first had been a VME system 

which had been utilised with a VAL1 Unimation controller on a 

PUMA robot (3.3). A second system~ which had been commissioned 

at the start of the research, was a G64 system. A third system 

considered by previous workers utilised the computing power of 

a 8086 microprocessor, in the form of a ZEN Apricot computer, 

together with the Apricot interface bus structure. 
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Diagram 3.1 : Tightly Coupled Communication Architecture 

VME systems rely on a structured common-broadcast protocol to 

allow a number of real-time cards and microprocessors to 
:~ 

communicate. The advantage over the G64 system is higher 

communication bandwidth and the facilities within software for 

multi-tasking. with a finite bandwidth resource there is always 

the possibility that a particular real-time application will not 

be realisable. For instance as more processing cards are attached 

to the common bus structure communication bottle-necks are 

inevitable. 

75 



Chapter 3 • System Development and Apparatus 

A number of 'in-house' robot cards had been developed for the 

G64 Bus. These included an incremental encoder for decoding the 

position information from two phased pulse signals, a digital to 

analogue converter and analogue to digital ,converter, together 

with a serial and parallel communication board. 

with regard to this research, although some time had been 

invested in commissioning the G64 boards by the author, and an 

existing VME system could have been made available, both systems 

were disregarded because inherently a common broadcast structure 

leads to a number of limiting features. Namely: 

i) Centralised Systems: Tightly Coupled Communications 

impose a black box mentality where, the system would be 

customised by placing all the cards within a 'single box'. 

ii) High Bandwidth: A common broadcast bus introduces the 

need to have a single high bandwidth back-plane to cope 

with the possible communication peaks of chatting cards. 
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ii1) Limited Expansion: Either tight system design is 

needed to ensure that the communications are time 

sequenced, or a hierarchy of buses are utilised to 

partition the global communications of processors from the 

localised information transfer of 'input/output cards. In 

all cases system design is pivoted around a finite 

bandwidth resource. 

iv) Large Hardware and Software Communication Overheads: A 

significant amount of interface hardware is required to 

constrain the microprocessors, input/output devices to the 

prescribed communication protocol of the common broadcast 

bus. A problem which only escalates as the system broadens. 

The last existing systems utilised the power of a 'personnel 

computer' with an internal bus structure and a number of created 

input/output cards. These included an extended 'mother board' 

Which embraced the required input/output cards. 

The fate bequeath to this experiment rig, apart from the 

inherent problems of the limited communication bandwidth and 

reliance on a single microprocessor, was a familiar turn of 

events, the proprietary equipment soon became obsolete, offering 

no long term continuity within research. 
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Of the reported real-time research controller topologies, the 

majority had been base around the multi-processing approach. A 

number had partitioned the system into two layers, a processing 

base, and input/output interface. (3.5) 

None of the previous archi tectures matched the research 

directives; forming a robot from self contained robotic members 

comprising of mechanical structure, actuator and drive, power 

amplifier, sensors, microprocessors and communication media. 

The concept of forming self contained robotic elements meant 

that the natural architecture was to design distributed axis 

controllers and loosely couple them through high bandwidth 

channels to the main controller [Fig. 3.2]. This architecture had 

a number of attractive qualities, these included: 

i) 

ii) 

iii) 

iv) 

The concurrency of the system matched the functional 
parallelism of robot motion. 

Physically an axis controller could be formed which 
was self-contained and which interfaced the main 
controller via a single communication path. 

Localising the input/output devices at joint level 
meant that data related to a particular axis of the 
robot had not been transmitted across a common 
broadcast bus. 

Point-to-point communications between the robot 
controller and the joint controller meant that the 
main controller could be extended to the desired level 
of sophistication without affecting the bandwidth of 
the system. 
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Figure 3.2 - Adopted Loosely Coupled Communication Topology 

Having decided on a topology, a suitable technology had to be 

investigated. Both single chip general purpose computers, and 

purpose built 'micro-controllers' were available. 
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The micro-controllers in terms of physical compactness seemed 

attractive as the input/output devices were embedded internally, 

however they did have distinct disadvantages: 

i) The micro-controllers market slice is small compared to 
general purpose microprocessors, and hence in the long term 
are always more expensive. . 

ii) Semi-dedicate chips, by nature relate to the current 
market needs and are more susceptible to obsolescence as no 
long term compatibility of such devices is provided. 

iii) The input/output devices .embedded 
controller are specifically developed for 
for example a video servo controller, and 
license. 

on the micro
an application, 
then sold under 

iv) The software for the micro-controllers has to be either 
written in a unique machine language, or the expense of a 
specific cross-compiler has to be incurred. 

A range of microprocessor families have emerged since the 70-

80's. These include the Intel XXX86 and the Motorola 68XXX 

families. Although such devices have significant computing power, 

they have no embedded communication media to allow a number of 

such processors to be readily connected together and to 

communicate with each other as a parallel network. The software 

written for such devices can be cross compiles using any of the 

standard languages, such as 'c' and Pascal. Although adequate for 

developing mono-processing software, a development system which 

encompassed an entire parallel network was not available for such 

microprocessors. 
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with regard to the desired architecture, the potential of the 

transputer and the associated concurrent language occam had been 

realised from the onset of the research. within the field of 

real-time control this fact had been well established (3.5). 

The transputer [Fig. 3.3] is a physical model of Occam, which 

is based on the work by Hoare on Communicating Sequential 

Processes (CSP). 
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Inmos PLC specifically developed the transputer to process 

occam code using a collection of inexpensive microcomputers 

rather than a single large computer entity. (3.6) These objectives 

have been fulfilled and a single transputer now offers computing 

power over and above the computer performance of the most 

powerful single microprocessors. 

Of the range of transputers available, the 16 bit (T2) 

transputer has ample computer power (20-30 MIPS), and the 32 bit 

transputers (T4 and TS) have significant performance (20-30 MIPs 

and 4.3-Mflops for the TS). _The TS transputer has a 64 bit maths 

co-processor. 2K bytes to SK bytes of fast internal memory is 

provided within the transputer family. Embedded within every 

transputer are four high bandwidth communication links which can 

be directly interfaced to neighbouring transputers. 
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Occam and the transputer allow loosely coupled parallel 

processing networks to be designed modular within a single 

Transputer Development System (TDS). The collective properties 

of the this family made it an ideal choice for the research 

conducted. 

Transputer based systems also have the merit of physical 

compactness, making them ideally suited to the application of 

modular robotics. The current trend of transputer technology is 

the exciting prospect of 'cell' based transputer elements. When 

established such technology will allow systems to be 'complied 

down to silicon' Offering the compactness of the micro-

controllers, whilst allowing customisation of elements to match 

specific applications. 

To summarise, on a single wafer of silicon the transputer 

comprises of a number of high bandwidth serial communication 

links, a microprocessor, and optional mathematical processor 

unit, fast internal memory and an external bus interface. 

Transputers can be connected together to form highly parallel 

computer systems which communicate loosely through the 

transputers serial links. A transputer connected to a number of 

input/output devices forms an ideal localised controller. These 

can be connected to a robot controller which can be realised 

using a number of transputer processing modules. 
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3.2.1 Computer Hardware: The Processing and Application Modules 

Reviewing the adopted topology [Fig. 3.2], two distinct 

hardware modules, the Processor Module (PM) and the Application 

Module (AM) have been created for realising modular robotic 

systems. The loosely coupled but high bandwidth connections to 

the processing node and localised information transfer of the 

SUb-systems input/output devices, such as with robot joint 

controllers, forms a concise method of partitioning the data 

within the system. 

A Processing Module comprises of a 16 bit or 32 bit transputer 

and the necessary service electronics to support the transputer. 

A number of processing modules have been developed to exploit the 

range of available transputers (3.6). The first allows either 

T4XX or T8XX transputers to be interfaced to an application board 

[Plate 3.1]. The second allows the 16 bit T2XX transputer to be 

utilised [Plate 3.2]. 
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Plate 3.1 - T4/T8 Transputer Processing Node 

Plate 3.2 - compact T2 Transputer processing Node 
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An Application Module (AM) comprises of the necessary 

input/output devices and memory devices for a particular 

application. Application modules are attached to the processing 

module to provide mix-and-match combinations for customising a 

system. For example, if the requirement is for a computer element 

within a system, then the application board comprised of memory, 

whereas if an axis controller is required the necessary input/ 

output devices are provided on the AM. 

TWo methods of connecting the peripherals (AM) to the 

transputer (PM) were considered. The first, and most straight 

forward in terms of implementation, was to memory map them and 

to consider them as occam 'PORTS', in much the same way 

transputer links are mapped to the occam memory map. The second 

was to consider each peripheral as a hardware process and connect 

them via the ,transputer's communication links. 

A key objective was to choose a standard of communication such 

that the electronic layer of the protocol between the processing 

and application modules could be specified in a generic manner. 

The incentive for achieving this was that it becomes conceivable 

to choose a device in a CAD manner allowing a robotic 'design-to

manufacture' package. 
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For instance, for an axis controller one could select an 

Analogue to Digital converter (ADC) to suit the sensors chosen, 

and an Digital to Analogue Converter (DAC) to drive the power 

amplifier. These circuit details would be made available through 

a robotic CAD package component library, together with the 

standard interface circuitry. The circuit could then be 

simulated, auto-routed on a Printed Circuit-Board (PCB) package, 

etched, drilled and populated. 

out of the two methods memory mapping was chosen as the 

hardware needed to interface the processing module to the 

application module was far less costly than the other method. 

The other method would be better suited to system design using 

transputer based cell technology for design and production of 

application modules. 

Within the period of research robot axis controller boards 

have been developed which comprise of both processing elements 

and peripheral devices. These boards have evolved from a 

prototype stage to a research level [Plates 3.3, 3.4 and 3.5] and 

finally to a commercial standard (3.7). 
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Plate 3.3 prototype Joint controller 

Plate 3.4 Euro-Rack Type Joint Controller 
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Plate 3.5 Compact Modular Joint controlleX3 
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3.2.2 Desiqn of a Robot Axis Controller 

In order to implement control of a robot in the desired 

fashion a general axis controller was realised. The original 

format of the robot axis controller designed was a single board 

which comprised of a 16 bit l7.5MHz T212 transputer, a 32K byte 

block of SRAM and 8K byte EPROM, an incremental encoder and a 

digital to analogue converter [Fig 3.4]. As the board evolved the 

EPROM was emitted, together with the SRAM, as the 2K of internal 

memory within the transputer has been found ample for single 

joint control. 

The EPROM itself was not required within the transputer 

development system, as programs were loaded through one of the 

transputers communication links. The board format has now been 

up-dated to the flexible arrangement of having standard 

processing boards which interface a given application board 

[Plat.e 3.5]. 

The service circuitry required to allow the transputer to 

become a processing element was minimal. A 5MHz crystal clock, 

a number of capacitors and an optional communication buffer [Fig 

3.5]. 
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Localised information is transferred between an Application 

Module and the Processing Module using the transputer I s bus 

structure. External communications utilised the transputer I s 

serial communication links. 

A transputer serial link relates to a duplex set of Occam 

channels within software. These are utilised to communicate 

directly between two physical processors. A range of 

communication speeds can be preset, 5, 10 and 20 million bits per 

second, on every transputer based product. 

connecting one transputer to another in close vicinity, at a 

given communication speed involved connecting a pair of lines 

between the two transputers modules. Direct one-to-one 

communications allowed the respective embedded protocol to be 

concise and represented by a single event. The protocol used to 

transfer information involved sending the data from one processor 

to another. The communication event was synchronised by an 

acknowledgement code from the receiver. 
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3.2.3 The Adapter and Super Processing Module 

Two further configurations were realised from the standard 

processing/application arrangements. The first configuration was 

a 'Link Adapter' board. This board accommodated for the need for 

applications which did not require a transputer: an application 

board which did not require the processing power provided by a 

processing module. 

Plate 3.6: The Link Adapter: A Data Logger Application Board 
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This link adapter board acted as a hardware process which 

communicated to the transputer network via a transputer link. To 

exploit the high bandwidth of the transputer links (5, 10 and 20 

Million bits per Second) a bus structure protocol was used. This 

allowed a number of peripherals to be interrupted through an 

embedded protocol [Plate 3.6 Fig. 3.6]. 

The transputer prompted all external events, rather than 

particular peripherals driving the transputer (this was chosen 

because it maintained modularity in the software q.v.). For 

instance, rather than an input device interrupting the 

transputer, the transputer prompted the input device. The normal 

situation of waiting for a conversion was not necessary, as the 

transputers de-scheduled low priority software process's and 

continued on with the main core of the processing activities, 

until the peripheral was ready to communicate. 

The minimum number of bytes which could be transmitted over 

a transputer link was the word size of the transputer. To take 

advantage of this, for a T4/T8 transputer the first byte sent was 

the peripheral address, and the remaining 3 bytes of data were 

sent if the peripheral was an output device. If the peripheral 

was a input device the address prompted a reply. 

The second configuration was a 'Super Node' which comprised 

of two processing nodes tightly coupled together. This allowed 

two processors to be combined. They communicated through the high 
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bandwidth of the transputer bus structures. Such a "super node" 

allowed the number of transputer links to be increased by two 

fold. within software, the memory locations allocated to the 

direct communication lines were mapped to occam PORTs, hence, 

each pair of PORTs in essence acted as a high bandwidth set of 

occam channels. 
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3.3 Robust Joint control 

.. ~ri611th~6retica:l research ha.~beeri d~vb~ed .· ofl~tetbfh~ ) 
•••••••••••• ~~;~~~ •••••• ~.fTh~i~t~·~;~·i~~.s p;:ci~:s· •• ·. tl~P.~~.~~.;~ .•• · •• : •• fb~se~~.~~;.r~~~ •• :.! .•.•.• 

:optimisation bfan int.egral,,:,squ·are~ C>f-error costfun(Stion 
andgreat (::ar~is . taken . bytl1~authorsthat the ... s~~V'6 . 

1!':~~:~~!i~if~t~k}1t1~if~;~~;it~~!i~t1if\~~;l~;~~~!~~ti;l~ 
)i nferlor ..... tothat of a system designed by traditional .> 
\ methods~ ... ... . .... ..... ...... . 

John Bilr~rigsley 1989 

~< rObotSystem is a coupled system . which experi~rig~~ 
interactive forces. Robust .joint .control ensures that the 

Y"~~is of the robot ~re · resilient ag~inst such forces ~ < 

The objectives of the research on multi-axis control were to 

decouple control to axes level and to be able to design such a 

servo controller so that the joint under control followed a 

desired profile at a given accuracy. 

In total three layers of feedback were used to obtain the 

desired characteristics of the axis controllers [Fig 3.7]. 

Innermost was a current feedback loop which drove the d.c. motor. 

A tight velocity feedback-loop was utilised at the second level 

of control to provide a controlled damping force and to minimise 

the speed error in the shortest period. 
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The outermost loop fed position information to the computer 
: .... 

controller where speed demands were calculated and corrective 

measures were estimated using a 'speed correction table'. 

Current feedback had been utilise to drive the actuator. As 

the actuator had been a d.c. motor this effectively meant that 

the actuator became torque demanded. with velocity feedback, with 

a large forward gain, this meant that only small errors in speed 

caused full torque demands to the motor. 
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3.3.1 Search for a Power Amplifier 

A number of power amplifiers were investigated to drive the 

motor. A novel dual Power Amplifier (PA) seemed to be the most 

promising of the discrete transistors power amplifiers (3.8). 

Having two power levels meant that power savings could be made 

in the different phases of control. The output stage of a 

discrete class B power amplifier consisted of two power 

transistors, each of which had different characteristics. This 

miss-match led to power dissipation. When the dual PA had been 

constructed, with the necessary heat sinks, an area of 150mm x 

300mm was taken up, making them unsuitable for mounting within 

robotic elements. 

I.C~ audio amplifiers have been marketed which overcome the 

inherent problem of an un-matched output stage, as the power 

transistors are defused on a single piece of semiconductor. Loud

speakers have inductive loads and single device amplifiers have 

been developed to provide some 120W of 'raw' power per audio 

channel. 

A range of power amplifiers are now commercially available, 

the LM12 is one such device. This device can deliver 120W to a 

load with 40 volt power supply rails, at a slew rate of 9 volts 

per micro-second. Such characteristics of these device also have 

bearing with relationship to driving d.c. motors. 
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with a d.c. motor, by utilising a series resist0l:i the armature 

current can be fedback to transform the voltage amplifier into 

a current amplifier. A number of such Voltage to Current 

Convertor (VICS) circuits have been devised (3.9). The 
, 

manufacturer I S data for the LM12 device recommended a 

differential circuit for the current mode of operation [Fig 3.8] . 

This used both negative and positive feedback paths to form a 

balanced difference, which was in turn proportional to the output 

current, I la I. 

D~ 

CURRENT U RI 

J Vdirf 
20 V 

l---~. /m V r-----r--l1 /R 

1\1TH BALANCED R1 = R2 = R3 

Vdiff = 1/R la 

la 

Figure 3.8 -- Differential voltage to -Current Amplirier 
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A number of problems existed with this particular circuit. The 

first arose from the assumption that the feedback network could 

be balanced: 

v = V ( R3 ) 
+ om R3+R4 

V_ = (VI - V + I R) ( R2 ) 
om a Ri+R2 

Wi th R2 = R3 1\ Ri = R4 I = -V~ 
a I RR2 

Even with 1% high stability resistors an offset was 

experienced. More alarmingly, due to two feedback routes (V. and 

V_), the amplifier oscillates when the load had been ad. c. 

motor. This had been simply due to the phase lag between the 

current and the voltage, and the high forward gain of the 

amplifier. 
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Inherently the problem had been related to the lag between 

the two feedback paths. This problem was eliminated by swapping 

the positions of the load and the current resistor [Fig 3.9]. A 

balanced difference was not required as the feedback voltage, 

which was proportional to the current, was taken with respect to 

the ground rail: 

The value of the sensing resistor R3 could be chosen 

relatively arbitrarily and the current gain set by R1. A set of 

d.c. characteristics were taken to evaluate the performance of 

this current amplifier [Fig. 3.10 and 3.11]. These showed that 

the slew rate of the amplifier was equivalent to the voltage slew 

rate, and that current demands were achieved, further that only 

a minor regulation was observed when the load was halved. In this 

sense, the VIe acted as a pure current amplifier. 
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The results obtained in the time domain were verified in the 

frequency domain. with a resistive load, the frequency response 

of the amplifier had been flat to 10 KHz. The break point 

occurring around 20KHz. 

Attention was drawn to an inductive load, a d.c. motor [Fig 

3.12]. The transfer characteristics of the current driven motor 

(a six pole permanent magnet d.c. motor) [Fig. 3.13]. 

Considering the transient response of the motor, with the 

finite energy which could be supplied, the percentage difference 

between the minimum time* to the actual response time was 89\. 

Throughout the experiments a transdental gain of 4 (lout/VI In) 

had been found to be favourable. Deviation from this value of 

gain had been achieved by pre-scaling the feedback resistor, R1 

and by altering the input weighting, R2. Up to gains of around 
.>-

12 only minor alterations had been observed in the transient 

response. 

* Time taken to reach demand with continuous supply of power. 
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Inevitably a steady-state-error had to exist to drive the 

motor at a given current demand. The significant forward gain of 

the FA meant that this was minimal, a fact conveyed from the 

transfer characteristics. 

Collectively the transient response and the transfer 

characteristics justified the use of the LM12 audio power 

amplifier, in that the desired armature current was reached in 

the minimum of time and to the desired setting. On a more 

practical level, the heat dissipated from the amplifier was 

minimal, requiring only a modest heatsink, and thus compact 

physical space [Plate 3.7]. A similar amplifier has been fitted 

within a motor, leading towards the concept of an intelligent 

actuator [Plate 3.8]. 

Plate 3.7: Current Amplifier 
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Plate 3.8: current Amplifier Fitted within A Motor Assembly. 
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3.3.2 Biqh Gain Velocity Loop 

To achieve robust axis control the servo system had to 

minimise the effects due to disturbances: 

OUTPUT = (R+S) ( C.P ) + D( P ) 
l+C.P.H l+C.P.H 

By increasing the forward gain (c) the disturbance term is 

minimised, whilst the servo gain is unaltered (as 1 « CPH). 

using velocity feedback rather than position, a controlled 

damping force is obtained which allows such high gains to be 

obtained without the system becoming unstable. 
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A range of velocity sensors are available. The majority of 

commercial systems utilised the time elapse between incremental 

position pulses to obtain the velocity information. A relatively 

large number of pulses have to be counted before the velocity 

signal can be resolved to any accuracy. This introduces a 

definite time 'lag' in the feedback path, which causes 

oscillation when a high forward gain exists. 

D.C. tachometers generate an instantaneous voltage which is 

proportional to speed of the armature. The sensor noise with such 

devices is a ripple function which approximates to a sinusoid 

with amplitude sinew t/ i) [w angular frequency i number of 

poles]. At speed upwards from 400 RPM the ratio between the 

output ripple and average value of the output of the generator 

is relatively low. 

A Two pole d.c. motor was fitted to the existing motor 

assembly to provide the velocity signal. This did not prove to 

be very beneficial as the ripple of the tachometer, could be 

observed on the output of the motor shaft when a disturbance was 

applied [varying stiffness as the permanent field of the 

generator coupled with the actuated rotor]. 
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A six pole d.c. generator was used to replaced the 'chattery' 

2 pole d.c. motor. A smooth response was obtained [Fig. 3.14]. 

A maximum velocity gain (stiffness) of around 87 had been 

obtained which was only slightly lower than the predicted value 

of 98 [Fig 3.15]. Two sets of speed characteristics were taken 

(light and loaded) together with the response time for a range 

of speed demands [Fig. 3.16 and 3.17]. 

Again a steady state error between the desired speed and 

actual was inevitable. Although relatively low there were 

discrepancies between desired speed and output speed due to the 

relatively low forward velocity gain [see un-loaded speed 

characteristics]. The loaded speed characteristics showed that 

a marginal regulation existed. Both these effects wer"e reduced 

within the position feedback loop by a corrective 'look-up' 

table. 

The look-up table entry point was the desired velocity. This 

pointed to a memory location were the corrective velocity demand 

for that velocity was stored. The corrective values being 

obtained from the speed characteristics of a particular motor. 
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Figure 3.17 - Transient Response for a Given Range of Demands 
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In the hold mode the position accuracy related to the 

proportional band of the servo system. Whilst tracking, position 

information was utilised to generate the speed demands. Position 

inaccuracies between the sample periods were minimised by 

calculating the speed demand from the last achieved position and 

the desired position. 

considering the transient responses, speed demands were met 

within 76% of the minimum time •• The rapid transient responses 

for changes in speed demand also meant that if a disturbance 

forced the servo off the desired speed, it responded quickly, 

and within the bounds of the finite energy which could be 

supplied by the motor, tried to eliminate the disturbance • 

• Time taken to reach demand with continuous supply of power. 
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3.4 Robot Assembly - Whatever Happened to Syke ? 

An industrial robot generally consists of a cast base 
which houses the first actuator. Frequently the first axis 
transmi ts energy through a torque gear box. Ei ther the 
gearbox, or the actuator is coupled to the next link via 
a facing plate. Robot structures which experience gravity 
utilise light-weight frameworks with the centre of mass 
centralised about the axis of th~ first joint axis, 
whereas SCARA robots utilise further cast structures. 

In all cases the robot structure is composed of 
mechanical modules; actuator mountings, 
mountings, the mechanical link and fixtures to 
link of the robot. 

definite 
gear-box 
the next 

conventionally a robot is constructed from well defined 

mechanical modules. For the purpose of the research rather than 

actually building a number of mechanical robot links a surrogate 

robot structure was utilised [Plate 3.9]. A syke A600 robot was 

chosen to be the test vehicle. It's controller was replaced by 

the distributed transputer based modules in order to investigate 

new ideas and methodologies. 

The Syke A600 robot is generally classified as a vertically 

revolute un-symmetrical jointed robot. D.C. motors were used for 

each joint together with harmonic gearboxes to provide the 

driving torques to the respective robot links. Both high 

resolution incremental feedback, derived from an optical disc 

attached to the actuator shafts, and analogue feedback, derived 

from the potentiometers.attached to the robot joint~existed. 
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Plate 3.9 - Elements of Selected Robot For Research Programme 
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Pulse-width modulation amplifiers (PWM) were utilised within 

the original controller. In • stationary' positions, to give an 

average signal value of zero, the mark-space ratio was 50:50. 

Under such conditions the robot vibrated as the amplifiers 

continually actuated in the forward and reverse directions. No 

equilibrium was reached as there was a discrete lag between 

actuation and movement (at this particular switching position). 

Further problems were experienced, with respect to drift of a 

joint,for zero drive signals. 

A case study was chosen to apply the new approach to. The 

selected application was that of automatic spraying. This 

required smooth graceful motion. Although increasing the 

frequency of the PWM waveform reduced the problem of hunting, the 

drifting problem became more prominent. To elevate this problem 

completely, linear amplifiers (reported in section 3.3.1) were 

fitted. 
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Plate 3.10 - Final Robot Assembly 
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3.5 Apparatus Utilised to Form a Task Robot 

' .. -- . " , ...... :.'.... . 

:· C:i-eation of ···· a <task ... r6bOtihv6lve~ . matchirig . a .· set i of · 
\ miuiufacturingobjectivestoa . feasible .1';Obotic structure 
\ The robot can be constructed from self contained elements. 
U·A r .obot coordinator interrogates these modules to allow' the 

). robot systenito .customiseit:se.lf~ The .. task level program 
Firiterrogatesthe coordinator to form the task robot .entity; 

.~~ichis interrogated from .a~ulti-:-machin.e level. .. . 1;:.· ... 

A task orientated robot, i.e the system shown in figure 3.18, 

comprises of three main levels: 

Task Level: Here the machine either interfaces an operator 
in terms of a task, or is computer integrated to a CAD/CAM 
facility using a number of task rules. 

Functional Level: Here functional actions of the machine 
are related to the task level. This level comprises of a 
number of generic modules which are customised to a machine 
configuration. 

Physical Level: Here sequences of axis commands, ·sent from 
the functional level, are acted upon. The machine is built 
from modular robotic elements to meet the physical portion 
of the task specification. 

A case study 'task robot' was constructed as a vehicle to 

evaluate the relevance of the new approach. To emphasise the 

aspects of the new approach the application had to be clearly 

related to a manufacturing chore, which did not appear to be of 

a functional nature, such as material handling. The application 

had to have a closely matching structure to the existing Syke 

robot, and be of significant sophistication to show the potential 

of the generic research framework. 
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Figure 3.18 - Task Machine Hierarchy 

As discussed previously, the application chosen was the 

employment of robots for spraying formed panels. Such a task 

requires a significant work-space and smooth motion which relate 

reasonably well to a jointed robot structure. The objective in 

automatic spraying is clearly not merely functional movement of 

a given robot, but a definite manufacturing chore. Further" by 

using a light source, rather than a spray nozzle, the task of 

spraying can be simulated within a research laboratory. 
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Realisation of the spraying task followed the outlined 

topology - a number of axis controllers to controi the Syke robot 

which were governed by the robot coordinator [Fig. 3.18]. 

Coordination of the robot was sequenced by the programming 

environment, which in the experimental set-up translated the 

product requirements to functional robot commands. 

Centralising the coordinator utilised a further processing 

node. Although the kinematics had been distributed to the 

individual joint controllers in a pipe-line structure, this had 

proved to be difficult in terms of checking the solutions and 

choosing a particular solution from those possible. The 

processing node of the coordinator also allowed the hierarchy of 

the application to be formed without burdening the first axis 

controller. 

A proprietary computer board was utilised to provide the 

processing power and desired interface for the coordinator and 

the programming environment [Fig. 3.19]. The board comprised of 

a transputer, graphic facilities and a video input. Two main 

memory blocks were provided, video and picture memory to allow 

analysis to be performed without altering the data raster 

received. Overlay facilities were provided within the video 

memory to allow menu systems to be displayed and removed without 

disturbing the captured image. 
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Figure 3.19 - Block Diagram of the Transputer Based Video Board 

A colour camera had been connected to the video input of the 

processing node to mimic inspection of panels and spray colours. 

Frame grabbing facilities allowed icons to be formed, which 

mimicked the physical counterpart for the menu driven programming 

environment, whilst the system was under development. 

As the spray system developed reliance on the manual 

programming environment receded in favour of a number of task and 

sub-task rules. Eventually the requirement and facilities of the 

programming environment naturally diminish, as the task rules 

translate product descriptions directly to functional sequences 

of robot motion. 
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The coordinator serviced a number of axis controllers. For 

research purposes these had been mounted within a 19 inch rack 

system [Plate 3.11]. with the realisation of the compact axis 

controllers, robot joint control will be distributed to form 

intelligent links within the commercial robot [Plate 3.12]. 

Although the application of spraying was a distinctive task, 

the level of control sophistication required was modest. Forming 

a raster pattern over a panel requires smooth motion, but at the 

same time does not require a high degree of accuracy. 

Plate 3.11 - Centralised Multiprocessor Rack System 
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Plate 3.12 - Distributed Multiprocessing System 

A number of experiments were conducted to show the potential 

of the generic robotic framework devised : 

Genericy: To test the generic controller (up to a 
functional level) a further robot was used as a surrogate 
structure, the Mitsubishi RM501 robot. These experiments 
utilised the same resources utilised on the Syke robot at 
axis level and a standard processing node. 

Modularity: Servo controllers were devised for a number of 
different actuators. The effort in changing modules in the 
physical layer was evaluated. 
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Although the qualities studied were important aspects, in the 

overall methodology there still remains a considerable amount of 

research to be conducted to extract the full potential of the 

transputer based controller developed. 

The expandable nature of the controller topology has 

significant potential which has only been capitalised to a 

limited extent within the first research programme. For instance, 

the joint controllers developed had four high speed communication 

links which could be used for coupled control. 

The research was not aimed at creating the 'definitive 

controller', but as a means to create modules (hardware and 

software) which can be used generically with a design framework. 

with relation to the task orientated approach, the framework 

devised ensures that the approach is practical in terms of 

economics and development times. The framework itself could stand 

by itself as a means of forming real-time systems. This aspect 

of increased control sophistication has been introduced into the 

obj ecti ves of the future research plans 0. 
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3.6 Away fro. Surrogacy - Modular Robotic Bl .. enta 

wi th regard to forming entire robotic elements, two case 

studies have been proposed (3.10). Each of them would involve 

constructing a task robot for a given application. A preliminary 

study has been completed on the methods of fabricating the 

modular robot required, to extend this research to form each of 

the task machines. 

as: 

The required specification of such modules has been defined 

Favourable costing: With conventional manipulators the cost 
of fabrication is spread over batches of robots. However, 
as the production time of a robot still remain significant, 
a competitive edge can still be attained by constructing 
the robots from modular elements if fabrication costs are 
minimised. 

Modular: Existing components of robot systems are widely 
available, hence such modules could be realised by 
utilising existing mechanical elements such as sliding 
tracks, gear-boxes, belts ••• 

Rigid structures: As servo systems will primarily be used 
it becomes of paramount importance to maintain the accuracy 
of the system by having a rigid structure. Clean room and 
hygienic environments require that structures can be fully 
enclosed. 

Magnetic screening, heat sinks and layout: Since the power 
amplifiers and controllers will be· placed close to the 
electronic motor sufficient heat sinks must be made 
available, together with mounting positions for the 
electronic circuit boards, and magnetic screen for the 
sensitive electronic devices. 
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Two key areas of future research have been identified -

methods of coupling the robot elements and the construction of 

the robot elements. Conventional methods use casting techniques 

[Plate 3.12. a], fabrication of a structure from steel, and 

utilising aluminum fabrication [Plate 3.13 .b] . Casting techniques 

can be extremely expensive for one-off production. 

Plate 3.13a - A Typical cast Robot Element. 
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Welding 'angle steel' offers one inexpensive method of forming 

the frameworks. Cylindrical gear-box ' s and actuators can be 

accommodated by attaching plates to the framework. This technique 

had been utilised in an existing project, a jointed robot base 

was developed (3. 4 ). The resonance of such structures can be 

damped by attaching further plates. 

Plate 3.13b - A typical fabricated Robot Element. 
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Shaping a1uminum formed sheets only requires a sheet cutter, 

a bending machine and a pop-riveter to fabricate the framework 

and has the merit of being lightweight. An elbow sub-frame of the 

syke robot was constructed using such methods, and as such, 

proves to be light weight (the forearm structure of the Syke A600 

robot weighed 12 Newtons compared to the d.c. motor which weighed 

21 Newtons). 

3.7 a ••• arch Xachines and Commercial units 

The experiments conducted signified that there had been a 

definite metamorphosis between the research equipment. used and 

the eventual task machines. The long term research facility for 

the control of such systems is the Meiko I computer surface I 

purchased [Fig. 3.20]. The Meiko system was tailored to the 

research and comprised of a host transputer which can be loosely 

connected to a computer resource of 16 transputers, a graphic' 

card, and a collection of transputer links. Using electronic 

configuration different control arrangements were investigated. 

Interfaces to the system were made through the 16 pairs of 

transput.er links. 
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Figure 3.20 The Keiko Computer Research Surface 

At a single task machine level this flexible computer resource 

has been utilised, however it's full strength will become 

apparent when governing a factory of task machines. It's use will 

also play a significant role in forming a development tool for 

different task machines. 
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4.0 Robot Modules and Modular Robotics 

contemporary robots consist of the following elements -

Mechanical linkage, mechanical transmission, actuator, sensors 

and remote power amplifiers, microprocessor controllers and 

software. Such robot design is related closely to the individual 

elements of the robot from the device level, actuator and 

sensors, to the robot coordination level. 

The software within any axis controller integrates the 

physical devise to a control algorithm. It is possible to change 

the characteristics of the actuator by software. For instance, 

by software re-configuration it is possible to have an actuator 
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which can apply jerky motion to disperse assembly parts, and then 

use the same actuator to provide graceful motion to pick and 

place delicate components, or swift actions to assemble a product 

from discrete components. 

Robot systems first moved towards modularity in hardware, in 

that the same controller card was duplicated for each joint of 

a particular robot, but -once these hardware elements were 

integrated within software the robot system remains dedicated. 

For instance, it becomes impractical to improve the elements 

within the system, as the consequences concatenate throughout the 

software hierarchy. 

One-to-one design with the specific software for the robot 

controller is characteristic of a past technology where 

microprocessor memory was expensive, microprocessor power was 

modest, and power amplifiers were bulky. These technology hurdles 

are now diminishing as conveyed by the work reported in 

chapter 3. 

As powerful computer devices inevitably become more economical 

it becomes conceivable to allocate a powerful microprocessor per 

robot joint. In doing so, aspects that were perceived as 

'luxuries' with the eight-bit microprocessor technology, such as 

modular software architecture, increased control sophistication, 

intelligence and fault tolerance, becomes practical. 
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The feasibility of forming modular robotics elements which are 

self contained was established in chapter 3, which reported the 

work on compact microprocessor controllers and power amplifiers. 

This supports the concept of constructing a robot from a number 

of such modular robotic elements. 

Modular robotics makes it both feasible and practical to 

construct robots which are related to actual production tasks, 

rather than utilising a broad robot with a mixed functional 

abilities. The physical advantages of modular robotics include 

the removal of a large and expensive remote controller and a 

cumbersome and limiting wiring harness 'embroidered' into the 

robot system. Similar trend are also occurring in machinery 

design. 

Advances in inexpensive and powerful microprocessors mean that 

a further attraction of such computing elements can be exploited. 

Although computers are apt to compute, one of their main 

attractions is their ability to allow systems to be customised 

via software. The incentive in doing so is to reduce the burdens 

of specific design, towards generic design where the system can 

be built from a number of 'intelligent building blocks'. 
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The modular robotic framework forms the basis of the work 

described in this thesis. It allows the robot elements to be 

fused together to form robot modules and fusion of a collection 

of robot modules to form a robot. 

Four main achievements are addressed within the modular 

framework of design in the following sections: 

SERVOCAD - The relationship of the modular system of design 
to a computer integrated design facility. 

AXIS FUSION - The Required effort in fusing a given axis 
to the robot controller. 

PROTOCOL GENERICY - A command structure between the robot 
controller and axis controller. 

DEVICE MODULARITY - Fusion of sensors, drive and control 
algorithms to form a specified axis controller. 
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4.1 A Modular systea of Desiqn 

A aystea is assumed aodular if one aodule can be replaced 
by another with the ainimum of effort. If this property 
exists it becomes feasible to customise system. froll a 
family of aodulea. 

4.1.1 Servo systems and Modular Robotics 

As outlined in chapter 3, the design of a servo system has a 

well established route: 

For a given mechanical load, an actuator (and possibly a 
gear-box) is chosen which will provide the mechanical 
energy for a given time response. 

Having defined the 'plant' a control scheme is adopted to 
capitalise on the performance of the plant, and to meet the 
characteristics of the design specification. 

The servo system is simulated to allow the parameters of 
the controller to be estimated and to establish whether the 
specification can be met in broad terms. 

Local sensors are attached to the actuator either directly 
or via the gear-box making use of position, velocity and 
force feedback schemes. 

considering the associated controller, the sensor data is 

converted to digital values through electronic devices and then 

transmitted to the microprocessor controlling the joint. Based 

on this knowledge of the state of the system the controller forms 

a demand for the actuator to guide the actuator toward a number 

of desires. Hardware and software effectively provides an 

interface between the states of the system and the control 

algorithm. 
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commercial digital servo systems have been made available in 

a variety of guises for two decades. Advances in computer 

performance, with regard to commercial systems, has led to a 

number of functional improvements. Namely, that trajectory 

control is possible, fault tolerance can be incorporated and 

control can be made to be adaptive to the load applied to the 

servo system. Essentially these sUb-systems are marketed to 

reduce the burden of developing an overall system, by allowing 

a group of experts to concentrate on the design aspect of the 

servo system (without knowing implicitly what it is used for). 

with such systems two. separated sub-systems are built - a 

mechanical/electrical system which provides the mechanical power 

and a remote electronic system. This type of commercial equipment 

offers rapid methods of forming an actuator system, but is often 

bulky. The sUb-systems have to be designed to a broad 

specification to give wide coverage of possible applications. 

A servo system which has a tight specification - rapid 

response, robustness against disturbances, and which has to be 

physically small and have marginal weight - steers the system 

builder to give closer scrutiny to the elemental components of 

the servo system [Fig. 4.1]. Simulation of the control system 

becomes essential to allow the servo system to be 'semi proven' 

before the costly exercise of building the servo system is 

initiated. 
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I) 

SERVO SYSTEM 

SPECIFICATION 

Fiqure 4.1 - Design cycle of Servo systems 

The advantage to designing to a particular specification is 

that the system will be more concise and have a performance which 

tightly relates to the specification. The cost on the other hand 

will be greater than 'buying in' a well proven servo system, 

especially if the simulation-build cycle is repeated a number of 

times. 
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A comparison of the current state of affairs in servo 

systems, and the associated limitations and electronic systems 

and how such limitation have been overcome is useful. For 

electronics system design CAD/CAM packages are now available 

which allow a number of components to be selected and simulated 

to meet a specification at a greatly reduced development time 

and cost. The situation exists now where 'brought in' sub-systems 

are becoming rare because it is easier and less expensive to 

design such circuits. Hence systems are developed to a concise 

design specification to take full advantage of current 

technology. 

Four important factors have meant that such CAD/CAM packages 

can be used to design electronic applications. These are: 

i) FOCUSED DESIGN - A well established design routine 
related to a number of aanufacturing processes is 
incorporated into the CAD package to guide the electronic 
designer through the activities of designing a circuit. 

ii) COMPONENT LIBRARIES - Libraries on the functional, 
electrical and physical specifications of available 
components have been built into the CAD/CAM packages: 

Functional 
Electrical 
Physical 

- used in digital simulation 
- used in 'continuous' simulation 
- used to manufacture 

iii) Realistic simulation is possible because component 
models are used. 

i) The components are designed for manufacture, and data 
produced in the CAD packages relates strongly to the 
manufacturing data required. 
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The same factors are apparent in the design cycle of a servo 

system. The present situation of having a number of useful servo 

components, means a simulation package can be integrated to 

drastically reduce the cost of designing a servo system. 

Producing such a multi-discipline CAD/CAM package is justified 

by the large number and spectrum of computer controlled 

actuators. 

By incorporating a well established design routine (and the 

inter-relationship between selected components) of servo systems, 

the system builder can be guided through the activities of 

selecting the servo components. If each servo component 

(actuator, transmission, sensor •• ) has the following information 

attached: 

Component spec. 
component Model. • 
Software Interface 

Mechanical Interface 
Electronic Interface 
Electrical Interface 

- for component search activities. 
- for simulation 
- for software development and 

simulation 
- for assembly 
- for circuit development 
- for wiring detail 

then as the system is built up (the components are selected), 

so is the model required to simulate the system, the circuit 

diagram of the controller and the required software [Fig. 4.2]. 

* Including Fault handling information 
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Figure 4.2 - SERVOCAD 

The system builder will be able to be guided through the 

activities by introducing the design routine and the inter-

relationship between components as this will be incorporated into 

the structure of the package. For instance, if the system builder 

chooses a d.c. motor, then the electronic interface is a power 

amplifier. If the computer assisted search activity existed the 

input specification (electrical) can be searched against the 

output description of the available power amplifiers to highlight 

the range of suitable power drives. 
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simulation of the actual system can be completed by replacing 

components with a respective 'component model' and using the same 

core of the software, which will essentially be used to control 

the final servo system. The controller parameter can then be 

estimated by using the integral simulation package, in the same 

way that established simulation packages have been used. But, 

i) the simulation will be based on realistic models of the 
servo components, 

ii) altering the parameters in the simulation package will 
directly 'tune' the control software. 

After satisfactory simulation results have been obtained (this 

includes trying out provocated fault tests), manufacture of the 

micro-controller involves using existing CAD/CAM packages and the 

circuit diagram (built up by selecting the components). Since the 

components have established interfaces for connection to a 

standard microprocessor, minimum simulation of the circuit will 
: .. 

be required. The circuit wiring can then be auto-routed and a 

P.C.B. etched and populated to provide the prototype. 

using the transputer as the standard microprocessor, then the 

servo software (built up by component selection) can be down-

loaded (from the CAD package) into the prototype assembly through 

one of it's serial links. Adjustments made to the controller in 

the CAD package can be verified directly without the traditional 

'modify - blow eprom - test' cycle. 
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The important aspect of this approach (also see chapter 6 on 

task orientated programming) is that the computer assistance, 

which will eventually be packaged, releases the designer from the 

trivial and time consuming aspects of the development cycle. Full 

attention is placed on the task of creating a design which 

matches the specified requirements, whilst at the same time 

making best use of the components available. 

The design process using such a system would be one where the 

specification would be given a basic out-line of the servo 

system. By the designer giving closer scrutiny to the dynamics 

of the system, control architecture and components available, the 

details about the servo design can be filled in. By simulating 

and verifying the different design solutions a qualitative 

judgement can be made towards justifying the cost of the 

prototype. 

Obviously the development of such a system relies on a long 

term research plan, and collaborating with a number of software 

houses which have developed mono-discipline CAD facilities, 

forming standards for the information used in the component 

database, enticing the manufacturers to give permission to use 

their component details and forming standard software and 

hardware interfaces. within the research, apart from the work on 

the modular hardware developed, a number of steps have been taken 

towards such a system. 
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These include: 

i) Identifying a technology: Use has been made of the 
modular and concurrent software language , occam and the 
hardware realisation the transputer. 

ii) Device interfaces: Forming the required software to 
interface a given device to a standard software module. 

iii) Process protocols: Establishing 
protocols between software processes. 

communication 

i) Modularity: Finding methods of inter-changing modules 
wi thout having to modify said software. This includes 
testing for modularity. 

v) Testing the approach: Using the existing mono-CAD 
facilities and the techniques developed performing a number 
of trials using the modular methods (design-simulation and 
realisation). 

vi) Fault handling: Introducing fault tolerance into the 
system whilst maintaining modularity, and including 
provocated fault simulation and testing. 

Simulation of the servo system using the modular technique 

was carried out. However, the Transputer Development System (TDS) 

has limited graphical support. The information generated whilst 

simulating had to be filed and imported to a standard graphics 

package. To overcome this problem a transputer board was 

purchased together wi th a number of transputer window 

environments packages. 

Electronic manufacture has always been in state of flux, but 

with current technological advances in the manufacture of semi

conductor devices, a turning point·is evident. The majority of 

simple electronic CAD packages make use of conventional 'through 

hole' or 'surface mounted technology'. The current trend in 
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electronic design is toward cell-technology. This will mean that 

smaller micro-controllers will be possible. Adoption of this 

technology with servo systems will lead to a situation where 

control, power drive, motor and sensors are integrated as one 

sub-system. 

For instance, if a new d.c. motor was under development a 

power amplifier could be matched to the actuator, together with 

a tachometer, optical disc, potentiometer, force sensor and 

micro-controller with non-volatile memory. The final system would 

be a self contained unit which could have application software 

loaded down a communication link. with this arrangement the servo 

device is considered as an 'empty' vessel filled with the 

application software, a software actuator. Hence, if such a 

'component' is used in the system, consideration of the dynamics 

of the control program can be used to form a 'mechatronic' 

solution [Fig.4.3] 
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SERVO SYSTEM 

SPECIFICATION 

Figure 4.3 - Target Design Environment. 
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4.1.2 Modular Software Structure - occ .. and the Transputer 

Although the facility of 'building' the software for a servo 

system is appealing, it does rely on being able to form self

contained software modules. This in itself is a problem as real

time software is notoriously complex. For instance, consider the 

selection of a sensor. This not only defines the accuracy of the 

final servo system (16 bits over a revolutio'n of movement relates 

to 96 micro radians), but also the initialisation required to set 

up the peripheral devices and the fault patterns which can occur. 

Taking the example of an incremental encoder, the phase 

incremental signals are used to resolve the position of the robot 

joint. Loss of a pulse or one of the two phased channels results 

in distinctive faults which would not occur with a potentiometer 

counterpart. Further, initialisation involves obtaining the 

absolute position reference, if battery back-up of the counter 

is not provided. 

These inter-dependencies between sensor, electronic interface 

and software steer the overall design of the servo away from a 

modular structure. However, in essence, replacement of say a 

position measurement system with another, can be made modular if 

a concurrent software I sensor process I is utilised for each 

feedback input [Fig. 4.4]. This approach was adopted within the 

research. 
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The sensor process acted as a process executing in the 

background, mimicking the parallelism that exists with analogue 

servo systems, rather than a part of a long single sequential 

program or a procedure which was call when desired. 

Software was developed in terms of concurrent modules by using 

the transputer and Occam [Fig 4.5]. These modules were 

asynchronously connected through communication channels. On a 

single transputer these parallel processes ran in a pseudo 

fashion by de-scheduling ~ach process as required. Interrupts 

from the micro-coder scheduler of the transputer allowed a number 

of processes to be executed at two priority levels. 

TRANSMISSION 

GEAR RATIO 1 

FAULT HANDLING 

CON TROL PROCESS 

GEAR RATIO 
2 

GEAR RATIO 

MECHANICAL ASSEMBLY 

Figure 4.4 - Concurrent Modular Servo System 
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OCCAM CONSTRue 

PAR 

COMMAND (.oo) 

CONTROL (00.) 

FAULT (oo.) 

DRIVE t . .) 
SENSOR1 t..) 
SENSOR2 t . .) 

Fiqure 4.5 - Loosely coupled Modular Software Architecture 

A process running on a transputer could be in an active state, 

where it is either being executed or on the schedule list, or 

inactive where it is either ready to communicate through a 

channel or timer. 

If the process had a high priority, it either completed 

execution once selected, or it arrived at a de-schedule point. 

A low priority process got forcibly de-scheduled after two time 

slices (5120 cycles of the standard 5MHz clock). 
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Lengthy high priority processes, once active soon distorted 

the 'fairness' of processing time for a collection of processes, 

and thus were generally written to be compact. Low level priority 

processes were time sliced between the intensive computing tasks. 

Typically the context time was resolved to 1 microsecond when 

process scheduling occurred, as evaluation was always completed 

and hence only a small 'stack' of values had to be stored. 

The process diagram shown in figure 4.4 shows the hierarchy 

of the software developed in this research. Device processes 

were maintained at a low level priority as the maximum continuous 

execution time of 2 time slices (2 ms) was ample to service the 

peripherals. For such processes the maximum latency for a low 

priority to become active, in the absence of any high priority 

processes, is 2n-2 time slices. 

Figures 4.4 and 4.5, together with the characteristics and 

performance of the T2XX transputer (30 HIPS) identify that a 

modular structure was feasible on a singI"e 'microprocessor' where 

interrupts were resolved not within software but embedded into 

the transputer's architecture. 
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Designing a servo system and fusing the devices together, with 

such a modular architecture relates strongly to the design 

activity of selecting a sensor device (with interface details) 

and attaching a 'sensor process' in software. It then becomes 

possible to fuse the sensors to the control algorithm in context 

of both hardware and software counterparts of the servo system, 

using a number of component libraries [Fig.4.6]. 
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Fiqure 4.6 - Framework of Device Modules 

149 

) 

J 
PHVSIC 

INTERF 
AL 

ACE 

SOFTWA 
INTERF 

RE 
ACE 



CHAPrER 4 - A Modular Robotic Framework 

The 'feedback processes' , with standard units of communication 

obtain the required states - position, velocity and/or force. 

Further, the feedback process informs the background ' faul t 

tolerant process' of the changes in state values. These were 

compared against estimates of predicted movement obtained from 

the control process. Checks carried out locally (within the 

sensor processes), assess whether the sensors were functioning 

correctly. 

A typical 'drive process' Digital to Analogue Conversion 

(DAC) that has been developed is given below. 'Feedback 

processes' which have been developed include incremental encoders 

and Analogue to Digital Converters (ADC). 
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The initiation part of the software initialised the DAC to 

give a zero output, the reset code being obtained from the 'drive 

table'. After this was completed, the drive process scaled the 

chosen 16 bit integral format (INT16), used by occam for the 

default variable of the T212 transputer employed, to the coding 

scheme of a specific DAC. This meant that the INT16 (in the form 

of twos complement) had to be encoded into the DAC codes. 

The Feedback process for the incremental encoder was straight 

forward as the 16 bit format of this peripheral device matched 

that,of the INT16 format. Here, the feedback process relied on 

utilising an Occam PORT (4.2). As the most current demand related 

within two read operations of the transputer, no pre-emptying of 

the sensor process was required. Initialisation, on the other 

hand required presetting the counter to the absolute position 

value for the incremental encoder. 

The feedback process for the Analogue to Digital convertors 

posed a definite problem related to the aperture time of a given 

device (time taken to convert). 
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This situation existed in all of the following three cases: 

a) the analogue value was obtained by prompting a 
conversion and waiting for the value [Fig. 4.7.a), 

b) use a 'value at time ~' command [Fig. 4.7.b) or 

c) introducing a form of time slicing [Fig. 4.7.c) . 
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... DELAY PliiRIOD8 

HIEW 
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OO .... PUT. OOMPUT. 
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8AMPLIiE • I DIiELAY PliiRIOD8 

AIEAD AIEAD 

ADO , If AOO J I I~ ACO , 
COMPUTIE ~ OOMPUTIE ~ COMPUT. 

Time 

To! me 
... 

Figure 4.7a - wait for conversion, 4.7.b convert at time t and 
~ 4.7.c Time slicing 

simply waiting for a value allowed the feedback process to be 

self contained, but if the control process synchronised on this 

communication the lowest sample periods became collectively the 

aperture time plus the time taken to obtain the other states and 

to perform the calculations to drive the actuator. 
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A command such as 'value at time t' was specialised and unless 

adopted over all feedback processes made it impossible to provide 

a modular framework. It involved calculating the desired 

conversion time within the frame of a sample period, and 

inherently increased the communications required. 

Time slicing was achieved on a regular basis within hardware 

using the 'EVENT' line of the transputer. The speed of the line 

was altered to the required sample period, being greater than the 

aperture time. This introduced the requirement for additional 

hardware. A software alternative was to use an Occam 'TIMER' 

channel. Problems arose when modifications to the overall sample 

period within the control process caused a mismatch with the time 

slice period within the feedback process. This asynchronisium of 

the two processes was synchronised by providing a 'most recent' 

buffer. 

Fundamentally, within a frame of a sample period [Fig. 

4.7.c], it had been impossible to obtain an ADC value before the 

end of conversion. The final approach had been to prompt a new 

conversion on reading the ADC. The computing time required to 

process the software between samples of data was less than the 

64 micro seconds it took to take to complete the ADC conversion. 

Thus 'fresh' data had been achieved each time. 
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One further case which proved difficult to modularise was a 

specialised ADC. A circuit was developed to overcome the problem 

of utilising an incremental encoder - presetting the counter to 

the absolute position value [Fig. 4.8]. 'It would have been too 

expensive to have a separate ADC on each axis controller to 

perform the desired calibration. Instead, a DAC, which also drove 

the power amplifier was used. This had additional hardware to 

allow a ramp counter (within software) to be incorporated to 

perform the desired ADC function. 

As the calibration function and drive function occurred in 

separate time slices, the ADC function was selected for the 

initial calibration and the drive output nulled. The dual 

function of reading a sensor and driving the power amplifier were 

considered to be two separate processes in software. 
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Figure 4.8 - Calibration circuit for the Joint Controller 

To account for the presence of a relative sensor within a 

collection of sensors, an 'R' flag was placed within the 

respective sensor table (see Figure 4.6). The control process 

whilst initialisating the joint controller interrogated the 

collection of the sensor tables to prompt transfer of the highest 

resolution position value to the relative sensor. 

The last case showed that when specialised interfaces were 

utilised it was still possible to maintain the desired 

modularity. Hence, as this modularity can be achieved, design 

could be considered as a process of customisation rather than 

specific design. 
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4.2 Robot Joint Fusion: A Software Interrogation Mechanism 

Research into a modular architecture for the joint 

controllers highlighted the potential of an 'information set' 

which allowed one process to fuse with another (Fig. 4.9.c]. For 

instance, a sensor table was utilised to integrate a 'sensor 

process' to a respective 'control process'. 

In essence, information of one process to customise to 

another had been stored locally. This introduces an interrogation 

phase in the initialisation, and it was at this stage that the 

system customises itself to the surrounding modules. A 

distinction between this and communication can be made, where, 

communication involves transmission of data -to be acted upon, 

whereas interrogation involves transmission of information to 

allow two connected processes to act upon data. This is what is 

meant by an interrogation mechanism in this work. 
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Figure 4.9.a Fixed Integration 
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Figure 4.9.c Process Integration 

An everyday example of manual interrogation is when a printer 

is interfaced to a computer. The selection of a particular 

printer being dependent on speed/quality of the document 

required. standardisation of printer languages has limited the 

problem to the case where the printer 'device handlers' are 

stored within the wordprocessor system (the master process) . . To 

complete the interrogation process the operator views the label 
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on the printer and compares it with a list of printers supported. 

The system then becomes customised. If a standard interrogation 

mechanism is introduced, by localising the information 

(abilities) of the printer, then the mechanism can become 

automated. 

Such an instance of interrogation has been recently 

introduced into the medical world in the form of a 'smart card'. 

Personalised medical records are carried (locally) by the 

patients. Medical specialists interrogate appropriate areas of 

the card at will. 

Two important aspects of this interrogation process were 

prominent in the medical case. The first was that interrogation 

took place to gain knowledge of an unknown but structured 

information set. The second was that management of the 

information stored was reduced by localising to each patient (a 

dist~ibuted system model), rather than centralising the 

information set. What happens when patients modify this 

information to obtain drugs is another story. 

In this work the interrogation of robotic joint information 

sets has proved a useful method of integrating a family of servo 

modules.with different specifications. Once interrogation had 

taken place between two processes the situation which existed 

was as if the two modules had been designed with overlapping 
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specifications (shown in the diagrams as overlapping circles), 

as with traditional software design without the system becoming 

permanent [Fig. 4.9.a). Further, it alleviated the requirement 

to introduce an intermediate process to translate between two 

fixed processes, as with the word processor printer~computer 

device handler scenario [Fig. 4.9.b). 

Figure 4.10 shows the application of the interrogation 

mechanism to the devices, joints, coordinator and programming 

environment of the modular robotic system. As outlined, at device 

level an information set was used to link the physical devices 

to the control process. 
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Figure 4.10 Interrogation of Robot System 
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Between the 'joint control' and 'robot coordination' levels 

the first stage of interrogation which took place was the joint 

specifications. In affect the abilities of the joint controllers 

had to be transferred to the coordination level. The coordinator 

then specified the global kinematic constraints of the robot back 

to the joint controllers. Effectively at this point the 'robot 

coordination' would imply that satisfactory 'slave' interrogation 

had taken place and the 'master' would be responsible for the 

correct format of the commandS sent. 

Establishing this combination of events meant that the master 

had full domination over the slave whilst interrogation took 

place. If the master was not satisfied by the interrogation this 

could be reported without giving any sense of autonomy to a 

slave. The 'forward' information sent from a joint to the 

coordinator included the type of demand which it could accept and 

respond to, how precisely a command could be executed and the 

consequent bounds of the formal parameters between coordinator 

and joints. Extracts from an interrogation table are given below: 

Forward Information set 

Function specification: Typically a list of commands which the 
controller can achieve: 
Position(), Position.Speed ••• 

Formal Parameter Specification: Typically formal parameters, unit 
of communication, limits of a parameter, for a command 
such as 'go to position, P at time T': 

POSITION.T {increment = O.lmm}, Range Difference [-130, 150] 

Physical Specification: Typically, type of link, length between 
axis of the link present: 

Revolute_Lower_Couple length [1400], Range [-1200, 1000] 
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After the 'forward' information set was conveyed the coordinator 
physically constrained the robot joint space to the maximum 
permissible working space. 

A typical example, for a revolute joint the specification 
would be; 

The data sent would be -600, 800. Such constraints forms 
the last stage of the interrogation 'handshake'. 

The information actually sent within the interrogation stage 

was physical values which each process interpreted within a 

specified sequence of events. Methods of increasing the 

flexibility of this stage were investigated. These involved 

coded schemes which 'tagged' the interrogation data, the tag 

being interpreted as having a certain meaning. 

A coded scheme was pursued which shifted the interrogation 

information twice and shifted a two bit interrogation code, 

allowing 8 pieces of interrogation information. The final 

mechanism did not utilise this as the interface between the 

coordinator and a family of joint controllers could be specified 

concisely and hence a coded form was not justified. If the system 

was switched off the interrogation was lost, hence, each time the 

robot was activitated interrogation throughout the system 

preceeded. If the system had not been reconfigured whilst the 

robot was off, the same information was sent each time the 

interrogation stage was completed. 
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To rationalise this duplication, the first approach was to 

allow the system to complete the interrogation stage once and 

then permanantly store the customisation information in each 

respective process. This in effect temporally fixed the system. 

Alternatively, to only interrogate when a modification occurred 

within the system still allowed modification to be made. The 

latter method has been adopted in the present research. 

An interrogation 'key', personalised to a given joint had been 

used for the purpose of determining whether changes were made to 

the modular servo system. This 'key' was similar to flags which 

are used in shared memory schemes to determine whether data is 

'fresh'. This key was also found to be useful in determining 

recurring faults. 

To detect recurring faults whilst the sensors went through 

their initialisation routines a 'TRUE' result was returned if the 

sensor tests were satisfactory. These flags were incorporated 

into the 'key' value and when interrogation took place the 'key' 

transmitted was effectively a fault code. The interrogation 

process had also been adopted between the coordinator and the 

functional programming environment of the robot. Between this 

layer the information was interpreted by the operator, and so 

consisted of both values and strings of information. For 

instance, whilst programming the robot with functional commands 

you could ' creep in and peek' into the main controller to 

establish what functions were available at joint and robot level. 
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4.3 Transparent Communication Harness, An Expandable 
Communication Architecture 

In general communication between any two physical processes 

(a process which communicates over a hardware channel) relies on 

mechanical, electrical, electronic and software specifications 

which often include fault coding. For instance the RS-232 

standard comprises of a mechanical standard with regard to 

physical connectors, an electrical standard of bandwidth of the 

signals which can be transmitted over a given length, an 

electronic standard of suitable interface devices and a software 

standard for prescribed protocol. 

Embedded into the transputer' s architecture is a specification 

which encompasses the physical, electrical and electronic layers 

of a general communication specification (4.3). Byte-wide duplex 

communication links are provided which have a communication 

bandwidth of 20 mega bits per' second. with the T2 type 

transputer, communication packets have a default width of 2 

bytes, while the T4 and T8 transputers 4 byte packets. 

For the standard architecture used in the research six 

communication paths were required to allow communications between 

the three joint controllers, the wrist controller, the global 

sensor, the programming environment, and the central robot 

coordinator. This implied that some form of multiplexing had to 

be introduced to make 6 = 4, since only 4 communication links per 

transputer exist in current transputer. 
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Bi-direction communications were present between the robot 

coordinator and the joint controllers. Batches of 'targets' had 

to be distributed in the 'forward' direction and status returns, 

fault condition codes and data samples in the 'reverse' 

direction. 

As the highest bandwidth of the transputer link was 20 mega 

bits per second and at worst 14, 16 bit integers were sent to an 

individual joint (for a three actuator resource) a maximum of 672 

bits of information were·sent between joint commands. For the 

bandwidth of the transputer link, this meant that commands could 

be up-dated within a frame of 33.6 microseconds for a link 

setting of 20 M bit/sec. It was concluded therefore that a single 

bandwidth of a transputer link could be exploited to service the 

three joint controllers. 

A hardware link multiplexer was available within the 

trans~uter product family, the IMS C004. This had been 

disregarded because of cost and size. Having an embedded 

communication architecture eased software development but at the 

same time made it almost impractical to form a simple bi

directional multiplexing structure using simple hardware. In the 

main this was because of the acknowledge signals Which were 

returned on a given transputer link pair. 
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To overcome these implicit problems, a 'lumped' multiplexer 

was implemented within software on the first joint controller. 

A range of fault patterns emerged. For instance, for a point-to-

point position command, the returns from the controllers were 

collected in a designated sequence. If the 'last joint finished 

before the others it had 'to wait for the other joints to finish! 

The result was a status lock-up, which if a drive signal was 

present caused the joint to continue traversing [Fig. 4.11] . 
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The sequential nature of the multiplexer caused further fault 

patterns to occur. These faults were 'unlocked' by a time-out 

mechanisms and data buffers. For the 'lumped' multiplexer 

developed the communication overhead meant that external memory 

was required (i. e. the assembly code was greater than the 

internal memory of the transputer), and that one controller had 

to be designated as the 'Command distributor'. 

To overcome these problems a distributed 'pass-over' 

communication mechanism was invented. This connected a number 

of transputers via a pipe-line structure [Fig. 4.12]. 

occam the communication process was concise: 

.. ' .", 
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······· INTdata: 
SEQ 
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Figure 4.12 - The Pass-Over communication Topology 
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U 

using a replica sequence construct allowed the pass-over 

scheme to be realised. An occam ALT construct was utilised to 

form a bi-direction version of the pass-over scheme. [An 

alternative construct scanned a number of inputs and guard 

statements, and acted on the process which was ready . to 

communicate and which had a true guard.] 
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Rather than prescribing each joint to a designated position 

within a robot structure, a concise method of informing the joint 

controllers of the joint id was created. This relied on 

distributing the identity to the joints by sending the joint 

numbers in a descending order, for example: 

Data stream Sent 

n n-1 •••• 1 0 
n-l 1 0 

1 0 
0 

to Joints 

Joint n 
Joint n-l 

Joint 1 
Joint 0 

Occam Realisation 

SEQ 
Chanln ? id 
SEQ i = 0 FOR id 

SEQ 
Chanln ? data 
ChanOut 1 data 

Note: For id = 0 the replica sequence vanished, providing the 
termination for the last joint. 
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4.4.1 Servo Functionality Protocols 

! bedica~ed serv6 . 6od'ed schemesand ) hierarChical ' ~~b~t:'\ 
; 'languages allow first the .designer · .·. and then the machine ) 
oper~tor< to organise . and ,., schedule ,complicated 'functional ': 

;: acti vi tiesina concise, . general aridpredicti ve . manner . :}> 

~hein~~rfad~b~tween " a H ~as~ •• ::o~i~~t~~ed progranurir~~< . 
environmemtand <thecustomisedtask robot utilises 

·:functionalcommands.These allow theqesigner to form the ' 
\ t"ask orientated operator int:erface . 

.. :;.; . 

Proposing a modular robotic framework of design which did not 

incorporate proprietary servo equipment would have been short

sighted. Hence the system of design had to incorporate commercial 

protocols. A traditional method of programming a servo system is 

to introduce a 'command scheme'. For instance, if a code '0101' 

is received by the servo, it would say return the current 

position value of the joint angle~ 

These types of scheme are beneficial when the communication 

between the coordinator and the axis controller has limited 

bandwidth and accurate tracking is not required. This is because 

an assigned command can be used to represent the characteristics 

of desired motion function concisely, whereas sending a sampled 

version of said function would require a high-bandwidth 

communication link. 
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with regard to the modular controllers built within the 

research there was a definite distinction between a development 

modular element and the eventual commercial counterpart. Under 

research the flexible arrangement of loading programs through one 

of the communication links was used, whereas in the commercial 

counterpart it becomes un-desirable to load the control program 

each time the system is turned off. To overcome this, once the 

system has been verified an 'EPROM' would be used to hold the 

main program permanently. 

The customer wishing to purchase say a welder or gluer robot 

would not wish to complete low level fUnctional programming. For 

instance, with a task orientated programming environment, rather 

than the operator using a 'Read-position_l' type of command, if 

it was important to the task it would be displayed automatically 

in a convenient fashion. The only person likely to use the low 

level programming would be the system builder. 

Thus, the protocol between the coordinator and the servos had 

to encompass a collection of protocols ranging from the native 

protocol of the system to the spectrum of servo protocols. 

One way of resolving the problem of integrating hybrid 

protocol systems is to form a broad protocol which covers all 

possible functionally, and then translate the foreign protocol 

to a native protocol. 
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Another alternative is to consider a concise protocol which 

consists of a number of commands which are generic to a number 

of functional commands. This approach relies on the fact that 

only a small number of position functions are likely to be 

executed by a given servo. (The same is true for the error codes 

sent when a fault occurs). Hence, by viewing all of the 

functional motions, a generic function can be established 

[Fig.4.13]. The table below shows how a number of functions can 

be incorporated into a standard position function: 

FUNCTION 

STOP(t) 

PO(f) 

PN(f) 

PP(u,d,f,t) 

Trajectory Parameters (protocol) 

S F Ta Td T SF 

C C 0 0 t 0 (no) 

C f 0 0 tmin 0 

C f 0 0 tmin 1 

C f u v t 0 

S Start, C- Current, Ta and Td. T period of 
interpolation and u and v calculated from the difference 
from the lift-up (u) position and put-down position (v) and 
a predefined percentage of T. 

Function PO(f) - Go to position If' directly. 
Function PN(f) - Complete last action and then go to If'. 
Function PP() - Pick up and Place action smoothly. 

171 



CHAPTER 4 - A Modular Robotic Framework 

COMMAND 

STOP (T) 

PD(P) 

PN(P) 

TRAJ() 

POSITION PROFILE 

---------------- =---._-----------

posmON PROnL.l 

1~0r----------------------__, 

1000 

100 ._--_._-- ----------- -------_. __ ._----

.00 -~---. ----------.----~--.----- - ---.-----.. ----------

... f-- - ----

OL--~--~-~--~-~--~--~-~---J 
..,0 20 40 60 .0 100 120 

POSITION PROnJ.E 

Ta Td 

- - - --- ----- --- - - ---- ---------~ - -~--

---- =~:::==-= 
- S- - ·----.::: ~ ------ - ---.----

.~-~--~-~~-~~-~-~~-~~-~-~ . 

Figure 4.13 - Translation ot Command to position Profiles 
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Both of the previous approaches formed a 'cross-reference 

table' between the code of the foreign language and the native 

language. In most situations this merely involved changing the 

command names and scaling and changing the order of the formal 

parameters of commands of the foreign protocol. 

Considering a number of servos being brought together to form 

a robot, the worst case the 'system builder' is likely to be 

faced with is if all the servos were different pieces of 

proprietary servo equipment. Taking this into account, generally 

the servo level of the system has to be considered as a fixed 

environment (you can't change the software), unless you are 

prepared to provide an alternative EPROM to the one supplied 

which holds the control program. This leads to the conclusion 

that the interface has to be placed within the coordinator. 

The native servos use the interrogation mechanism to customise 

themselves to the coordinator, so the best way of including the 

interfaces for the foreign servos is to make a virtual interface. 

The native servos presently use a number of generic commands, and 

hence a 'cross-reference table' would have to be formed. As the 

units of the commands form part of the interrogation information 

no scaling is required.' 
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4.5 Brinqinq it all Toqether 

within the confines of a chapter, the work which has been 

undertaken on modular robots has been presented. The first aspect 

discussed was the overall approach - using modular system 

architecture as a means of design. The research completed forms 

the foundation work on the SERVOCAD system. 

The topology of the modular software developed for the current 

servo system was discussed, together with methods of maintaining 

this architecture when the servo software has to interface a 

range of peripherals. In particular, the method of customising 

two modules using the interrogation method was detailed. For the 

modular software this approach allows software modules to be 

developed generically and customised when the system is brought 

together. This research makes it feasible for the software of the 

servo system to be constructed' from a number of occam processes. 

One of the essential components of any parallel processing 

network is a cOInmunication harness. The 'pass-over' scheme 

provides such a communication harness using a concise standard 

code piece. 
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Addressing the problem of interfacing a piece of proprietary 

equipment within the framework was considered, together with a 

method of concisely defining a protocol using a single, generic 

function. 

The techniques established have had general relevance and have 

been extensively used throughout the robotic system level 

created. This includes the axis level, the coordination level, 

the robot controller level and the task level. 

Considering the material reported in chapter 3 and 4 together 

this forms the hardwarel software robotic framework. In particular 

chapter 3 showed that it was feasible to form modular robotic 

hardware using a number of standard processing nodes and 

application modules. Chapter 4 outlined the modular software 

approach devised. 

with regard to the robotic framework created, the last aspect 

reported is how to generalise (in a deterministic form) the 

models used most extensively used within robot controllers (the 

coordinator), the forward and reverse kinematic~. 
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Collectively the three chapters (3,4 & 5) give results which 

indicate that it will be possible to form a robot system in a 

short space of time by a process of customisation rather than 

specific design. This leads to the conclusion that it would be 

feasible to design a robot around a task specification. 
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CImP"l'BR 5 

5. The Requirement for Generali.ed Coordination 

The requirement to develop a controller for each specific 

robot configuration stems from the dependency between a robot and 

it's kinematic solution. Whereas a generalised solution would 

allow robot systems to beconfigured rather than specifically 

developed, and would broaden analysis of open loop kinematic 

chains. 

Forming such a generalisation of the inverse kinematics for 

open chains has followed a series of studies: 

Look-Up Table: Use the forward kinematics, with 
digitised joint space, and form a table from the 
corresponding global values. A reverse mapping is 
achieved by reversing the table. 

-- Data Base: Solve sets of inverse solutions for the 
standard configurations and form a data base of them. 

Rule Based: Compare deviations between robot 
configurations to establish a number of general rules. For 
instance, if joint 2 is prismatic rather than revolute how 
does the structure of the inverse kinematics equations 
alter. 
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Global Transformation: Form global transformations 
between an actual robot structure and a standard kinematic 
configuration with an inverse solution. For instance, 
transformation exists between cartesian, cylindrical and 
spherical coordinate frame systems. 

-- structural Deviation: The "Denavit Hartenberg" notation 
covers a range of structural deviations. Solving the 
inverse problem with general parameters rather than 
specific details allows a broader coverage of one set of 
solutions. In this way, if the forward solution is left 
general, the inverse will cover structural deviations such 
as twists, extensions and buckles. For instance an 
unsymmetrical solution covers the symmetrical case. 

-- Localised Transformations: Use transformation within 
joint space to allow both structural and joint type 
deviations. Two approaches have been devised. The first 
utilised a revolute joint, which can be made to act like a 
prismatic joint by extending the link lengths. The second, 
utilised a closed kinematic chain to form both a revolute 
and a constrained prismatic action. 

A number of practical criteria have been set out to ensure 

that the formulated 'generalised' solution matched the 

requirements of the overall 'task orientated approach'. The task 

approach relies on forming a robot around a task specification. 

with respect to the general purpose 6 axis robot, as the design 

specif ication is more specific with the task approach, the 

design of a task robot should be more concise. 

To capitalise on this fact, a robot is considered as a robot 

with up to three joints, used to position the tool-post, and an 

optional orientation wrist mechanism with coincidental axes. 

Such wrist mechanisms have been devised using differential gears, 

and so such an assumption does not pose a technical problem. 

In this way the robot system can be partitioned into 3 position 

axes and 3 orientation axes [Fig. 5 ~ 1]. 
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Figure 5.1 - Partitioned Kinematic Scheme 

within the robot coordinator, using this partitioned approach, 

two vectors (3 elements each) were required to represent the 

posi tion and orientation of the robot, rather than a 4 by 4 

homogenous matrix. within the software of the coordinator, to 

form an inverse solution, the position vector was used to 

calculate the first three joint angles and the imposed 

orientation of the position robot. The imposed orientation 

values, together with the desired orientation were utilised to 

resolve the final 3 joints of the robot. 
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5.1 Selection Of Znverae Kinematic Method 

A preliminary study was conducted into traditional geometric 

methods of forming inverse kinematic studies. The reason for this 

was to allow the new approaches of generalising the inverse 

kinematics to be devised and evaluated. 

5.1.1 Chartinq the Difference 

The first method proposed was to form an inverse kinematic 

table for the position robot (up to the first three joints of 

the robot). The orientation robot being a fixed configuration 

which if defined in terms of yaw, pitch and roll required no 

transformation. 

The approach relied on forming a table of values from the 

forward kinematic equations. [Attaining a general solution of 

the forward kinematic equations posed no problem.] As the table 

was formed off-line, minimal computing burden was imposed on the 

robot coordinator. The transformation involved 'looking-up' the 

joint vector for the nearest position vector within the look-up 

table. 
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A number of problems came to light when trying to form 

kinematic tables. In the main these could be attributed to the 

non-linear nature of the kinematics. For instance when the table 

was created for a jointed robot by incrementing the joint angles 

relatively large changes in cartesian coordinates occurred, which 

were prominent near singular configurations. 

To overcome this problem the table was formed by scanning the 

joint angles by a given increment. The joint range which gave 

maximum cartesian position differentials between increments were 

stored. If these differences were greater than the desired 

cartesian increment, the scan then focused on this portion of the 

kinematic mapping by reducing the joint increment. This was 

carried out for each joint variable in turn. 

This allowed the minimum joint increment for desired increment 

in cartesian coordinates to be obtained. The final scan then 

progressed using these increment values and the results obtained, 

which fell in the discrete volume (a cube which had dimensions 

equal to the desired cartesian increment), were stored at the 

nearest discrete space point (memory location) [Fig 5.2]. To 

obtain the nearest value of a given space point, only the closest 

value to the discrete space point was stored for similar 

solutions. 
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z 

SUB-SUB-DOMAIN 

DP - DATA POINT 
SP - SOLUTIO N POINT 

SUB DOMAIN 3 
NUMBER OF JOINT SOLUTIONS = (360/1) 

ASSUMES ALL JOINT RANGES 360 DEGREES 
FOR 0.1 DEGREES JOINT ACCURCAY N = 4.9 X 10 

x 

Fiqure 5.2 - Digitised Space 
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Problems occurred when the samples fell either side of a peak 

difference. Near the peak value the gradient rose, but fell as 

the peak was clipped. Also no guarantee could be given that every 

cartesian point of the table would be 'filled' by the scan. When 

this problem occurred, detected by a scan for 'no value' default 

codes in the table, all 'joint increment values were halved and 

the table reconstructed. Further reduction in the joint intervals 

were completed until a complete table was detected. 

Overall, although the approach had the advantage of minimal 

on-line computing burdens and being simplistic the fundamental 

problems were: 

(1) Multiple solutions with the scanning approaches adopted 

were lost and hence choice of solutions wi thin paths. 

Hence, the Degree of Freedom was 1. 

(2) Construction of the inverse kinematic table with 

singular solutions had caused a number of discontinuities 

between neighbouring values [as no distinction was made 

between the multiple solutions]. 
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(3) The scan could not be simplified unless the particular 

kinematic structure was studied and a scanning strategy 

formed. 

(4) Requirement of a large memory capacity to permanently 

store the kinematic table. 

(5) Alteration to the kinematic chain led to the necessity 

for a reconstruction of the essentially static kinematic 

table. 

(6) Because of the static nature of the look-up table, 

automatic calibration of the 'inverse kinematics' (refining 

the kinematic model to match the physical robot structure) 

would have been arduous. 

The first problem, that of multiple joint solutions being 

mapped to the same cartesian point could have been resolved by 

extending each discrete space memory location. For a three 

degrees of freedom jointed robot this would have increased the 

memory requirements. In solving the first problem the second 

problem would have partially been resolved, in that having stored 

a range of solutions, a solution could have been chosen to reduce 

joint differences between two cartesian increment points. 
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considering the kinematic table as a table of finite 

differences allowed the final method of forming the kinematic 

table to be devised. The Jacobean matrix of a robot configuration 

gives infinitesimal differences at a pivot configuration: 

For th-O re Folute joints 

ax ( e . /e ~) "6 ox = - ~ 0 . + 
ael 

ax (6 . /e, ) 
- L 08 .. 

a6
2 

L. 

Hence, if a solution value was calculated, but the cartesian 

position did not lie in the zone where the solution was required, 

the inverse Jacobean and the original solution value (pivot 

point) were used to get closer to the desired point. The modified 

joint angle solution could then be transformed back to cartesian 

coordinates (using the forward kinematic equations), to give the 

actual position of the modified solution. [A similar approach was 

established to correct errors between an emulated kinematic 

structure and a physical robot, see section 5.2.2] 

If the modified solution was further from the desired 

solution this signified that the finite difference between the 

two points (desired solution and the pivot solution) was too 

coarse (or too small if the finite difference lay in the noise 

band of the calculations). To account for this a number of 

conditions were introduced into the kinematic table generator. 
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Drawing to conclusion, the approach of forming a look-up table 

has practical incentives. In essence, large EPROMS (Electrically 

Programmable Read Only Memory) are inexpensive and reliable and 

so implementation of the technique is practical. 

Alternatively, hard-disks available have access times of 

around 24 ms. This would give a sample period, at coordination 

level, slightly larger than this figure. However, joint solutions 

are cri tical pieces of data, thus relying on a hard disk 

(essentially a mechanical device) to access one 'solution' after 

another would be unwise. This problem would steer the method to 

one which collects the joint solution of a path 'off-line'. 

Installing a hard disk at the base of robot would also be 

expensive and impractical. 

In the main, look-up tables offer a pragmatic approach to 

describe an input-to-output relationship. within our long term 

research plan the 'look-up' table approach will be investigated 

further, as a means of implementation. 

186 



CHAPl'ER 5 • Generic Coordination 

5.1.2 contours Rather than Curve., CUrve. Rather than Charts 

Methods of reducing the amount of data which had to be stored 

to form a kinematic table were investigated. Computer resources 

are becoming less expensive than memory (cost per Million 

Instructions Per Second, MIPS, versus cost per Mega byte of 

memory). Considering this trend, it is less expensive to describe 

the data stored within the kinematic table (equivalent to 

cartesian paths along the x axis with y position held at a 

particular value), with a polynomial. 

The advantage of this method was that the coefficients of the 

polynomials were stored rather than the table of solutions, and 

as these coefficients were calculated off-line, the only on-line 

computer burden was the time to calculate the polynomial. 

with regard to the implementation of the 'inverse kinematics' 

within a robot controller, if the sample period of the 

coordinator (time taken to calculate the inverse kinematics) was 

considerably larger than the period between required servo 

demands, then joint interpolation was required to 'smooth' the 

sparse data from the coordinator. 
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The degree of the polynomial which described the inverse 

kinematic relationship determined the accuracy of the 

interpolation and at the same time the computing burden: 

(2(n-1) + 1) N = Number of multiplications 

n * N = Number of Addition 

(n - 1) * N = Number of Intermediate stores 

N = Number of joints and n = the degree of the polynomial. 

For three joints and a 5th order pOlynomial per joint this 

meant that 27 multiplications were required. Taking a pessimistic 

view that it took 40 cycles to multiply a number, and assuming 

a 20MHz processor, this gave an execution time of 54 micro-

seconds. This meant that it was still feasible to implement the 

inverse kinematics such that joint interpolation was not 

required. 

The case for using polynomials (effectively a truncated power .. 
series), rather than any other interpolation functions to 

approximate the kinematic table, was supported by the fact that 

the trigonometric equations present within the inverse kinematics 

could be represented by Maclaurin's series. 

188 



CHAPTER 5 • Generic Coordination 

Taking an example of a planar revolute robot (joints 2 and 3 

of the Syke robot), this had the following graphical 

representation of the kinematic table: 

SOLUTION CO NTO UR - JOI NT 2 

2 

o 

-2 

Y = 0.0 SOLUTION CONTOUR - JOI NT 3 

Figure 5.3 Kinematic contour for a Planar Robot 

These results identified that the solution curves of the first 

joint, as the x axis was scanned, were approximately quadratic 

functions. The second joint had the characteristics of a cubic 

polynomial (i.e. linearly related to the first joint angle). 
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For a given column of solution (y=O) a polynomial was fitted 

to the data within the table. For the particular case chosen the 

inverse kinematics of the planar structure (for constrained 

motion of y =0 and L,=L2=L) were however known: 

q, = cos·, (X/2L,) and q2 = -2q, + pi/2 

By comparing· the absolute joint value against the polynomial 

which described the inverse kinematic relationship of joint 1 

the 'closeness' of the fit was studied. Relating the kinematic 

function of q, directly with a quadratic gave: 

7t 7tX 7t X 2 q = - - --- + - (-)"j 
1 quad 2 6 2L 3 2L 

1 1 

2f- domain [-1) 1] 
2L1 

This polynomial approximated the equivalent row (y=O) of the 

inverse kinematic table. 

The actual MacLaurin's series for the first joint solution 

(y=O) was: 
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Comparing the first polynomial (which assumed that the inverse 

kinematics relationship for joint 1 was quadratic) against the 

Maclaurin series gave the following error term: 

The data points chosen to fit the quadratic function to the 

data values of the kinematic table were chosen to be: 

x = 1 , x = L1 and x = 2L1 

This meant that the error function crossed at these points. 

The maximum error occurred mid-point between these data points. 

For x = 1.5 L1 ' 

the joint value given by the quadratic function and the actual 

solution were respectively; 

q1quad = 33.75 degrees and q1 = 41.41 degrees 

Thus fairly large discrepancy between the two joint angles 

suggested that, (1) the data points used to fit the quadratic 

function were not the optimal ones, and (2) a second order 

polynomial did not accurately describe the kinematic relationship 

of the first joint. 
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with regard to both points, the majority of inverse kinematic 

equations involve a trigonometric function of some sort. The 

reason the kinematic table was generated was because these were 

unknown. There was no way of predicting what type of 

trigonometric function(s) would be present, hence choosing a 

- particular Maclaurin series as the base polynomial was not 

possible. 

To overcome the problems encountered a technique was 

implemented to allow n data points to be chosen (for a n-1 degree 

polynomial) such that they gave the closest match between all the 

data pieces and either: 

used a higher degree polynomial to capture the columns of 
the kinematic table. 

or by splitting the column of solutions (adding knot points 
similar to a bounded deviation path). 

To assess the degree of the polynomial required for the 

previous case the MacLaurin series (with this particular case an 

alternating series who's nth term decreases monotonically to zero 

as n tends to infinity) was taken. 

The truncated term for such an alternating series could be no 

greater than the modulus of the first term which was truncated: 

x - L, the fifth order term was: 

260.4 micro radians (-15 milli degrees) 
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The number of terms required to achieve convergence to a given 

accuracy was however dependent on the variable of the series. 

studying the series of the 'arc cos' function indicated that as 

'x' tends to the value of ' 2L1 ' the convergence became poor. 

Using this figure of 'x' gave the 'nth, order term as '1/n1'. The 

5th term then became equal to 8.3 milli radians (-0.5 degrees). 

These results suggested that even if the 'optimal' series 

could be found, then the order of the polynomial had to be at 

least 6th order (to allow· the kinematics to be resolved to 0.08 

degrees). Thus indicating the use of a number of pOlynomial 

rather than using a single high order polynomial. In essence 

these polynomials described sub-domains within the kinematic 

table. 

The polynomials described previously were used to approximate 

the solution of the first joint variable, for a particular value 

of t~e y axis. with regard to the coefficients, these were a 

special case of the general solution: 

• • • • • 

J 
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where the coefficients could be represented as polynomials in 

terms of y, 

and Pf = polynomial which described how the coefficient of the 

polynomial in terms of x altered with respect to the y 

axis. 

The use of low order polynomials can also be related to the 

practicali ties of implementing a robot controller. Most practical 

robots systems have to perform cartesian paths. The joint 

profiles for such paths. (approximated by the previous 

polynomials) were used to demand the servo systems (linear 

acceleration devices). [Hence, if the order of the polynomials 

had powers greater than four, then the actuators would not be 

able to track such a path, supporting the case for using low 

order polynomials to interpolate the kinematic table.] 
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5.1.3 Covering Many ~y Few 

The second alternative of forming generalised inverse 

kinematics was to form a data base of solved inverse kinematics 

__ for common robot structures. customisation of the coordinator, 

using this approach, allowed a robot configuration to be matched 

to one of the range of stored structures. This approach has been 

utilised in a number of robotic simulation packages. 

To evaluate this approach a data base (ROBOBASE) was formed 

to establish the most common robot structures. This had 220 

different robot types entered into it [Fig. 5.4]. (Such 

information was not available in robotic databases such as the 

'Cranfield Data Base' or the 'British Robot Association' 

database.] 

To form a satisfactory set of inverse kinematic equations can 

take up to three weeks. By considering the structural deviations 

of a family of robots, the number of equations which need to be 

stored in the eventual database can be reduced. 
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Figure 5.4 - population of Marketed Robot Systems 
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Rather than setting the twist, offsets and buckles to values 

before attempting to solve the inverse kinematic problem, these 

were left general. For joint numbers below 4 the forward 

kinematic equations could still be solved using the generalised 

"Denavi t- Hartenberg" notation. Using this approach the equations 

--for the Syke A600 (unsymmetrical jointed) robot could also be 

utilised to coordinate the Mitsubishi RMSOl (symmetrical jointed) 

robot. 

The problem with this approach was the time required to solve 

the inverse kinematic equations for new configurations. Also, as 

more structural deviations were included, the inverse solutions 

became over complex. 
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5.1.4 What Happens If ? 

The third method of forming a generalised set of inverse 

kinematic equations, and most labour intensive, was to solve a 

number of inverse kinematic equations and then compare these 

solutions to formulate rules which describe the inter-

__ relationship between these configurations. For example if joint 

2 was prismatic and then was changed to a' revolute joint what 

would be the corresponding changes in the inverse kinematic 

equations? 

In practice when the robot structure was not implicit, in that 

twist, offset and buckles were present within the structure, the 

process of searching for changes became complex. As it had taken 

three weeks to develop and verify the inverse kinematics for a 

jointed robot, to search a vast number of kinematic structures 

became impractical. The only • advantage • to be gained from 

furthering this approach was that if it failed, the solved 

inverse equations could be utilised in the data base approach. 

However, the actual process of identifying characteristics 

when structural changes occurred offered an insight into robot 

design. Postulating that a general set of inverse kinematics 

exists, a number of design rules were identified by establishing 

the changes. 
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5.1.5 Maps Rather than Charta 

Solving a set of kinematic equations with structural 

deviations stemmed from the most successful approach to date, 

using localised transformations. The problem with using only 

structural deviations was that to solve the inverse equations the 

__ type of joint had to be specified. Hence, if joint 2 was 

prismatic with one configuration and revolute with another, two 

inverse kinematic solutions had to be formed. 

By using localised transformations, between a conceptual robot 

and actual robot, a standard set of inverse equations could be 

utilised, and by performing localised transformations, the 

conversion between the conceptual and actual robot could be 

established. Two localised transformations have been established: 

DIRBCT XAPPING - Using a revolute joint to emulate a 

prismatic action. For instance, as the link lengths of a 
:. 

revolute joint are increased the revolute loci (an arc) 

approximates a prismatic action. 

CLOSBD-LOOP XAPPING - constrain the revolute action to a 

prismatic action, or prismatic to a revolute action •. 
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5.1.' The summing-up - Bring it to a Point 

Reviewing the different approaches, although constructing a 

table of inverse values by scanning values in the forward 

direction was simplistic~ problems were experienced when trying 

to obtain discrete cartesian space points and in storing multiple 

" solutions. The data base and structural deviation approaches 

only. gave limited coverage. Establishing rules or global 

transformations between one robot and another became complex when 

twists, offsets and buckles were present within the robot 

structure. The most viable method was to use localised 

transformations between a conceptual robot and an actual robot. 
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5.2 Localised Transformations 

A method of forming the inverse kinematic equation generally 

is to have a standard kinematic arrangement, with an established 

solution, and transform the joints of this conceptual robot such 

that they mimic the physical robot. To form the inverse of the 

physical robot, the inverse solution is taken of the conceptual 

robot and then the inverse localised transformations are applied 

to these solutions. The merit of this approach is that the 

inverse kinematics of the physical robot do not have to be known, 

and hence the method offers a general solution of the inverse 

kinematics problem. 

CARTESIAN 

COORDINATES 

REVOLUTE 
PARAMETERS 

CONFIGURATION 
DESCRIPTION 

CONCEPTUAL 
ROBOT 

JOINT 
ANGLES 

PRISMATIC 
PARAMETERS 

Figure 5.5 - Localised Transformations 
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To apply the localised mapping technique the steps which had 

. to be carried out were established, i.e: 

a) PORK A STANDARD CONFIGURATION AND LOCALISED TRANSPORMATION 

i) Find a standard joint configuration which can cope with 

both joint and structural deviations. 

ii) Establish the forward and reverse mapping for the 

standard joint configuration. 

Essentially i) & ii) were a process of looking at the 

forward set of kinematic equations, with a view of studying 

the affect of altering certain link parameters of the 

standard configuration to make a joint configuration act 

either as a prismatic joint or a revolute action. 

iii) Solve the standard inverse kinematic equations. 

b) EVALUATE POSITION SOLUTIONS FOR AN ARBITRARY ROBOT STRUCTURE 

iv) Evaluate the parameters of the conceptual robot, for a 

given configuration. 

v) Use the reverse mapping to evaluate the physical joint 

variables. 
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The process of looking for a mapping within this section has 
been based on using a standard set of kinematics (K-.Jl) and 
considering what changes had to be made to the standard set of 
kinematics (parameters) to make it act like the physical robot 

structure (Kr •• l ): 

K~l .... f(Q,q) -- Q = joint parameters, q .... joint angles 

Kerror .... Kreel - K-"l 
Q => Qemu as K.rror => 0 

If the inverse kinematic solution of the inverse kinematics 
was known the closeness of the match between the physical 
structure and the conceptual structure (made to act like the real 
structure) could be clearly observed as the deviation between: 

K-\ •• l -- the contour of q" qz ••• qj as P varies 
and 

K-' .... l -- the contour of q'enLll' qZenul· •• qienLll as P varies. 

[Where qi is the ith joint of the structure and P=(Px,Py,pz) 
the cartesian point of which the inverse solution is 
required. ] 

This led to two possibilities, (1) the joint contours of the 

conceptual robot had a sub-domain which approximated the joint 

contours of the physical robot and (2) the conceptual structure 

was constrained to act like the physical robot. 

A number of localised mappings were devised, these are 

detailed in the following section. In essence, the objective of 

the overall scheme was to have a standard configuration which 

could be constrained such that it emulated an arbitrary kinematic 

configuration. For instance, if the standard configuration 
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consisted of revolute joints, and if the physical robot had a 

prismatic action, then the standard configuration would be 

constrained such that it acted as if it had a prismatic joint. 

Successfully constraining a mechanical structure was essential 

when only single rotary actuators (steam engines) were used to 

drive machinery (5.1). For instance, watts 'straight line 

mechanism' was a pantograph which obtained straight-line motion 

from a double swinging lever mechanism. Oemag's jib crane, which 

had a constrained straight line path for the load, also used a 

double lever mechanism [Fig. 5.6]. This is remarkably similar to 

the scaled industrial counterpart shown in Figure 5.7. 

Figure 5.6 - Demag Jib Crane 
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The methods which have been devised to successfully constrain 

a standard configuration to act like the physical structure 

relied on drawing a distinction between the physical structure, 

designed to complete a task, and the kinematic model of the 

physical structure. 

A paradox existed with this approach (using a revolute joint 

configuration to prescribe an exact prismatic action), a 

prismatic joint configuration did not alter the orientation, it 

merely slides. Mimicking this with a configuration consisting of 

revolute pairs required two revolute joints to constrain the 

position to a linear motion, and a further joint to successfully 

constrain the orientation. 

Unfortunately, if these constraints were SUbstituted into the 

forward kinematic equations, when the inverse kinematic equations 

were formed the solution obtained was specific, using these 

equations, to a prismatic configuration (i.e. you might as well 

have solved the inverse kinematics using the forward kinematics 

with an actual prismatic joint). Whereas, if the three joint 

angles· were left general in the analysis, and the inverse 

kinematic equations were solved for specific joints within the 

local three pair configuration, as ·the constraints of the further 

joints were inter-related, an explicit inverse solution was 

obtained. 
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The new approach of dealing with the inverse kinematic problem 

overcame such problems. To ensure that the new principles are 

shown clearly the majority of the presented material is based on 

planar structures. 

In the same way mappings are applied to revolute 

configurations to successfully constrain prismatic actions within 

a given structure, similar relationships can be formed with 

prismatic actions. For instance, if the solution with the 

standard configuration comprising of prismatic action was say 'd, 

and d2 ' a mapping could be formed which would give the equivalent 

solution of a robot which actually comprised of say two revolute 

joints. 

Revolute joint configurations had the merit that they could 

be manipulated to cope with fixed deviations such as joint twists 
:. 

and offsets. The same was not true for the implicit prismatic 

standard configuration, a twist required a fixed revolute 

transformation. Hence, the analysis was based on implicit 

revolute actions. 
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with regard to describing the inverse kinematic equations 

using transdental functions, and in particular steering the 

inverse kinematic solution towards functions such as 'ATAN(y/X), 

(which preserves the sign of the solution) has not been completed 

(5.2). Instead a new approach has been devised. Methods of 

__ forming selection rules which are related to robot tasks are also 

outlined. 

Emphasis throughout the following sections is placed on the 

use of kinematic stratagems. Such stratagems relate the task 

required of the robot to a number of constraints which allow the 

overall kinematic structure to be partitioned into a number of 

sub-systems. 

The purpose of such kinematic stratagems is to rationalise the 

requirements of a given robot system by focusing on the task the 

robot will be employed for. For instance, with the 'Demag Jib 

Crane', the task which the structure was designed for was 

described by a physical kinematic constraint, the fixed linkage. 

This formed the five bar closed loop structure, with multi-axis 

robot control such constraints can be considered as programmable. 
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5.2.1 The Direct Localised Mapping 

The first local transformation, ' the direct mapping', emulated 

a prismatic action with a revolute joint. This was established 

when studying the relationships between robot structure, task 

required and kinematic stratagem. The symmetrical jointed robot 

has been employed to pick and place components [Fig. 5.7]. 

Figure 5.7 - symmetrical Joint Robot Used For cartesian Paths 
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A suitable kinematic strategy for the positioning of such a 

robot is to used the first joint to position the plane (of joint 

2 & 3) to intersect the 'pick-up/down' point. The inverse 

kinematics can then be considered as having two principle joint 

_-angles, the solution of joint 2 & 3. To pick up a part the robot 

swivels the first joint and follows a number of cartesian paths 

(up-across-down) using joint 2 & 3. 

The important aspect was that joints 2 and 3 could be used to 

perform linear paths. That is, two revolute joints could be used 

to mimic a prismatic action. Making use of this, and the fact 

that a conceptual robot has no real physical constraints (link 

lengths some 20 metres are-not unreasonable for a conceptual 

model), it becomes practical to emulate a prismatic joint with 

a revolute joint, with extended link lengths, such that the loci 

prescribed by the revolute joint approximates the prismatic 

action. 
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Yi 
FORWARD MAPPING 

LINK LENGTH 
Li 

PRISMATIC OFFSET 

JOINT ANGLE 
qi 

PRISMATIC 

LINK LENGTH 
Li+l 

----------------------------_. _.------------------
di PRISMATIC JOINT VALUE 

LI ~I~I~--~P~RI=S~=IA~T~IC~J~O~IN~T~._r------~ o 0 
Figure 5.8 - Emulated Prismatic Joint 

Xi 

The direct transformation placed both the revolute and 

prismatic actions correctly along the X axis (of actuation). 

However, there was inevitably an undesirable arc error along the 

Y axis of the actuation plane. In essence the direct mapping 

emulated the prismatic actions by the revolute counterpart by 

utilising a portion of the revolute arc. 

The configuration shown in figure 5.8 anchored link, at a 

fixed angle, which could be chosen arbitrarily. The link lengths 

could also be set to arbitrary lengths. The flexibility of the 

choices of these three parameters meant that the constraints- of 

the physical prismatic joint could be incorporated to reduce the 

effective error. For instance control near the end strokes of a 
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(pneumatic) prismatic joint was difficult, and so would be used 

less, thus the maximum errors were placed at the end stroke 

positions. 

Physical Joint conceptual Joint 

position Terms 

o - 0 p 

Pex -= Lf cos (K f ) + L1., cos (K f + qf) 

Pey = Li sin(K i } + L i +, sin(K1 + qf) 

orientation 

The effects of altering the transformation parameters (fixed 

angle and link lengths) were analysed further to establish the 

distinct effects on the mapped arc of: 

variations in the first link length (L f ) placed the arc 
above or below the central line of the prismatic action. 

The fixed angle (K f ) with the first link length (Lf ) placed 
at the center of an offset circular loci, whose radius was 
the length of the second link (Lf+,). . 

The fixed angle (K) determined the effective stroke 
(portion of arc within an error band) which could be 
obtained. 
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Further properties, which were apparent with physical 

prismatic joints (pneumatic cylinders or rack and pinion 

mechanisms) were also used to reduce the inherent error of 

mapping an arc to a straight line. For instance, the majority of 

prismatic joints have an offset. To accommodate for this the 

__ fixed angle was chosen to placed the normal position mid-range 

of the prismatic range, together with the ·minimum error point. 

These physical properties allowed a number of expressionsto be 

formed to allow the link parameters to be calculated: 

E D2 
+-

2 SE 
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5.2.2 GENERALISED PLANAR INVERSE KINEMATICS 

For 2 dimensional space three non-trivial joint variables are 

required to allow an arbitrary choice of position and orientation 

within a given work-space. Rather than considering the entire 

robot as providing both position and orientation, it may be 

partitioned into a position robot and an orientation wrist, 

provided the last joint is revolute. 

The position robot will have a prescribed orientation which 

will be dependent on the joint configuration, this can be 

incorporated with the desired orientation to provide the correct 

joint angle of the robot wrist. 

To solve the inverse kinematics of a robot the solutions are 

obtained for the position robot, and the orientation of the 

position robot is calculated from the forward kinematics. In 

essence, the orientation wrist does not form part of the 
:~ 

kinematic analysis. 

Applying the direct mapping technique to a planar structure 

required a standard configuration which could cope with both 

joints being either prismatic or revolute and possible structural 

deviations such as joint buckles .and offsets [Fig. 5.8, page 

210]. Evaluating the inverse solution of the standard 
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configuration and evaluating the mapping parameters (K1 , L1 , L
2

, 

K2 , ~ & L4) for the physical configuration allowed the inverse 

kinematic solution for the physical robot to be obtained [Fig. 

5.5, page 201]. 

For instance, if the first joint was revolute and had a twist 

and then an offset, and a second revolute joint was connected 

directly to the next joint then; 

K1 - Joint Twist, L1 = offset and L2 = 0 

Whereas, if the second joint was prismatic then the mapping 

expressions previously give~ (page 212) could be used to emulate 

the joint. 

The forward solution for the planar robot shown in figure 5.9 

was straight forward as the external angles accumulate: 

XJ..l = L 1cos61 + L2cos (61 + 62 ) + •.... L 1cos (61 +62 +, ... 6 J.) 

YJ.+l = L1sin61 + Lasin (61 + 6a) + ••... L,tsin (61 +6a+ .••• 6 J.) 

Y J.+1 = 61 + 6a + ••.•• 6 1 

X(i+l) => Horizontal position of last frame origin 
Y(l+l) => vertical position of last frame origin 
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y 

x 

q2 

Fiqure 5.9 - Standard Dual configuration 

y 

Py 

J j .:;)1 
R = Px + Py 

Px 

x 

Figure 5.10 - Inter-relationships of External Angles 
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Although the compounded form of the forward kinematic 

equations were compact, with regard to forming the inverse 

kinematic solution of such a structure, it meant that 

trigonometric functions of one joint variable could not be 

isolated. 

Expanding out the compounded angle functions of the forward 

equations was impractical when trying to solve the equations 

algebraically. No simple expressions could be formed by equating 

intermediate transformations, as each element of the matrices 

comprised of a trigonometric equation. 

Tackling the problem by considering the loci of the joints 

(qv) allowed an insight into the kinematic problem to be gained. 

Each link pair was replaced by a resultant link, as one joint was 

a static angle. Choosing a coordinate frame (Px Py) eliminated 

the first fixed configuration and choosing the fixed triangle 

LR-L2-~ simplified the problem to a two link mechanism [Fig. 

5.10]. 

Using the following definitions: 
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which would be calculated off-line, the following equations were 

used to evaluate the inverse kinematics of the standard kinematic 

structure: 

P = Y-SK y A = 

Where the sign of the first term of the second joint angle 

solution determined whether an upper-bound or lower-bound 

solution was required. 

5.2.3 Application of Direct Mapping 

The direct mapping technique emulates a prismatic joint with 

a portion of an revolute arc. The worst case configuration is 

thus two prismatic joints. Mapping the joint solutions against 

cartesian coordinates should have given a plane with a perfect 

mapping. However, there were inherent inaccuracies with the 

direct mapping which could be clearly seen as deviations from the 

cartesian plane with the twin prismatic structure. 

using a cartesian configuration with two prismatic actions, 

which could be realised by, ·say two pneumatic cylinders, and 

evaluating the parameters of the direct mapping. 
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The kinematic structure, for the parameters calculated, was 

simulated. Two points were noted with regard to the parameters 

calculated: 

1) Considering the" work space of a circle with a radius of 
some 500 metres (when all four joints had zero angles) only 
an area of some 100 mm by 100 mm was used. " 

2) The equations used to evaluate the parameters of the 
standard configuration had only a marginal effect. 

To eliminate the systematic errors in calculating the inverse 

kinematics double precision trigonometric functions were used and 

the calculated joint values were truncated to 12 decimal places. 

Figures 5.11 to 5.14 exclusively give the error between the 

emulated joints and the cartesian configuration. 

It can be observed from these results that all the error 

values were below the prescribed 0.1 mm tolerance [Fig. 5.11 and 

Fig. 5.10]. This meant that although the localised direct . 
transformation was applied to two separate joints, the kinematic 

structure acted as a whole. [The localised motion was neither 

successfully constrained by an external structure or completely 

constrained, that is the constraints of the mappings were 

incomplete.] The error contributions were not those of the 

localised transformation and hence it was not possible to use the 

localised error terms implicitly to calculate the inherent 

errors. 
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This fact was true for all the configurations which included 

an emulated prismatic joint. For instance, if the first joint was 

revolute and the second prismatic then an error term would have 

present in both joint solutions. 

A further point was that although the results obtained were 

from a configuration based on two practical pneumatic cylinders 

(with a stroke of 100 nun), some prismatic joints can have strokes 

of up to 1 metre (rack and pinion and worm gear mechanisms). The 

link length of the emulated joint increases with the square of 

the stroke (0) and is inversely proportional to the prescribed 

error (E). For example: 

0.1 

0 .08 

0 .08 

o .~ 

0 .02 

0 

~ .02 

~ .~ 

~ .08 

-0.08 

-(1.1 

L; - 2/8E, If D = 1 m and E = 0.01 mm gives L; = 12500 m 

cos() • FOR SMAlL ANGLES, INVERSE OF Li + 1 

~~======~~======~I f------~__==------- ------ ---1---------------- - 1 

No. OF d .p.s. JOINT INFORMATION 
FO CONSTANT DATA 

• • 3 e 

CALCULATION 
NOISE 

Figure 5.1~ - Direct Mapping, Taking the Limit 

220 



CHAPTER 5 • Generic CoordiDatJoa 

When the inverse kinematic solutions of this structure were 

calculated (0, - 1 m and 02 - lm), using single precision 

trigonometric functions in software, the systematic error of the 

calculation encroached the joint information [Fig. 5.15]. 

Essentially the localised mapping makes use of a small portion 

of a COSINE function which has a pivot point of 90 degrees and 

approximates to a linear function for small joint changes around 

this pivot point 

This was why the mapping had been termed as the 'direct 

mapping', as the inverse direct mapping tended to a direct 

relationship between the conceptual configuration and the 

emulated joint solutions. However, as the limit was taken, the 

joint information tended to zero. 

There were limitations to the approach, you can not increase 

the link lengths indefinitely. However, by studying the error 

terms, with a view to forming a corrective strategy, smaller link 

lengths could be used in the emulation, and compensation values 

could be applied to correct the error terms so that the coverage 

of the emulation technique (the direct mapping) could be extended 

[Fig. 5.15]. 
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(q+E) 
Xd q 

Xact 

Xd - Xact 

E (FOR SMALL ERROR TERMS) 

Figure 5.16 - Global compensation Scheme 

The global compensation scheme shown was established by 

considering a closed loop expression for the 'error correction 

values' for a number of robot configurations. For individual 

configurations finding the 'correction equations' was generally 

more complex than actually finding the inverse kinematic 

solution. 
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However, the results obtained from this analysis showed a 

definite pattern, the 'correction equations' for a given 

configurations being a special case of the general case [Fig 

5.16]. This utilised the emulated inverse kinematic equations 

(using the direct mapping method) to obtain the first estimation 

of the joint solutions. Using these emulated joint solutions and 

the forward kinematics of the 'real' structure (known generally) , 

the cartesian position of the physical robot was obtained. 

This cartesian position was effectively the position of the 

actual robot if the emulated joint values had been used. By 

subtracting this position from the desired position of the robot 

a finite cartesian difference was obtained. 

The inverse Jacobain matrix (J"' *) gave the small difference 

in joint angle, at a pivot configuration, for a respective 

cartesian difference. Using the small difference between desired 

and emulated cartesian positions, and the inverse Jacobain matrix 

(of the physical robot) gave the slight changes which were 

required to bring the emulated configuration to the desired 

configuration. 

• To obtain the J matrix the parameters of the physical robot structure were evaluated and substituted into 

the generalise forward kinematics, the partial differential chain rule was then applied with respect to the joint 

variables. Automation of this process is applicable to symbolic algebra. 
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Care had to be taken with regard to the prescribed error term: 

Too small and the original problem of the calculation noise 
encroaching the joint solution data became prominent. 

Too Large and the problem of evaluating the correction values 
became a recursive one. 

The computing requirements to complete t~e overall loop of the 

'global compensation scheme' was approximately three times that 

required to calculate the inverse kinematics directly. 

For a robot configuration with three prismatic joints the 

computing resource of two transputers was required to obtained 

the solutions in real-time. One transputer to calculate the 

inverse kinematics within a 25 ms sample period and a further one 

to form the corrections. 

To overcome the problem of excessive computing resources, with 

regard to the compensated scheme, further methods were 

investigated. In essence, the global compensated scheme relied 

on 'homing-in' on single values. However, a single solution of 

the inverse equations was seldom required when either simulating 

or controlling a robot configuration. It was far more realistic 

to use the inverse kinematics to calculate discrete points along 

a prescribed path. Hence, a range of incremental solutions were 

always available. 
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Taking this fact into account, and the fact that the direct 

mapping relied on emulating a prismatic joint(s) with at worst 

what was a portion of a quadratic function, the problem of 

forming the corrective values could be considered as a numerical 

problem. 

The difference table for joint 1 of the previous prismatic 

structure Cd, = O.lm and dz = O.lm) is : 

, I ca r t e si a n Fi r"s t Sec on d Th ird I 

Di ffer Enc e Dif fe,"e nce Di f f erenc e Erro r" 
' . -' ~ ," 

X 10 X 10 X 10 , . X 1 0 

557640 

39 3 9 0 

5 18250 2588 

36702 192 

48 15 48 249 6 

34206 193 

44 7 342 2303 

3 1903 1 92 

4 1...5 4 3 9 2 1 1 1 

2 9 792 1 9 1 

385 647 192 0 

2 7 872 193 

357775 1727 

2 61 45 1 91 

3316 3 0 15 3 6 

24609 19 3 

307020 134 3 

2 3266 

283754 
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For the prismatic confiquration using the first and second 

difference the accuracy of the joint solutions was increased by 

a further 6 decimal places. 

The smallest increment between two neighbouring points in 

space was the desired accuracy to which the'emulation had to be 

resolved. The results obtained were for increments of lot of the 

prismatic stroke. As the increments between two neighbouring 

points was reduced the finite difference decreased. For 0.001 mm 

accuracy, for single precision calculations the difference terms 

were lost in the 'noise' generated by the calculations. 

5.2.4 Distinction between conceptual Action and Inverse Solution 

Both the 'global compensation scheme' and the numerical 

methods reduced the mapping errors by considering the overall 

kinematic structure. Here, errors were permitted to propagate 

throughout the inverse kinematic solution because the error terms 

had characteristics which could be compensated*. 

An alternative was to apply localised compensation. The aim of 

local compensation was to minimise the error term within the 

joint confiqurations. One way this was used was to minimise the 

cross error terms which existed when applying the direct mapping 

to the planar type robot. 

* The aim of applying such compensation was to allow prismatic 
joints with large strokes to be emulated using the direct mapping 
confiquration. . 
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Considering, the twin prismatic robot, and in particular the 

results obtained, there were cross error terms which were not 

described by the original definition of the mapping. That is, 

when two such joint configurations were brought together they 

acted as a overall structure [Fig. 5:17]. In terms of the 

kinematic structure, although the inverse kinematics constrained 

the structure to a closed loop structure (the final link being 

a vector [O,O]T to [PX,py]T), the internal joint configuration 

were not successfully constrained. There were hence discrepancies 

between the interpretation of the forward kinematics and how the 

inverse kinematics actually 'functioned'. 

When trying to solve a set of kinematic equations (a set of 

trigonometric simUltaneous equations), by whatever means, the 

solution gives an number of equations which transform from local 

space to a cartesian coordinate framework (a framework which we 

can use). To explain how the inverse kinematic equations function 

requires a greater insight into the overall process. 
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Figure 5.17 - Inverse Kinematic Solution 
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Figure 5.1e - successfully constrained Solution 
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For instance, consider the solution of the planar robot with 

the partial constraint of the direct mapping [Fig. 5.17], the 

solution of the kinematics, as outlined previously, is different 

to the solution one might expect from a successfully constrained 

direct mapping [Fig. 5.18]. 

The action of the inverse kinematics can be described fairly 

straight forwardly if you consider the loci of each joint. That 

is the kinematic equations can be considered as a process of 

ensuring that for a given [Px, py]T one joint is chosen such that 

its' loci intersect with the remaining joints loci, which are 

constrained at the base [O,O]T. 

For the case shown in Figure 5.16 the 'inverse kinematics 

action' is one where the loci of joint 1 is matched to the loci 

of joint 2, a planar structure comprising of links 'a,' and 'L4 '. 

The action can be considered as one whereby a link (L4 )., pivoted 

at (pX,py)T is rotated until it intersects the fixed loci of the 

first joint arrangement. When the loci of joint 2 (circle radius 

L4 , centre [px,py]T) coincides with the loci of joint 1 (circle 

radius al, center [O,O]T) this is the solution point: 

1 1 1 10 . .1' 'nt' 1 . d S P Xl +Yl = a1 -- Cl oJ Jar constrallle at .• 

x:+y:-2P .it1-2P 'y1-L!+P;+P; = 0 -- loci of joint 2 constrained at S.P. 

Substituting constraint of joint 1 gives a:-L;+P;+P;-2P .it1-2P,Yl = 0 

Where Xl =a1cosEY. " Yl =a1sinEY. gives 
. a2_L2+pl+pl P 

EY. = COS-I( I .. % ') + tan- I(-2) 

. 2a
1
{p;+p: P% 
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Comparing the proof given by considering the loci of the 

joints against the geometric solution (shown below) supports the 

fact that this 'kinematic action' is a true descriptiori: 

a1 = b1+c2-2bc.cosA -- cosine rule 

, a1_12+ 1+p1 p 
tY. = COS-I( I "P% Y)+tan-1(.2) 

2a ./p1+p1 'PlC 
IV % Y • 

Having solved the resultant structure, the inner structure (a 

fixed structure) can be solved in a similar way to give the 

solution of the overall structure. 

,The actual inverse kinematic action was not unique. The 

'inverse kinematic process' could equally be thought as one 

whereby the first joint is rotated until the modulus of the 

vector between the end-position and the solution point becomes 

equal to the link length, 
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In general, the inverse kinematics can be thought in the 

wider sense of a process which minimises the error between an 

arbitrary configuration and the 'solution configuration'. Once 

such a process has been outlined (i.e. knowledge has been gained 

about how the structure will act if constrained to (Px, Py)T) , 

the precise joint values can be obtained by setting the error 

term to zero. This leads on to the loci of the 'solution point' 

(general case a solution loci) for a given [Px,Py] and hence, the 

inverse kinematic equations. 

The important aspects were that although the actions which 

described the 'inverse kinematic process' had not have been 

unique, that: 

By considering the loci of the joints of the structure a 
simple solution to the inverse kinematic equations was 
achieved in many cases by inspection. 

An insight into how the structure would be constrained was .. 
gained and simplifications to the analysis, which were not 
obvious from the forward kinematic equations, were identified. 
[Remember the traditional way to solve the inverse kinematics 
is to solve the forward kinematic equations.] 

Equivalent structures, which describe the inverse kinematic 
relationship simpler than the physical structure, became 
apparent. For instance, for the planar example eliminating 
fixed structure from the main core of the analysis, allowed 
the kinematic structure to be solved in a hierarchial fashion. 
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The direction of the solutions [positive (q, -> qz •• qf) or 
negative (qf •• qz -> q,)] could be chosen by the way the 
'kinematic process' was described. 

To support the case for the analysis of the solution point 

consider the following argument. conceptually the process of 

studying the solution points is similar to the 'inverse 

transform' method, in that each considers the intermediate 

relationships as a means to solve the inverse kinematics (5.2). 

with the 'inverse transform' method intermediate transforms are 

obtained by pre-mu1tiplying the transforms which describe the 

relationship between the joints of the robot : 

As the left hand side of the first equality will be in terms 

of the first joint angle, and the ~ight hand side either zeros, 

constants or functions (as the homogenous matrix is not a concise 

mathematically notation for simple structures), by equating term 

between LHS and RHS a simple expression (out of the 12 possible) 

for the first joint angle is highly probable. 
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Hence, the method outlined is equivalent to studying the 

solution point throughout the structure [Fig. 5.19). The point 

raised is that effectively the I inverse transform I method studies 

the solution points, and by equating either side of the 

intermediate transforms simple solutions are obtained. 

U2 U3 U5 U6 

~TOOLJ 

J--I---[TOOLJ 

Fiqure 5.19 - Kinematic Transformation Graph 
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5.2.5 Locali.ed Co.pen.ation Applied to the Direct Xappinq 

Viewing the inverse kinematics as a process of matching joint 

loci, and being able to solve the inverse kinematics in both 

directions (positive and negative) allowed the application of the 

direct mapping to be revised. 

The direct mapping confiquration was considered as a forward 

set of transformations [ (x, y) T<-~i<-TLf<-Rqi<-TLf+1<- (1, 1) T]. 

Considering the single direct mapping confiquration [Fig.5.S] the 

error along the axis of the prismatic actuator was minimised, 

whilst the error along the vertical axis was inherent. However, 

if a structure was emulated by two such joint configurations, the 

first confiquration imposed an orientation term on the second 

[Fig. 5.20]. 

The important aspect of compensating the orientation error was 

that the remaining composite error terms could be calculated, 

allowing complete compensation. with regard to the imposed 

orientation, a third revolute joint could have been included to 

correct the overall confiquration. Effectively, as this joint 

would have been intersected with the joint angle Kz, within the 

analysis K2 would have been considered as a composite angle. 
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I 

I . 
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I • lMPOSED ORIENTATION 
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i i 

---.--.~--+-~-+---~~~ 

Figure 5.20 - Imposed orientation ot the Direct Mapping 

A number of implementations of orientation existed, in the 

main though these fell into three categories: 

(1) completely Constrained Here the constraint was 
substituted into the kinematic equation. 

(2) A Global successful constraint 
compensation joint general and using 
constraint. 

Leaving the 
an external 

(3) Local Successful Constraint (Inter-Joint constraint) -
Modifying a joint solution and (or) the global position 
(Px,Py) between the series of joint solutions to minimise 
the emulation error(s). 
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5.2.5.1 completely Constrained Motion 

Considering the method of completely constraining the 

orientation term by substituting the compensation constraints 

into the general kinematic equations gave: 

P
x 

- L.C OSKJ. + L 2 COS (K1 +8J + L:!,cos (Kl+el+c+~) + L 4 cos ( K 1 +6 1 + C+K:t+ 6 :t) 

P
y 

~ L1sinK: + L 2 sin(K1+8J + L]sin(K:+8.C+K:) + L 4 cos (Kl+81+c+K~+eJ 
. 
C - T - ( Kl + e J I where C is the compensation term 

T is the joint twist ( -n \vith last configuration) 

then the first r:iappi-TJg does n ft impose an or i entation 

term on the second mapping. 

This type of compensation affectively decoupled the 

orientation term between joint configurations (similar to a 

mechanical running pivot), thus excluding joint 1 being set to 

a revolute action! 

5.2.5.2 Global Successful Constrained Motion 

successfully constraining the structure using an external 

global constraint proved to be more 'successful' than the 

completely constrained method. As the compensation angle was 

coincidental with 'K2 ', the inverse kinematics were obtained by 

using the original inverse kinematics and by substituting 'K
2 

= 

K2 + C'. 

By considering the loci of configurations which had their 

orientations corrected, allowed the loci of the solution points 

to be established [Fig. 5.21]. 
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Figure 5,21 - Loci of Compensated Solution Points 
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Figure 5.22 - Solution of the Compensation Angle 
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To satisfy the constraint that the first joint configuration 

did not impose an orientation (apart from the twist angle of 90 

degrees) on the second joint configuration the link length ~ had 

to be parallel to the mid-point configuration (when Px - P - D/2 

and Py - - P2 + D2/2 - where P and D are respectively the 

prescribed prismatic offset and the prismatic stroke). 

To solve the inverse kinematics, the kinematic process had 

been to find a parallel configuration of ~ such that the 

modulus between the locus of the rotated link ~ and the locus of 

link L4 , pivoted at (Px,Py) T, was equal to ~. From these 

constraints the loci of the compensated solution points was 

determined [Fig. 5.21]. In essence, the focal point of the un

compensated configuration had be shifted across (by L4) and down 

(by 1/2·the specified strok~ of joint 2). Once the solution loci 

was solved, the kinematic process was modified to one of finding 

the intersect between the loci of L4 (as before) and the 

compensated solution loci. 

with regard to implementation within the software, if the 

first joint selected was prismatic then the software written 

applied the orientation compensation. The first implementation 

of this technique had been to calculate the cartesian position 

of the solution point and make modification to the 'fixed' joint 

angle, K2 (the first parameter used in the calculation chain of 

the inverse kinematics), so that when the inverse kinematic 

equations were calculated, the compensated solution was given. 
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Finding the cartesian position of the solution point was not 

particularly concise, requiring the solution of a 4th order 

equation. Considering the 'fixed' angle K3 as consisting of a 

constant term (fixed by the specification of the second joint 

configuration) and a compensation term, gave a simpler 

implementation (mainly because the solution locus was more 

concisely described in polar coordinates). 

Figure 5.22 depicts a rotated version of· the inverse 

kinematic process. Solving these two loci: 

Implementation of this method had been relatively simple: 

(1) If the first joint was prismatic, then the compensation 

angle (the one which gave the compensated solution) was 

calculated. 

(2) The inverse kinematics (of the original planar robot 

but with the predicted value of K2) were calculated. 
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Implementation of the compensated method increased the time 

to calculate the inverse kinematics by two-fold. The additional 

calculations were the previous off-line calculations associated 

with the fixed configuration (the triangle ~, ~ and angle K3), 

which of course was now not fixed. However, as the solution of 

the compensation angle (the polar solution point) partially 

solved the overall structure, the original computing time of the 

compensated method was reduced. For instance, when the • IF 

PRISMATIC' branch was logically true, this meant that the 

compensation angle, ·C· had been calculated and hence; 

q, = 270 + C - K, 

To review the work completed on compensating the orientation 

of the configuration, essentially the solution of a three joint 

structure was obtained for two of the joints, and an external 

constraint (one of the inversions of the five bar mechanism) was 

used to constrain the solution of the two principle joints to the 

desired compensation scheme. Hence, the teChnique devised had 

general implications, and as such could be used to constrain the 

configuration for a given constraint. 
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5.2.5.3 Local Succe.sfully Constrained Motion, 

Inter-Solution Constraints 

The inverse kinematics equations of a particular structure are 

generally considered as the 'final product' of the analysis. As 

the previous section has shown advantage can be made by 

considering the inverse kinematics as a partial solution, which 

can be successfully constrained by a global constraint. Bearing 

this in mind, adjustments can be made between solutions (as long 

as the constraints between the joints are maintained), if so 

desired. 

The localised technique relied on forming a solution of a 

joint and making adjustments to that joint solution if it was an 

emulated joint. When an emulated joint was encountered (with a 

position or orientation error or·both), then corrections were 

made to the solution of that joint (and or the end position Px, 

Py) to direct the solution of the remaining joints in the chain 

to act as if the emulated joint was a implicit motion. 

conceptually the process was considered as one of calculating the 

emulated joint angle, then considering the effects of the 

emulated joint on the next joint solution and compensating for 

it. 
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The direction in which the inverse kinematics were calculated 

was critical with this technique. If the joints were solved in 

a negative direction, then the solution point for the asending 

joints were set for that particular configuration. For instance, 

if the last joint was calculated and the next joint down the 

kinematic chain was an emulated joint, there was no simple way 

of calculating the error imposed on the joint being calculated, 

as the previous joint solution was not known at that stage of the 

analysis. 

For a positive direction of the joint solutions, when an 

emulated joint was evaluated, local corrections could be made. 

Here, the corrections made directed the solution of the remaining 

joints such that they would be error free when calculated. 

'u 
\' I 

\ I I 
~ I 

-- \ 1- --·-----

1\ 
\ 

---

-l-----r----

I 
__ ...J.-___ _ I 

I '--+---r-
I 

~I 
r------r-----~-----+--~~ 

Figure 5.23 - Localised compensation 
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Applying the local technique to compensate the orientation 

error of the direct mapping, a conceptual revolute joint was 

used between the two joint configurations (K,-L,-q,-Lz and K2-~

q2-L,). This was used because altering any of the parameters of 

the first configuration, to eliminate the orientation error, 

altered the original 'direct mapping', whose parameters were 

calculated from the parameters of the physical joint. 

The implementation of this technique was to first calculate 

the joint solution of the first joint, if this had been prismatic 

then the imposed orientation was known (IK, + q,'), the composite 

angle (K2C ) was altered to the desired twist (T) between the two 

configurations: 

C - T - (K,+q,) 

K2C = K2 + C 

This rotated the link ~ of the loci of the link L4 • Hence, to 

obtain a solution q, had to be adjusted such that the loci of 

link ~ intersected the loci of link L, [Fig. 5.23] • This 

configuration had an orientation error and hence the process 

continued until an acceptable orientation error was achieved 

[Fig. 5.24]. 
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CALCULATE 
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(INITIAL 
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C = T - (Kl + ql) 
K2c == K2 + C 

THRESHOLD 

YES 

Fiqure 5.24 - Recursive Localised orientation Scheme 
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5.2.' Summary of Direct Mapping 

The direct mapping technique relied on emulating a prismatic 

joint by a portion of a revolute arc. Although some success has 

been obtained from the approach there was a practical limitation: 

For large prismatic strokes which had to be emulated to a 

high accuracy, the link lengths became excessive. As the 

link length increased the number of decimal places before 

the solution information was confronted also increased. A 

point was reached where the solution information was lost 

in the 'noise' of calculations. 

By studying the errors, characteristics have been established 

which allow corrections to be made to the emulated joint angles. 

Essentially, the corrective strategy compensated for an inherent 

discrepancy which affected the overall kinematic structure, 

global compensation. 

This was a case of 'bolting the stable door after the horse 

had bolted'. Rephrasing the question from "How could we 

compensate the errors imposed by the emulation?" to "How could 

we minimise the error?" led to the local compensation techniques 

discussed. 
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5.3 Closed Loop Kinematic Chains 

with the direct mapping effectively utilised a portion of the 

inverse kinematic contour of the conceptual robot to emulate the 

kinematics of the physical robot. An alternative was to use a 

closed loop kinematic chain for each joint configuration. This 

configuration constrained the kinematics of the conceptual robot 

to act like the physical robot [Fig. 5.25]. 

Figure 5.25 shows the local configuration of the constrained 

prismatic action (the constraints are ql = -2K1 and LI = L1+,). The 

localised configuration could have been completely constrained 

(position and orientation terms of the configuration). 

Yi 

ACTUAL JOINT 
Xi = di 
Yi = 0 

EMULATED JOINT 
X~ = 14 cos ki + Li+1 cos (ki + qi) 
Yl = Li sin ki + Li+1 sin (ki + ql) 

FOR CLOSED LOOP METHOD Yi = 0 
Li sin Ki = li+l sin (ki + qi) 

FOR EQUAL UNK LENGTHS IMPIJES 
qi = -2Ki 

Figure 5.25 - Constrained Prismatic Action 
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However, from previous knowledge on completely constraining the 

orientation error of the direct mapping configuration, this would 

lead to a specific solution. Hence, the orientation constraint 

had to be successfully constrained, similar to the way it was 

implemented with the direct mapping. 

Considering the single configuration' (closed loop with 

constraint qj = - 2K t ) a range of joint types could be either 

simulated or emulated • As previously stated, by introducing the 

constraint Lj = a pure prismatic action (apart from 

orientation) was achieved [Fig. 5.26]. With Lt < L t+, then an 

ellipse motion (loci) was obtained which could be used to emulate 

a offset prismatic action (Fig. 5.27]. Whereas with Lj = 0 then 

an implicit revolute loci was obtained. 

It was thus possible to introduce the constraint 'qj - - 2K t ' 

within the forward kinematics and still be able to achieve both 

prismatic and revolute actions. As compensation of the 

orientation term had been possible with the direct mapping, a 

technique which was general in itself, this configuration offered 

a universal action. 
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Fiqure 5.27.& - Prismatic Motion 
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Figure 5.27.b - Emulated Offset Prismatic Motion 
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Figures 5.28.0 - Revolute Motion 
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. 5.3.1 Link Parameter Bxpres.ion8 

with the direct mapping technique physical characteristics of 

the joints were related to the mapping parameter to reduce the 

effective error. with regard to position no error was present 

within the configuration. The only real position constraint was 

that for a prismatic offset (P) and for a prismatic stroke of D, 

then: 

P + D < Lf + Lj +1 - where L = Lj = Lf+1 

The constraint for a revolute motion were: 

L, = 0 if joint 1 was revolute and (or) similarly 

L'+1 = 0 if joint 2 of the physical structure was revolute. 

with regard to the error caused by the imposed orientation of 

one closed loop configuration on the next, for the planar 

structure these were known exactly: 

If joint 1 is prismatic then 

p. - d., + d.'+1 cos(K1) => dp ' - d. '+1 cOs(K,) + d. 1 

Py - d. '+1 sin (K,) -> dp '+' - d. I+1 sin(K,) 
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An alternative to using these calculations was to increase 

the link lengths, as with the direct mapping, such that the 

orientation imposed was minimal. 

The reverse mapping for the closed loop configuration was 

identical to that of the direct mapping. However, by substituting 

the constraint of the closed loop configuration a far simpler 

expression resulted: 

with LI = LI+1 = Land ql = - 2K1, then 

Hence, if joint one was prismatic, the prismatic constraint 

would be used, and to obtain the emulated joint value the above 

mapping was applied, and the appropriate orientation compensation 

applied •. If joint one was revolute, the revolute constraint was 

used and the joint solution obtained was the physical joint 

value. 
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5.3.2 Kinematic Equations for Multiple Closed Loop Configurations 

The forward kinematic equations for the closed loop 

configuration were identical to those of the planar robot 

previously given (section 5.2.2), except the joint constraint was 

introduced: 

x = LlcosKl+~COs(Kl+61)+L3COS(Kl+el+K2)+L"cos(Xl+61+~+e2) 

- y = LlsinK1 + ~sin(Xl +61)+ L3sin(KI +61 + Xl) + L"sin(Xl + 61 + Xl +e
2
) 

Substituting 61 = -2Kl gave the following constrained equations 

x = (Ll + L,,)cosKl + L3cos(X,2:" Xl) + L.cos(Xl + Kl) 

y = (LI-~)sinKI+~sin(K2-KI)-L"sin(KI+K2) 

Note: for Ll=~ A L3=L" then y = L(sin(Kl-K1)-sin(X
1
+Kl» 

To solve these kinematic equations would have been difficult 

using algebraic means and like a 'can of worms' with a geometric 

solution (Le. every joint angle moved for a given Px, Py). 

studying the loci of the joints made it possible to solve the 

inverse problem. 
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5.3.3 Inver.e Solution - 'To Prove a Point' 

within this section the solution of the inverse kinematics for 

a structure comprising of two closed loop configurations is 

given. The solution is obtained by considering the loci of the 

joints within the structure, as previously outlined in section 

5.2.4. To show the full strength of this technique, for special 

cases (ones with solvable algebraic solutions) the solutions 

obtained by inspection (of the loci) were compared against an 

algebraic solution of the forward kinematics. This work 'proves 

the point' that: 

The (prototype) solution of the inverse kinematics of a 

particular joint is equivalent to a path (loci which is 

pon-trivial) which causes movement of only this joint. 

This postulation was based on the assumption that the solution 

of a joint in terms of the cartesian coordinates was equivalent 

to a path (loci of the end-effector in cartesian space) which 

caused only a single joint to move: 
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x = K [g][Q] 

qf - f(Px, Py) is equivalent to 

q = K-' [g(Px, Py)] 

with all joints apart from qi at a fixed value. (K-' is the 

inverse kinematics and g(Px, Py) the path which causes only a single 

joint to move). 

The power of this postulation was that by keeping all other 

joints fixed whilst altering (for all values) the joint in 

question, the associate cartesian loci could be found (a 

prototype template for the inverse of that joint angle) and by 

considering the general case of this loci, the loci of g(Px, Py). 
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5.3.3.1 The Inverse Solution For L1=L2=L3=L4 

For a configuration consisting of two prismatic joints the 

constraint 'Ll=L2=L3=L4=L' was used [Fig 5.29] 

! 
360 - 2ki ! 

I , I 

TWO CLOSED LOOP 
KINEMATIC 

CHAINS 

kl I I 

rtl -T'· I k2 I -2 K2 

~ __ ~I___ ! __ ~1 _ ___ ~1_~_ , I I I I ' l-/-T,- --I 
I~I . I I I \ I_~ 

I r I I I 
I I I (Px,Py) I 

Figure 5.29 - Twin prismatic Action 

The cartesian loci for joint 1 fixed is shown in Figure 5.30. 

The cartesian loci for joint 2 fixed is shown in Figure 5.31. 

256 



CHAYfER 5 - Generic Coordination 

, , L3 = L4 : I 

'I! ! l 
. ! I ! ! I --_. -- --+---------.. _--..--_._--_._--,----_._-
i I : I I I 

L2 i I ' , 
! i I LOCI OF L3 

_ _ . _ __ c _____ _ ___ + _____ ..... ----.-J.-.. ---.. ------1-------. __ ._.1 _____ _ 
I ! 

i 

I 
-·-i---i----l~~~~~;Z 

I i 
! I 

_ _ 1_ PATH OF 1- -. __ _ 
I (Px,Py) AS I \ ! ! 

J_ q2 VARIES ! I I L4 
f---- & ql FIXED ~--f---.'--

I 1 I ! 

I I I I 

kl 

I --t-·--·---- ---

Figure 5.30 - Loci of (Py Px) with K, constrained 

257 



CHAYfER 5 - Generic Coordination 

L1 = L2 
i 

-j-----+- ,-----

Fiqure 5.31 - Loci of (px,Py) with K2 Constrained 
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From figure 5.30 the loci of (Px,Py), whilst K, was fixed, was 

a rotated line: 

Py = - tan(K, ) Px + 2 L sin(K,) 

This was the solution to the joint angle K, • considering the 

appropriate algebraic solution: 

Px = 2cosK1+cos(-K1+Kz)+cos(KI+Kz) 

P, = sin(-KI+Kz)-sin(K1+J;) 

Using the + A - formulae 

Px = 2cosK1+2[2cos(K2)cos(K1)] 

Py = 2cos(Kz)sin( -KI) 

P y = -2cosKzsinK1 

P, = -PxtanKl +2sinK1 

As predicted, the solution of Kt was the loci of (Px,Py) with 

K
f 

fixed. Algebraic solutions could also have led to the solution 

of the second joint angle (qz)' which has the characteristics of 

an ellipse and hence more complicated (see figure 5.31). Hence, 

the loci technique also led to the simplest solution (bear in 

mind that a simple solution of one joint knowing the values of 

the other joints generally exists). For instance, the algebraic 

metho~ could have led to the solution of joint two, which. in this . 
case has a more complex loci (an ellipse) than joint one (a 

linear loci). 
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5.3.3.2 The Inverse Solution For onequal Pair Lengths 

For the case L, > Lz, with L:J = L4 (or L, < Lz with L:J = L4) the 

inverse kinematics are similar to the case of L,=Lz=~=L4. All 

that changed was the effective length of d2 (L:J rotated by K2) 

which increased by the difference between L, and L2 • 

For the case ~ > L4 , with L, = Lz the inverse kinematics for 

joint2 became complex, a rotated ellipse. Hence, the effect of 

the constraint 'L:J > L4' was to 'open out' the straight line into 

an ellipse. The inverse kinematics for the first joint 

configuration was still a simple ellipse. 

Hence, in both circumstances solution of the first joint was 

taken. with preference over the solution of joint 2. The joint 

solution of joint 1 being: 

260 



CHAYfER 5 - Generic Coordination 

i 
I . 

! r I ! 
. __ ~ __ . ___ .L._ .. _ .. __ ._-l--____ -~! ---.-----... -L-------.-.-.. - -

I j . j 
,r I 

i i I 
. ! 

I i I --+I_-J-------I-----r-------t----j--- I I 
, ! 
, I 

i. , I I 
---.---.... ------1·--------r-------·-r----------·-1--- --- j- ------T------

I 
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Figure 5.33 - (Px,Py) Loci with K, Constrained (L]>L4) 
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5.3.3.3 General Inverse Solution 

The general solution of the inverse kinematics is shown 

overleaf [Fig. 5.34]. As the last joint had a simpler solution 

loci than the first joints solution loci, this was chosen as a 

basis for the solution. The locus of the second joint was simpler 

then the previous case (a rotated ellipse) [Fig. 5.33]. The only 

difference being the additional offset along the 

(D2eff = (L,-L2 ) + D2)· 

To obtain the loci w.r.t the global coordinates the loci had 

to be rotated by '-K2 ' and then offset by the respective amount. 
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) 
/ 1 

Figure 5.34 - General (px,Py) Loci with K, constrained 

5.3.4 summary of Closed Loop 

Closed loop configurations offered an alternative to the 

direct mapping which had completely constrained linear position. 

Both revolute and prismatic configuration could be modelled using 

the closed loop configuration. To achieve this flexibility the 

solution of the configuration had to have general link 

parameters. 

The inverse kinematic equations were more complicated than the 

direct mapping, thus requiring more computing power. The direct 

mapping could also cope with structural deviation such as joint 

twists and offsets. with the closed loop configuration only a 

limited number of types of joint deviations were covered. 
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5.4 Tbe signs of • Solution 

One of the merits of a geometric solution is the ability to 

introduce joint sign rules into the kinematic solution (5.3). 

considering the implementation of a set of inverse kinematic 

equations these rules allow the 'correct' solution to be 

calculated. 

The alternative is to insist on a 'correct' solution of the 

inverse kinematic equations [5.2]. Here particular care is taken 

to guide the solution towards a 'TAN-'(y/x)' function. 

with regard to a general solution of the inverse kinematics 

(i.e a set of equations which can model an arbitrary structure), 

as two revolute joints replace prismatic action.· Both the 

previous methods increase the complexity of the analysis. A 

simple alternative was to 'sign' each trigonometric function, at 

the end of the analysis and to logically go through each .. 
combination (for each quadrant of a particular joint) to obtain 

all solutions (including the mirrored solutions). The forward 

kinematic equations were used on the results and compared with 

cartesian test data to identify the correct solutions, to 

disregard all mirrored solutions and to store the results in a 

matrix. [Note: Forming the table was completed off-line - i.e. 

at the 'calibration' stage of implementing the inverse 

kinematics.] 
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Having formed the logical ' sign table' for the inverse 

kinematic structure, for the different quadrants of the joints 

the appropriate solutions were related to the task being 

implemented. 

5.5 Summary and current Research Activities 

----- The Direct Mappinq -----

with the direct mapping a portion of the overall kinematic 

contour was used to emulate an arbitrary structure. A number of 

techniques have been devised to increase the coverage of emulated 

prismatic joints. To date the direct mapping has offered the most 

practical method of implementing a general solution of inverse 

kinematics. 

Current research on the direct mapping involves application 

to 3-dimensional structures. Practical joint configurations are 

being studied to allow a standard three dimensional description 

of a joint configuration to be formed. An interesting aspect with 

the direct mapping is that solutions outside the work-space of 

the physical structure can be obtained. 
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with regard to fault tolerance, a set of equations which fail 

outside the physical structures work space is desirable. Hence 

a further aspect which has been undertaken is to form a general 

test. This has involved making use of the forward kinematic 

equations to check all solutions. One of the attractions of such 

a kinematic loop - I (Px,Py) -> X-' -> '(ql,q2 •• qi) -> X -> 

(Px,Py) I - is that it is close to the implementation of the 

'global compensation scheme'. 

----- Closed Loop configuration -----

The closed loop configuration effectively eliminated the 

position error at joint level. This was realised by introducing 

the constraint within the inverse kinematics, and effectively 

breaking the constraint by allowing one of the link of the local 

configuration to diminish (i.e. a link parameter was used to 

switch from a prismatic to a revolute configuration). 
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with regard to a configuration which could have structural 

deviation such as link twists and offsets, the loss of one link 

parameter imposes the problem of introducing additional 

transformations in the analysis. The direct mapping technique had 

the merit that such structural deviations could be included if 

so desired. Hence, although the completely constrained method of 

the closed loop configuration was universal, in that both 

revolute and prismatic actions could be represented by a single 

configuration, it had been difficult to include structural 

deviations. 

The implementation of the closed loop configuration was one 

of the three cases of introducing a constraint (completely, 

globally successful and local successful) which were devised. 

Part of the work undertaken was to consider the other 

alternatives to implement both the position and orientation 

constraints. 

compensation of the orientation was adopted for the prismatic 

case. Simplification could be made by introducing the constraint 

(which decouples two joint configuration) within the forward 

kinematics and compensating for the revolute case. 
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The present work also included adoption of closed loop 

configurations to three dimension structures. A number of 

standard configurations were devised which could incorporate link 

deviations and joint type deviations for linkages within three 

dimension space, leading to a general solution of a three

dimensional robots. 

----- Loci Xethods -----

Inter-leafed within the section on localised transformations 

was a method of understanding the action of the inverse 

kinematics based on the loci of the joints of a structure. The 

strength of this approach has been demonstrated: 

To solve a particular solution of a configuration (the 

kinematic process) and gain an understanding to how the 

structure will act as the cartesian position is moved. 

To form a solution loci by considering the kinematic 

process as one of eliminating an error between joint loci. 

To successfully constrain a configuration to eliminate an 

orientation error. 

To provide a method of solving the inverse kinematics of a 

particular configuration by considering cartesian paths 

(Px,Py) which cause only one joint to move (the study of 
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inversions). By using this path (loci) as a template, and 

considering how the characteristics of this loci are 

affected by other non-trivial configurations. 

The last aspect has opened up an ironic opportunity, where the 

method used to solve a set of inverse kinematic equations (which 

had arbitrary selection of joint type), could in itself be used 

to form such a generalisation. For instance, the process of 

inspecting for a template for the inverse kinematic equation 

involves matching it to a standard loci. Hence, instead of 

presenting the data for inspection, the data could be 

automatically fitted to a list of possible solutions loci. 

Describing this process more implicitly, this relates to a system 

with a set of well defined rules (knowledge), i.e. an expert 

system. 

An alternative to this method,'which could be investigated, 

is to relate this work to the work on points, curves and 

contours. Here rather than trying to capture the kinematic table, 

organised in discrete cartesian space, with a number of 

polynomials, a particular joint can be scanned, whilst the others 

remain constrained. This gives a polynomial in terms of Px & Py 

for a specific configuration. By then considering further 

configurations a polynomial can be fitted to the coefficients to 

give the general description. 
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The Three True Laws of Robotics .... .. 
1. A robot shall not through action or 

inaction allow harm to come to the 
sales of its maker's products. 

2 . A robot must strive at all times to be 
newsworthy, except where such 
behaviour would conflict with the First 
Law. 

3 . A robot must not prolong its own 
existence beyond its expected 
replacement date, as long as its 
demise does not conflict with the First 
or Second Law. 

John Billingsley, 

I 

@ 
I 

With acknowledgement to lsaac Asimov 

@®------------('""':::::rrrm::::1'fTr::::.--,CD
1 

WHAT IS A ROBOT? 

ROBOT AND TASK? 
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CHAPTER , 

,_ Y •• Sir, How Can I help You? 

Consider a conversation between a manufacturer (the customer 

in this case) wishing to purchase a piece of automated equipment 

from a supplier of robot systems. The customer approaches the 

robot supplier with the hope of finding a machine which can be 

programmed to complete a certain manufacturing chore. The 

customer asks the supplier what is available to complete the 

manufacturing chore. The supplier replies with lengthy details 

about the advances in their new controllers and how the second 

joint of their XYZ robot can achieve an incredible speed of 360 

degrees every half of a second whilst carrying a payload of 3/4Kg 

and that the robot is so flexible that it has been used in 

assembly of engine components •••• Rather than continuing with 

this particular conversation consider the supplier of a different 

type of robot where the information flow is more constructive. 

The reply to the first question, 'I would like a robot which 

can perform the following task •• ', there would be an interaction 

between the customer and supplier to determine what the customer 

would require the piece of automation for. For instance if the 

customer required a robot to spray pressed panels the 

conversation would detail the maximum size of the panel to be 

coated, what types of spray are used and what existing equipment 

was present in the factory. 
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Within a short space of time, the customer would soon realise 

that the supplier was providing a service which could meet the 

customers requirements and the supplier would have a concise 

description of what the piece of automation would be likely to 

be used for. 

The supplier would be confident that these requirements could 

be achieved within a reasonable period of time and with 

favourable costing if a number of intelligent robot building 

blocks were available. At the back of the supplier's mind would 

be whether any existing robot structure could be utilised as a 

surrogate structure or whether a similar task had already been 

developed. 

Considering the events which take place after the receipt of 

sale, as the robot system is matched to the requirements of a 

particular customer, the valuable experience of the operator 

(clogged in spray) would be used to allow a user interface to be 

defined, together with any sub-task which can be fully automated. 

As the programming interface progresses careful consideration 

would be given to the comments of the operator, who would now be 

in an enclosed area away from the spray vapour. The robot system 

would be commissioned, and a number of trail runs carried out. 

Procedures would be assessed to determine what particular actions 

should be undertaken if certain problems, related to the task at 

hand, were encountered. 
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As the interface to the robot is a programming environment 

which mimics the task which has been automated, little to no 

training is required to use the robot (tool). If problems are 

experienced the outline procedures are brought to the operators 

attention, who is presented with a 'note pad' (on the computer 

screen) to log what activities were necessary to elevate the 

problem. 

To use a particular robot the user interrogates it, the robot 

replies with the current schedule list. The operator decides 

whether to use this spray cell or perhaps a less busy one. For 

new panels shapes the operator programs the robot and once these 

are complete uses the play-back facility to observe what the 

robot will do if the program had been sent to a 'sprayer' robot. 

Once the operator is satisfied, the information is stored to 

allow the robot programme to be used when desired and to allow 

the operators actions to be analysed, if required. If the program 

relates to a current job lot, then the operator sends the program 

off to the sprayer robot. The job lot is amended to the robot's 

schedule list. Prompted by the arrival of the panel into the 

spray environment, the 'sprayer' robot calls up the programm to 

be executed. 

A number of new facilities might be required by the robot 

customer at a later date. certain aspects might require full 

automation. The logged details are then used to determine the 

craft knowledge required to define a number of task rules. The 

facilities within the design department of the factory are 

reviewed and a full task interface is developed. 
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6.1 The Task orientated Approach 

The report so far has focused on the robotic framework (a 

computer assisted robotic 'toolbox') which allows a robot system 

to be customised from a number of generic modules. The thesis of 

this approach is that if a number of similar systems are to be 

designed, it is worthwhile developing a number of generic 

modules. 
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The research draws a clear distinction between the sUb-systems 

which can be made generic for customisation to an arbitrary 

specification and the physical structure of the robot, which 

would be reliant on a given task. 

In chapter 3, two generic hardware modules were discussed, the 

processing node and the application node. This forms the 

electrical/electronic/computer specification. Chapter 4 gives 

details on the software approach developed to allow a number of 

generic software modules to be customised. Chapter 5 demonstrates 

that elements within a robot system can be made general, in 

particular the robot coordinator. This chapter presents a case 

study of the task orientated approach 
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6.1 pick a Task, any Task 

The purpose of the case study was not to design a definitive 

task robot, but to allow the task approach to be evaluated 

against existing methods of automation. The task selected also 

had to demonstrate all aspects of the overall methodology, task 

design, customisation, programming and full automation. 

The first application considered was automated material 

handling. The functionality requirements of such a system within 

a complex environment includes path control and obstacle 

avoidance. Path planning algorithms essentially relate the task 

of "how to get product I X I from I A I to I B I wi thout hitting 

anything" and would thus form the task interface [3.2]. The task 

of automated material handling is the manipulation of the 

manipulator to pick an object up and to present it to say, a 

automatic work-cell. It would thus be hard to distinguish the 

task being automated from the functional aspect of the robot, as 

they are closely related. 

Automated panel spraying is a distinctive manufacturing task, 

comprising of a number of sub-tasks, which could be clearly 

observed as such. The traditional method of accomplishing 

automated panel spraying is to use a general purpose jointed 

robot to programmed by either us ing I lead through I or I teach 

pendent' programming environments. 
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The automated spraying application of a task robot offered an 

opportunity to show that design of the robot could be related to 

the task, the robot system could be customised from the generic 

framework and that the system could be programmed easily in terms 

of the task providing a natural route to full automation. 

Rather than actually constructing a robot structure for this 

application, the closest match from the available robots (Syke 

A600, Puma 600, Fanuc 600 and Mitsibushi Rrn501) was used as a 

surrogate mechanism. The activities in the creation of the 

sprayer robot are shown in Figure 6.1. 

TASK REQUIRMENTS 

TASK DEFINITION 

TASK SPECIFICATION 

CUSTOMISATION 
DESIGN OF ... OF GENERIC 

ROBOT COORDINATOR 

v M 

• T A 
CONSTRUCTION A c 

USING MODULAR s H 

ROBOTIC ELEMENTS K I 
N 
E 

• OR USE SURROGATE 

CUSTOMISATION OF EXTRACTION 
TASK PROGRAMMING TASK ... •• ENVIRONMENT INFORMATION 

•• TASK MODELLING 

Figure 6.1 - The Design Cycle of the Task Approach 
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6.3 Grasping an Understanding of the Task 

To spray an object a jet of spray has to be emitted through 

a nozzle with sufficient pressure such that particles of spray 

are accelerated enough to form a spray vapour. The particles of 

spray within the vapour have a specific mass. A point is reached 

where the effect of gravity causes the particles to follow a 

trajectory towards the ground [6.2]. If the spray nozzle is 

electrically charged the affects due to gravity become less 

prominent, and the "wrap-around" spraying action can be made use 

of. 

The spray from the nozzle can be modelled as a cone which 

contains the majority of the spray particles. The angle of the 

cone is"dependent on the aperture of the nozzle, the properties 

of the paint and paint pressure. At a given distance the spray 

pattern can be considered as a circle which has a mean 

concentration of spray particles [Fig. 6.2]. 

JET 

Pa 

1/2 lflOTB • D tan (Spray ADale ) 
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To spray an object a raster is formed over the shape. A range 

of raster patterns are used for different types of panels and 

sprays [Fig. 6.3]. The most popular is the inter-leaved pattern 

as the edges of the shape get an additional coat of spray. 

Considering the cycle of events which are required to spray 

an object, it is degreased, then primer is applied, after this 

is set it is "cut back" and generally stored as a part worked 

component. For a particular order (and hence colour) the panel 

is sprayed and either allowed to dry naturally or is fired. If 

a change of colour is required, then a solvent has to be used 

('gun-wash') and the nozzle is directed towards an appropriate 

feed (of a canister) for re-use. 

PRIME RASTER FIRST COAT FINISH COAT 

Figure 6.3 - spray Raster Patterns 
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Relating this task to a robot specification, the spray raster 

can vary by several centimetre or more without affecting the 

quality of the sprayed panel. If automated tool changes are 

required (nozzle changes) then either the tool post has to 

accommodate for the inaccuracies of the robot or the robot 

precision has to be tighter than the accuracy required to scan 

a spray raster. 

Considering the accuracy of the joints required to spray, 

dead-reckoning devices such as stepper motors could be used to 

perform the tasks. D.C. servos could be used to encompass the 

SUb-task of tool changes (and were already installed on the 

surrogate robot). Input/Output ports interface the spraying 

environment, such as the paint pressures, paint mixer controls 

and the spray release valve. The quality of the spraying is 

determined by the colour match to the standard colour pallet and 

the smoothness of the sprayed area. 

N.B. It is assumed that the manufacturer processes only small batches. 
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'.4 The Second step Towards A Task Robot 

Having outlined an understanding of what activities the task 

consists of and which of these are related to the different 

modules available (within the framework) to form a robot system, 

a task specification can be drawn up by the designer. The format 

of the specification is a list of tasks, sub-task the activities 

to achieve such tasks and the relationship to the functional 

aspect of the robot system. Considering the specification for the 

panel sprayer: 

EXERTS FROM THB TASK SPECIFICATION OF SPRAYER ROBOT 
spray (degrease) Panel - Form Raster (asynchronous) 
Present the operator with the panel in the programming 
environment and allow a raster pattern to be formed over 
it. 

ACTIVITIES: 

Nozzle change - Specify nozzle. 
Functions: positioning of Robot End-effector for 
nozzle change (Name.Cal.pos)*. 

Gun Wash - To Flush Solvent before colour change. 
Functions: Direct nozzle to drain point, switch 
solvent, and turn nozzle on (Name.Cal.Pos & 
Set.Dig.out). 

Apply Paint (On/Off) - To start spraying activity 
Functions: Turn spray on (Set.Dig.out). 

Form Raster Line - Scan nozzle across spray point, 
And pointfCDd • . IWt 

Function: A cartesian path (Cart[start,end]). 

set Up Task Variables - See next page. 

Sequence Program (synchronous) 
asynchronous events of the operator 
act.ivities the robot will perform. 

To sequence the 
and indicate the 

Activities - Sequence of activities programmed. 

PerfOrm Sequence (synchronous) - Send function program to 
robot. 

• Qnclosed terms) • Standard functions available within robot framework 
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Calibration (On-line) - Kodiry tbe task variable. 

Hozzle Cbange - To specify a nozzle. 
Change Pr •• sure - Alter the pressure of the paint. 
change Spray - To switch in a new spray canister • 

• erge Colour - Paint mixing. 
Show Colour - Show the colour of the current spray. 

Materials and Tools and Product specification 

Materials - Paint viscous[range]f pressure [range] and 
colour[range]. 

Tool - Nozzle aperture [range] and Mounting. 

Product - Boundary conditions for the panels to be 
sprayed, shape(s) and dimensions. 

From the task specification the robot 
extracted together with requirements of 
environment: 

specification is 
the programming 

CAD Interface: To extract panel shape details and colour 
information from the CAD system, or to be able to read in 
these details form a manual 'production work sheet'. 
Modules: System interface, or keyboard. 

Programming Enyironment: To provide a graphical (computer) 
interface which presents the panel to be sprayed, can have 
a raster pattern scanned across the panel, allows the task 
variable to be altered and which incorporates the 
limitations of the robot. Modules: computer element, colour 
graphical support and cursor controller. 

Application Interface: To provide an interface with the 
spray environment: Modules digital output/input (no greater 
than eight) and an analogue input. 

Inspection Interface (options): To read colour information 
and inspect the sprayed panel. Module: C.C.D. colour Camera 
and digital interface. 

Robot: To be able to position the end effector to a number 
of calibration points to an accuracy of o. lmm . and to 
perform cartesian paths at speeds no greater than 0.2 m/se 
The plane in which the cartesian motions are to be 
performed will be no greater than 1 m2• Modules: Coordinator, 
servo drivers and robotic elements. 
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performed will be no greater than 1 m2 • Modules: Coordinator, 
servo drivers and robotic elements. 

From the standard modules required the production cost of the 

robot can be calculated together with the projected time to 

customise the robot system (Fig. 6.4) and to install the robot 

to: 

Phase (1) - Programmed by an operator. 
Phase (2) - As in (1) but with task 'advice windows'. 
Phase (2) - Part automated sub-tasks. 
Phase (3) - Fully automated to CAD system. 

MATERIALS 

Fiqure 6.4 - A Task Robot Sprayinq System 
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6.5 creation or Surrogacy? - A spraying Robot 

As the task robot system above was designed for the 

specification of panel spraying the obvious choice of robot was 

a cartesian structure, as the requirements for the system would 

be two axis control. The sub-tasks such as 'gun-wash' and 'change 

nozzle' could be incorporated at the base of the robot. 

An existing commercial robot was utilised, a Syke A600 (an un
symmetrical jointed robot). The reasons for using this robot, 
rather than a cartesian robot, was to allow the effectiveness of 
constraining a general purpose robot to a given manufacturing 
task to be evaluated. This comparison focused on the structural 
aspects of the robot and indicated whether it would have been 
more worthwhile to have constructed the structure which was 
specifically suited to the task. 

Having chosen a surrogate structure, the task was related to 

it. with a jointed robot the spraying environment can be focused 

to a spraying point [Fig. 6.5]. 

JOlIIl 6 BUB-ARC 

RAeT ER LINE 

JOI./T r ANO 3 

MAIN RAeTER 

Figure 6.5 - The Sprayer Robot 
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The task specification identified a number of sUb-tasks. These 

were related to a kinematic strategy to simplify the requirements 

of the robot coordinator: 

The first three joints were used to carry out nozzle 
changes to a designated tool post position and gun-wash 
when changing the spray type. 

The second and third joints were used to provide a spraying 
point within the spraying area. 

When the spray gun was mounted at right angles to the upper

arm link, as the shape of the spray emitted was a cone the 

orientation imposed by the second and third joint was not 

important. To extend the spraying arc joint 4 was used to 

compensate for the orientation imposed by joints 2 and 3 within 

the spraying plane, and joint 5 to scan in the horizontal axis 

of the spray plane. 

qs = K Px 

K = PXll8xl Pxp 

With respect to the Spray Plane. 

0T -= orientation of 2nd (q2> and 3rd (q3> 
Joint. 

Px -= Position along the 'x' axis. 

PXIl8X = The desired maximum coverage 
PXp = The Coverage" given by q2 and q3. 
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considering the spraying action of joints 'qz' and 'q3" with 

the Syke robot the forearm was an inner configuration (to 

centralised the mass of the robot). considerable effort would 

have been required to correct this imposed configuration of the 

surrogate robot, and for the sake of the experiments performed 

the spray area was considered as two sub-domains [Fig. 6.6]. 

Fiqure 6.6 - Spraying Plane 
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The joint solutions were chosen to give no discontinuities in 

the joint trajectories. Considering the worst path for the joints 

to track, and using the finite (maximum) angular velocity values 

of the joints gave the maximum linear velocity term (feed-rate): 

• -1 12-K 7t 
at the turning point e1 =sm (--) A ql +qz=-

Ll 2 

Maximums: Ypz=cS 91[K-2Lz]-~ 91L" 

Further kinematic strategies were possible. For instance the 

spray raster could be broken down to a height component which was 

rotated to form the spray raster: 

The first joint to give a spraying arc •. 

The second and third joints to give the spraying height. 

The important aspects about the kinematic stratagems was that 

they partitioned the kinematics into a number of sub-systems, 

rather than considering the kinematics as a whole, and they were 

related to the task. 

The design process was based on considering the paths which 

were associated with the task and considering the respective 

joint trajectories. When rapid changes in joint angles occurred 

this signified that the robot structure was not particularly 

suited for the task being implemented. This type of information 

could be obtained from the kinematic table of a given struc~ure 

or by studying the solutions from the inverse kinematics before 

a choice is made. 
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For a gi ven path a maximum rate for that path could be 

obtained by considering the limitations of the joint. Physical 

limitations (such as the inner arm configuration of the Syke) 

were also studied. As outlined in chapter 4 the eventual robotic 

framework will also consist of a simulation package. 

with the modular software structure developed simulation was 

carried out by replacing a physical component by a software 

module [Fig. 6.7]. 

PATH 

KINEMATIC 
FOLD 

PATH 
TRACKED 

JOINT TRAJECTORIES 
K-l~~----~----~--, 

K 
JOINT PROFILES 

• k1NEMATIC PARAMETERS VARIED TO STUDY CHANGES 

Figure 6.7 - Decoupled Design Framework 
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One of the directions for future research could be to 

investigate the relationship between robot structures and 

kinematic contour. For instance, the affect of changing joint 

types or link deviations on the kinematic contour could be 

studied. with the advent of the generalised inverse kinematics 

this process was greatly simplified. The deliverables of such 

research would be a number of design rules which will relate a 

task specification to a domain or sub-domain of a robot 

structure. 

Forming the task robot was based on the kinematic constraints 

of the robot structure. This only forms part of the overall 

desi9.n process. However for many applications of position systems 

(either slow motion or light loads), where large gear ratios are 

used on each joint, this type of design suffices. However, as the 

criteria of the end-effectors speed or payload increases the 

design process includes kinematic, static and dynamic 

considerations. The next pilot study covers such aspects. 
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To draw a close on the work completed, if the Syke robot had 

not been readily available for the purpose of the case study, a 

cartesian sprayer robot would have been constructed in preference 

to a jointed robot structure as this would have better matched 

the requirements. This indicates that in some cases it may be 

more desirable to actually build a robot to perform a task rather 

than use a surrogate robot to form a 'virtual task robot'. 

Another situation where this is clearly obvious is pick-and-place 

applications. 
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i.' proqramminq a Task 

The last section showed that a surrogate structure could be 

used to implement a task robot and that a simple structure could 

have been built for the task. In this section the spray task 

programming environment will be described. Methods of automating 

certain sub-tasks are discussed. 

Forming an interface with an operator has been one of the 

major concerns with computer based equipment. There is a 

technology barrier, where the operator has no option but to 

interface the machine. This problem is prominent with current 

programmable robot systems. 

On-line methods of programming a robot, such as lead through 

and teach pendent, offer a programming cycle where the robot is 

guided and then these actions are. played-back. Actually halting 

the natural progression of the robots acti vi ties to program a new 

job, for small batch work this becomes arduous and expensive. 

Robot languages and graphical modelling packages facilitate 

off-line programming of the robot. Comparing the robot 

programming languages against computer languages, a large number 

are available (manufacture dependent) ranging from 'machine code 

programming' to higher level languages. 
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using such robot languages for an operator interface is 

equivalent to asking a user of a word-processor to program in 'Cl 

if they are lucky or machine code if they are not. 

Graphical programming environments have been notoriously 

expensive as the computing requirements to model a robot (using 

line diagrams or solid models) are inherently high. The 

requirement for high computing power and graphic facilities has 

led to the use of 'work-station' type computers. To justify high 

costs the simulation packages sold under licence cover a range 

of commercial robots, offering a programming tool which can be 

used across the factory. 

with the advent of the transputer the problem of cost of the 

computing requirements required can be relaxed. Single transputer 

boards are available which can be fitted within an inexpensive 

personnel computer. Such a system can offer the computing 

resources required at the fraction of the cost of a 'work

station'. 

Although such technology can reduce the financial burden of 

the interface in robot systems, with all of the current methods 

of programming a robot the user has to focus on manipulatinq the 

robot to perform the required actions rather than applyinq the 

task to the object to be worked upon. 
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The alternative investigated was to interface the operator by 

mimicking the task for which the robot was required within the 

programming environment. For instance, if an operator was 

spraying a panel manually one day, and meanwhile an automated 

spraying machine was installed, the operator would require little 

re-training if the activities performed manually were mimicked 

within the installed robot programming environment. 

For the task of spraying the obvious interface to the operator 

is a colour graphic environment where the panel to be sprayed is 

presented and the operator uses a controlled cursor to form the 

spray raster across the panel (leaving a trail of the particular 

colour if the 'spray gun' is on). 

As a further example, if the task was material handling, some 

of the robot language commands (such as 'MOVE'), together with 

a collection of robot programs could be organised to match the 

equivalent manual activity of such a task. If the activities are 

labelled to match the operators vocabulary used to describe the 

actions of the task, a textual operator interface could be used. 

The new language would thus be a 'production orientated language' 

rather than a function language for the robot. 
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If certain sub-tasks can be described by a set of well defined 

rules it may be desirable to automate these towards full 

automation. If this is the case, what was seen as a permanent 

aspect of the robot system, the programming environment,becomes 

a temporary arrangement. 

The important aspect is that this full automation option is 

possible if so desired. The alternatives to providing a number 

of 'intelligent' machines for 'full' automation is to either use 

an operator to perform the relatively complex task of translating 

the task required on the object to machine actions, or hope to 

replace these activities with a central intelligent system which 

controls a number of functional machines. 
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6.6.1 customisation of a Task programming Environment 

The process of identifying a number of rules based on the task 

and labelling and organising them in a hierarchical fashion leads 

to a 'production orientated language'. For a fully automated 

machine such a language allows the information about the object, 

and what is to be done to that object, to be broken down into a 

number of activities, which are in turn broken down to functional 

machine actions. 

If the task has not been implemented before, the first phase 

of the machine is a programming environment which interfaces to 

the operator and the functional machine. The purpose of the 

programming environment is to focus the operator on the task 

being automated. using an editor and a language for this purpose 

is un-wise unless the list of task activities is concise, for 

instance material handling. 

A suitable method of interfacing the operator is to use a 

graphical display which mimics the manual operation. Within the 

overall scheme a decision has to be made to establish whether the 

programming environment is to be a permanent aspect, or whether 

part or full automation is desired. This will allow an judgement 

to be made regarding how much effort would be invested in forming 

the programming environment. 
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with regard to economics, although the existing programming 

techniques may be hostile to an operator not versed in robotics 

they are applied to each application. Whereas a task interface 

requires customisation of a number of software modules. It is 

thus important that task programming environment can be 

customised to an application within a short period of time. 

with other software packages a reasonable level of interaction 

between the user and the application software can be attained 

when the interface is organised into a number of windows and a 

cursor controller (mouse,_ tracker baIlor light pen) is used to 

select certain activities. By using icons the information between 

the operator and the computer interface can be reduced further. 

Such window systems have been available for a number of years, 

and the techniques used to form a windows system have been well 

established. Hence, a number of libraries can be developed to 

facilitate rapid customisation of a programming environment, 

solving the economic problems of generating a task orientated 

programming environment (see section 6.7). 
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1.1.2 A spraying programming Bnvironment 

One of the main purposes of outlining a specification for the 

sprayer system was to allow the different activities associated 

with the task to be related to the programming environment. As 

a whole the activities could be broken'down into six general 

categories, interrogate robot system, input the panel parameters, 

set the spraying parameter, asynchronously program a selected 

panel, play-back the program synchronously and send the program. 

Relating these to the spraying task gave the following menu 

structure: 

-----INTERROGATE ROBOT------

UNLOCK THE PAINTER ENVIRONMENT - This was the master menu 
system and in a multi-task environment would form part of 
a 'map' of the factory. Selecting this option initiates the 
interrogation of the spraying environment. For the research 
machine a special option was introduced to put the robot 
on-line in a teach mode to allow access to the functional 
level of the robot system. 

-----INPUT OBJECT-----

LIST/SELECT PAINT JOBS PROGRAMMED - This option allowed 
'spray jobs' to be entered manually or to be received from 
a CAD system. A listing facility of the current jobs 
requiring programming was presented. 

CAPTURE PANEL - This option was incorporated to allow the 
system to become more automatous if required. If selected 
the vision system would be used to capture the panel 
presented to the spray environment. 
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-----FORM PROGRAM-----

PROGRAM NEW PAINT RASTER - This was introduced to allow 
spraying activities to be experimented without a panel 
being selected. 

PROGRAM A NEW PAINT JOB - This was the main menu system 
which allowed a program to be formed for the selected 
panel. 

AUTOMATIC PROGRAM FROM PRODUCT DESCRIPTION - This was the 
fully automated option. 

-----CHECK PROGRAM-----

REPLAY PAINT ACTION: When selected this option played back 
the operators spraying activities synchronously. 

-----SEND PROGRAM-----

SCHEDULE PAINT TASK: In the development system this option 
could only be sent if the previous menu selection was 
carried out. 

The most elaborate menu system was the programming option. 

spraying is a process of forming a raster across a given panel. 

By presenting the shape of the panel to be sprayed on a graphics 

computer display and allowing the user to move a cursor 

asynchronously across the displayed shape mimicked the activities 

of spraying [Fig. 6.8]. 
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Figure 6.8 - Main Graphic Display of spraying Environment 

Further windows were related to the task specification of the 

sprayer robot system: 

-----Automated Sub-Tasks-----

Nozzle Change: The operator entered the nozzle required. 
When played-back the nozzle change (and a Gun Wash) was 
included in the spray program (in teach mode the robot 
could be position by increments and the calibration 
position stored). 

Select Raster: This option was introduced to allow a raster 
pattern to be selected and applied to the selected panel. 

Degrease: This option sprayed degreasing agent over the 
selected panel. 
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-----Set Task Variables-----

CONTROLS - Paint On/Off Field On/Off 
Set Paint Pressure, Set Paint Distance 

MATERIALS - Select ' Spray/Solvent Type 

TOOLS - Select nozzle 

A further option was the 'Show Paint Width'. This showed 
the width of the spray cone for the selected task 
variables. 

For the implemented version of this menu system special keys 

on the keyboard were used to select the appropriate activity. For 

a commercial machine a cursor controller (mouse) would suffice 

for the majority of the activities. The spray cursor (set to the 

current spray width) was a circle which if the spray was OFF had 

an unfilled center [Fig 6.9]. If the spray was ON, then the 

center was set to the selected spray colour mixture. 
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Figure 6.9 - Spray Cursors 

SPRAY 
WIDTH 

SPRAY OFF 

300 

PAINT 
TRAIL 

SPRAY ON 



Chapter (; • Creation or A Task Orientated Robot 

To indicate to the user that the field was ON, or to re-

emphasis that the spray was connected, 'connections' from the 

respective activity window and the spray environment were shown. 

For the research robot there was an associated work-space as 

there would be in practice. To ensure that the operator did not 

exceed this physical limitation the cursor was constrained to 

this area. To emphasise that the robot had limitations the 

boundary of the work volume was shown. 

If the 'Show Paint width' option was selected then a number 

of lines were drawn over the spray area and the cursor was place 

to the most left-top position of the selected panel. (The top 

line was place to the maximum offset of the selected panel.) 

After this option was selected the cursor was constrained along 

these lines (the raster increment was set to half the paint width 

to allow interlaced rasters to be formed). 

For a given panel, all that was necessary to program the robot 

was: 

-To switch the spray on. 

Use the cursor keys to move the spray position across one 
of the constrained raster lines. 

When the edge of the panel was reached to use the 'down' 
cursor key to get on the next raster line. 
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The 'PLAY BACK' facility was similar to the 'PROGRAM' display 

except the selection windows around the border were removed to 

allow the area on the graphics screen to be increased. 

The parameters of the physical robot were conveyed to the 

programming environment in the interrogation phase. This meant 

that the kinematic model of the physical robot together with the 

limitations of the joint could be used to show how the robot 

would be expected to act when carrying out a particular program. 

For the application of spraying, and as the raster paths had been 

constrained to the spray area of the robot, such a play-back 

facility was not necessary. 

with regard to making the play-back facility more realistic, 

many of·the graphical facil~ties, such a 'merge' could have been 

used to show the affect of applying multiple coats. This could 

be useful in experimenting with colour combinations in practice. 

If the cell was used as an experimental spray cell accurate 

simulation of the spraying process may be of value in 

establishing new techniques of spraying. However, if the cell was 

part of a fully integration system such acti vi ties would be 

unwisely invested. 
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6.6.3 The Advice window and Note Pads 

If the operator changed the paint spray, then there were 

certain activities which were associated with this operation. 

Whilst such activities were being identified an 'advice window' 

together with a operator 'note pad' window were used. 

Advice windows were used to relay the work schedule of a 

particular panel to the operator, to semi-automate and verify 

some of the spraying activities and to prompt the operator for 

diagnostic work. 

Taking the activity of a colour change as an example, when a 

colour change was required, and if the same nozzle was to be used 

to spray the new paint, then the spray mixer had to flush solvent 

through to the spray gun. After this had been completed, the 

mixer had to select the new paint and sufficient spray had to be 

emitted to clear any gun-wash. The advice window presented the 

following information: 

ADVICE WINDOW - CHANGE COLOUR 

I ( 1) SELECT NEW SPRAY I 
(2) GUN - WASH 

(3) FLUSH SPRAY 
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The actions of the operator were logged in the note-pad 

associated with the 'job lot'. If the actions were different to 

those prescribed, then the operator was prompted to make a short 

comment on why these decisions were taken. When the spray er robot 

was prompted to complete the task, the operator was interrupted 

to ensure that these events led to a successful outcome. Once the 

routine was outlined then the activity of changing a colour had 

been fully automated and likewise other spraying activities. 

JOB LIST 
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MODEL 
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SPECrnc.U10li 

TASK 
ORIENTATED 

PROGRAMMING 
ENVIRONMENT 

'WRIST 

ROBOT 

ROBOT 

SHEDULER 

TASK 
RULES 

GENERIC 
COORDINATOR 

TOOL(S) 
MATERIALS 

piqure 6.10 - Task Machine Hierarchy 
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6.6.4 Type. of Rule. 

By considering the hierarchy of the task machine the types of 

rules required at each level were classified [Fig. 6.10]. These 

are as follows: 

(1) Task Xnterface: Relating the information entered into 
the system into a standard form. . 

(2) Service (materials and tools) Rules: These included 
changes to the task parameters which could be initiated 
(raw material, auxiliary equipment and tools), such as 
changing the spray canister or the spray nozzle. 

(3) Task Rules: For a given set of task parameters, (and 
physical limitations of the robot system) rules which 
allowed rasters to be formed over the object to be sprayed. 

(4) Inspection Rules: Rules relating an inspection 
interface to the desired quality of the product. 

(5) Diagnostic Rules: Activities carried out if any of the 
SUb-systems identified a fault. 

The task interface for the sprayer robot extracted information 

about the panel to be sprayed - the dimensions of the panel and 

the colour to be sprayed. 

The service rules were related to an approximate spray process 

model [Fig. 6.2]. This model assumed that the pressure was set 

to give an even distribution of spray. A fuller definition of the 

process could have been obtained (if the spraying equipment was 
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available) by measuring the effects experimentally of changing 

the spraying variables and observing the sprayed zone at a given 

distance or by using existing models of the process. 

For a given set of spray parameters the spray diameter (D) 

(where the majority of the spray vapour existed) was calculated 

and the spray rate, for a prescribed thickness of the coat of 

spray was 'looked-up'. with regard to the task rules, the first 

attempt to automate the process of spraying irregular shapes had 

been to 'square up' the panel shape to form a rectangle. Although 

a crude approximation, if the spray particles were charged and 

a electric field applied to the panel then the paint wasted would 

have been minimal (i.e. the back of the panel would have been 

sprayed) • 

The second attempt to automate the spraying acti vi ties was the 

'show paint width' option. To recall, this placed a number of 

spac~d lines (0.5 D) over the panel area. The operator formed the 

raster across the spray lines, and down to the next line when the 

edge of the panel was reached. 
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By returning to the intersect of the spray line and the panel 

edge the interaction of the operator was relaxed further. 

originally the process of finding the intersect was determined 

by calculating the point. However, to account for irregular 

shapes the process was completed by looking at the next position 

along the spray-line and detecting to see whether the panel edge 

was present (using a logical mask). The process was completely 

automated by repeating this edge detection process for the right

hand edge of the panel intersects [Fig 6.11]. 

DECTECTION OF LINE TESTED BY 

LOOK-AHEAD CURSOR (DISTINCTIVE 
LINE PATTERN) 

Figure 6.11 - Automatic Raster Generation 
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This approach was suitable for fairly straightforward panels, 

but wasted spray if the panel had large inner sub-areas which did 

not require spraying (such as a car door). with the previous 

spraying stratagem the motion had been constrained to horizontal 

paths (spray lines). [Considering the activities that the robot 

could aChieve.] The other programmable aspect of the system was 

the spray gun (and likewise reduction of spray pressure over un

sprayed areas), paths in two dimensions and the start point of 

the raster pattern. 

Turning the spray OFF the unsprayed areas would have been 

unwise, as a dense jet of spray would occur when the spray gun 

toggled back ON. The objective of the spray task was thus to 

provide a continuous path (raster) which applied a specified 

number of coats evenly across the panel. A number of stratagems 

were considered to reduce this problem of paint wastage with the 

previous criteria. These include: 

To consider the characteristics of the panels which would 
be likely to be sprayed and form rules for particular 
characteristics of a given panel type [Fig. 6.12]. 

To use the graphical 'panel. edge. detect , procedure to first 
detect the location of the inner sub-domain(s) by scanning 
horizontally use the same procedure to zig zag through the 
panel shape and if the spray lengths were greater than 2*P 
to· form an upwards path raster [Fig.6.13]. 

To consider a general stratagem of decomposing the panel 
into a number of sub-domains [Fig 6.14]. 

308 



Chapter 6 - Creation of A Task Orientated Robot 

/., 

----Start of 
Rasta Pattern. r--: 

, , 
, , 

, 

• 
I 

• 
I 

, , , , , 

, , 
, 

, , , , , 

, , 
, 

• 
• 
~ 

, 
, 

, 
, , 

Half Spray 
Width 

Figure 6.12 - Identification of Panel Characteristics 

:::EITJ--::::::::::::::--::: 
.... ------------ -- -.
---- -------------- ---
---- -------------- ---
-.---------- --------- ---

---- --- Two Intersects 

:::: -- Four Intersects 

-... -- Two Intersects 

Figure 6.13 - Decomposure of Complex Shapes 

·--··-··············x 

O·"~D .. -
'"'--. _.' 
o 

.. ~ 
o 

-- --- -- --------------- o 
_______ e _ ____________ • 

.. _----------_._-------

o ... _._-- ------- ... _--, 

o -._.---_._--------._.-

VerticallWt.er 
-=- -=- -=-

;-0""· ,..:. :T :·1 

-I -, -I 
o . 
o 
o 

Detec:don of full pmd spray fOt c:han&e.t in 
spray start pasidoo. and ruta odeatadoa 

Figure 6.14 - Refined Mean Spray Raster 

309 



Chapter 6 • Creation or A Task Orientated Robot 

with relation to interfacing, the functional actions of the 

robot for the task rules developed were straight forward. The 

path(s) of the raster pattern (across and up/down) were related 

to the following functions: 

CART. VERT (start, Finish, Feed.Rate, CONT) 

- vertical cartesian path, CONT termination condition. 

CART.HORI (start, Finish, Feed.Rate) 

- horizonal cartesian path. 

This was a compact method of describing the path with respect 

to merely considering the raster as a continuous path which was 

played-back when required. 

The important aspect of this work was not establishing the 

definitive set of task rules, but that if the programming 

environment was orientated around the task, then improvements 

made to the environment would lead to direct improvements to the 

overall sprayer environment. More over, relaxing the operators 

interaction first lead to reduced programming times, and would 

if desired lead to full automation. 
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'.7 Dravinq a Conclusion 

The research undertaken on the 'task orientated approach' has 

been applied to a spraying task. A robot was designed for the 

purpose of the spraying activity and compared against an 

implementation of a spray er robot using a surrogate structure. 

These results suggest that if the surrogate robot had not been 

available (the average cost of a jointed joint was £30,000 

upwards), then it would have been more advantageous to have 

actually built a structure suited to the task (assuming £5,000 

per joint module and £10,000 to provide the service facilities, 

a cost of £20,000 would arise). 

It was shown that by considering the activities of a task a 

kinematic stratagem could be formed to partition the overall 

robot structure and hence simplify the overall complexity of the 

system. 

The design of a sprayer programming environment from the 'task 

specification' was given. It was shown that it was possible to 

organise this environment to mimic the manual activities by using 

a menu system and a number of icon windows. Providing the desired 

non-hostile operator interface. 
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Determining the task rules and verifying them was outlined. 

This was a gradual process of replacing sequences of the 

determined activities (repetitive actions of spraying a panel) 

by a number of rules (concise set of knowledge). Thus relaxing 

the information which had to be conveyed by the operator to 

perform a panel spray. This meant that the installation time of 

the sprayer robot could be reasonably short, and if the customer 

(the manufacturer) required further task activities to be 

automated.this could be achieved. 

The use of advice windows to guide the operator through the 

activities of spraying a panel was documentated. Further, that 

if the responses of the operator are logged (using a note-pad) 

and analysed new task rules can be verified using the knowledge 

of the operator to increase the knowledge base of the task 

machine. 

To summarise, the research endeavoured to show that it was not ... 

unreasonable to design a robot for a task, that by reflecting the 

task into the programming environment the operator interface was 

non-hostile, and that the task approach naturally led to full 

automation. 
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Two further case studies have been proposed to identify the 

generic aspects of the approach. The first case study suggested 

utilising a number of commercial robots as surrogate structures 

to form task orientated robots. This will allow the research team 

to exhaustively evaluate and extend the new approach and to 

determine whether it would be better to have constructed a 

modular task robot. To facilitate this a second case study shall 

involve the construction of a number of task robots from modular 

robotic elements. 

The second case study suggested would highlight the activities 

which are required to de~ign a task robot, whereas both would 

utilise a task orientated programming environment. To reduce the 

time and to improve the operator interface three aspects have 

been suggested with the on-going research plan. 

(1) Increased Genericy - The programming environment for the 

spraying environment was fairly specific. In much the same way 

a framework and a number of generic modules (building blocks) 

were used to customise the robot coordinator systems, the same 

type of approach could be applied to the programming environment. 

(2) Reality - Using an existing vision system to capture 'real 

icons'. The Graphical information would be converted to a 'TIF' 

file and overlaid into a window. 
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(3) Xulti Xachine Interface - within a factory a number of pieces 

of automated equipment are likely to exist. It would be too 

expensive to have a programming environment for each machine. A 

more realistic approach would be to have a graphical facility 

which can 'creep onto' a given task machine. The work under way 

allows the operator to select a given work cell (from the map of 

the factory) and the graphical facility would then prompt the 

task machine and initiate an 'interrogation phase'. This would 

transfer the graphical program (list of graphical activities) 

that are required to customise the programming environment to the 

graphic facility. 
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CHAPTER 7 

7. The Research and the Approach 

The study was fuelled by the paradox which existed at the 

start of the research with regard to the use of robotic system 

within manufacture. i.e. The usefulness of robotic's within 

manufacture was obvious, the technology had matured, but there 

was a distinct. lack of adoption within U.K. industries. Apart 

from a number of production machines, such as D.N.C. milling 

machines, two main extremes of automation were observed, product 

dedicated robots and general purpose robots. 

Product dedicated robots have been extensively used to form 

transfer lines for mass production. The actuators of such rigs 

are either programmed by a number of physical end-stops, or by 

using a programmable logic controller. If the same product can 

be produced over a large time scale, setting up such a system can 

be fruitful. with technological advances escalating, consumer 

awareness favouring customised products and fashions which change 

regularly, the dynamics of the market place has increased. 

Whether a product, and the investment associated (time and cost) 

with setting up a transfer line can be justified with this type 

of market place has led to research into industrial robots, 

computer controlled production machines leading to flexible 

manufacturing systems. 
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One of the prominent features of most industrial robots is 

that they are designed to be general purpose, in much the same 

way microprocessor are. The main aim'of such automation is that 

they should be programmable. Hence, if a new product is designed, 

rather than setting up a transfer line the industrial robots are 

reprogrammed. 

Installation of a robotic systems into an existing production 

environment using an industrial robot which has a broad 

specification, such as 'being able to position and orientate the 

robot end-effector within a given work-volume' leads to the 

surrounding environment being re-designed to accommodate for the 

imposed industrial robot. Moreover, trying to market essentially 

two main types of robots (jointed and SCARA) to cover all 

manufacturing chores is ambitious. The fact that each 

manufacturing chore has a structure which is well suited for it, 

is supported by the trend that each classification of robot 

marketed is now being employed for distinctive manufacturing 

tasks. 
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The ironic aspect about current industrial robots is that 

although their structures have been designed generally the robot 

controllers are specific. The controllers could be made 

confiqurable to a given robot structure, suited to a task. The 

existing one-robot, one-controller scenario fuels the desire to 

build only a limited range of robots. Robot controllers are 

essentially microprocessor based, and so developing specific 

software (the part of the system most likely to become obsolete) 

is a paradox in itself. 

The software of the controller, and the associated programming 

environment of the robot system is marketed as an entity. The 

customer of the industrial robot is unable to choose a 

proprietary software package for the system. This is equivalent 

to purchasing a printer and a word processing system and not 

being able to choose the display, the keyboard, the storage 

medium, how it communicates to other parts of the system or the 

word~processing software package. 
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Hence, if you select a robot to perform a task solely on the 

structural merits of the industrial robot then the controller 

software is predefined and so too is the programming environment. 

The programming environments include teach pendants, robotic 

languages or graphical modelling packages. Each requires in depth 

knowledge to operate and the attention of the user is focused on 

the functional aspects of the robot, rather than the task being 

programmed. 

Each industrial robot has to give coverage to a broad number 

of applications. The programming environments are hence complex 

because of the broad coverage Ca similar argument is true for 

computer language which are not concise) of the robot system, and 

because essentially the operator has to constrain a 6 DOF robot 

to relatively simple tasks each time it is programmed. 

After establishing these characteristics of the product 

dependent robots and the industrial robots, it was asked why in 

particular the U.K. industries had not adopted robots. It was 

noted that generally the countries which had prospered from the 

use of industrial robots had the luxury of low staff turn-over. 

Hence once the knowledge required to utilise the industrial robot 

had been attained, it remained within the factory. 
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After satisfying the previous questions about lack of adoption 

of industrial robots the research focused on outlining an 

alternative between product dependent robots and general purpose 

industrial robots. This was the 'task orientated robotic' 

approach. This addresses each of the problems associated with the 

previous methods of automation: 

THB FIRST STEP 

(1) Task Robot Design - By allowing a robot to be designed 
around a task specification a robot could be designed 
which was suited for the task, whilst not becoming product 
dependent. Further, as the robot was designed using a 

. fuller specification, the robot designed would be more 
concise than the equivalent general purpose. 

THE SECOND STEP 
(2) Task Robot Programming The robot programming 
environment could be tailored to the users requirement. 
Additionally, if the task being automated was reflected 
into the programming environment, the operator only 
required knowledge of the task, rather than details of 
robot to program the task. 

THE THIRD STEP 
(3) Full Automation The natural progression from 
designing a robot system based on a task specification, as 
the whole system is created with the objective of 
fulfilling this task, is to gain knowledge about the 
activities of the task. As this knowledge has narrow 
bounds a number of task rules can be used to automate the 
said activities. 

with regard to a customer of the robot system, their 

requirements could be fulfilled by a task orientated robot. 

However, having to develop a robot system for each task 

application would either lead to expensive robot systems, or poor 

profit margins for the robot manufacturer. 
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When designing a number of similar systems it soon becomes 

apparent that a number of modules of the system can be made 

generic to cover a range of applications. When such modules are 

created the design activities required are customisation rather 

than specifically designed. This thus offered an economical 

method of customising a robot system to a task specification. 

The main core of the research was focused on establishing 

whether this generic approach to design could be applied to 

robotic systems. The research undertaken was to devise a number 

of generic modules and a robotic framework which would allow a 

system builder to customise a robotic system from a number of 

these intelligent building blocks. 

The transputer based modules devised, the processing node and 

the application node, allowed the hardware of a given robot 

system to be formed and expanded to a given level of 

sophistication. The modular structure of occam allowed the 

concurrent software modules of the system to be realised within 

a single development system. The introduction of interrogation 

mechanism meant that software modules could self customise each 

other. 
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For decoupled control requiring coordination in cartesian 

coordinates, the most structural dependent module was the inverse 

kinematics. CUrrent closed loop forms of inverse kinematics could 

be formed to account for structural deviations, however for 

different joint types a completely new solution of the kinematic 

equation had to be completed. To reduce this problem a number of 

new techniques were devised, studied and evaluated. 

within the overall context of the research undertaken, the thesis 

presented was that if a robot is designed around a task 

specification then the robot structure will be suited to the task 

whilst not becoming product dependent, if the robot is programmed 

in terms of the task then no specialised knowledge about robotics 

is required and the machine can be fully automated if so desired. 

Further, that if the robot is customised rather than specifically 

designed a task robot can be marketed with favourable costing. 
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7.1 Evaluation of the Approach 

Based on the results from the pilot study, and by comparing 

these against traditional methods of automation, the following 

section evaluates each facet of the research. 

7.1.1 Why? Can you? Bow? Cost of Fully Automating 

-----what do you gain by fully automating?-----

The accountants answer to this would be that the expense of 

having to continually re-program the robot can be 'written off'. 

However, the real reasons are that it increases the dynamics of 

the factory by reducing lead times and allows 

smaller batches of work to be processed by the factory. 

-----Can you fully automate a manufacturing task?-----

The answer to this question, based on the sprayer robot, is 

that it is highly probable to automate a manufacturing task, as 

the knowledge associated with certain tasks has narrow bounds and 

thus can be represented by a number of well defined 
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rules. The activities of forming a raster across a panel 

involved' forming a continuous spray path to give a specified and 

even coat of spray across the panel'. For panels with irregular 

boundaries but no internal sub-domains, by overlaying the panel 

shape within memory, a search process for intersect of boundary 

and the 'spray lines' allowed such a task to be defined. If 

internal sub-domains were present and the expense of the paint 

warranted it, a continuous path could be found by changing the 

orientation and start position of the spray raster until a 

continuous path was found, and then refining a number of short 

paths to the closest fitting path function of the robot. 

Alternatively, the pragmatic approach is to study the 

characteristics of the panels to be sprayed and form a number of 

prototype raster patterns which can be modified when a particular 

panel type has to be sprayed, i. e. study how the operator 

decomposes the complex shapes and form rules. 

To support this assumption that it is highly likely to be able 

to fully automate tasks, the task of moving a part in a complex 

and dynamic environment involves a real-time path planner [3.2]. 

Further, applications such as welding (spot and seam) and seam 

gluing could equally be described by a set of well defined rules, 

and the uncertainties of the process could be monitored with a 

vision system. 
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-----Wbat are the alternative.?-----

Full automation involves computer integration of the details 

of a product from the design/production department and the 

machine actions required to make said product. Considering the 

combinations possible with this arrangement, either the design 

department changes to accommodate for the machines in the 

factory, a computer interface is provided (capable of mimicking 

the complex actions required to programm a machine) between the 

design department and the manufacturing department or the 

machines have enough intelligence such that they can be commanded 

in terms of tasks rather then functional motions. The distributed 

intelligent (task robotics) arrangement would be the only one 

with narrow bounds of knowledge, and is hence more likely to be 

successful. 

-----How much will it cost------

This question relies on the marketing stratagem of task 

robots. As there are only a finite number of manufacturing tasks 

which are used to produce items, these could be developed under 

research, and marketed when fully/part automated. Alternatively, 

if the cost of forming certain tasks is seen as an investment 

which will pay dividends when fully commissioned, and as the 

customer of such a task robot would have a competitive edge over 

other factories, the development cycle could be considered as a 

gradual process (a short term contact rather than a one-off 

payment) financed in part by.the first customer. 
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The cost of not automating is the cost required to translate 

new products to the machine actions, i.e. the cost of having an 

expensive and complex (if the robot is programmed functionally) 

programming environment. This would lead to increased lead times 

and the requirement for larger batches of work being processed. 
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7.1.2 Why? Can you? Hov? Cost of Task orientated programming 

-----Why Task orientated Programming-----

One of the reasons of forming a task orientated programming 

environment is that once this step has been made, the system 

builder focuses on the task being automated, which canle~d to 

part or full automation, if so desired. Unless the task knowledge 

is so obvious that the task rules can be developed without 

verification, a task orientated programming environment is an 

essential step to capture the activities of a task. 

By definition, the operator using this type of programming 

environment is focused on the task being performed, rather than 

the functional aspects of the robot system. It follows that if 

the operator can perform the manual acti vi ty, the operator should 

be able to program the task robot. Hence, another important 

reason for developing a task orientated programming environment 

is to provide a non-hostile operator interface. Obviously if the 

programming environment is simple to use and has part automated 

activities the lead times in reprogramming the robot is reduced. 
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To summarise, investment into a task orientated programming 

is required for the following reasons: 

Broad Bounds of Knowledge: The creative skills of the 
operator may be necessary for a number of tasks, and it is 
of great importance to allow the operator to focus on the 
task rather than the robot. 

capture of Task Knowledge: To allow task rules to be 
devised for a task which is known to have narrow bound of 
knowledge and thus leads on towards full/part automation. 

study of Unknown Bounded Knowledge: A number of production 
tasks are in a state of infancy, such as tasks which 
include complaint actions. Forming a task orientated 
programming environment for such tasks will allow the 
bounds of the knowledge required to automate the new task 
to be assessed 

-----ls it possible to form a task environment?-----

The graphical display for the spraying task was clearly 

programmed in terms of spraying activities. It could be equally 

argued that similar programming environments could be produced 

for the other activities within manufacture. For instance, the 

task environment for seam welding would involve presenting the 

object (s) to be joined, and allowing the operator to use a joy

stick to trace the tool around the overlap between the parts to 

be welded, thus defining the robot path. 
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As the majority of manual production activities utilise eye 

coordination, this would suggest that the main core of the 

operator interfaces would involve a computer graphical facility 

of some sort. The difference in expense between presenting the 

operator with an editor facility and a programming language over 

a well organised menu system is marginal. The difference to the 

operator is that it is much harder to remember the semantics and 

the available commands of a language than 'searching through an 

menu system which has been structured for their purpose. This 

suggests the use of a menu system. 

Over the last decade considerable effort has been placed on 

developing packages for forming graphic environments. With the 

advent of transputer boards which can be placed at the back of 

an inexpensive personal computer such facilities can be 

responsive, and at the same time not too expensive. 

This leads to the conclusion that the effort invested in 

forming a task orientated programming environment is not 

excessive, is based on an established technology and the effort 

required can be minimised by making use of proprietary graphical 

software packages. 
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-----Wbat are the alternatives1-----

To date the alternative is to either use a robotic lanquage 

or a graphical package capable of simulating the actions of the 

robot. Both methods are based on programming a task by 

considering the functional motion of the robot. If a 6 DOF robot 

is used to complete such a manufacturing task, the complexity of 

the structure is reflected into the programming environment. Each 

time the robot is programmed the operator, who has to be verse 

in robotics, has to constrain the 6 OOF robot to do relatively 

simple tasks. 

-----Wbat is the cost1-----

The hardware required to form the programming environment does 

not ~mpose any great expense. Standard Personal Computers (PC) 

are available which if the computing powers is not sufficient 

enough can have a transputer board slotted into the PC's mother

board. The average cost of a PC is around £3,000. 'This includes 

a graphical display, a keyboard, a mouse, communication channels, 

a floppy disc and a 80 M byte hard disk. 
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If the programming environments are considered as one-off's 

then the development cost will be fairly high (three months of 

work were invested with the sprayer robot). However, there are 

a number of facts which break down the costing: 

Although the robot is designed to meet the requirements of 
a given manufacturing task, with regard to the programming 
environment the only task dependent aspect was the physical 
specification of the robot and the functional commands 
available. This information forms part of the interrogation 
list between the robot coordinator and the programming 
environment, and hence the programming environment can be 
made to be independent of the robot. 

As previously outlined, once you have developed a task 
robot there will be a market for similar robot systems, and 
as the programming environment self customises to the robot 
coordinator the same' software package will be sold. Hence 
the software development costs can be spread over a number 
of installations. 

Similar to the way the coordinator is customised to a given 
structure, the programming environment could be customised 
to a given task. i.e. It will soon become apparent after 
developing a number of similar systems what modules are 
generically used. Hence a framework can be established and 
the system can be built up from a number of modules. 

Proprietary software for 2-d and 3-d graphics is available 
under public domain and licence. These can be included into 
the framework to reduce the initial outlay in forming the 
'building blocks' for the graphic design system. 

It is envisaged that for the majority of cases that the 
task orientated programming environment will be used as a 
stepping stone toward full or part automation. As the 
objective of such an interface is not to mimic reality but 
to provide a clear method of programming, the graphics 
involved should be relatively simple. 
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7.1.3 Why? Can you? Bow? Cost of Task Orientated Robot Design 

-----Wby Design Robot. For A Task-----

One of the great merits of product dependent robots is they 

are tailored exactly to meet a given specification. The costs in 

doing so are only excessive when the product they were designed 

around changes to such an extent that they are made obsolete. 

Designing a robot around a task specification allows a robot 

structure, which matches the requirements of the task to be 

established, whilst ensuring that the robot design does not 

become product dependent. considering the other extreme, as the 

design specification of a task robot is more explicit than the 

design specification of a general purpose robot, the task robot 

should less complicated. 

Hence, one of the main advantages of a task robot is that it 

is not too specific that it becomes product dependent, but at the 

same time not too general that it becomes over complex. 

Although a robot structure can be designed to position and 

orientate it's end-effector within a given work-space, the load 

it can carry will be dependent on its' configuration. If the task 

is known at the design stage.of a robots development then the 

structure can be chosen to match the task implicitly. Hence, a 

task robot will be more apt to perform the task. 
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-----Is it possible to design task robots----

The design process of a robot structure generally requires 

kinematic, static and dynamic analysis. Active manufacturing task 

such as spraying, welding and gluing have feed-rates which are 

predefined by the manufacturing process. These feed-rates are 

relatively slow, and hence such applications make use of robots 

driven by d.c.motors with large gear-boxes; If this is the case 

the joints can be considered as being decoupled. 

Tasks which require high precision, speed or carriage of pay

loads require closer attention with regard to the dynamic 

analysis. with regard to available robots the majority are driven 

as previously discussed. Hence, such requirements could not be 

matched by the available robots. If a robot did exist then this 

could be used as a surrogate, if it does not, a new robot would 

have to be designed (this is true'without the task approach as 

well). 

The same materials used to construct product dependent robots 

and general purpose robot are equally suited for task robots. 

Alternatively, if an inexpensive industrial robot matched the 

design specification of the desired task robot, this can be used 

as a surrogate structure. 
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with regard to the controller of the task robot, by using a 

robotic framework and a number of building blocks a robot 

coordinator and a number of joint controllers can be customised 

to the designed robotic structure. 

The research undertaken on the hardware elements of a robot 

controller showed that two types of modules can be used to 

provide the customised hardware. The software techniques devised 

allow software modules to self customise themselves. The work on 

forming a number of generic modules, and in particular a set of 

general inverse kinematics can be formed within the robotic 

framework. 

-----Wbat are the alternatives?-----

The alternatives are either product dependent assembly lines 

or industrial robots. The product dependent robots suffer from 

beinq too explicit in design, which can be a problem if the 

product L'fe-scale is short. Whereas industrial robots have 

structures which are designed generally, have dedicated 

controllers (hardware and software) with a predefined programming 

environment. 
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-----What is the cost?-----

The cost in designing the robot is hard to determine, it would 

be dependent on the designer. Considering the eventual robotic 

framework simUlation facilities would be included. Thus, taking 

a conservative estimate that it would take three weeks to design 

the robot, a week to construct the robot, and a further two weeks 

to test and commission the robot structure, this gives a total 

of 6 man weeks (E6,000). The components used to construct the 

robot would probably not exceed £5,000. As the customer would 

probably be prepared to pay around £30,000 for the robot this 

leaves £19,000 of funds to. customise the robot controller and the 

programming environment. 
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7.2 out.tanding a ••• arch .nd Long T.rm a •••• rch Plans 

ACME, Meiko Scientific and Fast Filters are supporting the 

current research programme (ACME grant number GR/G 04875). The 

title of the research programme is 'The investigation of new 

techniques and methodologies in the control of advanced 

production machinery', and it's starting date was the 1st June 

1990. 

The main core of the research programme entails the creation 

of the robotic framework and a number of generic modules which 

can be customised to form a robot controller. To clearly 

demonstrate the new aspects of the research the 'sprayer robot' 

has been used. 

As reported in chapter 6 research has been directed into 

developing the infra-structure used to customise a programming 

environment. The existing research required within the infra

structure of the generic robot controller is detailed in 

chapter 3 (hardware joint level), chapter 4 (modular software 

architecture) and chapter 5 (generic coordination). 
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Proposed future research programmes include: 

object orientated manufacture: The main core of this 

programme entails how to integrate a number of fully 

automated task robots to form a production environment. 

Application of task robots to •• diu. scal. manufacturinq: 

This programme includes a number of pilot studies on the 

task orientated approach within local companies. [A short 

proposal requesting support has been sent to ACME.] 

ROBOCAD: This research program makes use of the robotic 

framework and the generic modules developed and will 

provide a multi discipline CAD system capable of 

customising a robot structure to a manufacturing task. 

[Currently funding under Eureka is being sort.] 

SERVOCAD:This research programme concerns forming a multi

discipline CAD facility for integrating the elements of a 

servo system. 
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F. Naghdy , P. strickland 'Distributed architecture for parallel 
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Conference, 1989 Lancaster University, proceedings of 
Mechatronics in Products and Manufacturing'. pp. 1-7 Pre.ented 
by Paul strickland: 
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P. strickland, J.E.L. Hollis, F. Naghdy & J. Billings1ey 'The use· 
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transputer products' Euromicro conference, Koln Germany, 
September 1989, Proceedings of 'Microprocessing and 
microprogramming pp. 223-228. Presented by Paul strickland 

P. Strickland, J.E.L. Ho11is, F. Naghdy & J. Billingsley 'A 
universal and distributed approach to real time control using 
occam and transputers' SERC/D.T.I. transputer loan report TR1/084 
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Presented at the SCICCI Conference singapore 1992 
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P. Strickland & J .E.L. Hollis 'A distributed manipulator 
Environment: Research Programme and Collaborators ' 1989 

P. strickland, F. Naghdy, J.E.L Holli8 , J. Billingsley 
• Implementation of functional parallelism within a. robotic 
controller using occam and transputers' 1990 

P. strickland 'Application of the transputerto control systems' 
Proposal to B.Y.G. Ltd. 1990 

p.strickland 'Task orientated Robots' Proposal sent to local 
companies including Apollo Fire System Ltd 1990 

P. strickland 'Universal control of robots using occam and 
transputers' Proposal sent to Meiko Scientif ic U. K., Fast Filters 
and Unimation U.K. 1990 

P. strickland, J.E.L. Hollis & J. Billingsley 'Investigation of 
new techniques in the control of advanced production machines' 
ACME research grant proposal. 1990 

P. strickland, J.E.L. Hollis & J. Billingsley 'Investigation of 
new techniques in the control of advanced production machinery' 
First review report. 1991 (For ACME grant) 

P. strickland, J.E.L. Hollis & J. Billingsley 'Application of 
task robots to medium scale manufacture' ACME research grant 
proposal. 1991 
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----FUrther Presentations---
by Paul Strickland 

'Who needs industrial robots and transputers?' Seminar presented 
at the School of System Engineering. 1989 

Short Abstract: CUrrent robot systems are expensive, hard 
to integrate and program so why use them. The merits of a 
robot which is orientated around the task was discussed, 
together with the need of a generic robot framework of 
design. 

'CUstomer or Consumer' Presentation to IProdE 1990 

Short Abstract: The robotic systems currently available 
were discussed. The paradox of being a manufacturer, but at 
the same time a consumer of robotic equipment was 
discussed. The question was raised whether any body would 
be brave enough to invest in automation. Attention was then 
drawn to the task orientated approach. 

'Why Meiko Scientific? - computers are everywhere.' P~esentation 
to Meiko Scientific 1990. 

Short Abstract: Within a factory computers are used at 
every level from the sales department to controlling the 
actuators of the production machines. This was used to 
high-light the distributed computer nature of manufacturing 
and the relationship to transputers and thus, the potential 
of developing such a distributed system. 

'Task orientated Robotica' Presentation to collaborators (Meiko 
scientific and Fast Filters) and Acme Review Panel. 

Short Abstract: The potential of the task orientated 
approach and how such systems can be implemented using a 
number of intelligent building blocks. The application of 
panel spraying was used to outline the activities which 
.lead to the creation of such a system. 
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RELATED EUROPEAN RESEARCH PROJECTS 
Advanced Architecture for Univeraal Machine Control 

Loughborough University, Quin systems, 
BYG systems, Crocus, ZCL , 

Martonair 

Phase 1: Objective: Design of a series of 'meccano' modules from 
which a robot with the desired number of fully servo-controlled 
axes can be quickly developed. 

Phase 2: Objectives: To extend the modular concept to a flexible 
work-handling system where their modules may be distributed. 
Comparison between the modular approach of using a number of 
single axis machines with regard to conventional robots and 
dedicated automation for certain applications. 

Phase 3: Objectives: To specify and implement a reference 
archi tecture, associated modular elements and graphical modelling 
tools which will facilitate the configuration of custom machine 
controllers to suit a wide variety of specific manufacturing 
tasks. 

A Universal Digital Servo Drive for Robotic 
and Kanufacturing Systems Applications. 

Birmingham Polytechnic and Cranfield 

The objectives of this research is the creation of a digital 
control system for servo motors capable of making axis moves with 
enhanced dynamic performance and which maintains the performance 
despite secular changes in the system. 

The programme of research is firstly the development of a 
computer work station in which to implement the chosen control 
strategy (state space with self tuning). The next stage concerns 
the modelling and system identification of the servo system with 
the aim of realising the control software. 
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Flexible Xanufacturinq Cell 
EHI Central Research Laboratories U.K. 

(Finalised 1988) 

The research was directed towards a flexible robotic assembly 
(comprised of a mixture of fixed mechanical structure and 
programmable machines) which could be reconfiqured for product 
changeover with minimum operator interventation. The computing 
power of a single transputer was used to ~oordinate the flexible 
manufacturing cell. 

In main, they developed a system which is based upon two 
mechanical structures which combined formed a 6 OOF manipulator; 
a number of part feeders; the necessary sensory inputs and a tool 
bed. The realisation of the cell was based upon experience with 
a number of different control architectures. The hardware 
comprised of a AT IBM clone, a manipulator controller based on 
a single transputer and a Z80 based PLC to interface to interface 
with the cell sensors. 

The software written for the hardware allowed the cell to be 
programmed (using a structured set of primitive actions), 
simulated, taught and controlled. 

Xetamodel1ing of Robots 
Glasqow University, Lamberton Robotics , Cambridqe Control 

Objectives: To develop generic methods for automatically 
generating robot models, in a variety of forms, and to providing 
the corresponding validation techniques. Called metamodelling to 
distinguish it from the usual one-off modelling of specific 
robots. The generic techniques will be applied to develop 
specific robots manufactured and designed by Lamberton Robotics. 

The research makes use of symbolic algebra techniques (Bond 
Graph) for the generation of robot models in a number of forms 
appropriate to a variety of analysis, synthesis and simulation 
techniques. Models of actuation SUb-systems as well a rigid body 
dynamics have had this technique applied. 
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computer Algebra and Solid Modelling 
Univeraity of Bath , IBK UX 

(Finalised 1989) 

Objectives: To create a innovative geometric algebra system 
which will solve geometric problems analytically in a manner 
analogous to the way that conventional computer algebra systems 
solve algebraic problems. 

AD Automatic Assembly System Linked to a CAD Database 
Cambridge university, IBH U.K. , British Aerospace 

(Finalised 1989) 

Objects: To investigate fundamental methods required for semi
automonous robotic assembly systems. To implement modules for 
knowledge-based assembly planning, vision systems for part 
recognition, location and error monitoring and control, force 
sensors, and multi-variable robotic control. To implement these 
in an integrated context rather than a real-time system and to 
focus on specific aerospace assembly task. 

Automatic Generation of NC data fro 5-Axis Milling 
Prom A solid Modeller 

(Finalised 1987) 

Objectives: To lay the groundwork for establishing automatic 
links between CAD software (represented by a solid modelling) and 
the production of data for 5-Axis milling, especially for parts 
containing curved or free-form surfaces. 
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