
 
 
 
 
 
 
 

Abstract 

The dissertation presents a CAD tool for the preliminary design of 3-axis machine 
tools. This CAD tool comprises methods and software tools for the synthesis, 
analysis and optimisation of the preliminary structural configurations and of the 
preliminary geometry of 3-axis machine tools.  

The structural configurations of 3-axis machine tools are described by con-
figurational parameters that are used to synthesise various machine variants. During 
such synthesis the variants are automatically assembled from parametric structural 
components. Six analysis tools have been developed for the evaluation of the 
synthesised machine variants: a tool for sorting out unrealistic machine tool 
configurations; a tool for constraining the machine configurations of interest; a tool 
for calculating the total volume of the geometric models; a tool for determining the 
geometric interferences between the structural components; a tool for calculating the 
static structural deformations; and a tool for calculating the natural frequencies of 
the structures. The optimisation of the configurational and the geometric parameters 
is carried out by genetic algorithms or by a gradient-based algorithm where the 
multi-criteria objective functions are composed of the analysis results. 
 
 
 
 





 

iii 

Acknowledgements 
This dissertation presents the results of the research and development work carried 
out at the Katholieke Universiteit Leuven between 1995 and 2001. The dissertation 
could not have been completed without the help and support of many persons whom 
I owe acknowledgements. 

First and foremost, I would like to express my sincere gratitude to Professor 
Hendrik Van Brussel who has been my supervisor at KUL. When in 1995 I came to 
Leuven as a visiting researcher, he gave me a warm welcome. Later he offered me 
the possibility to carry out a doctoral research at KUL-PMA. During the years in 
Leuven I learnt much from Prof. Van Brussel. He provided me with ample opportu-
nity for extending my knowledge: I could participate in international research, I 
gained knowledge of the state of the art, especially in machine tool research, I 
attended inspiring conferences, and, last but not least, I learnt to think ‘mechatroni-
cally’. He helped me with valuable advice, kind criticism and encouragement 
throughout my research, and he gave me full support to reach my objectives. I have 
always admired his skills in being a professor, the supervisor of numerous PhD 
students, a research leader as well as an excellent manager at the same time. 

My special thanks are due to Professor András Lipóth (BUTE, Budapest) 
who has also been my supervisor. When I came to Leuven, I did not know him very 
well. I first studied his ingenious design system when we were considering of 
establishing a joint research project between KUL, BUTE and other European 
institutions. Meanwhile, I started my doctoral research with the aim to extend his 
system and build a more comprehensive system that is suitable for optimisations. 
During the development of this system I had many valuable and encouraging 
discussions with him (mainly via e-mails). Now that he is my colleague at BUTE, I 
know him well. Besides teaching, we work together on the project that was finally 
accepted. Many thanks to him for sharing his ideas with me and for providing me 
with constructive criticism. I also thank him for being so frank and open-spirited. 

I am also grateful for Professor Gusztáv Arz (BUTE, Budapest) who was my 
supervisor when I was a PhD student at BUTE. He taught me machine tool design 
and it was him who equipped me with the necessary skills to start research in this 
field. I thank him for the encouragement with which he followed my studies abroad. 
I feel privileged that he has been a member of my doctoral committee. 

I owe special thanks to Professor Dominiek Reynaerts for being a member of 
my doctoral committee. He provided me with guidance throughout my research. I 
thank him for his careful reading of this dissertation and for giving me useful 
remarks and suggestions. 

Many thanks go to Professor Dirk Vandepitte for being a member of my doc-
toral committee. He helped me in working out the principles of the static analysis. I 
thank him for his attentive reading of this dissertation and for the insightful advice I 
received from him. 

Special thanks are due to Professor Farid Al-Bender who shared many of his 
thoughtful insights with me and gave me inspiration on many occasions. I also thank 
him for the careful reading of certain parts of the draft text of this dissertation. I am 
deeply pleased that he is a member of the jury of my doctoral defence. 



iv Acknowledgements 

Many thanks to Professor Paul Fisette (UCL-PRM) who helped me in work-
ing out the dynamic analysis tool. It was him who created the Robotran models and 
who elaborated the numerical solver in Matlab. I owe him much thanks for the 
accomplishment of this work. I also thank him for kindly agreeing to be a member 
of the jury of my doctoral defence. 

I owe thanks to Professor Bert Lauwers who shared his experience concern-
ing Unigraphics. I also thank him for being a member of the jury of my defence. 

I thank Professor Jos Vander Sloten (KUL-Biomech.) for being a member of 
the jury of my defence. 

Special thanks are due to Professor Herman Bruyninckx who helped me in 
working out the static analysis method and who gave me valuable advice in 
searching for optimisation software. He also provided me with the matrix inversion 
functions I used throughout my work. 

I thank Professor Joris De Schutter for giving guidance in finding the method 
of the dynamic analysis. 

Many thanks go to Luc Bongaerts who shared his experience in programming 
with me. It was him who kindly translated the abstract of this dissertation into 
Dutch. I also thank him for his support and friendship. 

I owe special thanks to the following colleagues who helped me during my 
research and development work: to Indra Tanaya Prianggada for giving valuable 
advice on programming in C++, to Pieter Dejonghe who shared his experience with 
me in using and programming Unigraphics, and to Pierre De Fonseca who shared his 
knowledge with me concerning optimisation techniques. 

I owe thanks to Jan Thielemans and Ronny Moreas who were always ready 
to help whenever I had problems with computers. 

I was surrounded with kind roommates for several years. With Mark 
Versteyhe we became assistants at PMA in the same year and we also became good 
friends. I thank him for his friendship. I also thank the other roommates: Adi 
Sudadi-Soembagijo, Jan Peirs, Wim Meeusen, and Steven Devos for their support 
and collegiality. Special thanks to Wim Meeusen who helped me with the adminis-
trative tasks of finishing my doctoral research. 

I am glad that I could enjoy the kind company of the following colleagues: 
Marnix Nuttin, Tonny Van Ginderachter, Wim Symens, Erwin Aertbelien, Jean-
Pierre Merckx, Joeri Clijnen, Johannes Bonse and Hua-Chih Huang. 

Many thanks for the members of the administrative staff: Karin Dewit, Lieve 
Notré, Ann Letelier, Carine Coosemans and Luc Heine. 

Intellectual help and skills alone are not enough for the completion of such a 
work. The KUL–Soros Foundation programme and the IUAP project gave me the 
necessary financial support without which this dissertation could not have been 
written. 

Finally I owe much thanks to my parents and family for their never-ending 
support and understanding. When I came to Leuven I was a single, lonely man. 
Thanks God, I met my wife, Beáta, here in Leuven. Many thanks to her for her 
friendship, love, continuous support and patience, and for the correction of the 
English text of this dissertation. 

 
István Németh 

Leuven, June 2003 



 

v 

Table of Contents 

ABSTRACT I 
ACKNOWLEDGEMENTS III 
TABLE OF CONTENTS V 
SYMBOLS AND ABBREVIATIONS IX 

PREFACE  XIII 

CHAPTER 1  SITUATING THE WORK 1 
1.1 INTRODUCTION 1 
1.2 DESIGN SCIENCE AND ENGINEERING DESIGN 2 

1.2.1 Design Science 3 
1.2.2 Engineering Design 6 
1.2.3 Models of the Design Process 12 
1.2.4 Conclusion: Situating the Work in ‘Engineering Design’ 19 

1.3 COMPUTER-AIDED ENGINEERING DESIGN 20 
1.3.1 Major Fields of Computer Application in Engineering Design 21 
1.3.2 Geometric Modelling 21 
1.3.3 AI in Engineering Design 22 
1.3.4 Design form the Viewpoint of AI 23 
1.3.5 ‘AI in Design’ Methodology  26 
1.3.6 Major Fields of ‘AI in Design’ 26 
1.3.7 Configuration Design 27 
1.3.8 Object-Oriented Design and Programming 30 

1.4 TRENDS IN ENGINEERING DESIGN 31 
1.4.1 Concurrency 32 
1.4.2 New Opportunities Provided by Advanced IT 34 
1.4.3 Design Paradigm Shift  34 
1.4.4 Information Overload 35 

1.5 STATE OF THE ART OF MACHINE TOOL DESIGN 36 
1.5.1 A Literature Survey of Machine Tool Design 36 
1.5.2 Conclusion: Towards a New Approach 47 

1.6 CONCLUSIONS 49 

CHAPTER 2  RESEARCH OBJECTIVES AND  
AN OVERVIEW OF THE DESIGN SYSTEM 51 

2.1 INTRODUCTION 51 
2.2 RESEARCH OBJECTIVES 51 
2.3 AN OVERVIEW OF THE DESIGN PROCESS 53 
2.4 FUNCTIONAL MODULES OF THE DESIGN SYSTEM 54 

2.4.1 CAD System 54 
2.4.2 Component Library 54 
2.4.3 Configuration Algorithms 55 
2.4.4 Analysis Tools 55 



vi Table of Contents 

2.4.5 Robotran© 56 
2.4.6 Matlab® 57 
2.4.7 Optimisation Algorithms 57 
2.4.8 PVM© 58 
2.4.9 Parallel Processing Algorithms 58 
2.4.10 User Interface (I/O) 58 
2.4.11 Utilities 59 
2.4.12 System Object Model 60 

2.5 USING THE DESIGN SYSTEM 60 
2.5.1 Operating Modes of the Design System 60 
2.5.2 Using the Design System for Different Purposes 61 

2.6 CONCLUSIONS 61 

CHAPTER 3  SYNTHESIS 63 
3.1 INTRODUCTION 63 
3.2 DESCRIPTION SYSTEM OF 3-AXIS MACHINE TOOLS 64 

3.2.1 Scope of the Design System: 3-axis Machine Tools 64 
3.2.2 Characteristics of the Layout of 3-Axis Machine Tools 66 
3.2.3 Setting up the Reference Coordinate System 70 
3.2.4 The Configurational Parameters 71 
3.2.5 Conclusion: Extension of Lipóth’s work 72 

3.3 FORMULATING THE GEOMETRIC MODEL OF 3-AXIS MACHINE TOOLS 73 
3.3.1 Design of the Guideways: Two Rails with Four Carriages 73 
3.3.2 Configuration from Predefined Parametric Components 73 
3.3.3 Separation of the Fixed Member into Two Components 75 
3.3.4 Object Oriented Design and Programming 76 
3.3.5 Using a Commercial Solid Modeller – UnigraphicsTM 77 

3.4 THE COMPONENTS AND THEIR ASSEMBLIES 77 
3.4.1 An Overview of the Components and Their Classes 78 
3.4.2 Parametric Geometry 89 
3.4.3 Assembling the Components: Joining Surfaces – Coordinate Systems – 

Transformation Matrices 90 
3.4.4 Aligning the Fixed Components 95 
3.4.5 Assembling the Components in the CAD system 97 
3.4.6 Instantiation of the Components 98 
3.4.7 Parameterisation and Detailed Properties of the Components 100 

3.5 CONFIGURING THE MACHINE TOOL MODELS 114 
3.5.1 The Machine Tool Classes 114 
3.5.2 Components of the Machine Tool Classes 114 
3.5.3 Benefits of Object-Oriented Design and Programming 116 
3.5.4 Configuration Algorithms 117 
3.5.5 General Configuration Algorithms 118 
3.5.6 Configuration Algorithms of Class ‘Machine Tool NT_HST’ 125 
3.5.7 Configuration Algorithms of Class ‘Machine Tool NT_TBL’ 130 
3.5.8 Configuration Algorithms of Class ‘Machine Tool TBL’ 131 
3.5.9 Configuration Algorithms of Class ‘Machine Tool HST’ 134 

3.6 MODIFICATION OF THE GEOMETRIC PARAMETERS 136 
3.7 CONCLUSIONS 137 



Table of Contents vii 

CHAPTER 4  ANALYSIS 139 
4.1 INTRODUCTION 139 
4.2 EXTENSIONS OF THE CONFIGURATION ALGORITHMS 140 

4.2.1 Values of the Configurational Parameters 140 
4.2.2 Generation of Mutants 141 
4.2.3 Configuration: Instantiation without Opening the Part Files 143 
4.2.4 Fast Enumeration of Machine Variants 143 

4.3 LEGALITY ANALYSIS 144 
4.3.1 Rotated Variants 144 
4.3.2 Unrealistic Variants 147 
4.3.3 Applying the Legality Analysis for the Whole Design Space 148 

4.4 FEASIBILITY ANALYSIS 148 
4.4.1 Symmetric/Asymmetric Variants 149 
4.4.2 Mirrored Mutants 150 
4.4.3 Constraints for the Direction of the Spindle 153 
4.4.4 Constraints for the Orientation of the Table 153 
4.4.5 Constraints to Short/Long Guideway Constructions 154 
4.4.6 Eliminating Potentially Unrealistic Variants 155 
4.4.7 Results of the Feasibility Analysis 157 

4.5 SUMMARY OF DEFINITIONS FOR LEGALITY AND FEASIBILITY ANALYSES 159 
4.6 VOLUME ANALYSIS 160 
4.7 MOVING COMPONENTS IN DIFFERENT POSITIONS FOR CLEARANCE, STATIC AND 

DYNAMIC ANALYSES 160 
4.8 CLEARANCE ANALYSIS 161 
4.9 STATIC ANALYSIS 163 

4.9.1 Measure of the Overall Deformation 164 
4.9.2 Compliant Component Connections 165 
4.9.3 Calculations of the Displacements 166 
4.9.4 Measures of the Static Analysis 170 
4.9.5 An Example and Results 171 
4.9.6 Static Deformations Postprocessor 175 

4.10 DYNAMIC ANALYSIS 177 
4.10.1 The Method of the Dynamic Analysis 178 
4.10.2 Modelling with Robotran© 178 
4.10.3 Machine Tool Models in Robotran© 179 
4.10.4 The Outputs of Robotran© 186 
4.10.5 The Numerical Solver 187 
4.10.6 Performing the Dynamic Analysis within the Design System 187 
4.10.7 An Example of the Dynamic Analysis 188 

4.11 CONCLUSIONS 190 

CHAPTER 5  OPTIMISATION 193 
5.1 INTRODUCTION 193 
5.2 OPTIMISATION OF THE GEOMETRY 193 

5.2.1 Specifying the Design Variables 194 
5.2.2 Definition of the Objective Function 194 
5.2.3 Characteristics of the Optimisation Problem 197 



viii Table of Contents 

5.2.4 Optimisation with DONLP2© 199 
5.2.5 Optimisation with Genetic Algorithms 200 
5.2.6 Parallel Processing and PVM© 205 
5.2.7 Optimisation Examples 209 
5.2.8 Conclusions of the Optimisation of the Geometry 217 

5.3 OPTIMISATION OF THE CONFIGURATION 217 
5.3.1 Definition of the Optimisation Problem 217 
5.3.2 Configuration Optimisation with Exhaustive Search 218 
5.3.3 Configuration Optimisation with Genetic Algorithms 221 
5.3.4 Conclusions of the Optimisation of the Configuration 229 

5.4 CONCLUSIONS 229 

CHAPTER 6  GENERAL CONCLUSIONS 231 
6.1 THE METHODOLOGY 231 

6.1.1 The Synthesis Methods 232 
6.1.2 The Analysis Methods 232 
6.1.3 The Optimisation Methods 233 

6.2 A NEW INTEGRATED SOFTWARE SYSTEM 234 
6.3 SUGGESTIONS FOR FUTURE WORK 234 

APPENDICES  237 
APPENDIX A GLOSSARY FOR ENGINEERING DESIGN 237 
APPENDIX B GLOSSARY FOR COMPUTER-AIDED DESIGN 247 
APPENDIX C SOLID MODELLING 253 
APPENDIX D REPRESENTATIVE DESIGN THEORIES 257 
APPENDIX E PHASE MODELS OF THE DESIGN PROCESS 261 
APPENDIX F ‘AI IN DESIGN’ METHODOLOGY 265 
APPENDIX G GLOSSARY FOR OBJECT-ORIENTED TECHNOLOGY AND C++ 269 
APPENDIX H UNIGRAPHICSTM CAD/CAM SYSTEM 277 
APPENDIX I FIRST PROTOTYPE OF THE DESIGN SYSTEM 299 
APPENDIX J MATRIX OPERATIONS 301 
APPENDIX K MODELLING OF MACHINE TOOLS IN ROBOTRAN 305 
APPENDIX L GENERAL FEATURES OF GALIB 2.4 313 
APPENDIX M GENERAL FEATURES OF PVM 3.4 315 
APPENDIX N SOFTWARE DEVELOPMENT AND UTILITIES 319 

REFERENCES  323 
 
 



 

ix 

Symbols and Abbreviations 

X matrix ( 33×  or 44 ×  or 66 ×  
x vector ( 13×  or 14 × ) 
x, X scalar 
x  lower bound of a variable 
x  upper bound of a variable 
X  vector used for 6 DOF general force or displacement ( 16 × ) 
{X} reference coordinate system (frame) 
 
HST member headstock 
NT_HST member next to the headstock 
NT_TBL member next to the table 
TBL member table 
HST_GW headstock guideway 
MID_GW middle guideway 
TBL_GW table guideway 
HST_GW_DR_DIR drive direction of the headstock guideway 
MID_GW_DR_DIR drive direction of the middle guideway 
TBL_GW_DR_DIR drive direction of the table guideway 
fixed_memb configurational parameter; describes which member of the 

chain is fixed to the ground 
vert_gw configurational parameter; describes which guideway is the 

vertical one 
hst_gw_short configurational parameter; describes which member has the 

short part at the headstock guideway 
mid_gw_short configurational parameter; describes which member has the 

short part at the middle guideway 
tbl_gw_short configurational parameter; describes which member has the 

short part at the table guideway 
spindle_dir configurational parameter; describes the direction of the 

spindle axis 
table_norm configurational parameter; describes the direction of the 

normal of the table plane 
hst_gw_norm configurational parameter; describes the direction of the 

normal of the plane of the headstock guideway 
mid_gw_norm configurational parameter; describes the direction of the 

normal of the plane of the middle guideway. 
tbl_gw_norm configurational parameter; describes the direction of the 

normal of the plane of the table guideway. 



x Symbols and Abbreviations 

XP, YP, ZP coordinate axes of the primary coordinate system of a 
component 

XS, YS, ZS coordinate axes of the secondary coordinate system of a 
component 

 
 
AD Axiomatic Design 
AI Artificial Intelligence 
AID AI in Design 
API Application Programming Interface 
ASCII American Standard Code for Information Interchange 
BOM Bill of Materials 
BUTE Budapest University of Technology and Economics 
C Programming language 
C++ Programming language (object-oriented extension of C) 
CAC Computer-Aided Creation;  

Computer-Aided Configuration 
CAD Computer-Aided Design 
CADD Computer-Aided Drawing and Drafting 
CAE Computer-Aided Engineering 
CAM Computer-Aided Manufacturing 
CAPP Computer-Aided Process Planning 
CAQA Computer-Aided Quality Assurance 
CAN Controller Area Network 
CAT Computer-Aided Testing 
CECIMO European Committee for Co-operation of the Machine Tool 

Industry 
CEDAM Concurrent(ly) Engineered Design Approach of Machine 

tools 
CNC Computer Numerical Control 
CPU Central Processing Unit 
DOF Degree(s) of freedom 
DFA Design for Assembly 
DFM Design for Manufacturing 
DFMA Design for Manufacturing and Assembly 
DOF degree(s) of freedom 
DTM Design Theory and Methodology 
EA(s) Evolutionary Algorithm(s) 
FE Finite Element 
FEA Finite Element Analysis 
FEM Finite Element Modelling 
GA(s) Genetic Algorithm(s) 



Symbols and Abbreviations xi 

GM Geometric Modelling 
GT Group Technology 
GUI Graphical User Interface 
IAM Interactive Analysis Manager 
ICAD Intelligent CAD 
ID Identification 
IT Information Technology 
KBDS Knowledge-Based Design System 
KIC Knowledge Integrated CAD 
KAD Knowledge-Aided Design 
KUL-PMA Katholieke Universiteit Leuven, Department of Manufactur-

ing Engineering, Division of Production Engineering, Ma-
chine Design and Automation 

MCU Motion Control Unit 
MW Machining Workstation 
MPP Massively Parallel Processors 
NC Numerical Control 
NLP Non-Linear Programming 
OODP Object-Oriented Design and Programming 
PCM Propose, Critique, and Modify 
PDM Product Data Management 
PPA Parallel Processing Algorithm 
PSM Problem-Solving Method 
PVM Parallel Virtual Machine 
QFD Quality Function Deployment 
RCS Reference Coordinate System 
RMS Reconfigurable Manufacturing System 
RMT Reconfigurable Machine Tool 
SDP Static Deformations Postprocessor 
SQP Sequential Quadratic Programming 
TFR-TRI Top Front Right Trimetric 
UCL-PRM Université Catholique de Louvain, Department of Mechanical 

Engineering, Division PRM 
UML Unified Modelling Language 
VDI Verein Deutscher Ingenieure  

(Association of German Professional Engineers) 
WCS Work Coordinate System 
WSC Workspace Centre 





 

xiii 

Preface 

In our time, there are many novel design methodologies, computer-aided design 
(CAD) tools, artificial intelligence (AI) and information technology (IT) tools 
available together with powerful computers that may support the systematic machine 
design. The integrated use of these tools and technologies could open new possibili-
ties in the design of machine tools, especially in the exploration and exploitation of 
design alternatives in the early phases of the design process where the major 
decisions underpin all subsequent decisions. The main advantage of computer 
support during preliminary design is that the systematic creation (or enumeration) of 
variants does not let the designer miss any possible configuration variant. Thus, 
variants might be explored that had not been conceived of before or that had been 
overlooked by designers during a systematic but imperfect (manual) design process 
before. Today, the advent of high-speed computers, large memory and storage 
capacities, distributed computing, etc., enable the synthesis and evaluation of 
thousands of design alternatives within a reasonable time. 
 
This dissertation presents the results of the research and development of a new 
integrated computer-aided design system that supports the synthesis, analysis, and 
optimisation processes of the preliminary design of 3-axis machine tool structures. 
This system is able to synthesise numerous design variants, analyse and evaluate 
these variants by taking several design aspects into account, and perform automated 
optimisations. 
 
Chapter 1 of the dissertation is a comprehensive literature study. It situates the 
problem itself in engineering design with special attention to computer-aided design, 
and it provides an extensive survey of the sate of the art in the field of machine tool 
design with special attention to the systematic design of machine tools. 

Chapter 2 presents the research objectives that have guided the research and 
development of the design system. It describes the design process that the design 
system supports, and it gives a short overview of the design system with special 
attention to the software tools that have been developed and integrated. 

Chapter 3 presents the synthesis methods. It defines the 3-axis machine tools 
the design system is able to synthesise and presents their description system. This 
chapter also describes the component library and the configuration processes that 
assemble the parametric machine tool models from the component library. 

Chapter 4 discusses the analysis tools that were developed for the evaluation 
of the synthesised machine tool structures. 
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Chapter 5 deals with the optimisation methods that were developed for the 
optimisation of the machine tool geometry and for the optimisation of the machine 
tool configurations. 

Chapter 6 draws the general conclusions of the dissertation and makes sug-
gestions for future work. 



 

1 

Chapter 1 
Situating the Work 

“Those who wish to succeed must ask the right preliminary questions.” 
 Aristotle, Metaphysics, II, (III), i. 

1.1 Introduction 
This chapter investigates recent achievements in engineering design, computer-aided 
design and machine tool design. Based on such study, this chapter defines and 
situates the questions the dissertation explores. This chapter also attempts to provide 
a wider framework for the research and development of computer-aided design tools 
for the design of machine tools. 

The first part of this chapter (Sections 1.2, 1.3 and 1.4) deals with the state of 
the art in computer-aided engineering design. This part, first, in Section 1.2, 
introduces design science, design theory, design methodology, and engineering 
design and it defines some important terms and concepts that are relevant to this 
dissertation. We will define a basic design cycle along which the design processes of 
the developed system are executed. We will introduce a phase model of the design 
process in which we can situate the design tasks that were performed during the 
development of our design system or that are supported when we use the design 
system, and we will characterise these design tasks. 

Then, in Section 1.3, we will investigate computer-aided design: in particular, 
we will describe geometric modelling and highlight some important issues in the 
field of artificial intelligence (AI) in design with respect to the scope of this 
dissertation. We will characterise the design process, the design space and the design 
knowledge from the point of view of AI and describe the most important questions 
of the methodology for the development of computer-aided (AI-based) design 
systems (software). We will describe configuration design problem solving that is 
one of the main subjects of this dissertation. We will also introduce and situate 
object-oriented design and programming as a specific field of AI because it was used 
as the major development tool during the development of our design system. 

Then, in Section 1.4, we will indicate some important trends in the evolution 
of computer-aided engineering design, such as concurrent product design (including 
mechatronics), concurrent product development (concurrent engineering), new 
opportunities provided by advanced information technologies (including parallel 
processing), and a design paradigm shift. As a trend, we will also show a side effect 
of this evolution – the problem of information overload. 
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The second bigger part of this chapter (Section 1.5) deals with machine tool 
design. Here, we present the state of the art in this field, with special attention to the 
systematic design of machine tools. Then, we envisage the development of a new 
integrated computer-aided design environment that supports the mechatronic design 
and virtual engineering of machine tools, and consider this as an ultimate goal of 
future research and development. 

Finally, in Section 2.2, in the light of the study presented in the previous sec-
tions, we will describe the main objectives of the research and development 
activities that are presented in the dissertation. 

The aim of this chapter is threefold. First, it situates the problem that is to be 
addressed in the dissertation and it also indicates some related problems in a wider 
context that await solutions in the future. Second, it describes and situates possibili-
ties of solving the problems defined. Third, it makes some suggestions for solving 
these design problems and for building design tools for that purpose. 

1.2 Design Science and Engineering Design 
This section gives an overview of the field of engineering design in general. For this 
section, Appendix A provides a glossary for the definition of some basic terms. 

Design is a human activity: “the desire to recast the world to suit our purposes is a 
defining characteristic of being human” [Brown & Birmingham, 1997]. “The world we 
live in today is a much more man-made, or artificial, world than it is a natural 
world” [Simon, 1981, p. 4]. Artificial things, or artefacts, are always designed and 
synthesised by man and they can be characterised in terms of functions, goals, and 
adaptation1. “Prospective artificial objects having desired properties are the central 
objective of engineering activity and skill. The engineer, and more generally the 
designer, is concerned with how things ought to be – how they ought to be in order 
to attain goals, and to function.“ [Simon, 1981, p. 7] 

The word ‘design’ has at least three important meanings: a process, an object, 
and a discipline [Kryssanov et al., 1999]. (1) Design, as a process, is primarily a mental 
activity, an activity of thinking. (2) The design process generates a design (an 
object): the ultimate aim of designing/thinking activity is to develop an artefact – the 
product. The engineering design process is a set of information-processing activities 
that creates the description of the engineered product guided by some set of 
specifications and some set of constraints [Brown & Birmingham, 1997]. These activities 
consist of conceiving the consumers’ needs, formulating requirements based on 
these needs, transforming the requirements into performance and function specifica-
tions, and mapping and converting these specifications into design solutions.2 
Feasible designs not only satisfy the specifications but also take into account other 

                                                           
1 See [Simon, 1981, p. 8]. Simon uses the term ‘adaptation’ in the sense of ‘fulfilment of purpose’, 

or ‘adaptation to a goal’, or ‘adaptive performing in the environment’. He asserts that if the 
artefact’s inner environment, i.e. the artefact itself with its inner structure, is appropriate to the 
outer environment, or vice versa, the artefact will serve its intended purpose. 

2 It is a widely accepted scheme of the engineering design activity (see, e.g., [Dym, 1994; Hubka & 
Eder, 1988; Pahl & Beitz, 1996; Roozenburg & Eekels, 1995; Ullman, 1997; Tong & Sriram, 1992a; Kryssanov et 
al., 1999] ), although different authors have different views on engineering design and use diverse 
models and terminology to define it. 
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constraints in the design problem.3 (3) Design as a scientific discipline, called design 
science, comprises a collection (a system) of logically connected knowledge in the 
area of design [Hubka & Eder, 1988]. 

Two aspects can be clearly distinguished in engineering design, namely (1) 
the knowledge that is used by designers during the design process – the science and 
technology for design; and (2) the knowledge about the nature of their work – the 
science of and about design [Hubka & Eder, 1988]. Design science primarily aims to 
provide general knowledge about design, but it also facilitates the generation, 
systematisation and integration of the knowledge for design. 

1.2.1 Design Science 
Design science is a scientific study of the design activity in its context, including 
concepts of technical information and of design methodology. It addresses the 
problem of determining and categorising all regular phenomena of the artefact to be 
designed and of the design process. Design science is also concerned with deriving 
appropriate information (in the form suitable for designers’ use) from the applied 
knowledge of the natural sciences (including information science and psychology) 
and from practical experience. Types of design science can also be classified 
according to the area of validity – general vs. special; and according to the contents 
– theoretical vs. applied. [Hubka & Eder, 1988] 

The ultimate aim of design science is to provide a holistic framework that can 
“improve the knowledge, awareness, efficiency, effectiveness, creativity and 
productivity of practising engineering designers”. [Hubka & Eder, 1990] 

Design science will never reach the state of an “exact” science (like, e.g., 
physics or mathematics). “Like any other sciences, design science can be developed 
in one of two ways: 
 By the conventional empirical way of observing, describing, abstracting, general-
ising, formulating guidelines, modelling, refining;4 
 By postulating a set of hypotheses, formulating a theory, modelling, refining, and 
only subsequently testing.5” [Hubka & Eder, 1988, p. 218] 

These two approaches are not mutually exclusive and both of them should deliver a 
workable system. 

According to Hubka and Eder, the contents of design science can be struc-
tured in the form of a morphology matrix (see Figure 1.1), as a system of ‘state-
ments’. These ‘statements’ illuminate certain aspects of designing. Each ‘statement’ 
can be formulated along different ‘characteristics’. Each ‘characteristic’ can have 
two or more ‘states of embodiment’. The ‘states of embodiment’ are interpreted as 
alternative solutions to the problem stated by each ‘characteristic’. This morphologi-

                                                           
3 Constraints describe what must not be violated (e.g., limitations of the natural world or physical 

environment, or cost limitations and capabilities of the manufacturing technology available) 
[Brown & Birmingham, 1997]. Some authors believe that there is no meaningful difference between 
specifications and constraints since constraints can be seen as part of the specifications [Dym, 
1994]. 

4 We note that it is the research method of ‘design methodology’ (see below). 
5 We note that it is the research method of ‘design theory’ (see below). 
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cal categorisation makes design science similar to the natural sciences that are well 
categorised. [Hubka & Eder, 1988; Hubka & Eder, 1990]  

 
Figure 1.1  Morphology of statements on design science [Hubka & Eder, 1988]. 

Thus, design science is a comprehensive holistic branch of sciences that assists the 
design of various artefacts. Engineering design concerns the design of technical 
systems and makes use of the categorisation, theories, laws, methodologies, 
methods, tools, etc. provided by design science (see Section 1.2.2 for more details 
about engineering design). 

According to Hubka and Eder, Figure 1.2 shows an example of a classifica-
tion of design science using two dimensions of the morphology presented in Figure 
1.1: if we use the ‘states of embodiment’ of characteristic 4, ‘Aspects of Designing’, 
(‘technical systems’ and ‘design processes’) as a first coordinate, and two states of 
characteristic 1, ‘Methodological Category of Statement’, (‘descriptive’ and 
‘prescriptive’) as a second coordinate, we obtain the following five basic classes of 
statements (Figure 1.2): 
A. Primarily descriptive statements about technical systems – the ‘Theory of 

Technical Systems’. 
B. Primarily prescriptive statements about technical systems – the ‘Domain 

Specific Design Knowledge’. 
C. Primarily descriptive statements about the design process – the ‘Theory of 

Design Processes’. 
D. Primarily prescriptive statements about the design process – the ‘Methodology 

of the Design Process’. 
E. Primarily descriptive and prescriptive statements about working means – 

’Tools and Equipment for Design’. 
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Figure 1.2  Two dimensions of design science [Hubka & Eder, 1988]. 

Let us examine these five major classes of interest as subsets of design science 
presented above (classes A-E). 

A. Theory of Technical Systems 
The theory of technical systems explains the nature of any technical system, 
including technical plant, equipment, machines, apparatus, mechanisms, vehicles, 
machine elements, etc. The task of this theory is to investigate and describe the 
essential laws and phenomena in the area of the technical system – its structure, 
behaviour, properties, origin, development in time, taxonomy, etc. [Hubka & Eder, 
1988]. 

B. Domain Specific Design Knowledge 
It is a wide range of specialists’ domain- or branch-specific design knowledge that 
contains the know-how about realising technical systems, and fulfilling functions 
and other requirements. Today, a popular expression, ‘Design for X’, is used to refer 
to the information about the individual properties of a technical system, i.e., to 
indicate specific methods and knowledge for the design of specific products. Section 
1.4.1.1 presents some Design for X methods. 

C. Theory of Design Processes 
The theory of design processes refers to descriptive, systematic statements and 
experimentally verified relationships that explain the design process. The most 
important assumptions of the design process are: the idea that it can be decomposed 
into substeps, the applicability of variational and combinatorial principles, and the 
idea of selecting the best solution based on appropriate criteria [Andreasen, 1991]. The 
theory of design processes consists of and describes the workflow of design, leading 
from the problem formulation to the complete description of the technical system 
[Hubka, 1987]. Many researchers have addressed this field of design research, 
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especially the formulation of a descriptive model of the design process, since this 
model is the basis of all statements necessary for formulating someone’s design 
theory or methodology or for creating a design tool. In Section 1.2.3 we will show 
two models of the design process. 

D. Methodology of the Design Process 
Methodology of the design process, or as it is shortly called Design Methodology, is 
a general theory of the procedures directed to solve design problems. It involves 
both the general design strategy and also the tactical approach to individual portions 
of design work [Hubka, 1987]. Section 1.2.2.3 gives a more detailed overview of 
design methodology. 

E. Tools and Equipment for Design 
These are working means used for designing to support designers in their problem-
solving activities. They include all equipment, appliances, devices and machines at 
the workplace which directly support the designers. The tools that designers use 
have radically changed in recent times by the presence of powerful computers. The 
wider application of computers for analytical calculations, graphical representations, 
heuristic and diagnostic searches and decision-making (e.g., by artificial intelligence 
techniques) “has extended the range of technical systems that act with and for 
designers to help them drive their design process”. “An improved theory of 
engineering design should allow larger sections of the design process to be algo-
rithmized and automated, without denying the primacy of human beings in their 
creative talents.” [Hubka & Eder, 1988, p. 217] Recently, many research projects have 
been initiated in this direction (see, e.g., [Finger & Dixon, 1989; Yoshikawa, 1989; 
Tomiyama, 1995; Hew et al., 1999; Kryssanov et al., 1999]). Section 1.3 gives an overview 
of computer-aided design in more detail. 

1.2.2 Engineering Design 
Based on the statements made above, engineering design can be defined as a 
transformation process performed by humans and aided by technical means through 
which information in the form of requirements is converted into information in the 
form of descriptions of technical systems, such that this technical system meets the 
requirements of mankind [Hubka & Eder, 1988]. Engineering design affects almost all 
areas of human life, uses the laws and insights of sciences, including design science, 
builds upon special experience, and provides the prerequisites for the physical 
realisation of solution ideas [Pahl & Beitz, 1996]. 

The following two sections will classify engineering design research and 
characterise the tasks to be performed during the engineering design activities. 

1.2.2.1 Design Theory vs. Design Methodology 
Section 1.2.1 showed a classification of design science, which was made by an 
aspect of methodological category (‘descriptive’ or ‘prescriptive’ statement) and by 
an aspect of interest (‘technical system’ or ‘design process’). This categorisation 
illustrated the five major areas of design science (as a whole branch). In the 
engineering design research community a more general classification can be 
observed which divides engineering design into two major categories, namely into 
‘Design Theory’ and ‘Design Methodology’. 
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“Design theory refers to systematic statements of principles and experimen-
tally verified relationships that explain the design process and provide the 
fundamental understanding necessary to create a useful methodology for design. 
Design methodology is the collection of procedures, tools, and techniques that the 
designer can use in applying design theory to design.” [Bieniawski, 1993] Both are 
abstract structures: design theory structures a field of knowledge and design 
methodology structures a field of action. Using some of Hubka’s categorising 
characteristics (see Figure 1.1 and Figure 1.2), design theory delivers primarily 
descriptive statements, it is more scientific (theoretical), it aims to be as general as 
possible and its major objective is to provide exact foundation for design 
methodology. On the other hand, design methodology has primarily prescriptive and 
normative characteristics, it is more pragmatic (practice oriented), it aims to support 
the design practitioner, and generally it is domain specific (although it provides 
many general problem-solving methods as well). 

It is worth noting that theory and methodology are not completely separate 
fields. As was already mentioned above, a methodology is based on the results, 
observation, and application of a theory. Hubka and Eder assert “a good, compre-
hensible and usable design methodology should be integrally connected with a good 
theory of design processes, and a good theory of the products (technical systems) to 
be designed” [Hubka & Eder, 1990]. 

According to Yoshikawa, the major difference between design theory and de-
sign methodology is that methodologies are described in terms of ‘empirical words’ 
while theories are described in terms of ‘scientific words’. The propositions or 
assertions of methodologies are presented without proof, or more precisely, 
methodologies do not verify their methods while theories are object of verification. 
Methodologies are collections of facts resulting sometimes in contradictory methods 
while theories provide methods and principles that are based on a consistent system 
of proven theorems.6 

The field of ‘Design Theory and Methodology’ (DTM) has witnessed inten-
sive activity in the past two-three decades. Many researchers from varied disciplines 
are engaged in research in DTM. The goals of DTM research can be summarised as 
follows [Karandikar & Shupe, 1995]: 
 To improve the knowledge base and research methods in order to discover 
fundamental knowledge about the design process; 
 To improve design practice by providing better tools and better designers; and 
 To improve engineering design education. 

These goals are not independent but they are complementary. ”The customers are 
those who stand to directly benefit from the ‘products’ of DTM research. The 
products include tools, methods, students, and new knowledge.” [Karandikar & Shupe, 
1995] 
                                                           
6 This paragraph has been interpreted from [Yoshikawa, 1989]. Here, Yoshikawa, in a positivistic 

manner, defines design theory as an axiomatic system. However, the term ‘theory’ is generally 
used in a more general manner to “refer to an unproven hunch, a scientific field (as in ‘electro-
magnetic theory’), and a conceptual device for systematically characterizing the state-transition 
behaviour of systems“ [Suppe, 2000]. Moreover, in views of some recent philosophical ap-
proaches, like, e.g., semantic conception, theories are not axiomatic systems; theories are not 
linguistic entities; or symbolic logic is an inappropriate formalism for theories [Suppe, 2000]. To 
argue pro or contra is out of scope of this dissertation. 
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1.2.2.2 Design Theories 
“To claim a design theory, one must have systematic statements of principles.”7 
These principles facilitate the creative process of the design activity. “Without them, 
design would be a mysterious creative process, but with them it is a rational and 
systematic activity.” [Bieniawski, 1993] 

The theoretical aspect of design is very important for the further development 
of engineering design. According to Suh, the “subject of design should attain the 
same level of intellectual understanding as such fields as thermodynamics and 
mechanics” [Suh, 1995a]. Yoshikawa highlighted some significant facts that indicate 
the demand of dealing with design theory (and in some sense with design philoso-
phy) [Yoshikawa, 1989]: 
 It has been widely recognised that finding common natures of design through 
different fields (application domains) is crucial. 
 The creativity of designers may be improved by engineering education and the 
appropriate assisting systems for designing. 
 The necessity of more computer assistance for designers and the development of a 
new-type CAD is highly expected. 
 Co-operation and mutual understanding among designers of different fields are 
essential. Methods of bringing those different fields and of organising them are 
expected. Mechatronics is a good example of this tendency. 
 Usually design theories lack a theory of man-computer interface. It must be one of 
the most important research fields of design theories. 

There have been several contributions made in the field of design theory. Amongst 
many of them, the most important ones are hallmarked by names such as Hubka 
from the former Czechoslovakia and later from Switzerland, Schregenberger from 
Switzerland, Koller, Hansen, Kesselring, Pahl and Beitz from Germany, Eder from 
Canada, Andreasen from Denmark, Booker and Glegg from the United Kingdom, 
Altshuller from the former Soviet Union, Suh, Kannapan, and Marshek from the 
United States, and Taguchi, Yoshikawa and Tomiyama from Japan.8 More compre-
hensive overviews with extensive references can be found, e.g., in [Hubka & Eder, 
1988; Pahl & Beitz, 1996; Karandikar & Shupe, 1995; Finger & Dixon, 1989]. Appendix D 
presents some representative examples of design theories: that of Hubka, Altshuller, 
Suh, and Yoshikawa; and it provides some references to authors of other design 
theories as well. 

1.2.2.3 Design Methodologies 
Design methodology is the science of methods that are applied in designing. “In 
English, the word ‘methodology’ has two meanings. The first meaning is: a science 
or study of method, i.e., the description, explanation and valuation of methods. The 
second meaning of ‘methodology’ is: a body of methods, procedures, working 
concepts and rules employed by a particular science, art or discipline. In academic 
circles the term ‘methodology’ normally has the first meaning, i.e., a field of study 
and research.” [Roozenburg & Eekels, 1995, p. 29]. 
                                                           
7 Bieniawski refers to Suh [Suh, 1990a] in [Bieniawski, 1993]. 
8 Many names in this list could be mentioned among design methodologists because several 

design methodologies have been worked out based on their design theories and views. 
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Design methodology is a specific course of action for the design of technical 
systems that derives its knowledge from design science and cognitive psychology, 
and from practical experience in different domains [Pahl & Beitz, 1996]. Design 
methodology structures design procedures and models them, and also gives support 
to each design step through models and methods with the aim of increasing 
efficiency and of making the area easy to learn and transparent [Andreasen, 1991]. 
Design methodology provides procedures for solving design problems. It involves 
both the general design strategy and also the tactical approach to individual portions 
of design work. [Hubka, 1987] Design methodology aims at providing conceptual 
tools for designers to organise the design process effectively and efficiently 
[Roozenburg & Eekels, 1995]. 
According to Pahl and Beitz, a design methodology “must: 
 encourage a problem-directed approach; i.e., it must be applicable to every type of 
design activity … ; 
 foster inventiveness and understanding; i.e., facilitate the search for optimum 
solutions; 
 be compatible with the concepts, methods and findings of other disciplines; 
 not rely on finding solutions by chance; 
 facilitate the application of known solutions to related tasks; 
 be compatible for electronic data processing; 
 be easily taught and learned; and 
 reflect the findings of cognitive psychology and modern ergonomics; i.e., reduce 
workload, save time, prevent human error, and help to maintain active interest.” 
[Pahl & Beitz, 1996, p. 10] 

The product type always determines the content, strategy and methods in all design 
activities except the activity of general problem solving. Thus we can distinguish 
general design methodology and special design methodology (see [Andreasen, 1991; 
Hubka, 1992]). 
Design methodology has a long history. Systematic design can be traced back to 
Leonardo Da Vinci who used systematic variation of possible solutions. The 
academic approach to design methodology started with the rise of mechanisation in 
the middle of the 19th century. [Pahl & Beitz, 1996] Since then an enormously large 
number of researchers have dealt with the study of the design activity and they have 
provided numerous views, rules, and methods about and for design. Some of the 
major contributions can be found in recent books like [Ullman, 1997; Pahl & Beitz, 1996; 
Roozenburg & Eekels, 1995; Dym, 1994; Cross, 1991; Hubka, 1987; Pugh, 1991]. Addition-
ally, for some overviews of design methodologies or for other references consult, 
e.g., [Pahl & Beitz, 1996; Karandikar & Shupe, 1995; Dym, 1994; Hubka, 1992; Cross & 
Roozenburg, 1992; Andreasen, 1991; French, 1992; Pugh, 1990; Finger & Dixon, 1989; Hubka & 
Eder, 1988]. Yoshikawa made an attempt to categorise design methodologies into 
characteristic schools. He identified five schools, namely the Semantic School, the 
Syntax School, the Historicism School, the Psychological School, and the Philoso-
phical School. Each school approaches design from a different point of view. For 
further details see [Yoshikawa, 1989]. 

In spite of the immense research effort made in the field of design methodol-
ogy, design methods have only penetrated into engineering practice to a limited 
extent. As Karandikar and Shupe have registered, there is a gap in methods to 
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transfer design research into practice. There is also a gap in creating usable tools for 
complex analysis and synthesis. Another gap is that there are no sufficient methods 
and tools to deal with the multidisciplinary nature of the design process. Neverthe-
less, major successes have been registered in the area of design tools such as 
CAD/CAM, DFM/DFA, QFD, etc. [Karandikar & Shupe, 1995]. Section 1.3 highlights 
some important fields of computer-aided design tools relevant to this dissertation. 

 
The most important tools that design methodologies provide are the following 
[Roozenburg & Eekels, 1995]: 
1. Models of the structure of design and development processes. – Section 1.2.3 

presents some important aspects of modelling the design process. Using these 
models we will situate the designing tasks presented in this dissertation within the 
complete design process. 

2. ‘Methodics’, i.e., the body of rules and methods for (parts of) the design process. 
These are not only descriptions of rules and methods but also recommendations 
for their meaningful application. Design rules and methods are heuristic and 
based on ‘weak’ forms of knowledge9. It means that they do not guarantee a 
result, but they do increase the chance of achieving a result. Design methods and 
rules should be applied ‘sensibly’ and ‘knowledgeably’. Sensibly, because the 
user has to determine how the rules, which are not clearly defined, have to be 
interpreted, and whether they apply in a certain case. Knowledgeably, because 
practical knowledge of the problem area involved is normally required. – This 
dissertation comprises some methods for the design of machine tools. 

3. System of concepts and terminology. It is a by-product of design methodology 
but very important for the thinking about and the study of design, and for the 
communication between the different experts. – Appendix A presents a short 
glossary that defines the most important concepts and terms used in engineering 
design, particularly in design methodology in the context of this dissertation. 

1.2.2.4 The Nature of Design Tasks 
The engineering design tasks can be classified along several dimensions. The most 
important ones can be summarised as follows: 
 Complexity: The complexity of the product (e.g., plant, machines, assemblies, 
parts) or the sizes (i.e., big or small) of components inspire the design tasks [Pahl 
& Beitz, 1996]. 
 Amount of unspecified structure: This characteristic determines how complex the 
structure of the product to be created will be [Tong & Sriram, 1992a]. According to 
this characteristic the design task can be: 
− Structure synthesis: The unspecified structure could potentially be any composi-

tion of primitive parts, which may not exist in the knowledge/data base. 
− Structure configuration: The unspecified structure is a configuration of parts of 

pre-defined type and connectors of pre-defined type.  
− Parameter instantiation: The unspecified structure is the set of values for the 

parameters of each part. 

                                                           
9 See Appendix A for more details about heuristics, rules and methods. 
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 Novelty: The novelty of the product or problem that will be designed [Pahl & Beitz, 
1996]. According to this characteristic the design task can be: 
− Original design: New tasks and problems incorporate new solution principles. 

Original designs usually proceed through all design phases (see Section 1.2.3.2). 
− Adaptive design: Generally designers keep to known and established solution 

principles but adapt the embodiment to changed requirements. 
− Variant design: The sizes and arrangements of parts are varied.10 
 Available methods and knowledge: The more (appropriate) knowledge and 
methods are available, the more routine the design task is (i.e., the process and not 
the product) [Tong & Sriram, 1992a]. According to this, the design task can be: 
− Routine design: If sufficient knowledge and methods are available for directly 

(i.e., without problem solving) generating the next point in the design space and 
for converging on an acceptable design with little or no search. 

− Innovative design: If the available knowledge and methods do allow the genera-
tion of an acceptable solution, but only by indirect generation of new points in 
the design space or by indirect control of the search. Indirect in this case means 
that a particular problem solving is applied and that the available (directly ap-
plicable) knowledge would generate unacceptable designs. 

− Creative design: If a problem-solving activity is required to construct the design 
space in the first place or if the best method available is an unguided search 
through a very large space. 

 Designing activity: The activities of designers can be roughly classified into [Pahl 
& Beitz, 1996]: 
− Conceptualising, i.e., searching for solution principles. 
− Embodying, i.e., engineering a solution principle by determining the general 

arrangement and preliminary shapes and materials of the components. 
− Detailing, i.e., determining the final shapes and dimensions of the components 

and finalising the operating and production details. 
− Computing, drawing and information collecting. These occur during all phases 

of the design process. 
 Stages of thought: There are three types of thinking activities during the design 
tasks [Finger & Dixon, 1989]: 
− Divergence: In this stage emphasis is on extending the design boundary. The 

design is unstable, ill-defined, and no evaluation is performed. 
− Transformation: In this stage the problem becomes bounded, judgements are 

made, the problem is decomposed, and subgoals are modified. 
− Convergence: In this stage, there is a progressive reduction of secondary uncer-

tainties until a single design emerges. 

                                                           
10 Other authors have a different terminology: they use, e.g., ‘new design’ for ‘original design’, 

‘transitional design’ for ‘adaptive design’, and ‘extensional design’ for ‘variant design’ [Finger & 
Dixon, 1989] 
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1.2.3 Models of the Design Process 
In engineering design, numerous models of the design process have been developed. 
In spite of the differences, these models are very similar to each other and, to a large 
extent, the differences are of a terminological nature. According to Roozenburg and 
Eekels, the models of the design processes can be classified into three types. These 
three types of models consider the design process from different points of views. In 
the first type, designing is conceived as a particular form of problem solving. In the 
second type, product design is divided into different phases through which the 
product design evolves from the specifications to the final description of the product. 
Models of the third type are the phase models of the product development process. 
The activities of product development comprise the product design process, as well 
as the production development and the development of the marketing plan. 
[Roozenburg & Eekels, 1995] 

These three types of models provide different dimensions for designing prod-
ucts in a complementary manner. The phase models of the design process indicate 
what kind of problems the designer has to solve. The problem-solving models give 
logical sequence of steps that help solve problems in each phase of the product 
design process. The models of the product development process indicate that 
different aspects of designing should be taken into account. [Roozenburg & Eekels, 
1995] In what follows, we will examine the first and second types of these models. 

1.2.3.1 Designing as Problem Solving – The Basic Design Cycle 
“Design is a trial-and-error process that consists of empirical cycles, in which the 
knowledge of the problem as well as the solution increases spirally.” [Roozenburg & 
Eekels, 1995, p. 88] Figure 1.3 depicts a reasoning process that is very similar to a 
general problem-solving process. After [Roozenburg & Eekels, 1995] we call this 
process ‘the basic design cycle’11. 

The basic design cycle is the most fundamental model of the design process. 
It can be observed in each phase of the design process and it is executed in several 
iterations resulting in more and more concrete and complete design solutions. The 
designer always goes through this cycle at least once to solve a particular design 
problem. Comparable models for design as problem solving can be found in several 
textbooks (see, e.g., [Pahl & Beitz, 1996; Roozenburg & Eekels, 1995; Dym, 1994]). 

 

                                                           
11 Compared to [Roozenburg & Eekels, 1995], slight modifications can be noticed in the use of terms: 

Roozenburg and Eekels use ‘analysis’ instead of ‘problem statement’ and ‘simulation’ instead 
of ‘analysis’. Another difference is the interpretation of the design cycle. According to Roozen-
burg and Eekels, the basic design cycle begins with the functions and terminates by the ap-
proved final design, and the whole design process cycles inside this loop. The opinion of the 
author of this dissertation is that design problems do not always begin with functional require-
ments and they do not necessarily end up it the final design either. Design is the solving of 
several sequential or parallel sub-problems where perceived sub-problems might give rise to 
new sub-problems, which results in a nested cycling process. Inside the solving of these sub-
problems, feedback loops can be done. We call this process ‘the basic design cycle’ that begins 
with a subproblem (a particular ‘design problem’) and terminates with the solution for this 
problem (‘approved design’). This basic design cycle can be repeated several times with other 
subproblems. The solution (the output) of a design cycle can be the source of a new problem 
(input) of another design cycle. 
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The steps of the basic design cycle can be shortly 
described as follows12: 

(1) Problem statement 
The designer is confronted with different problems 
during design. For instance, in conceptual design 
(see Section 1.2.3.2) the problem (the goal) is to 
find solution principles for the functions, or in 
embodiment design the goal is to find embodi-
ments (means) for solution principles. In the 
‘problem statement’ step the designer analyses the 
problem and formulates the criteria that the 
solution should fulfil, first broadly and in later 
iterations more accurately and completely. 

(2) Synthesis 
The word ‘synthesis’ means the combining of 
separate parts, elements, ideas, etc. to form a 
complex whole. During the synthesis step of the 
basic design cycle, a provisional design proposal 
is generated. “It involves search and discovery, 
and also composition and combination. An 
essential feature of all design work is the combina-
tion of individual findings or sub-problems into an 
overall working system – that is the association of 
components to form a whole.” [Pahl & Beitz, 1996, 
p.57]. However, design is not simply a collection 
and combination of solutions to sub-problems. Synthesis is the least tangible step of 
the design processes because the enigmatic phenomenon of ‘human creativity’ plays 
the most important part in it. That is why it is the most crucial part of the design 
cycles. During synthesis the knowledge discovered by analysis is also processed 
through feedback loops [Pahl & Beitz, 1996]. 

Although several methods and tools supporting the design synthesis exist 
(see, e.g., [Pahl & Beitz, 1996; Roozenburg & Eekels, 1995]), the understanding of human 
synthesising ability and the theoretical foundation of the creative synthesis process 
have not sufficiently been explored yet. Recently some research attempts have been 
made to investigate the area (see, e.g., [Hew et al., 1999; Kikuchi & Taura, 1999; Kryssanov 
et al., 1999]). 

(3) Analysis 
The word analysis means the resolution of anything complex into its elements and 
the study of these elements and their interrelationships. The information acquired 
during analysis is transformed into knowledge. [Pahl & Beitz, 1996] Analysis in the 
case of our design cycle means analysing, simulating, or testing the behaviour and 
properties of the design proposal generated by synthesis. There is a variety of 

                                                           
12 In spite of the differences mentioned in Footnote 11, this description of the steps is based on 

[Roozenburg & Eekels, 1995]. Any other references that are used in the descriptions of the steps are 
indicated in the main text above. 

Design problem

Synthesis

Analysis

Criteria

Provisional design

Evaluation

Expected properties

Decision

Value of the design

Problem statement

Approved design  
Figure 1.3  The basic design 

cycle (adapted from  
[Roozenburg & Eekels, 1995]). 
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scientific theories, formulae, methods, technologies, knowledge accumulated from 
experience, etc. available for designers to support their analysis tasks. Analysis in 
the design cycle leads to expectations or estimations about the actual properties of 
the new product in the form of conditional predictions. 

(4) Evaluation 
Evaluation is the determination of the value or quality of the provisional design. 
Here, the excepted properties are compared with the desired properties that are set in 
the design specifications. Since there are always differences between the two, it will 
have to be judged whether those differences are acceptable or not. This judgement is 
usually difficult, especially if there are many properties involved. Evaluation may be 
subjective or objective, emotional or intellectual, or a combination of these [Hubka, 
1987]. 

(5) Decision 
At this point the designer decides if the difference between the expected properties 
and the desired properties is accepted, or, in other words, if the provisional design 
fulfils the established criteria. If it does, then the design proposal can be further 
elaborated and eventually a new design cycle can be started or, if it is the final 
design cycle, the (designing/planning of) manufacturing can take place. If it does 
not, then the designer has to return either to the synthesis or to the problem state-
ment, because either a new design proposal must be synthesised or the problem must 
be re-examined that will result in a new (modified) problem statement. 

1.2.3.2 Phases of the Design Process 
The basic design cycle and the iterative structure of the design process presented 
above have been found descriptively. We can also consider the design process 
prescriptively, i.e., we can prescribe the tasks that the designers should consider to 
perform. In this way the design process can be divided into groups of related 
activities, each of them leads to a certain stage of development of a design such as a 
functional design, a principal solution, a concept, and the like. Models worked out in 
this manner are called phase models (after [Roozenburg & Eekels, 1995]). 

There have been several phase models of the design process developed in the 
last 3-4 decades. German researchers and designers have been the main contributors 
to this development that has converged to a so-called ‘consensus model’ [Cross & 
Roozenburg, 1992] that is described in VDI13 publications (e.g., [VDI-2221]). Other 
slightly different models can be found in several textbooks (e.g., [Pahl & Beitz, 1996; 
Hubka, 1987; French, 1985]. Comparable models can be found, e.g., in [Ullman, 1997], 
[Dym, 1994], or [Pugh, 1991]. Figure 1.4 shows an adapted phase model that is 
primarily based on the ‘consensus model’ of VDI. This figure was constructed in a 
way that the VDI model is slightly modified (extended) in compliance with the 
concepts and terminology used in this dissertation14. In Appendix E the original VDI 
model and the models of French, Pahl and Beitz, and Hubka can be found. Appendix 

                                                           
13 Verein Deutscher Ingenieure (Association of German Professional Engineers) 
14 The applied concepts and terminology are primarily based on [Hubka, 1987], [Hubka & Eder, 1988], 

[Roozenburg & Eekels, 1995] and [Pahl & Beitz, 1996]. (See Appendix A as well.) 
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E presents that these models are very similar to each other. What makes the 
difference is the use of terminology. 

Phase models are based on the idea that a design can exist in three different 
ways: as a ‘function structure’, as a ‘solution principle’, and as an ‘embodied 
design’. After [Roozenburg & Eekels, 1995], [Pahl & Beitz, 1996], and [Hubka, 1987] these 
terms are defined as follows15: 

A function structure is a representation of the intended behaviour (the func-
tions) of a product and its parts. It shows what internal functions must be realised by 
elements that are not yet concretely defined, so that the system as a whole can fulfil 
its external overall function. 

A solution principle defines the action principle, or mode of action, of a 
product or a part. It specifies qualitatively (in generic terms) the function carriers of 
which the product should be built up to fulfil its internal and external functions. 
Since a product usually has several sub-functions, there exist several solution 
principles that define them. The solution that defines the overall function is called 
‘principal solution’. 

Embodied design is a description (e.g., drawings, part lists, etc.) of the geo-
metric and physico-chemical form of a product and its parts. During the embodying 
activities, all design properties, like shape, dimensions, material, surface quality, 
etc., are being defined. Because usually many properties have to be considered, and 
relationships among them are complex, the development of a principal solution into 
a detailed design usually requires some stages in between. Typical intermediate 
stages are the ‘design concept’ and the ‘preliminary layout’. In a design concept a 
solution principle is worked out in a way that important properties – such as 
appearance, a broad idea of the shapes, operation and use, manufacturability, and 
costs – can be assessed, together with the technical-physical properties – such as 
kinds of material. In a preliminary layout, the key parts and components of the 
product together with their layout, shapes and main dimensions are established, and 
the materials and manufacturing techniques are determined. 

It is common and useful, especially for project management reasons, to di-
vide the design process into four main phases that lead to typical stages of the 
development of the product [Pahl & Beitz, 1996]: 

1. Planning and clarifying the task: specification of information; 
2. Conceptual design: specification of principle; 
3. Embodiment design: specification of layout (construction); 
4. Detail design: specification of production. 

These phases comprise several activities and it is not always possible to draw a 
borderline between them. For instance, aspects of the layout might have to be 
addressed during conceptual design, although usually it is “prescribed” for ‘em-
bodiment design’, or sometimes it is necessary to determine some manufacturing 
details, even if it is usually the task of detail design. 

We will briefly describe these four main phases using a phase model pre-
sented in Figure 1.4. This figure describes four aspects of the design process (see the 
four columns in Figure 1.4): (1) It describes the working steps of the design process; 
(2) It indicates the development stages of the product between these working steps, 
i.e., the results of the working steps; (3) It shows the main phases of the design 
                                                           
15 For a more detailed definition of the terms consult Appendix A. 



16 Chapter 1 

process; and (4) It indicates the place of some optimisation processes in the design 
process. 

The four main phases can be outlined as follows (after [Pahl & Beitz, 1996; Hubka, 1987; 
Roozenburg & Eekels, 1995]): 

(1) Planning and Clarifying the Task 
The objective of this phase is to provide a complete basis for the design task. Given 
the current market situation, company need and economy outlook, a design specifi-
cation is formulated in a requirement list that is a complete, quantified and classified 
set of requirements. The specification directs the work of all other phases. Work 
done in later phases may change this specification because new information might 
be available in the course of the design process. Therefore, modification and 
refinement of the specification must be done regularly through feedback loops. In 
this phase, typical tasks are carried out as follows: analysing the market and the 
company situation; establishing the state of the art; finding and selecting product 
ideas; formulating a product proposal; examining possibilities of realisation; 
clarifying the task; and elaborating a requirement list. 

(2) Conceptual Design 
The conceptual design phase determines the principal solution. Given the specifica-
tion, broad solutions are generated and evaluated that provide a suitable point of 
departure for embodiment design. These broad solutions are called ‘concepts’16. 
Conceptual design starts with abstracting the essential problems, determining the 
overall function and important subfunctions, and establishing their interrelationships 
i.e., the function structure. Next, solution principles (or action principles17) for 
subfunctions or subproblems are generated and combined into overall solutions. The 
combination of solution principles that perform the overall function is called 
principal solution18. Usually conceptual design results in the specification of the 
principal solution. Often, however, this principal solution cannot be assessed until it 
is transformed into a more concrete representation. This concretisation involves a 
division into realisable components, the establishment of their spatial and structural 
relationship19, the determination of broad appearance and form, the selection of 
preliminary materials, the production of a rough dimensional layout, the considera-
tion of technological possibilities, and the approximation of costs. The principal 
solution has to be worked up into concept variants that already show part of the 
embodiment of the solution principles. Only then, in general, is it possible to assess 
the essential aspects of a solution principle, to compare the concept variants, and 
eventually to review the objectives and constraints. It may happen that several 
variants look equally promising, and that a final decision can only be reached on a 
more concrete level. Moreover, various embodiments may satisfy the same solution 

                                                           
16 French uses the term ‘scheme’ in the meaning of ‘concept’ (see [French, 1985]). 
17 ‘Action principle’ is used by [Hubka & Eder, 1988]. [French, 1985] and [Pahl & Beitz, 1996] use 

‘working principle’ in the same meaning. 
18 The term ‘principal solution’ is taken from [Roozenburg & Eekels, 1995]. 
19 Hubka defines ‘anatomical structure’ as components (with their form, size, material, manufac-

turing method, tolerance, surface finish) and their relationships [Hubka, 1987]. 
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principles. Therefore, as many variants have to be “propagated” to embodiment 
design as possible. 

Conceptual design is commonly seen to be the most important phase of the 
design process because decisions made here strongly influence all subsequent 
decisions made in the later phases of the design process. 

(3) Embodiment Design 
During this phase the chosen concept is elaborated into a definitive layout that 
defines the arrangement (layout) of assemblies, components and parts, as well as 
their geometric shape and dimensions (form design), and materials. 

Embodiment design is a process of continuously refining a concept, jumping 
from one subproblem to another, foreseeing decisions that still have to be made, and 
correcting earlier decisions in the light of the current state of the design proposal. 

                                                           
20 The two dotted lines in the figure indicate the place of design tasks dealt with in this dissertation 

(the region of interest is between the two dashed lines). 
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Figure 1.4  Phase model of the design process (based on [VDI-2221; Pahl & Beitz, 

1996; and Hubka, 1987])20. 
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Here, many actions have to be performed simultaneously, and some steps have to be 
repeated at a higher level of information. Therefore, it is difficult to provide a 
general action plan that the designer can follow. Nevertheless, embodiment design 
can be subdivided into two major steps: 

The first step leads to a preliminary layout, in which the general arrangement 
(layout), component forms (general appearance, shapes, rough geometry, propor-
tions) and material of the function carriers are provisionally determined. Usually, 
first the preliminary layout of the principal (the main) function carrier is developed 
and then, that of the auxiliary functions. In this step several alternative embodiments 
of a concept are often worked out in parallel in order to find an optimal layout. 

In the second step, a detailed layout of the best preliminary layout is devel-
oped. First, it starts with the main function carriers and then, with the auxiliary 
function carriers. These detailing tasks are carried out in accordance with several 
considerations like fulfilment of the technical function, economic feasibility, 
individual and environment safety, reliability, ergonomics, manufacturability, 
maintenance, etc. 

The result of the embodiment design, the definitive layout, needs not to be 
completely worked out in full detail. The configuration of the product and the form 
of the parts have to be developed up to the point where the design of the product can 
be tested against the major requirements of the specification. 

(4) Detail Design 
In this phase the arrangement, forms, dimensions, tolerances and surface properties 
of all the individual components and parts are completely laid down, the materials 
are specified, production possibilities are assessed, costs are estimated and all the 
drawings, part lists and other production documents are produced. Instructions for 
testing, transporting, operation and use, maintenance, etc. are also worked out. All 
these documents are collectively called product documents. 

Iterative Design Cycles – Optimisations – Divergence and Convergence 
The phase model presented above does not show the problem-solving and optimisa-
tion processes. In all phases, solutions are generated, tested and evaluated using 
some sort of working models or prototypes. Thus, in each phase, or, in each working 
step, the designer goes through the basic design cycle presented in Figure 1.3, often 
more than once. [Roozenburg & Eekels, 1995] 

During the course of the design process, many optimisation processes occur. 
Crucial optimisation activities are as follows (see Figure 1.4): optimisation of the 
principle; optimisation of the layout, forms and material; and optimisation of the 
production. These optimisation processes are also based on the synthesis-analysis-
evaluate cycle. These optimisations influence each other and, as the figure shows, 
overlap to a considerable extent. [Pahl & Beitz, 1996] 

In each phase, many alternative solutions can be generated. Working out all 
solution variants through all phases would lead to an enormous explosion of the 
number of possible solutions to be studied, which would extremely complicate the 
design activity. On the other hand, restriction to one or very few solutions and 
propagating them through the whole design process would lead to a suboptimal 
solution, because the solution variant that can lead to the overall optimal solution 
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might not be explored. That is why all design activities should diverge and converge 
in each phase of the design process. [Roozenburg & Eekels, 1995] 

Many criticisms can be stated against the phase model presented above. Nev-
ertheless, this model is satisfactory for our purpose in that it gives an overview of 
engineering design and situates the problem of this dissertation. Criticisms can be 
found, e.g., in [Roozenburg & Eekels, 1995] or [Cross & Roozenburg, 1992]. 

1.2.4 Conclusion: Situating the Work in ‘Engineering Design’ 
Put in the terminology and concepts described in this chapter so far, the work 
presented in the dissertation can be situated in the following manner. This work is a 
contribution to the special design methodology of machine tools. In particular, the 
dissertation provides some methods and a computer-aided design tool for the 
preliminary design of 3-axis machine tools21. We call it preliminary design, because 
the working steps the design tool supports can be positioned at the end of the 
conceptual design phase and at the beginning of the embodiment design phase, 
moreover, this design tool supports the design of the preliminary layout of machine 
tools. The dotted lines in Figure 1.4 (on page 17) indicate this region within the 
whole design process (region of interest is between the two dashed lines). 

Concerning the major working steps of the design process (see phase model 
in Figure 1.4), the work performed during the research and development of the 
design tool comprised the division of 3-axis machine tool structures into realisable 
components and the establishment of structural concepts22 in such a manner that 
alternatives for the development of structural concepts of 3-axis machine tools are 
configured23 from the components by the use of the design tool. Such developments 
of the components and their configuration possibilities were based on the work of 
Lipóth [Lipóth, 1993]. The design tool that was developed supports the development 
of the layout of key modules24, which includes the configuration, analysis and 
optimisation of the preliminary layout of 3-axis machine tools. The configuration 
processes are also based on the method developed by Lipóth [Lipóth, 1993]. 

Concerning the nature of the design task (see Section 1.2.2.4), the character-
istics of the design process supported by the design tool are as follows: 
1. Structure configuration and parameter instantiation: The design task is a 

configuration of parametric components (see ‘Amount of unspecified structure’ in 
Section 1.2.2.4). 

2. Embodying: The design task is the engineering of a solution principle by 
determining the general arrangement and preliminary shapes of the components 
(see ‘Designing activity’ in Section 1.2.2.4). 

3. Innovative design: A problem solving is needed to generate acceptable solutions 
(see ‘Available methods and knowledge’ in Section 1.2.2.4). 

The developed design tool supports the synthesis, analysis and optimisation of the 
preliminary machine tool structures by going through the basic design cycle 

                                                           
21 The term ‘3-axis machine tools’ as the specific scope of this dissertation is defined in Chapter 2. 
22 See working steps ‘Divide into realisable components’ and ‘Establish concepts’ in Figure 1.4. 
23 More details about configuration design will be described in Section 1.3.7. 
24 See ‘Develop layout of key modules’ in Figure 1.4. 
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presented in Figure 1.3 (on page 13). It will be shown that the basic design cycle is 
executed in a nested manner, which means that an outer design cycle generates 
configuration variants and searches for an optimal configuration, while an inner 
design cycle searches for an optimal geometry of each configuration variant 
generated by the outer design cycle (see later Figure 2.1 on page 53). 

1.3 Computer-Aided Engineering Design 
This section gives a general overview of the field of computer-aided engineering 
design with respect to computer science. Appendix B provides a glossary for 
computer-aided engineering design. 

Computers25 have changed the nature and practice of engineering design. Today, 
computer-aided engineering design has many different meanings for design 
engineers. For instance, speaking about computer-aided design (CAD), people 
usually mean computer-assisted geometric modelling – however, design is not 
purely geometric modelling. Likewise, for many engineers, computer-aided 
engineering (CAE) is identical with computer-assisted analysis – although, engineer-
ing is not merely analysis. In spite of this, the jargon of “CAx” and the like have 
been used for more than twenty years. In 1982, Conaway attempted to organise the 
many acronyms of computer-aided design / computer-aided manufacturing 
(CAD/CAM) to provide a coherent overview of the area [Conaway, 1982]26. Figure 
1.5 shows Conaway’s acronym hierarchy. He distinguished four major areas under 
CAE: design, analysis, quality assurance, and manufacturing engineering. Under the 
area ‘design’ belong tools like, e.g., computer-aided design (CAD), computer-aided 
drafting and drawing (CADD)27, group technology (GT), and bill of materials 
(BOM). Under the area ‘analysis’ belong tools like, e.g., finite element modelling 
(FEM) or finite element analysis (FEA), and numerous programs exist for mecha-
nism analysis, mechanical dynamics, computational fluid dynamics and for a range 
of special problems. Conaway used the term ‘design’ to refer to geometric model-
ling. 

CAE

Design Analysis Quality
Assurance

Manufact.
Engineering

CAD
CADD
GT
BOM

FEM
FEA

CAQA
CAT

CAPP
GT
NC

 
Figure 1.5  CAE acronym hierarchy (after [Conaway, 1982]).28 

                                                           
25 When the word computer is used in this dissertation, it is assumed to refer to a digital computer. 
26 Reference to and a short overview of Conaway’s organisation are found in [Richards, 1991]. 
27 Some sources use CADD to refer to ‘computer-aided design and drafting’ (see e.g., [Dym, 1994]. 
28 A list of ‘Abbreviations’ can be found at the beginning of this dissertation on page ix. 
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Since this figure was created, the variety of computer-aided tools has changed 
considerably. Our aim here is not to draw a complete picture of computer-aided 
engineering but to illustrate the field and the major tasks that computers (computer 
science and technology) can aid in design. 

1.3.1 Major Fields of Computer Application in Engineering Design 
Section 1.2 gave an overview of engineering design. Today, almost every field, task, 
phase and method of engineering design is related to computer applications. The 
advent of more and more powerful computers and the outgrowths of computer 
science, especially artificial intelligence, have dramatically changed the nature of the 
design practice and posed new challenges for engineering design research. The most 
important fields of computer application in engineering design are the following: 
 Provide visualisation through computer graphics. 
 Store and retrieve data. 
 Assist the designer in drawing and drafting. 
 Perform analysis and simulation tasks. 
 Support geometric modelling. 
 Support designers in their decision-making and reasoning processes. 
 Perform search and optimisation tasks. 
 Generate design alternatives. 
 Model and control the design processes. 
 Re-use past designs and knowledge. 
 Support collaborative design. 

Usually, commercially available CAD/CAM/CAE software packages support most 
of these tasks, especially the tasks being at the beginning of the list above. All of the 
tasks of this list (and, obviously, many more) are related to some area of artificial 
intelligence. In the following two sections we will investigate geometric modelling 
and some important aspects of AI applications in design that are relevant to the 
dissertation. 

1.3.2 Geometric Modelling 
Geometry is the language of design and manufacturing, at least for mechanical 
objects [Bedworth et al., 1991]. When we construct a model of an object, we create a 
substitute – a representation. To model an object here means to give shape or form 
to it. In geometric modelling (GM) we define a shape by a set of mathematical 
statements and logical relationships satisfying a set of axioms. These axioms 
correspond a priori to properties of the object that is modelled. [Mortenson, 1997] 

Computer graphics, CAD, and CAM have been and continue to be the major 
driving forces behind the development of GM. Nowadays, robotics, computer 
vision, virtual reality, scientific visualisation, and artificial intelligence are making 
new demands on the capabilities of GM. [Mortenson, 1997] 

GM is based on differential and analytic geometry, linear algebra, vector and 
matrix methods, topology, set theory, polynomial interpolation, and an arsenal of 
numerical methods. Capturing the potentially complex description of an object 
requires the power of a computer, thus GM always implies a computer as a “back-
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ground engine”, and, therefore, GM is a computer-aided process, with the model 
stored in and analysed by a computer. [Mortenson, 1997] 
There are three application categories of GM [Mortenson, 1997]: 
 Representation of an existing object, where we must create a geometric model 
only once. Representation mandates a complete definition of the object for other 
applications, e.g., for manufacturing. 
 Design, where we must create a new object to satisfy some goals: we define and 
revise a hypothetical object’s shape and perform appropriate analysis until we 
create a shape that fulfils the design criteria. 
 Rendering, where we must generate an image of the model in order to visually 
interpret and evaluate it. 

On the one hand, these aspects are closely related [Mortenson, 1997]. On the other 
hand, each of them has distinctly different requirements [Bedworth et al., 1991]: 
representation requires completeness and robustness, because the model should 
allow the user to perform different analyses and queries; design requires flexibility 
and ease of use in changing the geometry to fulfil the design criteria; rendering 
implies a concise data base and fast access for (real-time) display and animation. 

The geometric entities that GM deals with are points, curves, surfaces, and 
solids. These are the building blocks from which all objects are constructed. Today, 
the most important technique that GM provides is the modelling of solid bodies, 
which, in fact, includes all the modelling of points, curves and surfaces. There are 
several techniques for modelling solid bodies like wire-frame modelling, surface 
modelling, and the so-called ‘solid modelling’. Solid modelling usually refers to 
modelling techniques with which the interior of the solid body is represented 
together with the enclosing edges and surfaces. For design, where the “smart” 
modification and analysis of shapes are very important, solid modelling is the most 
frequently used technique. Appendix C describes some important aspects of solid 
modelling and the most important solid modelling techniques in more detail. For an 
overview of the other techniques, i.e., wire-frame modelling and surface modelling 
see, e.g., [Lauwers, 1993] or [Bedworth et al., 1991], or for a deeper introduction consult, 
e.g., [Mortenson, 1997]. 

During the research and development work presented in the dissertation, parametric 
feature-based solid modelling technique was used to model the geometry of machine 
tools. Later on we will explain the basic concepts of the applied modelling tech-
niques in the context of the specific CAD system applied (see Section 3.3.5). 

1.3.3 AI in Engineering Design 
As it was mentioned earlier, artificial intelligence (AI) is related to almost all areas 
of computer-aided engineering design. In fact, engineering design and AI mutually 
affect each other. For example, engineering design makes demands on AI to solve 
various design problems. On the other hand, AI makes new demands on engineering 
design research to establish new theoretical foundations and provide new product 
models or design process models so that design problems can be tackled by means 
of AI. 
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1.3.3.1 Perspectives of AI 
According to Winston, AI encompasses the “study of the computations that make it 
possible to perceive, reason and act”. From this perspective, AI differs from most of 
psychology because of the greater emphasis on computation, and AI differs from 
most of computer science because of the emphasis on perception, reasoning, and 
action. [Winston, 1993] 

From the perspective of goals, AI can be viewed as part engineering and part 
science [Winston, 1993]: 
 The engineering goal of AI is to solve real-world problems using AI as an 
armamentarium of ideas about representing knowledge, using knowledge, and 
assembling systems. 
 The scientific goal of AI is to determine which ideas about representing knowl-
edge, using knowledge, and assembling systems explain various sorts of intelli-
gence. 

1.3.3.2 AI and Engineering Design 
AI complements the traditional perspectives of engineering design. Two important 
reasons for that are the following29: 
 Computer metaphors aid thinking. Work with computers has led to new languages 
and concepts for talking about how to do things and how to describe things. 
 Computer models force precision. Implementing a theory uncovers conceptual 
mistakes and oversights. Major obstacles often appear that were not recognised as 
problems before the application of AI methods for a particular problem. 

AI in design includes the modelling of the designing activity, the representation of 
design knowledge, and the construction of either systems that produce designs or 
systems that assist designers. This area has various names, including AI in Design 
(AID), Knowledge-Based Design Systems (KBDS), Intelligent CAD (ICAD), 
Knowledge Integrated CAD (KIC), Knowledge-Aided Design (KAD), etc. [Brown, 
2000]. 

1.3.4 Design form the Viewpoint of AI 
According to Tong and Sriram, models of design can be partitioned into an active 
component – the design process; and into two passive components – the design 
space and the knowledge base. The design process efficiently navigates through the 
design space guided by the knowledge in the knowledge base [Tong & Sriram, 1992a]. 

1.3.4.1 Design Process 
We saw in Section 1.2 that engineering design is an information-processing activity 
that creates a description of an engineered artefact guided by some set of specifica-
tions and some set of constraints. These activities consist of formulating require-

                                                           
29 These two reasons have been adopted from [Winston, 1993] where Winston gives some reasons to 

indicate that AI complements traditional perspectives of psychology, linguistics, and philoso-
phy. 



24 Chapter 1 

ments based on the consumers’ needs, mapping the requirements into functional 
specifications, and mapping these specifications into design solutions. 

Design problems are ill-structured in that the mapping of a desired function-
ality onto a physical structure is generally not straightforward. Furthermore, most 
design problems demand not only a correct design but also a good design – good 
with respect to one or more (possibly ill-defined) metrics. This further complicates 
the mapping, consequently decreasing the likelihood that a simple algorithm will 
suffice for carrying out the mapping, and increasing the likelihood that some degree 
of search (e.g., generate-and-test) will be necessary. [Tong & Sriram, 1992a] 

1.3.4.2 Design Space (after [Tong & Sriram, 1992a]) 
In a design space, the points can be specifications or implementations, and they can 
be at varying levels of abstraction. Some of the most basic relationships that can 
exist between points P1 and P2 in the design space include: 
 P1 is a part of P2. 
 P2 is a refinement of P1 (where P1 and P2 are both specifications). 
 P2 is an implementation of P1 (where P1 is a specification for and P2 is a 
description of an artefact in the target technology). 
 P2 is an optimisation of P1 (i.e., P2 is better than P1 with respect to some 
evaluation criteria). 
 P2 is a patch of P1 (i.e., P1 contains constraint violation but P2 does not). 

Respectively, some of the most basic operations for generating new points in the 
design space from an old one include: 

 refining P1 into P2. 
 implementing P1 as P2 in target technology T. 
 decomposing P1 into {P11, … , P1n}. 
 optimising P1 into P2 with respect to criteria O. 
 patching constraint violation V in P1, yielding P2. 

1.3.4.3 Design Knowledge (after [Brown & Grecu, 1997]) 
One of the major tasks of any design system development is to identify all the pieces 
of knowledge used by the system and to map them onto the most convenient 
representations provided by AI. The most important characteristics of the design 
knowledge can be summarised as follows: 

a) Types of Knowledge 
We can distinguish two basic types of knowledge: 
 Domain-dependent knowledge includes all the information specific to the field in 
which designs are created. Detailed domain knowledge leads to accurate design 
solutions. However, rich domain descriptions make the search for a design solu-
tion more complex and the evaluation process more difficult. Some examples of 
domain-dependent knowledge are: component descriptions, equations, functional 
knowledge, etc. 
 Domain-independent knowledge represents the part of the problem-solving 
support that is not sensitive to the underlying design domain. Some examples of 
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domain-independent knowledge are: control30 knowledge, communication knowl-
edge, etc.  

b) Knowledge Entities 
Domain-dependent knowledge can be represented by specific entities, depending on 
the particular domain and the type of problem that is being solved. Such entities are, 
for example, component attributes, parameter dependencies, constraints on compo-
nent connectivity, physical laws, etc. For example, systems that develop new 
designs will need various kinds of information about the components and about how 
they fit together. Or, if redesign is the central issue, then parameter dependencies 
are important, since they will show the impact of changes on the rest of the system. 

Domain-independent knowledge can be refined into specific techniques and 
knowledge entities. For example, control knowledge can be refined by search 
algorithms used to find solutions, or by backtracking methods applied when the 
search for a solution reaches a point from where no continuation is possible. 

c) Hierarchies 
As design is often approached as a decomposition problem, hierarchies are often 
used for guiding the decomposition process, understanding the structure of the 
knowledge, and facilitating the knowledge representation. Some hierarchies encode 
abstraction levels, while others represent part-of relationships. For example, various 
degrees of abstractness in a hierarchy of functions can be helpful in function 
instantiation and functional decomposition. Likewise, a hierarchy of components can 
be used for structural decomposition. 

d) Models 
Models integrate knowledge related to particular aspects of an artefact. Model-based 
systems generate designs based on expectations with respect to those properties that 
are modelled. Several types of model exist, such as models of the design process, 
structural models (e.g., components and their interrelationships), functional models 
(function-structure), behavioural models, etc.  

e) Heuristics 
As it was indicated in Section 1.2.2.3, heuristics are very important for problem 
solving in design. Heuristics are appropriate, because in design the search spaces 
(see ‘design space’ above) are usually very large, and any knowledge that can be 
used to reduce the search (even if it may not always work) should be taken into 
account. Heuristics are used to generate, select or order problem-solving steps.31 

Note, that many other characterisations of the (design) knowledge can be found in 
the literature, like, e.g., deep or surface [Brown & Grecu, 1997], codified or tacit, 
recognised or unrecognised [Yoshikawa, 1993]. There are also several other 
sources/types of knowledge, like histories, cases, etc. [Brown & Grecu, 1997]. 

                                                           
30 Control here means the control of the design process. 
31 See Appendix B for more details about heuristics. 
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1.3.5 ‘AI in Design’ Methodology 32 
The methodology that is provided by AI to support the design activity or to build 
design systems encompasses primarily the problem solving methods that are 
appropriate to solve particular design problems. Furthermore, AI methodology 
includes other critical issues: knowing how and where to look for a design solution; 
what types of reasoning to use; and what goals to pursue besides that of finding a 
solution. The most important questions that ‘AI in Design’ methodology deals with 
are the following: representation, problem-solving method, controlling the design 
process, reasoning spaces, iterative character, cognitive support, analysis and 
synthesis, decomposition, qualitative reasoning, constraint handling, failure 
handling, design optimisation, user involvement, machine learning, programming, 
auxiliary tools. Since these questions were investigated during the research and 
development of the CAD tool presented in the dissertation, they are discussed in 
more detail in Appendix F. 

1.3.6 Major Fields of ‘AI in Design’ 
Several application fields of AI in design were implicitly mentioned above. Without 
going into detail, the major fields of ‘AI in Design’ include: 
 Configuration-design problem solving (see, e.g., [Wielinga & Schreiber, 1997]) 
 Evolutionary design (see, e.g., [Váncza, 1999]) 
 Grammatical design (see, e.g., [Brown, 1997]) 
 Expert systems (see, e.g., [Durkin, 1996; Rychener, 1988]) 
 Functional reasoning (see, e.g., [Umeda & Tomiyama, 1997]) 
 Case-based reasoning (see, e.g., [Maher & de Silva, 1997]) 
 Constraint management (see, e.g., [Eaton, 1999]) 
 Multiagent design systems (see, e.g., [Lander, 1997]) 
 Analogy and creativity (see, e.g., [Goel, 1997]) 
 Machine learning (see, e.g., [Duffy, 1997]) 
 Design rationales (see, e.g., [Lee, 1997]) 
 Qualitative reasoning (see, e.g., [Iwasaki, 1997b]) 
 Knowledge management (see, e.g., [O’Leary, 1998]). 

For overviews of, selected topics of, and other information on ‘AI in Design’ 
consult, e.g., [Birmingham, 2000; Brown & Grecu, 1997; Tong & Sriram, 1992a; Tong & Sriram, 
1992b; Tong & Sriram, 1992c; Váncza, 1999; Reinschmidt & Finn, 1994; Dixon, 1995]. 

This dissertation has three aspects of ‘AI in Design’. First, the main subject of the 
dissertation is to solve a configuration-design problem. Second, object-oriented 
design and programming was used to represent the design knowledge and to 
implement the necessary algorithms. Third, genetic algorithms were used for search 
and optimisation purposes. In what follows, the first two subjects will be introduced 
in more detail. Genetic algorithms will be discussed in Chapter 5. 

                                                           
32 After [Brown & Grecu, 1997]. 



Situating the Work 27 

1.3.7 Configuration Design 
We have seen in Section 1.2.3.2 that working out the components from which the 
product will be “composed”, establishing their spatial and structural relationship, 
and broadly determining their appearance and form are crucial parts of the design 
process (see Figure 1.4 on page 17). This activity belongs to a well-known area of 
‘configuration design’ and comprises a branch of ‘AI in Design’ that deals with 
configuration-design problem solving. 

1.3.7.1 Classification of Configuration-Design Problems 
A general characteristic of configuration-design problems is that – given a set of 
predefined components, a set of requirements, and a set of constraints – the artefacts 
are assembled from the components so that the requirements are satisfied and the 
constraints are not violated. This type of design may also have some sort of 
optimality criteria that order the possible solutions. Configuration design differs 
from other types of design in two respects: new components are not designed, and 
the sets of requirements and constraints are assumed to be complete. [Wielinga & 
Schreiber, 1997] 

There exist several types of configuration problems. According to [Wielinga & 
Schreiber, 1997], configuration problems can be classified using three dimensions 
such as the components, the assembly, and the requirements and constraints. Table 
1.1 shows these three dimensions and shows some of the possible values for each. 
After [Wielinga & Schreiber, 1997] these three dimensions can be characterised as 
follows33: 

a) Components 
Components can be given by their fixed shape and dimensions [see first row and first 
column (c1) in Table 1.1]; or they might have some parametric properties that 
require some values to be assigned [see (c2) in Table 1.1]; or it is possible that only 
their prototypes [see (c3) in Table 1.1] are known so that the components must be 
instantiated during the configuration design. 

Knowledge about the components is essential in configuration design. De-
signers can organise this knowledge in hierarchies (see Section 1.3.4.3), which can 
facilitate the configuration-problem solving to a large extent. 

b) Assembly 
The assembly means the aggregate of components and their arrangement. Assembly 
is the second source of variation in configuration design. One extreme problem 
involves a fixed arrangement [see first row and second column (a1) in Table 1.1]. In 
a less restrictive case, the designer has some knowledge about the global structure, a 
skeleton arrangement, of the assembly in advance, so during the configuration 
design the specific arrangement must be determined [see (a2) in Table 1.1]. For 
example, in designing a car, the designer has a skeletal assembly in mind, consisting 
of component types such as wheels, axles, engine, steering system, and so on. In the 
other extreme case, the specifications do not limit the space of the arrangements, i.e., 
the assembly of components is free [see (a3) in Table 1.1]. 

                                                           
33 The characterisation is based on [Wielinga & Schreiber, 1997]. In what follows, only references 

other than this are included. 
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Knowledge about the assembly is crucial in configuration design and it can 
be organised in hierarchies as well. 

c) Requirements and Constraints 
A third variation in configuration design is the degree by which the requirements 
and constraints relate to the components and their arrangements (see third column in 
Table 1.1). The requirements, for example, can directly affect the final assembly’s 
geometric properties, not the components themselves. In other cases, the require-
ments might specify some initial value assignments for the component parameters. 
Other variants of configuration assume functional requirements, and the designer 
must determine any relation between the components’ arrangement and the required 
function. It is a demanding task because the boundary between functions and 
components is fuzzy. Moreover, mapping from functions to geometry, i.e., to the 
shape and forms as well as to the arrangement of the components, is not a straight-
forward process [Bradshaw & Counsell, 1999], and there is no good means to relate 
between form and function in mechanical design [Kirschman and Fadel, 1998]. 
However, research efforts are underway to relate function to geometry as well as to 
kinematic motion [Umeda & Tomiyama, 1997]. Some promising results for that can be 
found in the literature (see, e.g., [Finger & Dixon, 1989; Liu et al., 1999; Schmidt et al., 
1999]). 

Components Assembly Requirements and Constraints 
Fixed set (c1) Fixed (a1) Local, fully, and directly applicable 

(r1) 
Fixed set, but parameter-
ised (c2) 

Skeleton given 
(a2) 

Incrementally applicable (r2) 

Set of types of param-
eterised components (c3) 

Free (a3) Functional and/or global (r3) 

Table 1.1  Dimensions of configuration design problems 
(after [Wielinga & Schreiber, 1997]). 

Cross Product Task Category 
c1, a1, r1 Local verification 
c1, a1, r2 Incremental verification 
c1, a1, r3 Functional verification 
c1, a2, r2 Assignment 
c1, a3 Layout design 
c2, a1 Parametric design 
c3, a2 Skeletal design 
c3, a3, r3 Full configuration design 

Table 1.2  Example types of configuration design 
(after [Wielinga & Schreiber, 1997]). 

Constraints differ from requirements in that the requirements must be satisfied while 
the constraints must not be violated. Constraints can be local (applicable to a single 
parameter, to a single component, or to a relation between two components) or 
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global (applicable to the whole assembly). Global constraints are, for example, a 
need for a symmetric assembly, a maximum limit for the total weight, etc. There is a 
group of constraints, called ‘incrementally applicable constraints’, that can be 
classified as a group between local and global constraints. They affect the local part 
of the assembly but can only be checked once other parts have been designed as 
well. 

d) Types of Configuration-Design Problems 
A space of configuration problem types can be constructed by taking the cross 
product of the values on the three dimensions introduced above (see Table 1.1). 
Table 1.2 shows some examples of cross products and their corresponding terms. 
The first three rows in Table 1.2 represent degenerate forms of configuration design 
because the entire assembly is given in these cases (fixed set of components and 
fixed assembly), so the problem is to merely verify the validity and suitability. 
Assignment is the configuration task where a given set of elements must fit into a 
skeletal arrangement. Layout design involves fixed components but with the 
arrangement largely open34. Parametric design assumes a given arrangement and 
mainly it is concerned with assigning values to component parameters. Skeletal 
design assumes that the designer has an abstract model of the assembly, but needs to 
find the details of the mapping between the components and the assembly. 

This classification of configuration design cannot be taken very strictly and these 
terms are often interchangeable in the literature (e.g., layout design or parametric 
design are used to indicate a large scale of various designing activities). As we will 
see in Chapter 3 the configuration tasks of this dissertation cover the tasks of 
parametric design and/or skeleton design depending on the problem defined for the 
system. 

1.3.7.2 Solving Configuration-Design Problems 35 
Given a knowledge base that contains the knowledge about the components, the 
assembly, and the requirements and constraints, a straightforward search process 
could, in principle, solve the configuration-design problem. In practice, the 
combinatorial nature of the problem makes this process an unrealistic one. 
Therefore, designers need problem-solving methods (PSM) that constrain the search 
process by using knowledge, heuristics, or some additional assumptions that restrict 
the search space. 

Several methods exist for configuration problem-solving methods. Wielinga 
and Schreiber attempted to collect them: Figure 1.6 shows their partial taxonomy of 
PSM for configuration design. Although there are uniform methods (like constraint 
satisfaction or linear programming), the use of domain-specific knowledge provides 
the best way to handle the combinatorics of complex configuration-design problems. 
Case-based methods assume that knowledge about the solutions is explicitly 
represented. Such knowledge can be extracted from previous solutions. Hierarchical 
methods employ some form of hierarchical decomposition, where the search 

                                                           
34 When the components to be configured are activities, the configuration design is called 

scheduling [Wielinga & Schreiber, 1997]. 
35 After [Wielinga & Schreiber, 1997]. 
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decomposes the top-level goal into a number of alternative substructures, each of 
which represents a partial refinement of the original goal. 

Configuration problem-solving methods

Uniform methods Knowledge-intensive methods

Case-based methods Propose, critique
and modify methods

Hierarchical methods

Select and
verify

Heuristic
classification

Match, m
and test

odify, 
Propose-and-

backtrack
Propose-and-

revise
 

Figure 1.6  Configuration-problem solving methods 
(after [Wielinga & Schreiber, 1997]). 

The PSM of this dissertation, to some extent, belongs to the propose, critique, and 
modify (PCM) methods. The general principle of PCM methods is that an initial 
configuration is proposed and subsequently tested against the requirements and 
constraints. If violations are found, modifications remove the conflicts. There exist 
various specialisations of the general PCM method. Two of these are worth 
mentioning here: ‘propose-and-backtrack’ and ‘propose-and-revise’. In the case of 
propose-and-backtrack, if the test fails, search will go on for alternative solution. If 
no viable alternatives can be found, chronological backtracking undoes earlier 
decisions and the search continues from an earlier reasoning point. In the case of 
propose-and-revise, if the test of the proposed configuration fails, the design will be 
revised (fixed). The propose-and-revise method uses a set of parameters for the 
description of the components and their connections. Thus, the revising task will 
assign new values for the chosen parameters, which is a smallest possible extension 
of the existing design (that has failed). It will be shown in Chapter 5 that within our 
design system genetic algorithms search for optimal machine tool configurations. To 
some extent, the genetic search belongs to the propose-and-revise method presented 
above.36 

Further details, useful references and links about configuration design can be 
found in, e.g., [Finger & Dixon, 1989; Wielinga & Schreiber, 1997; Brown, 1996; Brown, 1998; 
Váncza, 1999; Potter, 2000; Sabin, 1996]. 

1.3.8 Object-Oriented Design and Programming 
Object-oriented design and programming (OODP) was the core tool during the 
research and development activities presented in the dissertation. 

Object-oriented design is a software engineering paradigm that encompasses 
the process of ‘object-oriented decomposition’ and a notation for representing both 
logical and physical as well as static and dynamic models of the system under 

                                                           
36 However, there exist advanced genetic search methods that use historical information in their 

chromosomal representation, thus genetic search could belong to the propose-and-backtrack 
method as well. 
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design37. Object-oriented decomposition is a process of breaking a system into parts, 
each of which represents some class or object from the problem domain. The 
application of object-oriented design methods leads to an object-oriented decompo-
sition, in which we view the world as a collection of objects that co-operate with 
each another to achieve some desired functionality. [Booch, 1994] 

Object-oriented programming is an implementation method in which pro-
grams are organised as co-operative collections of objects, each of which represents 
an instance of some class. The classes are members of a hierarchy of classes united 
via inheritance relationships. In such programs, classes are generally viewed as 
static, whereas objects typically have a much more dynamic nature. [Booch, 1994] 

Representation is a key element in design [Dym, 1994; see point a) in 
Appendix F as well]. Object-oriented representation and the method of object-
oriented decomposition provide valuable tools to represent and organise the 
knowledge of both the design artefact and the design process (see Section 1.3.4.3). 
Design, to a large extent, exhibits a highly modular and hierarchical nature. Some 
hierarchies encode abstraction levels, while others represent part-of relationships. 
Modules and components in design, especially in configuration design, can be 
treated in the same way as objects in OODP. Designing activities and the various 
processes (e.g., synthesising or analysing) can also be treated as objects. Moreover, 
OODP reinforce partitioning the (software) system and promoting scalability as 
tasks and modules grow in size, scope and complexity. 

Object-oriented design and programming is based on the concepts of abstrac-
tion, encapsulation, modularity, hierarchy, inheritance, polymorphism, typing, 
access control, and so on. Appendix G defines the important concepts and terms of 
OODP. Further details about OODP can be found, e.g., in [Booch, 1994; Firesmith & 
Eykholt, 1995; Stroustrup, 1997]. Some remarkable examples of the application of 
OODP in ‘design’, especially in synthesis, can be found, e.g., in [Kusiak et al., 1991; 
Fryer & Schenker, 1997; Warman, 1990]. 

1.4 Trends in Engineering Design 
After examining computer-aided engineering design, this section will focus on some 
interesting trends that can be observed in this field. We will highlight concurrent 
product design and development and the many possibilities provided by advanced 
information technologies. Then, we will point to a design paradigm shift that is a 
natural consequence of the evolution of design, and will call attention to a sort of 
side effect of this evolution and to the way this side effect can be reduced and 
managed by further research and development in computer-aided engineering 
design. 

                                                           
37 Note that the term ‘design’ here refers to the design of the software system and not to the design 

of the artefact that is being designed by the use of the system. In other words, in our case, we 
intend to design a system that supports the design of machine tools. However, there is a strong 
correlation between the two, because the design of the software system influences the design of 
machine tools and vice versa. 
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1.4.1 Concurrency 
Concurrency is an omnipresent tendency in engineering design today. Concurrency 
has at least three dimensions: multidisciplinarity, simultaneity, and integration38. 
Although these dimensions are interrelated, they help illustrate the essential features 
of concurrency. 

Multidisciplinarity means that in the design process several disciplines are 
involved. Simultaneity indicates that several procedures can be carried out in rather a 
parallel than a sequential way decreasing the lead-time of the design process. 
Integration denotes that various methods, models, and tools can be used during the 
design process. Integration does not necessarily require simultaneity but it is based 
on methods and ways of organising things, which leads, in a synergistic manner, to a 
better quality of the product or to a more efficient design process. 

Nowadays, concurrency is present in the product development processes but 
it is an intrinsic characteristic of the design of many complex products as well. 

1.4.1.1 Concurrency in Product Development 
As was indicated in Section 1.2.3, product development comprises the product 
design, as well as the development of the plans for manufacturing, distribution, and 
marketing. Thus, product development is a multidisciplinary process, i.e., certain 
disciplines correspond to different subprocesses, such as mechanical engineering, 
industrial design, manufacturing engineering, marketing, etc. Therefore, product 
development projects must be managed in an interdisciplinary manner. [Roozenburg 
& Eekels, 1995] 

Simultaneity in product development is a very important mechanism for re-
ducing throughput time, and this is probably the reason for its widespread use, 
particularly in large companies. The application of specific development models can 
incorporate simultaneity of procedures and key points. Many methods of this type 
have become popular and demonstrated convincing results. [Andreasen, 1991] 

Integration creates synergy in product development within the various parts 
of the company that are traditionally separated. Many ‘Design for X’ methods have 
been developed as a response to the need for integration [Andreasen, 1991]. Without 
going into detail, some important methods are the following: Design for Manufac-
turability (see, e.g., [Groover, 1996]), Design for Assembly (see, e.g., [Groover, 1996]), 
Design for Quality (see, e.g., [Pahl & Beitz, 1996; Groover, 1996; Hubka, 1992; Mørup, 
1992]), Design for Minimum Cost (see, e.g., [Pahl & Beitz, 1996]), Design for Environ-
ment (see, e.g., [Feldmann & Meedt, 1999]), Design for Life Cycle (see, e.g., Groover, 
1996); Design for Precision (see, e.g., [Schellekens et al., 1998]), Design for Control 
(see, e.g., [Li & Zhang, 1999]). Moreover, various types of information technologies 
have been introduced to aid product development; the typical ones are CAD, CAE 
and PDM [Whitney et al., 1999]. The integrated use of these methods and technologies 
can result in synergy that can be measured in higher quality of both the product and 
the design process. 
                                                           
38 Simultaneity and integration, and primarily their explanations are taken from [Andreasen, 1991]. 

Here, Andreasen introduces three dimensions for describing concurrency in product develop-
ment: simultaneity, integration and provident thinking. In the view of the author of this disserta-
tion, provident thinking, like total life cost thinking or design for environment and recycling, is 
rather a driving force for concurrency than a describing dimension. 
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Models describing concurrent product development processes started to ap-
pear in the 1980’s more or less simultaneously in Japan, the USA and Europe under 
names such as ‘Concurrent Engineering’, ‘Simultaneous Engineering’, ‘Total 
Design’, ‘Design for Production Quality’ or ‘Integrated Product Development’ 
(collection of terms found in [Andreasen, 1991]) or ‘System Design’. Today, concur-
rent engineering is the most frequently used term to indicate the phenomenon of 
concurrency (i.e., multidisciplinarity, simultaneity, and integration) in product 
development. Further details can be found, e.g., in [Sohlenius, 1992; Ullman, 1997; Pugh, 
1991; Groover, 1996; Andreasen, 1991; Roozenburg & Eekels, 1995; Bedworth et al., 1991; Hjort 
et al., 1992; Birmingham & D’Ambrosio, 1999; Schulz et al., 1999; Whitney et al., 1999]. 

1.4.1.2 Concurrency in Product Design – Mechatronics 
Concurrency is ubiquitous in the design of many complex artefacts as well. A 
typical example of this is the design of complex electromechanical, or mechatronic, 
machines, like robots or machine tools, where the design of the mechanical structure 
and the control system is carried out concurrently rather than separately or sequen-
tially. 

Mechatronics is emerging as a ‘concurrent engineering framework’ for prod-
uct design, since it is “a synergetic cross-fertilization between the different engineer-
ing disciplines involved: mechanical engineering, control engineering, microelec-
tronics, and computer science” [Van Brussel, 1996]. The three characteristics of 
concurrency described above can be observed in mechatronic design as well: (1) 
multidisciplinarity of the engineering disciplines mentioned in the previous 
sentence; (2) simultaneity in the design process of the mechanical structure and the 
control system; (3) and integration of many activities, methods and tools such as 
CAD/CAE of the mechanical parts, CAD/CAE of the control loops, CAD/CAE of 
the microelectronic parts, ‘design for precision’, ‘design for control’, etc. Mecha-
tronics is not a new (standalone) branch of engineering but has grown into a new 
integrating discipline that is much more than a combination of different technologies 
[Buur, 1990] because it provides a synergistic interaction between different fields of 
engineering resulting in new possibilities for product design39. 

Specific design theories and methodologies were developed for the mecha-
tronic approach in the past two or three decades (see, e.g., [Buur, 1990; Isermann, 1996; 
Shetty & Kolk, 1997; Bradley et al., 1991; Craig et al., 1999]. Mechatronics has started to 
penetrate into industry and many applications have proved the exploitability of the 
approach (see, e.g., [Kyura & Oho, 1996; Hewit & King, 1996; Van Brussel, 1996; Youcef-
Toumi, 1996]). 

This dissertation is a contribution to the attainment of an ultimate goal that is to 
develop an integrated design environment, a mechatronic compiler, for the 
mechatronic design of machine tools [Van Brussel, 1996; Van Brussel et al., 2001; 
MECOMAT, 2000]. The design tool presented in the dissertation will enable us to 
generate optimised mechanical concepts of machine tools that will be good starting 

                                                           
39 Thus, in this sense, similarly to the characterisation of product development, we can attribute 

mechatronics another characteristics which is interdisciplinarity, because the many disciplines 
involved must be combined and co-ordinated. 



34 Chapter 1 

points for further mechatronic design of the mechanical structure and the control 
system. 

1.4.2 New Opportunities Provided by Advanced IT 
Many advanced information technologies (IT) are available today which have 
changed the nature of the designing activities and it can be expected that they will 
fundamentally change the philosophy and practice of design in the near future 
providing designers a variety of possibilities that have never been accessible. 
Examples are the use of virtual reality and augmented reality in design [Lu et al., 
1999; Elspass et al., 1999]; the application of multimedia technologies in designing and 
design education [Karandikar & Shupe, 1995]; the utilisation of the possibilities 
provided by the Internet for, e.g., collaborative design [Kim et al., 1999] or for 
establishing digital libraries for design [Regli, 1999]; the use of integration technolo-
gies such as product data management (PDM) [Bossak, 1997; Whitney et al., 1999]; the 
application of parallel processing (or parallel computing) for computation intensive 
tasks; and so forth. 

During the research and development of the design tool presented in this disserta-
tion, a parallel processing system was applied to shorten the computing time during 
the optimisation tasks. This system allows programmers to exploit distributed 
computing across a network of existing computers. This system will be described in 
more detail in Chapter 5. 

1.4.3 Design Paradigm Shift 40 
Recently, engineering design has witnessed a ‘paradigm shift’ (see Figure 1.7). Prior 
to and throughout the 1970’s, the design process was based on the model ‘Design–
Build–Test’. Most of the steps were made manually, separately, and sequentially. 

The 1980’s brought computer-aided drawing and drafting (CADD), manufac-
turing (CAM), and design (CAD). Documentation and some analyses were semi-
automated but the way of thinking was still the same as it had been without 
computers before. The first generation of computer-aided tools was merely used as 
an expensive replacement of the drawing board and as an automation of some 
calculation tasks, but the basic approach to design did not change considerably. 

Build it

Does it work?

Is it the best?

1970

Will it work?

Build it

Is it the best?

1980

Will it work?

Build it

1990

Is it the best?

 
Figure 1.7  Design process evolution (after [Knoth, 1997] as it is presented  

in [Bossak, 1997]). 

                                                           
40 This section is based on [Bossak, 1997] but is extended by the author of this dissertation. 
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The 1990’s brought powerful analysis, simulation and optimisation tools, newer and 
newer generations of CAD/CAM systems, efficient AI and IT technologies (see 
previous sections), reverse engineering, rapid prototyping, concurrent engineering, 
into the product design and development processes – all of them enabling the 
integrated computer-aided engineering design. This allows the simulation and 
optimisation of the form and behaviour of the products before the real prototyping. 
Thus, the design paradigm has shifted to the model ‘Design–Simulate–Optimise–
Build’. This paradigm shift can also be indicated by the name virtual engineering 
[Bianchi et al., 1996]. 

This dissertation is in line with this design paradigm shift since it aims to develop an 
integrated computer-aided design environment to support the synthesis, analysis and 
optimisation of machine tool concepts contributing to a move toward virtual 
engineering of machine tools. 

1.4.4 Information Overload 
Tools and sources of information are expanding and diversifying all the time. Beside 
the benefits of the numerous computer-aided tools and information technologies 
presented in the previous sections, there is a substantial problem: the human capacity 
for absorbing information does not increase at a corresponding rate of the expansion 
of the information sources. After Kimura et al. we term this incompatibility as the 
‘human information overload’ problem [Kimura et al., 1998]. According to Kimura et 
al., three categories of the impact of this information overload on designers can be 
identified in the design process: 
 Detail overload: too many details and too much extra information to handle. 
 Constraint overload: too many demands and considerations to satisfy. 
 Versatility overload: too many options or possibilities to consider. 

Kimura et al. suggest three general directions for improvement of this information 
overload problem: 
1. Bringing computer tools into the early phases of the engineering design process, 

thus permitting more extensive exploration of alternatives, earlier detection of 
problems, and better informed selection of alternatives. 

2. Improving human-computer interfaces towards in-context natural interaction 
(e.g., virtual pen-and-paper-like sketching environment). 

3. Transforming computers from passive tools to active self-initiated engineering 
aids that are capable of suggesting alternatives and extracting relevant informa-
tion automatically when and where it is needed, based on the demand and cir-
cumstances rather than upon an explicit user request. 

Present computer-aided design tools are far away from the features prescribed by 
these directions. 

The aim of this dissertation is to bring computer-aided design tools to the early 
(preliminary) design of machine tools providing the designer with a tool to help 
explore (generate) many alternatives and exploit (optimise, filter, sort, select) 
design alternatives. 
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1.5 State of the Art of Machine Tool Design 
The term machine tool is mainly applied to any power-driven machine that performs 
a machining operation such as milling, drilling, turning, boring, grinding, and so on. 
The term is also frequently applied to machines that perform metal forming 
operations (such as rolling, forging extrusion, bending, drawing, shearing, punching, 
etc.) [Groover, 1996]. The main function of a machine tool is to hold the workpiece, 
position the tool relative to the workpiece, and provide power for some sort of 
manufacturing operations. 

There are many types of mechanisms that can provide the relative motion be-
tween the spindle and the workpiece. A major classification can be made by 
distinguishing machine tool mechanisms having primarily serial or parallel kinemat-
ics41. Serial mechanisms are characterised by a serial arrangement of the feed axes, 
where the individual axes are built on top of each other, so the lower axis carries the 
one above it. The axes can be moved independently of each other. The movement 
along an axis can be realised on guideways that can be either linear or rotary. Most 
machine tool structures are based on this principle. Parallel mechanisms are made 
up by one or more closed kinematic chains where the end element (the end effector) 
represents a ‘movable platform’ with some degrees of freedom of motion about a 
‘frame platform’. These two platforms are connected by guide chains (struts). The 
struts can be variable in length or in their relative position can vary whereby through 
their co-ordinated control the end effector can be positioned in space. [Warnecke et al., 
1998]. 

This dissertation presents a design system for a specific group of machine 
tools having serial mechanisms that are composed of three linear guideways. This 
group is called 3-axis machine tools in general. A more stringent definition of the 
3-axis machine tools the design system copes will be given in Chapter 3. 

In this section, first, we will present a literature survey of the design of ma-
chine tools having serial mechanisms. The focus of this survey is on the preliminary 
(conceptual or early embodiment) design of machine tools; thus the detail design of 
machine tools is out of scope. Then, in the light of this survey and the conclusions of 
the previous section made on the trends in engineering design (see Section 1.4), we 
will point out the way towards new computer-aided design systems for machine tool 
design. 

1.5.1 A Literature Survey of Machine Tool Design 
This section presents a literature survey of the state of the art in machine tool design, 
paying special attention to the systematic design of machine tools, the description 
systems of machine tools, and some general-purpose systems that support the 
generation and/or the evaluation of machine tool variants. 

1.5.1.1 Requirements, Functions, Design Principles – Conceptual Design 
Many publications can be found in the literature which deal with the description of 
kinematic and manufacturing functions and motions, with the analysis of shape 

                                                           
41 Obviously, there are machine tools that apply a combination of serial and parallel kinematics. 
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generation processes, and with the requirements for structures of machine tools. 
Similarly, machine tool designers and researchers have published many design 
principles that can be applied for the structural design of specific machine tools (see, 
e.g. [Tajnafői, 1965; Salje et al., 1973; Iwata et al., 1983; Schultschik, 1983; Dewes et al., 1995; 
Heisel & Gringel, 1996]). The application of these achievements for computer-aided 
conceptual design of machine tools has recently started. An example of this, as well 
as of the establishment of new theories and methodologies concerning the concep-
tual design of machine tools, is illustrated in the next paragraph. 

Hatamura et al. (University of Tokyo, Japan) developed a conceptual design 
process for an intelligent machining centre [Hatamura et al., 1995]. Their design 
process is constituted from the following activities: ‘required performance’ → 
‘predicted performance’ → ‘mechanism’ → ‘structure’. After several (cyclic, 
zigzagging) repetitions of such a process, the design reaches the stage of the 
definition of the final structure. Hatamura has proposed a new conceptual design 
method that uses conceptual operators to obtain ideas in design. Designers do these 
conceptual operations unconsciously during their conceptual design (thinking) 
activities. These operators are very powerful and effective if they are revealed and 
applied consciously. The authors proposed ‘eight design principles for machine 
design’ and ‘six design principles for intelligent manufacturing systems’. Intelligent 
manufacturing means using sensor-based manufacturing techniques, where four 
fundamental elements are indispensable: sensors which extract information from the 
phenomena; knowledge which describes the mutual relationships of information; 
actuators which change phenomena according to the information produced; and 
deformation elements which are needed to construct a concrete system. Using this 
methodology, a machining centre was designed and constructed. This machining 
centre implements the functions of compensating thermal deformation by thermal 
actuation, intelligent machining by force control, fail-safe operation, and external 
control through the Internet. As a closing remark, the authors’ interesting account is 
worth quoting: 

“Some people think that creation is inherently a human activity and cannot become a 
subject for technology or science. In the field of technology, apart from the field of art 
where emotion and feeling are treated, there exist various laws (e.g. conceptual opera-
tions in design) as presented in this study. By knowing and using the laws, we can 
obtain … high efficiency of creative activity. Moreover, when these laws are imple-
mented in a computer system, and knowledge/data are presented in consonance with 
the designer’s conceptual order, a designer can select and decide very easily while 
being alerted to unconscious faults by the system. This ‘Computer Aided Creation’ … 
which supports the human creative process is expected to emerge steadily in the 
future.” [Hatamura et al., 1995] 

The methodology presented by Hatamura et al. is a landmark on the way towards the 
conceptual design of machine tools. However, their methodology does not include 
methods for the systematic generation, evaluation or optimisation of solution 
variants. No literature has been found that deals with the transformation of require-
ments into functions and, more importantly, with the systematic mapping from 
functions to solution principles and further on to embodiment design, together with 
the exploration and optimisation of solution variants. It is still a big challenge for 
research in machine tool design. 

With regard to the conceptual design of the control system, it is worth men-
tioning an example here: Schemebuilder, which bas been developed at the Lancaster 
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University, Engineering Design Centre, has been successfully applied for the 
conceptual design of the servomechanisms and controllers of machine tools 
[MECOMAT, 2000]. Schemebuilder is an engineering knowledge management tool that 
enables the rapid development of conceptual product designs, known as schemes. 
The computer helps the user to explore alternative concepts and produce design 
simulations. Within Schemebuilder a design synthesis environment is coupled with a 
structured knowledge base that provides intelligent access to design knowledge and 
a component database. Technical solutions and design principles [see, e.g., French, 
1994; Counsell, 1997] are retrieved from the knowledge base and pieced together in a 
fully interactive and dynamic process. This is integrated with a simulation environ-
ment for design analysis. [Schemebuilder, 2003] 

1.5.1.2 Structural Descriptions and the Generation of Structural Variants 
Several methods have been developed for modular construction, for structural 
description and for the systematic generation of structural variants of machine tools. 
Recent results include the following. 

Ito (Tokyo Institute of Technology, Japan) and Yoshida (Mechanical Engi-
neering Laboratory, Miti, Japan) proposed a concept for the hierarchical modular 
construction of machine tools [Ito & Yoshida, 1978]. They systematically investigated 
numerous types of machine tools and recognised many similarities in their structural 
configurations. Based on these similarities, they established a hierarchy of modules 
and worked out a group technology(GT)-like coding system. With this GT code, 
using the force flow as structural pattern, it was possible to describe existing 
machine tool structures or generate new ones. The advantage of hierarchical 
construction is that modules in each level of the hierarchy can be generated from 
modules in a lower level. Considering four principles (principle of separation, 
standardisation, connection, and adaptation) of the modular construction methodol-
ogy of that time (1978), they proposed many problems to be solved. Ito and Shinno 
(Tokyo Institute of Technology, Japan) applied the structural description of GT-like 
codification presented above. Using directed graph theory and cluster analysis, they 
worked out a method of similarity evaluation among different types of machine tool 
structures [Ito & Shinno, 1982]. Later on, they developed a computer aided design 
system for the modular configuration of machine tools [Shinno & Ito, 1987]. With this 
system it was possible to generate structural variants of machine tools assembled 
from standardised modules. Ito et al. also published an analysis of the designer’s 
thinking pattern: they described the way of thinking and decision-making and the 
information flow within the basic layout design procedure of machine tools [Ito et al., 
1989]. They defined “functional and structural thinking blocks” with which the 
information flow can be described and a ‘thinking flow diagram’ can be obtained. 
Using cluster analysis, they could analyse this thinking flow diagram, so thus the 
designer’s thinking pattern could be modelled. It is a remarkable work, because, for 
the establishment of an intelligent computer-aided design system (in the future), it is 
essential to analyse and adequately implant the knowledge of the mature designer 
into the computer environment. 

Yan et al. (National Cheng Kung University, Taiwan, Republic of China) 
proposed a tree graph-based description method of 3-axis machining centres having 
automatic tool changing mechanism. Based on this representation they presented a 
comprehensive study on the topology characteristics of 3-axis machine tools as well 
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as that of the automatic tool changers [Yan & Chen, 1995; Yan et al., 1995]. Not long 
ago, Chen and Yan published a methodology for the systematic generation of the 
configurational variants of general open type spatial mechanisms subject to topology 
and motion constraints [Chen & Yan, 1999]. They applied this methodology for 
horizontal machining centres42 with automatic tool changer. They yielded a 
surprisingly small number of configuration variants of machining centres of that 
type (2 to 20 variants for drum-type tool magazine, and 1 to 60 variants for linear-
type tool magazine; and these variants include the variations of the topology of the 
tool changer mechanism as well). This may have two reasons. First, they introduced 
too restrictive motion constraints with which they could generate only a subset, and 
not the whole set as they claim, of all possible configurations of 3-axis machine 
tools having horizontal spindle. Second, they generated variants on the motion 
directions only. It means that they generate topological graphs where the edges of 
the graphs represent the three linear guideways and then, they assign motion 
directions for these linear guideways. This method does not make a difference 
between two machine variants that have identical topology and motion directions, 
but one or more of their guideways have different orientation. This orientation is an 
important characteristic to generate more diverse variants of configurations and 
geometry of machine tools. We will return to this statement later on (see Ad 8 in 
Section 3.2.2). 

Huang and Brandon (University of Wales, United Kingdom) proposed an-
other graph theory-based description and representation method that allowed a more 
general topological representation [Huang & Brandon, 1988]. Their composite represen-
tation that included the representation of the machine structures and the machine 
functions was more suitable for the design synthesis of machine tools than that of 
Ito. They proposed a knowledge-based (expert) system that could be used for 
synthesis, in which procedures, production rules and frame-based representations 
were combined. They also envisaged the synthesis of the structural modules from 
fundamental structural primitives. They contended that their representation model 
was general enough to include the dimensional and motion analysis, the assembly 
modelling, and the conceptual and detail design of machine tools. However, no 
further literature can be found that would demonstrate the application of their 
method. 

Ratchev and Gindy (Loughborough University of Technology, United King-
dom) developed a linguistic approach for the structure and capability description and 
for the configuration selection of machine tools [Ratchev & Gindy, 1992]. Their 
approach starts from the specification of the machining requirements, based on the 
work content analysis, in which a group of parts to be machined is analysed using a 
feature-based representation of the parts. The output of this analysis is a set of form-
generating schemas, representing required combinations of operations for machining 
the part group. Machine tool structures are represented by sets of machine building 
blocks (modules) and their permissible connections. Using matching methods based 
on linguistic theory, the specified capability requirements are transformed into a set 
of feasible machine tool configurations. 

Garro et al. (Centre de Recherche en Automatique de Nancy, France) evolved 
an algebraic approach that allows the design of machine tool architectures, starting 

                                                           
42 Machining centres with horizontal spindle and three linear axes. 
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from machining features of a set of workpieces [Garro et al., 1992]. This method is 
based on specific temporal logic and algebraic axioms. Using their method, the 
authors could derive the necessary number of machine tools, the number of spindles 
for each machine, and the number of operation sequences necessary for a particular 
set of workpieces to be machined. Their work belongs rather to the field of process 
planning than to machine tool design, because they did not present any method for 
the synthesis of the machine tool geometry nor did they give any more details about 
the machine topology except the necessary number of spindles. 

Iwata and Sugimura (Kobe University, Japan) developed a knowledge-based 
system for the structural design of machine tools [Iwata & Sugimura, 1990]. They 
presented a systematic approach for designing ‘feasible’ structures for machine tools 
that can realise the kinematic functions needed to generate the product surfaces to be 
machined. Their design process includes the following: (1) Determination of the 
relative motions between the tools and workpieces needed for generating each 
product surface; (2) Determination of the kinematic functions of machine tools; (3) 
Design of the feasible structures for machine tools which can realise the required 
kinematic functions; (4) Verification of feasible structures and selection of suitable 
structures for machine tools from various points of view; (5) Detailed design of the 
components of machine tools. They defined two types of knowledge needed for the 
design process: (i) Knowledge concerning the design objects, which includes the 
hierarchy of design objects (units) and their design parameters (dimensions and 
positions of the design units); and (ii) Knowledge concerning the design criteria, 
which includes the criteria (a) to select a suitable structural graph; (b) to determine a 
suitable direction of axis of the cutting motion; (c) to determine the suitable 
transformation matrix between the coordinate systems of the kinematic functions 
and the base unit (d) to determine the suitable position of the guides, and (e) to 
determine the suitable dimensions of units. They used frames and semantic networks 
to represent the design knowledge. Their method is about representation issues, but, 
except some detailed design of many possible guideway variants, there are no 
indications of how they could generate feasible geometry considering the whole 
(global) structure of machine tools. They used parametric representation of the 
structural elements (building blocks), but to assign feasible values to these parame-
ters is the task of the user. Another observation is that they model the machine base 
as an object constructed from one parametric part. This can cause some geometrical 
unfeasibility (interferences between the guideways) in the case of some machine tool 
configurations or during some geometry adjustments when the user attempts to 
make a feasible geometry43 by modification of some geometric parameters. We will 
return to this problem later on (see Section 3.3.3). 

Tajnafői (University of Miskolc, Hungary) proposed a systematic design 
methodology for the derivation of the structures of mechanisms based on a discrete 
and infinite set of solutions and on function integration [Tajnafői, 1991]. He worked 
out a coding system for the description of the global structure of machine tools. 
Based on this description system, Takács (University of Miskolc, Hungary) 
developed a computer-aided design system for the morphological design of machine 
tools [Takács, 1996]. He presented a case study for the application of this design 
                                                           
43 Feasible geometry here means that the geometric parameters of the whole machine tool structure 

are set in a manner that the motion of the spindle relative to the table outlines the required 
workspace. 
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system for the generation of a range of morphological variants of grinding centres 
[Takács, 1997]. 

Lipóth (Budapest University of Technology and Economics, Hungary) 
worked out an approach for the systematic configuration and evaluation of the 
conceptual structures of 3-axis machine tools [Lipóth, 1993]. He developed a qualita-
tive conceptual model that contains only the most important kinematic, topological 
and geometric characteristics of 3-axis machine tools. He derived ten qualitative 
parameters that are independent and determine the construction (configuration) of 
the global structure. Varying these ten parameters, he derived nearly seven thousand 
possible design variants. He introduced some geometric and topological constraints 
with which it was possible to generate specific clusters of machine tools having 
prescribed characteristics such as symmetric or asymmetric geometry. He built an 
automatic system with which he could generate the 3D model of the design variants 
configured from predefined components. He also proposed an evaluation method for 
the calculation of the static stiffness of the generated machine tool variants. He 
suggested a two-level optimisation method where the geometry and the configura-
tion of machine tool are optimised within two nested loops. In this dissertation, 
Lipóth’s methods are adapted and extended; we will describe his methods in more 
detail later on in Chapter 3, Chapter 4 and Chapter 5. 

1.5.1.3 Concurrent Engineering – Mechatronic Design – Integrated Design 
Environments – Virtual Engineering 
Concurrency is an emerging characteristic of machine tool design and development 
today (see Section 1.4.1). Primarily it has three major dimensions. 

First, the independent design of the different elements of machine tools (like, 
e.g., the design of the mechanical structure or the design of the control system) 
requires the integrated use of many tools and technologies such as synthesis tools, 
analysis tools, optimisation tools, AI technologies, PDM, etc. 

Secondly, there is an increasing recognition of the strength of mechatronic 
design in the machine tool industry. Mechatronic design includes the integrated use 
of many design tools mentioned above, and, more importantly, it requires the 
simultaneous processing of many design activities of various engineering fields. 
This yields, in a synergistic manner, a higher product quality (see integration, 
simultaneity and multidisciplinarity in Section 1.4.1.2). Machine tools are typical 
examples of complex mechatronic products where the dynamic interaction of the 
mechanical structure and of the control system generates the required motions for 
machining operations. Mechatronic design, where the design of the mechanical 
structure and the control system is carried out concurrently, is a novel approach in 
machine tool industry. Traditionally these design activities were done by different 
experts, often in different departments within the machine tool builder companies. It 
resulted in a longer time-to-market and a final sub-optimal design, because the 
separate considerations of the various aspects were rarely able to reach a global 
optimum [Bianchi et al., 1996]. Today, the amount of cases where the mechatronic 
approach to the design of machine tools is applied is rapidly increasing. 

Thirdly, concurrency is emerging in the product development processes in the 
machine tool industry. It means, that in addition to the (concurrent) product design, 
the development of the plans for manufacturing, distribution, and marketing are also 
included concurrently. This phenomenon is called ‘concurrent engineering’, 
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‘simultaneous engineering’ or ‘integrated product development’ in the literature. 
Concurrent engineering integrates the various Design for X methods (see Section 
1.4.1.1). 

Concurrent product design and development of machine tools is manifested 
in integrated computer-aided design environments that enable the virtual prototyp-
ing (or often named as virtual engineering) of machine tools. It has the advantages 
of increased product quality, shorter time-to-market, and lower costs (because of less 
or even zero series of prototypes). In what follows, we will give some examples of 
the concurrent product design and product development of machine tools. 
 
Woong et al. (Korea Institute of Science and Technology, Korea; Sungkyunkwan 
University, Korea) developed an integrated design system for the mechanical design 
of 3-axis machining centres [Woong et al., 1999]. They proposed a methodology for 
the design of machine tools and they developed a complex design process that is 
supported by a knowledge-based software system. This system is composed from a 
knowledge base, a knowledge manager, a design manager (a hybrid inference 
engine), a solid modeller, a design history manager, many analysis tools, and a 
graphical user interface. This system supports the design of separate modules such 
as the spindle units, the feed drive units (guideway and drive mechanisms), the 
structural elements (columns, beds, and carriages), and their configurations. The 
user can evaluate the design of each module as well as the whole assembly with the 
various analysis tools developed. Based on the results of previous analyses and 
evaluations, the design history manager is able to facilitate the necessary design 
modifications. 

Bianchi et al. (CNR Institute of Industrial Technologies and Automation, It-
aly; Katholieke Universiteit Leuven, Belgium) proposed an integrated mechatronic 
modelling method for a high-speed milling machine [Bianchi et al., 1996]. The authors 
represented the mechanical structure as a simplified model obtained from a finite 
element model, and they integrated it with a fourth-order reduced model of the 
controller and with a numerical model of static friction. This modelling permits the 
investigation of the dynamic behaviour during design and allows some simulation 
even in the first steps of the design process, when only generic information is 
available. This work was carried out by the framework of two European projects, 
KERNEL and KERNEL II [KERNEL, 1995; KERNEL II, 1998]. De Fonseca (Katholieke 
Universiteit Leuven, Belgium) extended this method with a mechatronic optimisa-
tion technique [De Fonseca, 2000]. He reduced the finite element (FE) model of a 
3-axis high-speed milling machine into a state space model suitable for control 
system design. For this, he used a component mode synthesis. He integrated this 
reduced FE model with robust controllers (PI and an H∞) and optimised some 
chosen parameters of the structure and controllers, taking into account the dynamics 
of the mechanical structure together with the control system. 

Weck and Dammer (WZL-RWTH Aachen, Germany) presented an engineer-
ing workbench for the design and calculation of machine tools [Weck & Dammer, 
1998]. Using this computer-aided integrated environment, the designer is supported 
(1) in designing the machine tool and its components within a parametric CAD 
system; (2) in generating the calculation models for guideways and spindle-bearing-
systems; (3) in generating a finite element model of the whole machine structure; (4) 
in generating a lumped mass model of the whole machine tool; and (5) in analysing 
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the elasto-kinematic behaviour of the machine tool by combining kinematic and 
finite element analysis. 

Reinhart and Weissenberger (Technische Universität München, Germany) 
presented a mechatronic multibody simulation methodology and an integrated 
software system for the optimisation of motion dynamics during the design of 
machine tools [Reinhart & Weissenberger, 1999]. Their design process consists of two 
stages. In the first stage, the designer is supported in the modelling and optimisation 
of machine components as separate functional subsystems such as guideways and 
feed drives, structural components (frames), and motion control and axis control. In 
the second stage, the designer can perform evaluations and optimisations of the 
dynamic behaviour of the machine tool as a complete mechatronic system composed 
from the subsystems. During these overall mechatronic evaluations and optimisa-
tions, modifications can be made that drive the optimisations of the subsystems. For 
this mechatronic optimisation, a multibody simulation approach is proposed where 
the control system together with all the mechanical structural components as flexible 
bodies are taken into consideration. In addition, using an NC simulation module, the 
system is capable of generating the position trajectories and simulating the kinematic 
and dynamic behaviour of a set of machining operations coded in an NC program. 
Although the authors proposed a simulation method that could be applied for 
optimisation, they did not describe a mathematical optimisation method in which 
certain parameters of the subsystems or the whole mechatronic system of machine 
tools can be automatically optimised. 

The work presented in the previous paragraph constituted a part of the Euro-
pean project MATCAP, entitled “Reduction of Time-to-Market for Machine Tools 
with Computer Aided Prototyping through Solid Modeller” [MATCAP, 2000]. The 
aims of this project were (1) to increase the quality of machine tools by better 
prediction and optimisation techniques; (2) to save time by shortening the design 
loop using methods of virtual testing and by the reduction of zero series prototypes; 
(3) to save cost by reducing, standardising and simplifying components and 
assembly processes. These aims were achieved by using ‘virtual prototyping’ and 
‘concurrent engineering’. Beyond the mechatronic design approach presented in the 
previous paragraph, tools for cost estimation and for parallel installation planning 
(placement and cabling of the electrical components) were also integrated, and all of 
these tools were linked through a PDM-system. 

1.5.1.4 Modular Design – Reconfigurable Machine Tools 
Modular machine tools have been in the market for several years. The concept of 
modular design means that the machine tools are configured from a modular 
component kit, i.e., from a set of predefined and premanufactured modules. Machine 
tool manufacturers choose this concept to configure a series of machine tools built 
up from the same modules. They often provide the customer the possibility to select 
the modules he wishes thus he can receive a machine that is individually assembled 
to suit his specific manufacturing requirements [Kleiner, 1993]. 

More recently, in machine tool design, another trend can be observed toward 
the research and development of reconfigurable machine tools (RMTs). RMTs are 
modular machine tools configured from standard components where the configura-
tion can be changed in response to new requirements (e.g., new market demand, new 
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products to be manufactured, new requirement for machining accuracy, etc.)44. 
Recently, many research projects have been initiated to deal with the challenge to 
provide solutions for the realisation of the design and development of RMTs. Two 
engineering methods are necessary for the design of RMTs: (1) a method for the 
systematic design of modular machine tools, and (2) design principles for open-
architecture controller. These are necessary but not sufficient conditions. The core of 
the design of RMTs is an approach to reconfiguration based on the concurrent 
design of open-architecture reconfigurable controllers with modular reconfigurable 
machine tools. [Koren et al., 1999] 

Both the modular design of machine tools and the design of reconfigurable 
machine tools are basically configuration problem-solving tasks. We examined 
configuration-problem solving in Section 1.3.7. According to the types of configura-
tion design problems presented in Table 1.1 and Table 1.2, modular design of 
machine tools and the design of reconfigurable machine tools belong to the ‘assign-
ment’ or ‘layout design’ categories of configuration design because a fixed set of 
components is given and the assembly is usually free or some skeleton may be 
given. If the design of the modules themselves is executed concurrently with their 
configuration or reconfiguration, then the process belongs to the category of 
‘parametric design’ or ‘skeletal design’ or of ‘full configuration design’ problem 
solving. 

The rest of this section presents a short overview of research in the modular design 
of machine tools and in the design of reconfigurable machine tools. There are many 
judgements pro and contra these designing concepts. An extensive overview or the 
presentation of our own judgements is beyond the scope of the dissertation. 

(1) European Projects 
In the beginning of the 1990’s, sponsored by the European Commission and by the 
CECIMO45, a European level co-operation was proposed with the name “CEDAM – 
Concurrent Engineered Design Approach of Machine Tools”. The CEDAM-concept 
is a design and production concept that promotes the following [CEDAM, 1993; 
MAREA, 1994]: 
 The designer/manufacturer (system integrator) of a machining workstation (MW) 
designs a modular MW. (MW comprises the machine tool and its peripherals like 
tool and part feed devices). This means that the MW is composed of several 
functional units (modules), fulfilling a specific functionality and containing the 
control in order to fulfil that functionality. 
 These modules are concurrently designed, manufactured and tested by specialised 
companies: the module manufacturers (suppliers). 
 Finally, the modules are assembled by the MW designer/manufacturer. 

To achieve the CEDAM-goal a scenario was proposed for further European level 
research and development. Many European joint research projects were launched or 
                                                           
44 There is another research direction that deals with reconfigurable manufacturing systems 

(RMS). Research in RMS investigates reconfigurability in the system level. In short, RMS is a 
dynamic manufacturing system where the structure of the system (e.g., the arrangement of 
machines) can be changed/adjusted enabling system scalability in response to market demands 
and system adaptability to new products [Koren et al., 1999]. 

45 European Committee for Co-operation of the Machine Tool Industry (CECIMO). 
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clustered under the umbrella of the CEDAM-concept: MAREA, KERNEL, 
KERNEL II, OSACA, OSACA II, MOTION, MOSYN, MW-1, MATCAP46, etc. 

The project MAREA was started with the aim to study and define the MW 
reference architecture. This project delivered (1) the reference set of functional 
modules (functional decomposition), (2) technical solutions for the material and 
energy supply of the modules, (3) technical solutions related to the physical 
connection of the modules (interfaces), and (4) the description of a reference control 
architecture. Although the MAREA project did not provide a full, satisfactory 
definition of a reference architecture, it pointed out the need for the development of 
configuration tools for designing the MW and for specifying the different modules, 
and also showed the need for further research to examine the influence of the static 
and dynamic behaviour of the different modules on the static and dynamic behaviour 
of the entire MW. [MAREA, 1994] 

The KERNEL project was initiated with the aim to define new solutions for 
high-performance machine tools, with the use of the most advanced design tech-
niques. According to the CEDAM-concept, this project defined the functional units, 
the so-called “Motion Control Units” (MCUs), of a certain class of machine tools 
(drilling machines, machining centres, milling machines, transfer line modules) by 
using conceptual analysis and functional decomposition. The project dealt with the 
design aspects of these MCUs concerning their (1) architecture, (2) structure and 
materials, (3) tribology problems, (4) kinematic chains, (5) motors, drives and 
advanced control techniques, and (6) the need for and the study of suitable simula-
tion environments for computer-aided design. [KERNEL, 1995] 

Within the framework of the KERNEL II project, two machine tool demon-
strators were built according to the indications given in the KERNEL project and the 
CEDAM-concept [KERNEL II, 1998]. In Section 1.5.1.3 we presented some aspects of 
the mechatronic modelling and design developed and applied during the projects 
KERNEL and KERNEL II. 

The main goal of the projects OSACA and OSACA II were to elaborate and 
apply vendor-neutral specifications for open control systems to enable the simple 
and cost-effective configuration and extension of numerical control systems and, 
therefore, permitting flexible adaptation to varying machining requirements. 
OSACA provided the specifications for basic services of a system platform. The 
system software of the platform consists mainly of an operating system, a communi-
cation system and a configuration system. Furthermore, a uniform company 
independent reference architecture for numerical control (NC), robot control (RC), 
programmable logic control (PLC), and cell control (CC) was worked out. These 
specifications and implementation guides were the basis for all subsequent activities 
in this field. Within the OSACA II project, the software for the system platform was 
developed by the partners to build up a pool of common system software. This pool 
served for testing, verification and extension of the specifications. Furthermore, first 
pilot applications were made during the project. [OSACA, 1994; OSACA II, 1996] 

Within the MOTION project, a modular motion unit, based upon linear direct 
drive technology was developed. This motion unit is provided with a Controller 
Area Network (CAN) fieldbus interface for communication and synchronisation 
with other modules of the machine tool. The project proves the applicability, 

                                                           
46 The MATCAP project was presented in Section 1.5.1.3. 
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usefulness and strength of a modular design methodology and modular motion 
control architecture, enabling a modular machine construction methodology. The 
project also revealed the interesting possibilities of linear direct drive technology in 
machine tools. Two demonstrator machines were built to prove this statement: an 
XY cross-slide, composed of two ‘MOTION’ units for high-speed milling purposes 
and a module for unround turning that is used as an add-on on a conventional CNC 
lathe. [MOTION, 2000] 

Within the MOSYN project a methodology to configure modular machine 
tools was developed and implemented into a software system. This ‘Computer 
Aided Configuration System (CAC)’ supports the machine tool customer and 
builder to find out the optimal machine tool configuration for a required manufactur-
ing task. The design (configuration) process of the MOSYN method comprises the 
following steps: (1) Revision/enhancement of reference architecture; (2) Typology47 
selection; (3) Module selection and/or specification; (4) Simulation; (5) Testing and 
verification of the complete machine tool model. Through these steps a knowledge-
based software assistant helps the CAC user by providing configuration know-how. 
After the machine tool is configured in a customer-specific way, an integrated FEM 
based simulation tool can simulate the static and dynamic behaviour of machine 
tools. For this simulation tool a new calculation method was developed which 
integrates the characteristics of modular machine tools and requires less modelling 
effort. Moreover, the computation times are considerably less than that of compara-
ble conventional FEM simulation tools. To support a machine tool manufacturer 
independent modular machine tool market, a special module database was developed 
which includes machine tool module descriptions from different suppliers. This 
database is available via the Internet. [MOSYN, 1998] 

The MW-1 project extended the CEDAM-concept toward reconfigurable ma-
chine tool design. This project was started with the aim of putting the CEDAM-
concept into practice by developing a reconfigurable milling machining workstation 
built with ‘intelligent’ modules. The final result of the project was a prototype of a 
milling machine tool of medium size composed of four main modules: a motion 
unit, a spindle unit, a tool exchange unit, and a pallet exchange unit. The MW-1 
project used the result of the projects MAREA and OSACA. Although a ‘true’ 
application of the CEDAM-concept or ‘true’ reconfigurability was not realised in the 
MW-1 project, the project realised the conversion of the global requirements of the 
customer into requirements related to the specific modules. [MW-1, 1998] 

(2) Research in the USA 
In the United States of America, in 1996, the Engineering Research Center of 
Reconfigurable Machining Systems (ERC/RmS) was founded at the University of 
Michigan by the National Science Foundation and 25 companies with the mission to 
develop the complete spectrum of reconfigurable manufacturing systems [Koren et al., 
1999]. The ERC/RmS deals with RMS technology development in three main areas: 
(1) Reduction of design lead-time of reconfigurable manufacturing systems (RMSs); 
(2) Design of reconfigurable machine tools (RMTs); and (3) Reduction of rump-up 
time. In what follows, we will concern the design of RMTs. 

                                                           
47 Typology means “the combination of feed axes, their orientation and their assignment to 

workpiece or tool” [MOSYN, 1998].  
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Moon and Kota (ERC/RmS, USA) presented a systematic design approach 
for the automated design of RMTs starting from process planning data [Moon & Kota, 
1999]. The key feature of their methodology is the use of screw-theory based 
mathematical representation to transform the machining requirements (that are given 
by a process planning-like description of machining tasks to be performed) to 
feasible machine tool configurations. Using this representation, each function 
(required motion) is mapped to a feasible set of modules that are stored in a 
predefined parameterised library of commercially available machine modules (the 
library has /1999/ about forty modules). The same mathematical representation 
enables the evaluation of the overall machine stiffness by concatenating the 
structural stiffness matrices of the constituent modules. Their design method ensures 
that all kinematically viable and distinctly different configurations synthesised for 
certain machining requirements are systematically enumerated to reduce the chance 
of missing a good design. 

Tilbury and Kota (ERC/RmS, USA) presented and integrated machine and 
control design for reconfigurable machine tools [Tilbury & Kota, 1999]. During this 
mechatronic design, first the mechanical modules are configured in the way 
presented above. Each (mechanical) module has an associated machine control 
module as well. Once the machine is constructed from a set of (mechanical) 
modules, the machine control modules are connected. An operation sequence control 
module, a user interface control module, and a mode-switching control module 
complete the control design. 

1.5.2 Conclusion: Towards a New Approach 
The methodologies, methods and design systems presented in the literature survey 
above (in Section 1.5.1) deal either with the synthesis (description of the topology 
and geometry of the structure; or generation of design variants) or with the analy-
sis/simulation (prediction of the mechanical or mechatronic behaviour considering 
many design aspects) of machine tool design. Some of these combine a systematic 
generation of design alternatives with their analysis and evaluation. Others deal with 
the optimisation of certain design parameters, where the parameters are geometric 
parameters of the mechanical structure or some of them are parameters of the control 
system. Many approaches, especially the joint research projects, comprise complex 
design methods and there is an enormous amount of manpower and knowledge 
embedded in the software systems developed to support systematic design. How-
ever, there is no design system that would facilitate the creative generation (creation 
and not configuration) of design alternatives48. Moreover, there has not been found 
any integrated design (software) system that would support the designer in the 
synthesis, analysis, as well as in the optimisation of the design alternatives. Today, 
many design systems can support the configuration of machine tools (configuration 
of the models) from predefined components, and they provide powerful analysis 
tools for the evaluation of the configured variants. But the selection process of the 
optimal (or ‘satisfactory’) configuration alternative is usually controlled by the user 
(designer) himself. This approach is already a valuable design support, and in many 

                                                           
48 We defined this process as ‘structure synthesis’ in Section 1.2.2.4. 
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cases there is no need for a systematic exploration and exploitation49 of many design 
alternatives because usually the design task is to analyse, simulate and evaluate one 
or very few design alternatives. Nevertheless, especially during original and creative 
(or even innovative) design or during “real” structure synthesis50, some tasks of the 
exploration and exploitation of design alternatives can be significantly supported 
and automated by computer-aided design tools. There are many approaches that 
support the search for optimal values of parametric machine tool models but the 
good quality of the model is a prerequisite for these approaches. In other words, if 
the modelling process results in an inappropriate model, then the subsequent 
analysis and optimisation processes do not yield a satisfactory result, although this 
result is an optimum (optimal parameter tuning) for that particular model and this 
result was achieved by the use of powerful analysis methods and tools. 

Today, there are many novel design theories and methodologies, design tools, 
AI and IT tools available together with powerful computers that can support the 
systematic design of machine tools. The integrated use of these tools and technolo-
gies could open new possibilities in machine tool design, especially in the explora-
tion and exploitation of design alternatives starting from the early phases of the 
design process where the major decisions underpin all subsequent decisions. We can 
envisage an integrated computer-aided design environment that can support the 
synthesis, analysis, simulation, and optimisation processes of the mechatronic 
design of machine tools starting from the early phases of the design process. This 
system can synthesise crowds of design alternatives, and it can even facilitate the 
exploration of alternatives of a kind that the designer might never have thought of 
before. In addition to the synthesis, several analysis and simulation tools and 
evaluation methods can be integrated into the system in order to support the 
evaluation of the synthesised alternatives by taking many design aspects into 
account. Based on the analysis results, automated optimisation processes can search 
for optimal alternatives. 

Concerning the synthesis part of this envisaged system, primarily (at least) 
two approaches can be foreseen. The first approach would be in line with the 
modular design methods presented above51. This synthesis method would comprise a 
configuration design problem solving where design alternatives are configured from 
predefined components. In this case, all the possible design alternatives can be 
enumerated although the number of possible alternatives may be extremely huge 
because of combinatorial explosion caused by the big number of components and 
their various combinations. The main advantage of computer support here is that the 
systematic search (or enumeration) does not let the designer miss any possible 
configuration variant. Thus, variants might be explored that had not been conceived 
of before or the designers had overlooked their existence during a systematic but 
imperfect (manual) design process before. Today, on the one hand, the advent of 
high-speed computers, large memory and storage capacities, parallel processing, etc. 

                                                           
49 Exploration is the generation of various design alternatives while exploitation means the 

selection from, or distinction between, or optimisation of design alternatives. Exploration leads 
to divergence while exploitation leads to convergence. See Section 1.2.2.4 as well. 

50 For definition of ‘original’, ‘creative’ and ‘innovative’ design and ‘structure synthesis’ see 
Section 1.2.2.4. 

51 Modular design in the sense that the modules are CAD models and not physical parts. 
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enable the generation and evaluation of thousands of design alternatives in a 
considerably short time. On the other hand, there are several methods (algorithms) 
provided by AI that could allow a ‘smart’ search in the design space so that optimal 
solutions can be found without going through all the possible design alternatives. 
These possibilities enable the investigation of extremely large design spaces. 

The second approach would encompass a ‘real’ structure synthesis where 
the whole structure or its parts are composed of structural primitives (or geometrical 
modelling primitives) and there also exist some transformations (synthesis operators 
such as, e.g., addition, subtraction, mirroring, etc.) that can modify an existing 
structure. In this case the design space of possible design alternatives may be infinite 
(or at least the number of the possible alternatives may not be enumerated by 
combinatorial methods). The advantage of this system is the potential to create new 
alternatives that might have a structure that had never existed before. 

Naturally, this envisaged design system, applying either the first or the sec-
ond synthesis approach described above (or a combination of the two), cannot be a 
fully automated system. The user must always interact with the system during the 
specifications of the requirements and constraints, during the definition of the 
components or the structural primitives and transformations, during the definition of 
the objective functions, and especially during the evaluation processes, or even 
during the synthesis or optimisation processes (‘interactive’ synthesis or optimisa-
tion guided by the system), etc. However, many tasks of the synthesis, analysis, 
simulation, evaluation and optimisation processes can be automated with the aid of 
computers. 

1.6 Conclusions 
The dissertation, as a whole, provides a contribution to the specific design method-
ology of machine tools. This chapter has situated and defined the specific problems 
and their solutions for the preliminary design of machine tools. 

The main result the dissertation provides is a design system that comprises 
some design methods and an integrated CAD tool for the preliminary design of the 
mechanical structures of 3-axis machine tools. The subject matter of the research 
and development of this design system have been presented in this chapter. Further-
more, the specific AI and IT techniques that were applied for the development of the 
design system have been also introduced and situated in this chapter. We can draw 
the following conclusions: The design tasks that are performed during the develop-
ment of the design system or that are supported if we use the design system are 
carried out at the end of the conceptual design phase and at the beginning of the 
embodiment design phase. We have referred to it as preliminary design. Such design 
includes the synthesis, analysis and optimisation of the preliminary embodiments of 
3-axis machine tools. This preliminary design is a configuration-design problem 
solving where the assembly (the geometric models) of machine tools are configured 
from predefined parametric components. We have defined it as parametric design or 
skeletal design within the branch of configuration design problems. The extensive 
literature survey of machine tool design presented in this chapter allows us to 
conclude that an integrated design tool that supports the synthesis, analysis and 
optimisation of machine tools has not been developed so far. Therefore, the design 
system presented in this dissertation is a new integrated design tool. 
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The ultimate goal of the research and development of this design system is to 
develop an integrated design environment for the mechatronic design of machine 
tools in the future. The introduction of the developed design system has been made 
in this chapter in a manner that an extra contribution is given that facilitates the 
research and development to reach this ultimate goal. Within this extra contribution 
we have highlighted some problems to be solved in the future and we have also 
provided some possible solutions for these problems within a larger holistic 
framework. In doing so, we presented some important questions and trends that 
design science, design theory and design methodology deals with. We also intro-
duced the field of mechatronics in general, defining it by three dimensions of 
concurrency. We introduced the field of ‘AI in Design’ and also emphasised the fact 
that AI can provide many valuable tools to model the design activity, represent 
design knowledge, and construct either systems that produce designs or systems that 
assist designers. Furthermore, this chapter (and Appendix F) highlighted some 
important questions of the methodology for building software systems of AI type 
that support design. Another aspect of the extra contribution concerns the concepts 
and terms that have been clarified in this chapter (and additionally in Appendices A 
and B). Clear definitions facilitate the development of a coherent terminology in this 
field. 



 

51 

Chapter 2 
Research Objectives and 

An Overview of the Design System 

“It has often been said that a person really doesn’t understand something 
until he teaches it to someone else. Actually, a person doesn’t really 
understand something until he can teach it to a computer, i.e., express it 
as an algorithm.”  
 [Knuth, 1973]52 

2.1 Introduction 
During the research and development work presented in the dissertation, a software 
system was developed for the preliminary design of 3-axis machine tools. Hereafter, 
we refer to this software system as the ‘Design System’. 

In this chapter, first, we will present the objectives that guided the research 
and development of the Design System. After that, we will depict the design process 
that the Design System can support. Then, we will describe the software architecture 
of the Design System paying special attention to its complete functioning, to its 
module division and to the relationships and complementary functions of these 
modules. In this description we will show which software modules were developed 
and which modules or third-party software packages were integrated into the Design 
System. Next, we will shortly summarise how the Design System can be used. 

2.2 Research Objectives 
Our ultimate (long term) goal is to develop a mechatronic compiler that will be an 
integrated computer-aided design environment for the mechatronic design and 
virtual engineering of machine tools (see [Van Brussel, 1996; Van Brussel et al., 2001; 
MECOMAT, 2000]). This mechatronic compiler will allow the concurrent design 
(synthesis, analysis, evaluation and optimisation) of the mechanical structure 
(mechanism and structural elements) and the control system (control loops and 

                                                           
52 Found in [Dym, 1994]. 



52 Chapter 2 

electronic devices) of machine tools supporting the designers in every design phases, 
especially in conceptual design and embodiment design. 

The specific objective of the research and development work that is being 
presented in the dissertation was to contribute to this ultimate goal and develop a 
computer-aided environment that supports the designer in the exploration and 
exploitation of many design alternatives at the preliminary mechanical design of 
machine tools. More precisely, the main research objective was to build a system 
that supports the designer in the synthesis, analysis and optimisation of the mechani-
cal preliminary structures of 3-axis machine tools. We call it ‘preliminary design’ or 
‘design of the preliminary structures’ because the aim was to support the early 
embodiment design that takes place at the end of the conceptual design phase and at 
the beginning of the embodiment design phase of the design process. 

Concerning the synthesis, the objective was to build a system that supports 
the configuration design of machine tool alternatives from predefined components 
based on the approach developed by Lipóth (see Section 1.5.1.2 in Chapter 1). The 
goal was to design a library of components having parametric shapes and dimen-
sions and to develop a method for the configuration process where the basic form of 
components and their configuration are based on Lipóth’s approach. Concerning the 
machine tool assemblies (aggregate components and their arrangements) that the 
system can generate, the aim was to construct parametric structural models where 
the geometric parameters can be modified by the user (manually) or by the optimisa-
tion algorithms (automatically). In this way, we addressed the realisation of the ‘first 
synthesis approach’ of the envisaged integrated design system presented in Section 
1.5.2 in Chapter 1. 

Concerning the analysis, the main objective was to develop as many analysis 
methods as possible in order to support the evaluation of the synthesised machine 
tool alternatives taking several designing aspects into account. 

Concerning the optimisation, the main objective was to develop at least one 
method for multi-criteria optimisation where, based on the analysis results, multi-
criteria optimisation objectives can be formulated and optimal configuration 
alternatives with optimal machine geometry can be found by the use of robust 
optimisation algorithms or search methods. More precisely, we aimed at two types 
of optimisations: (1) a search for optimal geometry of each synthesised machine tool 
configuration; and (2) a search for optimal machine tool configuration. 

Concerning the design approach and design tool to be developed, the main 
objective (guiding principle) was to develop a design tool that is open to define 
many design problems and is able to aid in solving those problems. Furthermore, the 
aim of the formulation of the component library was to give the user the possibility 
to design new components and add them to the library as well as remove old 
components from the library. 

Concerning the result of the research and development work, the long term 
goal was to develop a design tool that enables the user to generate optimised 
mechanical structural concepts of machine tools that would be good starting points 
for further mechatronic design of the mechanical structure and the control system. 
To reach this, the overall research and development objective was to build a system 
that can be easily extended for further developments and is suitable for integration 
within a mechatronic design system of machine tools in the future. 
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2.3 An Overview of the Design Process 
Figure 2.1 depicts an overview of the design process that can be carried out with(in) 
the Design System. Using some configurational parameters and configurational 
constraints, we can prescribe one or a group of machine tools of interest. Configura-
tional parameters describe certain requirements for the global structure of 3-axis 
machine tools (e.g., requirements for the skeleton of the assembly, or for the relative 
motion directions of the guideways, etc.). Configurational constraints are limitations 
for the resulting machine tool structures (e.g., the need for a symmetric structure). 

The geometric models of the machines are synthesised (configured) from a 
component library applying the prescribed configurational parameters, configura-
tional constraints and some specific input data such as workspace dimensions or size 
of tool from which the main dimensions of the components are derived. Each 
component in the library has parametric shapes and dimensions that are controlled 
by some geometric parameters. During the configuration processes, a complete 
parametric geometric model is synthesised for each prescribed machine tool 
alternative. After configuration, the machines can be evaluated with the help of 
some analysis tools. Using the results of the analysis processes, objective functions 
can be formulated for the optimisation of the geometry of the synthesised machine 
structures (see geometry optimisation). Here, some selected geometric parameters 
can be optimised using specific optimisation algorithms. The input of the geometry 
optimisation is a set of geometric parameters of the synthesised machine geometry; 
and the output is the optimal values of these parameters, thus a machine tool with 
optimal geometry. 

 
Figure 2.1  Overview of the design process. 

A higher-level optimisation can also be performed in order to search for optimal 
machine tool configurations (see configuration optimisation in Figure 2.1). Optimi-
sation here means a process where specific search methods (algorithms) search in 
the design space without evaluating all the possible alternatives. Such an optimisa-
tion is necessary if we prescribe a large design space with the configurational 
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parameters and configurational constraints. Otherwise, if the design space is not so 
large, optimisation is not necessary and an exhaustive search can be performed 
where all the machine alternatives can be evaluated and compared. During the 
configuration optimisation or the exhaustive search, the machine tools having 
optimal geometry (after geometry optimisation) are compared. These comparisons 
are based on the analysis results of the geometry optimisation loops. In fact, the 
configuration optimisation processes search for optimal values of the configurational 
parameters. Such optimal values represent the optimal configuration alternative 
within a certain design space constrained by the configurational constraints. 

The optimal machine tool configuration, as the final result, has an optimal 
geometry as well, since in each step of the outer configuration optimisation cycle 
there is also an inner geometry optimisation cycle performed. Section 1.2.3.1 in 
Chapter 1 presented the ‘basic design cycle’. The design process described above 
and showed in Figure 2.1 represents two nested basic design cycles: the configura-
tion optimisation is the outer cycle and the geometry optimisation is the inner cycle. 

2.4 Functional Modules of the Design System 
Figure 2.2 depicts the main functional modules of the Design System. This section 
gives an overview of these modules. The modules developed during the research and 
development work presented in this dissertation are coloured grey in Figure 2.2; 
white modules are third party software; striped modules are primarily developed by 
third party but tailored to our application requirements (i.e., their source codes are 
modified or adapted to our specific applications). 

2.4.1 CAD System 
The Design System was developed under a commercial CAD system, Unigraph-
icsTM. UnigraphicsTM is a CAD/CAM/CAE software package. It provides a paramet-
ric feature-based multi-part solid-modelling environment that was used for all 
geometric modelling tasks during the system development. UnigraphicsTM offers an 
Application Programming Interface (API) through which the Design System was 
developed and integrated with UnigraphicsTM using the C/C++ programming 
language. Chapters 3, 4 and 5 and Appendix H will explain the specific 
UnigraphicsTM capabilities applied to the development of the Design System. 

2.4.2 Component Library 
The geometric models of the machine tools are configured from the components 
stored in a library. This Component Library contains 52 components modelled 
UnigraphicsTM where each component has parametric shapes and dimensions. There 
are specific non-geometric data stored with the component as well such as transfor-
mation matrices, data for analysis, etc. Chapter 3 will present the whole Component 
Library and the specific characteristics of the components. 
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Figure 2.2  Functional modules of the Design System. 

2.4.3 Configuration Algorithms 
Configuration Algorithms are procedures that are used to configure the geometric 
models of machine tools from the components stored in the Component Library. 
There are special selection rules embedded in the Configuration Algorithms that 
determine the components to be used for the configuration of machine tool alterna-
tives. During configuration time the strokes of the three linear guideways of the 
machine tools and the order of magnitude of the main dimensions of the components 
are derived from the workspace dimensions. After configuration, each machine tool 
model has a parametric geometry where the values and/or the expressions of the 
geometric parameters can be modified by the user (interactively) or by the optimisa-
tion algorithms (automatically). Chapter 3 will describe in detail the description 
system, the configurational parameters and the algorithms developed for the 
configuration of the machine tool models. 

2.4.4 Analysis Tools 
Six analysis tools were developed for the evaluation of the synthesised machine tool 
models. 

(1) Legality Analysis 
The Configuration Algorithms may generate some sort of illegal variants such as 
redundant variants or unrealistic variants. Legality Analysis comprises some spatial 
reasoning to distinguish between legal and illegal design variants. With applying the 
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Legality Analysis, the illegal design variants can be filtered out. Section 4.3 will 
define the legal/illegal variants and describe the Legality Analysis in detail. 

(2) Feasibility Analysis 
The number of the legal machine tool variants is extremely large (close to 57 
thousand). Therefore, some configurational constraints were introduced in order to 
restrict the design variants of interest. A variant that satisfies the configurational 
constraints is called feasible variant. Feasibility Analysis encompasses some spatial 
reasoning to distinguish between feasible and infeasible design variants. Several 
configurational constraints and their corresponding feasibility analyses were 
developed within the Design System; they will be presented in Section 4.4. 

(3) Volume Analysis 
The Volume Analysis is a calculation of the total volume of the solid bodies of the 
machine models. Section 4.5 will describe the Volume Analysis in more detail. 

(4) Clearance Analysis 
During the Clearance Analysis the geometric interference between the components 
of the assemblies is checked and calculated. The aggregate volume of the interfer-
ence objects was chosen as a measure of the clearance of the structure. Section 4.8 
will describe the Clearance Analysis in detail. 

(5) Static Analysis 
The Static Analysis comprises the calculations of the displacements of the machine 
tool structures subject to particular cutting forces as static loads. Section 4.9 will 
describe Static Analysis in detail. 

(6) Dynamic Analysis 
The natural frequencies of the machine tool structures can be calculated by the use 
of the Dynamic Analysis. Robotran© (see Section 2.4.5 below) was applied to model 
the machine tool structures and to generate the symbolic equations of motion. A 
program code written in Matlab® (see Section 2.4.6 below) was developed at the 
Université Catholique de Louvain, Department of Mechanical Engineering, Division 
PRM (UCL-PRM) to calculate the natural frequencies of the machine structures. 
This program numerically solves the dynamic equations generated by Robotran©. 
Section 4.10 in Chapter 4 will describe Dynamic Analysis in detail. 

2.4.5 Robotran© 
Robotran© is a software tool developed for multibody system analysis at UCL-PRM. 
Robotran© computes the multibody equations of motion and generates symbolic 
equations in a very compact reduced form, thus, the CPU time during the numeric 
treatment of the symbolic equations can be radically decreased. The symbolic 
equations of motion were generated by Robotran© into Matlab® syntax (see Section 
2.4.6 below). The Design System can execute this Matlab® program through an 
interface called the Matlab Engine (see Section 2.4.6). Robotran© is not integrated 
into the Design System but was used only once (‘interactively’) to generate the 
Matlab® files that can be used by the Design System any time through the Matlab 
Engine interface (these relations between Robotran© and Matlab® and between 
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Matlab® and the System Object Model are indicated in Figure 2.2 by one-headed 
and two-headed arrows, respectively). Section 4.9 will describe the Robotran© 
environment and the modelling of the machine tools within Robotran©. 

2.4.6 Matlab® 
Matlab® is a high-performance language for technical computing. It integrates 
computation, visualization, and programming in an easy-to-use environment where 
problems and solutions are expressed in familiar mathematical notation. Matlab® is 
primarily an interactive system whose basic data element is an array that does not 
require dimensioning. This allows the user to solve many technical computing 
problems, especially those with matrix and vector formulations. Matlab® provides an 
Application Programming Interface (API) as well. This is a library that allows the 
user to write C and Fortran programs that interact with Matlab®. It includes facilities 
for calling Matlab® as a computational engine (the Matlab Engine). [Matlab, 1997] 
Using the Matlab Engine, the Design System runs Matlab® in the background as a 
computational engine of the Dynamic Analysis [see Section 2.4.4(6) above]. 

2.4.7 Optimisation Algorithms 
As was mentioned in Section 2.3, the geometry as well as the configuration of the 
machine tools can be optimised with the help of the Design System. These optimisa-
tions can be carried out by the Optimisation Algorithms module. Two types of 
optimisation algorithms were developed or integrated into the Design System: 
genetic algorithms and a sequential quadratic programming algorithm. 

The genetic algorithms (GAs) were built using the components of GAlib©. 
GAlib© is a C++ library of genetic algorithm components developed at the Mechani-
cal Engineering Department, Massachusetts Institute of Technology [Matthew, 1996]. 
GAlib Version 2.4.4 was used to build the GAs for the Design System. Appendix L 
gives a more detailed overview on GAlib©. Chapter 5 will give a short introduction 
to genetic algorithms, describes the specific GAs that were developed for the 
optimisation of the geometry as well as for the configuration of machine tools, and 
presents some experimental results of their use. 

DONLP2©, that is a hill climbing optimisation algorithm, was also integrated 
into the Design System. DONLP2© is a sequential quadratic programming (SQP) 
algorithm developed at the Department of Mathematics, Technical University 
Darmstadt [Spellucci, 1999]. DONLP2© can be used for the optimisation of the 
geometry (but not of the configuration) of machine tools. Chapter 5 gives an 
overview of DONLP2© and presents some experimental results of its use. 

In order to shorten the optimisation time, parallel processing was applied 
within the algorithms used for the geometry optimisation. With both of the devel-
oped GAs and the applied DONLP2© algorithm, distributed computing can be 
(optionally) carried out in a network of computers (see Section 2.4.8 below). For 
these purposes specific parallel processing algorithms were developed (see Section 
2.4.9 below). 

Within the Design System constrained multi-criteria optimisations can be 
performed by the optimisation algorithms that control the necessary synthesis and 
analysis processes. Using the results of the analysis tools, objective functions and 
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constraints can be defined. The optimisation criteria can consist of one or more of 
the following objectives {the corresponding analysis tools are referenced in curly 
parentheses}: 

1. to minimise the total volume {see Section 2.4.4(3)}, 
2. to minimise the geometric interferences {see Section 2.4.4(4)}, 
3. to maximise the static stiffness {see Section 2.4.4(5)}, and 
4. to maximise the lowest natural frequency {see Section 2.4.4(6)}. 

Each corresponding analysis tool provides a measure (a number) that can be used to 
formulate the multi-criteria objective functions. For that the weighting method was 
used. The Legality Analysis and the Feasibility Analysis {see Sections 2.4.4(1) and 
2.4.4(2), respectively} provide means to constrain the design space in which the 
optima are searched for during the optimisation of the configuration of the machine 
tools. 

Chapter 5 will describe the Optimisation Algorithms in detail. 

2.4.8 PVM© 
PVM© (Parallel Virtual Machine) is a software system developed at the Computer 
Science and Mathematics Division, Oak Ridge National Laboratory, University of 
Tennessee – Battelle. PVM© employs distributed computing and enables a collection 
of heterogeneous computers across a network to be used as a concurrent computa-
tional resource. A key concept in PVM© is that it makes a collection of computers 
appear as one large virtual machine, hence its name. [Geist et al., 1994] Appendix M 
will give an overview of PVM©. Chapter 5 will discuss parallel processing, and it 
will describe the type of capabilities of PVM© and the way they were used to build 
the parallel processing algorithms of the Design System to increase the speed of the 
Optimisation Algorithms (see also Section 2.4.9 below). 

2.4.9 Parallel Processing Algorithms 
Parallel Processing Algorithms (PPAs) were developed in order to distribute 
evaluation tasks during the geometry optimisation processes of the Design System 
(see Sections 2.3 and 2.4.7), thus to shorten the optimisation time. Such PPAs 
collect evaluation tasks within the optimisation algorithms and distribute them 
amongst the computers added into the PVM© environment. Chapter 5 will describe 
these parallel processing algorithms in detail. 

2.4.10 User Interface (I/O) 
The User Interface module provides us with the ability to interact with the Design 
System. 

(1) Input 
We can give input to the Design System mainly through input files. There are 
several input files developed to control the functioning of the Design System. Such 
input files serve, for example, to control the overall behaviour of the Design System 
(e.g., to set which functional module is involved into a design session), to describe 
the configurational parameters and the design constraints for the configurational 
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algorithms, to give input to the different analysis tools (e.g., spring constants, 
damping coefficients, cutting force, etc.), to set the control parameters of the 
different optimisation algorithms (e.g., the genetic algorithms or the DONLP2© 
algorithms require many control parameters to be set), to set the geometric parame-
ters to be optimised, etc. In the subsequent chapters these input data and input files 
will be described in more detail. There are also some menus provided to give input 
to the Design System. For example, such menus are to control the subsequent events 
if an error occurs, or to control the interactive behaviour of the Static Deformations 
Postprocessor [see Section 2.4.11(1)], etc. 

(2) Output 
The Design System produces several outputs. First of all, the generated geometric 
models of machine tools are provided in UnigraphicsTM part files53. Depending on 
the operating mode of the Design System (see Section 2.5.1 below), we can see on-
line the generation processes within a UnigraphicsTM session or we can open the 
generated part files in a subsequent UnigraphicsTM session. Secondly, the results of 
the analysis tools are displayed in a window of a Unix shell. Such results are also 
saved in files so that we can see them later. The optimisation algorithms generate 
many data. Such data are also displayed on the screen and stored in files. Thirdly, 
there is always a system log file created that stores important data for a session of 
the Design System. In the case of using parallel processing with PVM©, the output 
files are created and organised separately for every computer involved in the PVM© 
environment. In the subsequent chapters these output data and output files will be 
presented in more detail. 

(3) Graphical User Interface (GUI) 
The Design System can be used in either internal or external mode (see Section 
2.5.1). During the internal mode the GUI of UnigraphicsTM and the interactive 
menus described above may be used. Graphical interactivity is not possible during 
the external mode of the Design System. 

2.4.11 Utilities 
There were several utilities developed for the Design System. They are used by the 
main functional modules or they are written to support some repetitive and/or time 
consuming tasks. The most important utilities are the following. 

(1) Static Deformations Postprocessor 
The Static Deformations Postprocessor (SDP) was developed for the Static Analysis 
[see Section 2.4.4(5) above] in order to display the computed deformations of the 
machine tool structures. SDP takes the results of the Static Analysis, calculates the 
relative displacement of each component and displays these displacements on the 
screen using the displaying capabilities of the CAD System (UnigraphicsTM). 

During the development of the Static Analysis, SDP was a valuable debug-
ging/testing tool. It is also a valuable tool for the user of the Design System because 

                                                           
53 Note that contrary to many other CAD systems, UnigraphicsTM does not distinguish the files that 

store the geometry of the parts from the files that store assemblies. The assemblies are also 
stored in part files. 
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it helps directly see and evaluate the deformation of a structure for certain loading 
conditions. 

The deformed machine tool structures presented in this dissertation were 
generated by the SDP. Chapter 4 will describe the SDP together with the Static 
Analysis in more detail. 

(2) Interactive Analysis Manager 
The Interactive Analysis Manager (IAM) is a tool where we can choose and perform 
different analyses such as volume analysis, clearance analysis, static analysis, and 
dynamic analysis on a machine tool model generated by the system. We can 
interactively change several parameters such as the cutting force, spring constants, 
the geometry of the structure, the position of the moving components, etc., and hwe 
can immediately run the chosen analyses and study the results. The Static Deforma-
tions Postprocessor [see Section 2.4.11(1) above] can be used within IAM to display 
the deformed structure (if the static analysis is requested). IAM cannot be used 
during the automatic (non-interactive) optimisation processes or in the external 
mode of the Design System (see Section 2.5.1 below). 

(3) Other Utilities 
Many utilities were developed to support the main functional modules of the Design 
System. The most important utilities are the following: matrix operations, basic 
container, reading the input files, generating the output files, collectively modifying 
the components, and organising the generated machine tool models. For further 
details on these utilities see Appendix N. 

2.4.12 System Object Model 
The software system is developed in the C++ programming language, using object-
oriented design and programming (OODP)54. The module ‘System Object Model’ in 
Figure 2.2 (see page 55) represents the object structure with which the relationships 
between the objects of the system are maintained. It is put in the centre of Figure 2.2 
to emphasise the fact that most of the interfaces between the functional modules are 
designed and implemented with C++ classes and objects. 

2.5 Using the Design System 

2.5.1 Operating Modes of the Design System 
The Design System can be used in either internal or external mode and it can be run 
either on one computer or on a network of computers. 

Internal mode means that the Design System is running within a 
UnigraphicsTM session. The internal mode gives us the opportunity to visibly see the 
geometry of the generated machine tools in such a manner that UnigraphicsTM 
displays its objects. For example, the configuration processes can be seen on-line; 

                                                           
54 Section 1.3.8 in Chapter 1 introduced OODP; Appendix G defines the most important terms and 

concepts of OODP. 
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or, during the geometry optimisation processes, we can see how the optimisation 
algorithms change the geometry of the machine tools. 

In the external mode the Design System runs without user interaction or 
without the display of UnigraphicsTM. Any UnigraphicsTM part created or modified 
by running the external mode of the Design System will have to be retrieved in 
UnigraphicsTM for display after the Design System has filed the part files. 

The external mode is generally faster than the internal mode because the 
UnigraphicsTM display is not active. The Static Deformations Postprocessor [see 
Section 2.4.11(1)] and the Interactive Analysis Manager [see Section 2.4.11(2)] can 
be used in the internal mode but not in the external mode. The name of the external 
and internal modes of the Design System is inherited from the internal and external 
mode of Unigraphics API programs (see Appendix H). 

The optimisation processes of the Design System (see Section 2.4.7) can be 
executed either on one computer or on a network of computers (see Sections 2.4.8 
and 2.4.9 above). Distributed computing (and PVM©) can be used in external mode 
only where the main program of the Design System is executed (spawned) on each 
computer added into the PVM© environment. 

2.5.2 Using the Design System for Different Purposes 
The Design System can be used for at least five purposes. 

First, the system can be used as a generator of different machine tool con-
figurations where only the Configuration Algorithms module is applied. 

Second, the system can be used to generate a certain group of machine tool 
configurations where the Legality Analysis and the Feasibility Analysis can be used 
to set up configuration constraints, and then the Configuration Algorithms module 
can generate the specific group of machines. 

Third, the system can be can set up for the synthesis of a machine tool con-
figuration, and then the generated machine model can be modified and analysed 
using the Interactive Analysis Manager [see Section 2.4.11(2)]. 

Fourth, a certain machine tool model can be generated and the geometry of 
the synthesised structure can be optimised by setting up the geometry optimisation 
processes. As was mentioned above, it is possible either in the internal mode or in 
the external mode (in the external mode either using PVM© or not). 

Fifth, an optimisation process can be set up to search for an optimal machine 
tool configuration. 

 
The following chapters will give several examples of these design purposes. 

2.6 Conclusions 
This chapter has been presented the objectives of the research and development 
work that resulted in a complete Design System. This chapter has also given a 
general overview of this Design System. The design process, which is supported by 
the Design System, has been clarified as well. 

This overview has shown that the Design System is a new integrated com-
puter-aided design tool that supports the synthesis, analysis and optimisation of the 
preliminary mechanical structure of 3-axis machine tools. 
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The synthesis tools support the fast configuration of the parametric models of 
3-axis machine tools from the predefined component library. The analysis tools 
provide means to evaluate the generated machine tool variants. The optimisation 
tools support the search for the optimal geometry of a particular machine tool model 
or for the optimal configuration within a constrained space of configurational 
variants. 

The Design System can operate in different modes and it can be set up for 
several designing purposes. 

Object-oriented design and programming (OODP), using the C++ program-
ming language was the core of the software development. 

The Design System has been developed so that it could provide a valuable 
basis for further research and development in the future. 
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Chapter 3 
Synthesis 

“The goal of engineering-oriented research could be said to be the creation 
of designer’s assistants that support and facilitate the exploration of 
design alternatives or of (perhaps radically) different designs.”  
 [Dym, 1994] 

3.1 Introduction 
This chapter describes the synthesis of the 3-axis machine tool models. The aim of 
this synthesis is twofold: first, to develop a tool that can support the easy and fast 
generation of different machine tool configurations; and secondly, to generate 
parametric machine tool models that are suitable for design modifications or for 
optimisations. Such synthesis is realised by the configuration of the machine tool 
assemblies from a predefined component library where the components have 
parametric shapes and dimensions. 

In this chapter, first we will define the 3-axis machine tools and present their 
description system with which various machine tool configurations can be described 
and synthesised. Then, we will highlight some clarify the formulation of the 
geometric model of 3-axis machine tools, paying special attention to the automatic 
generation of the parametric machine tool models. Next, the structural components 
will be presented together with their representation, class hierarchy, parametric 
behaviour, and other properties that are necessary to configure them automatically. 
In parallel with such presentation of the components, some conventions and 
important properties of the machine tool assemblies will also be presented. Finally, 
we will show how the machine tool models are configured by describing the 
aggregation possibilities of the components of the different classes of machine tools, 
and by describing the most important aspects of the configuration algorithms. 

The description of the 3-axis machine tools, the configuration processes, the 
object-oriented representation of the components and machine tools, and the 
parametric geometry constitute the backbone of the Design System developed. That 
is why this chapter is the longest one in the dissertation. 
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3.2 Description System of 3-Axis Machine Tools 
This section defines the 3-axis machine tools and presents a description system of 
them. This description system is adapted from Lipóth [Lipóth, 1993]. First, we will 
characterise the configurational variations of 3-axis machine tools. Then, we will 
define a reference coordinate system followed by the definition of the configura-
tional parameters.  

3.2.1 Scope of the Design System: 3-axis Machine Tools 
In this dissertation we consider machine tools for machining operations, and 
especially machine tools used for metal cutting processes. Machining is a manufac-
turing process in which a cutting tool is used to remove extra material from the 
workpiece so that the remaining material is the desired part shape. The tool forms a 
chip that is removed from the workpiece. To perform the operation, relative motion 
is needed between the tool and the workpiece. This relative motion is achieved by 
means of a primary motion, called the speed, and a secondary motion, called the 
feed [Groover, 1996; ISO, 1987]. 

Machine tools having 3 linear axes 
(or 3 linear guideways) constitute a 
substantial group within the extremely 
huge area of metal cutting machine tools. 
Most of the machines in this group 
provide rotational primary motion, and 
the secondary motion is achieved by a 
superposition of three linear motions. The 
rotational primary motion can be realised 
by rotating either the tool or the work-
piece. Figure 3.1 shows a typical example 
of 3-axis metal cutting machine tools 
used for machining operations. This 
machine has a spindle that rotates the 
tool. This type of machine can perform 
operations such as milling, drilling or 
grinding. It is a basic construction of the 
so-called 3-axis machining centres that 
are mainly used for machining prismatic parts. Generally, machining centres are 
equipped with supplementary automatic tool storage and tool changer systems, so it 
is possible to perform multiple machining operations in one setup with minimal 
human attention. 

Basically, 3-axis machining centres without tool changer systems constitute 
the design scope of this dissertation. All the terminology, the description system and 
the synthesis of the geometry presented in the dissertation are based on the termi-
nology and on existing design solutions used in the field of machining centres. 
                                                           
55 For demonstration purposes, the standard naming of the NC axes are also indicated in the 

figures presented in this section. There are specific rules to decide the NC machine motions or 
axes designations (see ISO 841-1974 [ISO, 1981] or EIA RS-267A [El Wakil, 1998]), but they are 
not relevant with regard to structural design as dealt with in this dissertation. 
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Figure 3.1  3-axis machining 

centre(primary cutting motion: 
rotation of the tool). 55 
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However, we use the general term ‘3-axis machine tools’ for our design scope 
because of three reasons. 

First, the 3-axis structure can form the basic structure of more complex multi-
axis machine tools such as 4-axis or 5-axis machining centres. These machine tools 
provide one or two rotary motions added to the three linear motions. Generally the 
rotational axes provided by, for example, a tilting head or a rotary table, are placed 
at the ends of the kinematic chain formed by the three linear axes. Figure 3.2 
illustrates a 4-axis machining centre where the construction of the three linear axes 
is the same as that of the machine presented in Figure 3.1. The fourth (rotary) axis 
(B axis) is achieved by adding a rotary table to the end of the kinematic chain 
(virtually placing it on the top of the 
table of the machine shown in Figure 
3.1). This is a frequently applied design 
solution for machining centres because 
(1) with the help of the rotary table it is 
possible to position the workpiece at 
some specified angle relative to the 
spindle, and (2) the rotary table permits 
machining on four sides of the work-
piece56 in a single setup [Groover, 1996]. 

Second, from the configurational 
point of view there is no significant 
difference between 3-axis machining 
centres presented above and other 3-axis 
machine tools where both the primary 
and the secondary motions are linear. 
Machine tools of such kind can be, for 
example, the planer or the shaper. Figure 
3.3 shows a single-column planer57 as an 
example. The linear primary cutting 
motion (the speed) is achieved by the 
linear motion of the table (X axis), and 
this machine does not have a spindle. 

Third, the 3-axis structure can 
form the base of other types of machine 
tools where the primary rotary motion is 
achieved by rotating the workpiece. 
Figure 3.4 shows a 4-axis turning centre 
as an example. The construction of this 
machine is based on the conventional 
lathe, which has two linear axes (Z and 
X). Moreover, the machine is equipped 
with an additional linear axis (Y), with a 
controlled rotational motion of the 
spindle (C axis), and with rotating (live) 

                                                           
56 Four sides of a cubic shaped workpiece, as shown in Figure 3.2. 
57 Also known as openside planer (see standard ISO 841-1974 [ISO, 1981]). 
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Figure 3.2  4-axis machining centre 

(3 linear axes + 1 rotary table). 
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tools, so that it is possible to 
machine (mill or drill) features 
into the outside surface of the 
workpiece as well. That is why 
this turning centre is also called 
‘mill-turn centre’ [Groover, 1996]. 

Thus, the basic assemblies 
of the three linear axes of machine 
tools (others than the machining 
centres) can be generated by the 
use of the Design System. In such 
cases, we might need some 
modification of the geometry 
generated by the Design System, 
e.g., by adding a rotary table (see 
Figure 3.2) or by removing the 
rotary spindle (see Figure 3.3). 
The geometric models of the machines presented in Figure 3.1, Figure 3.2, Figure 
3.3 and Figure 3.4 were first generated by the Design System and then, they were 
manually modified. 

3.2.2 Characteristics of the Layout of 3-Axis Machine Tools 
The relative motion between the spindle and the table of our 3-axis machine tools 
can be realised by many ways. Figure 3.5 shows four typical examples of 3-axis 
machine tool configurations. As we will see later on, these four machines represent 
the four basic configuration types of 3-axis machine tools. Figure 3.6 depicts other 
two machine tool configurations. These two figures will be used to explain the 
structural differences of 3-axis machine tools. Figure 3.7 illustrates a schematic 
drawing of the machine tool shown in Figure 3.5a) above. Figure 3.7 is used to 
demonstrate the description system that will be presented below. 

The layout (i.e., the configurational variations) of 3-axis machine tools of this 
study is characterised as follows: 
Ad 1. The basic 3-axis machine tool structure is defined as an open serial chain of 

four members, namely the headstock (HST) that holds the spindle, the member 
next to the headstock (NT_HST), the member next to the table (NT_TBL), and the 
table (TBL) that holds the workpiece to be machined. The member at one end of 
the chain is the HST, and the one at the other end is the TBL. The headstock 
rotates the spindle providing primary cutting motion (speed; see Section 3.2.1 and 
Figure 3.1) and the spindle holds the tool. The table holds the fixture with the 
workpiece to be machined.  
 The NT_HST and NT_TBL members have abstract names that are used to 
describe the 3-axis machine tool structures in general. Figure 3.5 shows four 
machines where the members have more realistic names. For example, in Figure 
3.5a) the NT_HST member is called ‘base’ and the NT_TBL member is called 
‘cross slide’; or in Figure 3.5c) both the NT_HST and NT_TBL are ‘cross slides’. 

cross slide

headstock

tool holder

saddle

spindle (speed 1)
workpiece

    tool
(speed 2)

base

 
Figure 3.4  4-axis turning centre /mill-turn 

centre/(primary cutting motion: 
rotation of the workpiece). 
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Figure 3.5  Four basic types of 3-axis machine tool configurations. 
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Figure 3.6  Two other examples of 3-axis machine tools. 
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Figure 3.7  Description of a generic 3-axis machine tool. 

Ad 2. One of the four members of the chain is fixed to the ground. With this 
feature we can distinguish four major classes of 3-axis machine tools. Figure 
3.5a), Figure 3.6a) and Figure 3.7 show machines from the class where the 
NT_HST is the fixed member. The machines illustrated in Figure 3.5b) and Figure 
3.6b) have the configurations where the NT_TBL are the fixed members. In Figure 
3.5c) the TBL and in Figure 3.5d) the HST are the fixed members.58 

Ad 3. The four members are connected by three linear guideways. The headstock 
guideway (HST_GW) connects the HST and the NT_HST; the middle guideway 
(MID_GW) connects the NT_HST and the NT_TBL; and the table guideway 
(TBL_GW) connects the TBL and the NT_TBL. The terms ‘guideway’ and ‘linear 
guideway’ are used in this dissertation interchangeably.59 

Ad 4. Each guideway has a characteristic direction that is the direction of the 
movement realised by the guideway. Such direction is called the drive direction. 
The three drive directions of the linear guideways are perpendicular to each 
other.60 One of them is vertical and the other two are horizontal. The guideway that 
has vertical drive direction is called ‘vertical guideway’. A drive direction has two 
opposite motion directions. In Figure 3.7 the HST_GW_DR_DIR, the 
MID_GW_DR_DIR and the TBL_GW_DR_DIR illustrate the three (orthogonal) 
drive directions of the HST_GW, the MID_GW and the TBL_GW, respectively. 
The arrows ( ) that indicate the movements realised by the guideways are put on 

                                                           
58 Note that Figure 3.5 and Figure 3.6 refer to the fixed members as ‘bases’ that is a more accepted 

term in the practice. If we take a look at the machines in Figure 3.5c) or Figure 3.5d) we can 
recognise that the table or the headstock form the part of the base (or fixed to base). In practice, 
the fixed member is referred to as ‘base’, ‘bed’, or ‘frame’, etc., depending on the particular 
type of machine tools (see [ISO, 1987]). 

59 In the general study of kinematics, guideway is a translational (or prismatic) joint [Craig, 1989]. 
In some sources ‘guideway’ is referred to as ‘slideway’ (see, e.g., [ISO, 1987]). 

60 Note that there exist 3-axis machine tools where the drive directions are not perpendicular to 
each other; we do not consider such configuration in this study. 
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the moving members. Additional definitions of specific directions and a reference 
coordinate system will be given below (in Section 3.2.3). 

Ad 5. Each linear guideway is constructed from a long part and a short part that 
are assembled (fixed) to the adjacent members. Either the short part can move on 
its long counterpart or the long part can move on its short counterpart. According 
to the adjacent members at a certain guideway we can distinguish a carrier mem-
ber and a moving member where a carrier member carries a moving member (in 
other words, the moving member moves on the carrier member). Obviously, this 
carrier–moving relation applies only to a certain guideway (for a certain connec-
tion of two members) because, e.g., the members NT_HST or NT_TBL can be 
moving members and carrier members at the same time (see cross slides in Figure 
3.5 and Figure 3.6). Apparently, in a carrier member – moving member relation 
the carrier member is the one which is closer to the ground (to the fixed member). 
In Figure 3.5a), Figure 3.5b), Figure 3.5c), Figure 3.5d), Figure 3.6a) and Figure 
3.7 all guideways have the construction where the short parts move on the long 
parts (or in other words, the carrier members have long parts and the moving 
members have short parts at the corresponding guideways). For example, in Figure 
3.7 the TBL_GW is constructed in a manner that the NT_TBL (that is the carrier 
member for the TBL_GW) has the long part of the guideway (see tbl_gw_long) 
and the TBL (that is the moving member for the TBL_GW) has the short part of 
the guideway (see tbl_gw_short). The short part of the TBL_GW moves on the 
long part, thus the TBL (moving member at TBL_GW) moves on the NT_TBL 
(carrier member at TBL_GW). On the other hand, Figure 3.6b) shows a case 
where the short part of the HST_GW is on the NT_HST (that is the ‘cross slide’ on 
that particular machine) and the long part of the HST_GW is on the HST; as well 
as the short part of the MID_GW is on the NT_TBL (that is the ‘base’ on that 
particular machine), and the long part of the MID_GW is on the NT_HST (‘cross 
slide’). Thus, in this case the motions at the HST_GW and at the MID_GW are 
realised in a way that the long parts move on the short parts.  
 Note that Figure 3.5 and Figure 3.6 show the frequently used roller guide-
way concept where the long part of each guideway is constructed from two rails 
and the short part is constructed from four carriages. We will return to this in 
Section 3.3.1. Also note that, in general, the use of short and long parts is not 
necessary for the realisation of a motion between the two parts of the guideways: if 
we use, for example, sliding guideways instead of roller guideways, the two parts 
can have equal length. 

Ad 6. Because we have orthogonal guideways (see Ad 4), the spindle direction 
(see spindle_dir in Figure 3.7) is parallel with the drive direction of one of the 
guideways. The spindle direction is a vector, and it is defined in a manner that the 
orientation of this vector is parallel with the axis of the spindle and, with regard to 
its sense, the vector ‘points out’ from the body of the headstock. 

Ad 7. Because we have orthogonal guideways (see Ad 4), the normal of the table 
plane, or shortly the table normal, (see table_norm in Figure 3.7) is parallel with 
the drive direction of one of the guideways. The table plane is a surface to which 
the workpiece is clamped. The table normal ‘points out’ from the body of the 
table. The terms ‘normal of the table plane’ and ‘table normal’ are interchangeable 
in this dissertation. 
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Ad 8. Besides the drive direction, each guideway has another specific direction 
which is a vector that orients the guideway in the three dimensional space. This 
vector is the normal of the guideway plane or it is shortly called the guideway 
normal. The guideway plane is an abstract term: it generally means the principal 
sliding plane of the guideway. If we make a schematic drawing of a machine tool 
as an assembly of rectangular boxes, e.g., as it is shown in Figure 3.7, we get a 
plane along which two rectangular objects can slide relative to each other. This 
plane is the guideway plane. For example, if we take a look at the machines of 
Figure 3.5 or Figure 3.6, the guideway plane means a plane laid on top of the two 
rails of each guideway. (Later on we will give a more precise definition of the 
guideway normals and the guideway plane – see Section 3.3.1.)  
 The guideway normal points from the carrier member into the moving 
member at that particular guideway. Obviously, the normal of a guideway plane is 
always perpendicular to the drive direction of the (same) guideway (the normal of 
a guideway plane cannot be parallel with the guideway direction that is parallel 
with the guideway plane). Consequently, any of the three guideway normals (see 
hst_gw_norm, or mid_gw_norm, or tbl_gw_norm in Figure 3.7) is parallel with the 
drive direction of one of the other two guideways.  
 To illustrate the description of the guideway normals using the drive direc-
tions of the guideways, Figure 3.7 shows that the normals of the MID_GW 
(mid_gw_norm) and the TBL_GW (tbl_gw_norm) are parallel with the drive 
direction of the HST_GW (HST_GW_DR_DIR); and the normal of the HST_GW 
(hst_gw_norm) is parallel with the drive direction of the MID_GW 
(MID_GW_DR_DIR).  
 The distinction between the guideway normal and the drive direction is one 
of the sources of the existence of many structural alternatives. For example, the 
machine shown in Figure 3.6a) slightly differs from the one shown in Figure 3.5a): 
the difference lies in the fact that the respective normals of the table guideways of 
these two machine tools are different. This fact is reflected in the different design 
of the ‘tables’ and the ‘cross slides’ from which the machines are constructed.61 

3.2.3 Setting up the Reference Coordinate System 
To unambiguously describe all the signed directions (vectors with orientations and 
senses) of our 3-axis machine tools, we need a reference coordinate system (RCS). 
We saw in the previous section that the three drive directions of the three guideways 
are perpendicular to each other. The RCS is set up in the manner that we fix (assign) 
the positive sense for each of these three orthogonal drive directions. As a result we 
get Cartesian coordinate system in which the necessary direction vectors can be 
described. The left hand side of Figure 3.7 shows an example of setting up the RCS 
where the positive direction of each drive direction is indicated. Note that the 
selection of the positive sense of a direction is irrelevant; the +X, +Y and +Z 
directions indicated in parentheses in Figure 3.7 form a right-handed Cartesian 
coordinate system but they are not relevant at the moment; they will be used later on 
for the synthesis processes (see Section 3.4.5.1). 
                                                           
61 In our literature survey of machine tool design we have already pointed out that the orientation 

of the guideways and the description of such orientation are very important in the generation of 
structural alternatives and cannot be neglected (see Section 1.5.1.2 on page 39). 
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3.2.4 The Configurational Parameters 
From the description system presented above, 10 configurational parameters can be 
defined which determine all the configuration alternatives of 3-axis machine tools 
under study. Such configurational parameters are as follows: 
 1. fixed_memb: it describes which member of the chain is fixed to the ground. 
 2. vert_gw: it describes which guideway is the vertical one. 
 3. hst_gw_short: it describes which member has the short part at the headstock 

guideway. 
 4. mid_gw_short: it describes which member has the short part at the middle 

guideway. 
 5. tbl_gw_short: it describes which member has the short part at the table 

guideway. 
 6. spindle_dir: it describes the direction of the spindle axis. 
 7. table_norm: it describes the direction of the normal of the table plane. 
 8. hst_gw_norm: it describes the direction of the normal of the plane of the 

headstock guideway. 
 9. mid_gw_norm: it describes the direction of the normal of the plane of the 

middle guideway. 
 10. tbl_gw_norm: it describes the direction of the normal of the plane of the table 

guideway. 
The directions of parameters No. 6–10 are given by the drive directions of the 
guideways defined above. The ten configurational parameters can take the following 
values {the particular values they can take are indicated in curly parentheses} [the 
numbers of possible values they can take are given in squared parentheses]: 

 1. fixed_memb = { HST,  NT_HST,  NT_TBL,  TBL } [4] 
 2. vert_gw = { HST_GW,  MID_GW,  TBL_GW } [3] 
 3. hst_gw_short = { HST,  NT_HST } [2] 
 4. mid_gw_short = { NT_HST,  NT_TBL } [2] 
 5. tbl_gw_short = { NT_TBL, TBL } [2] 
 6. spindle_dir = { ±HST_GW_DR_DIR,  ±MID_GW_DR_DIR,  

±TBL_GW_DR_DIR } [6] 
 7. table_norm = { ±HST_GW_DR_DIR,  ±MID_GW_DR_DIR,  

±TBL_GW_DR_DIR } [6] 
 8. hst_gw_norm = { ±MID_GW_DR_DIR,  ±TBL_GW_DR_DIR } [4] 
 9. mid_gw_norm = { ±HST_GW_DR_DIR,  ±TBL_GW_DR_DIR } [4] 
 10. tbl_gw_norm = { ±HST_GW_DR_DIR,  ±MID_GW_DR_DIR } [4] 

Parameter fixed_memb (No. 1) can take four values since one of the four members is 
fixed to the ground (see Ad 2 in Section 3.2.2). 

Parameter vert_gw (No. 2) can take three values since one of the three 
guideways is vertical (see Ad 4 in Section 3.2.2). 

Parameters describing the configuration of the three guideways, namely the 
hst_gw_short (No. 3), the mid_gw_short (No. 4) and the tbl_gw_short (No. 5), can 
take two values because the short part of a guideway can be on either of the two 
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members that are connected by that guideway (the short part of a guideway can be 
either on the carrier member or on the moving member; see Ad 5 in Section 3.2.2). 

Parameters spindle_dir (No. 6) and table_norm (No. 7) can have one of the 
three (all possible) drive directions (see Ad 6 and Ad 7 in Section 3.2.2), therefore 
they can take one of the two times three signed directions because each drive 
direction can have two senses (see signs ‘+’ or ‘–‘ above). That is why each of these 
two parameters can take six values. 

The normal of any guideway can be parallel with one of the drive directions 
of the other two guideways (see Ad 8 in Section 3.2.2). Therefore the guideway 
normals, namely the hst_gw_norm (No. 8), the mid_gw_norm (No. 9), and the 
tbl_gw_norm (No. 10), can take two times two values [a drive direction can have 
two signed directions (‘+’ and ‘–‘)]. That is why each of these three parameters can 
take four possible values. 

The configurational parameters can be classified into two groups: the first 
five parameters, namely the fixed_memb, the vert_gw, the hst_gw_short, the 
mid_gw_short, and the tbl_gw_short describe places. Hereinafter, we will refer to 
them as ‘place-parameters’. The second five parameters, namely, the spindle_dir, 
the table_norm, the hst_gw_norm, the mid_gw_norm, and the tbl_gw_norm, 
describe directions. Hereinafter, we will refer to them as ‘direction-parameters’. 

For example, the description of the machine tool shown in Figure 3.7 with 
the ten configurational parameters using the positive senses of the drive directions 
chosen in the way that is shown in Figure 3.7 is the following: 

1. fixed_memb = NT_HST 
2. vert_gw = HST_GW 
3. hst_gw_short = HST 
4. mid_gw_short = NT_TBL 
5. tbl_gw_short = TBL 
6. spindle_dir = +MID_GW_DR_DIR 
7. table_norm = +HST_GW_DR_DIR 
8. hst_gw_norm = +MID_GW_DR_DIR 
9. mid_gw_norm = +HST_GW_DR_DIR 
10. tbl_gw_norm = +HST_GW_DR_DIR 

Any combination of the possible values of the ten configurational parameters 
describes a particular machine tool configuration. The total number of the possible 
combinations is 221 184. It is obtained by multiplying the numbers of the possible 
values of the ten configurational parameters (4·3·2·2·2·6·6·4·4·4= 221 184). We will 
show later on that not all of these parameter combinations describe legal machine 
tool variants because there is a redundancy in the description system, or some of the 
variants they describe are not realistic or cannot be realised from the current 
component library. Legality Analysis helps filter such illegal variants (see Section 
4.2 in Chapter 4). 

3.2.5 Conclusion: Extension of Lipóth’s work 
The characterisation of the 3-axis machine tools and their description system with 
the ten configurational parameters are primarily based on Lipóth’s work [Lipóth, 
1993]. Our description system is an enhancement of the ten parameters elaborated by 
Lipóth, because we have defined signed values for the direction parameters within 
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the ten configurational parameters. The definition of the signed values and espe-
cially the implementation of the direction changes in the configurational methods 
have made the generation and evaluation of many machine tool mutants possible 
(see Sections 3.5.4.3 and 4.2.2 later on). 

3.3 Formulating the Geometric Model of 3-Axis Machine Tools 
One of our main objectives was to build a system that is able to automatically 
synthesise the geometric models of machine tools using the ten configurational 
parameters as basic input. The synthesised geometric models should be suited for 
subsequent analyses and optimisation processes where either the optimal dimensions 
of the geometry or the optimal values of the ten configurational parameters can be 
searched for. This requires some considerations to be made for the formulation of 
the geometric models of the components as well as that of the machine tools. 

3.3.1 Design of the Guideways: Two Rails with Four Carriages 
As was explained above, the linear guideways of the model have a long part and a 
short part that move relative to each other (see Ad 5 in Section 3.2.2). In the Design 
System we apply the frequently used guideway concept where the long part is 
constructed from two rails, and the short part is constructed from four carriages (see 
Figure 3.8). Although the description system we presented above does not include 
any statements for the detailed construction of the guideways (only the indications 
‘long’ and ‘short’ are included), the use of rails and carriages gives a more realistic 
appearance to the designer. Moreover, the formulation of the mechanical model of 
the machines for the static and dynamic analyses (see Section 4.9.2) is based on this 
‘two-rails-with-four-carriages’ guideway concept. Note that in Figure 3.8 either 
‘member1’ or ‘member2’ can be the moving member. 

4 carriages

2 rails

member 1

member 2

 
Figure 3.8  Two rails with four carriages guideway concept. 

3.3.2 Configuration from Predefined Parametric Components 
Taking a look at the machines shown in Figure 3.5 above (see page 67), we can 
recognise some similarities in the design62 of the members of the machine tool 
structures. For example, machines a), b), and c) of Figure 3.5 have similar moving 

                                                           
62 Design here means ‘form’, ‘shape’ or ‘appearance’. 
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‘headstocks’, or machines a), b), and d) of Figure 3.5 have similar moving ‘tables’. 
The ‘cross slides’ of the four machines shown in Figure 3.5 are also similar. Such 
similarities enable the formulation of particular component classes. The ‘basic 
forms’ of the components belonging to each component class are determined by 
specific subsets of the ten configurational parameters. For example, the design of 
moving tables depends on the table guideway (short or long) and on the direction of 
the table normal relative to the table guideway. In addition to the ‘basic form’, the 
‘complete form’ (or complete geometry) of each component can be designed freely. 
In this manner a library of components was populated from which the geometric 
models of the machine tools can be configured by the Design System. 

The advantage of configuring from a predefined (i.e., previously designed 
and populated) component library is that the method is simple: we can (interac-
tively) design the ‘complete form’ of the components before their use and then, the 
system can (automatically) configure (assemble) the geometric model of the 
machine tool variants by taking components from such predefined library and 
applying some (also predefined) assembling rules. The drawback of this method is 
that the synthesised geometry of the machine tools inherits the predefined forms of 
the components. This drawback can be reduced by (1) using more (also predefined) 
alternatives for the ‘complete form’ of each component where the ‘basic form’ of 
each alternative is the same, or by (2) applying a “smart” parametric design 
technology with which the ‘complete form’ of the components (not only the 
dimensions but also the shapes) can be modified. The latter case, with some 
limitations, was applied in the Design System. 

The formulation of the hierarchy of the components and their ‘basic form’ 
determination were based on Lipóth’s work [Lipóth, 1993]. In addition, many 
parametric design properties were given to the components developed by Lipóth. 

We note here, that the first prototype of the Design System was based on the idea of 
synthesising the components from low-level structural primitives such as blocks, 
cylinders or higher-level user-defined shapes (features). The advantage of this 
method is that the variety of the components and the variety of the members 
constructed from such components can be maintained in a centralised manner. Such 
centralisation enables us to perform modifications on the design of every component 
collectively and not separately. In this case, the design knowledge (i.e., the assembly 
sequence of the structural primitives and their arrangements) must be embedded into 
the design system. Then, such embedded design knowledge can be subsequently 
modified if needed. For example, we could easily change the design of the guideway 
on each component and without having to change it interactively on every compo-
nent; or the shape and form of the components (that hold the guideways) could also 
be centrally modified by changing the assembling process of the structural primi-
tives that is coded in our program. Moreover, the form determination of the 
component can be open (not hardcoded) and left to be controlled by some ‘smart’ 
algorithms. The development of the first prototype of the Design System proceeded 
in this direction. Appendix I illustrates briefly how the different components were 
synthesised from lower level building blocks. 

One of the drawbacks of this method (of the first prototype) is that the design 
and the automatic generation of complex components need a tremendous amount of 
programming effort. That is why the development of this first prototype was stopped 
and the interactive design of the components and their storage in a component 
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library was chosen instead. The advantage of the latter method is that we can design 
the complex shapes and forms of the components manually by using the interactive 
modelling capabilities of the applied CAD system (that was UnigraphicsTM in our 
case). Furthermore, the formulation of the components and their configuration 
processes were worked out in a manner that the individual components in the library 
can easily be replaced by other component versions. This requires some standardisa-
tion of the components (see Section 3.4). The disadvantage of this method is that 
each component of the library must be designed (modelled) separately and that later 
modifications can only be carried out on every component separately. That is why 
some utilities were developed with which the modifications of the (existing) 
components can be carried out collectively rather than separately [see ‘Utilities’ in 
Section 2.4.11(3) on page 60]. 

3.3.3 Separation of the Fixed Member into Two Components 
The objective of the synthesis is to create parametric geometric models of machine 
tools. If we take a look at the machines shown in Figure 3.5 (see page 67) we find 
that the fixed members of the machines are made of one part. If we want to modify 
some dimensions or shapes of the geometry of the fixed member that was made of 
one part, the parameterisation of such fixed member would be very complex or 
almost impossible. Figure 3.9 demonstrates this problem: it shows four front views 
of a machine tool configuration where the fixed member has two guideways and it is 
made of two separate components. Since this fixed member is made of two parts, the 
relative position between the two guideways can be easily changed. The four 
pictures in Figure 3.9 are four cases of the same model where the geometry is 
modified. We can see that the modification of the geometry requires different 
relative positioning of the two fixed guideways. It would be a complicated task to 
design a parametric model of a fixed member made of one part that allows such 
’behaviour’. By separating the fixed member into two parts a specific situation can 
also be modelled where the two guideways of the fixed member interfere with each 
other [see in Figure 3.9a)]. These interfering situations often occur, for example, 
during the optimisation of the geometry (see Chapter 5). Such general parametric 
behaviour is the main reason why the separation of the fixed member into two 
components was applied. From another point of view, the complete design of the 
fixed member is the task of detailed design, and here, during the preliminary design, 
we do not have to deal with it. 

As a consequence, the fixed members are always constructed from two parts 
(two components) in the Design System. 

a) b) c) d)  
Figure 3.9  Parametric fixed member made of two components. 
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Figure 3.10 presents the four basic types of 3-axis machine tools. These machines 
were already shown in Figure 3.5, but, here, Figure 3.10 shows the separation of the 
fixed members into two components. If the fixed member is either the NT_HST 
[Figure 3.10a)] or the NT_TBL [Figure 3.10b)], then it is constructed from two 
separate components, both having a fixed guideway. If the fixed member is the TBL 
[Figure 3.10c)], then it is constructed from a component having a fixed guideway 
and a component that holds the fixed (non-moving) table. If the fixed member is the 
HST [Figure 3.10d)], then it is constructed from a component having a fixed 
guideway and from a component that holds the fixed (non-moving) spindle. In 
reality, these component pairs are connected to each other (or to the ground) and 
form the fixed member of the machine tools. This simplification can be made at the 
preliminary (or conceptual) design phase and it enables an automatic generation of 
the geometric models (see explanation above). Because of such ‘fixed member 
separation’, our machine tool models are constructed from five components where 
two of the components belong to the fixed member of the four-member chain. 
Hereinafter, in this dissertation the two components of the fixed members are 
indicated by dots in the figures that present the machine tool models. 

a) b) c) d)  
Figure 3.10  Four major classes of machine tools demonstrating the separation of 

the fixed members into two components. 

Conclusion: Five Components in Two Chains 
Our 3-axis machine tool models are always constructed from five components: the 
fixed member is constructed from two components and each of the remaining three 
members is created (instantiated) from one component. With the separation of the 
fixed member, we obtain two chains (or two half-chains) of components: the first 
chain is called the table-chain, its first component is one of the two components of 
the fixed member and its last component is the table; the second chain is the 
headstock-chain, and its first component is the other component of the fixed 
member and its last component is the headstock. 

3.3.4 Object Oriented Design and Programming 
For the development of the Design System, object-oriented design and programming 
(OODP) and the C++ programming language were applied as major development 
approach and tool. 

For the solution of our configuration design problems OODP provided a 
valuable design, modelling and programming support and it helped maintain the 
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complexity of the configuration processes. It supported the representation of the 
hierarchy of the components and the machine tool assemblies and it provided means 
to develop the necessary algorithms. The whole object model of the Design System 
is primarily based on the class hierarchy of the components and that of the machine 
tools. Thus, the thorough object-oriented analysis of the components together with 
their assembly (aggregation) and the formulation of their class hierarchies were a 
central activity during the system development. For this activity, the basic forms and 
the classification of the components developed by Lipóth provided an excellent 
starting point [Lipóth, 1993]. 

Section 3.4 will present the whole hierarchy of the components and their 
properties. Then, Section 3.5 will describe the four classes of machine tools and 
their configurations from the components. OODP was introduced in Section 1.3.8 as 
an artificial intelligence tool. In addition Appendix G summarises the most impor-
tant concepts and terms of OODP. 

3.3.5 Using a Commercial Solid Modeller – UnigraphicsTM 
UnigraphicsTM, a commercially available CAD system, was applied to all geometric 
modelling tasks. The components were modelled interactively using the feature-
based solid modelling capability of UnigraphicsTM. Furthermore, the configuration 
of the components can be carried out by the Design System which is an application 
program that is developed under UnigraphicsTM, using many geometric modelling 
procedures via the Application Programming Interface (API) of UnigraphicsTM. For 
such configuration processes, the parametric multi-part modelling capability of 
UnigraphicsTM was used. Appendix H gives a detailed overview of the applied 
capabilities of UnigraphicsTM. 

3.4 The Components and Their Assemblies 
In this section, the component parts that are modelled in UnigraphicsTM and their 
class hierarchy (their C++ representation) will be presented. The whole structure of 
the class hierarchy can be seen in Figure 3.12 (see page 79). Since it looks quite 
complex at first glance, we will present the main classes of this hierarchy in Figure 
3.11 (see page 78). 

The C++ class hierarchy is the result of a thorough object-oriented analysis of 
the components. The structure of the C++ hierarchy reflects the natural characteris-
tics of the components where the common properties of certain groups (classes) of 
components are represented in C++ base classes. Such commonality is exploited by 
using abstraction, polymorphism, inheritance and virtual functions. Abstraction is 
expressed by the use of base classes and derived classes. The arrows in Figure 3.11 
and Figure 3.12 (and in all subsequent figures that show class hierarchies) point 
from the derived classes63 to the base classes64. The common properties are repre-
sented by member objects and member functions65 that are defined in the base 
                                                           
63 ‘Derived class’ is also known as ‘subclass’, ‘descendant class’, or ‘child class’. 
64 ‘Base class’ is also known as ‘superclass’, ‘ancestor class’, or ‘parent class’. 
65 In OODP, ‘member objects’ are also referred to as ‘data members’ or in more general as 

‘attributes’; and ‘member functions’ are also referred to as ‘operations’. 
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classes. Such common properties can be inherited to the derived classes. Polymor-
phic behaviour (of the objects) of the derived classes can be obtained using virtual 
functions66. For further details about OODP see Appendix G. 

The class hierarchy of the components constitutes the core of the C++ pro-
gram code of the Design System. Many operations are necessary to maintain the 
configuration of all machine tool variants and to handle the evaluation and manipu-
lations of the configured machine tool models (objects); most of such operations 
(C++ functions) are defined within these component classes. 

In Section 3.4.1, the components, their class hierarchy and their most important 
characteristics will be described. Sections 3.4.2–3.4.6 will present further character-
istics of the components with special attention to the synthesis of the parametric 
machine tool models. In parallel with such presentation of the components, some 
important properties of the machine tool assemblies and some methods of the 
configuration processes will also be presented because the properties of the 
components reflect the properties of their assemblies and their generation process. 
Finally, Section 3.4.7 will describe more detailed properties of the components. 

As to terminology: if we use the term ‘component’ it refers to a 
UnigraphicsTM component part (stored in a part file) which will be one of the five 
components of the assembly of a machine tool model; and if we use the term ‘class’ 
or ‘component class’ they refer to a C++ class that represents a component or a 
certain group of components. 

3.4.1 An Overview of the Components and Their Classes 
All components can be treated by the abstract base class ‘Component’. All the other 
component classes are derived from this abstract base class; thus such common 
properties are inherited by the derived classes. 

(2)(1) (10) (28)

Component

Base with GuideFixed Headstock Cross Slide

Headstock (11)

(52)

Fixed ComponentMoving Component

(10)(1)
Fixed Table Moving Table

Table (11)

(4)(48)

 
Figure 3.11  Main classes of the component hierarchy. 

                                                           
66 A virtual function is declared in the base class but defined and specialised in the derived class. 

All objects created from a class that are derived from a common base class can be treated 
(virtually) in the same manner by calling a virtual function yet, the specific behaviour of the 
objects created from different derived classes can differ since the virtual functions are defined in 
the derived classes. 
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Class ‘Headstock’ is an abstract class for the components that have the common 
property of having a spindle. This class is derived from class ‘Component’.67 The 
components represented by the ‘Headstock’ class are collectively called ‘head-
stocks’. 

Class ‘Table’ is an abstract class for the components that have the common 
property of having a surface to which the workpiece (or its fixture) can be clamped; 
we will refer to this surface as the ‘tabletop’. The components represented by the 
‘Table’ class are collectively called ‘tables’. 

Another classification can be made which is based on the fact that the com-
ponents can be either fixed or moving ones. This classification is indicated by 
dashed lines in Figure 3.11. ‘Fixed Component’ is an abstract class from which the 
two components of the fixed member can be created. The abstract class ‘Moving 
Component’ represents those components that can move on another component. The 
components represented by these two classes are collectively called ‘fixed compo-
nents’ and ‘moving components’, respectively. 

According to fixed or moving component classification, the classes ‘Head-
stock’ and ‘Table’ that were introduced above can be further subdivided. In this way 
we can formulate the six main component classes, namely the ‘Fixed Table’, the 
‘Moving Table’, the ‘Fixed Headstock’, the ‘Moving Headstock’, the ‘Cross Slide’, 
and the ‘Base with Guide’. These six classes are the most important classes because 
all types of our 3-axis machine tool models can be generated by utilising the 
common properties of the components represented by these six component classes. 
These six classes and the UnigraphicsTM component parts they represent will be 
presented later on in this section. First, some additional abstract classes will be 
introduced. 

Classes ‘Root Fixed Comp’ and ‘Second Fixed Comp’ (see Figure 3.12) were 
created for the two components of the fixed members. These classes are derived 
from the class ‘Fixed Component’. As we will see later on (in Section 3.4.3), the 
assembly of the components in UnigraphicsTM is resolved in a manner that one of 
the two components of the fixed member is the root part of the assembly and the 
other one is aligned to this root part. We refer to these two types of components as 
‘root fixed components’ and ‘second fixed components’, respectively. Class ‘Root 
Fixed Comp’ represents the root fixed components and class ‘Second Fixed Comp’ 
represents the second fixed components. 

Class ‘Carrier Component’ represents components that can carry other (mov-
ing) components. This class is directly derived from the class ‘Component’. The 
components represented by this class are called ‘carrier components’. 

Class ‘Comp with Moving Carriages’ represents moving components that 
move with carriages. This class is derived from the class ‘Moving Component’. A 
moving component belonging to this class can mate via its four carriages (the short 
part of the particular guideway) to another (carrier) component that has two rails (the 
long part of that guideway). 

Class ‘Comp with Moving Rails’ represents moving components that move 
with rails. This class is derived from the class ‘Moving Component’. A component 
belonging to this class can mate via its two rails (the long part of the particular 

                                                           
67 This relation can also be explained as “a headstock ‘is a’ component”. 
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guideway) to another (carrier) component that have four carriages (the short part of 
that guideway). 

Class ‘Component with Carrier Carriages’ represents carrier components 
that have four carriages that can carry other components that move on two rails. This 
class is derived from the class ‘Carrier Component’. 

Class ‘Comp with Carrier Rails’ represents components that have two rails 
that can carry other components that move on four carriages. This class is also 
derived from the class ‘Carrier Component’. 
 
Now, we can describe the six main component classes introduced above. These 
classes are indicated at the bottom row in Figure 3.11 and highlighted in Figure 
3.12. 

3.4.1.1 Class ‘Fixed Table’ 
Class ‘Fixed Table’ represents fixed components that have a surface (tabletop) 
where the workpiece can be clamped to. These components do not have any 
guideways. There is only one component of such 
properties (see Figure 3.13) which is called ‘fixed 
table’ (its short UnigraphicsTM part file name is 
‘tbl_fixed’). When a C++ object is being instanti-
ated68 from the class ‘Fixed Table’, a ‘tbl_fixed’ 
component is opened to form one component of 
the fixed member and it will be associated with 
the instantiated object. 

3.4.1.2 Class ‘Fixed Headstock’ 
Class ‘Fixed Headstock’ represents fixed components that have a spindle and do not 
have any guideways. There is only one component 
of such a property (see Figure 3.14) which is 
called ‘fixed headstock’ (its short UnigraphicsTM 
part file name is ‘hst_fixed’). When a C++ object is 
being instantiated from the class ‘Fixed Head-
stock’, a ‘hst_fixed’ component is opened to form 
one component of the fixed member and it will be 
associated with the instantiated object. 

3.4.1.3 Class ‘Base with Guide’ 
Class ‘Base with Guide’ is an abstract class and it represents carrier components that 
are fixed components and have either a short or a long guideway. This class is 
derived from the classes ‘Fixed Component’ and ‘Carrier Component’. There are 
component parts belonging to this class that are collectively called ‘bases’. Figure 
3.15a) depicts a base with a short guideway (having four carriages); its short 
UnigraphicsTM part file name is ‘base_sh’. Figure 3.15b) shows a base with a long 
guideway (having two rails); its short UnigraphicsTM part file name is ‘base_lg’. 

                                                           
68 Instantiation is a process where an object is created from a class (see ‘instance’ in Appendix G). 

tbl_fixed  
Figure 3.13  Class 

‘Fixed Table’. 

hst_fixed  
Figure 3.14  Class 
‘Fixed Headstock’. 
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a)  base_sh b)  base_lg  
Figure 3.15  Components in class ‘Base with Guide’. 

These two UnigraphicsTM components can be applied in several situations. There-
fore, additional C++ classes were created in order to represent such situations. There 
are eight classes derived from the class ‘Base with Guide’ (see Figure 3.12 on page 
79). These derived classes are following. 

Because a base component can be a root fixed component as well as a second 
fixed component, two classes were created. Class ‘Root Base with Guide’ represents 
the root fixed components of the machine tool models where such components have 
a guideway (either a short one or a long one). That is why this class is derived from 
the classes ‘Base with Guide’ and ‘Root Fixed Comp’. On the other hand, class 
‘Second Base with Guide’ represents the second fixed components where such 
components have a guideway (either a short one or a long one). That is why this 
class is derived from the classes ‘Base with Guide’ and ‘Second Fixed Comp’. 

Since ‘Base with Guide’ components can have either a long guideway (two 
rails) or a short guideway (four carriages), two additional classes were created: class 
‘Base with Rails’ represents bases that have two rails (long guideway) and class 
‘Base with Carriages’ represents bases that have four carriages (short guideway). In 
this respect, the class ‘Base with Rails’ is derived from the classes ‘Base with 
Guide’ and ‘Comp with Carrier Rails’ and the class ‘Base with Carriages’ is derived 
from the classes ‘Base with Guide’ and ‘Comp with Carrier Carriages’. 

Finally, we can define the four situations where the base components are 
used. These four situations are represented by four additional classes that are derived 
in a manner that their base classes are any pairing of the four classes presented in the 
previous two paragraphs. These classes can be described as follows. 

Class ‘Root Base with Rails’ represents bases that are root fixed components 
having two rails. That is why this class is derived from the classes ‘Root Base with 
Guide’ and ‘Base with Rails’. The objects instantiated from this class are associated 
with component ‘base_lg’ [see Figure 3.15b)]; in other words, when objects are 
created from this class, component ‘base_lg’ will be opened within a UnigraphicsTM 
session as well. 

Class ‘Root Base with Carriages’ represents bases that are root fixed compo-
nents having four carriages. That is why this class is derived from the classes ‘Root 
Base with Guide’ and ‘Base with Carriages’. When objects are instantiated from this 
class, component ‘base_sh’ [see Figure 3.15a)] will be opened within a 
UnigraphicsTM session and associated with the object. 

Class ‘Second Base with Rails’ represents bases that are second fixed com-
ponents having two rails. That is why this class is derived from the classes ‘Second 
Base with Guide’ and ‘Base with Rails’. The component ‘base_lg’ is associated with 
this class. 

Class ‘Second Base with Carriages’ represents bases that are second fixed 
components having four carriages. That is why this class is derived from the classes 
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‘Second Base with Guide’ and ‘Base with Carriages’. The component ‘base_sh’ is 
associated with this class. 

3.4.1.4 Class ‘Moving Table’ 
Class ‘Moving Table’ represents the table components that can move on another 
component. Therefore, this class is derived from the classes ‘Table’ and ‘Moving 
Component’. The components represented by this class can be collectively called 
‘moving tables’. The major characteristics of the class ‘Table’ were defined above 
(i.e., having a tabletop: a surface that can hold the workpiece); additionally, these 
moving tables have the common characteristic of having a (moving) guideway. 
Since a guideway on a moving component can be either short or long, we can derive 
two subclasses under the class ‘Moving Table’ (see Figure 3.12 as well). 

Class ‘Moving Table with Carriages’ is derived from the classes ‘Moving 
Table’ and ‘Component with Moving Carriages’. Figure 3.16a) shows the compo-
nents that are represented by the class ‘Moving Table with Carriages’. These five 
components have four carriages. The difference between them lies in their different 
tabletop orientation relative to the guideway. 

Class ‘Moving Table with Rails’ is derived from the classes ‘Moving Table’ 
and ‘Component with Moving Rails’. Figure 3.16b) shows the five components that 
belong to this class. These five components have two rails. The tabletop orientations 
of them are the same as the five components in Figure 3.16a). 

a) Components in class 'Moving Table with Carriages'

b) Components in class 'Moving Table with Rails'
tbl_lg_pos-z tbl_lg_pos-x tbl_lg_neg-x tbl_lg_neg-ytbl_lg_pos-y

tbl_sh_pos-z
+Z

+Y

+X

tbl_sh_pos-x tbl_sh_neg-x tbl_sh_neg-ytbl_sh_pos-y

 
Figure 3.16  Components in class ‘Moving Table’. 

The naming convention of the ten moving table components in Figure 3.16 is the 
following. The first fraction of the name (‘tbl’) indicates that the component is a 
table. The second fraction (‘sh’ or ‘lg’) shows that it has a short guideway (four 
carriages) or a long guideway (two rails). The third fraction of the name indicates 
the orientation of the table normal relative to the guideway. This orientation of the 
table normal is given in a reference coordinate system that is determined by the 
orientation of the guideway. This reference coordinate system is chosen in a way 
that its X direction is parallel with the drive direction of the guideway (see Ad 4 in 
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Section 3.2.2)69. This reference coordinate system is shown on the left side of Figure 
3.16. The term ‘pos-x’ at the end of the names indicates that the table normal points 
into the positive X direction of the reference coordinate system; ‘neg-x’ indicates 
that the table normal points into the negative X direction, and so on. 

To make the picture complete, we note here that there would be a sixth vari-
ant for both of the two groups of moving tables shown in Figure 3.16a) and Figure 
3.16b). The tabletop orientation of these two moving tables would point against the 
normal of the guideway (into the negative Z direction of the reference coordinate 
system). Such components were excluded from the component library because they 
would always result in unrealistic machine tool geometry (but theoretically they 
exist and they would increase the number of the machine tool variants). 

3.4.1.5 Class ‘Moving Headstock’ 
Class ‘Moving Headstock’ represents the headstock components that can move on 
another component. Therefore, this class is derived from the classes ‘Headstock’ and 
‘Moving Component’. The components represented by this class can be collectively 
called ‘moving headstocks’. The major characteristics of the class ‘Headstock’ 
were defined above (i.e., having a spindle); additionally, these moving headstocks 
have the common characteristic of having a (moving) guideway. Since a guideway 
on a moving component can either be short or long, we can make two subclasses of 
the class ‘Moving Headstock’. 

Class ‘Moving Headstock with Carriages’ is derived from the classes ‘Mov-
ing Headstock’ and ‘Component with Moving Carriages’. Figure 3.17a) shows the 
components associated with the class ‘Moving Headstock with Carriages’. We can 
see that these five components have four carriages with which they may move on 
other components (that must have two rails). The difference between these five 
components lies in their different spindle orientations relative to the guideway. 

hst_sh_pos-z hst_sh_pos-x hst_sh_neg-x hst_sh_neg-yhst_sh_pos-y

hst_lg_pos-z hst_lg_pos-x hst_lg_neg-x hst_lg_neg-yhst_lg_pos-y

a) Components in class 'Moving Headstock with Carriages'

b) Components in class 'Moving Headstock with Rails'

+Z

+Y

+X

 
Figure 3.17  Components in class ‘Moving Headstock’. 

                                                           
69 A more exact definition of the reference coordinate systems will be given in Sections 3.4.3 and 

3.4.6.1 later on. 
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Class ‘Moving Headstock with Rails’ is derived from the classes ‘Moving Head-
stock’ and ‘Component with Moving Rails’. Figure 3.17b) shows the five compo-
nents that belong to this class. These five components have two rails with which 
they may move on other components (that must have four carriages). The spindle 
orientation of these five components are the same as the five components in Figure 
3.17a). 

The naming convention of the ten moving headstocks in Figure 3.16 is simi-
lar to the case of the moving tables that was shown above. The difference is that the 
first fraction of the name (‘hst’) indicates that the component is a headstock and that 
the third fraction indicates the orientation of the spindle to the guideway (the 
reference coordinate system is given in Figure 3.16 in which this orientation is 
interpreted). 

We also note here that, like in the case of the moving tables there would be a 
sixth variant for both of the two groups of moving headstocks shown in Figure 3.17. 
The spindle orientation of these two moving headstock would point against the 
normal of the guideway (into the negative Z direction of the reference coordinate 
system). Such components were excluded from the component library because they 
would result in unrealistic machine tool geometry (but theoretically they exist and 
they would increase the number of the machine tool variants). 

3.4.1.6 Class ‘Cross Slide’ 
Class ‘Cross Slide’ represents components from which the moving neighbour 
members of the table and the headstock (NT_TBL and NT_HST) are created. These 
components are collectively called ‘cross slides’. Cross slides can move on other 
components and they can also carry other components, i.e., they are both moving 
components and carrier components. Thus they have two guideways: one is called 
the moving guideway and the other one is called the carrier guideway, respectively. 
The drive directions of the two guideways are always perpendicular (see Ad 4 in 
Section 3.2.2). The class ‘Cross Slide’ is derived from the classes ‘Moving Compo-
nent’ and ‘Carrier Component’. Since a guideway can be either short or long, we can 
derive four subclasses under the class ‘Cross Slide’ (see Figure 3.12 on page 79). 
These four classes are shortly described as follows: 

Class ‘C.Slide with Mov.Carriages Carr.Rails’ represents cross slides that 
can move on other components with four carriages (this is the moving guideway) 
and they can carry other components with two rails (this is the carrier guideway). 
Therefore, this class is derived from the classes ‘Cross Slide’, ‘Comp with Moving 
Carriages’ and ‘Comp with Carrier Rails’ (see Figure 3.12). Obviously, the carrier 
component on which a cross slide of this type moves must have two (carrier) rails 
and the moving component carried by a cross slide of this type must have four 
(moving) carriages. In order to embody any relative orientation of the two guide-
ways, there were seven components developed for this class of cross slides; they are 
illustrated in Figure 3.18a). 
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Class ‘C.Slide with Mov.Rails Carr.Carriages’ represents cross slides that can move 
on other components with the long part (two rails) of the moving guideway and they 
can carry other components with the short part (four carriages) of the carrier 
guideway. Therefore, this class is derived from the classes ‘Cross Slide’, ‘Comp 
with Moving Rails’ and ‘Comp with Carrier Carriages’. Obviously, the carrier 
component on which a cross slide of this type moves must have four carrier 
carriages and the moving component carried by a cross slide of this type must have 
two moving rails. There are seven components developed for this class of cross 
slides and they are illustrated in Figure 3.18b). 

Class ‘C.Slide with Mov.Rails Carr.Rails’ represents cross slides that can 
move on other components with the long part (two rails) of the moving guideway 
and that can carry other components with the long part (two rails) of the carrier 
guideway. Therefore, this class is derived from the classes ‘Cross Slide’, ‘Comp 
with Moving Rails’ and ‘Comp with Carrier Rails’. There are seven components 
developed for this class of cross slides and they are illustrated in Figure 3.19a). 

Class ‘C.Slide with Mov.Carriages Carr.Carriages’ represents cross slides 
that can move on other components with the short part (four carriages) of the 
moving guideway and they can carry other components with the short part (four 
carriages) of the carrier guideway. Therefore, this class is derived from the classes 
‘Cross Slide’, ‘Comp with Moving Carriages’ and ‘Comp with Carrier Carriages’. 
There are seven components developed for this class of cross slides and they are 
illustrated in Figure 3.19b). 

The naming convention of the 28 cross slide components in Figure 3.18 and 
Figure 3.19 is the following. Each name is composed of five fractions that are 
separated by four underline (‘_’) characters. The first fraction (‘csl’) indicates that 
the component is a cross slide. The second fraction (either ‘sh’ or ‘lg’) describes the 
moving guideway that can be either short (four carriages) or long (two rails). The 
third fraction (either ‘sh’ or ‘lg’) describes the carrier guideway that can also be 
either short (four carriages) or long (two rails). The fourth and fifth fractions 
indicate the orientation of the carrier guideway relative to the moving guideway. 
This orientation is explained in a reference coordinate system that is determined by 
the moving guideway and oriented in the same way as was shown for the moving 
tables above (see Figure 3.16). Figure 3.18 and Figure 3.19 show this reference 
coordinate system as well. The fourth fraction of the component’s name indicates 
the normal of the moving guideway and the fifth fraction indicates the drive 
direction of the moving guideway both expressed in the reference coordinate system. 
For example, the first cross slide component shown in Figure 3.18 has the name 
‘csl_sh_lg_pos-z_y-dir’. It means that this cross slide has a short moving guideway and 
a long carrier guideway. The normal of the moving guideway has the positive Z 
direction and the motion direction of the moving guideway is parallel with the Y 
direction (both directions are expressed in the reference coordinate system). 

We note here that there would be an eighth variant for each of the four groups 
of cross slides shown in Figure 3.18 and Figure 3.19. The normal of the carrier 
guideway of these cross slides would point into the negative Z direction of the 
reference coordinate system (against the normal of the moving guideway) and the 
drive direction of the carrier guideway would be parallel with the Y direction. Such 
components were excluded from the component library because they would result in 
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unrealistic machine tool geometry (but theoretically they exist and they would 
increase the number of the machine tool variants). 

3.4.2 Parametric Geometry 
All the components presented in the previous section and the resulting machine tool 
models configured from these components have parametric geometry (see also 
statements made in Section 3.3.2). The machine tool models are configured from the 
components in a manner that the components of the table-chain and the headstock-
chain (see Section 3.3.3) are assembled and some parameters between the assembled 
components are linked in the form of UnigraphicsTM (interpart) expressions (see 
Section H.2.3 in Appendix H). It is achieved in a way that the moving components 
are assembled to the carrier components and some parameters of the carrier 
components are linked to some parameters of the moving components. The dimen-
sions of the required workspace of the machine tools are given (as input) and all the 
dimensions of the five components of the machine tool models are derived from 
these workspace dimensions. In this manner we obtain a parameterisation flow 
where the parameterisation (the linking of the parameters between the adjacent 
components) starts from the end-components of the two chains (i.e., from the 
headstock and from the table) and ends up in the two fixed components. 

Such parameterisation must be reflected in the design of the components 
where each component has some input parameters that are initialised with certain 
constant values or parameter expressions during configuration time. Then, all the 
other parameters of the components are determined by such input parameters. 

Figure 3.20 demonstrates the parametric behaviour that all components have 
at their guideways. First of all, the cross-distance (side set) between the two rails 
(and the two carriage-pairs) can be modified on both the carrier and the moving 
components together. For example, Figure 3.20b) shows a modification of Figure 
3.20a) where this cross-distance is bigger. Furthermore, the components are 
designed in a manner that the guideway plane can be virtually slanted as it can be 
seen in Figure 3.20c) and Figure 3.20d). It means that the normal of the guideways 
(see Ad 8 in Section 3.2.2) will not change but the surfaces that hold the two rails or 
the two carriage-pairs may not be coplanar. Such slanted behaviour requires the use 
of numerous trigonometric functions in the parameter expressions; to show all of 
them would exceed the scope of the dissertation. Only some of the results of this 
complicated modelling will be shown to demonstrate how the outlook of the 
components change with the change of some geometric parameters. 

a) b) c) d)  
Figure 3.20  Parametric behaviour of the connected components. 
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Figure 3.21 illustrates the logic of the parameterisation of the components and the 
way the parameters are linked from a moving component to a carrier component. 
Figure 3.21 simply shows the derivation of the main cross sectional dimensions of a 
component connection where the moving component has carriages (short part of the 
guideway) and the carrier component has rails (long part of the guideway). Parame-
ters ‘a’ and ‘α’ are the input parameters of the moving component and ‘A’, ‘C’ and 
‘β’ are the input parameters of the carrier component. All the other parameters of the 
components are expressed in the function of these input parameters (see f1, f2, f3, and 
f4; or f5 and f6). These functions are mainly linear but there is some non-linearity 
introduced as well (e.g. in the form of conditional expressions). Moreover, since 
these two components are connected, the input parameters of the carrier component 
are assigned to be equal to the corresponding parameters of the moving component. 
Thus, ‘A’ must be equal to ‘e’, ‘C’ with ‘b’, and ‘β’ with ‘α’. We note here that not 
only parameters for sizing and positioning but also parameters for the existence of 
some modelling features can be controlled by the input parameters of the compo-
nents. In such a manner we can obtain a “smart” parametric form-determination of 
our components. It will be shown later on for each component class (see Section 
3.4.7). 

 
Figure 3.21  Parameterisation of the connected components. 

3.4.3 Assembling the Components: Joining Surfaces – Coordinate 
Systems – Transformation Matrices 
In order to assemble the components, specific joining surfaces, coordinate systems 
and transformation matrices were defined for them. 

Since UnigraphicsTM enables an associative assembling of components, cer-
tain surfaces are marked with predefined attributes within each component70. With 
the use of these surfaces the components are assembled to one another. The 
definition of such surfaces together with their attributes was necessary because of 
                                                           
70 See Section H.4 in Appendix H on ‘attributes’ that the user can define for his/her model. 
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the parametric nature of the components and because of utilising the advanced 
associativity UnigraphicsTM can provide (see Section H.2.2.4 in Appendix H). Using 
such associative joining surfaces we have the ability to mimic the real assembling 
process of the components where two components are mated or aligned through 
“real” surfaces and not through fictitious coordinate systems. If these surfaces of the 
carrier components move because of the change of the geometry, then the joined 
components move as well due to associativity. There are specific joining surfaces 
defined for each moving, carrier, root fixed and second fixed component. 

d) Carrier carriages

a) Moving carriages

TO-front

TO-side

TO-top

FROM-front

FROM-side

FROM-top

c) Carrier rails

b) Moving rails

TO-front

TO-side

TO-top
XS

YS

ZS

XS
YS

ZS

FROM-front

FROM-side

FROM-topXP

YP

ZP

XPYP

ZP

 
Figure 3.22  Specific joining surfaces and coordinate systems on the moving and 

carrier guideways. 

Figure 3.22 shows the joining surfaces of the moving and carrier components. Each 
moving component has three surfaces with which it is joined to a carrier component. 
These surfaces are the ‘FROM-top’, the ‘FROM-side’ and the ‘FROM-front’ [see Figure 
3.22a) and b)]. Each carrier component has three surfaces to which the surfaces of 
the moving components described above are joined. These surfaces are the ‘TO-top’, 
the ‘TO-side’ and the ‘TO-front’ [see Figure 3.22c) and d)]. During the assembling 
processes the ‘FROM-top’ and the ‘FROM-side’ surfaces are mated71 to the ‘TO-top’ and 

                                                           
71 In UnigraphicsTM, ‘mating’ of two planar surfaces means that the two surfaces are coincident, 

i.e., the normals of the two surfaces have opposite directions (see Section H.3.1.5 in Appendix 
H as well). 
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‘TO-side’ surfaces, respectively. And the ‘FROM-front’ surface is aligned72 to the 
‘TO-front’ surface with an offset distance (parameter) so the ‘movement’ of the 
moving component on its carrier component can be controlled by this offset 
parameter.  

Figure 3.23 shows a general case for assembling a moving component to a 
carrier component. Note that a moving component can either be a moving table, or a 
moving headstock or a cross slide; and a carrier component can either be a cross 
slide or a base (see the component hierarchy in Figure 3.12 on page 79). 

carrier component

moving component

 
Figure 3.23  Assembling the moving and carrier components. 

ZP

XPYP

ZP

XP
YP

second fixed component
root fixed component

offset-x
offset-z

offset-y

TO-XY

TO-XZ

FROM-YZ FROM-XZ

FROM-XY

TO-YZ  
Figure 3.24  Aligning the two fixed components (part one). 

Specific joining surfaces are also defined for the fixed components with which the 
two fixed components (thus the table-chain and the headstock-chain) are positioned 
to each other. In particular, the second fixed component that holds the components 
of the headstock-chain is positioned to the root fixed component that holds the 
components of the table-chain in a manner that three surface pairs are aligned (see 
Footnote 72). These alignments are obtained in a way that the distances between the 
two surfaces of each aligned surface-pair are controlled by an offset parameter. In 
this manner, by assigning the required values (parameter expressions) to the offset 
parameters, the headstock-chain is aligned to the table-chain so that the spindle 

                                                           
72 In UnigraphicsTM, ‘aligning’ of two planar surfaces means that the two surfaces are coplanar and 

adjacent, i.e., the normals of the two surfaces point to the same direction (see Section H.3.1.5 
Appendix H as well). 
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always moves relative to the table in the required working envelope. Figure 3.24 
shows this aligning method. The three surface-pairs are indicated in the figure. 
Surface ‘FROM-XY’ is aligned to surface ‘TO-XY’ and the distance between them is 
controlled by parameter ‘offset-z’. Surface ‘FROM-XZ’ is aligned to surface ‘TO-XZ’ and 
the distance between them is controlled by parameter ‘offset-y’. Surface ‘FROM-YZ’ is 
aligned to surface ‘TO-YZ’ and the distance between them is controlled by parameter 
‘offset-x’. These three offset parameters are defined in the primary coordinate system 
(see definition below) of the root fixed component and their values are expressed in 
the function of the geometry of all components of the assembly so that the relative 
motion of the spindle to the table is always maintained when the geometry of the 
machine tool changes (for further details see Section 3.4.4). Note that the role of 
Figure 3.24 is to demonstrate the aligning method of the fixed components, so the 
other components of the headstock-chain and the table-chain are not shown. In the 
figure the ‘second fixed component’ can be either a fixed headstock or a base and 
the ‘root fixed component’ can either be a fixed table or a base (see the component 
hierarchy in Figure 3.12). In this particular case shown in Figure 3.24, ‘offset_x’ is 
negative in the XP-YP-ZP coordinate system of the root fixed component; the 
arrows for the offset parameters indicate that the offset distance of the alignment is 
measured from the fixed root component to the second fixed component. 

In addition, each component has specific coordinate systems that are used to 
calculate the necessary offset parameters for aligning the fixed components (see 
Figure 3.24) and also to calculate the (relative or absolute) positions of the moving 
components (see Figure 3.23). In particular, two coordinate systems were defined 
for each component: one is called the ‘primary’ coordinate system and the other is 
the ‘secondary’ coordinate system. With the primary coordinate systems the 
components are positioned either to the ground (in the case of fixed components) or 
to the carrier components. The secondary coordinate system of the components is 
used to position other components to them (in the case of carrier components) or to 
calculate the relative position or the force between the headstock and the table (in 
the case of headstocks and tables; see Chapter 4). The specific joining surfaces 
described above determine the origin of the two coordinate systems (except for the 
tables and headstock; see in Section 3.4.7 later on). The origin of these coordinate 
systems are expressed by parameter expressions, so when the size or the shape of the 
components change, the origin of these coordinate systems change as well. Note that 
these coordinate systems are fictitious in the sense that they are not defined 
explicitly as ‘coordinate systems’ in the UnigraphicsTM models but they were 
defined for internal use; their locations are explicitly defined with the help of 
geometric parameters but their orientations are defined implicitly for each compo-
nents; see in Section 3.4.7 later on. 

The transformation (a rotation and a translation) between the primary and 
secondary coordinate systems of each component is expressed in a homogeneous 
transformation matrix and stored within the component. The form of such homoge-
neous transformation matrix ( TS

P ) is the following: 
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where RS
P  is the 33×  rotation matrix that expresses the relative orientation of the 

secondary coordinate system (S) with respect to the primary coordinate system (P) 
and SP,

P p  is the 13×  translation vector between the two coordinate systems (for 
more details about the applied formulas and matrix notation see Appendix J). The 9 
components of RS

P  and the 3 components of SP,
P p  are stored within the databases 

of each component part file as 12 parameters (the fourth row of matrix TS
P  is not 

stored). The values of the rotation matrices are constants (but different for the 
various components). The values of the translation vectors are determined by the 
geometric parameters of the components and expressed by parameter expressions. 
The rotational matrices are shown, e.g., in the case of the cross slide components in 
Figure 3.18 and Figure 3.19 (the translational parts are not indicated in these figures 
because they are expressed in complicated parameter expressions). 

The origin (location) and orientation of the primary and secondary coordinate 
systems are defined for each specific component type. Figure 3.22 (see page 91) 
shows the origin and orientation of the primary coordinate system of the moving 
components as well as the origin and orientation of the secondary coordinate system 
of the carrier components. The main rules to determine the origin and axis designa-
tion of such coordinate systems together with the joining surfaces described above 
are the following. The X direction of both the primary and the secondary coordinate 
systems (see XP and XS, respectively, in Figure 3.22) points into the drive direction 
of the guideways. The Y-axis of the coordinate systems points towards the other 
carriage-pair [see YP in Figure 3.22a) and YS in Figure 3.22d)] or towards the other 
rail [see YP in Figure 3.22b) and YS in Figure 3.22c)]. The Z-axis of the primary 
coordinate system of a moving component points ‘into the body’ [see ZP in Figure 
3.22a) and b)]. On the other hand, the Z-axis of the secondary coordinate system of a 
carrier component points out of the body [see ZS in Figure 3.22c) and d)]. More-
over, the primary coordinate system is chosen to be parallel with the absolute 
coordinate system of each component. 

In fact, if a moving component is assembled to a carrier component, then vir-
tually the primary coordinate system of the moving component is mated (X) and 
aligned (Y and Z) to the secondary coordinate system of the carrier component and 
their distance is controlled by an offset parameter (see Figure 3.23).73 

In the case of the fixed components, the primary coordinate systems are used 
to align the second fixed components to the root fixed components (see Figure 3.24). 
The determination of the origin and the orientation of the primary coordinate 
systems of the fixed components are more component and application-specific; they 
will be shown for each fixed component and for each application possibility later on 
(see Sections 3.4.7.1, 3.4.7.2, and 3.4.7.3). 

The secondary coordinate systems of the headstock components will be de-
scribed later on (see Sections 3.4.7.2 and 3.4.7.5). There is no secondary coordinate 
system defined for the table components (we will explain it later on in Sections 
3.4.7.1 and 3.4.7.4). 

                                                           
73 ‘Virtually’, because in ‘reality’ it is solved through the specific joining surfaces defined above. 
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3.4.4 Aligning the Fixed Components 
This section will explain how the second fixed component is positioned (aligned) 
relative to the root fixed component. First, the aligning method will be further 
described and then, we will define some additional properties of the components that 
are necessary to align the fixed components. 

3.4.4.1 Obtaining the Required Workspace 
For aligning the second fixed component to the root fixed component in the right 
distance we have to assign the right values to the three aligning offset parameters 
(see Figure 3.24 on page 92). The values of the offset parameters are determined in 
the function of the geometric parameters of the components. Figure 3.25 illustrates 
the alignment of the two fixed components for a particular machine configuration 
and geometry. The two fixed components are aligned so that when the components 
are in their middle position on each guideway [see Figure 3.25a)] the ‘fictitious tool-
end point’ of the spindle is positioned in the ‘workspace centre’. 

The fictitious tool-end point is determined by the longest and the shortest tool 
that the spindle can carry. These maximum and minimum tool lengths are given as 
input parameters. The fictitious tool-end point is a point measured from the end of 
the spindle by the fictitious tool length. The fictitious tool length is calculated as the 
average of the maximum tool length and the minimum tool length. In this manner, 
the tool is also modelled together with the spindle (see Figure 3.25 and the head-
stock components later on in Sections 3.4.7.2 and 3.4.7.5). 

workspace
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Figure 3.25  Aligning the two fixed components (part two). 

The workspace means a cubic attached to the table so that a tool (in the spindle) 
having any length in the range of its maximum and minimum value can reach any 
point of this cubic space. The workspace centre is the geometric centre point of such 
cubic. The workspace dimensions are determined by three input parameters. The 
strokes of each guideway are calculated from these three dimensions. We can see in 
Figure 3.25 that the workspace is located “above” the table in a distance that we call 
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‘workspace offset’ [see Figure 3.25c)]. This workspace offset is applied when the 
spindle direction is not parallel with the table normal. 

The moving components have three distinctive positions on the carrier com-
ponents along the stroke of the guideways. Figure 3.25c) shows the case where the 
moving components are in their extreme-0 positions; Figure 3.25b) shows the 
extreme-1 positions; and Figure 3.25a) the middle positions. Extreme-0 position 
means that the offset distance between the primary coordinate system of the moving 
component and the secondary coordinate system of the carrier component is zero 
(see Figure 3.23 on page 92). Extreme-1 position means that the moving component 
is positioned to the other end of the guideway (i.e., the offset distance is the longest 
possible). Obviously, the middle position means the case where the moving 
component is positioned in the middle of the two extreme positions. 

3.4.4.2 The ‘WSC-vectors’ and the ‘align-vector’ 
To align the two fixed components, there is a so-called ‘WSC-vector’ for each 
component defined (WSC stands for WorkSpace Centre). These WSC-vectors can 
be seen in Figure 3.25a). There are five WSC-vectors indicated: one for each 
component. The function of the WSC-vectors is to calculate the so-called ‘align-
vector’ [see in Figure 3.25a) and b)]. The three components (three values) of the 
align-vector are the three offset parameters defined above (see in Figure 3.24). The 
align-vector is calculated in a manner that when the components are in their middle 
positions [see Figure 3.25a)], the fictitious tool-end point of the spindle is positioned 
in the workspace centre (see explanations above). The align-vector is calculated 
using the WSC-vectors and the rotation matrices of the components. The direction of 
the WSC-vector of each component is always expressed in the primary coordinate 
system of the component. Each WSC-vector is a distance vector between two 
distinct points: the ‘start-point’ and the ‘end-point’ (obviously, the WSC-vector 
points from the start-point to the end-point). 

The start-point of the WSC-vector of a fixed component is the origin of the 
primary coordinate system itself. In the case of a moving component [see Figure 
3.26a) and b)] the start-point of the WSC-vector is located on the X-axis of the 
primary coordinate system being in a distance of the half of the guideway length 
from the origin of the primary coordinate system. In the case of a carrier component 
[see Figure 3.26c) and d)] the end-point of the WSC-vector is located on the X-axis 
of the secondary coordinate system at a distance halfway of the guideway length 
from the origin of the secondary coordinate system. In the case of a headstock 
component the end-point of the WSC-vector is the fictitious tool-end point. In the 
case of a table the end-point of the WSC-vector is the workspace centre. 

Taking the five WSC-vectors, two vector-chains can be concatenated [see 
Figure 3.25a)]: one is that of the table-chain starting from the primary coordinate 
system of the root fixed component and ending up in the workspace centre and the 
other is that of the headstock-chain starting from the primary coordinate system of 
the second fixed component and ending up in the fictitious tool-end point. The role 
of the align-vector is to position the second fixed component so that the fictitious 
tool-end point coincides with the workspace centre. In fact, the fictitious tool-end 
point is located in the workspace centre only when the moving components are in 
their middle positions. However, the align-vector stays constant when the moving 
components are not in their middle positions [see, e.g., Figure 3.25b)]: it is constant 
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(independently of the position of the moving components) unless the geometry of 
the machine tool model is changed. The WSC-vectors (thus the align-vector too) are 
expressed in the function of the geometry of the five components, so when the 
geometry of any of them changes, the align-vector changes as well, keeping the right 
position between the table and the headstock. 

d) Carrier carriages

a) Moving carriages
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b) Moving rails

XP

YP

ZP

guideway le
ngth

XP
YP

ZP

WSC-vector start-point

guideway length

XS
YS

ZS

XS

YS

ZS

WSC-vector end-point

WSC-vector end-point

 
Figure 3.26  Centre points of the guideway length. 

3.4.5 Assembling the Components in the CAD system 
The following conventions were chosen for assembling the components of the 
machine tool models in the CAD system. These are necessary to understand the 
further characteristics of the components. 

3.4.5.1 The Work Coordinate System 
The way the resulting machine tool models are oriented in the workspace of the 
CAD system is not without importance. Since many machine tool variants are to be 
generated, it is useful if some characteristic directions of the machine tool models 
(e.g., the spindle) point into the same directions in the absolute coordinate system of 
every machine model so that we can visually compare the generated machine tool 
variants without any additional rotations. That is why a work coordinate system is 
defined where each machine tool model can be constructed in a coherent manner. 
The work coordinate system (WCS) of a machine tool is defined as a right-handed 
Cartesian coordinate system that is parallel with the absolute coordinate system of 
the CAD system in the root part of the assembly and its axes are parallel with the 
three drive directions of the guideways of the machine tool. 
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The machine tool models are oriented in the CAD system by the rotation of 
the root fixed components in the following manner. The primary coordinate system 
of the root fixed component is defined in a manner that after rotating the root fixed 
component this primary coordinate system will be the WCS. The Z direction of the 
WCS is chosen to be the vertical direction of the machine tool model. The 
configurational parameter vert_gw of the machine tool description system indicates 
this vertical direction. With regard to the horizontal directions, any of the 
characteristic directions may be horizontal that may point either into the X or the Y 
direction of the WCS. Thus, one of them was ‘fixed’ in the following manner. In the 
case when the machine tools have horizontal spindles, the direction of the spindle 
was chosen to point to the +X direction of the WCS. In the case when the machine 
tools have vertical spindles, the direction of the normal of the vertical guideway was 
chosen to point to the +X direction of the WCS – if the vertical guideway is on the 
headstock-chain, or into the –X direction – if the vertical guideway is on the table-
chain. As an example, Figure 3.7 (see on page 68) shows (a right-handed) coordinate 
system (+X, +Y and +Z are indicated in parentheses) that can be seen as the WCS; 
this figure shows that the spindle points into the +X direction. In Section 3.4.7 the 
orientation methods of each fixed component will be described in detail. 

3.4.5.2 The Workspace Dimensions 
The workspace with its three dimensions is modelled and stored within the table 
component of each machine tool assembly. The workspace dimensions (x, y, z) are 
always interpreted in the work coordinate system (WCS; see above) of the machine 
tool models and are given to the system as global input. Its advantage is that the 
workspace dimensions does not have to be interpreted in different relative coordi-
nate systems for various machine tool configurations. 

3.4.6 Instantiation of the Components 
The instantiation of a component means the creation of an object from a C++ class 
(see ‘instantiation’ in Appendix G). During such instantiation the appropriate 
component is selected from the component library and some of its properties (e.g., 
parameter initialisation, attributes definition, etc.) are set. The instantiation of the 
fixed components and that of the moving components are different. 

3.4.6.1 Instantiation of the Fixed Components 
For aligning the second fixed component to the root fixed component (see Figure 
3.24 and Figure 3.25), first, the two fixed components are instantiated, then the 
corresponding joining surfaces (that have been instantiated) are aligned. During the 
instantiation of a fixed component, first, it is rotated to a required orientation in its 
absolute coordinate system, and then, the assignment of the corresponding joining 
surfaces and the re-parameterisation of the component take place. 

Rotation of the fixed component is needed so that each resulting machine tool 
model will have the expected orientation in the WCS (see Section 3.4.5.1). Assign-
ment of the corresponding joining surfaces is necessary because they will take part 
in the alignment process and they determine a new primary coordinate system which 
will be the new reference coordinate system of the re-parameterisation. Such 



Synthesis 99 

assignment is chosen so that the primary coordinate system of the fixed component 
is located in the “bottom-left-rear” corner of the rotated model. Such “bottom-left-
rear” corner can be chosen if we see the rotated component in a standard “top front 
right trimetric” (TFR-TRI) view (most of the axonometric pictures of the compo-
nents and machine tools that have been presented so far were made using such a 
TFR-TRI view). In such a manner, the second fixed component can be directly 
aligned to the root fixed component with the corresponding joining surfaces (see 
Figure 3.24: e.g., surface ‘FROM-XY’ is aligned to surface ‘TO-XY’ etc.). Directly here 
means that no rotation will happen during the alignment because it is done before 
(see rotation above). Re-parameterisation means the setting of the parameter 
expressions (e.g., that of the WSC-vector) for the instantiated (newly rotated) 
component. This re-parameterisation is component specific and will be described for 
each component in Section 3.4.7. The UnigraphicsTM part files from which the fixed 
components are instantiated are called default part files or default components. 

The reasons for applying such an instantiation (rotation, surface assignment, 
and re-parameterisation) method can be summarised as follows. The different 
absolute orientations of the root fixed component are needed to generate different 
machine tool variants. If we make this orientation right at the beginning of the 
configuration processes but before the assembling of the components, then we do 
not have to implement such orientation and complex parameterisation into the 
parameter expressions of the assembly. This results in a simpler and, thus, “faster” 
model74. Other advantages of this method are that the default components can be 
instantiated for many different situations (orientations). If any modification of the 
modelling (design) of these default components is necessary, then such modifica-
tions will be inherited by their instances as well. In other words, if we had as many 
components as the number of necessary orientations, and if we wanted to modify 
their geometric modelling, we would have to carry out such modifications on every 
component. The drawback of this method is that some re-parameterisation is needed, 
(e.g., the coordinate systems, the transformation matrices, or the WSC-vectors must 
be expressed in the newly defined primary coordinate system). But such re-
parameterisations can easily be carried out since the geometry of the default 
components is simple and there is no need to re-parameterise all of their parameters. 

3.4.6.2 Instantiation of the Moving Components 
The instantiation of the moving components differs slightly from that of the fixed 
components. Since the geometry of the moving components is more complex, 
different part files (different CAD models) were created for their different orienta-
tion on the carrier components. If we take a look at the moving tables (Figure 3.16), 
the moving headstocks (Figure 3.17) and the cross slides (Figure 3.18 and Figure 
3.19), we can recognise some component-pairs where two components look as if 
they were the rotated (with 180 degrees) versions of each other (the pairs can be 
found in the figures mentioned above next to each other in the same row). These 
pairs are used to generate two machine tool variants where one of the direction-
parameters swaps the sign (+/–) of the direction. Such configurational parameters 
are the spindle_dir for moving spindles, the table_norm for moving tables, and the 
                                                           
74 Faster in the sense that updating a modified geometry that has a simple parameterisation is 

always faster than updating one with a complex parameterisation. 
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hst_gw_norm, or the mid_gw_norm or the tbl_gw_norm for cross slides (see Section 
3.2.4). With simple modelling solutions and with simple components such two 
orientations might be obtained by simply rotating the same moving component on its 
carrier component. Yet there are two separate components created for these two 
cases because of three reasons: 

1. All the guideways have a slanting characteristic, and the definition of the 
slant angle is different in the case of the two orientations (see Figure 3.20 and Figure 
3.21 on page 89). 

2. The parameterisation is different for each of the two components of a 
component-pair. It is partly due to the different slant angle definition (many 
parameter expressions use the slant angle) and, partly, to the different definition 
(location and orientation) of the primary coordinate system and the WSC-vector. 

3. Although, it would be possible to solve the previous problems by defining 
a more general and complicated parametric behaviour within one (instead of two) 
component that allows its assembling in two (rotated) orientations, however its 
parameterisation would be more complex (many additional parameter expressions 
would be needed). Consequently, after configuration, parameters that are not used 
(because they would have been used for the other orientation that was not realised) 
could cause unnecessary delay in updating the model when the geometry changes. 

Therefore, it turned out to be better and simpler to prepare two different 
components for such two orientations. In fact, the geometry of the two components 
of each of these pairs is the same, but the definitions of the primary and secondary 
coordinate systems, the WSC-vectors, the transformation matrices and the slanting 
“behaviour” of the moving guideways are different. The advantage of such a method 
is that there is no need to manipulate the model during instantiation, but the two 
prepared ‘component-orientations’ can be directly loaded, and the resulting machine 
tool model will be much simpler, thus, faster.75 The drawback of such a method is 
that if we want to make modifications during the design process of the component-
pairs, we have to carry out these modifications on both components. For such 
situations, some small programs were developed which can manipulate the compo-
nents together. Such utilities were mentioned in Section 2.4.11 in Chapter 2 (se also 
Section (2) in Appendix N). 

3.4.7 Parameterisation and Detailed Properties of the Components 
In the previous sections we gave an overview of each component class and described 
some general properties the components have. This section presents more specific 
properties of the components, shows their most important modelling characteristics, 
and describes the parameterisation of their sizes and shapes. The modelling and, 
especially, the parameterisation of some components are rather complex; to present 
all their aspects is beyond the scope of the dissertation. But the basic parametric 
behaviours and their specific purposes will be presented. 

                                                           
75 This simplicity requirement is usually expressed as ‘make it as simple as possible’ or in a more 

theoretical manner it can be derived from, e.g., the design axioms of Suh as well (see Suh’s 
Information Axiom in Appendix D on page 258). 



Synthesis 101 

3.4.7.1 ‘Fixed Table’ Component 
Section 3.4.1.1 introduced the component that is represented in the C++ class ‘Fixed 
Table’. We called this component ‘fixed table’ and showed that the UnigraphicsTM 
part file associated with it is called ‘tbl_fixed’. Figure 3.27 shows the parametric 
model of this ‘tbl_fixed’ component. Figure 3.27a) depicts the default form of 
‘tbl_fixed’ and Figure 3.27b) shows its typical parametric behaviour. The workspace 
of the machine tool is modelled within this ‘tbl_fixed’ component (see Section 
3.4.5.2). The input parameters of ‘tbl_fixed’ are the three dimensions of the workspace 
(i1, i2, and i3) and the two dimensions of the table top (i4 and i5); these five input 
parameters are initialised during configuration time. All the other parameters are 
derived from these input parameters. 

Figure 3.27 shows the primary coordinate system (XP-YP-ZP) and the spe-
cific joining surfaces of the default fixed table (‘TO-XY’, ‘TO-YZ’, ‘TO-XZ’; they are 
‘TO’ surfaces because the fixed table is a root fixed component, and the second 
fixed component – that is a base in this case – of the machine tool models is aligned 
to it). There is no secondary coordinate system defined for the fixed table. (In fact, 
the secondary coordinate system of the headstock component of an assembly can be 
seen as the secondary coordinate system of the table components.) The (default) 
WSC-vector is also shown in Figure 3.27a). The start-point of the WSC-vector for 
the fixed table is located in the origin of the primary coordinate system and its end-
point is located in the workspace centre (see Section 3.4.4). 
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TO-XY

TO-XZ

TO-YZ

a) Default ‘tbl_fixed’ b) Modified ‘tbl_fixed’

WSC-vector

Input parameters:
i4: table top length
i5: table top width

i1, i2, i3: dimensions of the workspace

workspace
workspace

centre

 
Figure 3.27  Parametric behaviour of fixed table. 

The default fixed table (if it is used) will form the root fixed component of the 
assembly and it may be instantiated for several situations (see Sections 3.4.5.1 and 
3.4.6.1). Figure 3.28 shows all the instances of the component ‘tbl_fixed’. There are 
six instances of the fixed table where table normals can have six different (signed) 
directions in the primary coordinate system. In Figure 3.28 the signed values 
indicated in parentheses describe the direction of the table normal in the primary 
coordinate system. Such values are used to shortly describe the necessary fixed table 
orientation during the instantiation processes. During instantiation, the default 
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’tbl_fixed’ component [see Figure 3.27a)] is rotated to the required orientation and 
then, the assignment of the corresponding joining surfaces that define the primary 
coordinate system takes place, followed by the re-parameterisation of the component 
(see Section 3.4.6.1). The primary coordinate system will be the work coordinate 
system (WCS) of the machine tool assembly (see Section 3.4.5.1). 

The results of the rotations are presented in Figure 3.28. The assignment of 
the specific joining surfaces for the six instances is made in a manner that all the 
necessary surfaces that can determine the primary coordinate system of any of the 
six instances are predefined within the default fixed table component. Then, the 
appropriate three surfaces that define the new primary coordinate system are chosen 
and assigned to the instance as new ‘TO-XY’, ‘TO-YZ’ and ‘TO-XZ’ surfaces. 
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Figure 3.28  Instances of component ‘tbl_fixed’. 

Re-parameterisation means first, the setting of the parameter expressions of the 
WSC-vector and, secondly, the linking of the geometric parameters to the workspace 
dimensions with respect to the new (rotated) instance. The latter means that since the 
workspace dimensions (i1, i2, and i3; see Figure 3.27) are always interpreted in the 
WCS, therefore, except the default case, the geometric parameters of the ’tbl_fixed’ 
component must be perturbed according to the required table orientation. Thus, the 
three dimensions of the workspace in the component model (i1, i2, and i3) will be 
defined with the absolute dimensions of the workspace (x, y, and z) given to the 
Design System as follows: 
 for the instances indicated by ‘(+Z)’ and ‘(-Z)’ in Figure 3.28:  
i1=x, i2=y, and i3=z  
(no permutation of the default case); 
 for the instances indicated by ‘(+Y)’ and ‘(-Y)’ in Figure 3.28:  
i1=x, i2=z, and i3=y  
because these instances are the rotated (with +90 degrees or with –90 degrees) 
versions of the default component around its XP axis; 
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 for the instances indicated by ‘(+X)’ and ‘(-X)’ in Figure 3.28:  
i1=z, i2=y, and i3=x  
because these instances are the rotated (with +90 degrees or with –90 degrees) 
versions of the default component around its YP axis. 

The re-parameterisations of the WSC-vectors are similar to that of the re-
parameterisation of the workspace dimensions presented above. 

3.4.7.2  ‘Fixed Headstock’ Component 
Section 3.4.1.2 introduced the ‘fixed headstock’ component that is represented by 
the C++ class ‘Fixed Headstock’. The UnigraphicsTM part file associated with it is 
called ‘hst_fixed’ and shown in Figure 3.29. Figure 3.29a) depicts the default form of 
‘hst_fixed’ and Figure 3.29b) as well as Figure 3.29c) show its typical parametric 
behaviour. The input parameters of the ‘hst_fixed’ are the fictitious tool diameter (i1) 
and the maximum and the minimum tool lengths (i2 and i3, respectively). These 
three input parameters are given to the Design System as input. All the other 
parameters of the fixed headstock are derived from these input parameters. The 
fictitious tool is modelled in the component and its length (see p1 in Figure 3.29) is 
the average of the maximum and the minimum tool lengths [p1=(i2+i3)/2]. 
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Input parameters:

i2: maximum tool length
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Figure 3.29  Parametric behaviour of fixed headstock. 

Figure 3.29 shows the primary coordinate system (XP-YP-ZP) with the specific 
joining surfaces of the default fixed headstock (‘FROM-XY’, ‘FROM-YZ’, ‘FROM-XZ’; 
they are ‘FROM’ surfaces because the fixed headstock is a second fixed component, 
and it is aligned to the root fixed component – that is a base component in this case – 
of the machine tool models from these surfaces). The secondary coordinate system 
(XS-YS-ZS) is located at the fictitious tool-end point (see definition in Section 
3.4.4); it is parallel with the primary coordinate system (there is no rotation 
transformation between them). The start-point of the WSC-vector is the origin of the 
primary coordinate system and its end-point is the fictitious tool-end point. Thus, the 
WSC-vector is identical with the translation vector between the primary and the 
secondary coordinate systems. 

The fixed headstock may be instantiated for three situations: one for machine 
tools having a horizontal spindle, and two for machine tools having a vertical 
spindle. These three instances are shown in Figure 3.30. Note that other horizontal 
orientations of the spindle are not necessary by definition (see Section 3.4.5.1). 
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During instantiation, the default ’hst_fixed’ component (see Figure 3.29) is rotated to 
a required orientation and then, the assignment of the corresponding joining surfaces 
that define the primary coordinate system takes place followed by the re-
parameterisation of the component. The assignment of the joining surfaces is similar 
to the process presented for the fixed table above. Re-parameterisation here means 
the setting of the parameter expressions of the WSC-vector and setting the values of 
the transformation matrix of the component. Note, that only the translational part of 
the transformation matrix [see Equation (3.1) on page 93] has to be re-parameterised 
because there is no rotation between the primary and secondary coordinate systems. 
In Figure 3.30 the values indicated in parentheses describe the spindle direction in 
the primary coordinate system. Such values are used to shortly describe the 
necessary fixed headstock orientation during the instantiation processes. 
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Figure 3.30  Instances of component ‘hst_fixed’. 

3.4.7.3  ‘Base with Guide’ Components 
Section 3.4.1.3 introduced the two ‘base’ components of which common properties 
are represented in the C++ class ‘Base with Guide’. We called these two 
UnigraphicsTM components ‘base_sh’ and ‘base_lg’. Figure 3.31 shows these two 
components again: Figure 3.31a) depicts the default form of ‘base_lg’ component that 
has two rails (long guideway) and Figure 3.31d) shows the default ‘base_sh’ that has 
four carriages (short guideway). Figures b) and c) as well as e) and f) in Figure 3.31 
depict their typical parametric behaviour, respectively. 

Since ‘base_lg’ or ‘base_sh’ can be instantiated either as a root fixed compo-
nent or as a second fixed component, the specific joining surfaces are indicated in 
Figure 3.31 collectively as ‘F/T-XY’, ‘F/T-XZ’, and ‘F/T-YZ’, where ‘F/T’ means ‘FROM 
or TO’. Thus, e.g., the surface indicated by ‘F/T-XY’ can be ‘FROM-XY’ or ‘TO-XY’ 
depending on whether the component is instantiated as a second fixed component or 
as a root fixed component, respectively. 

Figure 3.31 shows the WSC-vectors of the two bases as well. The start-point 
of the WSC-vector is the origin of the primary coordinate system (XP-YP-ZP) and 
the end-point of the WSC-vector is located along the X-axis of the secondary 
coordinate system at the middle point of the guideway length (see Section 3.4.4.2). 

Figure 3.31 also shows the input parameters of the two bases. Parameters i1, 
i2, i3, and i4 are the input parameters of ‘base_lg’ [see Figure 3.31b) and c)]; and i5, 
i6, i7, and i8 are the input parameters of ‘base_sh’ [see Figure 3.31e) and f)]. All the 
other geometric parameters are derived from these input parameters. The input 
parameters are determined by the moving component that is carried by the base. We 
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gave an example in Figure 3.21 (see page 90) for the parameterisation between the 
moving and carrier components. The slant angle (i1) of Figure 3.31 corresponds to 
‘β’ of Figure 3.21, the rail width (i2) to ‘A’ and the guideway cross distance (i3) to 
‘C’. 

After instantiation, the geometric parameters may be changed. Figure 3.31b) 
and Figure 3.31e) show two cases where the slant angles i1 and i5 are changed 
compared to Figure 3.31a) and Figure 3.31d), respectively. Figure 3.31c) and Figure 
3.31f) depict two other cases of the modification of the geometry: in these cases the 
components are ‘longer’ and ‘thinner’ and the U-shaped cross section of the 
guideway-holders is ‘transformed’ to a simpler rectangular cross section. Such 
parametric behaviour can be obtained by using the parametric sketcher of the CAD 
system. The later characteristic applies to all other components with one or more 
guideways (such components are the moving tables, the moving headstocks, and the 
cross slides – see Sections 3.4.7.4, 3.4.7.5 and 3.4.7.6 below). 
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Figure 3.31  Parametric behaviour of bases. 

The two default bases can be instantiated for twelve orientations. Figure 3.32 shows 
the instances of the component ‘base_lg’ where the geometry is simplified in a 
manner as was shown in Figure 3.31c). There exist twelve instances because the 
normal of the guideway may point into the six (mutually perpendicular) directions in 
the primary coordinate system, and, there may be two (mutually perpendicular) drive 
directions on the plane determined by each of these guideway normals. Two 
attributes are used to identify the twelve instances. Such two attributes are shown in 
parentheses in Figure 3.32. The first attribute describes the normal of the guideway 
(signed direction) and the second attribute describes the drive direction of the 
guideway (non-signed direction) both with respect to the primary coordinate system. 
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Figure 3.32 (and Figure 3.31 too) illustrates the location and orientation of the 
primary and secondary coordinate systems for each instance. As was explained in 
Section 3.4.6.1, the primary coordinate system is always chosen to be in the 
“bottom-left-rear” corner of the (rotated) instance viewing it in the TFR-TRI view. 
The X direction of the secondary coordinate system (XS) is chosen so that it points 
into the positive direction of the axis of the primary coordinate system with which it 
is parallel. Further rules to define the location and the orientation of the secondary 
coordinate system are described in Section 3.4.3 (note that a base has a carrier 
guideway that can be either short or long (see Figure 3.22 on page 91). The 
transformation between the primary and secondary coordinate systems is defined 
and stored for each instance as a rotation matrix and a translation vector [see 
Equation (3.1) on page 93)]. The rotation matrix of each instance is indicated in 
Figure 3.32. The translation vector is expressed in parameter expressions, so when 
the geometry of the component changes, the transformation matrix of the component 
will change as well (see Section 3.4.3). 

During the instantiation of a base component, first, the default ‘base_lg’ or the 
default ‘base_sh’ is rotated into a required orientation. Then, the assignment of the 
corresponding joining surfaces takes place. During such assignment, in the case 
when the base is instantiated as a root fixed component, the joining surfaces get 
‘TO-’ attributes (‘TO-XY’, ‘TO-XZ’, and ‘TO-YZ’); or, in the case when the base is 
instantiated as a second fixed component, the joining surfaces get ‘FROM-’ 
attributes (‘FROM-XY’, ‘FROM-XZ’, and ‘FROM-YZ’). These attributes are assigned to 
those surfaces that will determine the primary coordinate system of the (rotated) 
instance. It is followed by the re-parameterisation of the component, where the 
setting of the parameter expressions of the transformation matrix and that of the 
WSC-vector take place. 

3.4.7.4 ‘Moving Table’ Components 
Section 3.4.1.4 introduced the ‘moving table’ components that are represented by 
the C++ class ‘Moving Table’. Figure 3.16 (see page 83) showed the ten moving 
tables and the naming convention of the UnigraphicsTM part files. Figure 3.33 shows 
two of those ten moving tables presented in Figure 3.16. Figure 3.33a) depicts the 
default form of ‘tbl_sh_pos-z’ component and Figure 3.33b) shows the default form of 
‘tbl_sh_pos-x’ component. The location of the primary coordinate system (XP-YP-ZP) 
is indicated in Figure 3.33 for these two moving tables. Each moving table has three 
specific joining surfaces (they are not indicated in Figure 3.33 but they determine 
the primary coordinate system): ‘FROM-top’, ‘FROM-side’, and ‘FROM-front’; they are 
‘FROM’ surfaces because a moving table is positioned to a carrier component from 
these surfaces (see Section 3.4.3). There is no secondary coordinate system defined 
for the moving table (in fact, the secondary coordinate system of the headstock 
component of an assembly can be seen as the secondary coordinate system of the 
table component). 

The workspace of the machine tools is modelled within the moving table 
components (see Section 3.4.5.2). The input parameters of each moving table 
component are the three dimensions of the workspace (i1, i2, and i3), the two 
dimensions (width and length) of the tabletop (i4 and i5) and the slant angle (i6) that 
are initialised during configuration time. All the other parameters of the moving 
tables are derived from these input parameters. During the configuration processes, 
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the workspace dimensions (i1, i2, and i3) are set from the values of the workspace 
dimensions that are given in the work (absolute) coordinate system of the machine 
tool as global input to the system. This setting is carried out according to the actual 
orientation of the moving table with respect to the work coordinate system. For that 
the compound rotation transformation between the root fixed component and the 
moving table component is used. Such setting is similar to the setting (perturbation 
of values) that was presented for the fixed table component (see Section 3.4.7.1). 

The WSC-vectors are also shown for the two moving tables in Figure 3.33. 
The direction of the WSC-vector is interpreted in the primary coordinate system and 
its scalar values are expressed by the geometric parameters with three parameter 
expressions. The starting point of the WSC-vector is in the middle point of the 
guideway along the XP-axis and the ending point is in the workspace centre (for 
further details see Section 3.4.4.2). 

Input parameters: workspace 
i2: workspace dimension in YP
i3: workspace dimension in ZP
4, i5: two dimensions of the table top (width, length)
i6: slant angle

i1: dimension in XP
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Figure 3.33  Important properties of moving tables. 

Figure 3.34 illustrates some basic parametric behaviour of the same two moving 
tables that were presented in Figure 3.33 and that of another one called ‘tbl_lg_neg-y’. 
The parametric behaviour of the other seven moving tables is similar. Note that there 
were ten moving tables indicated in Figure 3.16 (see page 83) but eight of them 
belong to four component-pairs, such as: 

{‘tbl_sh_pos-x’ – ‘tbl_sh_neg-x’},  {‘tbl_sh_pos-y’ – ‘tbl_sh_neg-y’},  
{‘tbl_lg_pos-x’ – ‘tbl_lg_neg-x’},  {‘tbl_lg_pos-y’ – ‘tbl_lg_neg-y’}. 

The parametric behaviour of the two components of a pair is exactly the same but 
the parameterisation and the definition of some properties are different. For further 
details on the component-pairs see Section 3.4.6.2. 
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a) ‘tbl_sh_pos-z’

b) ‘tbl_sh_pos-x’

c) ‘tbl_lg_neg-y’  
Figure 3.34  Parametric behaviour of moving tables. 

3.4.7.5 ‘Moving Headstock’ Components 
Section 3.4.1.5 introduced the ‘moving headstock’ components that are represented 
by the C++ class ‘Moving Headstock’. Figure 3.17 (see page 84) showed the ten 
moving headstocks and the naming convention of the UnigraphicsTM part files. 
Figure 3.35 shows two of those ten moving headstocks. Figure 3.35a) depicts the 
default form of ‘hst_sh_pos-z’ component and Figure 3.35b) shows the default form 
of ‘hst_sh_pos-x’ component. The location of the primary coordinate system (XP-YP-
ZP) is indicated in Figure 3.35 for these two moving headstocks. Each moving 
headstock has three specific joining surfaces (they are not indicated in Figure 3.33 
but they determine the primary coordinate system): ‘FROM-top’, ‘FROM-side’, and 
‘FROM-front’; they are ‘FROM’ surfaces because a moving headstock is positioned to 
a carrier component from these surfaces (see Section 3.4.3 for further details 
concerning the primary coordinate systems and the specific joining surfaces of the 
moving components). The secondary coordinate system (XS-YS-ZS) is located at 
the fictitious tool end point (see definition in Section 3.4.4); it is parallel with the 
primary coordinate system (there is no rotation transformation between them). 
The input parameters of each moving headstock are the fictitious tool diameter (i1), 
the maximum and the minimum tool lengths (i2 and i3, respectively), and the slant 
angle (i4) that are initialised during configuration time. All the other parameters are 
derived from these input parameters. The fictitious tool is modelled in the compo-
nent and its length (see p1 in Figure 3.35) is the average of the maximum and the 
minimum tool lengths [p1=(i2+i3)/2]. 

The WSC-vectors are also shown for the two moving headstocks in Figure 
3.35. The direction of the WSC-vector is interpreted in the primary coordinate 
system and its scalar values are expressed by the geometric parameters with three 
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parameter expressions. For further details of the WSC-vectors and their start-point 
and end-point see Section 3.4.4.2 and Figure 3.26. 

a) Default ‘hst_sh_pos-z’ b) Default ’hst_sh_pos-x‘
WSC-vector

WSC-vector

XP

YP

ZP

i4 XP

YP

ZP

XS

YS
ZS

XS

YS

ZS

i1

Input parameters:
i2: maximum tool length
i3: minimum tool length
i4: slant angle

i1: fictive tool diameter

 
Figure 3.35 Important properties of moving headstocks. 

a) ‘hst_sh_pos-z’

b) ‘hst_sh_pos-x’

c) ‘hst_lg_neg-y’  
Figure 3.36  Parametric behaviour of moving headstocks. 
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Figure 3.36 illustrates some basic parametric behaviour of the same two moving 
headstocks that were presented in Figure 3.35 (‘hst_sh_pos-z’ and ‘hst_sh_pos-x’) and 
that of another one called ‘hst_sh_neg-y’. The parametric behaviour of the other seven 
moving headstocks is similar. Note that although there are ten moving headstocks 
altogether, eight of them belong to four component-pairs, namely: 

{‘hst_sh_pos-x’ – ‘hst_sh_neg-x’},  {‘hst_sh_pos-y’ – ‘hst_sh_neg-y’},  
{‘hst_lg_pos-x’ – ‘hst_lg_neg-x’},  {‘hst_lg_pos-y’ – ‘hst_lg_neg-y’}. 

The parametric behaviour of the two components of a pair is exactly the same but 
the parameterisation and the definition of some properties are different. For further 
details on such component-pairs see Section 3.4.6.2. 

3.4.7.6 ‘Cross Slide’ Components 
Section 3.4.1.6 with Figure 3.18 and Figure 3.19 (see page 86) introduced the 28 
‘cross slide’ components that are represented by the C++ class ‘Cross Slide’. Figure 
3.37 shows two of the 28 cross slides: Figure 3.37a) depicts the default form of 
‘csl_sh_lg_pos-z_y-dir’ component, and Figure 3.37b) shows the default form of 
‘csl_sh_lg_pos-x_z-dir’ component. The location of the primary coordinate system 
(XP-YP-ZP) as well as that of the secondary coordinate system (XS-YS-ZS) are 
indicated in Figure 3.37 for these two cross slides. There is a transformation defined 
with a rotation matrix and a translation vector between the two coordinate systems: 
the rotation matrices are indicated for the two cross slides in Figure 3.37 and for all 
cross slides in Figure 3.18 and Figure 3.19. The translation vector is expressed by 
the geometric parameters of each cross slide. 
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Input parameters:
i2: carrier rail (carriage slot) width
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i1: carrier guideway slant angle

i4: guideway length
i3: guideway cross distance

a) Default ‘csl_sh_lg_pos-z_y-dir’ b) Default ’csl_sh_lg_pos-x_z-dir‘

i1

 
Figure 3.37  Important properties of cross slides. 

Every cross slide has six specific joining surfaces (they are not indicated in Figure 
3.37): ‘FROM-top’, ‘FROM-side’, and ‘FROM-front’ determine the location of the primary 
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coordinate system – they are ‘FROM’ surfaces because the cross slide is positioned 
to a carrier component from these three surfaces; and ‘TO-top’, ‘TO-side’, and ‘TO-front’ 
determine the location of the secondary coordinate system – they are ‘TO’ surfaces 
because a moving component is positioned to these three surfaces (see Section 3.4.3 
for further details concerning the primary and secondary coordinate systems and the 
specific joining surfaces of the moving and the carrier components; note that a cross 
slide is both a moving component and a carrier component). 

The input parameters of each cross slide are the slant angle of the carrier 
guideway (i1), the carrier rail width (i2), the cross distance of the carrier guideway 
(i3), and the length of the carrier guideway (i4) that are initialised during configura-
tion time. All the other parameters are derived from these input parameters. If the 
carrier guideway is short (i.e., it has four carriages), then i2 means the width of the 
carriage slot (it is similar to parameter i6 in Figure 3.31 on page 105). The input 
parameters are determined by the moving component that is carried by the cross 
slide. We gave an example in Figure 3.21 (see page 90) for the parameterisation 
between the moving and carrier components. The slant angle (i1) of Figure 3.37 
corresponds to ‘β’ of Figure 3.21, the rail width (i2) to ‘A’ and the guideway cross 
distance (i3) to ‘C’. They are initialised by the corresponding parameters of the 
moving component that is assembled to the cross slide. 

The WSC-vectors are also shown for the two cross slides in Figure 3.37. The 
direction of the WSC-vector is interpreted in the primary coordinate system and its 
scalar values are expressed by the geometric parameters of the cross slide. The start-
point and the end-point of the WSC-vector is located in the centre point of the 
carrier guideway and that of the moving guideway, respectively (for further details 
see Section 3.4.4.2 and Figure 3.26 on page 97). 

Similar to the moving headstocks or the moving tables shown above, the 
cross slides also have component-pairs for direction swapping. Such pairs can be 
found in the second–third, the fourth–fifth, and the sixth–seventh columns in Figure 
3.18 and Figure 3.19. In addition to the general statements made in Section 3.4.6.2 
for such component-pairs, we can recognise another similarity in Figure 3.18: each 
cross slide of Figure 3.18a) has a similar pair in Figure 3.18b); e.g., 
‘csl_sh_lg_pos-z_y-dir’ is an upside-down rotated version of ‘csl_lg_sh_pos-z_y-dir’, or 
‘csl_sh_lg_pos-x_y-dir’ is that of ‘csl_lg_sh_pos-y_z-dir’, etc. The realisation of such an 
up-side-down rotation within the same cross slide would cause more difficult 
parameterisation because the parameterisation flow is directed from the carrier 
guideway towards the moving guideway of the cross slides. If we wanted to swap 
that parameterisation flow (i.e., to exchange the role of the carrier and moving 
guideways), we would need to add many parameters to our models, which would 
cause a very complex modelling task. But then, the 28 cross slides might be realised 
from 3·4=12 components. Instead of the complex parameterisation of such compo-
nents, it is much easier to create and populate a library of slightly different compo-
nents that are ready to be directly loaded for instantiation of the ‘Cross Slide’ 
components for many situations. This is the reason for the high number of the cross 
slides. 

In fact, the main bodies (i.e., the geometry without the rails and the carriages) 
of the 28 cross slides were created from four basic geometric models: one model is 
for the cross slides in the first column of Figure 3.18 and Figure 3.19. Three models 
are for the three component-pairs: one is for the second and third columns, one for 
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the fourth and fifth columns, and one for the sixth and seventh columns of Figure 
3.18 and Figure 3.19. Then, the rails and the carriages were added: both the carrier 
guideway and the moving guideway can be short or long. Thus, we got 4·4=16 
components. Finally, the necessary parameterisations and property definitions were 
carried out for the direction swapping. In this way, finally, we obtained 
(1+2·3)·4=28 cross slides (where the numbers in bold indicate the four basic 
geometric models). 

a) Parametric behaviour of ‘csl_sh_lg_pos-z_y-dir’

c) Parametric behaviour of  and ‘csl_sh_lg_pos-x_z-dir’ ‘csl_sh_lg_neg-x_z-dir’

b) Parametric behaviour of and ‘csl_sh_lg_pos-x_y-dir’ ‘csl_sh_lg_neg-x_y-dir’ 

d) Parametric behaviour of  and ‘csl_sh_lg_neg-y_z-dir’ ‘csl_sh_lg_pos-y_z-dir’  
Figure 3.38  Parametric behaviour of cross slides. 

The parametric behaviour of the four basic geometric models mentioned above is 
shown in Figure 3.38 for the cases where the moving guideway is short (four 
carriages) and the carrier guideway is long (two rails). From another point of view, 
Figure 3.38 can be seen as the parametric behaviour of the cross slides presented in 
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Figure 3.18a). The parametric behaviour of the cross slides presented in Figure 
3.18a), Figure 3.19a) and Figure 3.19b) are exactly the same. 

As a closing remark, we note here that the cross slide(s) presented in Figure 
3.38d) has the most complex parametric model among the components. Its geomet-
ric model contains 177 parameters of which some are not used, some have only 
constant values, but many have complex trigonometric expressions. As a compari-
son, e.g., the fixed table (see Figure 3.27 on page 101) has 17 parameters and the 
fixed headstock (see Figure 3.29 on page 103) has 21 parameters. 

3.5 Configuring the Machine Tool Models 
In Section 3.4, we already introduced the most important characteristics of the 
machine tool assemblies which were necessary to understand the characteristics of 
the components. This section will give more details concerning the generation 
processes of the machine tool assemblies. 

3.5.1 The Machine Tool Classes 
Like the components, the machine tools themselves can also be classified (grouped). 
Such classification is based on the place of the fixed member, which was already 
shown in Section 3.2.2 (see Figure 3.5 on page 67) and in Section 3.3.3 (see Figure 
3.10 on page 76) where we asserted that we could distinguish four basic types of 
3-axis machine tools. Accordingly, four C++ classes were created which represent 
such four basic types. Namely, they are the ‘Machine Tool NT_HST’, the ‘Ma-
chine Tool NT_TBL’, the ‘Machine Tool TBL’, and the ‘Machine Tool HST’, where 
the ending of the class-name indicates the fixed member. These four classes are 
derived from a base class ‘Machine Tool’ that represents all common properties 
(data and operations) that every machine tool has. Such hierarchy of the machine 
tool classes can be seen at the bottom of Figure 3.39 below. 

3.5.2 Components of the Machine Tool Classes 
Every machine tool model of each machine tool class is configured from five 
components (see Section 3.3.3). Depending on the machine tool class, the five 
components are of the six main component classes that were presented in Section 
3.4.1 and in Figure 3.11 (see on page 78). Figure 3.39 recalls those six main 
component classes and gives an overview for the configuration (assembly, aggrega-
tion) of the machine tools. It shows that every machine tool model of each machine 
tool class has five components that are selected from four main component classes 
(two components are always from the same class). Machine tools of the four 
machine tool classes are assembled from components taken from the six main 
component classes as follows: 
 Machine tools belonging to the class ‘Machine Tool NT_HST’ (see the first 
machine at the bottom in Figure 3.39) are assembled from 
− one component of the class ‘Moving Table’ (this is the TBL member), 
− one component of the class ‘Moving Headstock’ (this is the HST member), 
− one component of the class ‘Cross Slide’ (this is the NT_TBL member), and 
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− two components of the class ‘Base with Guide’ (these embody the fixed 
NT_HST member). 

 Machine tools belonging to the class ‘Machine Tool NT_TBL’ are assembled from 
− one component of the class ‘Moving Table’ (this is the TBL member), 
− one component of the class ‘Moving Headstock’ (this is the HST member), 
− one component of the class ‘Cross Slide’ (this is NT_HST member), and 
− two components of the class ‘Base with Guide’ (these embody the fixed 

NT_TBL member). 

Component

Base with GuideFixed Headstock Cross Slide

Headstock

Fixed Table Moving Table

Table

Machine Tool NT_HST Machine Tool NT_TBL Machine Tool TBL Machine Tool HST

Machine Tool

 
Figure 3.39  Main component classes aggregated in the machine tool classes.76 

                                                           
76 In Figure 3.39 the UML (Unified Modelling Language) syntax is applied to show the object-

oriented diagram where triangular arrows represent inheritance (“is-a”) relations and diamond 
shaped arrows represent aggregation (“has-a”) relationships. The triangular end of the inheri-
tance representation designates the base class. The diamond end of the aggregation representa-
tion designates the aggregate class. [Booch, 1994] For further details see ‘inheritance’ and ‘aggre-
gation’ in Appendix G. 
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 Machine tools belonging to the class ‘Machine Tool TBL’ are assembled from 
− one ‘Fixed Table’ component (this is one of the two components of the fixed 

TBL member), 
− one component of the class ‘Base with Guide’ (this is the other component of 

the fixed TBL member), 
− one component of the class ‘Moving Headstock’ (this is the HST member), and 
− two components of the class ‘Cross Slide’ (one embodies the NT_TBL member 

and the other embodies the NT_HST member). 
 Machine tools belonging to the class ‘Machine Tool HST’ are assembled from 
− one ‘Fixed Headstock’ component (this is one of the two components of the 

fixed HST member), 
− one component of the class ‘Base with Guide’ (this is the other component of 

the fixed HST member). 
− one component of the class ‘Moving Table’ (this is the TBL member), and 
− two components of the class ‘Cross Slide’ (one embodies the NT_TBL member 

and the other embodies the NT_HST member). 

3.5.3 Benefits of Object-Oriented Design and Programming 
Object-oriented design and programming (OODP) facilitated the development of the 
configuration process of the machine tool models. We saw above that each machine 
tool class has, or more precisely is associated with five components that are of the 
six main component classes. It is the first obvious utilisation of the commonality of 
the six main component classes. Namely, each one of the six main component class 
is owned (associated) by more than one machine tool classes, thus general proce-
dures (or operations) can be defined. Such operations were defined in the abstract 
(top level) class ‘Machine Tool’, so any object instantiated from its derived classes 
can call them. These operations will be described in Section 3.5.5. Furthermore, 
other abstract classifications of the component can also be utilised. For example, if 
we take a look at the hierarchy of the components presented in Figure 3.12 (see on 
page 79) and at the representative machines of the four machine tool classes 
presented in Figure 3.39, we can infer that every machine tool has a table, a 
headstock, three carrier components, three moving components, two fixed compo-
nents (of which one is the root fixed component and the other is the second fixed 
component), etc. This commonality is utilised by concepts of OODP such as 
abstraction, modularity, hierarchy, inheritance, polymorphism, typing, etc. Based on 
such commonality, general operations can be developed, e.g., for assembling a 
moving component to a carrier component, or for aligning the second fixed 
component to the root fixed component. Such general operations will be described in 
Section 3.5.5 too. Other common characteristics are utilised during the analysis 
operations of the generated machine tools where any kind of machine tools (i.e., no 
matter of which class it belongs to) can be handled in the same manner, using 
general procedures or virtually the same operations through virtual function calls. 
Such analysis operations will be described in Chapter 4. 

In fact, the object hierarchies presented in Figure 3.12 and Figure 3.39 are the 
final results of an iterative OODP activity that was carried out during the research 
and development work presented in the dissertation. The main driving force behind 
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such object orientation activities was the search for and utilisation of commonality 
of objects.77 

3.5.4 Configuration Algorithms 
The aim of the configuration algorithms is to create the assemblies of components in 
the CAD system. The configuration algorithms are controlled by the configurational 
parameters. 

3.5.4.1 Instantiation of Machine Tool Objects 
The ownership (aggregation) relationship of the five components of each machine 
tool class is maintained in the level of abstract (polymorphic) component classes. 
Particularly, in C++, it means that each machine tool class has five data members 
that are five pointers pointing to the abstract component classes (see the six main 
component classes for each machine tool class in Section 3.5.2). During the 
instantiation of the machine tool objects from such machine tool classes, the 
configuration algorithms determine which particular component object from which 
particular derived class must be instantiated for each one of the five abstract pointers 
(see also the component hierarchy in Section 3.4.1 and the instantiation of compo-
nents in Section 3.4.5). Here, the so-called polymorphism of OODP is utilised where 
objects of many different derived classes (i.e., either the component objects or the 
machine tool objects) can be handled by their common base class. (See ‘instantia-
tion’ and ‘polymorphism’ in Appendix G.) 

3.5.4.2 The Role of Configurational Parameters 
The selection or instantiation of the components for configuration is determined by 
the ten configurational parameters (see Section 3.2.4) that are given as input to the 
system. Parameter fixed_memb describes the place of the fixed member; thus, this 
parameter determines which class the particular machine tool belongs to. Parameter 
vert_gw determines the vertical guideway together with the vertical direction of the 
machine tool model, i.e., the Z direction of the work coordinate system (see Section 
3.4.5.1). There are three configurational parameters, namely, the hst_gw_short, the 
mid_gw_short, and the tbl_gw_short, that describe whether the guideways of the 
components to be selected are short or long. The ‘direction-parameters’ (see Section 
3.2.4), i.e., the spindle_dir, the table_norm, the hst_gw_norm, the mid_gw_norm, 
and the tbl_gw_norm, determine which component orientation is to be instantiated 
from the six main component classes. Based on the different values of the configura-
tional parameters, several rules can be set for the selection of the components. Such 
selection rules will be presented for each component class and for each machine tool 
class in Sections 3.5.5 and 3.5.6 through 3.5.9. 

                                                           
77 According to Stroustrup, the most important activities of OODP are the use of class hierarchies 

and the search for commonality. He presents them as rules of thumb: “Use classes to represent 
concepts”; or “Represent hierarchical relationships between concepts as class hierarchies”; or 
“Actively search for commonality in the concepts of the application and implementation and 
represent the resulting more general concepts as base classes”. [Stroustrup, 1997, p. 721] 
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3.5.4.3 Generation of Mutants 
Each of the four machine tool classes has a so-called mutant generation algorithm. 
We saw in Section 3.2.4 that the five direction-parameters can alter the direction 
senses (‘+’ or ‘–‘ sign). As input definition for the configuration processes, we only 
have to set absolute values (values without sign) for the five direction-parameters, 
which means that we describe parallelisms with the three drive directions when we 
define the input to the Design System. The system then generates all the sign 
alterations that are possible for a particular parameter setting. This results in the 
generation of the so-called machine tool mutants. Two similar machine tools are 
mutants if the values of all of their five place-parameters and the absolute values of 
all of their five direction-parameters are identical but at least one of the five 
direction-parameters differ in the sign of direction. Not all of the five direction-
parameters can alter the sign of direction independently and not all alterations result 
in legal or feasible machine tool variants (in Sections 2.4.4(1) and 2.4.4(2) we 
already gave a short overview of legal and feasible variants). An algorithm was 
developed to generate the mutants for a certain setting of the configurational 
parameters (i.e., no signs defined). This algorithm collects the component-pairs 
(component instance-pairs) that can cause sign alterations. Then, the algorithm 
generates all combinations of such component-pairs and evaluates if these 
configurations result in legal or feasible variants. Since these evaluations use 
extended reasoning processes, they will be presented as two analysis tools together 
with the mutant generation in Chapter 4. Section 3.5.6.3 and Figure 3.44 below will 
present a more detailed example of the machine mutants. 

3.5.4.4 General or Specific Configurational Algorithms 
The configurational algorithms can be divided into two groups: general and specific 
algorithms. General configuration algorithms are operations used by more than one 
machine tool classes. Specific configuration algorithms are developed only for 
specific machine tool classes. 

3.5.5 General Configuration Algorithms 
This section will describe the general operations that can be used any machine tool 
objects (see Section 3.5.3). Note that with regard to C++ these operations are 
defined in the base class ‘Machine Tool’. 

3.5.5.1 Searching for Absolute Directions 
We define ‘absolute direction’ as a non-signed characteristic direction in the WCS 
(see Section 3.4.5.1). Since there are eight characteristic directions of a machine 
tool, there are eight absolute directions: the drive directions of the three guideways, 
and the (non-signed) directions described by the direction-parameters that include 
the spindle direction, the table normal and the three guideway normals. The value of 
an absolute direction means a parallelism with one of the axes of the WCS. It is 
necessary to determine such eight absolute directions because of the following 
reasons: 

1. We saw above that during the configuration processes the root fixed com-
ponent is rotated in the WCS in a manner that certain directions (either the spindle 
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direction or the normal of the vertical guideway) points into the positive X direction 
of the WCS. Therefore, the following absolute directions are needed for the root 
fixed components: the direction of the spindle in the case of fixed headstocks, the 
normal and the drive direction of the fixed guideways, and the table normal in the 
case of fixed tables. 

2. Since the workspace dimensions are always interpreted in the WCS (see 
Section 3.4.5.2), the absolute directions of either a fixed table (that include the 
direction of the table normal) or a moving table (that include the direction of the 
table normal, the direction of the table guideway and the direction of the normal of 
the table guideway) are needed to set the input parameters of either the fixed table or 
the moving table (see Sections 3.4.7.1 and 3.4.7.4). 

3. Since the strokes of the guideways must be calculated in a manner that the 
machine tools will produce the required workspace that is given in the WCS, the 
absolute directions of the drive direction of the three guideways are necessary. 

4. Some of the eight absolute directions are necessary to perform the legality 
or feasibility analyses on the generated machine tool models (see Chapter 4). 

An algorithm was developed to search for the absolute directions. Such algorithm 
derives the eight absolute directions described above from a particular setting of the 
ten configurational parameters. These algorithms comprise similar rules that were 
presented for the derivation of the WCS (see Section 3.4.5.1; an example will be 
given in Point 2 of Section 3.5.6.3 on page 127). 

3.5.5.2 Selection of the Moving Components 
As we saw above, there are more than one machine tool classes that have compo-
nents from the same main component classes. For example, three machine tool 
classes have moving tables; another three have moving headstocks, etc. Thus, it is 
practical to define common operations that can be called by machine tool objects 
instantiated from any of the four machine tool classes. This section will show 
general rules for the selection of the moving components, namely of the moving 
tables, the moving headstocks, and the moving slides. Such selection rules determine 
which component is to be selected from the component library for a specific 
machine tool configuration described by the configurational parameters. These 
selection rules will be presented in the form of selection tables below. If there are 
two components shown in a slot of such selection tables, it means that these two 
components are used to realise the alteration of a corresponding direction-parameter, 
which results in the generation of two machine tool mutants (see also Sections 
3.4.6.2 and 3.5.4.3]. In this way, such selection tables are also used to decide if there 
is a possibility of multiplication of mutants. 

(1) Selection of the Moving Tables 
Three machine tool classes have moving table components: ‘Ma-
chine Tool NT_HST’, ‘Machine Tool NT_TBL’, and ‘Machine Tool HST’ (see 
Section 3.5.2). The selection of the particular moving table component(s) is 
determined by three configurational parameters: the tbl_gw_norm, the tbl_gw_short, 
and the table_norm. Figure 3.16 (see on page 83) depicted all the ten moving table 
components. Table 3.1 shows the rules for the selection from those ten moving 
tables depending on the values of the three configurational parameters. 
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Table 3.1  Selection of moving table components. 

(2) Selection of the Moving Headstocks 
Three machine tool classes have moving headstock components: ‘Ma-
chine Tool NT_HST’, ‘Machine Tool NT_TBL’, and ‘Machine Tool TBL’ (see 
Section 3.5.2). The selection of the moving headstock component(s) is determined 
by three configurational parameters: the hst_gw_norm, the hst_gw_short, and the 
spindle_dir. Figure 3.17 (see on page 84) illustrated all the ten moving headstock 
components. Table 3.2 shows the rules for the selection from those ten moving 
headstocks depending on the values of the three configurational parameters. 
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Table 3.2  Selection of moving headstock components. 

(3) Selection of the Cross Slides for Carrying the Moving Tables 
Two machine tool classes have cross slides that carry moving table components: 
‘Machine Tool NT_HST’ and ‘Machine Tool HST’ (see Section 3.5.2). The 
selection of such cross slide component(s) is determined by four configurational 
parameters: the tbl_gw_short, the mid_gw_short, the tbl_gw_norm, and the 
mid_gw_norm. Figure 3.18 and Figure 3.19 (see on page 86) depicted all the 28 
cross slide components. Table 3.3 shows the rules for the selection from those 28 
cross slides depending on the values of the four configurational parameters. 
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Table 3.3  Selection of cross slide components carrying moving tables. 

(4) Selection of the Cross Slides for Carrying the Moving Headstocks 
Two machine tool classes have cross slides that carry moving headstock compo-
nents: ‘Machine Tool NT_TBL’ and ‘Machine Tool TBL’ (see Section 3.5.2). The 
selection of such cross slide component(s) is determined by four configurational 
parameters: the hst_gw_short, the mid_gw_short, the hst_gw_norm, and the 
mid_gw_norm. Figure 3.18 and Figure 3.19 (see on page 86) depicted all the 28 
cross slide components. Table 3.4 show the rules for selection from those 28 cross 
slides depending on the values of the four configurational parameters. 
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Table 3.4  Selection of cross slide components carrying moving headstocks. 

3.5.5.3 Setting the Input Parameters of the Table and the Headstock 
When a table or a headstock component is initialised, their input parameters are 
linked to the workspace dimensions. The three dimensions of the workspace will 
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determine the overall dimensions of all the five components of a machine tool 
assembly because the geometric parameters are linked and propagated from the table 
and the headstock through the table-chain and the headstock-chain to the fixed 
components (see Section 3.5.5.3 too below). 

3.5.5.4 Assembling the Moving Components to the Carrier Components 
Since each machine tool has three guideways where moving components are 
assembled to carrier components, a general operation was developed for such 
assembling processes. This general operation can be called by any machine tool 
object and for any of its moving component–carrier component pairs. During such 
assembling operation the following processes are accomplished: 

(1) Joining the Specific Surfaces 
It means that the three specific joining surfaces of the moving component are mated 
or aligned to the corresponding surfaces of the carrier component. For further details 
see Section 3.4.3. 

(2) Linking the Parameters 
It means that the input parameter of the carrier component is set to be equal to the 
corresponding parameters of the moving component. It is called ‘linking’ because it 
is solved via interpart expressions where the parameters between the adjacent 
components are linked (see Section 3.4.2). Note that this is the place where the 
major dimensions of the machine tool model are derived from the workspace 
dimensions, because the workspace dimensions will be propagated through the 
table-chain and the headstock-chain to the fixed components of the machine tool 
assembly with such linking of the parameters (see Section 3.5.5.3). 

(3) Establishing the Stroke of the Guideway 
During this process, the length of the guideway that provides the required stroke is 
calculated and set. Obviously, this process is different in the cases when the short 
part of the guideway moves on the long part and when the long part moves on the 
short part. But, in both cases the guideway length of the carrier component is 
calculated and set because the guideway length is one of the input parameters of the 
carrier component [see, e.g., Figure 3.31c) or f) on page 105 or Figure 3.37a) on 
page 111]. The calculation of the guideway length of the carrier component is a 
straightforward process, since, as was stated above, the workspace dimensions are 
stored within the table component of every machine tool object and the three values 
are interpreted in the work coordinate system (see Section 3.5.5.3), and, moreover, 
the absolute direction of each drive direction is known (see Section 3.5.5.1). 

If the drive direction of a guideway is parallel with the direction of the spin-
dle, the workspace dimension along this direction is extended with the difference of 
the maximum and minimum tool length (see Section 3.4.4.1). Such tool length 
values (parameters) are stored in the headstock component. In this manner, the 
stroke of the corresponding guideway will be longer and the generated machine tool 
can produce the necessary workspace with a tool ranging from the shortest to the 
longest length. 

Figure 3.40 shows some important dimensions for the two extreme positions 
of the moving component on the carrier component (bold lines how the one extreme 



Synthesis 123 

position and dashed lines show the other extreme position). According to this figure 
the guideway length of the carrier component is calculated as follows: 
 if the short part of the guideway moves on the long part [see Figure 3.40a)]: 

cgl = mgl + st , 
 if the long part of the guideway moves on the short part [see Figure 3.40b)]: 

cgl = mgl – st , 
where 

st = wsd + tr , 



 ≡−= 0

 if  , DIRDRdirspindletttr __minmax . 

Where cgl is the carrier guideway length, mgl is the moving guideway length, st is 
the stroke of the guideway, wsd is the required workspace dimension along the drive 
direction of the guideway, tr is the required range of tool length, tmax and tmin are the 
maximum and the minimum tool lengths, respectively, spindle_dir is the direction of 
the spindle, and DR_DIR is the drive direction of the guideway. 

st

a) short-on-long b) long-on-short

stmgl mgl

mgl

cgl cgl

mgl

 
Figure 3.40  Calculation of the guideway length of the carrier component. 

(4) Establishing the Workspace Centre 
The align-vector that keeps the right distance between the two fixed components is 
calculated through the chain of the WSC-vectors of the components (see Section 
3.4.4 and Figure 3.25 on page 95). Such vector chain is established during the 
assembly of the moving components to the carrier components. 

Let us consider a general component chain as it is shown in Figure 3.41. This 
figure depicts the chain of WSC-vectors with their reference coordinate systems 
(frames; see {Fi}). If the component chain represents the table-chain, then ‘compo-
nent n’ is the table and ‘component 1’ is the root fixed component; if the chain 
represents the headstock-chain, then ‘component n’ is the headstock and ‘compo-
nent 1’ is the second fixed component. The workspace centre (table-chain) or the 
fictitious tool-end point (headstock-chain) is located in frame {Fn+1} that is, the 
secondary coordinate system of ‘component n’. The position of the workspace 
centre is expressed in the primary coordinate system of each component (ci) as 
follows: 

 

(3.2)

(3.3)

(3.4)

(3.5)
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where iw  is the WSC-vector of ‘component i’ and iR  is the rotation matrix 
between the primary and secondary coordinate system of ‘component i’, and n is the 
number of the components of the chain, where n = 1, …, 4 and i = 1, …, n–1. 

It means that in the process of assembling the moving component to the car-
rier component at guideway i, the carrier component (i.e., component i) uses the 
(relative) position of the workspace centre expressed in the primary coordinate 
system of the moving component (i.e., ci+1 in component i+1). Expression 

1iiii cRwc ++=  is created and stored in the carrier component during the assem-
bling process of the two components. This process starts at the end components of 
the component chain and ends up at the fixed components: i.e., it goes from the table 
to the root fixed component and from the headstock to the second fixed component. 

 
Figure 3.41  WSC-vector chain. 

3.5.5.5 Aligning the Two Fixed Components 
Since each machine tool has a root fixed component and a second fixed component 
to be aligned, a general operation was developed for such aligning processes. During 
such aligning operation the following processes are accomplished: 

(1) Joining the Specific Surfaces 
It means that the three specific joining surfaces of the second fixed component are 
aligned to the specific surfaces of the root fixed component (see Section 3.4.3). 

(2) Calculating the Align-Vector 
After assembling all moving components to the carrier components, the workspace 
centre is expressed in the root fixed component through the WSC-vectors of the 
table-chain as well as in the second fixed component through the WSC-vectors of 
the headstock-chain (see Sections 3.4.4 and 3.5.5.3). Figure 3.42 shows such 
relation. In Figure 3.42 {T} is the primary coordinate system of the root fixed 

(3.6)
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component (table-chain), {H} is the primary coordinate system of the second fixed 
component (headstock-chain), aT  is the align-vector with respect to {T}, cT  is the 
workspace centre with respect to {T}, and cH  is the workspace centre with respect 
to {H}. Since {T} and {H} are parallel (both are parallel with the work coordinate 
system of the machine tool as well), the align-vector is calculated as follows: 

cca HTT −= . 

Equation (3.7) is created and stored in a form of interpart expressions in the root 
fixed component during the process when the two fixed components are aligned. In 
fact, it means the setting of the three offset parameters presented in Figure 3.24 (see 
page 92) via interpart expressions. 

 
Figure 3.42  Calculating the align vector. 

(3) Setting the Workspace Offset Parameter 
We saw in Section 3.4.4.1 that there is a so-called workspace offset parameter 
applied when the spindle is not parallel with the table normal (see Figure 3.25 on 
page 95). Its value is set to be equal to the half of the spindle diameter in the process 
of aligning the two fixed components. 

3.5.6 Configuration Algorithms of Class ‘Machine Tool NT_HST’ 
Figure 3.43 shows an example of the configuration of a machine tool that belongs to 
the class ‘Machine Tool NT_HST’: the figure shows the reference coordinate system 
(which is zoomed out), the values of the ten configurational parameters (as input), 
and a picture of a machine tool together with the work coordinate system (WCS). 
Note that the positive directions of the reference coordinate system shown in Figure 
3.43 is chosen in a manner that the positive directions are equal to that of the WCS 
(see Sections 3.2.3 and 3.4.4.1); furthermore, the signs of the configurational 
parameters with respect to the reference coordinate system are also indicated in 
Figure 3.43, although we do not have to define these signs because the Design 
System will generate the machine mutants automatically (see Section 3.5.4.3 and 
Chapter 4). Figure 3.43 shows that each fixed component of this type of machine 
tool has specific name that has not been defined yet: ‘root base’ is the root fixed 
component that is a base; and ‘second base’ is a second fixed component that is a 
base. 

(3.7)
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1.  = NT_HST
2.  =
3.  = HST
4.  = NT_TBL
5.  = TBL
6. s  = +

8.  = +

fixed_memb
vert_gw HST_GW
hst_gw_short
mid_gw_short
tbl_gw_short
pindle_dir MID_GW_DR_DIR

hst_gw_norm MID_GW_DR_DIR
7.  =

9.  = +
10.  =

table_norm TBL_GW_DR_DIR

mid_gw_norm HST_GW_DR_DIR
tbl_gw_norm MID_GW_DR_DIR

−

−

moving headstock
second base

moving table

cross slide

root base

+HST_GW_DR_DIR

+TBL_GW_DR_DIR

+MID_GW_DR_DIR

+X
+Y

+Z

 
Figure 3.43  Example of machine tool object of class ‘Machine Tool NT_HST’ 

Besides the general algorithms presented in Section 3.5.5, the following specific 
algorithms were defined as operations of the class ‘Machine Tool NT_HST’: 

3.5.6.1 Instantiation of the Component ‘root base’ 
For the instantiation of the component ‘root base’, the two absolute directions of the 
middle guideway must be known (see Section 3.5.5.1). Such two absolute directions 
are that of the normal of the middle guideway and that of the drive direction of the 
middle guideway (see Section 3.5.5.1). Figure 3.32 (see page 106) depicted all the 
twelve orientations that a base component may have. Since the guideway normal in 
a machine tool assembly can have two signs (‘+’ or ‘–’), two bases with two 
different orientations can be instantiated, which can result in two machine mutants. 
The guideway normals of these two ‘root base’ instances (orientations) have 
opposite directions. 

Furthermore, the following operations are carried out during the instantiation 
of the ‘root base’ component [for further details about the instantiation of fixed 
components see Section 3.4.6.1 and about the base components see Sections 3.4.1.3 
and 3.4.7.3]: 

1. If mid_gw_short = NT_TBL, then an object from class ‘Root Base with Rails’ 
is instantiated and component ‘base_lg’ is associated with that instance. If 
mid_gw_short = NT_HST, then an object from class ‘Root Base with Carriages’ 
is instantiated and component ‘base_sh’ is associated with that instance. 

2. Rotation of the component to the required instance orientation. 
3. Setting the rotation matrix of the component according to the required instance 

orientation. (Figure 3.32 showed the rotation matrices for every instance.) 
4. Assigning the attributes ‘TO-XY’, ‘TO-XZ’, and ‘TO-YZ’ to the corresponding 

joining surfaces of the component. These three surfaces will determine the pri-
mary coordinate system of the root base which will be the WCS. 

5. Re-parameterisation of the component. 
Steps 1–5 are executed twice for the two instances mentioned above. 
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3.5.6.2 Instantiation of the Component ‘second base’ 
The instantiation of the ‘second base’ component is very similar to that of the ‘root 
base’ component (see Section 3.5.6.1): 

1. If hst_gw_short = HST, then an object from class ‘Second Base with Rails’ is 
instantiated and component ‘base_lg’ is associated with that instance. If 
hst_gw_short = NT_HST, then an object from class ‘Second Base with Car-
riages’ is instantiated and component ‘base_sh’ is associated with that instance. 

2. Rotation of the component to the required instance orientation. 
3. Setting the rotation matrix. 
4. Assigning the attributes ‘FROM-XY’, ‘FROM-XZ’, and ‘FROM-YZ’ to the corre-

sponding joining surfaces of the component. These three surfaces will deter-
mine the primary coordinate system of the ‘second base’. 

5. Re-parameterisation of the component. 
Here, similar to the ‘root base’ shown above, also two instances can be selected, 
therefore Steps 1–5 are executed twice. 

3.5.6.3 The Complete Configuration Process 
The complete configuration process that is executed during the instantiation of the 
machine tool objects from the class ‘Machine Tool NT_HST’ consists of the 
following major steps: 
1. Reading the input data. 
There are three types of input data needed for the configuration processes: the 
configurational parameters, the three dimensions of the workspace, and the mini-
mum and maximum values of the tool length. Note that the five direction-parameters 
do not have signs defined in the input data (see Section 3.5.4.3). Concerning the 
example, Figure 3.43 indicates the signed values of the five direction-parameters 
that describe precisely the specific machine mutant that is shown in the figure, but 
their input data do not contain signs. 
2. Searching for absolute directions (see Section 3.5.5.1). 
As regards the example, Figure 3.43 shows the WSC and its axis designation that is 
determined by analysing the values of the ten configurational parameters. Since the 
spindle direction is parallel with the drive direction of the middle guideway 
(spindle_dir = MID_GW_DR_DIR) and the vertical guideway is the headstock 
guideway (vert_gw = HST_GW), the spindle will be horizontal and its direction will 
be parallel with the X direction of the WCS. Therefore, the drive direction of the 
middle guideway will be parallel with the X direction, and the drive direction of the 
headstock guideway will be parallel with the Z (vertical) direction of the WCS. The 
remaining guideway is the table guideway, so the drive direction of the table 
guideway will be parallel with the Y direction of the WCS. 
3. Instantiation of an object from the class ‘Machine Tool NT_HST’ (see 
Section 3.5.4.1). 
The class ‘Machine Tool NT_HST’ has five pointers to identify the five compo-
nents. Such pointers point to objects from the following abstract classes: ‘Moving 
Table’, ‘Moving Headstock’, ‘Cross Slide’, ‘Root Base with Guide’, and ‘Second 
Base with Guide’ (see Figure 3.39 on page 115). 
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4. Instantiation of the component ‘moving table’ [see Section 3.5.5.2(1)], and 
setting its input parameters to the workspace dimensions (see Section 3.5.5.3). 
As regards the example, an object from the class ‘Moving Table with Carriages’ is 
to be created because tbl_gw_short = TBL so the ‘moving table’ will have a short 
guideway. For this object two components may be selected: either ‘tbl_sh_pos-x’ or 
‘tbl_sh_neg-x’ (see selection rules in Table 3.1 on page 120). This is the first place of 
alteration that can result in different machine mutants; thus, the value of the 
configurational parameter table_norm can alter its sign independently of the other 
configurational parameters. 
5. Instantiation of the component ‘moving headstock’ [see Section 3.5.5.2(2)], 
and setting its input parameters to the workspace dimensions (see Section 
3.5.5.3). 
In the example, an object from the class ‘Moving Headstock with Carriages’ is to be 
created because hst_gw_short = HST so the ‘moving headstock’ will have a short 
guideway. For this object the component ‘hst_sh_pos-z’ will be selected (see 
Table 3.2 on page 120). There is only one component defined for this situation (see 
Table 3.2) so the ‘moving headstock’ component does not cause mutant multiplica-
tion, and therefore, the configurational parameter spindle_dir cannot alter its sign 
independently (it will be equal to the sign of configurational parameter 
hst_gw_norm; see Step 8). 
6. Instantiation of the component ‘cross slide’ [see Section 3.5.5.2(3)]. 
In the example, an object from the class ‘C.Slide with Mov.Carriages Carr.Rails’ is 
to be created because mid_gw_short = NT_TBL and tbl_gw_short = TBL so the 
‘cross slide’ will have a short moving guideway and a long carrier guideway. For 
this object two components may be selected: either ‘csl_sh_lg_pos-x_y-dir’ or 
‘csl_sh_lg_neg-x_y-dir’ (see Table 3.3 on page 121). This is the second place of 
alteration that can cause the multiplication of machine mutants; thus, the value of the 
configurational parameter tbl_gw_norm can alter its sign independently. 
7. Instantiation of component ‘root base’ (see Section 3.5.6.1). 
According to the example, component ‘base_lg’ is selected because 
mid_gw_short = NT_TBL, so the ‘root base’ will have a long guideway. The normal 
of the middle guideway may have either +Z or –Z direction and the drive direction 
of the middle guideway will have X direction (no sign is assigned for it). Thus, 
instances ‘(+Z, X)’ and ‘(–Z, X)’ can be used for configuration (see Figure 3.32 on 
page 106). Therefore, this is the third place where alteration can take place, which 
can cause the multiplication of machine mutants. The value of configurational 
parameter mid_gw_norm can have two signs (‘+’ or ‘–’) independently of the other 
configurational parameters. 
8. Instantiation of component ‘second base’ (see Section 3.5.6.2). 
As regards the example, component ‘base_lg’ is selected because 
hst_gw_short = HST, so the ‘second base’ will have a long guideway. The normal of 
the headstock guideway may have either +X or –X direction and the drive direction 
of the headstock guideway will have Z direction. Thus, instances ‘(+X, Z)’ and  
‘(–X, Z)’ can be used for configuration (see Figure 3.32). This is the fourth place 
where alteration can take place which can cause the multiplication of machine 
mutants. The value of the configurational parameter hst_gw_norm can have two 
signs (‘+’ or ‘–’) independently of the other configurational parameters. 
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9. Assembling the ‘moving table’ to the ‘cross slide’ (see Section 3.5.5.4). 
10. Assembling the ‘cross slide’ to the ‘root base’ (see Section 3.5.5.4). 
11. Assembling the ‘moving headstock’ to the ‘second base’ (see Section 3.5.5.4). 
12. Aligning the ‘second base’ to the ‘root base (see Section 3.5.5.5). 
13. Create all mutants that are legal or feasible (see 3.5.4.3); go to step 3. 
During the first execution of Steps 4–8 we examined the alteration possibilities of 
the five direction-parameters and we collected the component-pairs that can 
substitute each other in their specific place in the component-chains. An algorithm 
creates all the combinations of such component-substitutions within each pair. In 
this manner, several mutant candidates can be generated. These mutant candidates 
are examined by the legality or feasibility analysis algorithms (see Chapter 4), where 
the illegal and infeasible variants are sorted out from these mutant candidates. Steps 
4–12 are executed (without re-examining the mutant multiplication possibilities) for 
each legal and feasible mutant. 

In the example (see Figure 3.43), we concluded in Steps 4–8 above that two 
components can be assembled in the places of the ‘moving table’, the ‘root base’, 
the ‘second base’, and the ‘cross slide’, and one component can be assembled in the 
place of ‘moving headstock’. Suppose that the legality analysis has been executed. 
The legality analysis has shown that the ‘second base’ could not have an orientation 
where the normal of the headstock guideway points in the –X direction, because 
then the spindle should point into the –X direction too and this situation is not 
allowed (see Section 3.4.5.1); while the three other component-pairs can replace 
each other. Therefore, eight mutants can be generated. Such mutants are shown in 
Figure 3.44. For the signed directions of the direction-parameters the following 
reasoning can also be given: since the spindle_dir does not change sign and it must 
point into the +X direction, the hst_gw_norm cannot have ‘–‘ sign (see explanation 
above), thus three configurational parameters, namely the table_norm, the 
mid_gw_norm, and the tbl_gw_norm, can alter the sign of direction independently 
(these three parameters are indicated in bold in Figure 3.43 above). 

 
Figure 3.44  Machine tool mutants. 
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3.5.7 Configuration Algorithms of Class ‘Machine Tool NT_TBL’ 
Figure 3.45 shows an example of a machine tool belonging to the class ‘Machine 
Tool NT_TBL’. The figure shows the reference coordinate system (which is zoomed 
out), the values of the ten configurational parameters, and a picture of a machine 
tool together with the work coordinate system (WCS); see notes made for Figure 
3.43 on page 126. The specific component names are the same as they were defined 
for Figure 3.43. 

fixed_memb
vert_gw HST_GW
hst_gw_short
mid_gw_short
tbl_gw_short
pindle_dir TBL_GW_DR_DIR

table_norm HST_GW_DR_DIR
hst_gw_norm TBL_GW_DR_DIR
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tbl_gw_norm HST_GW_DR_DIR
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Figure 3.45  Example of machine tool object of class ‘Machine Tool NT_TBL’. 

Besides the general algorithms presented in Section 3.5.5, the following specific 
algorithms were defined as operations of the class ‘Machine Tool NT_TBL’: 

3.5.7.1 Instantiation of the Component ‘root base’ 
The instantiation of the ‘root base’ component is very similar to that of the ‘root 
base’ component of the class ‘Machine Tool NT_HST’ (see Section 3.5.6.1): except 
for the first step, all the steps are the same, so only the first step is described here: 
1. If tbl_gw_short =TBL, then an object from class ‘Root Base with Rails’ is 

instantiated and component ‘base_lg’ is associated with that instance. If 
tbl_gw_short = NT_TBL, then an object from class ‘Root Base with Carriages’ 
is instantiated and component ‘base_sh’ is associated with that instance. 

For steps 4-5 see Section 3.5.6.1. 
Steps 1–5 are executed twice for two instances. 

3.5.7.2 Instantiation of the Component ‘second base’ 
The instantiation of the ‘root base’ component is very similar to that of the ‘root 
base’ component of the class ‘Machine Tool NT_HST’ (see Section 3.5.6.2): except 
for the first step, all the step are the same, so only the first step is described here: 

1. If mid_gw_short = NT_HST, then an object from class ‘Second Base with 
Rails’ is instantiated and component ‘base_lg’ is associated with that instance. If 
mid_gw_short = NT_TBL, then an object from class ‘Second Base with Car-
riages’ is instantiated and component ‘base_sh’ is associated with that instance. 

For steps 4-5 see Section 3.5.6.2. 
Steps 1–5 are executed twice for two instances. 
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3.5.7.3 The Complete Configuration Process 
The complete configuration processes that are executed during the instantiation of 
the machine tool objects from the class ‘Machine Tool NT_TBL’ consist of the 
following major steps (these steps are similar to those that were presented in Section 
3.5.6.3 thus some details are omitted here): 
1. Reading the input data. 
2. Searching for absolute directions (see Section 3.5.5.1). 
As regards the example, Figure 3.45 shows the WCS and its axis designation that is 
determined by the values of the ten configurational parameters. According to this, 
the drive direction of the table guideway has the X direction, the drive direction of 
the middle guideway has the Y direction, and the drive direction of the headstock 
guideway has the Z (vertical) direction in the WCS. 
3. Instantiation of an object from the class ‘Machine Tool NT_TBL’ (see Section 
3.5.4.1). 
The class ‘Machine Tool NT_HST’ has five pointers to identify its five components. 
Such pointers point to objects from the following abstract classes: ‘Moving Table’, 
‘Moving Headstock’, ‘Cross Slide’, ‘Root Base with Guide’, and ‘Second Base with 
Guide’ (see Figure 3.39 on page 115). 
4. Instantiation the component ‘moving table’ [see Section 3.5.5.2(1)], and setting its 
input parameters to the workspace dimensions (see Section 3.5.5.3). 
5. Instantiation the component ‘moving headstock’ [see Section 3.5.5.2(2)], and 
setting its input parameters to the workspace dimensions (see Section 3.5.5.3). 
6. Instantiation of the component ‘cross slide’ [see Section 3.5.5.2(4)]. 
7. Instantiation of the component ‘root base’ (see Section 3.5.7.1). 
8. Instantiation of the component ‘second base’ (see Section 3.5.7.2). 
9. Assembling the ‘moving table’ to the ‘root base’ (see Section 3.5.5.4). 
10. Assembling the ‘moving headstock’ to the ‘cross slide’ (see Section 3.5.5.4). 
11. Assembling the ‘cross slide’ to the ‘second base’ (see Section 3.5.5.4). 
12. Aligning the ‘second base’ to the ‘root base’ (see Section 3.5.5.5). 
13. Create all mutants that are legal or feasible (see 3.5.4.3); go to step 3. 

3.5.8 Configuration Algorithms of Class ‘Machine Tool TBL’ 
Figure 3.46 shows an example of a machine tool belonging to the class ‘Machine 
Tool TBL’. The figure shows the reference coordinate system, the values of the ten 
configurational parameters, and a picture of a machine tool together with the work 
coordinate system (WCS); see notes made for Figure 3.43 on page 126. 
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fixed_memb
vert_gw HST_GW
hst_gw_short
mid_gw_short
tbl_gw_short
pindle_dir TBL_GW_DR_DIR

table_norm HST_GW_DR_DIR
hst_gw_norm TBL_GW_DR_DIR
mid_gw_norm HST_GW_DR_DIR
tbl_gw_norm HST_GW_DR_DIR
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cross slide 1  
Figure 3.46  Example of machine tool object of class ‘Machine Tool TBL’. 

Similarly to the names presented above for the two other types of machine tools, the 
components of this machine have specific names: ‘moving headstock’ and ‘cross 
slide’ have already been defined (note that this machine has two cross slides – these 
are the components ‘cross slide 1’ and cross slide 2’); the name ‘root table’ indicates 
that this machine has a fixed table that is the root fixed component. 

Besides the general algorithms presented in Section 3.5.5, the following specific 
algorithms were defined as operations of the class ‘Machine Tool TBL’: 

3.5.8.1 Instantiation of the Component ‘root table’ 
The following steps are carried out during the instantiation of the ‘root table’ [for 
further details about the instantiation of fixed components see Section 3.4.6.1 and 
about the fixed table components see Sections 3.4.1.1 and 3.4.7.1]: 

1. An object from the class ‘Fixed Table’ is instantiated and component ‘tbl_fixed’ 
is associated with that instance. 

2. Orientation of the component according to the absolute direction of the table 
normal (see Figure 3.28 on page 102). The sign of the direction of the table 
normal can always alter, this fact causes the multiplication of mutants. For ex-
ample, the machine tool shown in Figure 3.46 has a fixed table whose table 
normal has +Z direction. One of the mutants of this machine is a similar con-
figuration but the table normal has –Z direction (upside down). 

3. Assigning the attributes ‘TO-XY’, ‘TO-XZ’, and ‘TO-YZ’ to the corresponding 
joining surfaces of the component. 

4. Re-parameterisation of the component. 

3.5.8.2 Instantiation of the Component ‘second base’ 
The instantiation of the ‘root base’ component is very similar to that of the ‘root 
base’ component of the class ‘Machine Tool NT_HST’ (see Section 3.5.6.2): except 
for the first step, all the steps are the same, so only the first step is described here: 

1. If tbl_gw_short = NT_TBL, then an object from class ‘Second Base with Rails’ 
is instantiated and component ‘base_lg’ is associated with that instance. If 
tbl_gw_short = TBL, then an object from class ‘Second Base with Carriages’ is 
instantiated and component ‘base_sh’ is associated with that instance. 

For steps 4-5 see Section 3.5.6.2. 
Steps 1–5 are executed twice for two instances. 
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3.5.8.3 Instantiation of the Component ‘cross slide 1’ 
The selection of the particular ‘cross slide 1’ component that will carry the 
‘cross slide 2’ component is determined by four configurational parameters: the 
mid_gw_short, the hst_gw_short, the mid_gw_norm, and the hst_gw_norm. Figure 
3.18 and Figure 3.19 (see on page 86) depicted all the 28 cross slide components. 
Table 3.5 shows the rules for the selection from these 28 cross slides depending on 
the values of the four configurational parameters. 
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Table 3.5  Selection of cross slide components for neighbour of fixed tables. 

3.5.8.4 The Complete Configuration Process 
The complete configuration processes that are executed during the instantiation of 
the machine tool objects from the class ‘Machine Tool TBL’ consist of the following 
major steps (these steps are similar to those that were presented in Section 3.5.6.3, 
thus some details are omitted here): 
1. Reading the input data. 
2. Searching for absolute directions (see Section 3.5.5.1). 
As regards the example shown in Figure 3.46, the drive direction of the table 
guideway has the X direction, the drive direction of the middle guideway has the Y 
direction, and the drive direction of the headstock guideway has the Z (vertical) 
direction in the WCS. 
3. Instantiation of an object from the class ‘Machine Tool TBL’ (see Section 
3.5.4.1). 
The class ‘Machine Tool HST’ has five pointers to identify the five components. 
Such pointers point to objects from the following abstract classes: one to ‘Fixed 
Table’, one to ‘Moving Headstock’, one to ‘Second Base with Guide’, and two 
pointers to class ‘Cross Slide’ (see Figure 3.39 on page 115). 
4. Instantiation of the component ‘root table’ (see Section 3.5.8.1), and setting its 
input parameters to the workspace dimensions (see Section 3.5.5.3). 
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5. Instantiation of the component ‘moving headstock’ [see Section 3.5.5.2(2)], and 
setting its input parameters to the workspace dimensions (see Section 3.5.5.3). 
6. Instantiation of the component ‘cross slide 1’ (see Section 3.5.8.3). 
7. Instantiation of the component ‘cross slide 2’ [see Section 3.5.5.2(4)]. 
8. Instantiation of the component ‘second base’ (see Section 3.5.8.2). 
9. Assembling the ‘moving headstock’ to the ‘cross slide 2’ (see Section 3.5.5.4). 
10. Assembling the ‘cross slide 2’ to the ‘cross slide 1’ (see Section 3.5.5.4). 
11. Assembling the ‘cross slide 1’ to the ‘second base’ (see Section 3.5.5.4). 
12. Aligning the ‘second base’ to the ‘root table’ (see Section 3.5.5.5). 
13. Create all mutants that are legal or feasible (see 3.5.4.3); go to step 3. 

3.5.9 Configuration Algorithms of Class ‘Machine Tool HST’ 
Figure 3.47 shows an example of a machine tool belonging to the class ‘Machine 
Tool HST’. The figure shows the reference coordinate system, the values of the ten 
configurational parameters, and a picture of a machine tool together with the work 
coordinate system (WCS); see notes made for Figure 3.43 on page 126. 

Similarly to the names presented above for the other three types of machine 
tools, the components of this machine have specific names; these names were 
already defined above. 
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Figure 3.47  Example of machine tool object of class ‘Machine Tool HST’. 

Besides the general algorithms presented in Section 3.5.5, the following specific 
algorithms were defined as operations of the class ‘Machine Tool HST’: 

3.5.9.1 Instantiation of the Component ‘fixed headstock’ 
The following operations are carried out during the instantiation of the fixed 
headstock component [for further details about the instantiation of fixed components 
see Section 3.4.6.1 and about the fixed headstock components see Sections 3.4.1.2 
and 3.4.7.2]: 

1. An object from the class ‘Fixed Headstock’ is instantiated and component 
‘hst_fixed’ is associated with that instance. Note, that fixed headstock is a second 
fixed component (see Figure 3.12 on page 79). 

2. Orientation of the component according to the absolute direction of the spindle. 
Note, that the signed direction of the spindle in the WCS can have only three 
values: +X, +Z, and –Z (see Figure 3.30 on page 104). Thus, if the spindle is 
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horizontal (see for example in Figure 3.47), there is no mutant multiplication 
caused by the fixed headstock; but if the spindle is vertical, it may cause the 
multiplication of mutants where the component-pair indicated by {+Z} and  
{–Z} in Figure 3.30 alter in the assembly of the components. 

3. Assigning the attributes ‘FROM-XY’, ‘FROM-XZ’, and ‘FROM-YZ’ to the corre-
sponding joining surfaces of the component. 

4. Re-parameterisation of the component. 

3.5.9.2 Instantiation of the Component ‘root base’ 
The instantiation of the ‘root base’ component is very similar to that of the ‘root 
base’ component of the class ‘Machine Tool NT_HST’ (see Section 3.5.6.1): except 
for the first step, all the steps are the same, so only the first step is described here: 

1. If hst_gw_short = NT_HST, then an object from class ‘Second Base with Rails’ 
is instantiated and component ‘base_lg’ is associated with that instance. If 
hst_gw_short = HST, then an object from class ‘Second Base with Carriages’ is 
instantiated and component ‘base_sh’ is associated with that instance. 

For steps 4-5 see Section 3.5.6.1. 
Steps 1–5 are executed twice for two instances. 

3.5.9.3 Instantiation of the Component ‘cross slide 2’ 
The selection of the particular ‘cross slide 2’ component that will carry the 
‘cross slide 1’ component is determined by four configurational parameters: the 
mid_gw_short, the tbl_gw_short, the mid_gw_norm, and the tbl_gw_norm. Figure 
3.18 and Figure 3.19 (see on page 86) presented all the 28 cross slide components. 
Table 3.6 shows the rules for the selection from these 28 cross slides depending on 
the values of the four configurational parameters. 
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Table 3.6  Selection of cross slide components for neighbour of fixed headstocks. 
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3.5.9.4 The Complete Configuration Process 
The complete configuration processes that are executed during the instantiation of 
the machine tool objects from the class ‘Machine Tool HST’ consist of the follow-
ing major steps (these steps are similar to those that were presented in detail in 
Section 3.5.6.3, thus some details are omitted here): 
1. Reading the input data. 
2. Searching for absolute directions (see Section 3.5.5.1). 
3. Instantiation of an object from the class ‘Machine Tool HST’ (see Section 
3.5.4.1). 
The class ‘Machine Tool HST’ has five pointers to identify the five components. 
Such pointers point to objects from the following abstract classes: one to ‘Fixed 
Headstock’, one to ‘Moving Table’, one to ‘Root Base with Guide’, and two 
pointers to class ‘Cross Slide’ (see Figure 3.39 on page 115). 
4. Instantiation of the component ‘moving table’ [see Section 3.5.5.2(1)], and setting 
its input parameters to the workspace dimensions (see Section 3.5.5.3). 
5. Instantiation of the component ‘cross slide 1’ [see Section 3.5.5.2(3)]. 
6. Instantiation of the component ‘cross slide 2’ (see Section 3.5.9.3). 
7. Instantiation of the component ‘root base’ (see Section 3.5.9.2). 
8. Instantiation of the component ‘fixed headstock’ (see Section 3.5.9.1), and setting 
its input parameters to the workspace dimensions (see Section 3.5.5.3). 
9. Assembling the ‘moving table’ to the ‘cross slide 1’ (see Section 3.5.5.4). 
10. Assembling the ‘cross slide 1’ to the ‘cross slide 2’ (see Section 3.5.5.4). 
11. Assembling the ‘cross slide 2’ to the ‘root base’ (see Section 3.5.5.4). 
12. Aligning the ‘fixed headstock’ to the ‘root table’ (see Section 3.5.5.5). 
13. Create all mutants that are legal or feasible (see 3.5.4.3); go to step 3. 

3.6 Modification of the Geometric Parameters 
The result of all configuration algorithms is the parametric geometry that can be 
subject to design modifications. After configuring the machine tool models, the 
geometry of the machines can be modified through the geometric parameters of the 
components. In Section 3.4 we demonstrated the parametric behaviour of the 
components. Such behaviour can also be obtained for the machine tool assemblies, 
taking into account the fact that some geometric parameters of the assembled 
components are linked to parameters of other components and cannot be directly 
modified. Such geometric parameters are, e.g., the dimensions of the adjacent parts 
of the guideways where some parameters of the carrier components are equal to the 
corresponding parameters of the moving component (see parameterisation flow in 
Section 3.4.2). In this manner, if a geometric parameter is modified at the end of the 
table-chain or the headstock-chain, such modification is propagated to the fixed 
components. On the other hand, many parameters of the components may be 
changed independently. 

Figure 3.48 shows an example of modification of the geometric parameters of 
a machine tool model. The first picture in Figure 3.48 (left-hand side) depicts the 
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‘raw’ geometry that is given after the configuration processes. The three other 
pictures show three cases where the raw geometry is modified. Such modifications 
can be performed on the model of the machine tools interactively or some algo-
rithms were developed to modify the geometric parameters automatically. Such 
automatic modification is used by the optimisation algorithms (see Chapter 5). 

 
Figure 3.48  Modification of the geometric parameters. 

3.7 Conclusions 
This chapter has presented the synthesis methods of 3-axis machine tools. Synthesis 
implies the configuration of the machine tool assemblies from predefined structural 
components that have parametric shapes and dimensions. The main contribution and 
advantage of the elaborated synthesis methods is that, we can easily and quickly 
generate various machine tool configurations that have parametric geometry which 
is suitable for further design modifications. 

The properties of 3-axis machine tools have been discussed and a description 
system has been defined for them based on Lipóth’s work [Lipóth, 1993]. The 
description system comprises ten configurational parameters that serve as basic 
input to the configuration algorithms. 

The geometric models of machine tools are assembled from predefined struc-
tural components. The basic forms of the components are based on Lipóth, and their 
complete parametric forms are designed by our own. Each machine tool model is 
assembled from five components. Three of the five components of each machine 
tool assembly are moving components and two of them are fixed components. Many 
other classifications of the components were introduced based on the similarities of 
the components and the machine tool assemblies. The formulation of the object-
oriented representation of the components and the machine tools were based on such 
similarities. The components have predefined parametric shapes and dimensions and 
they are stored in a library. Each component that has a guideway part (either short or 
long) constructed in a manner where the short part is made of four carriages or the 
long part is made of two rails. The moving components are assembled to the carrier 
components through four-carriages-two-rails connections where some geometric 
parameters of the carrier components are linked to some geometric parameters of the 
moving components. The fixed components of the headstock-chain and the table-
chain are aligned through a chain of parametric vectors of the components in a 
manner that the spindle (independently of the change of the geometry) is always 
kept in a proper position relative to the table. It assures that the spindle will move in 
the required workspace relative to the table while the moving components move. 
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The configuration algorithms select the appropriate components from the component 
library and carry out their assembling processes in a manner that the resulting 
machine tool models will have fully parametric geometry in the end. The workspace 
dimensions are propagated through the component-chains to the fixed components. 

After synthesising the machine tool assemblies, their geometric parameters 
can be modified by the optimisation algorithms. 

All the geometric modelling tasks were carried out in a commercial CAD 
system that allowed us to perform parametric, feature-based, associative, solid body 
modelling. Such geometric modelling tasks included the interactive design of the 
components for the population of the component library, and the programming of 
the automatic assembly of these pre-designed components. 
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Chapter 4 
Analysis 

“We are very much aware that engineering science dominates the 
intellectual landscape of engineering today, and it is certainly arguable 
that analysis dominates both engineering education and research.”  
 [Dym, 1994] 

4.1 Introduction 
The synthesised machine tool variants can be evaluated with the use of analysis 
tools. Six analysis tools were developed for such evaluation: the legality, the 
feasibility, the volume, the clearance, the static, and the dynamic analysis tools. The 
analysis tools can be divided into two groups: 

Legality and feasibility analyses belong to the first group. With these tools 
we can distinguish between legal and illegal or between feasible and infeasible 
machine tool variants. These analyses do not need the complete geometry of the 
machine tool models: they can be performed directly on the ten configurational 
parameters or using some specific properties of the components. By the use of these 
two analysis tools certain groups of machine tools can be generated, therefore they 
can be seen as belonging to the configuration algorithms. However, they are 
discussed here among the analysis tools because they evaluate some properties of 
the pre-configured machine tools. 

Volume analysis, clearance analysis, static analysis and dynamic analysis be-
long to the second group. For the use of these analysis tools the whole geometry of 
the configured machine tools is needed. This group can be further divided into two 
subgroups. (1) Volume analysis and clearance analysis purely evaluate the geometry 
of a machine tool variant: volume analysis calculates the total volume of the solid 
bodies of the machine tool assembly, while clearance analysis evaluates the 
geometric interferences between the bodies. (2) Static analysis and dynamic analysis 
need some additional modelling besides the geometric modelling of the components 
and their assembly. The static analysis evaluates the displacement of the machine 
tool structure subject to a static load at the ends of the component chains. The 
dynamic analysis comprises a modal analysis where the first natural frequency of the 
structure is calculated. For both the static and the dynamic analyses a mechanical 
model was developed where the flexible connections between the adjacent compo-
nents are modelled. 
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In order to perform efficient legality and feasibility analyses, the configuration 
algorithms that were presented in Chapter 3 were extended with some functionality. 
In this chapter, such extensions will be described followed by the detailed descrip-
tions of the six analysis tools that were briefly introduced above. 

4.2 Extensions of the Configuration Algorithms 
Chapter 3 presented the configuration algorithms that select and configure the 
machine tool components according to the values of the ten configurational 
parameters prescribed as input to the system. This section will discuss the extensions 
of these configuration algorithms.  

4.2.1 Values of the Configurational Parameters 
As was shown in Section 3.2.4, the description of a particular machine tool configu-
ration can be done by the signed values of the direction-parameters (i.e., configura-
tional parameters that describe directions) where the signs of the directions (‘+’ or  
‘–‘) mean the direction senses in a reference coordinate system the axes of which are 
parallel with the three drive directions of the guideways. When we want to describe 
(or more precisely prescribe) one or more machine tools to be configured, the 
configurational parameters are used to give input to the Design System. In such 
cases the configurational parameters do not have signs, i.e., the directions are 
prescribed without senses, and the system will generate all the machine variants that 
are due to the alteration of the signs. We called these variants mutants (see 3.5.4.3). 
Hereinafter, we refer to a particular setting (value assignment) of the configurational 
parameters that contains signed values with respect to the work coordinate system 
(WCS) as a ’signed configurational parameter setting’; and we refer to a particular 
setting of the configurational parameters that does not contain signed values as an 
‘unsigned configurational parameter setting’. The unsigned parameter settings are 
used to give input to the configuration algorithms of the Design System in order to 
configure machine tools. 

Moreover, not only one but optionally more values can be set for the configu-
rational parameters when they are used to define a particular group of machine tools 
to be configured. In such cases OR relation is supposed for such multiple values and 
all the combinations of the different unsigned parameter settings will be generated 
and passed to the configuration algorithm for further processing. 

For instance, if we want to create all the machine tools that the Design Sys-
tem can generate, we can simply set up the configurational parameters as follows: 
1. fixed_memb = HST,  NT_HST,  NT_TBL,  TBL 
2. vert_gw = HST_GW,  MID_GW,  TBL_GW 
3. hst_gw_short = HST,  NT_HST 
4. mid_gw_short = NT_HST,  NT_TBL 
5. tbl_gw_short = NT_TBL,  TBL 
6. spindle_dir = HST_GW_DR_DIR,  MID_GW_DR_DIR,  TBL_GW_DR_DIR 
7. table_norm = HST_GW_DR_DIR,  MID_GW_DR_DIR,  TBL_GW_DR_DIR 
8. hst_gw_norm = MID_GW_DR_DIR,  TBL_GW_DR_DIR 
9. mid_gw_norm = HST_GW_DR_DIR,  TBL_GW_DR_DIR 
10. tbl_gw_norm = HST_GW_DR_DIR,  MID_GW_DR_DIR 
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In this case 4·3·2·2·2·3·3·2·2·2 = 6 912 unsigned configurational parameter settings 
will be generated and passed for further processing. 

4.2.2 Generation of Mutants 
The configuration algorithms during the generation of the mutants do not generate 
all the possible combinations of the signed values of the five direction-parameters of 
an unsigned configurational parameter setting, but they do collect the components 
that can have component-pairs. Such component-pairs can be found using the 
selection rules or the selection tables that were presented in Section 3.5. In Section 
3.5.6 a concrete example was shown where four component-pairs could alter in the 
assembly, resulting in eight machine mutants (see Figure 3.44 on page 129). Figure 
4.1 shows a similar example where in each of the five component-places of the 
assembly two components can be configured (i.e., the configuration algorithms 
found 5 component-pairs to be configured). The unsigned configurational parameter 
setting for the machines shown in Figure 4.1 is the following: 

1. fixed_memb = NT_HST 6. spindle_dir = MID_GW_DR_DIR 
2. vert_gw = HST_GW 7. table_norm = TBL_GW_DR_DIR 
3. hst_gw_short = HST 8. hst_gw_norm = TBL_GW_DR_DIR 
4. mid_gw_short = NT_TBL 9. mid_gw_norm = HST_GW_DR_DIR 
5. tbl_gw_short = TBL 10. tbl_gw_norm = MID_GW_DR_DIR 

4.2.2.1 Mutant Identification 
In order to identify each mutant, here we introduce a mutant ID number that contains 
five digits. These five digits identify the five components of a machine tool 
assembly in the order of starting from the table component, going to the root fixed 
component and then from the second fixed component to the headstock component. 
For instance, regarding the example shown in Figure 4.1, the first digit is for the 
‘moving table’, the second is for the ‘cross slide’, the third is for the ‘root base’, the 
fourth for the ‘second base’ and the last one is for the ‘moving headstock’. Each 
digit can have three values: ‘1’, ‘2’, or ‘x’. It is determined by the component 
selection tables that were presented in Section 3.5 if there is one component or there 
are two components to be selected for a component-place of the machine tool 
assembly. If there is only one component available in those selection tables, value 
‘x’ is given (so there is no alteration possibility). If there are two components (i.e., a 
component-pair) available, then they will be identified with ‘1’ or ‘2’ according to 
the first or second position in the selection table. Saying it with other words, ‘x’ 
means that a direction vector will not alter its sign with regard to its relative 
coordinate system; and ‘1’ or ‘2’ means that this direction vector will alter its sign. 

Figure 4.1 shows such ID numbers for each machine mutant where the ID 
numbers do not contain any ‘x’ values because in each of the five component-places 
of the assemblies there are two components (a component-pair) to be configured. 
The mutants shown in Figure 3.44 (see on page 129) would have the ID numbers 
that end with ‘x’ since the moving headstock does not have a component-pair for 
such a configuration situation. 
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Figure 4.1  Mutants with their ID number. 

4.2.2.2 Mutant-Generating Algorithm 
An algorithm was developed that generates all the so-called mutant candidates. A 
mutant candidate is an ‘early’ machine tool configuration on which the legality or 
the feasibility analysis will have to be performed. The mutant-generating algorithm 
generates all the combinations of the ‘1’ and ‘2’ values in the mutant ID numbers in 
the places where there are component-pairs available and it calls the configuration 
algorithms to configure the machine tools for such mutant candidates. 

Considering the example shown in Figure 4.1, 32 ID numbers (i.e., 32 mutant 
candidates) can be generated since two values (‘1’ or ‘2’) can be in five places in the 
ID numbers. Figure 4.1 shows only 16 mutants because the others were eliminated 
by the legality analysis (see Section 4.3 later on). Considering the example shown in 
Figure 3.44 (see on page 129), 16 mutant candidates can be generated since two 
values would be in four places in the ID numbers (the last value would be ‘x’ thus it 
does not take place in the generation of the combinations). Figure 3.44 shows only 8 
mutants because the others have been eliminated by the legality analysis (see 
Section 4.3 later on). 
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4.2.3 Configuration: Instantiation without Opening the Part Files 
For the mutant candidates, the instantiation of objects from the machine tool classes 
and from the component classes is carried out in a manner that the part files (i.e., the 
UnigraphicsTM models) of the components are selected and associated with their 
C++ classes but they are not opened in the CAD system. Some initialisations are 
executed for these component objects and machine tool objects. The most important 
initialisations are the values of the absolute directions (see Section 3.5.5.1), the 
setting up of the rotation matrices and the specific direction vectors of the compo-
nents. After such instantiations and initialisations, the legality analysis or the 
feasibility analysis can be performed on such “pre-configured” assemblies. If these 
analyses found that the mutant candidates are legal or feasible, then the component 
part files associated with the instantiated objects can be opened in the CAD system 
and assembled together. This method was necessary, because if a mutant candidate 
is configured that will not result in a legal or feasible machine tool variant, then the 
CAD models will be discarded in any case. Consequently, it is not necessary to open 
and assemble the component part files at the beginning of the instantiation of the 
components because it takes a considerably long time (c.a. 20-40 seconds depending 
on the computer and on the actual machine tool model); thus, significant time can be 
saved, especially if we examine a huge space of machine tool variants (see below). 

We shortly refer to this method of “instantiation without opening the part 
files” as pre-configuration. This pre-configuration is executed for each mutant 
candidate. Moreover, this method may be an option of the Design System. Choosing 
this option we can enumerate various groups of machine tools (see below). 

4.2.4 Fast Enumeration of Machine Variants 
A method was developed with which we can quickly count the number of legal or 
feasible variants of a certain setting of the configurational parameter. With the 
special setting of the configurational parameters, even a large design space (i.e., a 
large number of configuration variants of machine tools) can be examined within a 
very short time. Using this method, the we can define a group of machine tools of 
interest with the settings of the configurational parameters (see Section 4.2.1) and 
we can set up the system to configure the machine tools without opening the 
components (see Section 4.2.3). An algorithm was developed that generates all the 
unsigned configurational parameter settings that can be combined from the (multi-
ple) values of the ten configurational parameters (see Section 4.2.1). Then, the 
mutant candidates are generated (see 4.2.2.2) for each unsigned configurational 
parameter setting and the illegal and infeasible variants will be filtered out and the 
legal and feasible ones will be enumerated. 

Although such an algorithm examines thousands of configuration possibili-
ties, still all the machine tool variants that the Design System can generate can be 
enumerated within some seconds. After describing the legality and feasibility 
analyses, some results will be shown for the enumeration of specific groups of 
machine tools (see Sections 4.3.3 and 4.4.7). 
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4.3 Legality Analysis 
Section 3.2.4 presented that the total number of combination of the signed values of 
the ten configurational parameters is 221 184 (see page 72). It is a large number, but 
many of the machine tool variants that these signed parameter settings describe 
cannot be realised from the predefined components. The machine variants that can 
be realised from the component library are called viable variants. The viable variants 
can be further divided into two groups: illegal and legal variants. There are two 
types of illegal machine tool variants: redundant rotated variants and unrealistic 
variants. A redundant rotated variant is a design variant that is a rotated version of 
another variant where these two variants represent the same machine tool. An 
unrealistic variant is a certain configuration of components that does not represent a 
realistic machine tool. Legal variants are variants that are neither redundant rotated 
variants nor unrealistic variants. 

Legality analysis is always performed on the mutant candidates that are gen-
erated for a particular unsigned configurational parameter setting (see Section 
4.2.2.2). The aim of the legality analysis is to trace the illegal variants and exclude 
them from the mutant candidates. In what follows, the rotated variants and the 
unrealistic variants will be clarified, followed by a description of the legality 
analysis. 

4.3.1 Rotated Variants 
Figure 4.2 shows an example of four mutant candidates. Figure 4.2 shows the values 
of the unsigned configurational parameters (as input to the configuration algorithms) 
as well as the work coordinate system (WCS) that applies to all machines. These 
four variants are mutants because the unsigned configurational parameter setting 
applies for all of them. Figure 4.2 shows the mutant ID of each mutant as well. 
There are three ‘x’ values in the mutant IDs because only one component (not a 
component-pair) can be configured for either the moving table, or the cross slide or 
the moving headstock. There is ‘1’ or ‘2’ at the place of the third and the fourth 
values in the ID numbers because there are two component-pairs to be configured 
for the places of the root base and the second base, respectively (see Section 
4.2.2.1). Therefore, the four machines were generated by the alteration of two 
instances for both the root base and the second base (see Section 4.2.2.2). As the 
result, mutant-pair ‘xx11x’ and ‘xx12x’ as well as mutant-pair ‘xx21x’ and ‘xx22x’ 
are rotated versions of each other. In other words, mutant ‘xx12x’ looks as if mutant 
‘xx11x’ was rotated about the Z (vertical) axis with 180 degrees. It is the same for 
mutants ‘xx22x’ and ‘xx21x’. One of each of these pairs is redundant and we call 
such a mutant candidate redundant rotated mutant (or redundant rotated variant). If 
we compare mutants ‘xx11x’ and ‘xx21x’ we can see that these two variants are also 
rotated versions of each other where the rotation axis would be a horizontal axis 
(e.g., either the X-axis or the Y-axis of the WCS). Yet, these two variants are 
fundamentally different constructions because of gravity. Therefore such rotations 
are considered as legal machine tool variants (i.e., none of these rotated variants are 
redundant). 
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fixed_memb
vert_gw HST_GW
hst_gw_short
mid_gw_short
tbl_gw_short
pindle_dir MID_GW_DR_DIR

table_norm HST_GW_DR_DIR
hst_gw_norm MID_GW_DR_DIR
mid_gw_norm HST_GW_DR_DIR
tbl_gw_norm HST_GW_DR_DIR

 = NT_HST
 =

 = HST
 = NT_TBL

 = TBL
s  =

 =
 =
 =

 =

+HST_GW_DR_DIR
(+Z)

+TBL_GW_DR_DIR
(+Y)

+MID_GW_DR_DIR
(+X)

mutant ID: xx11x

mutant ID: xx12x

mutant ID: xx21x mutant ID: xx22x  
Figure 4.2  Mutant candidates with redundant rotated mutants. 

Eliminating the Redundant Rotated Mutants 
We can eliminate the creation of redundant rotated mutants by applying the rules 
that were defined for fixing the orientations of the machine tool models in the WCS 
(see Section 3.4.5.1). Consequently, in the case of a machine tool configuration that 
has a horizontal spindle, the (signed) direction of the spindle by definition must 
point into the +X direction of the WCS, thus –X direction of the spindle is not 
allowed. If a machine tool has a vertical spindle there are two cases: (1) if the 
vertical guideway is on the headstock-chain, the normal of the vertical guideway by 
definition must point into the +X direction of the WCS, thus –X direction is not 
allowed; or (2) if the vertical guideway is on the table-chain, the normal of the 
vertical guideway by definition must point into the –X direction, thus +X direction is 
not allowed. This rule fixes one of the horizontal directions of the five directions 
described by the five direction-parameters of the mutant candidates and does not 
allow the rotations about a vertical axis that were presented in Figure 4.2. In this 
manner the redundant rotated mutants can be eliminated. 

During such elimination the specific direction vectors of the components of 
the mutant candidates (that were described in Section 4.2.3) are examined whether 
they satisfy the rules presented above. These examinations depend on the machine 
tool classes where the mutant candidates belong (see Section 3.5.1). Therefore, the 
operations that perform these examinations are implemented in each of the four 
machine tool classes. 

In what follows, the examination algorithm of the class ‘Machine Tool 
NT_HST’ will be presented (see examples of such machine tools in Figure 4.2 on 
page 145, or Figure 4.1 on page 142, or Figure 3.44 on page 129). For such 
examinations the following vectors and matrices will be used: 
• x : a unit vector pointing in the positive X direction with respect to any coordinate 
system, thus x = ( 1, 0, 0 )T. 



146 Chapter 4 

• z : a unit vector pointing in the positive Z direction with respect to any coordinate 
system, thus z = ( 1, 0, 0 )T. 
• Psh : the direction of the spindle with respect to the primary coordinate system of 
the moving headstock, where 1=hP s . 

• Rcs , Rrb and Rsb : the rotation matrices of the components ‘cross slide’, ‘root 
base’, and ‘second base’, respectively [see Equation (3.1) on page 93; indices P and 
S on the left sides indicating the primary and secondary coordinate systems are 
skipped for readability]. 
• Ws : the direction of the spindle with respect to the WCS and it is calculated as 
follows: 

hPsbW sRs = . 

• Wh , Wm and Wt : the direction of the headstock guideway, the middle guideway, 
and the table guideway with respect to the WCS, respectively, and they are calcu-
lated as follows: 

zRRt
zRm
zRh

csrbW

rbW

sbW

=
=
=

. 

The examination algorithm works as follows: 
 If the spindle direction is horizontal (it is determined during pre-configuration; see 
Section 3.5.5.1) and if xsW −≡ , then the mutant candidate is a redundant rotated 
mutant, otherwise (if xsW ≡ ) the mutant candidate has passed the examination 
(it may go to further examination, e.g., to the examination of the fact if it is an 
unrealistic variant). 
 Otherwise (if the spindle is vertical, then) three cases must be distinguished 
depending on the fact of which guideway is the vertical one: 
Case 1: vert_gw = HST_GW: 

If xhW −≡ , then the mutant candidate is a redundant rotated mutant, other-
wise (if xhW ≡ ) the mutant candidate has passed the examination. 

Case 2: vert_gw = MID_GW: 
If xmW ≡ , then the mutant candidate is a redundant rotated mutant, other-
wise (if xmW −≡ ) the mutant candidate has passed the examination. 

Case 3: vert_gw = TBL_GW: 
If xtW ≡ , then the mutant candidate is a redundant rotated mutant, other-
wise (if xtW −≡ ) the mutant candidate has passed the examination. 

This examination is executed during the generation of the machine mutants (see 
Sections 3.5.4.3 and 4.2.2). The elimination of the redundant rotated mutants is 
similar in the case of the other three machine tool classes, namely, in the case of 
‘Machine Tool NT_TBL’, ‘Machine Tool HST’, and ‘Machine Tool TBL’. 

(4.1)

(4.2)
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4.3.2 Unrealistic Variants 
Unrealistic variants occur during the creation of mutant candidates where the spindle 
direction and the table normal are parallel. In such cases, if there are component-
pairs to be altered, situations often occur where the direction vector of the spindle 
and the normal vector of the table point into the same direction. Geometrically, it 
means that the body of the headstock turns into the body of the table (or vice versa). 
Figure 4.3 shows an example of such mutant candidates: These mutant candidates 
belong to the class ‘Machine Tool NT_HST’. It can be seen in the configurations or 
in the mutant IDs that three component-pairs can alter, namely, the ‘root base’, the 
‘second base’, and the ‘ moving headstock’ (for the name designation of the 
components see Figure 3.43 on page 126). The two mutant candidates in the middle 
of Figure 4.3 are unrealistic because the table and the headstock are turned into each 
other; or in other words, the direction of the table normal and the direction of the 
spindle point into the same direction. Note that there exist other four mutant 
candidates but they are not presented in Figure 4.3: those four candidates would be 
redundant rotated mutants and they are due to the alteration of the ‘second base’. As 
a result, for the case presented in Figure 4.3, after eliminating the redundant rotated 
mutants and the unrealistic mutants, i.e., after the legality analysis, two mutant 
candidates will be qualified as legal variants: those two that are shown on the left-
hand side and on the right-hand side of Figure 4.3; and six mutant candidates are 
qualified as illegal variants. 

mutant ID: xx111 mutant ID: xx112 mutant ID: xx211 mutant ID: xx212

Z

X

Y

Z

X

Y

Z

X

Y

Z

X

Y

 
Figure 4.3  Mutant candidates with unrealistic mutants. 

Eliminating the Unrealistic Mutants 
The elimination of the unrealistic mutants is similar to the elimination of the 
redundant rotated mutants. During such elimination, the specific direction vectors of 
the components of the mutant candidates are examined here too. These examinations 
depend on the machine tool classes where the mutant candidates belong. Therefore, 
the operations that perform these examinations are implemented in each of the four 
machine tool classes. 

This examination algorithm of the class ‘Machine Tool NT_HST’ works as follows: 
 The examination is performed if the value of the configurational parameter 
spindle_dir is equal to the value of the configurational parameter table_norm. 
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 The direction of the spindle with respect to the work coordinate system (WCS) Ws 
is calculated as it was indicated by Equation (4.1) above. 
 The direction of the table normal with respect to the WCS (Wn) is calculated as 
follows: 

zRRn csrbW = , 

where Rrb and Rcs  are the rotation matrices of the components ‘root base’ and 
‘cross slide’, respectively; and z = ( 1, 0, 0 )T. 
 If Ws and Wn are identical (i.e., ns WW ≡ ), then this mutant is unrealistic. 
Otherwise, the mutant candidate has passed the examination. 

 
The examinations in the case of the other three machine tool classes (i.e., ‘Machine 
Tool NT_TBL’, ‘Machine Tool HST’, and ‘Machine Tool TBL’) are similar to the 
one presented above: the reasoning procedure is the same but the calculations of the 
directions are slightly different. 

4.3.3 Applying the Legality Analysis for the Whole Design Space 
Having the extensions of the configuration algorithms (see Section 4.2) and the 
legality analysis tools at hand, we can enumerate all the legal machine tool variants 
that the Design System can generate from the library of components. For this, each 
configurational parameter must be set to have its possible all values as it was shown 
in Section 4.2.1. Then, the Design System can be set up for the pre-configuration 
mode (see 4.2.3), and the enumeration of both the legal and illegal machine tool 
variants can be executed. 

We saw earlier that the total number of signed configurational parameter set-
tings is 221 184 and that the total number of unsigned configurational parameter 
settings is 6 912. We expected that the total number of possible configurations 
would be between these two numbers. It turned out, by running the enumerations, 
that the Design System can generate 124 800 machine tool configurations (mutant 
candidates) from the current component library of which 56 832 variants are legal 
and 67 968 variants are illegal (either rotated redundant or unrealistic or both). With 
the feasibility analysis tools, the legal variants can be further analysed (see below). 
We realise that each of such 56 832 legal variants is a unique configuration, i.e., 
each variant is different from the other. Hereinafter, we refer to the group of these 
variants as the unconstrained legal design space. 

Concerning the illegal variants, 56 640 variants are redundant rotated variants 
and 20 736 variants are unrealistic variants; there are 11 328 unrealistic variants that 
are not redundant rotated variants and there are 47 232 redundant rotated variants 
that are not unrealistic variants, so there are 9 408 variants that are both redundant 
rotated variants and unrealistic variants. 

4.4 Feasibility Analysis 
The unconstrained legal design space (i.e., the 56 832 legal machine tool variants) is 
extremely huge. Therefore, some configurational constraints were introduced in 
order to constrain the type of the design variants of interest. Some of these con-

(4.3)
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straints were suggested by Lipóth [Lipóth, 1993], but additional constraints were 
developed by the author of this dissertation. 

A legal variant that satisfies the configurational constraints is called feasible 
variant. Feasibility analysis encompasses some spatial reasoning to distinguish 
between feasible and infeasible design variants. Several configurational constraints 
and their corresponding feasibility analyses were developed within the Design 
System. Such constraints can be set up with 15 Boolean variables in the same input 
file where the configurational parameters are set [see Section 2.4.10(1) on page 58]. 
These 15 constraints will be presented in this section by using a continuous 
numbering. 

4.4.1 Symmetric/Asymmetric Variants 
Symmetric or asymmetric construction might be required during the design of 
machine tools. Lipóth defined the symmetric and asymmetric variants in [Lipóth, 
1993]. A machine tool is symmetric if (and only if) all the directions described by the 
five direction-parameters are parallel with the same plane. More precisely, if (and 
only if) the direction of the spindle and the table normal and the three directions of 
the guideway normals are parallel with a (vertical) plane, then the machine tool is 
symmetric (see Figure 4.4). Otherwise it is asymmetric. The plane with which these 
directions are parallel is called the plane of symmetry that in our construction space 
is always parallel with the XZ plane of the work coordinate system (WCS) of the 
machine tool models and is placed in the centre of the horizontal guideway. If the 
moving components that move on the horizontal guideways are in their middle-
positions, and the two guideways that are parallel with the Z and X directions of the 
WCS are not slanted (see Section 3.4.2), then the geometry can be mirrored through 
the plane of symmetry. Figure 4.4 shows a symmetric machine tool together with the 
plane of symmetry. To give another example, the machine tools presented in Figure 
4.1 (see on page 142) are asymmetric. 

plane of symmetry

Z

X

Y

 
Figure 4.4  Plane of symmetry. 
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To verify if a particular machine tool configuration is symmetric or asymmetric, the 
absolute directions of the configured or pre-configured machine tools are used. Such 
absolute directions express the unsigned directions in the WCS, and they are 
determined by the configurational parameters (see Section 3.5.5.1). With the 
knowledge of such absolute directions, deciding whether a (pre-)configured machine 
tool is symmetric or asymmetric is a straightforward task. The plane of symmetry by 
definition is always parallel with the XZ plane of the WCS. Therefore, if the spindle 
direction, the table normal and the three directions of the guideway normals are 
parallel with either the X-axis or the Z-axis of the WCS, then the machine tool is 
symmetric; otherwise it is asymmetric. 

Based on the capabilities of determining if a machine tool is symmetric or asymmet-
ric, two configurational constraints were introduced: 
Constraint 1: Enable symmetric variants (default: True) 
If this constraint is set to be ‘True’, then the configuration of symmetric variants are 
enabled. Otherwise (if it is ‘False’), the Design System will not generate symmetric 
variants and they will be considered as infeasible variants. 
Constraint 2: Enable asymmetric variants (default: True) 
If this constraint is set to be ‘True’, then the configuration of asymmetric variants 
are enabled. Otherwise (if it is ‘False’) the Design System will not generate 
asymmetric variants and they will be considered as infeasible variants. 

 
Obviously, if both Constraint 1 and Constraint 2 are set to ‘True’, then there will be 
no constraint introduced for the symmetry; and if both variables are set to ‘False’, 
then no machine tool can be generated and the system will give an error message. 

4.4.2 Mirrored Mutants 
Among the asymmetric mutants, we can always recognise mutant-pairs where the 
two mutants of a pair are mirrored versions of each other. For instance, Figure 4.5 
recalls the same mutants presented in Figure 3.44 (on page 129) and indicates such 
mirrored mutant-pairs. We can recognise in Figure 4.5 (see on page 152) that the 
plane of mirroring is parallel with the XZ plane of the WCS and the spindle lies in 
this plane. (It is similar to the plane of symmetry in the case of symmetric variants; 
see Figure 4.4 on page 149.) If the moving components that move on horizontal 
guideways are in their middle-positions, then the geometry of an asymmetric mutant 
can be mirrored through such plane of mirroring and we achieve another mutant. 
These two mutants form a mirrored mutant-pair. Figure 4.5 indicates such pairs by 
connecting them with arrows. 

The designer might wish to eliminate one of the two mutants of such mir-
rored pairs. For example, despite of the different layouts, in most of the cases, the 
two mutants of each mirrored-pair have the same static, dynamic or thermal 
behaviour. If we want to examine a huge design space of variants, it is better to 
eliminate one of the mirrored mutant-pairs. For such cases, a method was developed 
that eliminates the mirrored mutants. Such method uses the following reasoning: 
Each machine tool class (i.e., ‘Machine Tool HST’, ‘Machine Tool NT_HST’, 
‘Machine Tool TBL’, and ‘Machine Tool NT_TBL’) has specific algorithms 
(operations) to check such conditions. These algorithms utilise the fact that the plane 
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of mirroring is always parallel with the XZ plane of the WCS and the Y direction is 
perpendicular to such a plane. Thus, these algorithms examine some specific 
directions of the machine tool models: whether they are parallel with the XZ plane 
of the WCS or whether they are parallel with the Y direction, or eventually, whether 
they point into the +Y or –Y direction. In what follows, the main working principles 
of such algorithms will be presented for the class ‘Machine Tool NT_HST’. The 
algorithms of the other three classes are similar; they are not presented here. 

4.4.2.1 Determining Mirrored Mutants of Class ‘Machine Tool NT_HST’ 
The headstock-chain of the machine tools of class ‘Machine Tool NT_HST’ is 
symmetric if the normal of the headstock guideway is parallel with either the X or 
the Z direction of the WCS. 
A mutant is considered to be a mirrored mutant if it is asymmetric and  
• if the headstock-chain is symmetric (i.e., the table chain is asymmetric) and the 
table-chain is mirrored; or  
• if the headstock-chain is asymmetric and the headstock-chain is mirrored. 

The headstock-chain of the machine tools of class ‘Machine Tool NT_HST’ is 
mirrored, if the normal of the headstock guideway points into the +Y direction. To 
determine if the table-chain of the machine tools of class ‘Machine Tool NT_HST’ 
is mirrored, the following algorithm is used: 
if (the table normal is parallel with the Y direction) { 

if (the table normal points into the +Y direction) { 
the table-chain IS mirrored; 

} 
else the table-chain is NOT mirrored; 

} 
else { 

if (the normal of the table guideway is parallel with the Y direction) { 
if (the normal of the table guideway points into the +Y direction) { 

the table-chain IS mirrored; 
} 
else the table-chain is NOT mirrored; 

} 
else { 

if (the normal of the middle guideway is parallel with the Y direction) { 
if (the normal of the middle guideway points into the +Y direction) { 

the table-chain IS mirrored; 
} 
else the table-chain is NOT mirrored; 

} 
else the table-chain is NOT mirrored; 

} 
} 

These algorithms fix one of the four specific directions, namely either the normal of 
the headstock guideway, or the table normal, or the normal of the table guideway, or 
the normal of the middle guideway to be pointed into the –Y direction. Note that it is 
not necessary to check the spindle direction because by definition it is always 
parallel with the XZ plane in the WCS. 
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For example, the four mutants in the second row in Figure 4.5 belong to the 
machine tool class representing that particular case where the headstock-chain is 
symmetric and the table-chain is asymmetric. According to the algorithm presented 
above, the four mutants in the second row in Figure 4.5 are considered as mirrored 
mutants and can be eliminated if necessary. Figure 4.6 shows another example: these 
mutants have two specific directions (namely the table normal and the normal of the 
middle guideway) that are parallel with the Y direction of the WCS. Mirrored-pairs 
are also connected by arrows in Figure 4.6. If the algorithms presented above are 
applied, then the four mutants in the second row in the figure are considered as 
mirrored mutants and they can be eliminated if necessary. To make it simple, in both 
Figure 4.5 and Figure 4.6 those mutants are considered as mirrored mutants that 
have a table of which table normal points into the +Y direction (it is not always the 
case). 

Z

X

Y

 
Figure 4.5  Mirrored mutant-pairs (part one). 

 
Figure 4.6  Mirrored mutant-pairs (part two). 

To give another example, half of the mutants presented in Figure 4.1 (see on page 
142) are considered as mirrored mutants. The machines presented in Figure 4.1 
belong to the class ‘Machine Tool NT_HST’ too, but represent the particular case 
where the headstock-chain is asymmetric. Therefore, those mutants are considered 
as mirrored mutants of which the headstock guideway point into the +Y direction: 
these mirrored mutants can be seen in the second and fourth column in Figure 4.1. 
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Based on the capabilities of the procedure which determines if a machine tool is 
symmetric or asymmetric, a constraint was introduced: 
Constraint 3: Enable mirrored mutants (default: True) 
If this constraint is set to be ‘False’, then the mirrored mutants will be considered as 
infeasible variants and their configuration is not enabled. Otherwise (if it is ‘True’), 
the Design System will generate both mutants of each mirrored mutant-pairs. 

4.4.3 Constraints for the Direction of the Spindle 
Four constraints were introduced to prescribe certain directions of the spindle of the 
machine tools to be generated. Such constraints make some restrictions for the 
spindle to be horizontal or vertical. The spindle is horizontal if it is parallel with the 
X direction of the work coordinate system (WCS), and it is vertical if it is parallel 
with the Z direction of the WCS. The four constraints are as follows: 
Constraint 4: Enable horizontal spindle (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that will have horizontal spindle is enabled. Otherwise (if it is ‘False’), variants 
having horizontal spindle will be considered as infeasible variants. 
Constraint 5: Enable vertical spindle (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that will have vertical spindle is enabled. Otherwise (if it is ‘False’), variants having 
vertical spindle will be considered as infeasible variants. 
Constraint 6: Enable vertical spindle pointing upwards (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that have vertical spindle pointing upwards is enabled. Otherwise (if it is ‘False’), 
such variants will be considered as infeasible variants. This constraint is taken into 
account only if Constraint 5 is ‘True’. 
Constraint 7: Enable vertical spindle pointing downwards (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that have vertical spindle pointing downwards is enabled. Otherwise (if it is ‘False’), 
such variants will be considered as infeasible variants. This constraint is taken into 
account only if Constraint 5 is ‘True’. 

The idea of defining such constraints for the spindle orientation is originated from 
Lipóth [Lipóth, 1993]. 

4.4.4 Constraints for the Orientation of the Table 
Six constraints were introduced to prescribe the table surface of the machine tools to 
be horizontal or vertical. The table surface is horizontal if the table normal is parallel 
with the Z direction of the WCS, and the table surface is vertical if the table normal 
is parallel with either the X or the Y direction. The six constraints are as follows: 
Constraint 8: Enable horizontal table (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that will have horizontal table surface is enabled. Otherwise (if it is ‘False’) such 
variants will be considered as infeasible variants. 
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Constraint 9: Enable horizontal table facing upwards (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that will have horizontal table surface facing upwards is enabled. Otherwise (if it is 
‘False’), such variants will be considered as infeasible variants. This constraint is 
taken into account only if Constraint 8 is ‘True’. 
Constraint 10: Enable horizontal table facing downwards (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that will have horizontal table surface facing downwards is enabled. Otherwise (if it 
is ‘False’), such variants will be considered as infeasible variants. This constraint is 
taken into account only if Constraint 8 is ‘True’. Figure 4.7 shows an example where 
the four mutants in the second row have tables facing downwards. 
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Figure 4.7  Example of mutants from the class Machine Tool TBL. 

Constraint 11: Enable vertical table (default: True) 
If this constraint is set to be ‘True’, then the configuration of machine tool variants 
that will have vertical table surface is enabled. Otherwise (if it is ‘False’), such 
variants will be considered as infeasible variants. 

The idea of defining such constraints for the table orientation is originated from 
Lipóth [Lipóth, 1993]. 

4.4.5 Constraints to Short/Long Guideway Constructions 

a) short-on-long (not tilting) b) long-on-short (tilting)

F F

 
Figure 4.8  Tilting long-on-short guideway construction. 
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Figure 4.8 shows that the guideways can have either the short-on-long construction 
(when the moving component moves with the short part of the guideway on the 
carrier component that has the long part of the guideway), or the long-on-short 
construction (the arrows in Figure 4.8 are put on the moving parts). Under certain 
loading conditions, the short-on-long construction can be preferred against the long-
on-short one because the latter has a tilting nature, especially when the loading is 
eccentric [see Figure 4.8b)]. In the case of a horizontal guideway, even the weight of 
the moving component can cause this tilting. Taking it into consideration, two 
constraints were introduced: one is for all the three guideways and one is for only 
the horizontal guideways. 
Constraint 12: Eliminate long-on-short construction for all guideways (default: 
False) 
If this constraint is set to be ‘True’, then the configuration of those machine tool 
variants is eliminated where all the guideways are constructed in a manner that the 
long parts move on the short parts, i.e., only the short-on-long constructions are 
enabled. 

Note that Lipóth used a constraint for the elimination of the so-called tilting 
structures [Lipóth, 1993]. This constraint is not implemented in the Design System. 

4.4.6 Eliminating Potentially Unrealistic Variants 
During the generation of the mutants, strange machine tool configurations can occur 
where either the spindle or the table is facing a guideway that is on the same 
headstock-chain or table-chain. Figure 4.6 (see on page 152) presents such mutants: 
the second and the third mutants in both the first and the second row in the figure 
have the configuration where the table is facing the middle guideway. Most 
probably, such machine tools are unrealistic because either their components have 
serious interferences with each other or the workspace interferes with one or more 
components to a large extent. 

To eliminate the configuration of such potentially unrealistic variants, three 
constraints were introduced because there are several sub-cases of such situations. 
These cases will be explained together with the constraints below. 

Constraint 13: Eliminate spindle (table) facing the middle guideway of the same 
headstock-chain (table-chain) {default: False} 
If this constraint is set to be ‘True’, then the configuration of those mutants are 
eliminated that have the construction where the middle guideway is in headstock-
chain and if the spindle is facing the middle guideway; or where the middle 
guideway is in the table-chain and if the table is facing the middle guideway. Figure 
4.6 shows an example of this case. 
 
If Constraint 13 is set to ‘True’, then two sub-cases can be separated: 
 Case 1: 

− If the machine tools belong to the classes ‘Machine Tool NT_HST’ or ‘Machine 
Tool HST’ and if the following directions are coplanar: the table normal, the 
normal of the table guideway, the normal of the middle guideway, and the drive 
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direction of the middle guideway. For example, machines shown in Figure 4.6 
belong to this category. 

− If the machine tools belong to the classes ‘Machine Tool NT_TBL’ or ‘Machine 
Tool TBL’ and if the following directions are coplanar: the spindle direction, 
the normal of the headstock guideway, the normal of the middle guideway, and 
the drive direction of the middle guideway. 

 Case 2: 
− If the machine tools belong to the classes ‘Machine Tool NT_HST’ or ‘Machine 

Tool HST’, and if the table normal, the normal of the table guideway, and the 
normal of the middle guideway are coplanar, and if the drive direction of the 
middle guideway is not parallel with the plane of the latter directions. For ex-
ample, the machines shown in Figure 4.9 belong to this category (the third and 
fourth of the four mutants can be eliminated in this case). 

− If the machine tools belong to the classes ‘Machine Tool NT_HST’ or ‘Machine 
Tool HST’, and if the spindle direction, the normal of the headstock guideway, 
and the normal of the middle guideway are coplanar, and if the drive direction 
of the middle guideway is not parallel with the plane of the latter directions. 
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Figure 4.9  Example of mutants from the class Machine Tool NT_HST. 

Generally, Case 2 is better than Case 1 because the workspace does not interfere 
with the middle guideway. Such extraordinary configurations may be only poten-
tially unrealistic, because the geometry of the components can be modified in a 
manner that the interferences can be decreased or avoided and a workable machine 
tool can be obtained. To distinguish between these two cases another constraint was 
introduced: 
Constraint 14: Enable Case 2 while Case 1 is not enabled {default: True} 
If this constraint is set to be ‘True’ (and Constraint 13 is ‘True’), then Case 2 is 
enabled and Case 1 is not enabled. If this constraint is set to be ‘False’ (and 
Constraint 13 is ‘True’), then both Case 2 and Case 1 are not enabled. Obviously, if 
Constraint 13 is set to ‘False’, then this constraint is not taken into account. 
 
The last constraint was introduced for the machine tools belonging to the classes 
‘Machine Tool HST’ and ‘Machine Tool TBL’ where all the moving components 
are on the same table-chain or headstock-chain, respectively: 
Constraint 15: Eliminate spindle or table facing to the fixed guideway of the same 
chain (default ‘False’) 
If this constraint is set to be ‘True’, then the following mutants are eliminated, 
otherwise (‘False’) they are considered as feasible mutants: 
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 In the case of machines of class ‘Machine Tool TBL’: if the spindle direction 
points to the opposite direction of the normal of the table guideway. In Figure 
4.10, the third and the fourth mutants belong to this case. Figure 4.7 above (see on 
page 154) shows another example: in the third and fourth column of the figure 
mutants of this kind can be seen. 
 In the case of machines of class ‘Machine Tool HST’: if the table normal points to 
the opposite direction of the normal of the headstock guideway. 

In both cases, the components of this kind of mutants probably have big interfer-
ences, so they may be eliminated by setting Constraint 15 to ‘True’. 

 
Figure 4.10  Example of mutants(rotated mutants and mutants that have table 

facing down are not shown). 

4.4.7 Results of the Feasibility Analysis 
By giving different values to the 15 constraints presented above and to the ten 
configurational parameters (see Section 4.2.1), several subspaces of the entire legal 
design space (i.e., the 56 832 variants) can be examined. Some examples of such 
subspaces are the following:  
 There are 8 960 symmetric variants and 47 872 asymmetric variants. Within the 
asymmetric variants there are 23 936 mirrored mutants. 
 There exist 37 888 variants having horizontal spindle and 18 944 variants having 
vertical spindle. 
 There exist 18 944 variants having horizontal table and 37 888 variants having 
vertical table. 
 The variants belonging to each machine tool class can be enumerated: 

− There are 14 400 variants that have fixed headstock; 
− There are 14 016 variants where the next to headstock is the fixed member; 
− There are 14 016 variants where the next to table is the fixed member; 
− There are 14 400 variants that have fixed table. 
 There are 1 504 symmetric variants that have vertical spindle and horizontal table 
facing upwards. 
 There are 114 variants where the member next to the table is fixed to the ground, 
the variants have horizontal spindle and horizontal table facing upwards, the 
mirrored mutants are eliminated, all guideways have short-on-long construction, 
and all the potentially unrealistic variants are eliminated. This group of machines 
can be seen in Figure 4.11 and Figure 4.12. 
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Figure 4.11  114 machine tool mutants (part one: 1-77 of 114). 
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Figure 4.12  114 machine tool mutants (part two: 78-114 of 114). 

4.5 Summary of Definitions for Legality and Feasibility Analyses 
Because many different machine tool variants can be distinguished by the legality 
analysis and the feasibility analysis, Table 4.1 summaries their definitions. 

viable variant A variant that can be configured from the current component library. 
unviable variant A variant that cannot be configured from the current component 

library. 
redundant 
rotated variant 

A variant that is a rotated version of another variant where these two 
variants represent the same machine tool. 

unrealistic 
variant 

A certain configuration of components that does not represent a 
realistic machine tool. 

legal variant A variant that is neither redundant rotated variant nor unrealistic 
variant. 

illegal variant A variant that is a redundant rotated variant or an unrealistic variant. 
feasible variant A legal variant that satisfies the specified configurational constraints. 
infeasible 
variant 

A legal variant that do not satisfy the specified configurational 
constraints.  Note that for the optimisation of machine tool configura-
tions ‘strongly infeasible variant’ and ‘slightly infeasible variant’ will 
also be defined [see in Section 5.3.3.1(2) on page 222]. 

Table 4.1  Definitions of various machine tool variants defined for the legality 
analysis and the feasibility analysis. 



160 Chapter 4 

4.6 Volume Analysis 
In many situations – since the mass or the manufacturing costs are proportional with 
the volume – designers often try to minimise the geometric volume of the machine 
tools. Therefore, the volume analysis was developed for the calculation of the total 
volume of the solid bodies of the machine models. Such calculation is possible 
utilising the capabilities provided by UnigraphicsTM (see Section H.3.1.8 in 
Appendix H). The algorithms of the volume analysis were implemented as general 
operations within the class ‘Machine Tool’ (see Section 3.5.1 and Figure 3.39 on 
page 115). These algorithms sum up the volume of the five components of the 
machine tool assemblies. For that, a general algorithm was developed within the 
class ‘Component’ that calculates the volume of the solid body of the component it 
represents (see Figure 3.12 on page 79 or Figure 3.39 on page 115). 

4.7 Moving Components in Different Positions for Clearance, Static 
and Dynamic Analyses 
The positions of the moving components on their guideways are very important 
because (as we will see later on) the results of the clearance, the static and the 
dynamic analyses depend on such positions. Figure 4.13 depicts such different 
positions of the moving components. During the clearance, static and dynamic 
analyses, each moving component can be in three distinct positions on its guideway: 
in the two extreme positions and in the middle. Since there are three moving 
components, the spindle touches the workspace in 27 discrete positions. Hereinafter, 
we will refer to these 27 positions of the spindle as 27 spindle positions. The 27 
spindle positions are identified by three digits where the first digit expresses the 
position of the moving component on the headstock guideway, the second digit 
expresses the position on the middle guideway, and the third digit describes the one 
on the table guideway. Each digit can have three values: ‘1’, or ‘2’, or ‘3’ for the 
extreme-0, or the middle, or the extreme-1 positions, respectively. These three 
positions were defined in Section 3.4.4.1 (see Figure 3.25 on page 95). Figure 4.13 
shows such identification numbers: in this particular case, the first number indicates 
the position of the headstock (because it moves on the headstock guideway), the 
second number indicates the position of the cross slide (because it moves on the 
middle guideway) and the third number indicates the position of the table (because it 
moves on the table guideway). 
The clearance, static and dynamic analyses can be carried out in two analysis modes. 

(1) Analysis Mode 1: Moving Components in Their Middle Positions 
This analysis mode is a simple case where the moving components are in their 
middle positions on their guideways. Such situation is identified by ‘222’ in Figure 
4.13. The analyses will be carried out in this one spindle position only. 

(2) Analysis Mode 2: Each Moving Component in Three Positions 
In this analysis mode each moving component can take all of the three positions 
presented above and the analyses will be carried out performed for all of the 27 
spindle positions. Thanks to the abstraction and polymorphism inherent in the 
representation of the component and machine tool objects, the movement of the 
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moving components can be controlled by a general algorithm (operation) that was 
implemented in the class ‘Machine Tool’. This algorithm moves the three moving 
components on the three guideways and calls the operations of the clearance, or 
static, or dynamic analysis for each spindle position. 

Note that Analysis Mode 1 is computationally faster than Analysis Mode 2, but 
Analysis Mode 1 does not take the extreme positions – that are the worse cases in 
most situations – into account. Therefore, Analysis Mode 1 is only useful for 
preliminary analysis. 

222 333

111 112

121
1: Moving component in extreme-0 position
2: Moving component in middle position
3: Moving component in extreme-1 position

113

 
Figure 4.13  Moving components in different positions. 

4.8 Clearance Analysis 
Since the moving components can move on their guideways, they can possibly 
interfere (collide) with each other, or, in the case of an improper design, some 
components can constantly interfere. The first case, where the components interfere 
or collide during their movements on the guideways occurs frequently. We refer to 
such interferences as colliding interferences. In many cases it is almost impossible to 
design a collision-free machine tool structure. To avoid the collision in these cases is 
the task of the control system. But the scale of such collisions can be minimised by 
design. The second case, where some components constantly interfere is the result of 
an improper design. An example of such situations was already presented in Figure 
3.9 (see on page 75): the fixed guideways can interfere in the case of some particular 
sizing of the geometry. Such situations frequently occur after the automatic 
generation of our machine tool assemblies because the fixed members are con-
structed from two components and the positioning of the spindle relative to the table 
is maintained with the relative positioning of these two fixed components (see 
Sections 3.3.3 and 3.4.4). We refer to such interference as constant interference. 
This constant interference between the two fixed components might be eliminated 
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by modifying the geometric parameters of the components (see Figure 3.9). The aim 
of the Clearance Analysis is to identify such colliding or constant interferences. By 
means of optimisation these interferences can be minimised or eliminated (see 
Chapter 5). 

Clearance analysis can be performed in UnigraphicsTM and can be pro-
grammed through the API (see Section H.3.3 in Appendix H). During clearance 
analysis, the geometric interferences between the components of the machine tool 
assemblies are checked, then the intersection bodies are computed. The total volume 
of all these intersection bodies was chosen as a measure of the clearance of the 
structure. Clearance analysis can be performed in both analysis modes presented 
above (see Section 4.7). 

Figure 4.14 shows an example of the clearance analysis performed for all the 
27 spindle positions (Analysis Mode 2) of the same machine tool presented in 
Figure 4.13. The side view of this machine tool and the significant dimensions are 
shown on the left-hand side of the figure. On the right-hand side of the figure, the 
graph indicates the total volume of the intersection bodies for each spindle position. 
It shows that this machine does not have constant interference, and only spindle 
positions ‘111’, ‘121’ and ‘131’ have colliding interference (Figure 4.13 shows the 
first two positions of these three); in these cases the headstock interferes with the 
table. 
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Figure 4.14  Results of the clearance analysis (part one). 
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Figure 4.15  Results of the clearance analysis (part two). 

Figure 4.15 depicts another example of the clearance analysis performed for the 
same machine tool configuration presented in Figure 4.14. This machine has the 
same geometry except that the headstock of this machine has lower height. In this 
manner, the two fixed components have a constant interference. The volume of the 

Clearance Analysis Measure: 0.88 m3 

Clearance Analysis Measure: 0.14 m3 
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intersection body (or bodies) of this constant interference is 0.023 m3 and all the 
other colliding interferences are superimposed on this value. Compared to the case 
presented in Figure 4.14, this machine has additional colliding interferences when 
the table collides with the cross slide (see, e.g., spindle positions ‘211’, or ‘221’). It 
is partly due to the fact that the headstock is thinner and the table can reach the cross 
slide. 

Generally, at those machine tool models where the spindle direction is per-
pendicular to the table normal (see Figure 4.14 or Figure 4.15) the headstock always 
interferes with the table in some spindle positions (Figure 4.14 showed the case 
when only such interferences exist). Conversely, those interference cases where it is 
not the headstock that collides with the table are due to a wrong design and such 
cases must be identified by the clearance analysis and minimised by modifying the 
geometric parameters if possible. These different interference cases are reflected in 
the measure of the clearance analysis (C) that was chosen as follows: 
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 is the total volume of those intersection bodies where the headstock 

interferes with the table, and u is the number of such intersection bodies; ∑
v

j
jJ  is 

the total volume of any other intersection bodies where it is not the headstock and 
the table that interfere with each other, and v is the number of such interferences; p 
is the penalty term to penalise the latter interferences. The unit of I and J is m3. The 
results of the clearance analysis presented in Figure 4.14 and Figure 4.15 are 
obtained for the case where p = 1. 

The penalty term p can be useful for the optimisation of the geometric pa-
rameters of a machine tool model: setting p>1 will magnify the cases where it is not 
the headstock and the table that interfere. Especially such magnification is useful for 
those cases where such interferences are not constant interferences (i.e., a moving 
component collides with another component and this collision is not between the 
headstock and the table). 

The algorithm to perform the clearance analysis was developed in a manner 
that the intersection bodies are encountered, their volumes are calculated, and the 
measure of the clearance analysis is calculated according to Equation (4.4). This 
process is carried out for each spindle position. This algorithm was implemented as 
an operation of the class ‘Machine Tool’ because it can be generally executed for 
any kind of machine tool objects. 

4.9 Static Analysis 
An important aspect of machine tool design is to predict the stiffness of the designed 
structure because, generally, the designer has to achieve the stiffest machine 
structure possible. This section will present a method to measure the overall 
deformation of the structure of the synthesised machine tool models subject to a 
static cutting force. This measure can give information to the designer about the 

(4.4)
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stiffness of the machine structure. The idea of the static analysis was taken from 
Lipóth [Lipóth, 1993]. 

4.9.1 Measure of the Overall Deformation 
The measure of the deformation of the overall structure of the 3-axis machine tools 
is defined in the following manner. It is assumed that the components do not move 
on each other and the guideways are locked, so dynamic forces are not induced, i.e., 
we perform static analysis. Moreover, it is assumed that all the compliance of the 
structure is due to the compliant connections between the ‘moving components’78 
and the ‘carrier components’, more precisely, due to the compliance of the linear 
guideways and the actuator elements, while the bodies of the components and the 
workpiece are assumed to be infinitely rigid. This assumption can be made for our 
preliminary design level because practical experience as well as numerical finite 
element simulations show that the major part of the deformations of machine tool 
structures takes place in and around the guideways [KERNEL, 1995; De Fonseca, 2000]. 

In such a manner, each moving component can be displaced on its carrier 
component subject to external static forces. Such external static forces are the 
cutting force and the gravity forces. With regard to the cutting force, the structure is 
considered as an open chain of components and the cutting force is acting on the 
headstock-chain and on the table-chain separately: force F is exerted on the spindle 
(that means on the headstock) at the fictitious tool-end point (see definition in 
Section 3.4.4.1) and its counter force –F is exerted on the workpiece (that means on 
the table) at the point that is coincident with the fictitious tool-end point (see Figure 
4.16). In this manner, the structure of the headstock-chain will be deformed and the 
fictitious tool-end point will be displaced. Similarly, the structure of the table-chain 
will be deformed and the point that was coincident with the fictitious tool-end point 
will be displaced. The displacement between these two points is used to measure the 
stiffness of the overall structure. During the calculation of this displacement the 
gravity forces of the components can be optionally taken into account. Such gravity 
forces are superposed on the cutting force. It is optional because in several cases in 
reality the gravity forces can be completely or partially balanced (e.g., by counter-
balance weights, springs, hydraulic-pneumatic cylinders, etc. [Rivin, 1988]). Thus, we 
can perform static analysis within the Design System with or without the inclusion 
of the gravity forces. 

Figure 4.16 shows such displacements for the case of machine tools belong-
ing to the class ‘Machine Tool NT_TBL’ (i.e., where the neighbour of the table is 
the fixed member). In this case, due to force F, the headstock will be displaced on 
the headstock guideway and the cross slide will be displaced on the middle guide-
way. Similarly, due to force -F, the table will be displaced on the table guideway. 
This yields a resultant displacement δ between the headstock and the table. In the 
figure, the guideways are indicated by circles and the displaced components are 
shown by dotted lines. 

                                                           
78 Note that ‘moving’ here specifies the component type (see Section 3.4.1) and does not refer to 

the actual movement of the component during the analysis. 
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Figure 4.16 Displacement of the headstock relative to the table 

(part one: in the case of class ‘Machine Tool NT_TBL’). 

 
Figure 4.17  Displacement of the headstock relative to the table (part two). 

Figure 4.17 shows the cases of the other three machine tool classes. If the fixed 
member is the neighbour of the headstock [see Figure 4.17a)], the headstock-chain 
has one guideway and the table-chain has two guideways. If the fixed member is the 
headstock [see Figure 4.17b)], the headstock-chain is rigid and the table-chain has 
three components to be displaced on three guideways. And if the fixed member is 
the table [see Figure 4.17c)], the table-chain is rigid and the headstock-chain has 
three components to be displaced on three guideways. (For the geometric models of 
the four types of machine tools see, e.g., Figure 3.39 on page 115). 

In the following sections, we will first describe the model of the compliant 
connection of the components. That will be followed by the detailed description of 
the calculation of the displacement vectors. Then, we will define some measures for 
the static analysis. Finally, an example and some results will be given. 

4.9.2 Compliant Component Connections 
The compliance of the linear guideways and the actuator elements are modelled as 
follows (see Figure 4.18). The compliance of each carriage-rail connection is 
modelled by two springs in the centre of the carriage: one represents the lumped 
stiffness of the carriage-rail connection in the Y (lateral) direction and one is the 
lumped stiffness of the carriage-rail connection in the Z direction (the reference 
directions are determined by the primary coordinate system of the moving compo-
nent where the X direction is parallel with the drive direction of the guideway; see 
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Section 3.4.3). The positions and the effective directions of these springs are 
depicted in Figure 4.18 (see positions ‘B’, ‘C’, ‘D’ and ‘E’ and the eight springs kBY 
through kEZ). In order to obtain a general idea, we assume that the four carriage-rail 
connections of a guideway are the same; therefore, the spring factors in the Y as 
well as in the Z directions are equal: 

EYDYCYBYy kkkkk ==== , 

EZDZCZBZz kkkkk ==== . 

The lumped compliance of the actuator in the drive direction (X) is represented by a 
linear spring (see kact) that is located at the centre point of the four carriages (see 
position ‘A’ in Figure 4.18). This reflects the usual practice that the acting point of 
the actuator system is normally as close to this centre point as possible. Neverthe-
less, this position is expressed parametrically so that we can change it, as desired. 

 
Figure 4.18  Modelling the compliance of a component connection. 

The use of linear springs provides a satisfactory mechanical model because it can be 
seen in commercial catalogues, that, e.g., the linear rolling-element guideways, 
which are the most popular in machine tool construction today [Al-Bender, 1993], 
show linear stiffness characteristics (see, e.g., [Schneeberger]). 

The five positions of the springs (see ‘A’, ‘B’, ‘C’, ‘D’ and ‘E’ in Figure 
4.18) are expressed parametrically within the CAD model of each ‘moving compo-
nent’ with respect to the primary coordinate system (its origin is indicated with ‘P’ 
in Figure 4.18). As a result, if the geometry of the components changes, the position 
of such points will change as well. 

4.9.3 Calculations of the Displacements 
The calculation of the resultant displacement of the fictitious tool-end point is 
carried out in the following manner. First, the displacements of the three moving 
components with respect to their primary coordinate system are calculated. Then, 
such displacements are transformed to the frame that is located in the fictitious tool-
end point, where the resultant displacement is finally calculated. For such calcula-
tions Appendix J defines the necessary formulas, matrix operations and notations. 

(4.5)

(4.6)
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4.9.3.1 Displacement of a Moving Component 
The infinitesimal displacement of a moving component relative to its carrier 
component with respect to the primary coordinate system of the moving component 
{P} can be calculated as follows: 

FD P
1

PP K −= , 

where T
PPPPPP ∆z)∆y∆x∆γ∆β∆α( , , , , , =DP  is the displacement vector where 

∆αP , ∆βP  and ∆γP  are small rotations about the XP, YP and ZP axes, respectively; 
KP  is the stiffness matrix of the connection between the moving component and 

the carrier component; and T
zPyPxPzPyPxP )mmmfff( , , , , , =FP  is the 

resultant of the external forces acting on a moving component where xP f , yP f  and 

zP f  are the components of the resultant force, and xP m , yP m  and zP m are the 
components of the resultant moment. 

 
Figure 4.19  Lumped stiffnesses of a moving component–carrier component 

connection. 

KP  is constructed from the three stiffness factors of the nine springs presented in 
Figure 4.18 in the following manner. The general force in each carriage-rail 
connection with respect to a local frame {i} [see ‘B’, ‘C’, ‘D’ and ‘E’ in Figure 4.18 
and ‘i’ in Figure 4.19a)] can be calculated as 

DF iii K= , 

where Ki  is the stiffness matrix and Di  is the infinitesimal displacement; both are 
with respect to frame {i}. Taking into consideration that the compliance of each 
carriage–rail connection is modelled with two linear springs in the YP and ZP 
directions, Equation (4.8) can be written as 

32144444 344444 21321
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where yk  and zk  are the stiffness factors in the YP and ZP directions, respectively 
[see Equations (4.5) and (4.6)]. 

Similarly, the general force FA  between the actuator and the moving com-
ponent with respect to a local frame {A} [see ‘A’ in Figure 4.19b) and Figure 4.18] 
can be calculated as 

DF AAA K= , 

where AK is the stiffness matrix and DA  is the infinitesimal displacement; both are 
with respect to frame {A}. Taking into consideration that the compliance between 
the actuator and the moving component is modelled with a linear spring in the XP 
direction, Equation (4.10) can be written as 

321444444 3444444 21321
DF AAA K
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Since the four carriages and the actuator are connected in parallel, the (net) stiffness 
matrix PK can be calculated as the sum of the four stiffness matrices of the carriage-
rail connections and that of the actuator-moving component connection that are all 
transformed to the origin of the primary coordinate system (P): 

( ) 1A
PA

A
P

4

1i

1i
Pi

i
PP ΓKΓΓKΓK −

=

− += ∑ , 

where Γi
P  and ΓA

P  are the force-moment transformation matrices that transform 
the stiffness matrices written in terms of frames {i} and {A}, respectively, into their 
descriptions with respect to the primary coordinate system {P}. 

The FP  of Equation (4.7) (i.e., the resultant force acting on a moving com-
ponent) can be calculated from the cutting force and the gravity forces of the 
components as follows: 
- if the component under consideration is in the headstock-chain: 

( )∑
=

+=
m

1j
j

j
PT

T
PP ΓΓ GCF , 

- if the component under consideration is in the table-chain: 

( ) ( )∑
=

+−=
m

1j
j

j
PT

T
PP ΓΓ GCF . 

Index T in Equation (4.13) and (4.14) indicates the frame {T} that is the secondary 
coordinate system of the headstock (its origin is in the fictitious tool-end point and 
its axes are parallel with the primary coordinate system of the headstock (see Section 
3.4.7.5); hereinafter we will shortly refer to this frame as the tool frame; CT  is the 
cutting force loading the headstock-chain and acting in the origin of frame {T} and 

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)
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it is written in terms of frame {T}. CT  is given as input to the calculations. 
Equation (4.14) has the term CT−  because the force that loads the table-chain has 
the opposite direction of CT  (see Section 4.9.1). Index j represents the frame {j} 
whose origin is in the centre of mass of the moving component j and whose axes are 
parallel with the primary coordinate system of the moving component j; Gj  is the 

gravity force of the moving component j with respect to the frame {j}; ΓT
P  and 

Γj
P  are the force-moment transformation matrices that map the force vectors 
written in terms of frame {T} and frame {j}, respectively, into the primary coordi-
nate system of the moving component (frame {P}). Index m denotes the component 
under consideration and the components that this component ‘carries’. Index m can 
be either 1, or 2, or 3, depending on how many moving components there are in the 
component-chain going from the component under consideration to end-component 
of the component-chain. The end-component is either the headstock if the compo-
nent is in the headstock-chain [Equations (4.13)], or to the table if the component is 
in the table-chain [Equation (4.14)]. 

The gravity forces Gj  ( 16×  vectors) for Equations (4.13) and (4.14) are 
calculated as follows: 

( )








=

×13

j
j 0

w gVρ jjG , 

where wj  is the 13×  unit force vector (i.e., 1=wj ) of component j pointing into 

the direction of gravity with respect to frame {j} (origin is in the centre of mass; see 
above); jρ  is the density and jV  is the volume of component j, and g is the 

acceleration of gravity. wj  is calculated from the rotation matrices of the compo-
nents in the following manner: 

( ) zRw
n

1k

1
k

S
Pj 








= ∏

=

− , 

where ( )Tz 100 −= ,,  in the absolute coordinate system and k
S
P R  is the rotation 

matrix of component k that expresses the relative orientation of the secondary 
coordinate system (S) with respect to the primary coordinate system (P). Index k 
denotes the components being on the component-chain that starts with the compo-
nent j (k = 1) and ends with the fixed component (i.e., with the root fixed component 
in the case of the table-chain and with the second fixed component in the case of the 
headstock-chain; n = 1 or 2 or 3). 

Most of the calculations presented above are implemented in the class ‘Moving 
Component’ as general operations that can be called by any moving component 
objects (i.e., by moving tables, moving headstocks and cross slides; see Figure 3.11 
on page 78). 

4.9.3.2 Resultant Displacements 
Section 4.9.3.1 presented the method to calculate the displacement of a moving 
component with respect to its primary coordinate system. Such displacements are 

(4.15)

(4.16)
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calculated for each of the three moving components of a machine tool assembly and 
the following resultant displacement vectors are calculated from them: 

 ( )∑
=

=
n

1h
hPh

P
ThcT Γ DD , 

  ( )∑
=

=
m

1t
tPt

P
TtcT Γ DD , 

   tcThcTT DDD −= , 

where indices T indicate the tool frame (see definition above), and indices h and t 
denote the moving components in the headstock-chain or in the table-chain, 
respectively, (thus n+m = 3 because there are three moving components altogether); 

hcTD  is the resultant displacement vector of the components belonging to the 
headstock-chain in terms of frame {T}; tcTD  is the resultant displacement vector of 
the components belonging to the table-chain in terms of frame {T}; and DT  is the 
resultant displacement vector of all components in terms of frame {T}. hPD  and 

tPD  are the displacement vectors of the moving components in the headstock-chain 
(h) and the table-chain (t), respectively, with respect to their primary coordinate 
system (frames {P}); h

P
T Γ  and t

P
T Γ  are the force-moment transformation matrices 

between frames {T} and frames {P} in the headstock-chain and in the table-chain, 
respectively. 

4.9.4 Measures of the Static Analysis 
The resultant displacement vectors DT , hcTD  and tcTD  [see Equations (4.17), 
(4.18) and (4.19)] under specified cutting force (and, optionally, under the load of 
the gravity forces) can be used to measure the static deformation of the overall 
structure of the machine tools. Three measures were defined from the components of 
the three resultant displacement vectors in the following manner: 

 222222
1 ∆z∆y∆x∆γ∆β∆αS TTTTTT +++++= , 

 112 TwRwS TR += , 
 223 TwRwS TR += , 
where 

 222
1 ∆γ∆β∆αR TTT ++= , 

  222
1 ∆z∆y∆xT TTT ++= , 

 222222
2 tcTtcTtcThcThcThcT ∆γ∆β∆α∆γ∆β∆αR +++++= , 

  222222
2 tcTtcTtcThcThcThcT ∆z∆y∆x∆z∆y∆xT +++++= , 
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(4.17)

(4.18)

(4.19)
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S1, S2 and S3, provide us with three numbers to measure the stiffness of our machine 
tool structures. The smaller these numbers are, the stiffer the machine is. S1 is a 
simple Euclidian norm of the resultant displacement vector of the three moving 
components. We have to take care of using S1 because the units of the rotational and 
the translational quantities are different. Therefore, different measures were defined 
for the rotational terms – R1 and R2 – and for the translational terms – T1 and T2. 
Instead of S1 it is better to use S2 or S3 that are the weighted sums of R1 and T1, or R2 
and T2, respectively, where wR and wT are the corresponding weight factors [Gupta, 
1997]. The measures defined here will be used for the formulation of the objective 
functions of the optimisations (see Chapter 5). 

4.9.5 An Example and Results 
The displacement calculations were presented above for general cases. Such 
calculations differ slightly in the case of the four machine tool classes. In this section 
the calculations for the class ‘Machine Tool NT_TBL’ will be presented in more 
detail. The calculations of the other three classes are similar. 

Figure 4.20 shows a typical machine tool of class ‘Machine Tool NT_TBL’ 
(this machine has exactly the same geometry as the machines shown in Figure 4.13 
or Figure 4.14 or Figure 4.15). 

 
Figure 4.20  An example of the displacement calculations. 

The three moving components in this case are the ‘table’, the ‘cross slide’ and the 
‘headstock’, and the two fixed components are the ‘root base’ and the ‘second base’. 
In Figure 4.20, frame {A} is the primary coordinate system of the ‘table’ and it is 
also the secondary coordinate system of the ‘root base’. Frame {B} is the primary 
coordinate system of the ‘root base’. Frame {C} is the primary coordinate system of 
the ‘second base’. Frame {D} is the primary coordinate system of the ‘cross slide’ 
and it is also the secondary coordinate system of the ‘second base’. Frame {E} is the 
primary coordinate system of the ‘headstock’ and it is also the secondary coordinate 
system of the ‘cross slide’. Frame {T} is the secondary coordinate system of the 
‘headstock’ and this is the tool frame where the cutting force that acts on the 
headstock-chain is defined. In addition we define the following frames for the three 
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moving components (they are not indicated in Figure 4.20): frame {CT} is in the 
centre of mass of the ‘table’ and is parallel with frame {A}; frame {CC} is in the 
centre of mass of the ‘cross slide’ and is parallel with frame {D}; and frame {CH} is 
in the centre of mass of the ‘headstock’ and is parallel with frame {E}; 

Suppose, that the rotation matrices (R), the translation vectors (p) and the 
homogeneous transformation matrices (T) between the frames defined above have 
previously been calculated and they are stored in the database of the five compo-
nents: 

TpR A
B

AB,
B

A
B →, : stored in the ‘root base’; 

TpR C
B

CB,
B

C
B →, : stored in the ‘root base’; 

TpR D
C

DC,
C

D
C →, : stored in the ‘second base’; 

TpR E
D

ED,
D

E
D →, : stored in the ‘cross slide’; 

TpR T
E

TE,
E

T
E →, : stored in the ‘headstock’; 

TpR CT
A

CTA,
A

CT
A →, : stored in the ‘table’; 

TpR CC
D

CCD,
D

CC
D →, : stored in the ‘cross slide’; 

TpR CH
E

CHE,
E

CH
E →, : stored in the ‘headstock’; 

The arrows above indicate that the homogeneous transformation matrices are 
constructed from the rotation matrices and the translation vectors and they are 
indirectly stored with the components. The compound transformations, the necessary 
force-moment transformations and the specific inverse matrices that are used for the 
static analysis are constructed from the matrices presented above (for further details 
of the necessary matrix operations see Appendix J). 

The 13×  unit vectors that express the direction of gravity with respect to the 
primary coordinate system of each moving component are calculated as follows: 
- for the ‘table’ [n = 1 in Equation (4.16); we are in the table-chain]: 

zRw 1A
BA

−= , 

- for the ‘cross slide’ [n = 1 in Equation (4.16); we are in the headstock-chain]: 

zRw 1D
CD

−= , 

- and for the ‘headstock’ [n = 2 in Equation (4.16); we are in the headstock-chain]: 

( )zRRw 1D
C

1E
DE

−−= , 

where ( )Tz 100 −= ,, . 
From these unit vectors the 16×  gravity force (G) of each moving compo-

nent with respect to the frame, located in the centre of mass, is calculated according 
to Equation (4.15). The corresponding mass density is given as input to the static 
analysis and the volume is calculated from the geometry. Thus, GCH  for the 
‘headstock’, GCC  for the ‘cross slide’ and GCT  for the ‘table’ can be calculated. 

The cutting force T
zTyTxTzTyTxT )mmmfff( , , , , , =CT  acting in the ori-

gin of frame {T} with respect to frame {T} is given as input to the static analysis. 

(4.27)

(4.28)

(4.29)
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According to Equation (4.13) the 16×  resultant force acting on the ‘head-
stock’ with respect to frame {E} is calculated as follows: 

GCF CH
CH

ET
T
EE ΓΓ += , 

where the force-moment transformation matrices ΓT
E  and ΓCH

E  are composed 
from the corresponding homogeneous transformation matrices (see Appendix J): 

ΓT
ΓT

CH
E

CH
E

T
E

T
E

→
→  . 

There are three forces acting on the ‘cross slide’: the cutting force, the gravity 
force of the ‘cross slide’ and the gravity force of the ‘headstock’. Therefore, 
according to Equation (4.13) the resultant force acting on the ‘cross slide’ with 
respect to frame {D} is calculated as follows: 

GGCF CH
CH

DCC
CC

DT
T
DD ΓΓΓ ++= , 

where the force-moment transformation matrices are composed as 

ΓTTT
ΓT
ΓTTT

CH
D

CH
E

E
D

CH
D

CC
D

CC
D

T
D

T
E

E
D

T
D

→=
→
→=

 . 

According to Equation (4.14) the resultant force acting on the ‘table’ with re-
spect to frame {A} is calculated as follows: 

( ) GCF CT
CT

AT
T
AA ΓΓ +−= , 

where 

ΓTT
ΓTTTTTT

CT
A

CT
E

CT
A

T
A

T
E

E
D

D
C

C
B

1A
B

T
A

→=
→= −

 . 

The stiffness matrices of the moving component–carrier component connec-
tions with respect to the primary coordinate systems of the moving components are 
calculated according to Equation (4.12). In our example, they are KA  for the 
‘table’, KD  for the ‘cross slide’ and KE  for the ‘headstock’. 

According to Equation (4.7) the displacements of the moving components are 
calculated as follows: 

FD
FD
FD

E
1

EhE

D
1

DcD

A
1

AtA

K
K
K

−

−

−

=
=
=

 , 

where tAD , cDD  and hED  are the 16×  infinitesimal displacements of the ‘table’, 
the ‘cross slide’ and the ‘headstock’ with respect to their primary coordinate 
systems, respectively. 

Finally, the resultant displacement vector with respect to the tool frame 
(frame {T}) is calculated according to Equation (4.17) (n = 2 and m = 1): 

 
 
 

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)
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DD −+=  , 

where 1T
D

D
T ΓΓ −=  [see Equation (4.33)], 1T

E
E
T ΓΓ −=  [see Equation (4.31)] and 

1T
A

A
T ΓΓ −=  [see Equation (4.35)]. cTD , hTD  and tTD  indicates the displacements 
of the ‘cross slide’, the ‘headstock’ and the ‘table’ with respect to frame {T}, 
respectively. Figure 4.21 depicts the graphical meaning of Equation (4.37) in 2D. 

 
Figure 4.21  Displacement vectors. 
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Figure 4.22  Displacement map of a machine tool structure 

( T),,,-,,( Nm50000N100000=CT ; kx = ky = kact = 1 kN/µm). 

Figure 4.22 shows typical results of the static analysis performed for all the 27 
spindle positions (see Analysis Mode 2 in Section 4.7 and Figure 4.13 for the 
definition of the 27 spindle positions) of the machine tool presented in Figure 4.20. 
The input data for the calculations were set in the following manner. The geometry 
was derived from a cubic workspace of m1m1m1 ×× . According to [Schneeberger] 
all the stiffness factors were equally set to kx = ky = 1 kN/µm for each of the three 
guideways and stiffness of each of the three actuators was also set to kact = 1 kN/µm 
(see Section 4.9.2). The cutting force was set to T),,,-,,( Nm50000N100000=CT  
that simulates a drilling or boring process [Erzi, 1997]. The gravity forces were 

(4.37)
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neglected. The first graph in Figure 4.22 shows the values of the rotational measure 
R defined by Equation (4.21) in microradians. The second graph in Figure 4.22 
shows the values of the translational measure T defined by Equation (4.24) in 
micrometers. 

Figure 4.23 shows the exaggerated results of the static analysis presented 
above (same machine, same geometry, same data) for the spindle position ‘222’ 
(where all the three moving components are in their middle positions). 

                               

m
f

 
Figure 4.23  Demonstration of a deformed structure. 

4.9.6 Static Deformations Postprocessor 
The static deformations postprocessor (SDP) was developed for the static analysis in 
order to display the computed displacements of the machine tool components. SDP 
takes the results of the static analysis, calculates the displacement of each moving 
component in its absolute coordinate system and displays these displacements on the 
screen using the displaying capabilities of the CAD System (UnigraphicsTM). For 
example, the picture shown in Figure 4.23 above was made by the SDP in such a 
manner that the cutting force was scaled to an unrealistically high value. 

The displaced components are displayed in a manner that a copy of the solid 
body geometry of each moving component is created using a transformation that 
expresses the displacement of the local absolute coordinate system of each moving 
component79. Since the primary coordinate system of a moving component is by 
definition parallel with its absolute coordinate system (see Section 3.4.3) and the 
absolute coordinates are always known in the CAD system, the displacement of a 
moving component in terms of its primary coordinate system [see Equations (4.7) or 
(4.36)] is used to generate the transformation matrix to create a copy of the solid 
body. To calculate this matrix we have to take into account whether the moving 
component under consideration is sitting on another moving component that has also 
been displaced. The displacement of a moving component with respect to its 
absolute coordinate system is calculated as follows: 

 

                                                           
79 UnigraphicsTM requires that the absolute coordinate system must be used to create a transforma-

tion of the geometry defined in a part file 

Tm),,f,,,( 0000=CT
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+= ∑

=

n

1i
iPi

Pi
PCPC

PC
absabs ΓΓ DDD , 

where index abs indicates the absolute coordinate system of the moving component 
under consideration; index PC means the frame {PC} that is the primary coordinate 
system of the component under consideration; index i indicates the moving compo-
nents between the component under consideration and the fixed component of the 
same chain (n = 0 or 1 or 2); Pi indicates the frame {Pi} that is the primary coordi-
nate system of the latter components. 

Taking the example shown above in Section 4.9.5 (see Figure 4.20 as well), 
the ‘cross slide’ carries the ‘headstock’ but there is no moving component that 
would carry the ‘cross slide’ or the ‘table’. Consequently, for the three moving 
components, Equation (4.38) becomes 

( )

tA
A

AHAT

cD
D

ACAC

cD
1E

DhE
E

AHAH

Γ
Γ

ΓΓ

DD
DD

DDD

=
=

+= −

, 

where frame {AH}, frame {AC} and frame {AT} are the absolute coordinate 
systems of the ‘headstock’, the ‘cross slide’ and the ‘table’, respectively; tAD , cDD  
and hED  are the displacements of the ‘table’, the ‘cross slide’ and the ‘headstock’ 
with respect to their primary coordinate systems, respectively [see Equation (4.36)]; 
and the ‘ Γ ’s are the force-moment transformations between the frames. 

The transformation matrix to copy the geometry of a moving component is 
constructed from the components of the 16 ×  displacement vector 

T
absabsabsabsabsabs ∆z)∆y∆x∆γ∆β∆α( , , , , , =Dabs  calculated above [see Equation 

(4.38)] in the following manner: 

tzyxabs TTTTT = , 

where Tabs  is the 44×  homogeneous transformation matrix that expresses the 
displacement (i.e., rotation and translation) of the absolute coordinate system of the 
component with respect to the original absolute coordinate system; xT  is a 44×  
transformation that expresses the rotation about the X axis of the absolute coordi-
nate system with ∆αabs ; yT  is a 44×  transformation that expresses the rotation 

about the Y axis of the absolute coordinate system with ∆βabs ; zT  is a 44×  
transformation that expresses the rotation about the Z axis of the absolute coordinate 
system with ∆γabs ; and tT  is a 44×  transformation that express the translation 

with a vector t where T
absabsabs ∆z)∆y∆x( , , =t . 

This construction method, i.e., the multiplication, of the Tabs  matrix was 
necessary because of the internal format of UnigraphicsTM. xT , yT , zT , and tT , as 

well as Tabs  matrices are constructed with special UnigraphicsTM API functions that 
assure that the resulting Tabs  matrix will not be singular and meets the internal 
requirements of UnigraphicsTM. 

(4.38)

(4.39)

(4.40)
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Figure 4.24 shows the results of the static analysis using the static deforma-
tions postprocessor for three spindle positions of a machine tool geometry where the 
table is in the first extreme (221), middle (221) and second extreme (333) positions 
on the table guideway. The workspace here was also a m1m1m1 ××  cubic, the 
stiffness factors were set to unrealistically low values, the cutting force was set to 
zero and only the gravity forces were taken into account. 

232 233231
1: Moving component in extreme-0 position
2: Moving component in middle position
3: Moving component in extreme-1 position  

Figure 4.24  Using the static deformations postprocessor. 

During the development of the static analysis, the static deformations postprocessor 
was a valuable debugging/testing tool. It is also a valuable tool for the user of the 
Design System because it is possible directly to see and evaluate the deformation of 
the machine tool structures for particular loading conditions. 

4.10 Dynamic Analysis 
To predict the natural frequencies of the structure during the preliminary design is 
one of the basic requirements of machine tool design. It is a well-known fact that 
‘low’ natural frequencies are very undesirable from the viewpoint of both manufac-
turing accuracy and control system performance. It is a rule of thumb for designers 
that the bandwidth of the control system will not exceed one-half of the lowest 
structural natural frequency. Consequently, increasing the lowest structural natural 
frequency by the design of the structure, the bandwidth of the control system can 
also be increased, which will enhance the control system’s performance, thus the 
manufacturing accuracy and speed. [Rivin, 1988; Van Brussel, 1999] Therefore, the 
dynamic analysis tool of the Design System was developed to calculate the natural 
frequencies of the synthesised machine tool structures. Having this tool at our 
disposal, we can include the maximisation of the first natural frequency in the 
objectives of the optimisation processes (see Chapter 5). 

For the calculation of the natural frequencies, a similar model was used that 
was presented for the static analysis. Within this model the moving components are 
assumed to be rigid, and the guideway are modelled by linear springs and dampers. 
This simple model can be applied at our preliminary design phase where we do not 
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have any details about the ‘inside’ (e.g., stiffening ribs) of the structural compo-
nents. As a first approximation, it can be assumed that the resonances are due to the 
flexible guideways, especially concerning the lowest resonance frequency [KERNEL, 
1995; De Fonseca, 2000]. 

4.10.1 The Method of the Dynamic Analysis 
For the calculation of the first natural frequencies Robotran© that is a multi-body 
dynamic analysis tool was applied for the generation of the equations of motion. 
Furthermore, a third party numeric solver was adapted and integrated into the 
Design System. This numeric solver uses the generated equations of motion and 
calculates the natural frequencies of the structure under consideration. The first (the 
lowest) natural frequency was chosen to be the measure of the dynamic analysis. 

 
Figure 4.25  Method of the dynamic analysis. 

This method is shown in Figure 4.25. The area bounded by dotted grey lines 
indicates the elements that are integrated into the Design System and shows the 
process that can be executed within the Design System. Outside of this area, 
indicated by dotted grey line, the process of using Robotran© can be seen in Figure 
4.25. This process shows that the necessary equations of motions were generated 
only once in a manner that two parametric Robotran models were created that can be 
used for all the machine tool structures the Design System can generate. These 
elements and this process will be described in detail in the following sections. 

4.10.2 Modelling with Robotran© 
Robotran© is a software tool developed for multibody system analysis at the 
Université Catholique de Louvain, Department of Mechanical Engineering, Division 
PRM (UCL-PRM). Robotran© computes the multibody equations of motion using 
the Newton/Euler recursive scheme with explicit and recursive extraction of the 
mass matrix of the system. Robotran© generates the symbolic equations of motion in 
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a very compact form. This means that data (such as some vector or inertia compo-
nents) being equal to ‘zero’ for the envisaged application are eliminated from the 
dynamic expressions. This allows us to avoid unnecessary operations such as, e.g., 
“0+A” or “0·A”. Robotran© simplifies many trigonometric expressions and it also 
eliminates the unnecessary elements during the recursive generation of the symbolic 
equations. Thus, the CPU time during the numerical treatment of the symbolic 
equations can be substantially decreased. [Maes et al., 1989; Samin & Fisette, 1997] 

Robotran Release 3.0 was applied to model our machine tools and to gener-
ate the reduced symbolic equations of motion [Robotran, 1998]. Appendix K presents 
the modelling conventions and notations of Robotran©. 

4.10.3 Machine Tool Models in Robotran© 
Note that although these models were developed at UCL-PRM80 they are presented 
here because the parameters of these models are used by the Design System. 

Because the number of the machine tool variants that the Design System can 
configure is very large, it would be beneficial if one or a limited number of general 
Robotran© models were established. This would decrease the number of cases of the 
dynamic analysis where each case involves a treatment of a group of machine tools 
for which a general Robotran© model is valid. During the establishment of the 
Robotran© models our aim was to create as general, thus as few, models as possible 
because, then, the number of different cases of the dynamic analysis would be less, 
consequently, the generation of equations of motion by Robotran©, the development 
of the numerical algorithms that solve the generated dynamic equations, and the 
software integration of these numerical algorithms into the Design System would 
need less effort as well. It turned out that two Robotran© models could describe all 
the machine tool configurations that the Design System can generate. Sketches of 
these two models are shown in Figure 4.26. A unified scheme of both models 
illustrating the necessary modelling data is shown in Figure 4.27. The reasons for 
the establishment of these two general models are the following. 

We saw in Chapter 3 that the fixed members of our machine tools could be 
one of the four members. According to this topological distinction, the machine 
tools could be grouped into four major classes (see Section 3.5.1). Our machine 
tools can also be grouped into two bigger families called ‘serial’ and ‘parallel’. 
Machines of the family ‘serial’ have one serial topology where either the headstock 
or the table is the fixed member, so that the three moving components (i.e., either the 
table or the headstock, and the two cross slides) are assembled on each other in 
series [see Figure 4.26a)]. Thus, machines of the classes ‘Machine Tool TBL’ and 
‘Machine Tool HST’ belong to the family ‘serial’. Machines of the family ‘parallel’ 
[see Figure 4.26b)] have two serial structures in parallel where both the spindle and 
the table are moving components, i.e., the fixed member is either the neighbour of 
the table or the neighbour of the headstock. Thus, machines of the classes ‘Ma-
chine Tool NT_TBL’ and ‘Machine Tool NT_HST’ belong to the family ‘parallel’. 

For these two machine tool families two Robotran© models were created. 
These two models are very similar: each of them has 28 bodies of which only three 
represent the three real bodies, i.e., the three moving components, of the machine 

                                                           
80 Special thanks to Paul Fisette who worked out the major parts of these models. 
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tools; body 0 is the base body which represents the fixed member of the machine 
tools; and the other 24 bodies are fictitious bodies to model the various relative 
position and orientation as well as the compliance of the three guideways. These 28 
bodies can be treated in three similar groups, therefore, hereafter, we identify them 
generally with bodies i through i+9, where i = 0, 9 and 18. 
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Figure 4.26  Multi-body models in Robotran©. 

4.10.3.1 Modelling the Three ’Moving Components’ and the Fixed Member 
The three ‘moving components’ of the machine tools are modelled by bodies 9, 18 
and 27 (they are indicated by grey circles in Figure 4.26 and Figure 4.27). Using the 
indexing convention introduced above, they are bodies i+9, where i = 0, 9 and 18. 
The fixed member is modelled by the body 0 in a manner that the frame of this 
inertial body 0 was chosen to be the work coordinate system (WCS) of the machine 
tools (see definition of WCS in Section 3.4.5.1), i.e., {X0}={WCS} (see {WCS} in 
Figure 4.27). With regard to these bodies, the following data are needed for the 
dynamic analysis: the mass of the bodies mi+9, the position of the centre of masses 
li+9, and the inertia tensors Ii+9.  mi+9 are calculated as follows: 

999 +++ = iii Vρm , 

where ρi+9 is the mass density and Vi+9 is the volume of the corresponding ‘moving 
component’. ρi+9 is chosen given as input to the Design System, and Vi+9, li+9 and 
Ii+9 are calculated from the geometry of the solid bodies within the CAD system. For 
li+9 and Ii+9 the centre of masses, CMi+9, must also be calculated. The frames of 
bodies i+9, {Xi+9}, are, by definition (see Appendix K), located in the centre of mass 

(4.41)
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of the bodies, and they are chosen to be parallel with the primary coordinate system 
of the corresponding ‘moving components’. The anchor points of joints i+9 on 
bodies i+9 were chosen to be located in the acting position of the actuators. These 
positions were defined in Section 4.9.2 (see Figure 4.18 on page 166) as point ‘A’ 
which corresponds to the points Ai+9 in Figure 4.27. 

Figure 4.28 (on page 183) shows an example of machine tools of the family 
‘parallel’ and from the class ‘Machine Tool NT_TBL’. In this case the WCS is the 
primary coordinate system of the ‘root base’, thus, it is the inertial frame. Body 9 is 
the ‘cross slide’, body 18 is the ‘headstock’ and body 27 is the ‘table’. 

 
Figure 4.27  Unified scheme for the two Robotran© models of machine tools. 
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4.10.3.2 Modelling the Various Guideway Orientations 
We saw in Chapter 3 that the three guideways of our 3-axis machine tools have 
various relative positions and orientations. By the application of a special modelling 
method in Robotran©, these relative positions and orientations can be described by 
the introduction of three revolute joints and three fictitious bodies, connected in 
series, at each guideway. In Figure 4.26 and Figure 4.27 these fictitious bodies are 
the bodies 1, 2 and 3 for the ‘first guideway’, bodies 10, 11 and 12 for the ‘second 
guideway’, and bodies 19, 20 and 21 for the ‘third guideway’. Using the indexing 
convention introduced above they are bodies i+1, i+2 and i+3, where i = 0, 9, and 
18. These fictitious bodies have no mass, and the origins of their frames are 
coincident which means that point Ai+1 coincides with point Ai+4 in Figure 4.27. 
Therefore, mi+1 = mi+2 = mi+3 = 0, li+1 = li+2 = li+3 = 0, the components of Ii+1, Ii+2 
and Ii+3 are zero, and di+2 = di+3 = 0. The joint i+1 that precedes the first fictitious 
body (body i+1) is a revolute joint about the X direction of the frame {Xi} (this is 
indicated by R1 in Figure 4.26 and Figure 4.27), the joint i+2 that precedes the 
second fictitious body (body i+2) is a revolute joint about the Y direction of the 
frame {Xi+1} (this is indicated by R2 in Figure 4.26 and Figure 4.27), and the joint 
i+3 that precedes the third fictitious body (body i+3) is a revolute joint about the Z 
direction of the frame {Xi+2} (this is indicated by R3 in Figure 4.26 and Figure 
4.27). These three revolute joints have the three generalized coordinates qi+1, qi+2 
and qi+3 where 0321 === +++ iii qqq &&&  and 0321 === +++ iii qqq &&&&&& . The difference 
between the two machine tool models is that in the case of the machine tool family 
‘serial’ joint 19 (R1) is established between bodies 18 and 19, while in the case of 
the family ‘parallel’ joint 19 is established between bodies 0 and 19. Consequently, 
the vector d19 that is indicated by a dark bold arrow in Figure 4.27 is valid for the 
machine tool family ‘serial’, and the vector d19

* that is indicated by a grey dashed 
arrow in Figure 4.27 is valid for the machine tool family ‘parallel’. 

The anchor points of joints i+1, i+2, i+3 as well as i+4 (see below) were cho-
sen to be located in the actuator positions. These positions were defined in Section 
4.9.2 (see Figure 4.18 on page 166) as point ‘A’ which corresponds to the point Ai+1 
or Ai+4 (they coincide) in Figure 4.27. Therefore, the ‘joint vector’ of joint i+1 di+1 
(see definition in Appendix K) corresponds to the translation vectors between the 
origin of the frame {WCS} and A1/A4 (this is d1) or A19/A22 (this is d19

*; see grey 
dashed vector in Figure 4.27), between A9 and A10/A13 (this is d10), and between A18 
and A19/A22 (this is d19). 

As a result, qi+1, qi+2, qi+3 and di+1 (where i = 0, 9, and 18) are considered as 
parameters to the equations of motions and all the other quantities of these fictitious 
bodies are zero. In this manner we have obtained a parametric kinematic description 
of the relative position and orientation of the guideways. During the numerical 
treatment of the resulting dynamic equations of motion, qi+1, qi+2, qi+3 and di+1 are 
initialised to constant values according to the actual configuration of the machine 
tool that is subject of the dynamic analysis. Since qi+1, qi+2, and qi+3 are three 
subsequent rotations about the X axis of frame {Xi}, the Y axis of frame {Xi+1} and 
the Z axis of frame {Xi+2}, respectively, they are the so-called X-Y-Z Euler angles 
[Craig, 1989] of the rotation matrices that map orientations of frame {Xi+3} with 
respect to frame {Xi}. These frames {Xi+3} and {Xi} correspond to the secondary 
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and primary coordinate systems, respectively, of the ‘carrier components’ of the 
machine tools (see Section 3.4.3). Therefore, the values of the Euler angles can be 
calculated from the rotation matrices of the corresponding ‘carrier components’, but 
since they can have the value 0, ±π/2 or π, the values of the Euler angles were 
previously calculated and stored for each ‘carrier component’ and they can be 
simply retrieved from their databases. 

 
Figure 4.28  Example of machine tool model for the dynamic analysis. 

As an example, in the case of the machine tool shown in Figure 4.28 bodies 1, 2 and 
3 model the orientation of the middle guideway, bodies 10, 11 and 12 model the 
orientation of the headstock guideway, and bodies 19, 20 and 21 model the orienta-
tion of the table guideway. In Figure 4.28 the three actuator points are indicated by 
three ‘A’s. The three important joint vectors for this machine tool are initialised as 
follows: d1 points from the origin of frame {WCS} to the acting point of the actuator 
that moves the ‘cross slide’ on the ‘second base’; d10 points from the latter point to 
the acting point of the actuator that moves the ‘headstock’ on the ‘cross slide’; and 
d19 points from the origin of frame {WCS} to the acting point of the actuator that 
moves the ‘table’ on the ‘root base’. The values of the three times three Euler angles 
are as follows (note that Figure 4.20 on page 171 shows the necessary coordinate 
systems of the same machine of Figure 4.28): q1=0, q2=0, q3= π/2 (stored in the 
‘second base’);  q10=π/2, q11=0, q12=π/2 (stored in the ‘cross slide’);  q19=0, q20=0, 
q21=0 (stored in the ‘root base’). 

4.10.3.3 Modelling the Compliant Component Connections 
The assumptions made for the static analysis are also valid for the dynamic analysis, 
i.e., the bodies of the moving components of the machine tools are assumed to be 
rigid and the compliance of the structure is due solely to the compliant connections 
between the ‘moving components’ and the ‘carrier components’. We saw in Section 
4.9.2 that the compliance of a linear guideway is modelled by eight linear springs 
and the compliance of an actuator is modelled by a linear spring too. Here in the 
dynamic analysis, in addition to the eight linear springs modelling the guideways, 
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there is a viscous damping modelled in parallel with each of these eight springs (see 
‘Link l’ in Figure K.1 in Appendix K). 

For this, each connection between a moving component and a carrier compo-
nent was modelled in a way that free motion can be allowed between them. It was 
modelled by the application of another special method that models a general 6 DOF 
joint. By this modelling method, five fictitious bodies were introduced that are 
connected to each other and to the other bodies with three prismatic and three 
revolute joints in series. Using the convention introduced above, these three times 
five fictitious bodies are the bodies i+4 through i+8, where i = 0, 9 and 18. They are 
connected between the three fictitious bodies introduced in Section 4.10.3.2 above 
and the bodies modelling the ‘moving components’ of the machine tools (see 
Section 4.10.3.1); i.e., they are between bodies i+3 and i+9. The joints i+4 that 
precede bodies i+4 are prismatic joints modelling the movements along the X axis of 
the frame {Xi+3} (these are indicated by T1 in Figure 4.26 and Figure 4.27). Note 
that these are the drive directions of the corresponding guideways. The joints i+5 
and i+6 that precede bodies i+5 and i+6 are prismatic joints modelling the move-
ments along the Y and Z axes of the frames {Xi+4} and {Xi+5}, respectively (they are 
indicated by T2 and T3, respectively, in Figure 4.26 and Figure 4.27). The joints 
i+7, i+8 and i+9 that precede bodies i+7, i+8 and i+9 are revolute joints modelling 
the movements about the X, Y and Z axes of the frames {Xi+6}, {Xi+7} and {Xi+8}, 
respectively (they are indicated by R1, R2 and R3, respectively, in Figure 4.26 and 
Figure 4.27). The generalized coordinates of these six joints are qi+4 through qi+9. 
The fictitious bodies introduced here have no mass and the corresponding joint 
vectors are zero; therefore, mi+n = 0, li+n = 0, the components of Ii+n are zero, and 
di+n = 0, where n = 4…8. 

As an example, in the case of the machine tool shown in Figure 4.28 bodies 4 
through 8 model the 6 DOF motion between the ‘second base’ and the ‘cross slide’, 
bodies 13 through 17 model the 6 DOF motion between the ‘cross slide’ and the 
‘headstock’, and bodies 22 through 26 model the 6 DOF motion between the ‘root 
base’ and the ‘table’. 

To model the stiffness of the actuator along the drive direction at each 
guideway, the following rule was defined for the joint force of the actual prismatic 
joint (that is always a T1 joint): 

44 ++ −= iacti qkf , 

where i = 0, 9 and 18; fi+4 is the force along the (prismatic) joint i+4 (i.e., along the 
drive direction of the actual guideway); kact is the lumped stiffness of the actuator 
along the drive direction of the actual guideway; qi+4 is the generalised coordinate of 
the (prismatic) joint i+4. Note that kact is defined in the same manner as it was 
defined in Section 4.9.2 (see Figure 4.18 on page 166). In the CAD models of the 
machine tools points Ai+4 coincide with Ai+9. 

The compliance of each guideway in the other five directions are modelled 
by eight spring/damper elements [see Section e) in Appendix K]. These 24 
spring/damper elements link bodies i+4 and i+9 (where i = 0, 9 and 18). The primary 
anchor points of these spring/damper elements are located on bodies i+4 and they 
are indicated with Pw+n in Figure 4.27, where 

w = 0 if i = 0,  w = 8 if i = 9,  and w = 16 if i = 18;  where n = 1…8 . 

(4.42)
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The secondary anchor points of these spring/damper elements are located on bodies 
i+9 and they are indicated by Sw+n in Figure 4.27. Pw+n and Sw+n are determined by 
the points ‘B’, ‘C’, ‘D’ and ‘E’ defined in Section 4.9.2 in Figure 4.18 (see on page 
166). Those ‘B’, ‘C’, ‘D’ and ‘E’ points correspond to the points Bi+4, Ci+4, Di+4 and 
Ei+4 as well as to the points Bi+9, Ci+9, Di+9 and Ei+9 in Figure 4.27. In the CAD 
models of the machine tools the points Bi+4, Ci+4, Di+4 and Ei+4 coincide with the 
points Bi+9, Ci+9, Di+9 and Ei+9, respectively, as is shown, for example, in Figure 
4.28. Points Pw+n are located at a distance zn/2 from the corresponding points Bi+4, 
Ci+4, Di+4 and Ei+4 in the Y or Z directions of the actual frame {Xi+4}, where zn 
means the positive neutral length of the springs. The positions of the points Pw+n are 
expressed by the dbpw+n vectors from the anchor points of links i+4 on bodies i+4 in 
terms of frames {Xi+4}. Similarly, points Sw+n are located at a distance zn/2 from the 
corresponding points Bi+9, Ci+9, Di+9 and Ei+9 in the Y or Z directions of frame 
{Xi+9}. The positions of the points Sw+n are expressed by the dbsw+n vectors from the 
anchor points of link i+9 on bodies i+9 in terms of frames {Xi+9}. [For the general 
definition of the dbpw+n and dbsw+n vectors see Section e) in Appendix K.] Thus, for 
example, P4 that is the primary anchor point of link 4 on body 4 is located at a 
distance zn/2 from point C4 in the negative Z direction of the frame {X4} (which 
frame is parallel with the secondary coordinate system of the carrier component of 
the actual guideway); this position vector is indicated by the grey dbp4 vector in 
Figure 4.27. The secondary anchor point of link 4 on body 9, S4, is located at a 
distance zn/2 from point C9 in the positive Z direction of the frame {X9} (which 
frame is parallel with the primary coordinate system of the moving component of the 
actual guideway); this position vector is indicated by the grey dbs4 vector in Figure 
4.27. (Because of readability the other dbpw+n and dbsw+n vectors are not indicated in 
Figure 4.27). 

The following rule was defined for the link force of the three times eight 
spring/damper elements that model the guideway connections: 

( ) nwnwnwnw zcznzkf ++++ +−= & , 

where w = 0, 8 and 16; and n = 1…8; fw+n is the force along the direction that 
connects the primary anchor points, Pw+n, and the secondary anchor points, Sw+n, of 
link w+n; kw+n is the stiffness factor of the actual springs; zn is the positive neutral 
length of the springs (see above); c is the damping coefficient of the dampers; zw+n 
and nwz +& are the relative displacements and velocities, respectively, of the points 
Sw+n relative to the points Pw+n along the direction that connects these anchor points 
of link w+n. kw+n is equal to the stiffness in either the horizontal (Y) or the vertical 
(Z) direction of the carriage-rail connections of the guideway [see Equations (4.5) 
and (4.6) on page 166], i.e., 

0...11  where,   
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12 if  
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The values of actk , yk  and zk , as in the case of the static analysis, are given as 

input values to the Design System. Similarly, zn and c are input values. zw+n and 
nwz +&  are calculated by Robotran© internally. zn was chosen to be large enough to 

(4.43)

(4.44)
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keep a long distance between the anchor points of the links; in the examples that will 
be shown in this dissertation zn was set to 10 meters. 

4.10.3.4 Modelling the Cutting Force 
The cutting force was modelled by two force-torque pairs as external forces, namely, 
frc18/trq18, and frc27/trq27 acting on bodies 18 and 27 in their centre of mass CM18 
and CM27, respectively. The definition of these forces is the same as in the case of 
the static analysis (see Section 4.9.1), so the frc18/trq18 and frc27/trq27 are forces that 
counter each other. During the numerical treatment of the resulting dynamic 
equations of motion, frc18/trq18 and frc27/trq27 are initialised according to the actual 
values of the cutting force as follows: 
- for the ‘headstock’ components: 

CF T
T

CHCH Γ=  

- for the ‘table’ components: 
( )CF T

T
CTCT Γ −=  

where frame {CH} is in the centre of mass of the ‘headstock’ and is parallel with the 
primary coordinate system of the ‘headstock’; frame {CT} is in the centre of mass of 
the ‘table’ and is parallel with the primary coordinate system of the ‘table’; frame 
{T} is the tool frame where the cutting force is defined; ΓT

CH  and ΓT
CT  are the 

corresponding force-moment transformation matrices (for more details see the 
example of the static analysis in Section 4.9.5); where CHF = ( frc18

T , trq18
T

 )T or 
CHF = ( frc27

T , trq27
T

 )T and CTF = ( frc18
T , trq18

T
 )T or CTF = ( frc27

T , trq27
T

 )T 
depending on the machine tool. Obviously,  frc18 = trq18 = 0 in the case of the 
machine tools of the ‘serial’ family. 

Figure 4.28 shows an example for the machine tools of the ‘parallel’ family 
where frc18/trq18 and frc27/trq27 are illustrated. frc18/trq18 is the cutting force/torque 
acting on the ‘headstock’ with respect to the centre of mass of the ‘headstock’, and 
frc27/trq27 is the force/torque acting on the ‘table’ with respect to the centre of mass 
of the ‘table’. 

4.10.3.5 The Complete Robotran© Models 
The complete Robotran© models of the two machine tool families (i.e., the ‘.dat’ and 
‘.lnk’ input files) are listed in Appendix K in detail. We can see that there are many 
zero quantities in these input files because of the introduction of the 24 fictitious 
bodies. These fictitious bodies presented above do not affect the symbolic results 
provided by Robotran©, and the performance of the numerical treatment will not 
decrease since all the zero quantities are discarded during the symbolic manipula-
tions. 

4.10.4 The Outputs of Robotran© 
Using the two models presented above the reduced symbolic equations of motion 
together with the equations that compute and update the link forces were generated 
by Robotran© into the Matlab® syntax (into ‘.m’ files) for the two machine tool 

(4.45)

(4.46)
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families. As a result, each machine tool assembly that is synthesised by the Design 
System can be modelled as a multibody system that has 1863 =×  degrees of 
freedom for the dynamic analysis where the natural frequencies can be calculated. 

4.10.5 The Numerical Solver 
A program code written in Matlab® was developed at UCL-PRM to calculate the 
natural frequencies of the machine tool structures.81 This program performs the 
following tasks: 
1. It calculates the necessary link forces with which the external forces are updated 

in the dynamic equations. 
2. It searches for the static equilibrium. For this search a quasi Newton/Raphson 

algorithm is used. This search is an optional choice because the Newton/Raphson 
iteration is a slow algorithm and the static equilibrium can also be calculated by 
the static analysis developed for the Design System (see Section 4.9), which 
directly (i.e., without iterations) calculates the static displacements and is very 
fast compared to the iterative Newton/Raphson algorithm. If the static analysis is 
used to calculate the static equilibrium, then the initial conditions for the general-
ised coordinates q (see qi+4 through qi+9 in Section 4.10.3.3 above) are set from 
the calculated displacements (see steps 6 and 7 in Section 4.10.6 below). 

3. It linearizes the reduced dynamic equations around the static equilibrium and 
calculates the natural frequencies of the multibody system by solving the eigen 
value problem constructed from the linearized dynamic equations. 

Further details about this numerical solver are beyond the scope of the dissertation. 
In conclusion, this numerical solver is a program that calculates the natural frequen-
cies of any 3-axis machine tool the Design System can generate. 

4.10.6 Performing the Dynamic Analysis within the Design System 
The numerical solver presented above was integrated into the Design System in a 
manner that the Matlab® functions (the ‘.m’ files) are executed through the Matlab 
Engine. Matlab Engine works in such a way that an Application Programming 
Interface (API) provided that allows the user to write C/C++ programs that can 
interact with Matlab®. Therefore, some program segments were written in C/C++ 
within the Design System that are able to initialise and run the numerical solver 
during the dynamic analysis. In what follows, the process of the dynamic analysis 
will be summarized. (Figure 2.2 on page 55 shows the modules of the whole Design 
System and Figure 4.25 on page 178 illustrates the process of the dynamic analysis.) 

Assume that a machine tool model is constructed with a certain setting of the 
geometrical parameters. In a similar manner to the static analysis and to the 
clearance analysis, the dynamic analysis can be performed in both analysis modes 
(‘Analysis Mode 1’: one spindle position where the ‘moving components’ are in the 
middle of the guideways, and ‘Analysis Mode 2’: 27 spindle positions; see Section 
4.7). The dynamic analysis then performs the following tasks (assuming that all the 

                                                           
81 Special thanks to Paul Fisette who wrote this program code. 
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necessary input data, i.e., stiffness factors, damping coefficients, mass density, etc., 
are known): 
1.  Calculation of m9 , m18, m27, l9 , l18, l27, I9 , I18, I27 according to Section 4.10.3.1. 
2.  Initialisation of q1, q2, q3, q10, q11, q12, q19, q20 and q21 with the Euler angles of 
the ‘carrier components’ according to Section 4.10.3.2. 
3.  Calculation of dbp1 through dbp24 and dbs1 through dbs24 according to Section 
4.10.3.3. 
4.  Calculation of d1 , d10, d19 according to Section 4.10.3.2. 
5.  Calculation of the external forces/torques, frc18/trq18 and frc27/trq27, from the 
actual values of the cutting force according to Equations (4.45) and/or (4.46). 
6.  Execution of the static analysis of the Design System that calculates the dis-
placements of the three ‘moving components’ with respect to their primary coordi-
nate systems (frames {P}) [see Equation (4.7) on page 167]. We shell refer to these 
three displacements as PD9, PD18 and PD27. 
7.  Transformation of the displacements PD9, PD18 and PD27 calculated in step 6 into 
their descriptions in the corresponding actuator frames, such as AD9, AD18 and AD27, 
respectively, (these actuator frames {A} were defined in Sections 4.10.3.2 and 
4.10.3.3): 

9iP9i
P
A9iA Γ +++ = DD  , 

where i = 0, 9 and 18; T
iAiAiAiAiAiA )∆z,∆y,∆x,∆γ,∆β,∆α( 999999 +++++++ =9iAD ; 

9i
P
A Γ +  is the force-moment transformation that maps the displacements written in 
terms of frame {P} to be written in terms of frame {A}. Then, according to Section 
4.10.3.3, for the static equilibrium, the initialisation of the coordinates that describe 
the 18 DOF motion from the components of the ADi+9 takes place as follows: 

.   ;   ;
;    ;    ; 

999897

969594
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++++++
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8.  Exporting all the data that are necessary for the dynamic analysis into Matlab® 
and running the numerical solver (see Section 4.10.5) within Matlab®. 
9.  Taking (importing) the lowest value of the natural frequencies calculated by the 
numerical solver. 

Note that steps 4 through 9 are executed again if the dynamic analysis is requested 
for another spindle position in Analysis Mode 2, but steps 1 trough 3 are 
(re)executed if the geometry of the machine tool has changed (e.g., during the 
optimisation processes). 

4.10.7 An Example of the Dynamic Analysis 
Figure 4.30 depicts the results of the dynamic analysis performed for all the 27 
spindle positions (see notation of the different spindle positions in Section 4.7) of 
the same machine tool model that was presented as an example for the static analysis 
(see Figure 4.20 on page 171) and for the clearance analysis (see Figure 4.14 and 
Figure 4.15 on page 162); this machine tool was already shown as an example for 
the dynamic analysis also in Figure 4.28 (see on page 183). Figure 4.30 shows the 

(4.47)

(4.48)
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side views of two machine tools where the height of the headstock of the same 
machine tool model is 300 mm and 600 mm (all the other geometrical parameters of 
the two machine tools are the same).  

The input data for the dynamic analysis of these two machine tools were set 
in the following manner. The geometry was derived from a cubic workspace of 

m1m 1m 1 ×× . The stiffness factors were equally set to kx = ky = kact = 1 kN/µm for 
the three guideways and for the three actuators, and the damping coefficients were 
set to zero (c = 0). The cutting force was set to T),,,-,,( Nm50000N100000=CT . 
The mass density of each body was set to ρ = 1000 kg/m3. Note that these mass 
densities values are average values of the entire bodies of which, obviously, have 
distributed mass density in reality. 

The mode pertaining to the first natural frequency of these two machine tool 
structures is a rotating/bending motion of the ‘cross slide’ on the middle guideway 
about an axis that is parallel with the drive direction of the middle guideway (see 
Figure 4.29); the dominant coordinate of this motion is q7 of the Robotran model 
shown in Figure 4.27 (see on page 181). (See also Figure 4.28 on page 183 for the 
names of the components.) 

 
Figure 4.29  Resonance mode of the first natural frequency. 

The first natural frequencies of the two machine tools are given in two graphs in 
Figure 4.30, respectively. The first natural frequency of these two machine tools 
depends only on the position of the ‘headstock’ on the headstock guideway and it 
does not depend either on the position of the ‘cross slide’ on the middle guideway or 
on the position of the ‘table’ on the table guideway. The closer the ‘headstock’ to the 
middle guideway, the higher the first natural frequency. Figure 4.30 also shows that 
the lower the mass (the volume) of the ‘headstock’, the higher the first natural 
frequency. 
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Figure 4.30  First natural frequencies. 

4.11 Conclusions 
This chapter has presented the analysis tools with which the machine tools synthe-
sised by the configuration algorithms can be analysed and evaluated. Six analysis 
tools were developed and integrated to the Design System. 

(1) The legality analysis helps to distinguish between legal and illegal vari-
ants. Illegal variants are the redundant rotated variants and the unrealistic variants. 
With the legality analysis tool the synthesis of the illegal variants can be eliminated 
and the number of the legal variants can be enumerated. The result of this enumera-
tion is that the Design System is able to generate 56 832 legal variants from the 
current component library. 

(2) With the help of the feasibility analysis the space of the legal design vari-
ants can be constrained by some configurational constraints. A legal machine tool 
variant is feasible if it satisfies the configurational constraints. Several configura-
tional constraints have been defined. With these constraints special requirements can 
be stated against the configurational characteristics of the machine tools, such as a 
need for symmetric or asymmetric variants, for vertical or horizontal spindle/table, 
for the elimination of mirrored mutants, for the elimination of the long-on-short 
guideway construction, and for the elimination of potentially unrealistic variants. 
With the use of the legality analysis, constrained subspaces of the entire design 
space of legal variants were formulated and the numbers of the machine variants 
within these subspaces were enumerated. 

(3) The volume analysis is a calculation of the total volume of the solid bod-
ies of the machine tool models. The total volume can be used as a measure of the 
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evaluation of the machine tools. Generally, to decrease the volume is a demand of 
the designers. 

(4) The clearance analysis detects the geometric interferences between the 
components of the machine tool assemblies and computes the intersection bodies. 
The total volume of these intersection bodies was chosen as the measure of the 
clearance analysis. Generally, the lower this number, the better the machine tool. 

(5) The static analysis has been developed to measure the overall deformation 
of the components. A model was created where the bodies of the components are 
rigid and the compliance of each component connection at the guideways is 
modelled by nine linear springs. The displacement of the tool-end point relative to 
the table is calculated subject to the cutting force acting in the tool-end point on the 
headstock-chain and subject to the contra force of this cutting force acting on the 
table-chain. Some measures of the static analysis were defined from this displace-
ment vector. The lower these measures are, the better the machine tool is. An 
important utility, the static deformations postprocessor, was developed for the static 
analysis. This utility visualises the deformed structures subject to the load of the 
cutting force. 

(6) The dynamic analysis has been developed to calculate the first natural 
frequency of the machine tool structures. This is a valuable tool because generally 
the designers’ aim is to obtain as high fundamental natural frequency as possible. 
Robotran© that is a multibody analysis tool was applied to generate the dynamic 
equations of motion. Two parametric Robotran models were worked out that are 
able to model all the machine tools the Design System can synthesise. The method 
used to model the structures is similar to that of the static analysis: rigid bodies are 
connected by linear springs and dampers. The modal extraction is taken in the static 
equilibrium that is provided by the static analysis where the structure is subject to 
the static cutting force and its contra force. A numeric program code was adopted 
that calculates the natural frequencies from the generated equations of motion. 





 

193 

Chapter 5 
Optimisation 

“The shapes of living organisms have been adapted to their function by 
evolutionary pressures, and thus might be expected to be ‘optimised’ or 
perfected.”  
 [French, 1994] 

5.1 Introduction 
Optimisation is an intrinsic activity of almost all engineering design tasks. One of 
the final aims of the development of the Design System presented in the dissertation 
was to automate some optimisation tasks of the preliminary design of 3-axis 
machine tools. As was mentioned in Section 2.3, the geometry of the generated 
machine tools – i.e., some chosen geometric parameters – as well as the machine 
tool configurations – i.e., the configurational parameters – may be optimised with 
the Design System (see Figure 2.1 on page 53). These optimisations are carried out 
by the ‘optimisation algorithms’ module of the Design System (see Figure 2.2 on 
page 55). The key to all optimisations is the definition of the objective function and 
the application of proper optimisation algorithms or optimisation strategies. The 
definition of the objective function together with specific constraints is based on the 
measures provided by the analysis tools that were developed for the Design System 
(see Chapter 4). Two types of optimisation algorithms were developed for or 
adapted to the Design System: a sequential quadratic programming algorithm and 
genetic algorithms. 

Since the optimisation of the machine tool geometry and the optimisation of 
the machine tool configurations are different problems, this chapter is divided into 
two parts. First, the optimisation of the geometry will be described in Section 5.2. It 
will be followed by the description of the optimisation of the configurations in 
Section 5.3. In the case of both optimisation problems, the problems themselves, the 
objective functions, the constraints (if any), the applied optimisation algorithms, the 
necessary extensions of the Design System and several examples will be presented. 

5.2 Optimisation of the Geometry 
The optimisation of the geometry is carried out on a machine tool model generated 
by the configurational algorithms of the Design System. Chapter 3 demonstrated that 
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the Design System generates parametric machine tool models where the geometry 
can be modified within a given range by the modification of certain geometric 
parameters (see Section 3.6 and Figure 3.48 on page 137). These modifications can 
be performed through appropriate optimisation algorithms as well, where the 
optimal value of some chosen geometric parameters can be searched. For such 
reasons, the Design System was extended so that we can choose the geometric 
parameters to be optimised, and then, these parameters can be modified via the 
control of the optimisation algorithms. Hereinafter, we will also refer to these 
geometric parameters to be optimised, shortly, as design variables. 

5.2.1 Specifying the Design Variables 
The geometric parameters of the components may be selected as design variables for 
the optimisation of the geometry of the machine tools. We has to specify which 
geometric parameter of which component will take part in the optimisation proc-
esses. Moreover, for each selected design variable, a lower bound and an upper 
bound must be specified. These bounds will constrain the optimisation algorithms. 
The design variables are real numbers and they can take either continuous or 
discretised values between the bounds [see Sections 5.2.4 and 5.2.5.4d) below]. 

5.2.2 Definition of the Objective Function 
The analysis tools presented in Chapter 4 provide means for the definition of the 
objective functions for the optimisation of the geometry. If we take a look at our 
analysis tools, we can make the following statements: 
1. Concerning the volume analysis, in most of the cases, the better the machine tool 

is, the smaller its total volume is (see discussion in Section 4.5). 
2. Concerning the clearance analysis, the better the machine tool is, the smaller the 

volume of the geometric interferences between the components is (see discussion 
in Section 4.8). 

3. Concerning the static analysis, the better the machine tool is, the smaller the static 
displacement between the spindle and the table is (see discussion in Section 4.9). 

4. Concerning the dynamic analysis, the better the machine tool is, the higher the 
first natural frequency of the structure is (see discussion in Section 4.10). 

Consequently, the optimisation criteria for the optimisation of the geometry may 
consist of one or more of the following objectives: 

(1) to minimise the total volume; 
(2) to minimise the geometric interferences; 
(3) to minimise the static displacements; 
(4) to maximise the first natural frequency. 

The objective functions for the optimisations must provide a scalar value that is used 
by the optimisation algorithms. This scalar value is composed from the measures 
(scalar values) provided by the corresponding analysis tools using the weighting 
method. Supposing that we want to do maximisation, and taking into account the 
fact that each analysis can be performed either for one spindle position (Analysis 
Mode 1) or for 27 spindle positions (Analysis Mode 2), the objective function, O, is 
defined as follows: 
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where V is the total volume of the bodies/components of the machine tool model 
calculated by the volume analysis; Ck is the measure of the clearance analysis in 
spindle position k according to Equation (4.4); Rk is a measure of the static analysis 
composed from the rotational terms of the resultant displacement vector in spindle 
position k according to Equation (4.21) /R1/ or Equation (4.25) /R2/; Tk is another 
measure of the static analysis composed from the translational terms of the resultant 
displacement vector in spindle position k according to Equation (4.24) /T1/ or 
Equation (4.26) /T2/; Dk is the first natural frequency of the machine tool structure 
calculated by the dynamic analysis in spindle position k;   c, s and d are the numbers 
of the required spindle positions for the clearance, static and dynamic analyses, 
respectively, i.e., n, s, d = 1 for Analysis Mode 1 (where the moving components are 
in the middle of the guideways), and n, s, d = 27 for Analysis Mode 2 (where each 
component has three positions on the guideways; see Section 4.7 for the analysis 
modes on page 160); wV, wC, wR, wT and wD, are the weight factors for the 
corresponding measures. Note that the five weight factors, on one hand, express the 
relative importance aspects of the different analysis results. On the other hand, they 
must include the scaling aspects of the different analysis results as well, because, 
first, the results are calculated in different units, and, secondly, some analyses are 
carried out in Analysis Mode 1 while others in Analysis Mode 2, thus the order of 
magnitude of the two analysis modes is different. For example, the clearance 
analysis provides more reliable results if it is carried out in Analysis Mode 2, 
because some interferences can only be calculated in the extreme positions of the 
moving components. Conversely, it is more efficient to run the dynamic analysis in 
Analysis Mode 1, because the calculation of the natural frequencies takes the longest 
time amongst the analyses, and the calculation of the first natural frequency where 
the moving components are in the middle positions on the guideways, i.e., in 
Analysis Mode 1, provide sufficient information for the evaluation of the structure. 

Figure 5.1 depicts an example of the objective function together with the 
analysis results for the case of two design variables of a particular machine tool 
geometry. This machine tool is the same that was presented as examples above 
many times – see Figure 4.13, Figure 4.14, Figure 4.15, Figure 4.20, or Figure 4.28 
in Chapter 4. The two design variables are the height of the headstock (h) and the 
height of the table (t) [see Figure 5.1a)] that can vary between 100 mm and 600 mm 
with the discretisation step of 50 mm. Figure 5.1b) shows the results of the volume 
analysis. Figure 5.1c) shows the sum of the clearance analysis measures performed 
for 27 spindle positions [i.e., c = 27 in Equation (5.1)], where p = 100 in Equation 
(4.4). Figure 5.1d) and Figure 5.1e) show the sum of the rotational measures [R2 
defined by Equation (4.25)] and the translational measures [T2 defined by Equation 
(4.26)], respectively, of the static analyses performed for 27 spindle positions [i.e., 
s = 27 in Equation (5.1)]. The gravity forces were neglected during the static 
analysis. The input data for the static analysis were the same as it was presented in 
Section 4.9.5 (see on page 171). Figure 5.1f) depicts the results of the dynamic 
analysis where Analysis Mode 1 was performed, i.e., d = 1 in Equation (5.1). 
Finally, Figure 5.1g) depicts the objective function where the following weight 
factors were used: wV=10, wC=1, wR=100000, wT=100000 and wD=1. 

(5.1)
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Figure 5.1  Derivation of the objective function from the analysis results. 
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The objective function is sensible for the selection of the weight factors. In the 
example, the weight factors were selected in a manner that the weighted values of 
the analysis results are in the same range (see discussion in Section 5.2.3.1 below). 

Figure 5.2 shows the extreme and the optimal values of the two design vari-
ables of the example presented in Figure 5.1. The optimal values are h=450 and 
t=150. Note that these are the optimal values belonging to the 50 mm discretisation 
step. The peak of the surface in Figure 5.1g) corresponds to these optimal values. On 
one hand, with regard to the static, dynamic and volume analyses, the lower bounds 
of the design variables (h=100, t=100) would be the optimal. On the other hand, the 
machine tool geometry belonging to these lower bounds has large interferences (see 
in Figure 5.2). The balance between the different analysis measures is controlled by 
the weight factors in the objective function. Since the weighted value of the 
clearance measure is high compared to the other weighted measures, the optimal 
values are such that the machine tool has minimal interferences in spite of the fact 
that the volume and the deformations are higher and the first natural frequency is 
lower than the values belonging to the lower bounds of the design variables. 

 
Figure 5.2  Changing the values of the headstock height (h) and the table height( t). 

5.2.3 Characteristics of the Optimisation Problem 

5.2.3.1 Sensitivity of the Objective Function 
The objective function defined by Equation (5.1) represents a multi-criteria (or 
multi-objective) optimisation. The one-valued objective function created by the 
weighted sum method, obviously, is sensitive for the selection of the weight factors. 
For a certain optimisation problem some experimentation is needed in order to 
determine the order of magnitude of the analysis results. The order of magnitude of 
the analysis results depends on the input data, such as the workspace dimensions 
from which the main dimensions of the geometry are derived, or on the cutting force 
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and the stiffness factors of the guideways, etc. Then, the appropriate scaling aspects 
and the relative importance aspects of the different analysis results must be taken 
into account when we assign values to the weight factors. 

5.2.3.2 Nonlinear Objective Function 
Figure 5.1 shows the analysis results and the derived objective function for a simple 
case of two design variables. As can be seen in Figure 5.1, some of the analysis 
results of this particular case show some linearity: e.g., the volume measure is linear, 
and even the displacement measures or the first natural frequencies are quasi linear. 
However, the clearance measure does not show any linearity. Generally, the 
measures derived from the static analysis and the functions of the calculation of the 
natural frequencies are not linear. The volume may not be linear either in more 
complex cases. Moreover, if there are nonlinear rules or functions defined in the 
parameterisation of the components, then none of the analysis measures will be 
linear. Therefore, the objective function – which is the weighted sum of the 
abovementioned functions – is nonlinear, and appropriated algorithms are needed 
that are able to solve non-linear problems. 

5.2.3.3 Evaluation Speed of the Objective Function 
The time needed for the evaluation of the objective function depends on the selected 
analysis, on the required analysis modes (Analysis Mode 1 or 2), on the type of the 
computer, on the load of the computer, on the machine tool model being analysed, 
and on the number of the previous evaluations of the objective function on the same 
model. The first two factors were discussed above. The factor for the type and the 
load of the computer is obvious. The dependency on the machine tool model has two 
aspects. First, the configuration type of the machine tool, secondly, the setting 
(changing) of the geometrical parameters of the configured models affect the 
evaluation time, especially, the time needed for the clearance analysis, because the 
calculation of the geometrical interferences is strongly geometry dependent. With 
regard to the last factor, namely that the speed decreases if the number of evalua-
tions increases, it can be observed if we run the evaluation of the objective function 
subsequently several times on the same machine tool model. This factor, most 
probably, is due to the internal data storage mechanisms (e.g., storing undo data) of 
UnigraphicsTM and the increasing demand of memory that can result memory 
swapping. The shortest time observed for one evaluation of the objective function 
was 13-14 seconds, the average about 20-24 seconds on a ‘fast’ workstation82. This 
time belongs to the same settings as was presented in the example above (see 
Section 5.2.2), i.e., static analysis and clearance analysis are performed for 27 
spindle positions and dynamic analysis is performed for one spindle position. In 
some cases the evaluation time is longer than a minute. 

Moreover, concerning the fact that we want to perform optimisation, the ge-
ometry and the corresponding data that are necessary for the analyses have to always 
be updated for the required values of the design variables. The time needed for such 

                                                           
82 Computer type: HP 9000/785/B2000; operating system: HP-UX B.11.00; using UnigraphicsTM 

V15.0 and Matlab® V5.1. 
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update depends on the number of the design variables and on their values. This 
updating time also needs 10-15 seconds. 

Such evaluation and updating time is relatively long; therefore we need opti-
misation algorithms that can find the optimum within a small number of objective 
function evaluations, say, less than two-three hundred. 
 
There were two types of optimisation algorithms integrated into the Design System 
for the optimisation of the machine tool geometries: a sequential quadratic pro-
gramming algorithm was adapted to the system; and, several genetic algorithms 
were developed using a library of genetic algorithms components. The source code 
of both software was downloaded from the Internet. 

5.2.4 Optimisation with DONLP2© 
We were looking for a gradient-based optimisation algorithm that is able to solve 
non-linear constrained problems and that can be easily integrated into the Design 
System (i.e., it was desirable to have its source code written in C or C++). This is the 
reason why DONLP2© was selected from the numerous optimisation algorithms that 
are available on the Internet. 

DONLP2© is a sequential quadratic programming (SQP) algorithm devel-
oped at the Department of Mathematics, Technical University Darmstadt. Its source 
code written in the C programming language can be downloaded from the Internet: it 
is freely available for non-commercial and research use [Spellucci, 1999]. DONLP2© 
was completely integrated into the Design System for the optimisation of the 
machine tool geometries. A parallel processing algorithm was added to the numeri-
cal differentiation module of DONLP2©, where the partial derivatives can be 
computed in parallel (see Section 5.2.6). 

5.2.4.1 Characteristics of DONLP2© 
DONLP2© can be applied to general nonlinear optimisation problems including 
nonlinear equality and inequality constraints. DONLP2© uses the SQP method83 for 
optimisation. Bound constraints can be integrated in the inequality constraints that 
are identified by a special indicator in order to simplify the calculations. DONLP2© 
includes three types of numerical differentiation methods84 and it has several control 
parameters that affect the performance of the algorithm. Some of these control 
parameters include the expected relative precision in the objective function, the 
relative precision in the gradients, the scaling values for the design variables, 
moreover, several parameters that influence the termination criteria (e.g., the well-
known Kuhn-Tucker conditions, or the definition of a small value), etc. For further 
details consult [Spellucci, 1998; Spellucci, 1999a; Spellucci, 1999b]. 

Since DONLP2© uses minimisation, the problem of the geometry optimisa-
tion using DONLP2© is defined as follows: 

 
                                                           
83 The SQP method solves a nonlinear program by a sequence of quadratic approximations using 

quadratic programming to solve each one. (see also ‘SQP’ in Appendix B). 
84 Analytical differentiation can also be included, but our objective function is not known 

analytically. 
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where O(x) is the objective function defined by Equation (5.1), x is the vector of the 
n design variables (see Section 5.2.1), hk are the equality constraint functions, and 

lg  are the inequality constraint functions. In our optimisation problem we do not 
have equality constraints, thus nh = 0. The bound constraints are defined with the 
inequality constraints, thus nng 2= , where 
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where ix  and ix  are the lower bounds and the upper bounds, respectively, of the 
design variables xi. 

Section 5.2.7 will present some examples of using DONLP2©. 

5.2.5 Optimisation with Genetic Algorithms 
Genetic algorithms (GAs) were also used for the optimisation of the geometry of the 
machine tools. GAs were used for the optimisation of the configuration of the 
machine tools as well (see Section 5.3). Since these GAs needed some research and 
development, this section gives a short overview of GAs in general and presents the 
library the particular GAs were developed from. 

5.2.5.1 A Short Overview of Genetic Algorithms 
Biologists started to use digital computers to simulate genetic systems already at the 
end of the 1950s. In the 1960s researchers started to use genetic algorithms for 
search in artificial systems too and made a mathematical foundation of GAs. A 
comprehensive historical overview can be found in [Goldberg, 1989]. In the 1980s and 
1990s the application of GAs became popular and many textbooks were published 
on this topic (e.g., [Goldberg, 1989; Michalewicz, 1996; Michell, 1997; Fogel, 1995]). 

GAs are search procedures based on the mechanics of natural selection and 
genetics [Goldberg, 1998]. GAs differ from traditional optimisation techniques in four 
fundamental ways [Goldberg, 1989]: 
1. They work using an encoding of the parameters to be optimised or searched for, 

not the parameters themselves. 
2. They search from one population of solutions to another, rather than from 

individual to individual (from a point to a point). 
3. They use objective function information, not derivatives or auxiliary knowledge. 
4. They use probabilistic transition rules, not deterministic rules. 
When using GAs to perform search and optimisation, the design variables must be 
encoded in chromosomes (often called genomes). Chromosomes are datastructures 
that hold a string of genes. A gene can take several values that are called alleles. 
(Figure 5.3 shows an example of binary string chromosomes where the number of 
genes are 8 and the allele set is {0, 1} on each gene.) At the beginning of the genetic 
search, a population of individuals is initialised by randomly selecting values from 

(5.2)

(5.3)
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the available sets of the alleles to the genes in the chromosomes of the individuals. 
Then, each individual of the population is evaluated, where the design variables are 
decoded from the chromosomes and the objective function is calculated from these 
design variables. The result of the objective function is called the objective value. 
From the objective values of the population each individual obtains a fitness value 
with the help of an appropriate transformation that is called fitness scaling. Next, an 
iterative loop of producing subsequent populations (generations) is entered where 
some individuals of an old population are selected and their chromosomes are 
recombined to form a new population, and, finally, the individuals of the new 
population are evaluated. The survival of the individuals from one generation to the 
other is controlled by their fitness value. The production process of newer popula-
tions terminates after a certain number of generations or upon a well-defined 
convergence criterion. The best individual encountered is the solution of the search 
(optimisation) problem, and its chromosome must be decoded to the space of the 
original design variables. This process imitates the evolution observed in nature. 

Three basic operators are applied for the individuals of each population, such 
as selection, crossover and mutation. The selection operator selects individuals to 
mate based on their fitness values. The higher the fitness value of an individual, the 
higher the probability of being selected for mating. This is the analogy of the well-
known rule of the nature: the survival of the fittest. The selected individuals, as 
parents, will produce offsprings (children) using the crossover and the mutation 
operators. The crossover operator combines the chromosomes of the parents with 
each other with a certain probability producing the offsprings. It is a simple 
information exchange between the parents at the chromosome level. The mutation 
operator randomly modifies some information in the chromosomes of the offsprings. 
(Figure 5.3 shows an example of crossover and mutation on a binary string chromo-
some.) This process imitates the mechanisms discovered by genetics. 

 
Figure 5.3  Example of crossover and mutation on a binary string chromosome. 

There are several control parameters that must be specified when using GAs. The 
basic control parameters of a simple GA are the following: 
• Population size: The number of chromosomes in each population. 
• Probability of crossover: The probability that crossover will be performed 
between the chromosomes of a pair of parents. 
• Probability of mutation: The probability that any gene of a chromosome will 
mutate. 
• Selection scheme: The technique used to determine which chromosomes in a 
population will be selected as parents for the next generation. There are various 
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selection schemes published in the literature: the simplest classical one is the so-
called ‘roulette wheel selector’. 
• Fitness scaling: A transformation of the objective values to fitness values of the 
individuals of a population. The aim of the fitness scaling is to prevent the premature 
domination of the fittest individuals of a population. There are various methods of 
fitness scaling published in the literature: the simplest one is the linear fitness 
scaling. In addition to the type of the fitness scaling methods, each of the fitness 
scaling methods has some parameters to be specified that influence the functioning 
of the GAs. 

Several studies have reported about the way one can select these control parameters 
(see, e.g., [Grefenstette, 1992; Goldberg, 1992]). 

GAs, by their nature, are based on a highly parallel mechanism, since, for 
example, the fitness of each individual in the populations can be evaluated in 
parallel, or multiple subpopulations can evolve in parallel. Therefore, GAs provide 
many possibilities for parallel and distributed execution. 

The literature of GAs presents many types of genetic algorithms, various 
chromosomal representations, selection, crossover and mutation operators, and 
numerous other techniques – e.g., speciation – that imitate the dazzling mechanisms 
of the nature. GAs belong to a more general group of computer-based problem-
solving systems – called evolutionary algorithms (EAs) – that use computational 
models of some of the known mechanisms of evolution.85 EAs have been applied in 
various fields of engineering design to perform search, optimisation and machine 
learning tasks (see, e.g., [Miettinen et al., 1999]). These fields are often entitled 
‘Genetic Design’ [Roston & Sturges, 1995] or ‘Evolutionary Design’ [Váncza, 1999]. 
With regard to the subject matter of this dissertation, recently, numerous papers have 
been published that deal with the application of GAs or EAs to the design of 
machines and structures (see, e.g., [; Brown & Hwang, 1993; Chapman et. al, 1994; 
Chedmail & Ramstein, 1996; Chen & Burdick, 1995; Farritor et. al, 1996; Gage & Kroo, 1993; 
Grignon & Fadel, 1999; Tremblay & Baron, 1999]). Nevertheless, “research into the 
automatic creation of designs is still in its infancy, with very few successive systems 
in existence” [Bentley 1996]. 

5.2.5.2 GA Software Packages 
There exist many GA software packages freely available for non-commercial and 
research use. There are some Web sites dedicated for GAs where useful information 
can be found and the software packages can be downloaded (see, e.g., ‘The Hitch-
Hiker's Guide to Evolutionary Computation’ [Heitkötter & Beasley, 2000; or ‘The GA 
Archive’ [GA Archives, 2001]). It has become clear that it is better to implement a third 
party GAs software to our Design System than to develop our own GAs from 
scratch. Therefore, the properties of the following software packages written in the 
C/C++ programming language were studied and compared (in 1998): GAGS [GAGS, 
1998], GAlib [GAlib, 1999], GARAGe [GARAGe, 1998], GENESIS, [GENESIS, 1990], 
GENEsYs [GENEsYs, 1992], GENOCOP [GENOCOP, 1998], SGA-C [SGA-C, 1994], 
and TOLKIEN [TOLKIEN, 1998]. Amongst these software packages GAlib© was the 

                                                           
85 See ‘evolutionary algorithms’ and the links in its definition in Appendix B. 
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most comprehensive, well maintained, and open system; therefore GAlib© was used 
for the development of our Design System. 

5.2.5.3 Characteristics of GAlib© 
GAlib© is a C++ library of genetic algorithm components developed at the Mechani-
cal Engineering Department, Massachusetts Institute of Technology. GAlib© 
comprises a set of C++ genetic algorithm objects, including many kinds of chromo-
somes, genetic operators, selection schemes, genetic algorithms, statistical functions, 
fitness scaling schemes, etc. [Matthew, 1996]. GAlib© provides the user with many 
possibilities of constructing genetic algorithms tailored to his/her needs, maximally 
utilising the advantages of object-oriented design and programming (see Section 
1.3.8). The properties of the applied components of GAlib© will be described below. 
For a short overview of GAlib© see Appendix L. 

5.2.5.4 GAs Built with GAlib© 
GAlib Version 2.4.4 [GAlib, 1999] was used in the Design System to build our GAs 
for the optimisation of the geometry of the synthesised machine tool models. The 
properties of these GAs are the following: 

a) Objective Function 
The objective of our genetic search is to maximise the objective function defined by 
Equation (5.1). 

b) Type of GA 
The so-called steady-state genetic algorithm of GAlib© was applied for our optimi-
sations. This type of GAs use overlapping populations instead of creating an entirely 
new population of individuals in each generation. In each generation this GA creates 
a temporary population of individuals, adds theme to the previous population, then, 
removes the worst individuals in order to return the population to its original size. 
There is a control parameter, the replacement percentage, to be specified that 
controls how much of the population should be replaced in each generation. The 
following control parameters should also be specified for this GA: population size, 
probability of crossover, and probability of mutation (see Section 5.2.5.1 for their 
short descriptions). 

c) Termination Criteria 
The termination criterion of our GAs was set to ‘terminate-upon-convergence’, in 
which the we should specify two numbers: a number (a value between 0 and 1) to 
which the fitness value of the best individual of the generations should converge and 
another number of previous generations in which this convergence criterion should 
be satisfied. The latest number means that at least that number of generations will be 
populated during the coarse of the GAs. 

d) Discretised Design Variables - Storing the Evaluated Individuals 
The geometric parameters to be optimised (i.e., the design variables) are bounded 
real numbers. If we discretise our design variables, and if we store the evaluated 
individuals during the course of the genetic search, then we get the advantage that IF 
some of the individuals are created and requested for evaluation by the GAs more 
than once, then instead of their re-evaluation we can simply retrieve the correspond-
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ing fitness values. Since our objective function is time consuming, this will acceler-
ate the search procedure, especially, if the discretisation steps of the design variables 
are not so small, which is the case of our preliminary design: we do not need precise 
values for the sizing of the components. 

e) Chromosomes - Genetic Operators 
The so-called ‘GARealGenome’ of GAlib© was chosen to represent our discretised 
design variables. This chromosome is able to represent multiple design variables in 
the genes. It has several initialiser, crossovers, and mutation methods (to describe 
them is beyond the scope of the dissertation). The Design System was developed in 
such a manner that the lower and upper bounds and the discretisation step of each 
design variable can be given in a file and the system will automatically construct the 
necessary chromosomes for the optimisation processes. 

f) Fitness Scaling 
Section 5.2.5.1 shortly described the need for fitness scaling. The sigma truncation 
scaling scheme was used for our GAs. This scaling method can be used if the 
objective values are negative. It scales based on the variation from the population 
average and truncates negative results ( if <0) arbitrarily to 0. The mapping from 
objective value to fitness value for each individual is given by  

σ)co(of ii −−=  

where if  is the fitness value of individual i, io  is the objective value of individual i, 

o  is the average and σ is the standard deviation of the objective values of the 
population, and c is the so-called sigma truncation multiplier where 1 ≤ c ≤ 3. 
[Matthew, 1996; Goldberg, 1989] 

g) Selection Scheme 
The classical roulette wheel selector was chosen as the selection scheme of our GAs. 
This selection method picks an individual based on the magnitude of the fitness 
values relative to the rest of the population. The higher the fitness value, the more 
likely an individual will be selected. Any individual has a probability p of being 
chosen where p is equal to the fitness of the individual divided by the sum of the 
fitnesses of each individual in the population. [Matthew, 1996; Goldberg, 1989] 
 
Since GAs use probabilistic transition rules, they are uncertain in the final optimum 
as well. Though GAs are able to search for global optimum, more often they 
terminate the search process near the global optimum and not in the ‘exact’ point. To 
compensate this effect two GAs were developed for the Design System [see Sections 
h) and i)]. 

h) Heuristically Informed GA: Gradient Update 
This GA examines the neighbourhood of the best individual of a population. Such 
neighbourhood means that each design variable is incremented and decremented 
with its discretisation step and the individuals created from the combinations of all 
these modified design variables are evaluated. This results in n2  extra evaluation 
requests in each generation, where n is the number of the design variables [obvi-
ously, as was mentioned in Point d) above, only those individuals are evaluated that 
have not been evaluated yet]. If one or more of these modified individuals are better 

(5.4)
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than the best of the population – from which they were modified – then the best of 
them will replace the worst individual of the population. This method, on one hand, 
corresponds to a kind of deterministic (not stochastic) mutation. On the other hand, 
this heuristically informed GA simulates a kind of hill climbing method during the 
genetic search; that is why it is also called gradient update method. A control 
parameter was introduced for this GA with which the we may specify the number of 
generations when this gradient update should begin. If this gradient update method 
finds a better individual in the neighbourhood of the best individual in the popula-
tion of the last generation, then it forces the GA to generate another generation to 
check if the better solution could promote an even better one. 

i) Hybrid GA 
A hybrid GA was also developed which calls the DONLP2© algorithm (see Section 
5.2.4) when the GAs presented above terminate. In such a way the optimal solution 
found by GAs (that is supposed to be near the global optimum) will be assigned to 
the starting point of DONLP2© that continues the gradient-based local search for 
precise values of the optimum. 

j) Parallel GA 
A parallel GA was also developed for the Design System. This GA uses distributed 
computing for the parallel evaluation of the individuals within a population. A 
population evaluator was developed for such parallel GA, which will be presented in 
Section 5.2.6.3. 
 
Section 5.2.7 will show some examples of using the GAs presented above. 

5.2.6 Parallel Processing and PVM© 
The gradient-based optimisation algorithm of DONLP2© and, especially, the genetic 
algorithms – that are intrinsically parallel – provide some possibilities for parallel 
processing. Thus we can shorten the time of the optimisation processes of the 
geometry of the machine tools where the evaluation of the objective function takes 
considerably long time (see Section 5.2.3.3). This section, first, gives an introduc-
tion to parallel processing. Then, it shortly describes the PVM© environment that 
was used to carry out parallel processing. Finally, the parallel processing algorithms 
that were developed for the Design System will be presented. 

5.2.6.1 Parallel Processing 86 
The past several years have witnessed an ever-increasing acceptance and adoption of 
parallel processing, both for high performance scientific computing and for more 
general-purpose applications. Parallel processing is the method of having many 
small tasks solve one large problem. There are two major developments to facilitate 
parallel processing: ‘massively parallel processors’ (MPPs) and the widespread use 
of ‘distributed computing’. MPPs are now the most powerful computers in the 
world. These machines combine a few hundred to a few thousand CPUs in a single 
large cabinet connected to hundreds of gigabytes of memory. Distributed computing 
is a process whereby a set of computers connected by a network is used collectively 
                                                           
86 This section is based on [Geist et al., 1994]. 
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to solve a large problem. As more and more organisations have high-speed local 
area networks interconnecting many general-purpose workstations, the combined 
computational potential may exceed the power of a single high-performance 
computer (even that of an MPP). The costs of large MPPs are very high. In contrast, 
users see very little cost in running their problems on a local network of existing 
computers. In all parallel processing, data must be exchanged between co-operating 
tasks. Several paradigms have been developed for that purpose, including shared 
memory, parallelizing compilers, and message passing. For our Design System the 
PVM© environment was applied that is a distributed computing system which uses 
the message-passing model. 

5.2.6.2 Characteristics of PVM© 
PVM© (Parallel Virtual Machine) has been developed at the Computer Science and 
Mathematics Division, Oak Ridge National Laboratory. PVM© is a software system 
that employs distributed computing and enables a collection of heterogeneous 
computers across a network to be used as a coherent and flexible concurrent 
computational resource. PMV© uses a message-passing model to allow programmers 
to exploit distributed computing across a wide variety of computers. A key concept 
in PVM© is that it makes a collection of computers appear as one large virtual 
machine, hence its name. User programs written in C or C++ (or in Fortran) can 
access the PVM (the parallel virtual machine) through the use of calls to the PVM© 
library routines for functions such as process initiation, message transition and 
reception, and synchronisation. [Geist et al., 1994] The concepts and specific features 
of PVM© that were applied for our Design System will be described below. 
Appendix M gives a more detailed overview of PVM©. 

5.2.6.3 Parallel Processing Algorithms Developed Using PVM© 
PVM Version 3.4.0 [PVM, 1999] was used to implement the parallel processing 
algorithms of the Design System. There are three cases where distributed computing 
was developed for the Design System: 
Case 1: When using DONLP2© (see Section 5.2.4) the numerical partial derivatives 

may be calculated in parallel. 
Case 2: There is a parallel GA where a population evaluator was developed that 

evaluates the individuals of the population in parallel. 
Case 3: When using the so-called ‘heuristically informed GA’ [see Section 

5.2.5.4h)] the individuals in the neighbourhood of the best individual of a popula-
tion may be evaluated in parallel. 

In each of these three cases, an algorithm collects the individuals87 to be evaluated 
into a pool and passes this pool to a general algorithm that evaluates the collected 
individuals in the PVM environment. The development of the parallel processing 
algorithms was based on one of the examples provided by the GAlib software 
package [Matthew, 1996; GAlib, 1999], however many PVM features were added and 
implemented. The parallel processing algorithms comprise the following features. 
                                                           
87 In order to obtain a general idea, the combinations of the incremented and decremented design 

variants (i.e., xi ± ∆xi) for the calculation of the numerical partial derivatives in Case 1 are also 
called ‘individuals’. 
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The master-slave programming model is used for distributed computing 
where the master process and the slave processes are executed on HP Unix worksta-
tions (each process on a standalone workstation). The master collects the individuals 
to be evaluated, distributes the evaluation tasks to the slaves, collects the evaluation 
results, and performs the optimisation algorithms. The slave processes evaluate the 
individuals requested by the master. 

The complete code of the Design System was written in a manner that the 
code was compiled as an ‘external’ executable of UnigraphicsTM (see ‘external 
mode’ in Section 2.5.1 on page 60, or ‘types of executables in Section H.5.4.1 of 
Appendix H on page 292). We have to start up the PVM environment adding 
workstations into it. Then we have to start the ‘external’ executable of the Design 
System on one of the added workstations; this process will be the master process 
that will spawn the slave process on the other workstations in the PVM environment 
(each process is spawned on a standalone workstation). The ‘external’ executable is 
written in the manner that the master spawns the same executable as slave processes 
(this is called ‘forking’ in Unix); in other words, the ‘external’ executable of the 
Design System can act either as a master or as a slave. 

The master-slave interactions are summarised as follows: 
1. When we start the master process, the master configures the machine tool model; 

the geometry of this machine model will be optimised. 
2. The master spawns the slave processes. The slave processes start up and if they 

are ready to configure a machine tool model, they send a ‘ready-to-configure’ 
message to the master. 

3. The master sends the configurational parameters of the machine tool to those 
slaves that have sent the ‘ready-to-configure’ message. Each one of such slaves 
receives the configurational parameters and configures the machine tool model 
described by these configurational parameters, and sends a ‘ready-to-evaluate’ 
message to the master if the configuration is ready. 

4. The master collects the individuals to be evaluated into a pool. In the case of GAs 
– where the design parameters are discretised – if an individual that has been 
already evaluated is requested, the corresponding objective value is retrieved 
from the stored values and the individual is not collected in the pool to be evalu-
ated again. 

5. The master distributes the evaluation tasks of the individuals that are collected in 
the pool to the slaves. This process is carried out in the following manner: 
5.1. If there are fewer individuals to be evaluated in the pool than the number of 

slave workstations in the PVM environment, then at the beginning of the 
evaluation of the pool the master makes a competition among those slave work-
stations that have already sent the ‘ready-to-evaluate’ message. The master 
sends a ‘speed-check’ message to such slaves. If a slave receives a ‘speed-
check’ message, it starts a speed examination routine – this is a simple ‘for cy-
cle’ – and sends a ‘ready-to-evaluate’ message to the master if this routine is 
finished. The master reads these ‘ready-to-evaluate’ messages and then starts 
the evaluation of the pool (see Point 5.2) in the receiving sequence of such 
‘ready-to-evaluate’ messages. Thus, the faster workstations will get the indi-
viduals to evaluate, and the slower workstations do not get evaluation tasks. 
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5.2. When distributing the evaluation tasks, the master sends the values of the 
design variables of the individuals in the pool to those slaves that have sent the 
‘ready-to-evaluate’ message. This is done in a sequential manner, each by each 
individual in the pool. The slave that has received the design parameters up-
dates the values of corresponding geometric parameters in its machine tool 
model, and then it evaluates the objective function belonging to updated ma-
chine geometry. After evaluation, the slave sends the objective value to the 
master and then sends a ‘ready-to-evaluate’ message again. The master receives 
the objective values and assigns them to the corresponding individuals in the 
pool. This procedure (loop) is finished if all the individuals in the pool have 
been evaluated. 

6. The master continues the optimisation algorithm (i.e., either DONLP2 or GAs) 
and generates the next pool of individuals that need evaluations – thus the proce-
dure continues from Step 4 – or the master terminates the optimisation process if 
the convergence criteria have been satisfied. 

There are other features that were added to the parallel processing algorithms. These 
include the ability of recognising the event if a slave process has been killed/stopped 
or the event if a workstation has added to the PVM environment. These features 
were necessary because sometimes the slave processes used to be killed/stopped88, 
or the flexible reconfiguration of the PVM environment (adding or deleting89 
workstations) is needed for those optimisations that require long execution time 
(e.g., when optimising the geometry of several machine tool models in one run; see 
Section 5.3). If a slave process has been killed/stopped, the master removes its 
workstation from the PVM environment, and if an evaluation task has been already 
sent to the killed/stopped process before, then the master re-sends this evaluation 
task to another workstation. If a workstation has been added to the PVM environ-
ment, then the master spawns a slave process on this workstation and asks the slave 
to configure the required machine tool model. If the slave has configured the 
machine model, it sends a ‘ready-to-evaluate’ message to the master, and this slave 
process will take part in the subsequent evaluation tasks (see Step 5.2 above). 

5.2.6.4 Experiments with PVM 
The parallel processing algorithms and the PVM platform presented above can 
significantly increase the speed of the geometry optimisation processes, especially 
those when GAs are used. The speed, obviously, does not increase linearly with the 
number of workstations added to the PVM platform, even if the workstations are 
identical with respect to their computational power. In our experiments the follow-
ing strategy was used. There were about ten workstations available for use. One had 
‘very good’ computational power (HP 9000/782/C200+), four workstations had 
‘medium’ computational power (HP 9000/778 series) and the rest were ‘just 
acceptable’ (HP 9000/71x series). One workstation was always selected from the 
‘just acceptable’ class to be the master, and the ‘very good’ and the ‘medium’ 

                                                           
88 It can have several reasons, such as memory overflow, malfunctioning of the workstation, 

switching off the workstation, etc. 
89 Deleting a workstation from the PVM belongs to the case where a slave process has been 

killed/stopped. 
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workstations were the slaves. When using GAs, these six workstations added to the 
PVM platform used to perform 3-4 times faster than the ‘very good’ workstation 
alone. This PVM configuration was even faster than the one where all the ten 
workstations were added to the PVM environment where the master – thus the fast 
workstations as well – often had to wait for the termination of the evaluation tasks of 
the slow workstations. 

Besides the increased speed, another advantage of distributed computing and 
the parallel processing algorithms presented above is that workstations can be 
removed from or added to the PVM platform in a flexible manner. Thus, first, the 
slave processes that fail do not stop the entire optimisation process. Secondly, the 
load of the PVM platform and that of the workstations can be easily changed by the 
reconfiguration of the PVM platform (e.g., more workstations can be included in the 
PVM environment at nights while some of the workstations can be removed during 
the day). 

Section 5.3.2 will present an example for the use of distributed computing. 

5.2.7 Optimisation Examples 
This section will present four examples of the optimisation of the geometry of the 
particular machine tool model: the first two examples are of two design variables, 
and the last two examples are of six design variables. 

5.2.7.1 Example 1: Optimisation of Two Design Variables 
This example is the same as the one that was presented in Section 5.2.2 and Figure 
5.1 (see on page 196). The optimisation task is to find the optimal values of two 
geometric parameters of the machine tool presented in Figure 5.1a) (this machine 
tool model was presented several times in the dissertation already), where the 
optimisation objective is to minimise the total volume, to minimise the geometric 
interferences, to minimise the static displacements, and to maximise the first natural 
frequency. The two design variables are the height of the headstock (h) and the 
height of the table (t), both have the range of {100 mm – 600 mm}. The way of 
deriving the objective function (i.e., analysis modes, special parameters of the 
analyses, values of the weight factors, etc.) was presented in Section 5.2.2. The 
surface of the objective values plotted against the two design variables is shown in 
Figure 5.1f). Our aim here is to find the peak on such surface with our optimisation 
algorithms. Note that the optimal values should be h=450 ± 50 and t=150 ± 50 (see 
Figure 5.2 on page 197 as well). 

a) Optimisation with Genetic Algorithms 
The GAs presented in Sections 5.2.5.4a)–g) were used for the optimisation of the 
two design variables of this example. The control parameters of these GAs were set 
in the following manner: 

‘Termination-upon-convergence’ parameters 
 - convergence percentage: 0.99 
 - generations-to-convergence: 20 
Replacement percentage: 0.5 
Population size: 30 
Mutation probability: 0.02 
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Crossover probability: 0.9 
Generation when starting gradient update: 10 

Table 5.1 shows the results of six experiments. At two experiments the discretisation 
steps for both design variables were 20 mm, at two experiments the discretisation 
steps were 10 mm, and at two experiments the discretisation steps were 1 mm. Table 
5.1 shows the number of all combinations of the possible values of the two design 
variables (second column), the optimal solutions found by the GAs (third column), 
the objective values belonging to the optima (fourth column), the number of 
generations while the GAs were running (fifth column), the number of objective 
function evaluations (sixth column); and the last column shows the number of 
objective evaluations that were requested more than once but were not re-evaluated 
just retrieved from the earlier evaluation results. 

Figure 5.4 shows the convergence of the GAs of two experiments presented 
above: the one belonging to the first row, and the one belonging to the fifth row of 
Table 5.1. These two graphs show the population average in each generation. 

Discretisa-
tion Steps 

[mm] 
Possible 

Combinations 
Optimal Solution 

[mm] 
Objective 

Value 
Number of 

Generations 
Objective 

Evaluations 
Obj. Eval. 
Req. More 
than Once 

20 676 h=440; t=140 1.75952 31 58 162 
20 676 h=440; t=140 1.75952 33 65 233 
10 2,601 h=440; t=130 1.79205 32 68 199 
10 2,601 h=440; t=130 1.79205 32 68 176 
1 251,001 h=433; t=123 2.10684 47 157 465 
1 251,001 h=433; t=123 2.10684 58 186 615 

Table 5.1  Experimental results of optimisation with GAs. 
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Discretisation step: 20 mm Discretisation step: 1 mm 
Number of obj. evaluations: 58+162 Number of objective evaluations: 157+465 
Number of generations: 31 Number of generations: 47 

Figure 5.4  Convergence of GAs. 

b) Optimisation with DONLP2© 
The optimisations of these two design variables with DONLP2© needs some 
experimentation. First, DONLP2© always requires a start value for each design 
variable. If this start value is close to the optimum, obviously, the algorithm finds 
the optimum within a smaller number of objective function evaluations than in the 
case when the start value is ‘far’ from the optimum. Secondly, the performance of 
DONLP2© depends on the control parameters of the DONLP2© algorithm (see 
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Section 5.2.4.1 on page 199). For example, on one hand, if the precision that is set 
by the control parameters was too high, the algorithm needed too many objective 
evaluations; in this case the number of objective evaluations was more than 500, 
which means that the complete time of the optimisations was more than 8 hours. On 
the other hand, if the precision is too low, the algorithm stops the optimisation 
process too early, i.e., the solution is not close to the optimum, or it gives an error 
message of illconditioned problem. 

Table 5.2 presents some experimental results of using DONLP2© for this op-
timisation tasks. The first column of Table 5.2 shows the control parameters that 
were modified. Such control parameters are the following [Spellucci, 1999a]: ‘xsc1’ 
and ‘xsc2’ are the scaling factors of the two design variables; ‘epsx’ influences the 
termination of the algorithm: successful termination is indicated if (roughly 
speaking) the Kuhn-Tucker (KT) criteria are satisfied with an error of ‘epsx’; ‘epdi’ 
is the relative precision in the gradients. The first row in Table 5.2 shows the case 
where the default values of the control parameters were used. The other rows show 
the experiments where these control parameters were modified. Table 5.2 also shows 
the starting values, the optimal solutions found by the algorithm, the objective value 
belonging to the optimal solution, the number of objective evaluations, and the 
termination reason. 

This optimisation was difficult for the DONLP2© algorithm. If we take a look 
at the surface plotted against the two design variables in Figure 5.1g) (see on page 
196) we can see that this surface is very flat around the optimum. This might be the 
reason why this optimisation was a hard problem for DONLP2©. On the contrary, 
Example 2 will show another optimisation problem that proved very easy for 
DONLP2© [see 5.2.7.2b) below]. 

Control Parameters Start 
Values Optimal Solution Objective 

Value 
Objective 

Evaluations Termination Reason 

xsc1=xsc2=1.0 
epsx=1.0e-05 
epdi=1.0e-08 

h=350 
 t=350 

h=432.99999 
 t=125.07583 

2.10234 685 no acceptable 
stepsize 

xsc1=xsc2=1.0e-02 
epsx=1.0e-05 
epdi=1.0e-08 

h=350 
 t=350 

h=432.99999 
 t=123.90463 

2.10588 561 x (almost) feasible, 
dir. deriv. very 

small 
xsc1=xsc2=1.0e-03 

epsx=1.0e-05 
epdi=1.0e-08 

h=350 
 t=350 

h=433.00327 
 t=359.06781 

-4.55047 132 x (almost) feasible, 
dir. deriv. very 

small 
xsc1=xsc2=1.0 
epsx=1.0e-04 
epdi=1.0e-05 

h=350 
 t=350 

h=433.00015 
 t=122.96752 

2.10686 350 very slow primal 
progress, singular 
or illconditioned 

problem 
xsc1=xsc2=1.0e-03 

epsx=1.0e-05 
epdi=1.0e-08 

h=440 
 t=120 

h=433.08294 
 t=124.54206 

2.10090 61 KT-conditions 
satisfied, no further 

correction 
computed 

Table 5.2  Experimental results of optimisation with DONLP2©. 
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c) Conclusion of Example 1 
We can conclude that GAs could perform more robustly and safer, and they 
consumed less computational power than DONLP2© in solving the optimisation 
problem of this example. 

5.2.7.2 Example 2: Optimisation of Two Design Variables – Pure Volume 
Minimisation 
This example is the same as the one that was presented in Example 1 above except 
for the fact that the only objective is to minimise the volume of the machine tool. 
Thus, the task here is to find the minimum on the surface presented in Figure 5.1b) 
(see on page 196) along the two design variables: the height of the headstock and the 
height of the table. Note that the evaluation time of the objective function in this 
case is 5-6 seconds (on HP 900/785/B2000) that includes the geometry updates, 
because performing Analysis Mode 1 (i.e., evaluation of one spindle position) is 
enough for the volume analysis since the total volume of the machine tool model is 
independent of the spindle positions. 

a) Optimisation with Genetic Algorithms 
The same GAs as the ones that were presented in Example 1 above were used with 
the same control parameters [see Section 5.2.7.1a)] for the optimisation of the two 
design variables in the case of this volume minimisation. Table 5.3 presents the 
results of two experiments where the discretisation steps of both design variables 
was set to 20 mm. (The descriptions of the columns of this table are the same as the 
ones that were presented for Table 5.1 above). 

Discretisa-
tion Steps 

[mm] 
Possible 

Combinations 
Optimal Solution 

[mm] 
Objective 

Value 
Number of 

Generations 
Objective 

Evaluations 
Obj. Eval. 
Req. More 
than Once 

20 676 h=100; t=100 2.05081 20 50 117 
20 676 h=100; t=100 2.05081 20 61 200 

Table 5.3  Experimental results of volume minimisation using GAs. 

b) Optimisation with DONLP2© 
This problem proved easy for DONLP2© that could find the optimal solution (the 
lower bounds of both design variables) within 23 objective evaluations with the 
default settings of the control parameters (i.e., no experimentation was needed to set 
appropriate values to the control parameters). Table 5.4 presents the results of this 
optimisation process (the descriptions of the columns of this table are the same as 
the ones that were presented for Table 5.2 above). 

Control Parameters Start 
Values Optimal Solution Objective 

Value 
Objective 

Evaluations Termination Reason 

xsc1=xsc2=1.0 
epsx=1.0e-05 
epdi=1.0e-08 

h=350 
 t=350 

h=100 
 t=100 

2.05081 23 KT-conditions 
satisfied, no 

further correction 

Table 5.4  Experimental results of volume minimisation using DONLP2©. 
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c) Conclusion of Example 2 
We can conclude that DONLP2© could perform more efficiently than GAs in 
solving the simple volume minimisation problem. Nevertheless, the difference in the 
computational power consumption of the two algorithms is not big. 

5.2.7.3 Example 3: Optimisation of Six Design Variables 
This example presents the optimisation of six design variables of the same machine 
tool model as the one of Examples 1 and 2 presented above.  

Name Description Range Discretisation Step for GAs 
a height of the table {100 mm – 600 mm} 20 mm 
b height of the headstock {100 mm – 600 mm} 20 mm 
c length of the spindle {100 mm – 500 mm} 20 mm 
d coefficient to the length of the 

moving guideway of the cross 
slide, where x = d z 

{1 – 2} 0.05 

e coefficient to the width of the 
cross slide, where y = e z 

{0.5 – 1.5} 0.05 

f slant angle of the carrier 
guideway of the cross slide 

{60 degree – 120 degree} 10 degree 

Table 5.5  Definition of the six design variables. 

 
Figure 5.5  Example of optimisation of six geometric dimensions: a, b, c, x, y and f. 

Table 5.5 defines the six design variables by their description and their lower and 
upper bounds, and Figure 5.5 shows the geometrical dimensions they influence. The 
left side of Figure 5.5 shows the machine model that is just after configuration, 
having the default dimensions. The right side of Figure 5.5 shows the geometry with 
the optimal values of these six design variables. Variables a, b, c and f are directly 
the dimensions of the machine tool model, while variables d and e are multipliers 
that influence the model as follows: 

zey
zdx

=
=  (5.5)
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where x is the length of the moving guideway of the cross slide, y is the width of the 
cross slide, and z is the width of the carrier guideway of the cross slide (see Figure 
5.5). The objective function of this example was the same as the one that was used 
for Example 1 above (see Section 5.2.7.1). 

a) Optimisation with GAs 
The GAs presented in Sections 5.2.5.4a)–g) were used for this optimisation problem. 
The discretisation steps of the six design variables are presented in Table 5.5 above. 
The control parameters of the GAs were the same as the ones that were used in 
Example 1 above (see on page 209) except the parameter belonging to the gradient 
upgrade. Table 5.6 shows the results of four experiments: the first two rows present 
the results of the experiments where the gradient update method [see Section 
5.2.5.4h)] was used from the 10th generation of GAs, and the last two rows present 
the results of the experiments where the gradient update method was not used. As 
can be seen, with the gradient update method more objective evaluations and fewer 
GA generations are needed than without it. However, the optimal solutions found by 
the GAs are better with the gradient update method than without it. 

a 
{100–
600} 
[mm] 

b 
{100–
600} 
[mm] 

c 
{100–
500} 
[mm] 

d 
{1 – 2} 

e 
{0.5–
1.5} 

f 
{60–120} 

[degr.] 
Objective 

Value 

Numb. of 
Genera-

tions 

Obj. 
Evalua-

tions 

Obj. Eval. 
Req. More 
than Once 

120 240 500 1.7 1.45 60 27.0288 41 299 264 
120 320 420 1.5 1.3 60 22.7074 38 291 247 
200 300 440 1.75 1.5 60 22.0978 55 220 299 
200 320 440 1.8 1.5 60 22.0879 55 166 229 

Table 5.6  Experimental results of optimisation with GAs; (1st & 2nd rows: gradient 
update from generation 10; 3rd & 4th rows: no gradient update). 

b) Optimisation with DONLP2© 
Table 5.7 presents some experimental results of using DONLP2© for optimisations 
of the six design variables. The first row in Table 5.7 shows the case where the 
default values of the control parameters of DONLP2© were used and the start values 
were the average of the lower and upper bounds of the design variables. DONLP2© 
terminated the optimisation process but it did not reach any optimality criterion. 
Although the best solution is much better than the start values, yet this solution is 
worse than any of those that were found by GAs. The second row in Table 5.7 
shows the case where the scaling factors were changed (compared to the default 
values) and the start values were set to be the optimal values found by GAs in 
Example 3 (see fourth row in Table 5.6 above). In this case, DONLP2© could also 
find a better solution than the start value, but optimality criterion was not reached. 
Both optimisation processes required many objective evaluations. 
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Control Parameters Start 
Values Optimal Solution Objective 

Value 
Objective 

Evaluations Termination Reason 

xsc1=1.0 
xsc2=1.0 
xsc3=1.0 
xsc4=1.0 
xsc5=1.0 
xsc6=1.0 
epsx=1.0e-05 
epdi=1.0e-08 

a=350 
b=350 
c=300 
d=1 
e=1 
f=90 

a=343.97335 
b=375.42366 
c=357.82117 
d=1.70646 
e=1.46543 
f=60 

15.98854 1305 very slow primal 
progress, singular 
or illconditioned 

problem 

xsc1=1.0e-02 
xsc2=1.0e-02 
xsc3=1.0e-02 
xsc4=1.0 
xsc5=1.0 
xsc6=1.0e-01 
epsx=1.0e-05 
epdi=1.0e-08 

a=200 
b=320 
c=440 
d=1.8 
e=1.5 
f=60 

a=188.31982 
b=306.61001 
c=437.85028 
d=1.77904 
e=1.49871 
f=60 

23.12117 1089 no acceptable 
stepsize 

Table 5.7  Experimental results of optimisation with DONLP2©. 

c) Conclusion of Example 3 
We can conclude that GAs could perform more robustly and safer, and they 
consumed less computational power than DONLP2© in solving the optimisation 
problem of this example. 

5.2.7.4 Example 4: Optimisation of Six Design Variables – Pure Volume 
Minimisation 
This example is the same as the one that was presented in Example 4 above – i.e., 
same machine tool model, same design variables – except for the fact that the only 
objective is to minimise the volume of the machine tool model. We can note here 
again, that the evaluation time of the objective function in this case is 9-12 seconds 
(on HP 900/785/B2000) that includes the geometry updates (note that in this case, 
changing the geometric parameters according to the values of the six design 
variables and updating the geometry take much more time than the calculation of the 
volume). The optimal solution of this example is the geometry when each design 
variable has the value of its lower bound. It is obvious, but we wanted to test the 
performance of the optimisation tools. 

a) Optimisation with Genetic Algorithms 
The same GAs as the ones that were presented in the examples above with the same 
control parameter setting [see Section 5.2.7.1a)] were used for the optimisation of 
the six design variables in the case of this volume minimisation. Table 5.8 presents 
the results of four experiments where the discretisation steps of the design variables 
were the same as the ones that were presented in Example 3 above (see Table 5.5). 
The first two rows present the results of experiments where the gradient method 
starting at 10th generation was used. The last two rows show the results of the 
experiments where the gradient method was not used. (The descriptions of the 
columns of this table are the same as the ones that were presented for Table 5.6). We 
can conclude here as well that with the gradient update method more objective 
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evaluations and fewer generations were needed than without it. However, the 
optimal solutions found by the GAs are better with the gradient update than without 
it. 

a 
{100–
600} 
[mm] 

b 
{100–
600} 
[mm] 

c 
{100–
500} 
[mm] 

d 
{1 – 2} 

e 
{0.5–
1.5} 

f 
{60–120} 

[degr.] 
Objective 

Value 

Numb. of 
Genera-

tions 

Obj. 
Evalua-

tions 

Obj. Eval. 
Req. More 
than Once 

100 100 100 1 0.5 60 1.16938 25 273 205 
100 100 100 1 0.5 60 1.16938 27 264 250 
100 120 200 1.2 0.5 60 1.19765 20 134 111 
180 140 140 1.15 0.5 70 1.29406 20 141 109 

Table 5.8  Experimental results of volume minimisation using GAs. 

b) Optimisation with DONLP2© 
Table 5.9 presents the results of two experiments performed by the use of DONLP2© 
for this optimisation problem (the descriptions of the columns of this table are the 
same as the ones that were presented for Table 5.2 above). The control parameters of 
DONLP2© were set to be the defaults. In the case of the first example (see first row 
in Table 5.9) the start values were set to be the average of the lower and the upper 
bounds. In this case DONLP2© could find a solution that is the lower bounds of five 
design variables and the upper bound of the design variable f; but this is not the 
optimal solution. The second row of Table 5.9 shows another example where the 
start values were set to be close to the expected optima. With these start values 
DONLP2© could find the right optimal solution within less objective function 
evaluations than in the case of the previous experiment. 

Control Parameters Start 
Values Optimal Solution Objective 

Value [m3] 
Objective 

Evaluations Termination Reason 

xsc1=xsc2=1.0 
epsx=1.0e-05 
epdi=1.0e-08 

a=350 
b=350 
c=300 
d=1.5 
e=1 
f=90 

a=100 
b=100 
c=100 
d=1 
e=0.5 
f=120 

1.18631 82 KT-conditions 
satisfied, no 

further correction 

xsc1=xsc2=1.0 
epsx=1.0e-05 
epdi=1.0e-08 

a=180 
b=140 
c=140 
d=1.15 
e=0.5 
f=70 

a=100 
b=100 
c=100 
d=1 
e=0.5 
f=60 

1.16938 73 KT-conditions 
satisfied, no 

further correction 

Table 5.9  Experimental results of volume minimisation using DONLP2©. 

c) Conclusion of Example 4 
We can conclude that DONLP2© could perform more efficiently than GAs in 
solving the simple volume minimisation problem, although the optimal solution 
required ‘good’ start values. Nevertheless, the difference in the computational power 
consumption of the two algorithms is not big. 
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5.2.8 Conclusions of the Optimisation of the Geometry 
We have compared the performance of the two algorithms that were developed or 
integrated to the Design System for the optimisation of the geometry of the machine 
tools. The applicability of these two algorithms depends on the problem definition. 
In some cases, DONLP2© could perform more efficiently than GAs, but in many 
cases the optimisation problems proved hard for DONLP2©. GAs were always able 
to find very good solutions within reasonable objective evaluations thanks to the 
specific method – i.e., discretisation and retrieval of evaluated objective values – 
that was applied. Therefore, we can conclude that GAs serves as a more robust 
optimisation method for optimisation of the geometry of the machine tools. Fixing 
the control parameters at certain values, GAs can be robustly used even for the 
optimisation of various machine tool models where the number of the design 
variables can change as well. Section 5.3.2 will present an example for such robust 
optimisations. 

5.3 Optimisation of the Configuration 
As was mentioned above, the optimisation of the machine tool configurations can be 
performed with the Design System. During such optimisations the optimal values of 
the configurational parameters (see Section 3.2.4 on page 71) are searched for. 

5.3.1 Definition of the Optimisation Problem 
a) Optimisations in Two Levels 
While searching for the optimal values of the configurational parameters, the 
geometry of the machine tools described and synthesised by the particular configura-
tional parameters may also be optimised. This will result in optimisations performed 
in two levels (see a scheme of this process in Figure 2.1 on page 53). The idea of 
such two-level optimisation was proposed by Lipóth [Lipóth, 1993]. The high-level 
optimisation searches for the optimal values of the configurational parameters and 
asks the low-level optimisation to evaluate the machine tool models that belong to 
the particular values of the configurational parameters under search. During the low-
level optimisation, the geometry of each machine tool is optimised according to the 
processes described in Section 5.2 above. The result of this low-level geometry 
optimisation is the machine tool with optimal geometry and an optimal (maximal) 
objective value. This objective value (or the modification of this objective value) 
will be the objective value of the high-level optimisation belonging to the corre-
sponding values of the configurational parameters. Note that the high-level optimisa-
tion can be carried out without performing optimisations in the low level. In this 
case, during the configuration optimisation processes, the geometry of each machine 
tool will not be optimised, just the objective function belonging to the default 
geometry that is generated by the configuration algorithms will be evaluated, and 
this value will be used for the configuration optimisation. 

b) The Objective Function 
The objective function of the configuration optimisation processes is the same 
function that was defined by Equation (5.1) (see on page 195) that was used for the 
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geometry optimisations. All the statements made in Section 5.2.2 about that function 
are valid for the configuration optimisation too with the following extensions. 
Equation (5.1) is the weighted sum of the measures of the volume, the clearance, the 
static, and the dynamic analyses. Since during the configuration optimisation we 
need a number by which different machine tool models can be compared, we have to 
examine the different measures of Equation (5.1). The measures of the clearance, the 
static and the dynamic analyses can be compared since those machines are better (1) 
that have smaller deformations; or (2) that have smaller geometric interferences 
(normally these interferences are optimised to be zero, so they can be compared); or 
(3) that have higher first natural frequencies, respectively. With regard to the volume 
measure – that is the total volume of the machine tool models – we cannot say that 
those machine tools are better that have lower or higher volume. We either have to 
normalise the volume measure somehow so that the geometry of different machine 
tools can be compared with it, or we have to exclude the volume measure from the 
objective function of the configuration optimisation. In the examples that will be 
presented below we simply excluded the volume measure. 

c) Constrained Optimisation Problems 
The feasibility analysis presented in Section 4.4 provides means to constrain the 
design space in which the optimal values of the configurational parameters are 
searched for. Therefore, the configuration optimisation problems may be defined as 
constrained optimisation problems. 

d) Two Optimisation Methods 
There are two optimisation methods developed for the configuration optimisation 
processes. The first one is an exhaustive search where a limited number of feasible 
machine tool configurations are generated, the geometry of all such machine tools 
are optimised, and the objective values of the machine tools are compared. The best 
machine tool configuration will be the machine that has the best objective value. The 
second method is a search with genetic algorithms where the configurational 
parameters are coded in chromosomes and constraints are included in the fitness 
values as penalty terms. The rest of this section is divided into two parts where these 
two optimisation methods will be discussed. 

5.3.2 Configuration Optimisation with Exhaustive Search 
During the exhaustive search, a limited number of feasible machine tool configura-
tions are generated with the help of the legality analysis, the feasibility analysis, and 
the extended capabilities of the configurational algorithms presented in Sections 4.2, 
4.3 and 4.4. Then, the geometry of each machine tool of this feasible set is opti-
mised. Such geometry optimisations are carried out according to Section 5.2 where 
the design parameters are chosen in the component level. This means that some (or 
even all) components of the component library (see Section 3.4) are chosen to be 
taken part in the geometry optimisations in such a manner that some of their 
geometric parameters are selected to be the design variables of the machine tools 
that are configured from these particular components. After the geometry optimisa-
tions, each machine tool will have an objective value with which the machines can 
be compared or sorted. The best machine tool of the feasible set is the one that has 
the highest objective value. 
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An Example of Exhaustive Search 
The process described above will be presented through an example. For this 
example, we chose the same set of feasible machine tools as was presented in 
Section 4.4.7 in Figure 4.11 and Figure 4.12 (see on page 158), i.e., we want to 
know which is the best configuration of the 114 machine tool variants where the 
member next to the table is fixed to the ground, the variants have vertical spindle, 
the variants have horizontal table facing upwards, the mirrored mutants are elimi-
nated, all guideways have short-on-long construction, and all the potentially 
unrealistic variants are eliminated. We want to optimise some of the geometric 
dimensions of these machine tool models; therefore, we have to define some design 
variables. 

 
Figure 5.6  Definition of the design variables for the geometry optimisation cycles 

of the configuration optimisation. 

Figure 5.6 shows four components (or more precisely six components, because there 
are two component pairs that have the same geometry) and their nine dimensions 
that were selected to be optimised by nine design parameters. Note that dimensions 
a, b, c, d, e, h and i in Figure 5.6 are the design variables directly (these are geomet-
ric parameters of the components). Dimensions f and g are relative positioning 
dimensions of the spindles, and they are controlled by two design variables; like in 
the case that was presented in Example 3 above (see Table 5.5 and Figure 5.5). 

If a machine tool of the feasible set contains one ore more components of the 
six components presented in Figure 5.6, then the corresponding design variables will 
take part in the geometry optimisations. In such a manner each of the 114 machine 
tools will have two, three or four design variables for the geometry optimisations. 
For instance, the first machine tool in Figure 4.11 (see on page 158) contains the 
components ‘tbl_sh_poz-z’ and ‘hst_sh_neg-y’; therefore, it will have four design 
variables for the geometry optimisation. 

For the geometry optimisations, the same objective function was used as the 
one that was used for Example 1 and 3 above (see in Section 5.2.7) or for the 
example that was presented in Section 5.2.2 (see on page 194), except that the 
volume minimisation was simply excluded. This objective function was used for the 
optimisation of the configurations as well [see explanations in Section 5.3.1b)]. The 
GAs presented in Sections 5.2.5.4a)–g) were used as optimisation algorithms. The 
control parameters of these GAs were set in the following manner: 

‘Termination-upon-convergence’ parameters 
 - convergence percentage: 0.99 
 - generations-to-convergence: 12 
Replacement percentage: 0.5 
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Population size: n2 , where n is the number of design variables 
Mutation probability: 0.02 
Crossover probability: 0.9 
Generation when starting gradient update: 10 

The optimisation of the geometry of each of the 114 machine tools was carried out 
by using parallel processing in a PVM platform that was configured from six Unix 
workstations (see Section 5.2.6.4). The 114 optimisation processes took 26 hours 
altogether on these six computers. The distribution of the evaluation tasks of the first 
10 optimisation processes on the five slave workstations is shown in Table 5.10. 

 No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9 No.10 
dommel 

HP 9000/782/C200+ 21 45 20 23 27 22 14 20 32 15 

bilbo 
HP 9000/778 series 13 20 8 10 13 11 12 8 22 9 

fili 
HP 9000/778 series 12 26 8 8 11 9 8 6 17 7 

kili 
HP 9000/778 series 21 40 17 19 24 15 17 13 26 12 

thorin 
HP 9000/778 series 14 20 7 10 15 10 10 9 20 8 

Table 5.10  Number of evaluations of the first 10 geometry optimisations 
performed on 5 slave workstations in the PVM platform. 

 
Figure 5.7  Best 15 machine tool configurations of the feasible set of 114. 
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After the optimisations of all the 114 machine tools, their objective values belonging 
to the optimal geometry can be sorted. Figure 5.7 presents the best 15 machine tools 
of the 114. The first number below each machine is the objective value, and the 
number in parentheses is the serial number of the series of machines presented in 
Figure 4.11 and Figure 4.12 (see on page 158). Conversely, Figure 5.8 shows the 
worst 5 machine tools also together with their objective values and serial numbers. 

We note here that the best machine tool found during this exhaustive search 
is an existing machine tool construction. Another remark is that the long spindles of 
some of the machine tools is the result of the definition of our problem: the work-
space is cubic, the length and the width of the tabletop is equal to the corresponding 
workspace dimensions, and the upper bounds for the spindle length during the 
optimisations were too high. With such settings the minimisation of the interferences 
requires the spindle to be unrealistically high. With different settings different 
machine tool geometries can be obtained. 

 
Figure 5.8  Worst 5 machine tool configurations of the feasible set of 114. 

5.3.3 Configuration Optimisation with Genetic Algorithms 
In addition to the exhaustive search, the optimisation of machine tool configurations 
can be carried out by the use of genetic algorithms (GAs) as well. In this case, the 
configurational parameters are coded into chromosomes and the configurational 
constraints are included in the objective/fitness values as penalty terms. 

5.3.3.1 The Genetic Algorithms 
GAlib Version 2.4.4 (see Section 5.2.5.3 and Appendix L) was used to build the 
GAs to perform the configuration optimisations. This section will present the 
chromosome, the objective function, and the genetic algorithms that were developed. 

(1) The Chromosome 
We saw in Chapter 3 that our 3-axis machine tools can be described by ten configu-
rational parameters (see Section 3.2.4). We also presented in Chapter 4 the way 
these ten configurational parameters are set for the configuration processes (see 
unsigned configurational parameters in Section 4.2.1) and the way machine mutants 
are generated using five digits as mutant IDs (see Section 4.2.2). For the genetic 
search, these 15 data are coded in 15 genes in the chromosomes. Table 5.11 presents 
these 15 genes: the first 10 genes (G1 through G10) encode the (unsigned) values of 
the configurational parameters, and the last 5 genes (G11 through G15) encode the 
values of the mutant IDs. The second column of Table 5.11 describes the particular 
configurational parameters and the mutant IDs that are coded in the genes; the third 
column shows all the possible (real) values that each configurational parameter or 
mutant ID can take; and the last column shows the corresponding coded values 
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(alleles) that are used in the chromosomes. The coded values (the alleles) are 
integers and the so-called one-dimensional array allele genome 
(‘GA1DArrayAlleleGenome<int>’) of GAlib© was used for the genetic algorithms. 
This genome (chromosome) has specific initialiser, crossover and mutation opera-
tors defined within GAlib© that were used without any change (to describe them is 
beyond the scope of the dissertation; see [Matthew, 1996] for further details). 

The highest number of all the combinations of the 15 genes is 221 184. It is 
obtained by multiplying the numbers of their maximally possible values 
(4·3·2·2·2·3·3·2·2·2·2·2·2·2·2 = 221 184). Note that this number is the same as the 
one that was obtained for the combination of the ten signed configurational parame-
ters that were presented in Section 3.2.4. 

The search space of the configuration optimisation processes can be simply 
limited by the setting of the unsigned configurational parameters (see Section 4.2.1). 
For example, if we want to limit the search for those machine tools where the fixed 
member is the table (fixed_memb = TBL) and the vertical guideway is the headstock 
guideway (vert_gw = HST_GW), then genes G1 and G2 will have only one allele 
(i.e., ‘4’ and ‘1’, respectively). In this case the search space consists of 18 432 gene 
combinations. Note that the search space can also be constrained by the configura-
tional constraints (see below). 

 Configurational 
Parameter Real Values Coded Values 

(Alleles) 
G1 1. fixed_memb HST, NT_HST, NT_TBL, TBL 1, 2, 3, 4 
G2 2. vert_gw HST_GW, MID_GW, TBL_GW 1, 2, 3 
G3 3. hst_gw_short HST, NT_HST 1, 2 
G4 4. mid_gw_short NT_HST, NT_TBL 1, 2 
G5 5. tbl_gw_short NT_TBL, TBL 1, 2 
G6 6. spindle_dir HST_GW_DR_DIR, MID_GW_DR_DIR,  

TBL_GW_DR_DIR 
1, 2, 3 

G7 7. table_norm HST_GW_DR_DIR, MID_GW_DR_DIR,  
TBL_GW_DR_DIR 

1, 2, 3 

G8 8. hst_gw_norm MID_GW_DR_DIR, TBL_GW_DR_DIR 1, 2 
G9 9. mid_gw_norm HST_GW_DR_DIR, TBL_GW_DR_DIR 1, 2 

G10 10. tbl_gw_norm HST_GW_DR_DIR, MID_GW_DR_DIR 1, 2 
G11 1st mutant ID number 1, 2 1, 2 
G12 2nd mutant ID number 1, 2 1, 2 
G13 3rd mutant ID number 1, 2 1, 2 
G14 4th mutant ID number 1, 2 1, 2 
G15 5th mutant ID number 1, 2 1, 2 

Table 5.11  15 genes of the chromosome used for configuration optimisations 
by genetic algorithms. 

(2) Modified Objective Function 
In Section 5.3.1b) we defined the objective function of the configuration optimisa-
tion processes. Obviously, this objective function can only be used for the feasible 
machine tools that can be configured by the Design System. However, distinctive 
objective values must also be assigned to those chromosomes that represent 
unviable, or illegal, or infeasible machine tools. 
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At the legality analysis and the feasibility analysis (see Sections 4.3 and 4.4) 
we saw that the signed configurational parameters can represent either viable or 
unviable machine tool variants; the viable variants can either be legal or illegal; and 
the legal variants can either be feasible or infeasible (see summary of these defini-
tions in Table 4.1 on page 159). Correspondingly, the machine tools that are 
represented by the chromosomes can be classified into four main categories (see 
explanations after the list of the categories): 
1) The machine tools belonging to some of the chromosomes cannot be configured 

because the current component library does not make it possible. Hereinafter, we 
will shortly refer to such abstract machine tools as unviable variants. 

2) Some of the chromosomes may represent viable but illegal machine tools. 
Hereinafter, we will shortly refer to such machine tools as illegal variants. 

3) If configurational constraints are present, some of the chromosomes may 
represent legal but infeasible machine tools. Hereinafter, we will shortly refer to 
such machine tools as infeasible variants. This category can be further divided 
into two subcategories: 
3.a) Genes G1 through G10 of the chromosomes representing these infeasible 

variants are the reason of infeasibility. Hereinafter, we will refer to such ma-
chine tools as strongly infeasible variants. 

3.b) Genes G10 through G15 of the chromosomes representing these infeasible 
variants are the reasons of infeasibility. Hereinafter, we will refer to such ma-
chine tools as slightly infeasible variants. 

4) All the feasible variants – i.e., machine tools that do not belong to the three main 
categories presented above – belong to the fourth category. Hereinafter, we will 
refer to such machine tools as feasible variants. 

At the legality and feasibility analyses (see Sections 4.3 and 4.4) we described these 
four main categories in more detail. We saw that the unviable and the illegal 
machine tools can be determined from the mutant IDs, thus from the genes G11 
through G15. Concerning the infeasible machine tools, the subcategories 3.a) and 
3.b) were also implicitly described at the feasibility analysis. We presented there (in 
Section 4.4) that the fact of infeasibility can be determined either from the unsigned 
configurational parameter settings before the instantiation of the components or 
from the signed directions when the mutant IDs are used to instantiate the specific 
components. Consequently, the fact of infeasibility can be determined either by the 
use of genes G1 through G10 or by the use of genes G11 through G15. The first case 
of infeasibility is stronger than the second one; this is the reason for the use of the 
adjectives ‘strongly’ and ‘slightly’ that indicate the two subcategories of infeasible 
variants. If a ‘strongly infeasible variant’ has been found, then it means that one or 
more of the five characteristic directions are not parallel with the required direc-
tions. If a ‘slightly infeasible variant’ has been found, then it means that the five 
characteristic directions are parallel with the required directions but one or more of 
them do not point into the required (signed) directions. This distinction gives a 
chance to the genetic algorithms not to discard those machine tool candidates the 
characteristic directions of which are parallel with the required directions but one or 
more directions needs a swap, i.e., one or more components needs to be exchanged 
for its component-pair or instance-pair (see discussion about direction swapping and 
component-pairs in Section 3.4.6 on page 98). 
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A population evaluator was developed for the GAs that operates in two 
steps. First, those individuals of the population that represent feasible variants are 
evaluated. These individuals receive the objective values calculated by the objective 
function defined in Section 5.3.1b) above (see on page 217). Similarly to the 
geometry optimisation, the objective value of those feasible variants that have been 
evaluated are stored by the population evaluator, so when they are requested for 
evaluation again, their objective values are simply retrieved and not re-evaluated. 
The population evaluator then evaluates those individuals of the population that 
represent not feasible (i.e., infeasible, or illegal, or unviable) variants. These 
individuals receive objective values according to the following objective function: 

nnipoo imini ,12,...,1,      ; −=−=  

where the oi is the objective value of individual i, omin is the objective value of the 
worst feasible variant in the population, (i.e., this is the minimum of the objective 
values calculated in the first step), pi is the penalty term of individual i, and n is the 
number of not feasible (i.e., unviable, or illegal, or infeasible) machine tools in the 
population. 

For the calculation of the penalty term pi, a function was used that gives dis-
tinctive values for the slightly infeasible, illegal, unviable, and strongly infeasible 
variants, in ascending order, respectively. In this manner, a slightly infeasible variant 
will have a lower objective value than a feasible variant; an illegal variant will have 
a lower objective value than a slightly infeasible variant; an unviable variant will 
have a lower objective value than an illegal variant; and a strongly infeasible variant 
will have a lower objective value than an unviable variant in a population. In the 
penalty function a gene-wise distance function is used that expresses the distance of 
the chromosome of a not feasible variant from the feasible set. We define the 
feasible set as the set of those chromosomes that represent all the feasible variants 
that can be synthesised for an actual problem definition. The penalty term pi in the 
four cases is calculated as follows: 
● If individual i represents a slightly infeasible variant: 

ℜ∈≥+= babab)(Dap ii ,;0,;G15]-[G11min  

where G15]-[G11
iD  is the distance function that compares the genes G11 through 

G15 of the chromosome i with the genes G11 through G15 of those chromosomes 
of the feasible set where genes G1 through G10 are identical with genes G1 
through G10 of chromosome i. During these comparisons this distance function 
counts the number of genes that are not identical. The values of G15]-[G11

iD  are in 
the range of [1, 2, …, 5]. The lowest value of such comparisons is used for the 
calculation of penalty pi. In other words, this penalty expresses the closest dis-
tance between chromosome i and the feasible set with respect to genes G11 
through G15. 

● If individual i represents an illegal machine tool: 

ℜ∈≥+= dcdcd)(Dcp ii ,;0,;G15]-[G11min  

(5.6)

(5.7)

(5.8)
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where G15]-[G11
iD  is the same distance function that was described at Equation 

(5.7). Since the objective value of an illegal variant must be lower than that of a 
slightly infeasible variant, and because the maximal value of the penalty in the 
case of slightly infeasible variants is ba +5 , bad +≥ 5 . 

● If individual i represents an unviable variant: 

ℜ∈≥+= fefef)(Dep ii ,;0,;G15]-[G11min  

where G15]-[G11
iD  is the same distance function that was described at Equation 

(5.7). Since the objective value of an unviable variant must be lower than that of 
an illegal variant, and because the maximal value of the penalty in the case of 
illegal variants is dc +5 , dcf +≥ 5 . 

● If individual i represents a strongly infeasible variant: 

ℜ∈≥+= hghgh)(Dgp ii ,;0,;G10]-[G1min  

where G10]-[G1
iD  is the distance function that compares the genes G1 through 

G10 of the chromosome i with the genes G1 through G10 of all the chromosomes 
of the feasible set. During these comparisons this distance function counts the 
number of genes that are not identical. The lowest value of such comparisons is 
used for the calculation of the penalty pi. In other words, this penalty expresses 
the closest distance between chromosome i and the feasible set with respect to 
genes G1 through G10. Since the objective value of a strongly infeasible variant 
must be lower than that of an unviable variant, and because the maximal value of 
the penalty in the case of unviable variants is fe +5 , feh +≥ 5 . 

(3) The Genetic Algorithm 
For the configuration optimisations the so-called simple genetic algorithm of GAlib© 
was applied (note that this algorithm is the implementation of Goldberg‘s SGA 
[Goldberg, 1989]). This type of GAs use entirely new population of individuals in each 
generation. The following control parameters should be specified for the use of this 
GA: population size, probability of crossover, and probability of mutation (see 
Section 5.2.5.1 for their short descriptions). 

If any configurational constraint is active (i.e., the value of one or more of the 
constraints presented in Section 4.4 is different than its default value), at the 
beginning of the search this genetic algorithm collects all the chromosomes that 
represent feasible machine tools. This feasible set is needed to calculate the distance 
values for the penalties. 

Similarly to the geometry optimisations, the termination criterion of the GAs 
used for the configuration optimisations was set to ‘terminate-upon-convergence’ 
[see Section 5.2.5.4c) for further details]. 

The sigma truncation scaling method was chosen as the scaling scheme, and 
the roulette wheel selector was chosen as the selection scheme of these GAs [see 
Sections 5.2.5.4f) and 5.2.5.4g) for further details]. In addition to this selection 
scheme the so-called elitism method was also used where the best individual from 
each generation is carried over to the next generation. [Matthew, 1996; Goldberg, 1989] 

(5.9)

(5.10)
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5.3.3.2 An Example of Configuration Optimisations Using GAs 
This section will give an example of the configuration optimisations using the GAs 
that were presented above. The optimisation problem is the same as the one that was 
presented for the example of exhaustive search in Section 5.3.2 (see on page 218), 
i.e., this example will present the use of GAs for the search for the optimal configu-
ration of the same 114 machine tools where the same geometric parameters are 
selected to be optimised during the low-level geometry optimisation loops (see 
Figure 5.6 on page 219). Since the optimisation of the geometry of a particular 
configuration takes considerably long time, this configuration optimisation example 
was performed in a manner that the results of the low-level geometry optimisations 
were simply retrieved from the results of the previous exhaustive search where the 
geometry of all the 114 feasible variants were optimised. It means that if a chromo-
some that represents a feasible variant is encountered, then its objective value is 
retrieved from the previous results, but if a not feasible variant is encountered, then 
its objective value is calculated according to the penalised objective function 
presented in Section 5.3.3.1(2). Using such a ‘simulated’ low-level geometry 
optimisation, the execution time of the high-level configuration optimisation can be 
significantly increased, therefore many experiments can be run to test and tune the 
optimisation algorithms in reasonable time. 

Table 5.12 shows the values of the chromosome of this example. Note that 
four of the 15 genes (namely, G1, G3, G4 and G5) have only one value, thus there 
exist 3·3·3·2·2·2·2·2·2·2·2 = 6 912 chromosome combinations. In this optimisation 
problem many configurational constraints are present that constrain the space of the 
6 912 variants to 114 feasible variants. 

 Configurational 
Parameter Real Values Coded Values 

(Alleles) 
G1 1. fixed_memb NT_TBL 3 
G2 2. vert_gw HST_GW, MID_GW, TBL_GW 1, 2, 3 
G3 3. hst_gw_short HST 1 
G4 4. mid_gw_short NT_HST 1 
G5 5. tbl_gw_short TBL 2 
G6 6. spindle_dir HST_GW_DR_DIR, MID_GW_DR_DIR,  

TBL_GW_DR_DIR 
1, 2, 3 

G7 7. table_norm HST_GW_DR_DIR, MID_GW_DR_DIR,  
TBL_GW_DR_DIR 

1, 2, 3 

G8 8. hst_gw_norm MID_GW_DR_DIR, TBL_GW_DR_DIR 1, 2 
G9 9. mid_gw_norm HST_GW_DR_DIR, TBL_GW_DR_DIR 1, 2 

G10 10. tbl_gw_norm HST_GW_DR_DIR, MID_GW_DR_DIR 1, 2 
G11 1st mutant ID number 1, 2 1, 2 
G12 2nd mutant ID number 1, 2 1, 2 
G13 3rd mutant ID number 1, 2 1, 2 
G14 4th mutant ID number 1, 2 1, 2 
G15 5th mutant ID number 1, 2 1, 2 

Table 5.12  Example of setting the 15 genes of the chromosome used for 
configuration optimisations by genetic algorithms. 
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We expect of the GAs to find optimal configurations within less than 114 (different) 
requests for evaluation of a feasible variant. We also expect that the optimal 
solutions found by GAs be in the ‘bests of 114 variants’ that were presented in 
Figure 5.7 (see on page 220). 

The parameters of the penalty term of the objective function were set as fol-
lows: a = c = e = g = 100, b = 1000, d = 2000, f = 3000, h = 4000 [see Equations 
(5.6) through (5.10)]. The control parameters of the GAs were set in the following 
manner: 

‘Termination-upon-convergence’ parameters 
 - convergence percentage: 0.99 
 - generations-to-convergence: 100 or 400 
Population size: 30 
Mutation probability: 0.01 or 0.05 
Crossover probability: 0.9 

Table 5.13 and Table 5.14 show the results of four times 13 subsequent experiments 
where the mutation probability and the ‘generations-to-convergence’ parameters 
were varied. The 13 subsequent experiments represent the stochastic performance of 
the GAs. The first column (‘Best Solution’) of each table in Table 5.13 and Table 
5.14 shows the best variants that were found by the GAs: similar to the numbers 
indicated in Figure 5.7 (see on page 220) the first numbers in this column are the 
objective values and the numbers in parentheses are the serial numbers of the series 
of machine tools presented in Figure 4.11 and Figure 4.12 (see on page 158). In 
ideal case, the best solution should be either 139.8 (28) or 139.8 (45), i.e., the first or 
the second variant presented in Figure 5.7. The second columns of Table 5.13 and 
Table 5.14 show the numbers of those evaluations of feasible variants that were 
requested at least once. Obviously, there are more requests for evaluation of feasible 
variants but the re-evaluations are not counted. The third columns of Table 5.13 and 
Table 5.14 show the number of generations when the convergence criteria were met. 
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Best Solution 
Feasible 

Mach. Tool 
Evaluations 

Numb. of 
Generations  Best Solution 

Feasible 
Mach. Tool 
Evaluations 

Numb. of 
Generations 

73.7 (60) 10 165  139.8 (45) 48 203 
106.4 (102) 14 132  139.8 (45) 23 119 
73.7 (60) 10 165  139.8 (28) 27 115 

139.8 (28) 12 165  139.8 (28) 35 129 
43.5 (52) 5 136  139.8 (45) 23 119 
73.7 (60) 10 165  107.8 (82) 31 120 

139.8 (45) 5 183  139.8 (45) 29 228 
73.7 (60) 10 165  139.8 (45) 23 119 
73.7 (60) 10 165  107.8 (82) 18 105 

106.4 (102) 13 103  139.8 (45) 22 108 
73.7 (60) 10 165  139.8 (45) 23 119 
73.7 (60) 10 165  107.8 (82) 21 100 
68.7 (27) 9 102  139.8 (45) 32 116 

 a) Mutation probability: 0.01 b) Mutation probability: 0.05 
Table 5.13  Results of configuration optimisation (generations-to-conv.=100). 

 

Best Solution 
Feasible 

Mach. Tool 
Evaluations 

Numb. of 
Generations  Best Solution

Feasible 
Mach. Tool 
Evaluations 

Numb. of 
Generations 

73.7 (60) 13 465  139.8 (45) 41 400 
73.7 (60) 13 465  139.8 (45) 26 419 

107.8 (82) 21 904  139.8 (28) 32 512 
73.7 (60) 13 465  106.4 (102) 30 457 

139.8 (45) 13 414  139.8 (45) 26 419 
139.8 (28) 25 405  139.8 (28) 38 529 
73.7 (60) 13 465  139.8 (28) 62 634 

107.8 (82) 14 405  139.8 (45) 26 419 
139.8 (28) 26 495  107.8 (82) 49 615 
73.7 (60) 13 465  106.6 (81) 34 422 

139.8 (28) 11 426  139.8 (45) 26 419 
139.8 (45) 12 488  139.8 (28) 31 441 
106.6 (81) 12 404  139.8 (45) 26 419 

 a) Mutation probability: 0.01 b) Mutation probability: 0.05 
Table 5.14  Results of configuration optimisation (generations-to-conv.=400). 

We can conclude that GAs performed reasonably well in solving this optimisation 
problem. Those experiments provided better results where the mutation probability 
was relatively high (compared to other GAs). The higher mutation probability 
assures higher diversity in the chromosomes which is necessary during the configu-
ration optimisations where the chromosomes represent diverse machine tool 
configurations and not continuous/smooth functions (like in the case of the geometry 
optimisations). This higher diversity is the reason of the higher numbers of feasible 
machine tool evaluations [compare the second rows of Table 5.13a) and Table 
5.13b) or that of Table 5.14a) and Table 5.14b)]. Note that the mutation probability 
cannot be increased too much because around 0.1 the diversity is so high that even 
in the final populations there are no or very few chromosomes that represent feasible 
variants (although good solutions may be found randomly). It was also proved that 
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GAs could find satisfactory solutions within relatively small numbers of feasible 
machine tool evaluations: the smallest number of machine tool evaluations was 5 
(4% of 114), and the highest number of feasible machine tool evaluations was 62 
(54% of 114). We can conclude that the best machine tools (i.e. either the first one 
[‘139.8 (28)’] or the second one [‘139.8 (45)’] presented in Figure 5.7 [see on page 
220]) could be found with a very high chance using the GAs developed. 

5.3.4 Conclusions of the Optimisation of the Configuration 
This section has presented two methods for the high-level optimisation of machine 
tool configurations. The exhaustive search can be used when the number of feasible 
machine tools of the optimisation problem is relatively low, so the geometry of each 
feasible machine tool can be optimised in reasonable time, and then each optimised 
machine tool can be compared or sorted by their objective values. The optimisation 
using genetic algorithms can be applied when the number of feasible variants of the 
optimisation problem is relatively high. In this case, the low-level geometry 
optimisations are also performed. This optimisation process takes shorter time than 
the exhaustive search because not all of the feasible variants are needed to be 
evaluated in order to find an optimal solution. However, the best solution found by 
GAs has some uncertainty. Nevertheless, the experiments have proved that GAs can 
provide satisfactory solutions that are the expected ‘absolute best’ solutions in most 
of the cases. 

5.4 Conclusions 
This chapter has presented the methods of the optimisation algorithms that were 
developed for the Design System. Optimisation can be performed within the Design 
System in two levels. During the (low-level) geometry optimisation, the geometry of 
the machine tools can be optimised. During the (high-level) configuration optimisa-
tion, the optimal values of the configurational parameters can be searched for. The 
high-level configuration optimisation requests the low-level geometry optimisation 
to optimise the geometry of all the machine tool configurations encountered. 

For the optimisation of the geometry of the machine tools some geometrical 
parameters are selected to be optimised. Geometry optimisation is a nonlinear multi-
criteria optimisation where bound constraints are present and the objective function 
is the weighted sum of the measures derived from different analysis results. The 
optimisation objective may consist of one or more of the following sub-objectives: 
(1) minimisation of the total volume, (2) minimisation of the geometric interfer-
ences, (3) minimisation of the static displacements, and (4) maximisation of the first 
natural frequency of a particular machine tool model. Two types of optimisation 
algorithms have been implemented for the geometry optimisation tasks: a sequential 
quadratic programming (SQP) algorithm and genetic algorithms (GAs). The 
evaluation of the objective function is computationally intensive; therefore parallel 
processing algorithms have been developed to shorten the overall time of the 
geometry optimisation processes. The experiments have proved that GAs can 
perform more safely and robustly than the SQP algorithm, and using the parallel 
processing capabilities, GAs can provide optimal solutions in much shorter time 
than the SQP algorithm. 
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During the optimisation of the machine tool configurations, the optimal val-
ues of the configurational parameters are searched. The search space of such 
configuration optimisations can be limited by the setting of the configurational 
parameters and it can also be constrained by the configurational constrains. The 
objective of the configuration optimisation is similar to that of the geometry 
optimisation, i.e., the optimisation processes search for those machine tools that 
have (1) the lowest geometric interferences, and/or (2) the lowest static displace-
ments, and/or (3) the highest first natural frequency. 

Two methods have been implemented in the Design System for the configu-
ration optimisations: an exhaustive search method and a genetic search method. The 
exhaustive search method can be used when the number of feasible machine tools of 
the problem definition is low. If the number of the feasible machine tools is high, 
GAs can be used to perform the optimisations. In this case, the configurational 
parameters are encoded in the chromosomes and penalty terms are applied in the 
objective functions that penalise those chromosomes that represent infeasible, illegal 
or unviable machine tools. 
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Chapter 6 
General Conclusions 

“Edison said that genius is 1% inspiration and 99% perspiration, and 
he might well have said the same of designing. With the computer at one’s 
elbow, perhaps the inspiration may grow to 5%, or even more.”  
 [French, 1994] 

The dissertation presents a Design System for the preliminary design of 3-axis 
machine tools. This Design System is a new computer-aided design (CAD) tool that 
comprises a methodology and integrated software tools for the synthesis, analysis 
and optimisation of the preliminary structural configurations and of the preliminary 
geometry of 3-axis machine tools. With respect to the state of the art, our Design 
System is the first system for the complete preliminary design cycle of machine 
tools where the synthesis, analysis and the optimisation processes can be performed 
concurrently within an integrated software environment. 

In order to reach this result many new methods and tools have been devel-
oped and several existing methods and tools have been applied or integrated. The 
concepts of the Design System are based on the system developed by Lipóth [Lipóth, 
1993]. In his work, Lipóth defined ten configurational parameters and his system was 
able to synthesise structural alternatives. He also developed some structural 
constraints to filter the synthesised alternatives with the help of the ten configura-
tional parameters. He worked out a method for the static analysis but he did not 
implement it in his software system. He proposed a two-level optimisation method 
for the optimisation of the geometry and for the optimisation of the configuration. 

In our work, Lipóth’s methods have been enhanced and extended, especially 
with regard to the synthesis of parametric geometric models, and to the analysis and 
optimisation methods and tools. Therefore, and against the background of the sate of 
the art of this field, the Design System this dissertation presents is a new contribu-
tion to the preliminary design of 3-axis machine tools. This contribution is summa-
rised in what follows. 

6.1 The Methodology 
The methodology comprises several novel complementary methods for synthesis, 
analysis and optimisation. 
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6.1.1 The Synthesis Methods 
The new synthesis methods support the easy and fast creation of various 3-axis 
machine tool configurations with parametric geometric models that are suitable for 
design modifications or for optimisations. Such syntheses have been realised by the 
automatic configuration of the machine tool assemblies from predefined structural 
components where each component has parametric shapes and dimensions. The 
synthesis methods are based on Lipóth’s work [Lipóth, 1993]. 

The dissertation discusses the properties of 3-axis machine tools and defines 
for them a description system. This description system consists of ten configura-
tional parameters and is an enhancement of the ten parameters elaborated by Lipóth. 
We have defined signed values for the direction parameters within the ten configura-
tional parameters and realised the alteration of these direction signs in the resulting 
machine tool models. 

A new library of structural components has been developed and populated. 
The basic form of the components and their basic classification are based on 
Lipóth’s work. As a further elaboration of Lipóth’s method, many parametric 
properties have been defined for the complete form of the components. 

Our new synthesis methods have been developed in a manner that either a 
particular machine tool or a specific group of machine tools can be prescribed with 
the help of the ten configurational parameters and some specific configurational 
constraints. Such constraints are prescribed by the legality analysis and by the 
feasibility analysis. In comparison to Lipóth’s synthesis, a novel mutant-generating 
method has been developed. This method creates the so-called machine mutants that 
are due to the alteration of the direction signs in the configurational parameters. 
Such mutant generation is realised at the component level where each component 
that can cause direction alteration has a component-pair. Then, the machine mutants 
are created by the combination of such component-pairs. 

6.1.2 The Analysis Methods 
Six analysis tools have been developed for the evaluation of the synthesised machine 
tool variants: the legality, the feasibility, the volume, the clearance, the static, and 
the dynamic analysis tools. The static analysis is based on the method developed by 
Lipóth, and also some configurational constraints for the feasibility analysis were 
worked out by Lipóth. The rest of these six analysis tools are considered as new 
contributions. 

The legality analysis helps to distinguish between legal and illegal variants. 
Illegal variants are the redundant rotated variants and the unrealistic variants. With 
the legality analysis tool, the synthesis of the illegal variants is eliminated so that 
only legal variants can be synthesised. The Design System is able to generate 56 832 
legal variants from the current component library. 

With the help of the feasibility analysis, the space of the legal design variants 
can be constrained by configurational constraints. A legal machine tool variant is 
feasible if it satisfies the configurational constraints. Several configurational 
constraints have been defined. With these constraints special requirements can be 
stated against the configurational characteristics of the machine tools, such as a need 
for symmetric or asymmetric variants, for vertical or horizontal spindle/table, for the 
elimination of mirrored mutants, for the elimination of the long-on-short guideway 
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construction, and for the elimination of potentially unrealistic variants. With the use 
of the feasibility analysis, a specific group of machine tools can be defined and the 
number of machines belonging to these groups can be enumerated. The dissertation 
has presented some interesting groups of machine tools where the configurational 
constraints were set in various ways. 

The volume analysis has been developed for calculation of the total volume 
of the solid bodies of the machine tool models. The total volume can be used as an 
evaluation measure of the machine tools. The lower this value, the better the 
machine tool. 

The clearance analysis has been developed in order to identify the colliding 
or constant interferences between the structural components and minimise or 
eliminate them during the optimisation processes. The total volume of the intersec-
tion bodies was chosen as the measure of the clearance analysis. In general, the 
lower this value, the better the machine tool. 

The static analysis has been developed to measure the overall deformation of 
the machine tool structures. A model was created where the bodies of the compo-
nents are rigid and the compliance of the connection between each moving compo-
nent and carrier component is modelled by linear springs. The displacement of the 
tool-end point relative to the table is calculated subject to the static cutting force. 
The lower this displacement is, the stiffer, thus the better the machine structure is. 

The dynamic analysis has been developed to calculate the natural frequencies 
of the machine tool structures. A multibody analysis tool was applied to generate the 
dynamic equations of motion. The assumptions used to model the structures are 
similar to those of the static analysis: rigid bodies are connected by linear springs 
and dampers. A program code was adopted that calculates the natural frequencies 
from the generated equations of motion. The first natural frequency is selected as the 
measure of the dynamic analysis. The higher this value, the better the machine tool. 

6.1.3 The Optimisation Methods 
One of the final aims of the development of the Design System was to automate 
some optimisation tasks of the preliminary design of 3-axis machine tools. As a 
result, with the Design System the geometry of the generated machine tools – i.e., 
some chosen geometric parameters – as well as the machine tool configurations – 
i.e., the configurational parameters – can be optimised. 

a) Geometry optimisation 
A new method for the optimisation of the geometry has been carried out to optimise 
the machine tool models generated by the synthesis methods. During such optimisa-
tions the optimal values of the selected geometric parameters are searched within 
given bounds. 

The optimisation criteria consist of one or more of the following objectives: 
to minimise the total volume; to minimise the geometric interferences; to minimise 
the static displacements; to maximise the first natural frequency. The multi-criteria 
objective function is then composed of the weighted sum of the analysis meas-
ures.Two types of optimisation algorithms were adapted to or developed for the 
Design System: a third-party sequential quadratic programming (SQP) algorithm 
and genetic algorithms. The SQP algorithm has been used without any significant 
modifications. Several genetic algorithms have been developed for our specific 
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needs. During the test cases, these specific genetic algorithms generally performed 
better and more robustly than the SQP algorithm. 

Since the evaluation of the objective functions is computationally intensive, 
in order to accelerate the computation speed of the optimisation processes, distrib-
uted computing has been applied within the optimisation algorithms. Such distrib-
uted computing is realised by a master-slave model where the evaluation tasks are 
distributed amongst a network of computers. 

b) Configuration optimisation 
New methods for the automatic optimisation of the machine tool configurations have 
been developed. During such optimisations the optimal values of the ten configura-
tional parameters are searched for. 

Lipóth proposed the idea of a two-level optimisation method that has been 
further elaborated and realised within our Design System. During this two-level 
optimisation, while searching for the optimal values of the configurational parame-
ters, the geometry of the machine tool described and synthesised by each configura-
tional parameter combination is also optimised. 

The objective function of the configuration optimisation processes is the same 
function that was defined for the geometry optimisations. 

The feasibility analysis provides means to constrain the design space in 
which the optimal values of the configurational parameters are searched for. 
Therefore, the configuration optimisations pose constrained optimisation problems. 

Two optimisation methods have been developed. The first one is an exhaus-
tive search where a limited number of machine tool configurations are prescribed 
and synthesised, then the geometry of all such machine tools are optimised, and the 
objective values of the machine tools are compared. The second method is a search 
with genetic algorithms where the configurational parameters are coded in chromo-
somes and constraints are included in the fitness values as penalty terms. Experience 
has proved the applicability and validity of such automatic configuration optimisa-
tions. 

6.2 A New Integrated Software System 
The Design System developed during the research and development work that the 
dissertation presents is a new integrated software system. The methods presented 
above have been implemented in new software tools with the use of the C/C++ 
programming language. The following third-party software tools have been 
integrated to such new software tools: UnigraphicsTM, Matlab®, DONLP2©, GAlib©, 
and PVM©. 

6.3 Suggestions for Future Work 
The Design System developed during the research and development of the disserta-
tion is a complex but limited system that may be extended in the future. The 
following extensions may be taken into further consideration. 

As regards the synthesis, the current component library could be extended in 
a manner that every structural component presented in the dissertation would have 
more alternatives. It means that the basic form of the components remains the same 
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but each basic form would have several alternative complete forms. This would 
result in the combinatorial multiplication of the machine tool variants. 

The components need not necessarily be predefined but could be synthesised 
by an intelligent design tool using conceptual synthesis operators. Such a design 
system was envisaged in Section 1.5.2 (see the so-called ‘second approach’ on page 
49). 

Furthermore, the scope of the Design System can be extended to other types 
of 3-axis machine tools, such as portal or gantry, or box-in-box machine tools. 
Moreover, 4- or 5-axis machine tools may also be targeted, where not only linear but 
also rotational guideways are present. The inclusion of rotational guideways is easier 
if they are assembled at the end of the headstock-chain or/and at the end of the table-
chain. This is the case of most 4- or 5-axis machine tools. It is also conceivable that 
these rotational guideways are not placed at the end but in the middle of the 
component-chains. These latter cases would make the description systems, the 
synthesis methods and the formulation of the component libraries highly compli-
cated. Furthermore, the systematic computer-aided preliminary design of parallel 
kinematics machine tools may also be considered. 

As regards the analysis, additional analysis methods and tools may be 
worked out. For example, finite element modelling (FEM) and finite element 
analysis (FEA) may be included in the static or dynamic analysis. However, 
FEM/FEA requires more realistic geometric components, which would mean that we 
move towards the detailed design phase that would be an extension of the design 
scope. An important aspect of designing is the prediction of costs. An analysis tool 
that is able to predict the costs in the preliminary design of machine tools would also 
be helpful. 

As for the optimisation, we have used the weighted sum method that is one of 
the simplest – yet frequently used – multi-criteria optimisation methods. There exist 
several advanced methods that may be taken into consideration. Moreover, there 
exist methods that are able to find the so-called Pareto-optimal set during multi-
criteria optimisations. The application of these methods may also be considered. 

As regards the software platform, the geometric modelling and the automatic 
synthesis methods may be implemented in other commercial CAD systems as well, 
or they could be worked out in a platform independent manner, using neutral (but 
parametric) geometrical representation formats. Moreover, the software tools 
summarised in Section 6.2 above may also be replaced by other software tools that 
can solve problems easier, faster and perhaps cheaper. 

Last but not least, the current Design System or its future extension may be 
integrated into a mechatronic design environment where the design of the mechani-
cal structure and the control system is performed concurrently. Such extension 
would pose new challenges and extension possibilities. 
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Appendix A Glossary for Engineering Design 

“Many of the notions and concepts which have become accepted in design 
are in essence very simple, but may be expressed in a variety of ways. 
Consequently, in design research the words frequently present more of an 
obstacle to understanding than the ideas themselves.”  
 [Taylor, 1993]90 

This glossary summarises some important concepts and terms used in the context of 
engineering design in this dissertation. Note that there are some complementary 
definitions in Appendix A and Appendix B. 

 
 

Action principle .  Natural phenomenon of physical, chemical or biological 
nature on the basis of which an effect can be achieved [Hubka, 1987, p. 99]91. 

Algorithm.  An unambiguous set of questions or commands that have to be dealt 
with in the indicated order, and will definitely lead to reaching a clearly described 
result. [Roozenburg & Eekels, 1995, p. 43] 

Algorithmic method.  See method. 
Analysis .  The resolution of anything complex into its elements and the study of 

these elements and their interrelationships. The information acquired during 
analysis is transformed into knowledge. [Pahl & Beitz, 1996, p. 56] 

Anatomical  structure.  Components (with their form, size, material, manufac-
turing method, tolerance, surface finish) and their relationships. [Hubka, 1987, p. 25] 

Artefact  ( technical  artefact) .  See product and technical system. 
Axiom. Self-evident truth or fundamental truth for which there is no counter 

examples or exceptions. It cannot be derived from other laws of nature or princi-
ples. [Suh, 1999] 

Axiomatic  design.  A design theory that states some axioms and derives 
theorems and corollaries based on the axioms [Suh, 1999]. The axiomatic approach 
to design is a result of generalising successful design practice in terms of funda-
mental principles. [Suh, 1995a] 

Basic  design cycle  (model) .  A model of the design process which ap-
proaches design as a problem solving process. The basic design cycle model gives 
a logical sequence of steps that help solve problems in each phase of the design 

                                                           
90 Taylor in [Taylor, 1993] refers to [Gill, 1990]. 
91 Note that other authors (e.g., [French, 1985; Pahl & Beitz, 1996]) use the term ‘working principle’ for 

‘action principle’. 
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process. These steps are the following: problem statement, synthesis, analysis, 
evaluation, and decision. (Based on [Roozenburg & Eekels, 1995]92). 

Component .  An entity, either tangible or abstract, that is used as a contributed 
part to a structure or a system, and helps to perform the actions and effects needed 
to bring about a process. It can exist on its own, but is then usually not capable of 
performing all its duties. [Hubka, 1987, p. 96] 

Concept .  A mental (and usually somewhat abstract) model of a physical reality 
[Hubka, 1987, p. 97]. See also design concept. 

Conceptual  design.  A phase of the design process. See phase model (of the 
product design process). 

Conceptual is ing.  A designing activity that comprise the search for solution 
principles [Pahl & Beitz, 1996]. See also conceptual design. 

Concurrent  engineering.  A way of work where the various engineering 
activities in the product development process are integrated and performed as 
much as possible parallel rather than in sequence [Sohlenius, 1992]. 

Constraint .  The limitation of the natural world (e.g., Newton’s law) and other, 
perhaps artificial, limitations or restrictions to be placed on the design. Constraints 
describe what must not to be violated. [Brown & Birmingham, 1997] 

Control .  The process of looking after things (and ideas), so that they do not get 
out of hand, and are preferably steered in the most favourable direction. It can be 
thought to consist of two stages: regulation as the process of aiming in a predicted 
direction at the start of an operation, and feedback to correct that aim from time to 
time. In terms of design operations, ‘verifying’ is the regulating action of estab-
lishing a prediction of truth, ‘checking’ is the feedback action of detecting errors. 
[Hubka, 1987, p. 97] 

Corol lary.  Inference derived from axioms or propositions that follow from 
axioms or other propositions that have been proven. [Suh, 1999] 

Deductive reasoning.  A reasoning from antecedence to consequence (see also 
reductive reasoning) [Roozenburg & Eekels, 1995, p. 69-70]. 

Definit ive  layout .  Graphical representation of the anatomical structure 
(components and their arrangement) of a machine system, that serves as starting 
point for detailing [Hubka, 1987, p. 102]93.  The configuration of the product and the 
form of the parts is developed up to the point where the design of the product can 
be tested against the major requirements of the specification [Pahl & Beitz, 1996]. 
See also embodiment design. 

Design.  The mental process of imagining ways in which the need can be fulfilled, 
deciding on the most advantageous way under the circumstances. It is performed 
before an object or organisation can exist, it is a prerequisite to that existence (see 
engineering design). [Hubka, 1987, p. 97] 

Design concept .  The solution principle is worked out in a way that important 
properties – such as appearance, broad idea of the form, operation and use, manu-

                                                           
92 Roozenburg and Eekels use the terms ‘analysis’, ‘synthesis’, ‘simulation’, ‘evaluation’, and 

‘decision’ to refer to the same steps of the basic design cycle. 
93 Hubka’s original term is ‘dimensional layout’ [Hubka, 1987]. 
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facturability, and costs – can be assessed, together with the technical-physical 
properties – such as kinds of material [Roozenburg & Eekels, 1995]. See also concept. 

Design documentat ion.  Various written descriptions, graphical and other 
types of models of the partly or fully designed machine system, and requirements 
placed on them in various forms and with various content. According to the 
workflow during the design process, the following comprise the main design 
documentation: design problem formulation, design specifications, technical 
process block diagram, functional structure schematic, morphological matrix, 
concept sketch, preliminary layout, definitive layout, and drawing and part list. 
[Hubka, 1987, p. 100] 

Design method.  Heuristic method that are based on ‘weak’ forms of knowledge 
(see method). Design methods do not guarantee a result, but do increase the chance 
of achieving a result. [Roozenburg & Eekels, 1995, p. 45] 

Design methodology.  The aim of design methodology is to structure design 
procedures and to model them, and also to give support to each design step 
through models and methods with the aim of increasing efficiency and of making 
the area easy to learn and transparent [Andreasen, 1991]. Design methodology is a 
concrete course of action for the design of technical systems that derives its 
knowledge from design science and cognitive psychology, and from practical 
experience in different domains [Pahl & Beitz, 1996, p. 10]. Design methodology 
provides procedures for the solving of design problems. It involves both the 
general design strategy and also the tactical approach to individual portions of 
design work. The main areas and forms of design methodology are: design phases, 
procedural model, procedural plan, procedural manner, method, methodology, 
plan of action, working method, and working principle. [Hubka, 1987, p. 102] 

Design phases .  See design process and phase model. 
Design process .  Consists of and describes the work flow of design, leading from 

the problem formulation to the complete description of the technical system 
[Hubka, 1987]. Models of the design process can be classified into three types: (1) 
models for design as problem solving (see basic design cycle); (2) phase models of 
the product design processes (see phase model); and (3) phase models of the 
product development processes. [Roozenburg & Eekels, 1995] 

Design property.  Basic category of the properties of a technical system, e.g., 
the anatomical structure (components and their arrangements), form (geometry), 
dimensions, material and manufacturing methods, tolerances and surfaces proper-
ties of the separate components. [Hubka, 1987, p. 104] See also property. 

Design science.  A collection (a system) of logically connected knowledge in the 
area of design. Design science is a scientific study of the design activity in its 
context, including concepts of technical information and of design methodology. 
[Hubka & Eder, 1988] The ultimate aim of design science is to provide a holistic 
framework that can improve the knowledge, awareness, efficiency, effectiveness, 
creativity and productivity of practising engineering designers. [Hubka & Eder, 
1990]. 

Design space.  A set of points that can be specifications or implementations [Tong 
& Sriram, 1992a, p. 14]. 

Design specif icat ions.  Clarified formulation of the problem, complete (as far 
as possible) orderly (sorted), quantified, and annotated with priorities. Includes all 
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statements of requirements that are usable as evaluation criteria. [Hubka, 1987, p. 
101] 

Design theory.  Systematic statements of principles and experimentally verified 
relationships that explain the design process and provide the fundamental under-
standing necessary to create a useful methodology for design [Bieniawski, 1993]. 

Detai l  design (or  detai led design) .  A phase of the design process. See 
phase model (of the product design process). 

Detai l ing.  A designing activity that determines the final shapes and dimensions of 
the components and finalises the operating and production details [Pahl & Beitz, 
1996]. See also detail design. 

Effect .  General descriptive term for the action of one object (its output effect) on 
another (its input). Effects may be direct or indirect. The result of an action is a 
reaction of the object subjected to that activity, in the form of a change of state of 
some of its properties. In designing, certain effects are prescribed that are regarded 
as causes of the desired transformations, or achievement of desired properties. 
[Hubka, 1987, p. 104] 

Embodied design.  A description (e.g., drawings, part lists, etc.) of the geomet-
rical and physico-chemical form of a product and its parts [Roozenburg & Eekels, 
1995]. See embodiment design. 

Embodiment design.  A phase of the design process. See phase model (of the 
product design process). 

Embodying.  A designing activity that comprise the engineering of a solution 
principle by determining the general arrangement and preliminary shapes and 
materials of the components [Pahl & Beitz, 1996]. See also embodiment design. 

Engineering design.  1. The systematic, intelligent generation and evaluation of 
specifications for artefacts whose form and function achieve stated objectives and 
satisfy specified constraints [Dym, 1994, p. 17].  2. A process performed by humans 
aided by technical means through which information in the form of requirements 
is converted into information in the form of descriptions of technical systems, such 
that this technical system meets the requirements of mankind [Hubka & Eder, 1988, p. 
215].  3. Engineering design affects almost all areas of human life, uses the laws 
and insights of science, builds upon special experience, and provides the prerequi-
sites for the physical realisation of solution ideas [Pahl & Beitz, 1996, p. 1]. 

Environment (of  a  system).  All elements not within the system boundary 
[Hubka, 1987, p. 111]. 

Evaluat ion.  Basic operation of assessing the quality of an object to be evaluated. 
This process consists of selecting evaluation criteria, determining appropriate 
values for the system, and processing these to a combined value for the purpose of 
assisting a decision. Evaluation may be subjective or objective, emotional or 
intellectual, or a combination of these. [Hubka, 1987, p. 105]. 

Form. A perceived external organisation, including shape, geometry, general 
appearance, aesthetic impression, etc. A change of form may simultaneously 
involve a change of structure. Form is a fundamental characteristic of each ma-
chine system that describes the geometry, proportions, etc. of the items. The forms 
of most machine systems are composed of combinations of basic geometric body 
shapes. [Hubka, 1987, p. 96, p. 105] 
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Form determination.  A basic activity in the search for the most suitable form 
(geometry, proportions, etc.) of the machine system during the embodiment design 
phase. This activity requires resolution of complicated interactions between form 
and functions, material, manufacturing methods, strength, human beings and cost. 
[Hubka, 1987, p. 105] 

Function  (of a technical system or a machine system).  Different interpretations are 
in use. Two concepts are particularly useful in systematic design methodology: (1) 
Function as the duty that the product must be capable of fulfilling, i.e., its effects 
and actions, or the benefits or utility of the machine system. Can also be stated as 
purpose function (or functional purpose), or aim. (2) Function as a general connec-
tion between input and output (analogous to a mathematical function) which is 
concerned more with the act of functioning, and method of function performance. 
Can also be referred to as technical function. [Hubka, 1987, p. 106] 

Functional  purpose.  See function. 
Functional  structure.   1. Description of the structure of a technical system 

with respect to the isolated functions and their relationships [Hubka, 1987, p. 106].   
2. A function structure is a representation of the intended behaviour (the functions) 
of a product and its parts. It shows what internal functions must be realised by 
elements that may not be concretely defined, so that the system as a whole can 
fulfil its external overall function. [Roozenburg & Eekels, 1995, p. 94] 

Function-carrier .  Means of realising a function. A component of the machine 
system that exerts a certain effect or performs a function. We differentiate trans-
formation, propulsion, auxiliary, control, and also connection and support func-
tion-carrier. [Hubka, 1987, p. 106, p. 108] 

Heurist ic .  Anything, including “rule of thumb”, that provides a plausible aid or 
direction in the solution of a problem but in the final analysis may be fallible and 
incapable of justification. A heuristic has four characteristics: (1) it does not 
guarantee a solution; (2) it may contradict other heuristics; (3) it reduces the search 
time for solving a problem; and (4) its applicability depends on the immediate 
context instead of an absolute standard. [Bieniawski, 1993] See also method and rule 
in this glossary and heuristics (in AI context) in Appendix B. 

Heurist ic  method.  See heuristic and method. 
Machine e lements .  Frequently occurring structural components of machine 

systems. [Hubka, 1987, p. 26] 
Machine.  A system based generally on mechanical principles that is capable of 

exerting a somewhat complex transformation and propulsion effect. A machine 
comprises assemblies and parts. (Various overlapping machine categories are 
recognised: process machines, energy conversation machines (e.g., motors), signal 
processing machines, etc.) [Hubka, 1987, p. 106] 

Machine system.  A category of technical system. Machine system is used as a 
collective term for machines, apparatus, devices, transportation media, etc. These 
are mainly products of mechanical engineering manufacture. Inputs to machine 
systems are materials (e.g., fuels, lubricants, etc.), energy, and information signals 
that are transformed into effects (output actions), usually by mechanical means. 
These actions serve to perform transformations in the technical process. [Hubka, 
1987, p. 107] 
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Means.  General designation for the solution to a problem, particularly an object, 
apparatus, or mechanism of physical/technical nature, but can also refer to mathe-
matical, financial, etc., including software or hardware systems for information 
filing and retrieval, modelling, representation, reproduction, calculation, etc. 
[Hubka, 1987, p. 107] 

Measure.  See value. 
Mechatronics .  A synergetic cross-fertilisation between different engineering 

disciplines involved: mechanical engineering, control engineering, microelectron-
ics, and computer science. Mechatronics encompass the knowledge base and the 
technologies required for the flexible generation of controlled motion. [Van Brussel, 
1996]. 

Method.  System of methodical rules that determine (classes of) possible proce-
dures and actions which are intended to lead via a planned path to the accom-
plishment of a desired aim. Types may be classified according to method of 
thinking (intuitive or discursive methods), or according to aim and application 
(methods of searching for solutions, methods of evaluation or calculation, etc.). 
[Hubka, 1987, p. 103]     A method has the following characteristics: (1) A method is 
a specific way to proceed, i.e., many different methods that use different steps can 
exist for the solution of the same problem; (2) A method is a rational process, i.e., 
following the prescribed steps increases the chance of solving the problem; (3) A 
method is general, i.e., it is applicable to more than one problem. A method can be 
seen as a composite of a number of rules. Since a rule can be either algorithmic or 
heuristic (see rule) we can also distinguish algorithmic methods and heuristic 
methods, respectively (see algorithm and heuristic as well). However, this separa-
tion cannot be taken very strictly because a method that is mainly heuristic can 
have algorithmic sub-method and vice versa. Heuristic methods aid in finding 
something but there is no guarantee that it will be found always and by everyone; 
they increase the chance of achieving a result. [Roozenburg & Eekels, 1995, p. 38-43] 

Methodics .  A body of methods, procedures, working concepts and rules em-
ployed by a particular science, art or discipline. The term ‘methodics’ is derived 
from the German word ‘Methodik’. [Roozenburg & Eekels, 1995, p. 29]  See also 
methodology that indicates a science or study of method. 

Methodology.   1. System of methods that may be used by an individual to attain 
a desired objective [Hubka, 1987, p. 103].  2. A science or study of method, i.e., the 
description, explanation and valuation of methods [Roozenburg & Eekels, 1995, p. 29]. 
Methodology claims to supply the conceptual tools to underpin the reliability of 
reasoning, even if it is not valid in formal logic. This reasoning is based mainly on 
reductive reasoning. [Roozenburg & Eekels, 1995, p. 37].  See also methodics that 
indicates a body of methods. 

Morphological  matrix .  Shows the appropriate action principle for particular 
functions and function-carriers, from which various combinations into a working 
whole can be selected. Each such combination forms a conceptual principle, on 
which concept sketches can be based. [Hubka, 1987, p. 101] See solution principle as 
well. 

Need.  Requirement or desire of the human society. Needs can be real or imagined. 
[Hubka, 1987, p. 5] See problem statement as well. 
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Operand.  An object that undergoes a change of its state or other transformation 
within a technical process. Such objects may include biological and material 
objects, quantities of matter, energy, or information signals. It is the input, 
throughput, and output of a process. [Hubka, 1987, p. 107] 

Parameter.  An important property mostly connected with the purpose of the 
machine system. [Hubka, 1987, p. 108] 

Phase model  (of  the product  design process) .  Every product design 
process may be structured into four main phases that can in turn be divided into a 
smaller or larger number of subsidiary activities, termed working steps. The main 
phases are (based on Hubka, 1987; Pahl & Beitz, 1996; Roozenburg & Eekels, 1995]): 
• Planning and clarifying the task: Here, one aims to develop a set of statements of 

the qualitative aspects of the problem as requirements and desires, and where 
possible to quantify these. This phase results in the design specifications. 

• Conceptual design: Here, a transition from requirements to means takes place. 
The functional structure, the solution principles as well as the principal solution 
are established as far as possible. 

• Embodiment design (or layout design): quantitative design phase, in which the 
anatomical structure and most of the design properties are established in a step-
wise progression. Generally, some intermediate stages of the product can be 
distinguished during this stepwise progression like design concept, preliminary 
layout, and definitive layout. 

• Detail design (or detailed design): last stage of design, intended to produce an 
exact description of the anatomical structure and all its parts. Here all design 
properties are definitely established and the technical system is fully described. 

Plan of  act ion.  Determines the activities (proposed tactics) for concretely stated 
problem situation with clear constraints. [Hubka, 1987, p. 103] 

Prel iminary layout .  Rough iconic representation of the anatomical structure 
(partly ‘fleshed out’ components) of a machine system, usually in the form of a 
free-hand sketch. The design properties established at this stage are arrangements 
of elements, some details of their forms and approximate dimensions, and class of 
materials. [Hubka, 1987, p. 101]  The key parts and components of the product 
together with their layout, shapes and main dimensions are established, and the 
materials and manufacturing techniques are determined [Pahl & Beitz, 1996]. See 
also embodiment design. 

Principal  solut ion.  The combination of solution principles that perform the 
overall function [Roozenburg & Eekels, 1995]. 

Principle .  The source, or basis, or law (e.g., of nature), or primary element, or 
fundamental truth (e.g., an idea), from which the other laws, elements, etc. may be 
derived or on which they are dependent. Principle may also refer to idealised 
methodical rules to guide the execution of the design process [Hubka, 1987, p. 108]. 

Problem  (problem statement) .  An assignment for which a solution is to be 
found. In a general design process, the problem statement is usually given in a 
form as it is perceived and formulated by a sponsor. [Hubka, 1987, p. 108] 

Procedural  manner.  An individual designer’s (or design team’s) ways and 
means of proceeding within a given procedural plan. It is strongly influenced by 
personal properties, characteristics, and experience. [Hubka, 1987, p. 103] 
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Procedural  model .  Represents an ideal concept for the overall execution of the 
design process. [Hubka, 1987, p. 102] 

Procedural  plan.  A clearly defined working procedure (plan), set up from time 
to time for a problem (or class of problems) and at certain significant stages of the 
design process, taking into account the actual state of the preceding design opera-
tions and deviations from the idealised procedural model. [Hubka, 1987, p. 103] 

Process .  Something (intangible) that works over a period of time to transform 
(from input to output) a quantity of materials, energy, and information, into 
different, preferably better and more usable, forms. It is influenced by the system 
within it works. [Hubka, 1987, p. 95] (See technical process as well.) 

Product  design.  The process of devising and laying down the plans that are 
needed for the manufacturing of a product [Roozenburg & Eekels, 1995]. See also 
phase model (of the product design process). 

Product  development.  The activity of creating a product-based commercial 
activity on the basis of a recognised need or a contract from a customer. These 
activities comprise the product design process, the production development, and 
the development of the marketing plan. [Andreasen, 1991; Roozenburg & Eekels, 1995, 
p. 84] 

Product .  Thing or substance produced by a natural or manufacturing process 
[Oxford Dictionary, 1989]. Product are artefacts conceived, produced, transacted and 
used by people because of their properties and functions they may perform 
[Roozenburg & Eekels, 1995]. See also technical systems. 

Property.  Any attribute or characteristic of a technical system: performance, 
form, size, colour, stability, life, manufacturability, transportability, structure, etc. 
Properties may be important or unimportant, variant or invariant in time, external 
or internal. The basic category of properties is that of the ‘fundamental design 
properties’ (e.g., form, dimensions, material, etc.) that determine all other proper-
ties of the system (such as, e.g., performance, life, etc.). Important properties, 
mostly those connected with the purpose of the machine system, are termed 
parameters. [Hubka, 1987, p. 108] 

Purpose  funct ion.  See function. 
Qual i ty .  See value. 
Reductive reasoning.  A reasoning from consequence to antecedence (see also 

deductive reasoning). There are different forms of reductive reasoning, such as 
induction, abduction, and innoduction94. Innoduction is the key mode of reasoning 
in design. [Roozenburg & Eekels, 1995, p. 69-70] 

Requirements .  Statements about the values of properties that are deemed to be 
acceptable for the designed artefact [Hubka, 1987, p. 97]. 

Rule.  Something that should be adhered to. There are tree ‘rules about rules’: (1) 
Rules can be unreliable (they can contain unreliable knowledge, or are not based 
on reliable knowledge); (2) All reliable rules contain knowledge or are based on 
knowledge; (3) All knowledge can be transformed into rules. We can distinguish 
algorithmic rules and heuristic rules. An algorithmic rule is a rule that can be 
transformed into an algorithm. Any rule that cannot be converted into an algorithm 

                                                           
94 The definition of these terms is out of scope of this short glossary. 
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is heuristic. Heuristic rules are behavioural rules that promote the finding of 
something in an – at least – goal-rational situation. They aid in finding something 
but there is no guarantee that it will be found always and by everyone. [Roozenburg 
& Eekels, 1995, p. 42-43]  See also heuristic in this glossary. See Appendix B for 
statements about rule made in artificial intelligence context. 

Solution principle .  An idealised (schematic) representation of the structure of 
a system or a subsystem, in which the characteristics of the elements and the 
relations, which are essential to the functioning, are qualitatively determined 
[Roozenburg & Eekels, 1995, p. 99]. See also action principle, function structure, and 
morphological matrix. 

Specif icat ions.  See design specifications. 
State  (of  a  system).  The totality (analogous to a mathematical vector) of all 

values of its properties at a given instant of time [Hubka, 1987, p. 106]. 
Structure.   1. A perceived form of internal organisation which characterises the 

collection of components into a system, and their interactions among themselves 
and with the environment [Hubka, 1987, p. 95].  2. General term for a perceived 
orderly arrangement and the ordering relationships between elements in a system 
from certain viewpoints, and its description or definition. In particular cases, 
topology and microstructure can be used in this description [Hubka, 1987, p. 109]. 

Synthesis .  The combining of separate parts, elements, ideas, etc. to form a 
complex whole [Oxford Dictionary, 1989]. It involves search and discovery, and also 
composition and combination [Pahl & Beitz, 1996, p. 57]. 

System.  A set of elements and their relationships within a clearly defined bound-
ary. Every system has the characteristics: input, output, performance, system 
behaviour, system structure, system boundary, and environment of the system. 
[Hubka, 1987, p. 110] 

System boundary.  An arbitrary and imaginary dividing line drawn between the 
system under consideration and the environment [Hubka, 1987, p. 111]. 

Technical  artefact .  See technical system. 
Technical  funct ion.  See function. 
Technical  process .  An artificial process or procedure in which the states of the 

operands of the technical system are transformed in a planned and goal-oriented 
way under the influence of human beings and by effects exerted by technical 
means. The obtained states of operands should (directly or indirectly) serve the 
satisfaction of human needs. The necessary operations (or partial transformations) 
and their sequence are established from the selected technology, which is based on 
natural laws and phenomena. A system boundary divides this process from its 
environment, and this is characterised in locality (space) and time. [Hubka, 1987, p. 
111] 

Technical  system.  A general category of artificial deterministic systems that 
perform the necessary effects to achieve transformation of operand. It is a collec-
tive term for all machine systems, devices, apparatus, equipment, plant, etc. from 
any branch of engineering. [Hubka, 1987, p. 111] 

Technological  principle .  A recognised and established principle from which 
a specific technology may be derived for design purposes. The technological 
principle can in the limit be identical with the action principle if the appropriate 
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technical process describes the purpose of the technical system. [Hubka, 1987, p. 
112] 

Technology.  Ways and means of exerting effects on an operand to bring it into a 
desired state. The basis for a search for appropriate effects is an extensive knowl-
edge of natural phenomena and the associated sciences, particularly of manufactur-
ing technology, material science, metallurgy, and production technology. A 
technology is in practice defined by the necessary operations and their sequence. 
[Hubka, 1987, p. 112] 

Transformation.  (technical transformation; change, conversion). The process of 
performing a change of state of the operands towards a defined target state, mostly 
from an existing undesired state into a desired state [Hubka, 1987, p. 111]. 

Value (also qual i ty ,  measure) .  The means, purpose, performance and 
assessment of a system refers either to a single property (e.g., the value of 
acceleration, size, etc.) or to more complex values (e.g., total value, technical 
value, usage value, etc.) The assessment of value can use qualitative or 
quantitative information to produce a valuation statement. One of the purposes of 
natural sciences is the conversion of qualitative to quantitative information and 
models (quantification). [Hubka, 1987, p. 112] 

Working method.  The actual tactics and the typical activities of an individual 
designer in a particular problem situation and under given conditions. [Hubka, 1987, 
p. 103] 

Working principle .  General instructions for appropriate behaviour in specific 
or typical problem situations, including methodical rules and general statements of 
objectives. [Hubka, 1987, p. 103]95 

                                                           
95 Note that other authors (e.g., [French, 1985; Pahl & Beitz, 1996]) use the term ‘working principle’ in 

the meaning of ‘technological principle’ or ‘action principle’. 
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Appendix B Glossary for Computer-Aided Design 

“Computer-aided design (CAD) is a term which means many things to 
many people.”  
 [Bedworth et al., 1991] 

This glossary summarises some important concepts and terms used in the context of 
computer-aided design in this dissertation. Note that there are some complementary 
definitions and Appendix A and Appendix B. 
 
 
Art i f ic ia l  intel l igence (AI) .  The study of the computations that make it 

possible to perceive, reason and act [Winston, 1993]. The main areas of pure AI 
research are problem solving and search, common-sense reasoning and deduction, 
representation of knowledge, learning, and system architectures for AI [Rychener, 
1988]. 

Assembly.  Aggregate components and their arrangement [Wielinga & Schreiber, 
1997]. 

Assignment (design) .  A type of configuration design where a given set of 
elements must fit into a skeletal arrangement [Wielinga & Schreiber, 1997]. 

Component .  See component in Appendix A. 
Computer graphics .  The use of (digital) computer to assist in the generation of 

pictorial representations using an input device to specify geometry and other 
attributes and an output device to display a picture or other information. [Bedworth 
et al., 1991]. 

Computer-aided design (CAD).  The creation and optimisation of the design 
itself using the computer as a productivity tool. Components of CAD include 
computer graphics, a user interface, analysis, and geometric modelling. [Bedworth 
et al., 1991] 

Computer-aided drawing and draft ing (CADD).  The use of the 
computer to assist in the generation of blueprint-type data. This is usually in the 
form of two-dimensional representations of part with associated dimensional data 
as well as other manufacturing information. [Bedworth et al., 1991] 

Configuration-design problem.  Products are configured (assembled) from a 
set of predefined components in a manner that some predefined requirements are 
satisfied and some predefined constraints are not violated (based on [Wielinga & 
Schreiber, 1997]). 

Curve (or l ine) .  A one-dimensional entity, either straight or curved. A curve is 
infinite in length. A curve segment is defined by a curve and two endpoints. 
[Bedworth et al., 1991] 
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Dependency.  A type of heuristics that is used to schedule the control flow such 
that actions are executed before other actions that depend on them [Brown & Grecu, 
1997]. 

Distributed computing.  A process whereby a set a computers connected by a 
network is used collectively to solve a single large problem [Geist et al., 1994]. 

Evolut ion strategy.  A type of evolutionary algorithms that employs real-coded 
parameters, and in its original form, it relied on mutation as the search operator, 
and a population size of one. Since the original form it has evolved to share many 
features with genetic algorithms. [Heitkötter & Beasley, 2000] 

Evolut ionary algorithms (EAs) .  Algorithms designed to perform evolution-
ary computation. Computer-based problem-solving systems that use computational 
models of some of the known mechanisms of evolution. A variety of EAs have 
been proposed. The major ones are genetic algorithms, evolutionary programming, 
evolution strategies, and genetic programming. They all share a common concep-
tual base of simulating the evolution of individual structures. EAs maintain a 
population of individual structures that evolve according to rules of selection and 
other operators such as recombination and mutation. Each individual in the 
population receives a measure of its fitness in the environment. Reproduction 
focuses attention on high fitness individuals, thus exploiting the available fitness 
information. Recombination and mutation perturb those individuals, providing 
general heuristics for exploration. [Heitkötter & Beasley, 2000] 

Evolut ionary computat ion.  (EC)  Computation performed by evolutionary 
algorithms. 

Evolut ionary programming.  A type of evolutionary algorithms. A stochastic 
optimisation strategy similar to genetic algorithms, but instead, places emphasis on 
the behavioural linkage between parents and their offspring, rather than seeking to 
emulate specific genetic operators as observed in nature. Evolutionary program-
ming is similar to evolution strategies, although the two approaches developed 
independently. [Heitkötter & Beasley, 2000] 

Face.  A finite region of an infinite surface used to define a side of a solid object 
[Bedworth et al., 1991]. 

Frame based representat ion.  A format for expressing declarative knowl-
edge, in which an object is represented by a data structure containing a number of 
slots (representing attributes or relationships of the object), with each slot filled 
with one or more values (representing specific values of attributes or other objects 
that the object is related to) [Rychener, 1988]. 

Generate  and test .  A method of search in which a program called the generator 
alternates with one called tester. The generator constructs potential solutions to the 
search problem, and the tester judges whether or not the solutions are valid or 
satisfactory according to some measure. [Rychener, 1988] 

Genetic  algorithms (GAs) .  A type of evolutionary algorithms. The first step 
in solving a problem using GAs is to develop a method of encoding the parameters 
into the so-called chromosomes. At the beginning of the genetic search, a popula-
tion of individuals is initialised by randomly selecting members from the allowable 
space on the method of parameter encoding used. Then, each member of the 
population is evaluated. Next, an iterative loop is entered in which some members 
of the population are selected for the next generation. These members are recom-
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bined to form the population of the next generation, and finally the members of the 
new generation are evaluated. From generation to generation the average value, the 
so-called fitness value, of the individuals evolves and converges to a global 
optimum.  (Based on [Goldberg, 1989; Heitkötter & Beasley, 2000].) 

Genetic  programming (GP).  A type of evolutionary algorithms that is the 
extension of the genetic model of learning into the space of programs. Compared 
to genetic algorithms, the objects that constitute the population are not character 
strings that encode possible solutions to the problem at hand, but they are pro-
grams that, when executed, “are” the candidate solutions to the problem. These 
programs are expressed in genetic programming as parse trees, rather than as lines 
of code. The programs in the population are composed of elements from the 
function set and the terminal set, which are typically fixed sets of symbols selected 
to be appropriate to the solution of problems in the domain of interest. In GP the 
crossover operation is implemented by taking randomly selected subtrees in the 
individuals (selected according to fitness) and exchanging them. It should be 
pointed out that GP usually does not use any mutation as a genetic operator. 
[Heitkötter & Beasley, 2000] 

Geometric  model .  A mathematical, graphical, or logical representation of shape 
and spatially related elements of real or conceived physical objects [UG, 1998a]. 

Geometric  model l ing.  A technique of using computational geometry to define 
geometric objects [Bedworth et al., 1991]. 

Geometry.   1. (~ as a discipline) The branch of mathematics dealing with the 
measurement of lines, angles, surfaces, and solids [Bedworth et al., 1991].  2. (~ of an 
object) Includes dimensions, tolerances, surface finish, definitions of surfaces and 
edges, and in some cases, the fit between two mating parts [Bedworth et al., 1991]. 

Heurist ic  rule .  A rule of thumb, a condensation of experience that is useful to 
solving problems, for making guesses and approximations, and for jumping to 
conclusions [Rychener, 1988]. See also heuristics, rule, and production rule. 

Heurist ic  search.  A method of search similar to generate and test, with the 
additional mechanism of providing detailed feedback or other knowledge (termed 
heuristic knowledge, or just heuristics) to the generator to allow it to direct the 
search more efficiently. Heuristics can incorporate domain knowledge that is based 
on experience in solving search problems. [Rychener, 1988] 

Heurist ics  ( types  of) .  Heuristics are used to generate, select or order problem-
solving steps. Types of heuristics include priorities, dependencies, utilities, and 
rationales. [Brown & Grecu, 1997] See also heuristic in Appendix A. 

Knowledge.  Information organised for efficient problem solving or for action 
[Rychener, 1988]. 

Layout  design.  A type of configuration design that involves fixed components 
but with the arrangement largely open [Wielinga & Schreiber, 1997]. 

Logic  programming.  A programming language or methodology based on 
predicate calculus [Rychener, 1988]. 

Massively  paral le l  processors  (MPPs) .  A computer that allows parallel 
processing. It combines a few hundred to a few thousand CPUs in a single large 
cabinet connected to hundreds of gigabytes of memory. [Geist et al., 1994] 
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Nonlinear program (NLP).  At least one of the functions (objective or 
constraint) is not affine. Usually, it is the rule of the function that classifies it as 
nonlinear. [Greenberg, 2002] 

Object-oriented programming.  A programming method where procedures 
are organised as attachments to objects [Rychener, 1988]. For more details see 
Appendix G. 

Paral le l  processing.  The method of having many small tasks solve one large 
problem. There are two major developments to facilitate parallel processing: 
massively parallel processors and distributed computing. [Geist et al., 1994] 

Parametric  design.   1. Concept used to define and control the relationships 
between the features of a model. Concept where the features of the model are 
defined by parameters. [UG, 1998a]    2. A type of configuration design that as-
sumes a given arrangement of components and mainly it is concerned with assign-
ing values to component parameters [Wielinga & Schreiber, 1997]. 

Patch . A process of fixing a constraint violation. 
Planning.  A process of figuring out a sequence of actions that needs to be 

executed in order to achieve some effect. The term can also refer to the formula-
tion of a strategy for solving a problem, without going into enough detail to 
actually solve it. [Rychener, 1988] 

Priority .  A type of heuristics that determines a rating of the actions based on 
some importance measure [Brown & Grecu, 1997]. 

Procedural  knowledge.  Knowledge in the form of a program, a sequence of 
actions to perform (possibly with some actions done only under certain condi-
tions), rather than simply described declaratively [Rychener, 1988]. 

Production rule .  A pattern or set of conditions followed by a sequence of 
actions to be performed if the pattern is determined to be matched [Rychener, 1988]. 

Propose,  cri t ique,  and modify (PCM).  A method of search where an 
initial solution is proposed and subsequently tested against some requirements and 
constraints. If violations are found, modifications remove the conflicts. [Wielinga & 
Schreiber, 1997]   PCM is similar to the generate and test search method. 

Quadratic  program (QP).  Classically, the optimisation of a quadratic 
function over a polyhedron, defined by linear equations and/or inequalities. 
[Greenberg, 2002] 

Qualitat ive reasoning.  A reasoning with imprecise information: without 
precise quantitative information about the physical world [Iwasaki, 1997a]. Qualita-
tive reasoning is based on symbolic representations of a system rather than on 
quantitative (numerical) calculations or simulations [Rychener, 1988]. 

Rationale .  A type of heuristics that provides argumentation for or against an 
action in decision making [Brown & Grecu, 1997]. 

Representat ion of  knowledge.  The formal expression of knowledge into 
some format such as frame-based or procedural [Rychener, 1988]. 

Rule.  Either a production rule or a logic rule (see logic programming) [Rychener, 
1988]. See also general statements about rule in Appendix A. 

Search.  A systematic process of trying to find something that meet given criteria, 
e.g., the solution for a problem. Usually operators are given that can make changes 
to, or move in a particular direction from, a current situation in order to create new 
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possibilities for examination. [Rychener, 1988] Search methods are, e.g., heuristic 
search or generate and test. 

Semantic  net(work) .  A set of representation of concepts and objects (termed 
nodes) that are interconnected by links that have a semantic meaning. Examples of 
some links are “is a kind of” or “is a part of”. [Rychener, 1988] 

Skeletal  design.  A type of configuration design where the designer has an 
abstract model of the assembly, but needs to find the details of the mapping 
between the components and the assembly [Wielinga & Schreiber, 1997]. 

Sol id model l ing.  A subset of geometric modelling in which only solid objects 
are defined. [Bedworth et al., 1991] Solid construction techniques are, e.g., primitive 
instancing, sweeping, constructive solid geometry, boundary representation, and 
space-partitioning. For further details of these techniques see Appendix C. 

Solid.  A collection of joined faces [Bedworth et al., 1991]. An enclosed volume [UG, 
1998a]. 

SQP – Sequential  Quadratic  Programming.  Solving a nonlinear 
program by a sequence of quadratic approximations and using quadratic pro-
gramming to solve each one. The approximations are usually done by using the 
second-order Taylor expansion. [Greenberg, 2002] 

Surface.  A two-dimensional entity. A continuous sheet, either planer or sculp-
tured, usually defined by a set of equations in x, y, and z. [Bedworth et al., 1991] 

Topology.  The branch of mathematics dealing with the connectivity of geometric 
elements, not including the geometry of those elements [Bedworth et al., 1991]. 

Transformation (geometrical) .  Includes translation, rotation, and scaling of 
objects mathematically using matrix algebra [Bedworth et al., 1991]. 

User interface.  The mean of communicating with the computer. For CAD 
application a graphical user interface is preferred. User friendliness is a measure of 
the ease of use of a program and implies a good user interface. [Bedworth et al., 1991] 

Util i ty .  A type of heuristics that can influence the control by evaluating the degree 
to which some design needs are satisfied by the proposed action [Brown & Grecu, 
1997]. 

Vertex.  A point in two or three-dimensional space which bounds one end of a 
curve (line) segment [Bedworth et al., 1991]. 
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Appendix C Solid Modelling 

A solid is an enclosed volume [UG, 1998a], a collection of joined faces [Bedworth et al., 
1991]. Solid modelling usually refers to modelling techniques with which the interior 
of the solid body is represented together with the enclosing edges and surfaces. 

Usually, a solid is represented by a set of parameterised mathematical func-
tions. These functions define the coordinates of the set of points comprising the 
solid, exterior as well as interior. A solid modelled in this way is called parametric 
solid. A parametric solid is associated with a set of boundary elements such as 
corner points (or vertices), edge curves, and bounding faces. [Mortenson, 1997] 

Several methods exist for constructing solid models like boundary represen-
tation (BREP), space-partitioning, primitive instancing, sweeping, constructive solid 
geometry (CSG), feature-based solid modelling, parametric solid modelling, etc. In 
the following sections we will examine them in more detail. For further details of 
these and other advanced methods consult, e.g., [Mortenson, 1997]. 

(1) Boundary Representation (BREP) 
Boundary representation (BREP) is an explicit boundary-based construction 
technique that consists of entering all bounding edges for all surfaces. The construc-
tion is similar to copying an engineering drawing into the computer, line by line, 
surface by surface in a manner that the lines must be entered and surfaces oriented 
so that they create valid volumes. The data structure of a BREP is a graph associat-
ing the curves and surfaces that comprise the boundary of a solid. [Mortenson, 1997; 
Bedworth et al., 1991] 

(2) Space-Partitioning 
There are two types of space-partitioning solid model construction techniques: cell 
decomposition and spatial-occupancy enumeration. [Mortenson, 1997] 

a) Cell decomposition 
Cell decomposition starts with the object to be modelled and divides it into separate 
pieces (volumes). The separated pieces can be further subdivided. This process can 
be continued to decompose any or all of the separated pieces until some predeter-
mined describability criterion is met. Any solid can be represented as the sum or 
union of a set of cells into which it is divided. Cell decomposition is useful where 
the total object may not be represented, but its cells are. [Mortenson, 1997] 

b) Spatial-occupancy enumeration (SOE) 
Spatial-occupancy enumeration is a special case of cell decomposition where cells 
are cubical in shape and located in a fixed spatial grid [Mortenson, 1997]. SOE 
subdivides the 3-D space into small cubes and classifies these volumes as either 
empty or full [Bedworth et al., 1991]. 
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(3) Instances and Parameterised Solids (after [Mortenson, 1997]) 
A direct way of defining a new shape is a transformation of an existing one. There 
are several ways of transforming a shape into a new shape by using scaling opera-
tors. The original, or initial, shape is often called the primitive shape, and the result 
of its transformation produces an instance. For example, the left side of Figure C.1 
shows two instances of a Z section obtained by differential scaling (differential 
means that the dimensions are not scaled equally). 

 
Figure C.1  Instances and parameterised solids (source: [Mortenson, 1997]). 

In most of the cases, a few key dimensions are sufficient to define the shapes of 
simple objects. After specifying these key dimensions or parameters, geometric-
modelling algorithms use these parameters to compute the more complete mathe-
matical representation of the shape. A solid modelled in this way is called param-
eterised solid. The right side of Figure C.1 shows the same basic shape as that on the 
left side but with a parameterised representation. This representation gives much 
greater power for design modifications. 

(4) Sweeping (after [Mortenson, 1997]) 
Sweeping is based on the notion of moving a curve, surface, or solid along some 
path, which action sweeps out a new volume (a solid). Depending on the path we 
can distinguish translational, rotational, or general sweeping. 

(5) Constructive Solid Geometry (CSG) (after [Mortenson, 1997]) 
CSG is an implicit construction technique that refers to a set of modelling methods 
that defines complex solids as combinations of simpler solids. The model is 
represented by a binary tree of Boolean operations, where the leaf nodes are simple 
primitive shapes, sized and positioned in space, and the branch nodes are the 
Boolean operators (union, difference, and intersection). 

The most common approach in contemporary modelling systems is to offer 
the user a finite set of predefined primitives whose size, shape, position, and 
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orientation can be determined by some user-specified parameters. For example, most 
systems provide such primitives like block, cylinder, sphere, torus, or cone. Usually 
these primitives are concisely and compactly represented by the intersection of a set 
of curved or planar half-spaces, so the user does not have to start the modelling from 
scratches. 

More powerful modelling systems often use two representations of a CSG 
solid. The first is procedural or constructive representation that is a binary tree 
linking primitives and successive subsolids by operators and transformations. The 
second is boundary representation that describes the faces, edges, and vertices of the 
boundary of the solid. Boundary representation is computed from the constructive 
representation by a set of algorithms called the boundary evaluator. It determines 
where component faces are truncated and new edges and vertices are created or 
deleted. Where boundary elements overlap or coincide, the evaluator merges them 
into a single boundary element and thus maintains a consistent, nonredundant 
boundary representation. Boundary representation is needed, for example, to draw a 
picture of the CSG solid. 

The advantage of the CSG method is the easy modification possibility of the 
model. The drawback is that calculating the boundary representation after design 
modifications requires much computer power and time. 

(6) Parametric Feature-Based Solid Modelling 
Usually all of the solid construction techniques presented above can be found in 
advanced commercial solid modellers96. Today, advanced solid modellers apply the 
so-called parametric ‘feature-based’ solid modelling technique. Feature-based 
modelling is basically a CSG construction technique enhanced with the ability to 
build highly associative geometry. Feature is an all-encompassing term to identify 
patterns of geometry and topology. Two major classes of features can be distin-
guished: design features and manufacturing features [Krause et al., 1993]. Design 
features are primitive geometric elements or symbols that the designers can use 
during conceptual design (during form determination of the product). Manufacturing 
features are defined as the interpretation and, most importantly, the combination of 
primitive geometric elements from the viewpoint of manufacturing, assembly, and 
inspection. Design features and manufacturing features are often similar in describ-
ing similar geometrical and topological characteristics (see, e.g., a hole or a packet 
feature). 
Feature-based solid modelling offers many advantages to the designer, such as: 
 Supplying him or her with a rich set of features (building blocks). 
 Letting him or her use dimension-driven editing (parameters to control the 
design). 
 Making it easy to modify the design. 
 Allowing the user to obtain mass property information (e.g., area, volume, centre 
of mass, moments of inertia, etc.), do interference analysis, etc. 
 Providing a master model that can drive downstream applications like drafting, 
finite element analysis, machining etc. 

                                                           
96 Solid modeller is usually a part of a large CAD/CAM/CAE system that encompasses other 

modelling techniques like modelling of curves, surfaces, wireframe, surface models, etc. 





 

257 

Appendix D Representative Design Theories 

This Appendix presents some representative contributions in the field of Design 
Theory, in particular, it shortly describers the theory of Hubka, Altshuller, Suh, and 
Yoshikawa, and gives some references to other theories. 

a) Hubka’s Design Theory 
A major contribution in the area of design theory was made by Hubka. In his book 
‘Theory of Technical Systems’ (TTS), together with Eder [Hubka & Eder, 1988], he 
presents a theory developed to investigate and describe the essential laws and 
phenomena in the area of the technical systems – their structure, behaviour, 
properties, origin, development in time and he provided a suitable taxonomy as well. 
In another work, in ‘Principles of Engineering Design’ [Hubka, 1987], he also 
developed a theory of design processes that he derived from his more general TTS. 
Bieniawski asserts that, although Hubka calls these works ‘theories’, they belong to 
the field of design methodology rather than to design theory, since it is not so clear, 
apart from a few mechanical engineering case studies (see, e.g., [Hubka et al., 1988]), 
how his theory is to be applied for the solution of practical problems in other 
engineering fields [Bieniawski, 1993]. According to Yoshikawa’s characterisation of 
design theory (see Section 1.2.2.2 on page 8), Hubka’s TTS does not belong to 
design theory either because his theory is not based on mathematically proved 
theorems but on empirical observations “only”. However, Hubka has made a 
remarkable contribution for design science, especially for design philosophy, 
describing and classifying the principles of action of technical systems and provid-
ing a consistent system of concepts and taxonomy for a study of engineering design. 
Hubka (and Eder) states that “without limiting the designer’s creative and intuitive 
abilities, the theory of technical systems is intended to lead the engineer teleologi-
cally to think in purposeful ways, to perceive large-scale connections, to understand 
and use holism as a principle and to recognise generally those analogies and 
relationships that are important” [Hubka & Eder, 1988, p. 221]. 

b) Altshuller’s Design Theory (after [Fey et al., 1994]) 
An analytical approach to creative engineering – the ‘Theory of Inventive Problem 
Solving’ (TRIZ in its Russian abbreviation) – was developed by Altshuller, starting 
from the 1950’s. The main postulate of TRIZ is that the evolution of engineering 
systems is not a random process, but is governed by certain objective laws. Alt-
shuller formulated eight ‘Laws of Evolution of Engineering Systems’. These laws 
can be utilised for conscious engineering system development (problem solving), in 
place of a blind search. Altshuller established the concept of ‘Engineering Contra-
diction’: A problem becomes a creative one when an attempt to improve some 
system parameters by conventional means leads to the deterioration of other 
parameters. From the standpoint of TRIZ, solving a problem means overcoming this 
contradiction, or satisfying all conflicting requirements. 
Some of Altshuller’s Laws are the following: 
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 The ‘Law of Ideality’: Engineering systems evolve in the direction towards 
increasing ideality. 
 The ‘Dynamization Law’: In the course of evolution a system develops from 
rigid structure into a flexible or adaptive one. 
 The ‘Law of Transition from Macrolevel to Microlevel’: The evolution of 
engineering systems develops in the direction towards increased dispersion of 
their products. 
 The ‘Law of Increasing Controllability’: The evolution of engineering systems 
moves towards increasing use of controllable fields. 

Altshuller’s Laws are very helpful for designers since they give a general direction 
for creative problem thinking. They are most frequently applied for solving practical 
problems by using three subsystems of TRIZ. One subsystem, the ‘Algorithm for 
Inventive Problem Solving’, is a set of sequential procedures, aimed at elimination of 
the ‘Engineering Contradiction’ causing the problem. Another subsystem, the 
‘Standard Solutions to Inventive Problems’, is a set of rules for problem solving, 
based on the Laws and on the established fact that many problems from different 
areas of technology can be solved by the same conceptual approaches. The third 
subsystem, the ‘Database of Physical, Chemical, and Geometrical Effects’, 
facilitates the problem solving process. 

TRIZ has been successfully applied for solving complex engineering prob-
lems (see, e.g., [Braham, 1995]). Although Altshuller stated his Laws and calls his 
system a ‘theory’, his work, likewise Hubka’s work presented above, belongs (at 
least concerning the subsystems of TRIZ) to the field of design methodology, since 
these subsystems provide valuable rules, methods and tools for designers. 
 
 
Another approach in the field of design theory is the axiomatic approach. The 
axiomatic approach can be considered more scientific in the sense that it postulates 
some axioms and mathematically derives and proves theorems and principles that 
can be useful for practical application. According to Suh, “the axiomatic approach to 
design is a result of generalizing successful design practice in terms of fundamental 
principles.” It addresses the problem of how to think and use these fundamental 
principles during synthesis or mapping between the domains of the design world. 
[Suh, 1995a] 

c) Suh’s Design Theory 
A major contribution in the field of axiomatic approach to design has been done by 
Suh. In his theory, that he calls ‘Axiomatic Design’ (AD), Suh postulates two axioms 
that govern the design process. These are (1) the Independence Axiom: Maintain 
independence of functional requirements; and (2) the Information Axiom: Minimise 
the information necessary to meet the functional requirements. The first axiom is 
usually used to evaluate a design concept and the second one is to compare designs 
that satisfy the first axiom. The design world of AD is made up of four domains: the 
customer domain, the functional domain, the physical domain, and the process 
domain. Based on the two fundamental axioms Suh derived some corollaries and 
theorems that can be used as design rules or guidelines for designers. Suh’s design 
process is a zigzagging mapping between the four domains. For more details about 
AD consult [Suh, 1990a; Suh, 1995a; Suh, 1997; Suh, 1999]. 
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The significance of Suh’s design axioms is that they provide the principles 
for distinguishing between good design and unacceptable design, and thus they place 
the design process on a scientific basis [Bieniawski, 1993]. There has been several 
applications of the AD in many different fields such as in design of products, 
processes, small and large systems, software, organisations, materials (see, e.g., Suh, 
1995a; Suh, 1998; Suh, 1999; Gebala & Suh, 1992; Cha & Cho, 1999; Zhang et. al, 1999; 
Vallhagen, 1996]. Software tools have also been developed97 that support the designer 
in using AD [Harutunian et. al, 1996; Nordlund, 1996]. Suh holds that his own and his 
research group’s ultimate goal is to develop a thinking design machine which could 
automatically generate designs or design concepts [Suh, 1990b; Suh, 1995b]. 

 
Suh’s Axiomatic Design can be categorised as a theory dealing with prescriptive 
statements about technical systems because it describes the attributes that the design 
artefact should have [Finger & Dixon, 1989]. Another axiomatic system, that of 
Yoshikawa, gives axioms for design knowledge. 

d) Yoshikawa’s Design Theory 
Yoshikawa’s design theory, what he calls the ‘General Design Theory’ (GDT), is 
based on the topological model of human intelligence and has three aims: (1) 
clarifying in a scientific way the human ability to design; (2) producing practical 
knowledge about design methodology; and (3) framing design knowledge in a form 
suitable for implementation on a computer. GDT is based on the mathematical 
concepts of axiomatic set theory (e.g., topology and convergence) in which, by 
postulating some axioms and hypothesises, theorems can be derived and mathemati-
cally proved. There are three design axioms established in GDT: the (1) Axiom of 
Recognition: An entity can be recognised or described by attributes; the (2) Axiom 
of Correspondence: The entity set in the real world and the set of the entity concepts 
(ideas) have one-to-one correspondence; and the (3) Axiom of Operation: The set of 
abstract concepts is a topology of the sets of entity concepts. Yoshikawa defines 
design as a mapping activity from functional space (specification of objectives) to an 
attributive space (properties of the solution). He states that if we had an ideal 
(infinite and unbounded) knowledge, design solution would be immediately 
obtained after the specifications are described. In the real (finite and bounded) 
knowledge this mapping is a stepwise transformation process and solutions are 
obtained in a gradual refinement manner via a metamodel space. This metamodel 
space represents the physical laws of the natural world that constrains the evolution 
of the design solution arriving at only an approximate solution. 

For further details about GDT consult [Yoshikawa, 1981; Yoshikawa, 1989] or, to 
get a general overview of GDT, see [Tomiyama, 1995; Kikuchi & Taura, 1999]. 

Tomiyama has extended GDT with a computable design process model that 
unifies theoretical results of GDT and empirical findings obtained from design 
experiments. His so-called refinement model facilitates the development of a future 
CAD system equipped with intensive design knowledge called “computational 
framework for knowledge intensive engineering” [Tomiyama, 1995]. Kikuchi and 
Taura have extended GDT and they have given a general model of design synthesis 
[Kikuchi & Taura, 1999]. Also based on the context of GDT, Hew et al. have proposed a 
systematic method, a multiple model-based method, of modelling synthesis [Hew et 
                                                           
97 The design of this software tool was made using the Axiomatic Design approach itself. 
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al., 1999]. All this research work has been carried out with a long-term motivation in 
mind, which is to facilitate the development of future CAD systems. 

e) Some Other Design Theories 
The design theory of Suh and Yoshikawa are based on analysis oriented thought 
process. Recently, new approaches have been appeared that use synthesis oriented 
thought process as well and provide axiomatic design theories that model the 
analysis-synthesis processes and concern the knowledge of both the design process 
and the design object. For further details consult [Yoshioka & Tomiyama, 1999; 
Kryssanov et al., 1999]. 

Other axiomatic design approaches have been developed by, e.g., Taguchi 
(see [Finger & Dixon, 1989]) or Hazelrigg [Hazelrigg, 1999]. 

Recently, in Germany, a research project, entitled “Design Theory – A new 
approach for design”, has been initiated with the aim of proposing a ‘Universal 
Design Theory’ that “formulates findings about design from different scientific 
disciplines in a consistent, coherent and compact form” [Grabowski et al., 1999]. 
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Appendix E Phase Models of the Design Process 

This Appendix presents four phase models of the design process: that of VDI, 
French, Pahl and Beitz, and Hubka. 

 
 

 
Figure E.1  VDI phase model of the design process (source [Pahl & Beitz, 1996]) 
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Figure E.2  French’s phase model of the design process (see [French, 1985]) 

(Figure is found in [Roozenburg & Eekels, 1995]) 
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Figure E.3  Phase model of Pahl and Beitz (source [Pahl & Beitz, 1996]) 
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Figure E.4  Hubka’s phase model (source [Hubka, 1987])
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Appendix F ‘AI in Design’ Methodology 

This Appendix presents some important aspects of the methodology that is provided 
by AI to support the design activity or to build design systems. It is based on [Brown 
& Grecu, 1997]. Brown and Grecu posed many issues and questions that ‘AI in 
Design’ methodology deals with and answers. This Appendix is a selection from 
those questions with respect to this dissertation. The original questions of [Brown & 
Grecu, 1997] are quoted. 

a) Representation 
What type of representation is used in the design system? 
Representation describes the specific format in which the knowledge is used by the 
system in the reasoning process. Good representation is a key to good problem 
solving, and the key to good representation is a good problem description. Once a 
problem is described using an appropriate representation, “the problem is almost 
solved”. [Winston, 1993] The representation is always dependent on the implementa-
tion specifications. It is also influenced by various other factors, such as knowledge 
retrieval and ease of use in the context of the specific methods to be used [Brown & 
Grecu, 1997]. Examples of representation forms include numbers, simple data 
structures, grammars or symbolic programming, frame-based or object-oriented 
representation, rules, plans, etc. 

b) Problem-solving method 
“What type of problem-solving method(s) does the system use?” 
The characteristics of the design problem determine the type of problem-solving 
method to be implemented in the design system. Some basic AI methods are as 
follows: 
 Search: It is a very general method and every design problem can be defined as a 
search in the design space. Well-known search methods include [Winston, 1993]: 
− basic (weak) search procedures such as blind procedures (e.g., depth-first search 

or breadth-first search) or heuristically informed procedures (e.g., hill climbing 
or best-first search) 

− optimal search procedures, such as branch and bound, dynamic programming, 
A*, etc. 

− adversarial search procedures, such as minimax, alpha-beta pruning, progressive 
deepening, etc. 

 Rules and rule chaining: It is a classical area of expert systems98. 
 Case-based reasoning: It fits design areas where the possible situations can be 
covered by a set of typical patterns. 

                                                           
98 The term ‘expert system’ is commonly used for rule-based systems but is also often used it to 

indicate tools that assist human decision making in knowledge intensive tasks that require 
expertise [Durkin, 1996]. According to [Winston, 1993], the term ‘expert system’ is a “misnomer”, 
because it is used for systems that “really perform at a level more like that of a novice”. 
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 Planning: It is more appropriate for systems that target the design process. 
 Etc. 

The problem-solving method does not refer only to design. Other major processes in 
the system, like the diagnosis of failures during the design process, can also be 
characterised by a problem-solving method. 

c) Control 
“How is the development of the design guided and controlled?” “What are the 
heuristics used?” (See heuristics above). 

d) Reasoning Spaces 
“In what kind of spaces is the reasoning carried out? Does the system use any 
mappings between these spaces?” 
Some design system use only one design space (e.g., either functional, or structural, 
or behavioural). In other design systems more than one design spaces are used (e.g., 
functional and structural); in this case mapping between the spaces is needed. [Brown 
& Grecu, 1997] 

e) Iterative Character 
“Is the design process based on iterative refinement?” 
Design is, in many situations, carried out as a successive refinement process. It is 
seldom possible to detail the design in a single pass. Instead, design is an iterative 
process, where each iteration adds a supplementary level of detail. A particular form 
of iterative approach, iterative redesign, is used in parametric design, where the 
values of the design parameters are gradually improved from some complete initial 
assignment. [Brown & Grecu, 1997] 

f) Cognitive Support 
“Does the design process attempt to mirror specific human design processes? Or 
does the design process model a structure of formulised processing operations, 
which lead to the required computational results?” 
Some design systems try to mimic humans in developing designs. However, some 
other design systems rely on computational methods that are not human specific. 
Optimisation methods, like genetic algorithms, or constraint satisfaction algorithms 
offer acceptable solutions, but are not characteristic of the way humans would 
approach such tasks. [Brown & Grecu, 1997] 

g) Analysis and Synthesis 
“On what pattern of analysis and synthesis methods does the system rely?” 
Analysis is used to gather information before taking a decision or starting some kind 
of process. Synthesis generates new knowledge about the design as a result of some 
type of reasoning. See discussions in Section 1.2.3.1 about analysis and synthesis. 

h) Decomposition 
“Does the system use decomposition methods? Does the system use recomposition 
methods?” 

i) Qualitative Reasoning 
“Does the system use qualitative reasoning methods?” 
Qualitative reasoning involves reasoning with imprecise information, i.e., without 
precise quantitative information about the physical world [Iwasaki, 1997a]. Qualitative 
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reasoning includes, e.g., temporal reasoning, spatial reasoning, reasoning about 
physical phenomena, etc. [Brown & Grecu, 1997] 

j) Constraint Handling 
“Does the system use constraints? How are they formulated, posted, propagated, 
transformed and satisfied?” 
Virtually every design problem has to deal with constraints. They are imposed by 
the design requirements and by the physical laws specific to the design domain. 
[Brown & Grecu, 1997] 

k) Failure Handling 
“Does the system have any failure handling features? What methods are used to this 
purpose?” 
Many design activities have some decisions that fail before a final version of the 
design is reached. Failure can mean that a constraint is violated; that there is no 
other option available when taking a decision; that contradictory knowledge exists; 
or that there is no appropriate knowledge available. Failure handling methods are, 
e.g., backtracking, conflict resolution, patching, finding an alternative decision, etc. 
[Brown & Grecu, 1997] 

l) Design Optimisation 
“Does the system attempt to optimise the design from some point of view?” 
Design systems search for a solution to the design problem, not necessarily for an 
absolute optimal solution (i.e., ‘satisfactory’ may be enough). Optimisation always 
depends on the objectives but definition of and evaluation according to the objec-
tives are usually difficult tasks and critical for the success of the whole design 
process. The most difficult problems are those where multiple optimisation goals are 
required. [Brown & Grecu, 1997] Another potential difficulty is caused by global 
optimisation goals if many local optima are present. 

m) User Involvement 
“Is the user included in the design process? In what way?” 
The user can be involved by, e.g., providing critiques or evaluations, making 
selections, suggesting recovery from failures, etc. [Brown & Grecu, 1997] 

n) Learning 
“Does the system do any learning, and, if so, what is learned? What type of learning 
method is used? What are the sources of learning?” 

o) Distribution 
“Does the system consist of a single problem-solving unit or is it a distributed 
system?” 
Recent design systems take the approach of dividing the design knowledge into 
specialised subsystems. These subsystems carry out well-defined tasks such as 
proposing solutions, evaluation, or learning. They each have limited knowledge, but 
communicate and co-operate with each other during the design process. A further 
extension of this idea is to allow distribution of the subsystems into multi-agent 
design systems. [Brown & Grecu, 1997] 

p) Programming 
“What type of programming paradigm(s) and, in particular, which programming 
language(s) is used for the system development?” 
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Any system development has to deal with the problem solving at the program(ming) 
level as well [Tong & Sriram, 1992a]99. It means that a programming paradigm, and, in 
particular, a programming language has to be chosen to implement the design 
system. AI and computer science provide many programming paradigms and 
languages such as list processing languages, logic programming languages, frame-
based and object-oriented languages, rule-based languages, etc. [Brown & Grecu, 1997] 

q) Auxiliary Tools 
“Does the system need any auxiliary tools to carry out its task?” 
In most cases the design solution relies on operations that can be provided by 
specialised tools that interface with the design system. The most frequent examples 
are numeric routines libraries, specific analysis tools, symbolic integration pro-
grams, visual representation tools, etc. [Brown & Grecu, 1997] 
 

                                                           
99 Tong and Sriram distinguish three levels of the development of knowledge-based systems: the 

knowledge level, the function level (functions of the design system itself), and the program 
level. 
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Appendix G Glossary for Object-Oriented 
Technology and C++ 

This Appendix gives a glossary of the basic terms and concepts used in object-
oriented design and analysis in the context of the C++ programming language. This 
glossary was made using the books of Booch [Booch, 1994], Firesmith and Eykholt 
[Firesmith & Eykholt, 1995], and Stroustrup [Stroustrup, 1997]. 
 
 
 
abstract  c lass  A class that has no instances. An abstract class is written with the 

expectation that its concrete derived class will add to its structure and behaviour, 
typically by implementing its abstract operation. In C++, a class with one or more 
pure virtual functions is an abstract class, and no objects of that abstract class can 
be created. 

abstract  operat ion  An operation that is declared but not implemented by an 
abstract class. In C++, an abstract operation is declared as a pure virtual function. 

abstract ion The essential characteristics of an object that distinguish it from all 
other kinds of objects and thus provide a crisply-defined conceptual boundaries 
relative to the perspective of the viewer; the process of focusing upon the essential 
characteristics of an object; the cognitive tool for rationalising the real-world by 
considering only those details necessary for the current purpose. Abstraction is one 
of the fundamental elements of the object model. 

access  control  The mechanism for control of access to the structure or behav-
iour of a class. In C++, a member of a class can be private, protected, or public. 
(1) If it is private, its name can be used only by member functions and friends of 
the class in which it is declared. (2) If it is protected, its name can be used only by 
member functions and friends of the class in which it is declared and by member 
functions and friends of the classes derived from this class. (3) If it is public, its 
name can be used by any function. Like a member, a base class can be also de-
clared private, protected, or public; consider a class D derived from class B: (1) If 
B is a private base, its public and protected members can be used only by member 
functions and friends of D and by member functions and friends of classes derived 
from D. (2) If B is a protected base, its public and protected members can be used 
only by member functions and friends of D and by member functions and friends 
of classes derived from D. (3) If B is a public base, its public members can be used 
by any function of D; in addition, its protected members can be used by members 
and friends of D and members and friends of classes derived from D. Deriving a 
class publicly from an abstract base class defines an interface while using private 
or protected derivation from a concrete class provides an implementation. Because 
the inheritance implied in private and protected derivation is an implementation 
detail that is not reflected in the type of the derived class, it is sometimes called 
implementation inheritance and contrasted to public derivation, whereby the 
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interface of the base class is inherited and the implicit conversion to the base type 
is allowed. The latter is sometimes referred to as subtyping, or interface inheri-
tance. 

act ive  object  An object that encompasses its own thread of control. 
aggregat ion A relationship used to show a whole and part relationship between 

two classes: the aggregate class and the supplier class. An instance of the aggre-
gate class is an aggregate object. The class at the supplier end of the aggregate 
relationship is the part whose instances are contained or owned by the aggregate 
object. The aggregate relationship is used to show that the aggregate object is 
physically constructed from other objects or that it logically contains another 
object. The aggregate object has ownership of its parts.  
A graphical depiction of an aggregate relationship is a solid line with a diamond at 
one end (the diamond end designates the aggregate class):  

                              
supplieraggregate class

11  
Number “1” in this picture specifies cardinality where the aggregate object has 
one (1) instance of the supplier class. 

ancestor c lass  See base class. 
base c lass  The class from which another class inherits (which is called its 

immediate derived class). A class is called direct base if it is mentioned in the 
base-list and indirect base if it is not a direct base but is a base of one of the classes 
mentioned in the base-list. In some other programming languages base class is 
referred to as superclass, or ancestor class, or parent class. See also inheritance. 

behaviour How an object acts and reacts, in term of its state changes and message 
passing; the outward visible and testable activity of an object. 

binding  Biding denotes the association of a name (such as a variable declaration) 
with a class. 

C++ A general-purpose programming language based on the C programming 
language. C++ is a better C, supports data abstraction, supports object-oriented 
programming, and supports generic programming. In addition to the facilities 
provided by C, C++ provides classes, operator overloading, templates, exception 
handling, namespaces, inline functions, constant types, references, free store 
management operators, function argument checking, type conversions, and run-
time type information (RTTI) mechanism. C++ offers a Standard Library (basic 
run-time language support; the C standard library; strings and I/O streams; a 
framework of containers; support for numerical computation). 

cardinal i ty  Specifies how many instances of one class may be associated with a 
single instance of another class. 

chi ld c lass  See derived class. 
class  A set of objects that share a common structure and a common behaviour. The 

terms class and type are usually (but not always) interchangeable; a class is a 
slightly different concept than a type, in that it emphasises the classification of the 
structure and behaviour. In C++, class is a key notion; a class is a user-defined 
type; the class is the unit of data hiding, encapsulation, and modularity; (run-time 
or inherent) polymorphism is supported through classes with virtual functions; 
classes contain a sequence of objects of various types, a set of functions for 
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manipulating these objects, and a set of restrictions on the access to these objects 
and functions (access control). Regarding the inheritance mechanism, there are 
three kinds of classes: abstract class, base class, and derived class. 

class  diagram  Part of the notation of object-oriented design, used to show the 
existence of classes and their relationships in the logical design of a system. A 
class diagram may represent all or part of the class structure of a system. 

class  structure  A graph whose vertices represent classes and whose arcs 
represent relationships among these classes. The class structure of a system is 
represented by a set of class diagrams. 

class  template  The C++ term for parameterised class. 
compiler-t ime polymorphism  See parametric polymorphism. 
concurrency  The property that distinguishes an active object from that is not 

active. 
declarat ion A statement that introduces a name into the program. It specifies a 

type for that name. 
derived class  A class that inherits from one or more classes (which is called its 

immediate base class). In some other programming languages derived class is 
referred to as subclass, or descendant class, or child class. See also inheritance. 

descendant c lass  See derived class. 
direct  base c lass  A class is called direct base if it is mentioned in the base-list. 
dynamic binding  A binding in which the name – class association is not made 

until the object designated by the name is created at execution time. Dynamic 
binding that takes place at run-time due to compile-time ambiguities caused by 
inheritance and polymorphism. Dynamic binding allows the system to dynamically 
decide what method to use, based on the type of the current object. 

encapsulat ion  The process of compartmentalising the elements of an abstraction 
that constitute its structure and behaviour; the physical localisation of features 
(e.g., behaviour) into a single blackbox abstraction that hides their implementation 
(and associated design decisions) behind a public interface. Encapsulation serves 
to separate the contractual interface of an abstraction and its implementation. 
Encapsulation and information hiding is usually (but not always) interchangeable; 
encapsulation is a slightly different concept than information hiding, in that 
encapsulation is created by combining information hiding and localisation. In C++ 
the class (not the individual object) is the unit of encapsulation. 

fr iend  The friend mechanism provides a way of granting individual functions and 
classes access to members of a class. A friend of a class can be a function or a 
class. Friendship is neither inherited nor transitive. See access control. 

funct ion In C++ (and C), any sequential operation that returns a value. 
funct ion template  In C++, the form of parameterisation of functions; a function 

template defines a set of related functions; when a function template is called, the 
types of the function arguments determine which version of the template is used, 
that is, the template arguments are deduced from the function arguments. Function 
template is the C++ term for parameterised operation used in other object-oriented 
programming languages or terminology. 

general isat ion  See inheritance. 
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generic  programming Use of parameterised algorithms that can work for a 
variety of suitable types and data structures. 

hierarchy  A ranking or ordering of abstractions. The two most common 
hierarchies in a complex system include its class structure (including “kind of” 
hierarchies) and its object structure (including “part of” hierarchies). Hierarchies 
may also be found in the module and process architectures of a complex system. 

identi ty  The nature of an object that distinguishes it from all other objects. 
implementat ion inheritance  See access control. 
implementat ion  The inside view of a class, object or module, including the 

secrets of its behaviour. 
indirect  base c lass  A class is called indirect base if it is not a direct base but is 

a base of one of the classes mentioned in the base-list. 
information hiding  1. The process of hiding all the secrets of an object that do 

not contribute to its essential characteristics; typically, the structure of an object is 
hidden, as well as the implementation of its methods. Information hiding is used to 
promote abstraction, support incremental top-down development, and protect 
against accidental corruption. Information hiding is concerned with the separation 
of interface from implementation. Information hiding is combined with localisa-
tion to create encapsulation.  2. In C++ information hiding also means that the 
names of functions, types, etc., can be made local to a module, since C++ allows 
any declaration to be placed in a namespace. 

inherent  polymorphism  Any polymorphism whereby operations are inherited 
by every derived type. In C++, inherent polymorphism is supported through 
classes with virtual functions. The terms inherent polymorphism and run-time 
polymorphism are interchangeable. 

inheritance A relationship among classes, wherein one class shares the structure 
or behaviour defined in one (single inheritance) or more (multiple inheritance) 
other classes. Inheritance defines an “is-a” hierarchy among classes in which a 
derived class inherits from one or more generalised base classes; a derived class 
typically specialises its base class by augmenting or redefining existing structure 
and behaviour. In C++, the derived class inherits the data members and member 
functions of its base classes.  
Graphical depiction of an inheritance relationship is an arrowhead pointing from 
the derived class to the base class:  

                              

 
 base class

derived class1 derived class2
 

The inheritance relationship is often called generalisation relationship. 
instance  Any object instantiated according to the definition provided by the given 

class; any real or abstract thing about which we store data and the operations to 
manipulate those data. An instance has state, behaviour, and identity; the structure 
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and behaviour of similar instances are defined in their common class. The terms 
instance and object are interchangeable. 

instantiat ion The process of filling in the template of a generic or parameterised 
class to produce a class from which one create instances (objects). 

interface inheritance  See access control. 
interface  The outside view of a class, object or module, which emphasises its 

abstraction while hiding its structure and the secrets of its behaviour. 
local isat ion  The logical and physical grouping of related things (e.g., require-

ments and resources). Localisation is used to build abstractions, increase their 
cohesion, and decrease coupling. 

member  Basically, a member of a class can be an object or function (see member 
object and member function). In C++, a member of a class can be any data, func-
tion, class, enumeration, bit-field, friend, and type name. 

member function An operation upon an object, defined as part of the declara-
tion of a class; all member functions are operations, but not all operations are 
member functions. In C++ member function is used for method. The terms mem-
ber function and method are usually interchangeable. 

member object  A repository for part of the state of an object; collectively the 
member objects of an object constitute its structure. 

message An operation that one object performs upon another. The terms message, 
method, and operation are usually interchangeable. 

method An operation upon an object, defined as part of the declaration of a class; 
all methods are operations, but not all operations are methods. The terms message, 
method, and operation are usually interchangeable. In C++ a method is declared 
by a member function. 

modularity  The property of a system that has been decomposed into a set of 
cohesive and loosely coupled modules. 

module  A unit of code that serves as a building block for the physical structure of 
a system; a program unit that contains declarations that form the physical realisa-
tion of some or all of the classes and objects in the logical design of the system. A 
module typically has two parts: its interface and its implementation. 

module architecture  A graph whose vertices represent modules and whose 
arcs represent relationships among these modules. The module architecture of a 
system represented by a set of module diagrams. 

module diagram Part of the notation of the object-oriented design, used to show 
the allocation of classes and objects to modules in the physical design of a system. 
A module diagram may represent all or part of the module architecture of a 
system. 

object  Any real or abstract thing about which we store data and the operations to 
manipulate those data. An object has state, behaviour, and identity; the structure 
and behaviour of similar objects are defined in their common class. The terms 
instance and object are interchangeable. In C++ an object is a contiguous region of 
storage. 

object  diagram  Part of the notation of object-oriented design, used to show the 
existence of objects and their relationships in the logical design of a system. An 
object diagram may represent all or part of the object structure of a system, and 
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primarily illustrates the semantics of mechanism in the logical system. A single 
object diagram represents a snapshot in time of an otherwise transitory event or 
configuration of objects. 

object  model  The collection of principles that form the foundation of object-
oriented design; a software engineering paradigm emphasising the principles of 
abstraction, encapsulation, modularity, hierarchy, typing, concurrency, and 
persistence. 

object  structure  A graph whose vertices represent objects and whose arcs 
represent relationships among these objects. The object structure of a system is 
represented by a set of object diagrams. 

object-oriented analysis  A method of analysis in which requirements are 
examined from the perspective of the classes and objects found in the vocabulary 
of the problem domain. 

object-oriented decomposit ion  The process of breaking a system into parts, 
each of which represents some class or object from the problem domain. The 
application of object-oriented design methods leads to an object-oriented decom-
position, in which we view the world as a collection of objects that co-operate with 
one another to achieve some desired functionality. 

object-oriented design  A method of design encompassing the process of 
object-oriented decomposition and a notation for depicting both logical and 
physical as well as static and dynamic models of the system under design; specifi-
cally, this notation includes class diagrams, object diagrams, module diagrams, 
and process diagrams. 

object-oriented programming  A method of implementation in which 
programs are organised as co-operative collections of objects, each of which 
represents an instance of some class, and whose classes are members of a hierar-
chy of classes united via inheritance relationships. In such programs, classes are 
generally viewed as static, whereas objects typically have a much more dynamic 
nature, which is encouraged by the existence of dynamic binding and polymor-
phism. In C++ the use of derived classes and virtual functions is often called 
object-oriented programming. 

object-oriented technology A sound engineering foundation whose elements 
are collectively called the object model. 

operat ion  Some work that one object performs upon an other in order to elicit a 
reaction. All of the operations upon a specific object may be found in free subpro-
grams and member functions or methods. The term message, method, and opera-
tion are usually interchangeable. In C++ an operation is declared by a member 
function. 

overloading Any polymorphism whereby the same name is used for different, but 
analogous, abstractions (e.g., messages or operations). In C++, overloading allows 
multiple functions with the same name to be defined in a manner that their argu-
ments differ sufficiently for calls to be resolved. 

overriding Redefining the implementation of a method in a derived class that will 
then replace the original implementation of the method that was inherited from the 
base class. In C++, if a base class ‘base’ contains a virtual function ‘vf’, and a 
class ‘derived’ derived from it also contains a function ‘vf’ of the same type, then a 
call of ‘vf’ for an object of class ‘derived’ invokes ‘derived::vf’ (even if the access 
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is through a pointer or reference to base). The derived class function is said to 
override the base class function. 

parameterised class  A class that serves as a template for other classes, in 
which the template may be parameterised by other classes, objects, and/or opera-
tions. A parameterised class must be instantiated (its parameters filled in) before 
instances can be created. Parameterised classes are typically used as container 
classes. The terms parameterised class, parameterised type and class template are 
interchangeable. 

parameterised funct ion See function template. 
parametric  polymorphism  Any polymorphism due to parameterisation. In 

C++, parametric polymorphism is supported through templates (parameterised 
classes). The terms parametric polymorphism and compiler-time polymorphism are 
interchangeable. 

parent  c lass  See base class. 
persistence  The property of an object by which its existence transcends time (i.e., 

the object continues to exist after its creator ceases to exist) and/or space (i.e., the 
object’s location moves from the address space in which it was created). 

polymorphism  A concept in type theory, according to which a name (such as a 
variable declaration) may denote objects of many different classes that are related 
by some common base class; thus, any object denoted by this name is able to 
respond to some common set of operations in different ways. We can distinguish 
between inherent (run-time) polymorphism and parametric (compiler-time) 
polymorphism. In C++, inherent polymorphism is supported through classes with 
virtual functions; parametric polymorphism is supported through templates (pa-
rameterised classes); overloading functions also means a sort of polymorphism. 

private  A declaration that forms part of the interface of a class, object, or module; 
what is declared as private is not visible to any other classes, objects, or modules. 
See access control. 

process  architecture  A graph whose vertices represent processors and devices 
and whose arcs represent connections among these processors and devices. The 
process architecture of a system is represented by a set of process diagrams. 

process  diagram Part of the notation of the object-oriented design, used to show 
the allocation of processes to processors in the physical design of a system. A 
process diagram may represent all or part of the process architecture of a system. 

process  The activation of a single thread of control. 
processor A piece of hardware that has computational resources. 
protected  A declaration that forms part of the interface of a class, object, or 

module, but that is not visible to any other classes, objects, and modules except 
those that represent derived classes. See access control. 

public  A declaration that forms part of the interface of a class, object, or module, 
and that is visible to all other classes, objects, and modules that have visibility to 
it. See access control. 

pure virtual  funct ion  A class is abstract if it has at least one pure virtual 
function. 

run-t ime polymorphism  See inherent polymorphism. 
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state  The cumulative results of the behaviour of an object; one of the possible 
conditions in which an object may exist, characterised by definite quantities that 
are distinct from other quantities; at any given point in time, the state of an object 
encompasses all of the (usually static) properties of the object plus the current 
(usually dynamic) values of each of these properties. 

stat ic  binding  A binding in which the name – class association is made when the 
name is declared (at compile time) but before the creation of the object that the 
name designates; any binding that takes place statically before run-time. 

structure 1. (structure of an object:) The concrete representation of the state of an 
object. An object does not share its state with another object, although all objects 
of the same class do share the same representation of their state.  2. In C++ (and in 
C) structure also means one of the basic data types that is an aggregate of elements 
of (nearly) arbitrary types. 

subclass  See derived class. 
subtyping  See access control. 
superclass  See base class. 
template  The C++ term for any parameterised class or any parameterised 

function. Templates provide direct support for generic programming, that is, 
programming using types and parameters. The C++ template mechanism allows a 
type to be a parameter in the definition of a class or a function. 

thread of  control  A single process. The start of a thread of control is the root 
from which independent dynamic action within a system occurs; a given system 
may have many simultaneous threads of control, some of which may dynamically 
come into existence and then cease to exist. Systems executing across multiple 
CPUs allow for truly concurrent threads of control, whereas systems running on a 
single CPU can only achieve the illusion of concurrent threads of control. 

type The definition of a the domain of allowable values that an object may possess 
and the set of operations that may be performed upon the object. The terms class 
and type are usually (but not always) interchangeable; a type is a slightly different 
concept than a class, in that it emphasises the importance of conformance to a 
common protocol. In C++, a class is a type. 

typing  The enforcement of the class of an object, which prevents objects of 
different types from being interchanged or, at the most, allows them to be inter-
changed only in very restricted ways. 

virtual  base c lass  Any base class whose information is shared by all of its 
derived classes that declare the base class as virtual. Every virtual base of a 
derived class is represented by the same (shared) object. This mechanism avoids 
unnecessary storing of multiple copies of the objects. 

virtual  binding  A binding that takes place at run-time due to compile-time 
ambiguities caused by inheritance and polymorphism. Virtual binding allows the 
system to dynamically decide what method to use, based on the type of the current 
object. 

virtual  funct ion  An operation upon an object. A virtual function may be 
redefined by derived classes; thus, for a given object, it is implemented through a 
set of methods declared in various classes that are related via their inheritance 
hierarchy. 
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The development of the Design System was started in Unigraphics Version 11.0, 
and was finished in Unigraphics Version 15.0. This Appendix provides an overview 
of the UnigraphicsTM CAD/CAM system Version 15.0. It presents the main 
modelling and programming concepts used during the research and development 
works presented in the dissertation. In the end of this Appendix, a Glossary can be 
found which defines the terms used in this Appendix. This Appendix is made using 
the Unigraphics’ user manuals [UG, 1998a; UG, 1998b; UG, 1998c; UG, 1998d; UG, 
1998e]. 

H.1 System Overview 
UnigraphicsTM is an interactive Computer-Aided Design and Computer-Aided 
Manufacturing (CAD/CAM) system. The CAD functions automate the normal 
engineering, design, and drafting capabilities found in today’s manufacturing 
companies. The CAM functions provide NC programming for modern machine 
tools using the UnigraphicsTM design model to describe the finished part. 

UnigraphicsTM is a fully three-dimensional, double precision system that al-
lows the user to accurately describe almost any geometric shape. By combining 
these shapes, the user can design, analyse, and create drawings of his or her 
products. All UnigraphicsTM CAD/CAM functions are presented in a Motif-style 
interface. 

H.1.1 Design Input 
Using UnigraphicsTM, the user may create, store, retrieve and manipulate design and 
manufacturing information. Work typically begins by creating geometry to describe 
a part. The UnigraphicsTM system allows the user to create complete three-
dimensional models of parts, which can be stored permanently. Stored parts can 
subsequently be used to: 
 Produce fully-dimensioned engineering drawings. 
 Generate instructions for NC machining. 
 Generate input for analytical processes such as finite element analysis. 

The part100 is composed of objects created during the design process. Objects are 
also referred to as entities, depending on the application used. These objects are 
classified as geometric objects (points, curves, sheet bodies, etc.), text objects (notes, 
labels, dimensions, etc.), and attributes (colour, font, width, etc.). 

H.1.2 Applications 
UnigraphicsTM functions are divided into “applications” of common capabilities. 
The following UnigraphicsTM applications are used during the research and devel-
opment of this work: 

H.1.2.1 Gateway 
The UG Gateway application provides a Motif-based interactive environment for all 
UnigraphicsTM products. Gateway lets the user open existing part files, create new 
part files, save part files, plot drawings and screen layouts, import and export 
various types of files, and other general functions. It also provides consolidated view 

                                                           
100 In this Appendix, the terms model and part are used interchangeably. 
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display operations, screen layout and layer functions, WCS manipulation, object 
information and analysis, and access to online help. 

H.1.2.2 Drafting 
The Drafting application lets the user create engineering drawings from either 3D 
models created in a modelling application, or 2D design layouts created using the 
built-in curve/sketch tools. 

H.1.2.3 Modelling 
Solids Modelling 
This general modelling application supports the creation of 2D and 3D wireframe 
models, swept and revolved bodies, Boolean operations, and basic associative 
editing. 

Features Modelling 
This feature-based modelling application supports the creation and associative edit 
of standard design features such as holes, slots, and pockets. It allows the user to 
hollow out solid models and create thin walled objects. A feature can be located 
relative to any other feature or object and can be instanced to establish associative 
sets of features. 

User-Defined Features 
This application provides an interactive means to capture and store families of parts 
for easy retrieval and editing using the concept of a user-defined feature (UDF). It 
allows the user to take an existing associative solid model, created using the 
standard UnigraphicsTM modelling tools, and establish relationships between 
parameters, define feature variables, set default values, and decide the general form 
the feature will take when invoked. Existing UDFs reside in a library that can be 
accessed by anyone using the Features Modelling application. 

For more details about Modelling see Section H.2. 

H.1.2.4 Assembly Modelling 
This application supports “top-down” and “bottom-up” assembly modelling. It 
provides for rapid traversals of the assembly hierarchy and allows direct access to 
the design model of any component or sub-assembly. It supports the “design in 
context” approach in which changes can be made to the design model of any 
component while working in the context of the assembly. 

For more details about Assemblies see Section H.2.6. 

H.1.2.5 UG/Open Application Programming Interface (API) 
UG/Open API (formerly known as User Function) is available under a special 
licensing agreement. This programming interface enables the development of 
programs to interact with UnigraphicsTM components, files, and object data. 

For more details about UG/Open API see Section H.5. 
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H.2 Modelling 

H.2.1 Overview of Solid Modelling 
The Modelling application is primarily a solid-modelling system that provides the 
capabilities to help a design engineer quickly perform conceptual design. In 
addition, he or she can incorporate requirements and design restrictions by defining 
mathematical relationships between different parts of the design. The Modelling 
application also provides “feature based” solid modelling and editing capabilities 
that allow the user to change and update solid bodies by directly editing the 
dimensions of a solid feature and/or by using other geometric editing and construc-
tion techniques. 

The Modelling application is a new generation of modeller, combining tradi-
tional and parametric approaches to modelling. This gives the user the freedom to 
choose the design approach that best suits his/her needs. There are times when a 
simple wireframe model is adequate for the job, and there is no need for the 
complexity that a constrained solid model introduces. However, it also provides a 
rich set of parametric and traditional solid modelling capabilities that enable 
realistic solid models to be developed and manipulated easily. Once a model has 
been built, dimension-driven editing techniques can be used, even if it was not built 
using parametric functions – constraints are automatically inferred from the model. 
Solid modelling offers many advantages to the designer and engineer, such as: 
 Supplying him or her with a rich set of features (building tools). 
 Letting him or her use dimension-driven editing (parameters to control the 
design). 
 Making it easy to modify the design. 
 Enabling better visualisation of the model (i.e., shading the model). 
 Providing a master model which can drive downstream applications like draft-
ing and machining. 
 Updating the tool paths (machining) and drawings (drafting) automatically if the 
model is changed for any reason, so they need not be reworked. 
 Allowing the user to obtain mass property information (e.g., area, volume, 
centre of mass, moments of inertia, etc.), do interference analysis, etc. 

H.2.2 Modelling Capabilities of UnigraphicsTM 
H.2.2.1 Start with a Sketch 
The user can use the Sketcher to freehand sketch and dimension an “outline” of 
curves. The sketch can then be swept (extruded or revolved) to create a solid or 
sheet body. The sketch can later be refined to precisely represent the object of 
interest by editing the dimensions and by creating relationships between geometric 
objects. Editing a dimension of the sketch not only modifies the geometry of the 
sketch, but also the body created from the sketch. (For more details see Section 
H.2.4.) 

H.2.2.2 Feature Based Solid Modelling and Editing 
Feature based solid modelling lets the user create features, such as holes, slots, and 
grooves, on a model. The user can then directly edit the dimensions of the feature 
and locate this feature by dimensions. For example, a hole is defined by its diameter 
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and length. All of these parameters can be directly edited by entering new values. 
(For more details see Section H.2.5.) 

H.2.2.3 User Defined Features 
The user can create solid bodies of any desired design that can later be defined as a 
form feature using User Defined Features. This lets the user create his/her own 
custom library of form features. 

H.2.2.4 Associativity 
Associativity is the term used to indicate geometric relationships between individual 
portions of a model. These relationships are established as the designer uses various 
functions for model creation. Constraints and relationships are captured automati-
cally as the model is developed. For example, a through hole is associated with the 
faces in a model that the hole penetrates. If the model is later changed so that one or 
both of those faces move, the hole updates automatically due to its association to the 
faces. 

H.2.2.5 Positioning a Feature 
Within Modelling, the user can position a feature relative to the geometry of the 
model using positioning dimensions. The feature is then associated with that 
geometry and will maintain those associations whenever the user edits the model. 
The user can edit the position of the feature by changing the values of the position-
ing dimensions. (For more details see Section H.2.6.) 

H.2.2.6 Reference Features 
The user can create reference features, such as a datum plane or datum axis that can 
be used as reference geometry when needed. These datum features can be used as 
construction devices for other features. Any feature created using a reference feature 
is associated to that reference feature and retains that association during edits to the 
model. (For more details see Section H.2.5.3.) 

H.2.2.7 Expressions 
Requirements and design restrictions can also be incorporated by defining mathe-
matical relationships between different parts of the design. For example, the user can 
define the height of a boss as three times its diameter, so that when the diameter 
changes, the height changes also. (For more details see Section H.2.3.) 

H.2.2.8 Boolean Operations 
Modelling provides the following Boolean operations: unite, subtract, and intersect 
solid bodies. (For more details see Section H.2.5.5.) 

H.2.2.9 Parent/Child Relationships 
If a feature depends on another object for its existence, it is a child of that object. 
The object, in turn, is a parent of its child feature. For example, if a hollow is created 
in a block, the block is the parent and the hollow is its child. A parent can have more 
than one child, and a child can have more than one parent. A feature that is a child 
can also be a parent of other features. 
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H.2.3 Expressions 
Expressions are arithmetic or conditional statements that can be used to represent the 
correct associativity and constraints between the components of a model. Expres-
sions can define and control many dimensions of a model, such as the dimensions of 
a feature or a sketch. Expressions are valuable in parametric design because they 
can be used to control the relationships between the features of a part, or between 
parts in an assembly. For example, the thickness of a bracket can be expressed in 
terms of its length. If the length of the bracket is altered, the thickness is automati-
cally updated. 

H.2.3.1 Format of Expressions 
An expression is a statement defining a relationship. All expressions have a value (a 
number which may or may not have a fractional part) which is assigned to the left 
side of the expression. An expression relation is both the left-hand side and right-
hand side of an expression equation (i.e., a=b+c). To obtain this value, the system 
evaluates the right side of the expression, which is either a mathematical or condi-
tional statement. The left side of the expression must always be a single variable. 

The left-hand side of an expression relation is the expression variable (e.g., 
“a” in “a=b+c”). The left side of the expression is also the name of the expression. 
No two expressions can have the same name, and no expression can have more than 
one name. Expression names are variables that may be used in other expressions. 

The right-hand side of an expression relation is the expression string (e.g., 
“b+c” in “a=b+c”). The right side of an expression may contain a combination of 
variables, numbers, operators, and symbols. Every variable used in the right side of 
an expression must also appear somewhere as an expression name. 

H.2.3.2 Use of Expressions 
Expressions are used in several ways. They can control the dimensions and con-
straints of sketches and features. They can also define constants (i.e., pi = 
3.1415926). In addition, expressions may be used in other expressions (i.e., 
expression1 = expression2 + expression3). This is helpful in breaking up lengthy 
formulas as well as defining relationships that can be used in place of numbers. 
Expressions are case sensitive; they must be referenced exactly when used in other 
expressions. 

H.2.3.3 Expression Language 
Expressions have their own grammar, which generally mimics the C programming 
language. 

Using Comments within Expressions 
The user can create comments in expressions using double forward slashes “//” 
before the actual comment. 

Variable Names 
Variable names are alphanumeric strings of text. 

Operators 
There are several types of operators that may be used in the expression language: 
 Arithmetic operators, such as addition (+), subtraction (-), multiplication (*), 
division (/), etc. 
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 Relational and equality operators, such as greater than (>), less than (<), greater 
than or equal (>=), etc. 
 Logical operators, such as logical AND (&&), and logical OR (||). 

Built-In Functions 
During creation of expressions, any of the functions that are built into UnigraphicsTM 
may also be used. This are standard mathematical functions (e.g., abs, sin, cos, etc.) 
and functions for converting one unit of measure into another. 

Conditional Expressions 
Conditional expressions may be created by using the if/else structure. The if/else 
expression uses the following syntax: 

VAR = if (expr1) (expr2) else (expr3). 
For example, width = if (length<8) (2) else (3). 

Geometric Expressions 
Geometric expressions allow the user to reference certain geometric properties as 
constraints for defining feature parameters, such as using the minimum distance 
between two objects as a driving expression for the length of a block. The types of 
geometric expressions are: 
 Distance expression – an expression based upon the minimum distance between 
two objects, a point and an object, or two points. 
 Length expression – an expression based upon the length of a curve or edge. 
 Angle expression – an expression based upon the angle between two lines, an 
arc and a line, or two arcs. 

H.2.3.4 Interpart Expressions 
In an assembly (see Section H.2.6), the user can link expressions across parts so that 
expressions in one part are defined in terms of expressions in another part. Expres-
sions in an assembly can override expressions in a component. Using interpart 
expressions, the relationships between components can be modelled. For example, a 
pin in one component designed to fit into a hole in another can have its parameters 
associated to the hole’s parameters, so that when the hole is edited, the pin automati-
cally updates. 

Syntax 
Interpart expression can be created as follows: 

<part_name>::<expression> 
For example, the expression “hole_dia = pin::diameter + tolerance” relates the local 
expression “hole_dia” to the expression “diameter” in the part “pin”. 

H.2.4 The Sketcher 
The sketcher is a tool that lets the designer create two-dimensional representations 
of profiles associated with his/her part. The designer can create a rough outline of 
curves, then he/she can specify conditions called constraints to define the shapes 
more precisely and capture his/her design intent. Each curve is referred to as a sketch 
object. In most cases, a sketch is extruded or revolved to create a solid body or sheet 
body. Then, after the designer has changed the sketch, the associated body is 
evaluated accordingly. 
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H.2.4.1 Constraints 
A constraint lets the user precisely control the size of a sketch object, or other 
geometric conditions, so that the sketch reflects his/her design intent. The system 
evaluates the sketch whenever a constraint is added or removed. There are two types 
of constraints: dimensional constraints and geometric constraints. 
 A dimensional constraint establishes the size of a sketch object (such as the 
length of a line, the radius of an arc, etc.) or the relationship between two ob-
jects (such as the distance between two points). A dimensional constraint looks 
much like a dimension on a drawing. 
 A geometric constraint establishes a geometric characteristic of a sketch object 
(for example, requiring that a line be a fixed length) or the type of relationship 
between two or more sketch objects (for example, requiring that two lines be 
perpendicular or parallel, or that several arcs have the same radius). 

H.2.4.2 Sketches as Features 
Once a sketch has been created, it is considered to be a feature for many actions 
(e.g., deleting, suppressing, reattaching, moving, reordering, etc.). 

H.2.5 Features 
Feature is an all-encompassing term that refers to all solids, bodies, and primitives. 
There are four classes of UnigraphicsTM features: swept features, form features, 
reference features, and primitives. 

H.2.5.1 Swept Features 
Swept bodies can be created by extruding or revolving curves, sketches, sheet 
bodies, or edges of a face referred to as section geometry. Either a single section or a 
set of section geometry can be swept. Swept features with offsets can also be 
created. Sweeping sketch and non-sketch geometry lets the user create a solid body 
with complex geometry. This method also gives the user total control over the 
editing of that body. Editing is done by changing the swept creation parameters or 
by changing the sketch. Editing the sketch causes the swept feature to update to 
match the sketch. There are three types of swept features: Extruded Body, Body of 
Revolution, and Sweep Along Guide. 

H.2.5.2 Form Features 
There are seven types of form features: hole, slot, groove, pocket, boss, pad, and 
user defined. 

Parameter Values 
Each feature type requires the user to enter values that define the dimensions 
necessary for that particular feature. These are sometimes referred to as the feature’s 
parameters. 

H.2.5.3 Reference Features 
Reference features are construction tools that assist the user in creating features and 
sketches in desired locations and orientations. Reference features can be created 
either relative to an existing target solid or fixed (relative to and geometrically 
constrained to maintain their relationships to the existing model). There are two 
types of reference features: Datum Planes and Datum Axes; both can be either 
relative or fixed 
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H.2.5.4 Primitive features 
Primitive features are basic analytic shapes – blocks, cylinders, cones, spheres, and 
tubes. Primitives are non-associative, meaning they are not associated to geometry 
used to create them. Creating a solid body using primitives results in a simple 
geometry solid body. Making changes to primitives is more difficult, because 
primitives cannot always be parametrically edited. Primitives can be used when 
concern with editing the model is not needed. 

H.2.5.5 Feature Operations 
Besides creating standalone solid bodies and other features, some options can also 
be used to modify existing bodies. 

Associative feature operations 
The results of these feature operations are parametric features as well. The most 
important feature operations of this kind are the following: chamfer, hollow, blend, 
taper, instance (array), and thread. 

Performing Boolean Operations 
The following options can be chosen during the creation of not associative features 
(featured made from primitives): create, unite, subtract and intersect. These Boolean 
operations are not used in the Design System because they result in not parametric 
solid bodies. 

H.2.5.6 Editing Features 
The user can change various characteristics of existing features. In most cases, 
associativity that has been established with other objects is maintained. The 
frequently used editing options are the following: ‘Edit Parameters’, ‘Edit Position-
ing Dimension’, ‘Edit Solid Density’, ‘Delete Feature’, ‘Suppress Feature’, 
‘Unsuppress Feature’, and ‘Suppression By Expression’. 

H.2.6 Positioning Methods 
The user can position a feature or sketch relative to existing curves, solid geometry, 
datum planes, and datum axes. This is done by creating dimensional constraints, 
known as positioning dimensions, that control the location of a feature or sketch 
relative to some existing curves, solid geometry, datum plane, or datum axis. 
Positioning dimensions are associated to the geometry used to create them. If the 
geometry is moved or deleted, the associated positioning dimension is also moved or 
deleted. 

There are nine positioning methods: Horizontal, Vertical, Parallel, Perpen-
dicular, Parallel at a Distance, Angular, Point onto Point, Point onto Line, and Line 
onto Line. 

H.3 Assemblies 
Assemblies is an integrated UnigraphicsTM application that facilitates the construc-
tion of assemblies of parts, the modelling of individual parts within the context of 
the assembly, and the production of parts lists for assembly drawings. The user can 
create links from the assembly to its components to simplify the incorporation of 
changes across the various levels of product definition. One advantage to using 
assemblies is that a design change to one part file can be reflected in all assemblies 
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that use the part. When initially creating an assembly, the user does not need to 
create or alter any geometry. The system creates a link from the assembly to the 
component, which allows the system to keep track of the assembly structure. 

H.3.1 Assemblies Concepts 
H.3.1.1 Components 
Assembly part files point to geometry and features in the subordinate parts rather 
than creating duplicate copies of those objects at each level in the assembly. This 
technique not only minimises the size of assembly parts files, but also provides high 
levels of associativity. For example, modifying the geometry of one component 
causes all assemblies that use that component in the session to automatically reflect 
that change. 

Within an assembly, a particular part may be used in many places. Each us-
age is referred to as a component and the file containing the actual geometry for the 
component is called the component part. For example, a car assembly may have two 
axle sub-assemblies, each of which has two wheel parts. In this case, there are four 
wheel components and two axle components in the car, but only two component 
parts (one wheel, one axle). 

A given part can occur multiple times in an assembly, each with a different 
position and orientation. An assembly does not contain copies of the geometry in its 
component parts; rather it contains special objects called occurrences that represent 
how the component geometry is to be positioned and oriented in the context of the 
assembly. An occurrence consists of a pointer to the “real” geometry in the compo-
nent part. This real geometry is referred to as the prototype. 

H.3.1.2 Multiple Loaded Parts 
Many parts can be simultaneously loaded at any given time. These parts may have 
been loaded explicitly or implicitly as a result of being used by some other loaded 
assembly. There is no restriction that all loaded parts must belong to the same 
assembly. 

H.3.1.3 Design in Context 
When the displayed part is an assembly, it is possible to change the work part to any 
of the components within that assembly. Geometry, features, and components can 
then be added to or edited within the work part. Geometry outside of the work part 
can be referenced in many modelling operations. For example, control points on 
geometry outside of the work part can be used to position a feature within the work 
part. 

H.3.1.4 Associativity Maintained 
Geometric changes made at any level within an assembly result in the update of 
associated data at all other levels of affected assemblies. An edit to an individual 
piece part causes all assembly drawings that use that part to be updated appropri-
ately. Conversely, an edit made to a component in the context of an assembly results 
in the update of drawings and other associated objects (such as tool paths) within the 
component part. 
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H.3.1.5 Mating Conditions 
Mating conditions let the user position components in an assembly. This “mating” is 
accomplished by specifying constraint relationships between two components in the 
assembly. For example, the user can specify that a cylindrical face on one compo-
nent is to be coaxial with a conical face on another component. The user can use 
combinations of different constraints to completely specify a component’s position 
in the assembly. The system considers one of the components as fixed in a constant 
location, then calculates a position for the other component which satisfies the 
specified constraints. The relationship between the two components is associative. If 
the “fixed” component’s location is moved, the component that is mated to it also 
moves. (For further details see Section H.3.2.) 

H.3.1.6 Using Reference Sets to Reduce the Graphic Display 
Large, complex assemblies can be simplified graphically by filtering the amount of 
data that is used to represent a given component or sub-assembly by using reference 
sets. Reference sets can be used to drastically reduce (or even totally eliminate) the 
graphical representation of portions of the assembly without modifying the actual 
assembly structure or underlying geometric models. 

H.3.1.7 Interpart Expressions in Assemblies 
Interpart expressions can be used in assemblies. See Section H.2.3.4. 

H.3.1.8 Analysis in Assemblies 
There are various options to analyse the assembly model. For example: 
 Obtaining component information such as the owning part, whether it is an 
occurrence of a component, layer, type, colour, font and width. 
 Determining distances between components. 
 Computing the mass properties (e.g., area, volume, mass, centre of mass, 
moments of inertia, etc.) of various objects. 
 Determining any areas of interference within the assembly. 
 Performing clearance analysis within the assembly (see Section H.3.3). 

H.3.1.9 Assembly Drawings 
Drawings of assemblies are created in much the same way as piece part drawings. 
The user can attach dimensions, ID symbols and other drafting objects to component 
geometry. Parts lists can also be added to the assembly drawings.  

H.3.1.10 Exploded Views 
The Exploded Views function lets the user create a view of all or part of an assem-
bly in which various parts or sub-assemblies have been displaced from their real 
(model) positions. Exploded views are associated and saved with the display part as 
view-independent, named objects. 

H.3.2 Mating Conditions 
H.3.2.1 Mating Constraint Types 
In general, to mate one component to another, three types of mating constraints can 
be used: 
 Mate (or locate) one face to another (including datum planes). 
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 Align faces or axes. 
 Orient (lock down the angle). 

H.3.2.2 Using Mating Constraints To Specify Position 
To position a component the user can use a combination of the three constraint types 
mentioned above. When the mating of the component begins, there are six ways in 
which the component can move, or six degrees of freedom: three for rotation, and 
three for translation. Each constraint removes some of these degrees of freedom. The 
idea is to specify enough constraints to remove all degrees of freedom. 

H.3.2.3 Creating Mating Conditions 
The user can mate components of an assembly together by establishing constraint 
relationships from one component to the other. These constraints locate a “mated” 
component with respect to a fixed position “base” component, creating an associa-
tive link between the two. If the base component is modified, the relationship 
between it and the mated component is maintained. The user can later edit the 
constraints to change the location of the mated component if necessary. 

For each constraint type, the user can constrain the components using the fol-
lowing objects: faces (planar, cylindrical, conical, or toroidal faces), edges (straight 
edges), datum planes, datum axes, coordinate systems of components, and compo-
nents. 

H.3.2.4 Mate 
Mate allows the user to position two objects of the same type so that they are 
coincident. An offset distance between planar objects can be optionally specified if 
needed. The system mates selectable objects as described in the following para-
graphs. 

Mating Planar Objects 
The system mates planar objects (planar faces and datum planes) by locating the 
faces so that they are coplanar and their normals point in opposite directions. 

Mating Conical Faces 
Not used. 

Mating Toroidal Faces 
Not used. 

H.3.2.5 Align 
Align performs two functions. For planar objects, it positions the two objects so that 
they are coplanar and adjacent. For axisymmetric objects, it aligns the axes. An 
offset distance between planar objects can be optionally specified if needed. The 
system aligns selectable objects as described in the following paragraphs. 

Aligning Planar Objects 
The system aligns planar objects (planar faces and datum planes) by locating the 
faces so they are coplanar, and their normals point in same direction. 

Aligning Axisymmetric Faces 
Not used. 
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Aligning Edges 
Not used. 

H.3.2.6 Orient 
Orient lets the user position two objects using a rotational angle between them. The 
system creates an orientation vector for each object and rotates them about a 
rotational axis defined by a previously created mated or aligned constraint. The user 
can specify an angle to be applied between the orientation vectors in order to rotate 
the mated component into the correct position. The system orients selectable objects 
as follows: planar objects, axisymmetric faces and edges. 

H.3.3 Clearance Analysis 
Clearance Analysis is used to perform a clearance check between components of an 
assembly. This analysis is considered a static check, as none of the components are 
moving. All analysis results are stored within the part file that was processed. 
Clearance Analysis can be used in two ways: interactive and batch. 

During Clearance Analysis the system uses bounding boxes, faceted objects, 
and solid models to determine clearance conditions, compute intersection bodies, 
and report and maintain results. 

All data associated with a Clearance Analysis process is maintained in a 
clearance analysis data set. Any part file can have one or more data sets. Each data 
set contains the lists of objects to be analysed, clearance zones, special pair 
inclusions or exclusions, and analysis results. All Clearance Analysis processing is 
performed in the context of this clearance analysis data set. 

The user can specify a clearance zone that the system uses as it calculates the 
clearance between each pair of objects in the part file. If the minimum distance 
between the pair is less than the clearance zone, an interference is reported. 
Clearance Analysis computes the following kinds of interferences: 
 No Interference – the distance between the objects is greater than the clearance 
zone. 
 Soft Interference – two objects are situated such that the minimum distance 
between the bodies is less than the clearance zone, but the objects do not touch. 
 Touching Interference – two objects are touching but do not intersect each 
other. 
 Hard Interference – the objects intersect each other, i.e., they occupy the same 
space. 
 Containment Interference – one object is completely contained within another 
object. 

The user can specify the level of processing from four options: Solid Mode, 
Facet/Solid Mode, Full Facet Mode, and Quick Facet Mode. 

Objects can be specified for analysis selection by creating one or two lists. 
When using only one list, the system checks all objects in the list against all other 
objects. When using two lists, all objects in list one are checked against all objects in 
list two. 

The user can also specify pairs of objects to be excluded from the analysis, 
and annotate them with text as to why they are being excluded for future reference. 
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H.3.3.1 Modes 
Solid Mode uses the solid geometry to compute exact intersection solids and 
minimum distances. It is the slowest mode, but gives exact results. 

Facet/Solid Mode yields the optimum performance and functionality and is the 
recommended method when intersection solids are desired. This option uses the 
faceted representations of the solid bodies and the Quick Facet Mode as a preproces-
sor to the solid mode. It is usually faster than Solid Mode because the facet preproc-
essor can weed out unwanted pairs faster than the solid algorithm. Even though the 
facet mode is not exact, the algorithm is written to guarantee not to miss interfer-
ences. 

Full Facet Mode creates intersection lines and points for all facets interferences. 
This mode is usually faster than Solid Mode. The mode adds a lot of new objects to 
the part - the interference for a single pair of faceted objects may be composed of 
thousands of line objects. These lines represent the outline where the skin of one 
object passed through the skin of the other object. These lines may resemble the 
intersection solid, but they are only wireframe geometry, not solids. 

Quick Facet Mode creates only the first intersection line (or point) that the system 
finds. This is the fastest mode, since the algorithm stops as soon as it is sure there is 
a hard interference. It also gives the least information back to the user. This mode is 
only as accurate as the faceting tolerance. 

In any mode, only those objects that have been changed since the last clearance 
analysis run are checked. If this is the first run, every pair (that has not been 
specifically excluded) is checked. This significantly increases performance on 
subsequent runs. 

H.3.3.2 Creating Interference Objects 
When an interference is found, the system creates an interference object. For 
example, these interference objects could be minimum distance lines for soft 
interferences, points for touching interferences, or solid bodies, lines, or points for 
hard interferences. These interference bodies are normal geometric entities and 
contain the text attribute name INTERFERENCE. 

H.4 Attributes 
This function lets the user assign certain types of information to parts and geometry, 
including solids, faces, and edges. The user can assign attributes to the components 
of assemblies as well, and use the information to generate a parts list. The user can 
also list and compare assigned information. There are two general categories of 
attributes: system and user-defined. 

H.4.1 System Attributes 
Globally recognised characteristics, such as colour, font, width, layer, name, and 
group name, are called system attributes. 

H.4.2 User-Defined Attributes 
The user can assign specific information, meaningful in his/her particular applica-
tion, to most objects and parts. This category is divided into two types: 
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 Object Attribute lets the user assign information to objects or sub-assemblies. 
 Part Attribute enables the user to assign information to the entire part. 

H.4.2.1 Name 
Names can be assigned to objects and groups. Names can also be manipulated, using 
the options Assign Name, Delete Name, Verify Name, and Edit Name Location. 

H.4.2.2 Object Attributes 
Six kinds of attribute data types can be defined – integer, floating point, date & time, 
null value, variable length character, and reference. The user can also manipulate 
attributes by deleting, copying, and listing assigned data types. 

H.4.2.3 Part Attributes 
The user can assign user-defined attributes to entire parts. The attributes can be 
manipulated by deleting, copying, and listing assigned information. 

H.5 UG/Open Application Programming Interface (API) 

H.5.1 What is UG/Open API? 
UG/Open API is a subsystem of the UG/Open product family. UG/Open encom-
passes the flexible integration of many different software applications with 
UnigraphicsTM through an open architecture. The intent is for the integrated 
applications, along with third party and UnigraphicsTM applications, to share data on 
different computer platforms, from different locations (heterogeneous network) and 
even access its content over the Internet. UG/Open, by design, focuses on enabling 
open architectures to be utilised by third parties, customers, and in-house users when 
integrating or customising software applications. 

UG/Open API is a collection of routines that allows programs to access and 
affect the Unigraphics Object Model. In addition to the routines, there are tools 
provided to compile and link programs in a manner consistent with what 
UnigraphicsTM expects. 

H.5.2 What UG/Open API can Do? 
The UG/Open API lets the user programmatically model parts, query the Object 
Model, create and manipulate User Defined Objects, create assemblies, create 
drawings, customise the UG graphics interface, etc. Many of the functions that are 
available in interactive UG are available via the programming interface. Addition-
ally, certain sophisticated mechanisms (such as Custom Objects) are only available 
through the UG/Open API. 

H.5.3 Language Support 
The UG/Open API is a C language interface. The header files are ANSI C compliant 
and also support the C++ language. 
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H.5.4 UG/Open Programs 
H.5.4.1 Types of Executables 
Programs using functions from the UG/Open API can be written in two different 
modes: Internal and External. The mode refers to the type of executable produced 
which is either a shared library (Internal) or a standalone executable (External). 

Internal 
An internal UG/Open program is a shared library whose symbols get resolved at run 
time that occurs interactively within a UnigraphicsTM session. When an internal 
UG/Open API program runs interactively it gives the user the opportunity to visibly 
see the results that a program has on displayable objects in the Object Model. 
Programs can be developed to access and create geometry, analyse geometry, create 
and edit features, create and edit expressions, and manage data. Routines to interact 
with users using standard Motif widgets are provided. Access to general Motif calls 
are supported within UG/Open. The ufusr() function is the standard entry point for 
an internal program. Once an internal program is loaded into memory, it stays 
resident for the remainder of the UnigraphicsTM session unless the user utilises the 
facilities within the API to unload it. 

External 
An external UG/Open program is a standalone executable image that is linked 
against the same shared libraries as UnigraphicsTM but its symbols are resolved at 
link time rather than run time. An external program runs without UnigraphicsTM user 
interaction or UnigraphicsTM display. An external program can construct and edit 
models if no model display is necessary. Both plotting and CGM file creation are 
possible from external mode also. The user has to use the standard “C” main() 
function in the main program. No part display can or will be done in external mode. 
Any part created or modified by external UG/Open API programs will have to be 
retrieved in UnigraphicsTM for display after the external UG/Open API program has 
filed the part. 

H.5.4.2 Function Prototypes are in .h files 
There are several header files that declare the various function prototypes that can be 
used through UG/Open API. Besides the standard ANSI C header files the user must 
also include these header files for the UG/Open API routines he/she uses. 

H.5.4.3 Data Types 
Besides the standard C primitive data types, UG/Open API makes heavy usage of 
type defined structures, enumerations, unions, pointers, and string defined con-
stants. 

H.5.5 The Unigraphics Object Model 
UnigraphicsTM models its objects in a variety of ways, depending on the purpose of 
the object and its relationship with other objects. The objects may be design-oriented 
(such as a hole feature), drafting-oriented (such as a dimension), analysis-oriented 
(such as a node for finite element analysis), or manufacturing-oriented (such as a 
tool path). UG/Open API allows programs to access and affect the Unigraphics 
Object Model embedded within UnigraphicsTM part files. 
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H.5.5.1 Tags 
Every UnigraphicsTM object is referenced via a tag. Tags are identifiers that uniquely 
identify each object when it is loaded into memory from a UnigraphicsTM part file on 
disk. The actual physical representation of a tag is that of an unsigned integer. 

H.5.5.2 Classes of Objects 
All UnigraphicsTM objects are referenced through their unique identifier (i.e., tag). 
These UnigraphicsTM objects can be categorised as follows: UF objects, Expres-
sions, and Parts. There are distinct functions that may be applied to objects of a 
given class. 

H.5.5.3 UF Objects 
UF Objects are the most common object class within UnigraphicsTM. All objects of 
this class possess certain shared information and can have certain functions applied 
to them. All UF objects possess the following shared information: 
 type – for example, a “solid”, a “face”, or a “dimension”. 
 subtype – for example, a “solid edge” or a “solid face” for type “solid”, or a 
“horizontal dimension” or a “vertical dimension” for type “dimension”. 
 status – for example, “deleted”, “temporary”, “active”, etc. 

The methods that are available to all UF objects include naming, cycling (enumera-
tive searching), and assigning or accessing attributes. 

H.5.5.4 Expressions 
The expressions available via the UG/Open API are the same expressions that are 
visible in interactive UnigraphicsTM (see Section H.2.3). The tag assigned to an 
expression object uniquely identifies the individual expression. This tag is known as 
the expression tag. The user has, for example, the following functions available to 
use on the expressions: 
 Returning a name-value pair for an expression from its name. 
 Evaluating an expression’s name and returning its value. 
 Replace the value of an expression with a new value. 
 Give an expression a new name. 
 Accessing the tags of expressions. 
 etc. 

H.5.5.5 Parts 
For each part file loaded in a UnigraphicsTM session, there is an associated part 
object that represents that part file, and like other UnigraphicsTM objects, part objects 
are assigned tags. The tag assigned to a part object uniquely identifies the individual 
part file. This tag is known as the part tag. Some UG/Open API functions for parts 
are the following: 
 Cycling objects in a part. 
 Accessing the attributes from a loaded part. 
 Closing and reopening parts. 
 Setting the display part or work part in an assembly context. 
 Adding a part to an assembly. 
 Getting the part tag from an occurrence tag in an assembly. 
 etc. 
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H.6 Glossary 
 
absolute  coordinate  system  Coordinate system in which all geometry is 

located from a fixed or absolute zero point. 
assembly  A collection of piece parts and sub-assemblies representing a product. In 

UnigraphicsTM, an assembly is a part file that contains components. 
assembly part  A UnigraphicsTM part file which is a user-defined, structured 

combination of sub-assemblies, components and/or objects. 
associat iv ity  The ability to tie together (link) separate pieces of information to 

aid in automating the design, drafting, and manufacture of parts in UnigraphicsTM. 
attributes  Pieces of information that can be associated with UnigraphicsTM 

geometry and parts such as assigning a name to an object. 
body Class of objects containing sheets and solids (see solid body and sheet body). 
bottom-up model l ing A modelling technique where component parts are 

designed and edited in isolation of their usage within some higher level assembly. 
All assemblies using the component are automatically updated when opened to 
reflect the geometric edits made at the piece part level. 

chi ld A feature that depends on another for its existence. For example, a hollow 
cannot exist without a solid, such as a block, that the hollow can be formed in. 

clearance analysis  The Digital Pre-Assembly process that allows for clearance 
checks between all components of an assembly. It is generally considered a static 
check, in that none of the components are moving. 

clearance zone An imaginary zone surrounding an object in which no other 
object can penetrate. If an object penetrates this zone, a soft interference condition 
exists. If the two objects actually intersect, a hard interference conditions exists. 

component  members The geometric objects from the component part, 
displayed within the assembly. The component members may be a subset of all the 
geometry in the component part if a reference set is used. Also referred to as 
component geometry. 

component  object  The container that binds all of the component geometry into 
a single unit. It usually does not have any explicit graphical representation of its 
own. 

component  part  The part file or “master” pointed to by a component within an 
assembly. The actual geometry is stored in the component part and referenced, not 
copied, by the assembly. 

component  The usage of a part within an assembly, at a particular location and 
orientation. A component may be a sub-assembly consisting of other, lower-level 
components. Each component in an assembly contains only a link to its master 
geometry. When the user modifies the geometry of one component, all other 
components in the session using the same master automatically updates to reflect 
the change. 

constraints  Refer to the methods the user can use to refine and limit a sketch. 
The methods of constraining a sketch are geometric and dimensional. 

curve A geometric object; this may refer to a line, an arc, a conic, or a spline. 
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design in context  The ability to directly edit component geometry as it is 
displayed in the assembly. Geometry from other components can be selected to aid 
in the modelling. 

dimensional  constraint  This is a scalar value or expression which limits the 
measure of some geometric object such as the length of a line, the radius of an arc, 
or the distance between two points. 

displayed part  The part currently displayed in the graphics window. 
drawing A collection of an unlimited number of views. Stored data includes the 

reference point for each view. 
expression An arithmetic or conditional statement that has a value. Expressions 

are used to control dimensions and the relationships between dimensions of a 
model. 

external  A UG/Open API standalone program that can run from the operating 
system, outside of UnigraphicsTM, or as a child process spawned from 
UnigraphicsTM. 

face A region on the outside of a body enclosed by edges. Face differs from 
surface. 

facet  A polygon used to define the shell of a faceted model. 
faceted body An object comprised of a collection of facets with the associated 

topological information that specifies connectivity between adjacent facets. It is 
derived from a solid or sheet body. 

feature An all-encompassing term that refers to all solids, bodies, and primitives. 
free  form feature A body of zero thickness. (see body and sheet body) 
geometric  constraint  A relationship between one or more geometric objects 

that forces a limitation. For example, two lines that are perpendicular or parallel 
specifies a geometric constraint. 

geometric  model  A mathematical, graphical, or logical representation of shape 
and spatially related elements of real or conceived physical objects. 

hard interference The condition that occurs when two objects physically 
occupy the same space. 

interact ive  graphics  The use of a display console in the interactive mode, 
usually involving CRT displays. 

interact ive  mode A method of operation that allows on-line, man-machine 
communication. Commonly used to enter data and to direct the course of a pro-
gram. 

internal  A UG/Open API program that can only be run from inside of a 
UnigraphicsTM session. Internal programs are loaded into the UnigraphicsTM 
process space. 

i sometric  view Isometric view orientation - one where equal distances along the 
coordinate axes are also equal to the view plane. One of the axes is vertical. 

mated component  A component with an imposed mating condition. Mated 
components are associative; they reflect any change made to the assembly to 
ensure that the mating condition is satisfied. 
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mating condit ion  The set of constraints that exists for a single component. Each 
component in an assembly can have only one mating condition, although that 
mating condition may consist of relationships to several other components. 

mating constraint  A mating relationship which exists between two geometric 
entities on two different components in an assembly. These geometric entities can 
include faces, edges, datum planes, and datum axes. Note that a mating constraint 
differs from a sketch constraint. 

model  space The coordinate system of a newly created part. This is also referred 
to as the “absolute coordinate system”. Any other coordinate system may be 
thought of as a rotation and/or translation of the absolute coordinate system. 

Motif  A widely accepted set of user interface guidelines developed by the Open 
Software Foundation (OSF) which specifies how an X Window System applica-
tion should “look and feel”.101 

object  attr ibute  A parameter of an object added by the user. 
object  subtype Subclass of object type such as an open or closed cubic spline. 
object  type UnigraphicsTM object types are identifying numbers corresponding to 

point, line, arc, etc. 
object ,  geometric  One of the non-textual objects in UnigraphicsTM, including 

points, lines, arcs, conics, splines, and surfaces. 
object ,  textual  One of the non-geometric objects in UnigraphicsTM, including 

notes, labels, ID symbols, cross-hatching, and dimensions. 
objects  All geometric entities within the UnigraphicsTM environment. 
occurrence  A special object that represents how the component geometry is 

positioned and oriented in the context of the assembly. 
parametric  design Concept used to define and control the relationships 

between the features of a model. Concept where the features of the model are 
defined by parameters. 

parent  A feature on which one or more feature(s) depend for existence. For 
example, if a block has been hollowed, the block is the parent of the hollow 
feature. 

part  or  model  A collection of UnigraphicsTM objects which together may 
represent some object or structure. It may be a piece part containing model geome-
try, a sub-assembly, or a top-level assembly. 

parts  l i s t  A rectangular array of text containing a list of an assembly’s contents 
together with a brief description of them. 

piece part  A UnigraphicsTM part containing the model geometry. 
prototype  The “real” geometry in the component part of an assembly where the 

occurrence of the component points to. 
reference set  A named collection of geometry from a UnigraphicsTM part that 

may be used to simplify the representation of the component part in higher level, 
large, complex assemblies. 

shared l ibraries  A Shared library (Unix), Dynamic-link library or DLL 
(Windows) is a separate file that consists of executable routines. Shared libraries 

                                                           
101 Source: “The Motif FAQ”, http://www.rahul.net/kenton/mfaq.html 
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usually have an entry point and have not yet been assigned a virtual address. The 
executable code in the shared library is only available when it is dynamically 
loaded by another program. 

sheet  A object consisting of one or more faces not enclosing a volume. A body of 
zero-thickness. 

sheet  body An object consisting of one or more faces not enclosing a volume. A 
body with zero-thickness. (see body). 

sketch A collection of geometric objects that closely approximates the outline of a 
particular design. The user refines a sketch with dimensional and geometric 
constraints until a precise representation of the design is achieved. The sketch can 
then be extruded or revolved to obtain a 3D object or feature. 

soft  interference The condition that exists when one object penetrates an 
imaginary clearance zone around another object. 

sol id body An enclosed volume. A type of body (see body). 
sub-assembly A part which both contains components and is itself used as a 

component in higher level assemblies. 
surface The underlying geometry used to define a face on a sheet body. A surface 

is always a sheet but a sheet is not necessarily a surface (see sheet body). Surface 
differs from face. 

tag Object identifier. 
top-down model l ing A modelling technique where component parts can be 

created and edited while working at the assembly level. Geometric changes made 
at the assembly level are automatically reflected in the individual component part 
when saved. 

touching interference The condition that occurs when two objects are 
touching each other. This is only reported when the clearance zone of both objects 
is equal to zero. 

tr imetric  view  A viewing orientation which provides the user with an excellent 
view of the principal axes. In Unigraphics II, the trimetric view has the Z-axis 
vertical. The measure along the X-axis is 7/8 of the measure along Z, and the 
measure along the Y-axis is 3/4 of the measure along Z. 

UG/Open  A product name that encompasses the flexible integration of many 
different software applications with UnigraphicsTM through an open architecture. 

UG/Open API  A subsystem of the UnigraphicsTM system that allows unique 
programming modifications to the basic UnigraphicsTM system. 

Unigraphics T M  A mini-computer based turnkey graphics system for computer-
aided design, drafting, and manufacturing, produced by Electronic Data Systems 
Corporation, Unigraphics Division. 

user def ined object  (UDO)  An object that contains customer defined data and 
customer supplied associations. 

WCS, work plane The WCS (Work Coordinate System) is the coordinate 
system singled out by the user for use in construction, verification, etc. The 
coordinates of the WCS are called work coordinates and are denoted by XC, YC, 
ZC. The XC-YC plane is called the work plane. 

work coordinate  system See WCS. 
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work part  The part in which the user creates and edits geometry. The work part 
can be the displayed part or any component part that is contained in the displayed 
assembly part. When displaying a piece part, the work part is always the same as 
the displayed part. 
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Appendix I First Prototype of the Design System 

This appendix shows the main building blocks of the first prototype of the Design 
System that the dissertation presents. During the synthesis processes this prototype 
created the structural components from solid modelling primitives then it assembled 
such synthesised components together. These processes are briefly shown in the 
figure below. 

Relationships: "...is a..." (inheritance)

"...has a..." (ownership)

Rect_padBlock Rect_slotBoss

Block_Main_body Spindle Tabletop

Linear_Guideway

Rail Slider

Rail_with_
two_Rect_pads

Slider_with_
two_Rect_slots

Component

Base Headstock Table Slide

Base_
with_Rail

Moving_Headstock

Moving_
Headstock_
with_Slider

Fixed_
Headstock

Moving_Table

Fixed_
table

Moving_
Table_with_

Slider

Slide_with_
Rail_and_

Slider

Machine_tool

2x (2x)

2x
2x

CAD building blocks
(solid modelling

primitives)

2x

Chamfer
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Appendix J Matrix Operations 

This Appendix defines the matrix operations and their notation used in the disserta-
tion. (References: [Craig, 1989; Bruyninckx, 1999]) 

 

Coordinate transformations 
Let us consider two frames (see Figure J.1): frame {A} that is described by the 
XA-YA-ZA orthogonal coordinate system and frame {B} that is described by 
XB-YB-ZB orthogonal coordinate system. 

 
Figure J.1  Coordinate transformation. 

We can calculate the coordinates of a point P with respect to frame {A} if the same 
point P is known with respect to frame {B}: 

BA,
AB

B
AA ppRp += , 

where T
zAyAxA )p,p,p(=pA  and T

zByBxB )p,p,p(=pB  are 13×  position vectors 

of point P in frame {A} and frame {B}, respectively; RB
A is the 33×  rota-

tion matrix that expresses the relative orientation of frame {B} with respect to frame 
{A}; and BA,

A p  is the 13×  position vector describing the origin of frame {B} with 
respect to frame {A}. Equation (J.1) can be written in a compact form: 

















=









× 111
p

0
pRp B

31

BA,
A

B
AA , 

or 









=








11
p

T
p BB

A
A , 

or 

(J.1)

(J.2)

(J.3)
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hB
B
AhA pTp = , 

where the 44×  matrix TB
A  is called the homogeneous transformation matrix (or 

homogeneous transform), and the 14×  vectors T
zAyAxA ),p,p,p( 1=hA p  and 

T
zByBxB ),p,p,p( 1=hB p  are called homogeneous position vectors. Homogeneous 

transform is useful in writing compact equations but generally it is not used in 
computer programs because of the time wasting multiplications with zeros and ones. 
 
The inverse of a rotation matrix is equal to its transpose: 

RRR A
B

TB
A

1B
A ==− . 

The inverse of a homogeneous transformation matrix is calculated as follows: 








 −==
×

−

131

BA,
A

TB
A

TB
AA

B
1B

A 0
pRRTT . 

 
If frame {C} is known relative to frame {B}, and frame {B} is known relative to 
frame {A}, the transformations that describe frame {C} relative to frame {A} can be 
calculated as follows: 

TTT
RRR

C
B

B
A

C
A

C
B

B
A

C
A

=
=  . 

 

Force-moment transformation 
The static forces and moments in terms of frame {A} are represented by 16×  
general force vectors: 









=

m
f

B

A
AF , 

where T
zAyAxAA )f,f,f(=f  is the resultant force vector acting in the origin of 

frame {A} with respect to frame {A} and T
zAyAxA )m,m,m(=mA  is the resultant 

moment vector acting in the origin of frame {B} with respect to frame {B}. The 
66×  transformation that maps these quantities from one frame to another is called 

the force-moment transformation: 

FF B
B
AA Γ= , 

where FA  and FB  are the general force vectors written in terms of frame {A} and 

frame {B}, respectively. Thus, the matrix ΓB
A  transforms general force vectors 

written in terms of {B} into their description in frame {A}. The force-moment 
transformation matrix can be constructed from the rotation matrix RB

A  and the 
BA,

A p  translation vector defined between frames {A} and {B} [see Equation (J.1)]; 

for readability p  is used instead of BA,
A p : 

(J.4)

(J.5)

(J.6)

(J.7)

(J.8)

(J.9)
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[ ] 








×
= ×

RRp
0RΓ B
A

B
A

33
B
AB

A , 

where the [ ]×p  is the 33×  matrix that represents taking the cross product with the 
vector p : 

[ ]
















−
−

−
=×

0
0

0

xy

xz

yz

pp
pp

pp
p . 

The inverse of a force-moment transformation matrix is calculated as follows: 

[ ] Γ
RpR

0RΓ A
BTB

A
TB

A

33
TB

A1B
A =









×−
= ×− . 

 

Infinitesimal displacement subject to a force 
The infinitesimal displacement of the frame {A} with respect to frame {A} is 
represented by the 16×  infinitesimal displacement: 

























=

∆z
∆y
∆x
∆γ
∆β
∆α

A

A

A

A

A

A

DA , 

where ∆γ∆β∆α AAA and  ,  are small rotations about the XA, YA and ZA axes, 
respectively, and ∆z∆y∆x AAA and  , are small translations along the XA, YA and ZA 
axes, respectively. The infinitesimal displacement written in terms of one frame can 
be transformed to be written in terms of another frame as follows: 

DD B
B
AA Γ= , 

The general force FA  expressed in terms of frame {A} can be calculated us-
ing stiffness and displacement terms: 

DF AAA K= , 

where KA  is the stiffness matrix written in terms of frame {A} and DA  is the 
infinitesimal displacement written in terms of frame {A}. Consequently, the 
displacement of the frame {A} can be calculated as follows: 

FD A
1

AA K −= . 

The force-moment transformation matrix can be used to map a stiffness matrix 
written in terms of one frame to be written in terms of another frame: 

1B
AB

B
AA ΓKΓK −= .

(J.10)

(J.11)

(J.12)

(J.13)

(J.14)

(J.15)

(J.16)

(J.17)
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Appendix K Modelling of Machine Tools in 
Robotran 

Robotran Release 3.0 was applied to model the machine tools and to generate the 
reduced symbolic equations of motion for the dynamic analysis. This Appendix 
shortly describes the modelling conventions and notations of Robotran Release 3.0 
based on [Robotran, 1998]. Then the input data files that were developed to model the 
two machine tool families in Robotran© will be listed. 

K.1 Modelling with Robotran© 
a) Description of the Topology 
In Robotran© a general ‘multibody system’ is considered as a mechanical system 
composed of n rigid bodies. The topology of the system (i.e., the way the bodies are 
connected) is described in a tree-structure manner102. The bodies in the tree structure 
are numbered according to an ascending order that starts from the base (body 0, 
fixed to the inertial space). The joint that precedes a body receives the same index 
number as the body. The topology in the system is stored in an n-dimensional vector 
whose ith component contains the index of the body which precedes joint i in the tree 
structure, also referred to its ‘parent’. 

b) Description of the Bodies 
Figure K.1 shows the modelling conventions and the notations for the description of 
the bodies used in Robotran©. The meaning of the notations is the following: 
CMi : the centre of mass of body i. 
{Xi} : the frame of body i which is rigidly attached to the body and located in CMi. 

Note that the inertial frame {X0} is attached to the (base) body 0. 

jd  : the so-called ‘joint vector’ which locates the anchor point of joint j on body i 

with respect to the anchor point of joint i on body i. jd  is defined in body i and 

its components are constant in the frame {Xi}. 
li : the position vector from the anchor point of joint i on body i to CMi. The 

components of li are constant in the frame {Xi}. 
mi : the mass of body i. 
Ii : the inertia tensor of body i with respect to CMi. The components of Ii are 

constant in the frame {Xi}. 

                                                           
102 A closed-loop structure can be described by either cutting a body into two parts or by cutting a 

joint. 



306 Appendix K  

 
Figure K.1  Modelling notations in Robotran©. 

c) Description of the Joints 
A joint can be either prismatic joint (called ‘T’ joint) or revolute joint (called 
‘R’ joint) that has only one degree of freedom. Relative motions occur in these joints 
and the variables describing these motions are used as generalized coordinates q . 
This means that the absolute configuration of the system is described at any time in 
terms of a set of relative coordinates q  and their derivatives q&  and q&& . The axis of 
any prismatic or revolute joint j must be aligned with one of the axis-directions ( jX , 

jY , or jZ ) of the frame attached to body j ( }{X j ) and to its parent body (e.g., in 
Figure K.1 the parent body of body j is body i). 

d) Description of the Forces and Torques 
The forces and torques acting on body i can be split into three categories: 
1. The joint forces/torques that act between a body and its parent and children 

through the corresponding joint. They are computed internally in Robotran©. 
2. The gravity force. It is computed separately from the gravity vector g whose 

components must be given in the inertial frame {X0} (see Figure K.1). 
3. The so-called ‘external’ forces and torques that represent any force or torque that 

acts on body i in addition to the forces/torques of the previous two categories. 
The resultant external force frci and the resultant external torque trqi must be 
given with respect to the frame {Xi} (see Figure K.1). 

e) Description of the Link Forces 
A special type of external forces/torques is the binding (action/reaction) force acting 
between two points of the system by, e.g., a spring, a damper or an actuator. It is 
possible to describe this kind of binding forces in Robotran© by the introduction of 
the so-called ‘links’. Then, Robotran© internally computes the link forces and 
updates the values of the external forces and torques (i.e., frci and trqi). There is a 
standard parallel spring/damper element that can be described by Robotran© for a 
link between two bodies. The notation to define a link l between body i (called the 
primary body) and body k (called the secondary body) is as follows (see Figure K.1): 
Pl : the anchor point of link l on the primary body i. 
Sl : the anchor point of link l on the secondary body k. 
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dbpl : the position vector from the anchor point of joint i on the primary body i and 
to the point Pl in terms of frame {Xi}. 

dbsl : the position vector from the anchor point of joint k on the secondary body k 
and to the point Sl in terms of frame {Xk}. 

K, D : indicates the parallel spring/damper element being in the link. 
kl : the stiffness factor of the spring in link l (if exists). 
znl : the positive neutral length of the spring in link l (if exists). Note that the ends of 

the spring are assumed to coincide with points Pl and Sl. 
cl : the damping coefficient of the damper in link l (if exists). 
 

K.2 Input Data Files 
This section lists the input data files (‘.dat’ and ‘.lnk’ files) that were developed to 
model the two machine tool families in Robotran©. 

 

Input ‘.dat’ files 
The ‘.dat’ files describe the multibody systems. A ‘.dat’ file was made for each 
machine tool family, i.e., one for the family ‘serial’ and one for the family ‘parallel’. 
The difference between these two files lies in the topology of the bodies. It is 
indicated in two columns: 

 
--Machine tool family ‘SERIAL’-- 
--NUMBER OF BODIES : 
27 
--TOPOLOGY------------------------ 
 0  1  2  3  4  5  6  7  8  
 9  10  11  12  13  14  15  16  17 
18  19  20  21  22  23  24  25  26 
--Remark #1-- 

--Machine tool family ‘PARALLEL’-- 
--NUMBER OF BODIES : 
27 
--TOPOLOGY------------------------ 
 0  1  2  3  4  5  6  7  8  
 9  10  11  12  13  14  15  16  17 
 0  19  20  21  22  23  24  25  26 
-- Remark #1-- 

 
The rest of the two files are the same. Hereinafter the file is listed in two columns: 
 
--Cont. from Remark #1-- 
--JOINT DESCRIPTION------------- 
R1 q1 0 0 
R2 q2 0 0 
R3 q3 0 0 
T1 q4 qd4 qdd4 
T2 q5 qd5 qdd5 
T3 q6 qd6 qdd6 
R1 q7 qd7 qdd7 
R2 q8 qd8 qdd8 
R3 q9 qd9 qdd9 
R1 q10 0 0 
R2 q11 0 0 
R3 q12 0 0 
T1 q13 qd13 qdd13 
--Remark #2-- 

--Cont. from Remark #2-- 
T2 q14 qd14 qdd14 
T3 q15 qd15 qdd15 
R1 q16 qd16 qdd16 
R2 q17 qd17 qdd17 
R3 q18 qd18 qdd18 
R1 q19 0 0 
R2 q20 0 0 
R3 q21 0 0 
T1 q22 qd22 qdd22 
T2 q23 qd23 qdd23 
T3 q24 qd24 qdd24 
R1 q25 qd25 qdd25 
R2 q26 qd26 qdd26 
R3 q27 qd27 qdd27 
--Remark #3-- 
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--Cont. from Remark #3-- 
--JOINTVECTORS--------------------- 
d11 d21 d31 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
d110 d210 d310 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
d119 d219 d319 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
--CMVECTORS------------ 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
l19 l29 l39 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
l118 l218 l318 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
--Remark #4— 

--Cont. from Remark #4-- 
0 0 0 
l127 l227 l327 
--MASSES----------------- 
0 
0 
0 
0 
0 
0 
0 
0 
m9 
0 
0 
0 
0 
0 
0 
0 
0 
m18 
0 
0 
0 
0 
0 
0 
0 
0 
m27 
--INERTIAMATRICES----- 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
--Remark #5-- 
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--Cont. from Remark #5-- 
  0 
I19 I29 I39 
 I59 I69 
  I99 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
I118 I218 I318 
 I518 I618 
  I918 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
  0 
0 0 0 
 0 0 
--Remark #6-- 

--Cont. from Remark #6-- 
  0 
I127 I227 I327 
 I527 I627 
 I927 
--EXTERNALRESULTANTFORCE--- 
0 0 0 
0 0 0 
0 0 0 
frc14 frc24 frc34 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
frc19 frc29 frc39 
0 0 0 
0 0 0 
0 0 0 
frc113 frc213 frc313 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
frc118 frc218 frc318 
0 0 0 
0 0 0 
0 0 0 
frc122 frc222 frc322 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
frc127 frc227 frc327 
--EXTERNALRESULTANTTORQUE-- 
0 0 0 
0 0 0 
0 0 0 
trq14 trq24 trq34 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
trq19 trq29 trq39 
0 0 0 
0 0 0 
0 0 0 
trq113 trq213 trq313 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
trq118 trq218 trq318 
0 0 0 
0 0 0 
0 0 0 
--Remark #7-- 
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--Cont. from Remark #7-- 
trq122 trq222 trq322 
0 0 0 
0 0 0 
0 0 0 
--Remark #8-- 
 

--Cont. from Remark #8-- 
0 0 0 
trq127 trq227 trq327 
--GRAVITYVECTOR-- 
0 0 g3 
---------end------------ 

 
 

Input ‘.lnk’ files 
The ‘.lnk’ file describes the links (the binding forces) between the bodies. There was 
one ‘.lnk’ file developed which is valid for both machine tool families. This file is 
listed in two columns: 
 
 
--NUMBER OF LINKS : ------------ 
24 
--LINK NO.1---------------------------- 
4  9 
dbp(1,1) dbp(2,1) dbp(3,1) 
dbs(1,1) dbs(2,1) dbs(3,1) 
K D 
--LINK NO.2---------------------------- 
4  9 
dbp(1,2) dbp(2,2) dbp(3,2) 
dbs(1,2) dbs(2,2) dbs(3,2) 
K D 
--LINK NO.3---------------------------- 
4  9 
dbp(1,3) dbp(2,3) dbp(3,3) 
dbs(1,3) dbs(2,3) dbs(3,3) 
K D 
--LINK NO.4---------------------------- 
4  9 
dbp(1,4) dbp(2,4) dbp(3,4) 
dbs(1,4) dbs(2,4) dbs(3,4) 
K D 
--LINK NO.5---------------------------- 
4  9 
dbp(1,5) dbp(2,5) dbp(3,5) 
dbs(1,5) dbs(2,5) dbs(3,5) 
K D 
--LINK NO.6---------------------------- 
4  9 
dbp(1,6) dbp(2,6) dbp(3,6) 
dbs(1,6) dbs(2,6) dbs(3,6) 
K D 
--LINK NO.7---------------------------- 
4  9 
dbp(1,7) dbp(2,7) dbp(3,7) 
dbs(1,7) dbs(2,7) dbs(3,7) 
K D 
--Remark #9-- 

--Cont. from Remark #9-- 
--LINK NO.8---------------------------- 
4  9 
dbp(1,8) dbp(2,8) dbp(3,8) 
dbs(1,8) dbs(2,8) dbs(3,8) 
K D 
--LINK NO.9---------------------------- 
13  18 
dbp(1,9) dbp(2,9) dbp(3,9) 
dbs(1,9) dbs(2,9) dbs(3,9) 
K D 
--LINK NO.10---------------------------- 
13  18 
dbp(1,10) dbp(2,10) dbp(3,10) 
dbs(1,10) dbs(2,10) dbs(3,10) 
K D 
--LINK NO.11---------------------------- 
13  18 
dbp(1,11) dbp(2,11) dbp(3,11) 
dbs(1,11) dbs(2,11) dbs(3,11) 
K D 
--LINK NO.12---------------------------- 
13  18 
dbp(1,12) dbp(2,12) dbp(3,12) 
dbs(1,12) dbs(2,12) dbs(3,12) 
K D 
--LINK NO.13---------------------------- 
13  18 
dbp(1,13) dbp(2,13) dbp(3,13) 
dbs(1,13) dbs(2,13) dbs(3,13) 
K D 
--LINK NO.14---------------------------- 
13  18 
dbp(1,14) dbp(2,14) dbp(3,14) 
dbs(1,14) dbs(2,14) dbs(3,14) 
K D 
--Remark #10-- 
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--Cont. from Remark #10-- 
--LINK NO.15---------------------------- 
13  18 
dbp(1,15) dbp(2,15) dbp(3,15) 
dbs(1,15) dbs(2,15) dbs(3,15) 
K D 
--LINK NO.16---------------------------- 
13  18 
dbp(1,16) dbp(2,16) dbp(3,16) 
dbs(1,16) dbs(2,16) dbs(3,16) 
K D 
--Remark #8-- 
--Cont. from Remark #8-- 
--LINK NO.17---------------------------- 
22 27 
dbp(1,17) dbp(2,17) dbp(3,17) 
dbs(1,17) dbs(2,17) dbs(3,17) 
K D 
--LINK NO.18---------------------------- 
22 27 
dbp(1,18) dbp(2,18) dbp(3,18) 
dbs(1,18) dbs(2,18) dbs(3,18) 
K D 
--LINK NO.19---------------------------- 
22 27 
dbp(1,19) dbp(2,19) dbp(3,19) 
dbs(1,19) dbs(2,19) dbs(3,19) 
K D 
--Remark #11-- 

--Cont. from Remark #11-- 
--LINK NO.20---------------------------- 
22 27 
dbp(1,20) dbp(2,20) dbp(3,20) 
dbs(1,20) dbs(2,20) dbs(3,20) 
K D 
--LINK NO.21---------------------------- 
22 27 
dbp(1,21) dbp(2,21) dbp(3,21) 
dbs(1,21) dbs(2,21) dbs(3,21) 
K D 
--LINK NO.22---------------------------- 
22 27 
dbp(1,22) dbp(2,22) dbp(3,22) 
dbs(1,22) dbs(2,22) dbs(3,22) 
K D 
--LINK NO.23---------------------------- 
22 27 
dbp(1,23) dbp(2,23) dbp(3,23) 
dbs(1,23) dbs(2,23) dbs(3,23) 
K D 
--LINK NO.24---------------------------- 
22 27 
dbp(1,24) dbp(2,24) dbp(3,24) 
dbs(1,24) dbs(2,24) dbs(3,24) 
K D 
---------end------------ 
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Appendix L General Features of GAlib 2.4 

This Appendix describes the general features of GAlib© Version 2.4. The text is 
adapted from the user’s manual written by Matthew Wall [Matthew, 1996]. 
 

General features  
• Many examples are included illustrating the use of various GAlib features, class 
derivations, parallelization, deterministic crowding, travelling salesman, De Jong, 
and Royal Road problems.  
• The library has been used on various DOS/Windows, Windows NT/95, MacOS, 
and UNIX configurations. GAlib compiles without warnings on most major 
compilers.  
• Templates are used in some genome classes, but GAlib can be used without 
templates if the compiler does not understand them.  
• Four random number generators are included with the library. The user can select 
the one most appropriate for his system, or use his own. 
 

Algorithms, Parameters, and Statistics  
• GAlib can be used with PVM (parallel virtual machine) to evolve populations 
and/or individuals in parallel on multiple CPUs.  
• Genetic algorithm parameters can be configured from file, command-line, and/or 
code.  
• Overlapping (steady-state GA) and non-overlapping (simple GA) populations are 
supported. The user can also specify the amount of overlap (% replacement). The 
distribution includes examples of other derived genetic algorithms such as a genetic 
algorithm with sub-populations and another that uses deterministic crowding.  
• New genetic algorithms can be quickly tested by deriving from the base genetic 
algorithm classes in the library. In many cases the user need only override one 
virtual function. 
• Built-in termination methods include convergence and number-of-generations. 
The termination method can be customized for any existing genetic algorithm class 
or for new classes the user derive.  
• Speciation can be done with either De Jong-style crowding (using a replacement 
strategy) or Goldberg-style sharing (using fitness scaling).  
• Elitism is optional for non-overlapping genetic algorithms.  
• Built-in replacement strategies (for overlapping populations) include replace 
parent, replace random, replace worst. The replacement operator can be customized.  
• Built-in selection methods include rank, roulette wheel, tournament, stochastic 
remainder sampling, stochastic uniform sampling, and deterministic sampling. The 
selection operator can be customized.  
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• “on-line” and “off-line” statistics are recorded as well as max, min, mean, 
standard deviation, and diversity. The user can specify which statistics should be 
recorded and how often they should be flushed to file. 
 

Genomes and Operators  
• Chromosomes can be built from any C++ data type. The user can use the types 
built-in to the library (bit-string, array, list, tree) or derive a chromosome based on 
his own objects.  
• Built-in chromosome types include real number arrays, list, tree, 1D, 2D, and 3D 
arrays, 1D, 2D, and 3D binary string. The binary strings, strings, and arrays can be 
variable length. The lists and trees can contain any object in their nodes. The array 
can contain any object in each element.  
• All chromosome initialisation, mutation, crossover, and comparison methods can 
be customized.  
• Built-in initialisation operators include uniform random, order-based random, 
allele-based random, and initialise-to-zero.  
• Built-in mutation operators include random flip, random swap, Gaussian, 
destructive, swap subtree, swap node.  
• Built-in crossover operators include arithmetic, blend, partial match, ordered, 
cycle, single point, two point, even, odd, uniform, node- and subtree-single point. 
Edge recombination is included in the examples.  
• Dominance and diploidity are not explicitly built in to the library, but any of the 
genome classes in the library can easily be extended to become diploid chromo-
somes.  
 

Objective function  
• Objective functions can be population- or individual-based.  
• If the built-in genomes adequately represent the user’s problem, a user-specified 
objective function is the only problem-specific code that must be written.  
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Appendix M General Features of PVM 3.4 

This Appendix describes the general features of PVM© Version 3.4. The text is 
adapted from the user’s guide and tutorial written by Geist et al. [Geist et al., 1994; 
PVM, 1999]. 
 

PVM Overview 
The PVM (Parallel Virtual Machine) software provides a unified framework within 
which parallel programs can be developed in an efficient and straightforward 
manner using existing hardware. PVM enables a collection of heterogeneous 
computer systems to be viewed as a single parallel virtual machine. PVM transpar-
ently handles all message routing, data conversion, and task scheduling across a 
network of incompatible computer architectures.  

The PVM computing model is simple yet very general, and accommodates a 
wide variety of application program structures. The programming interface is 
deliberately straightforward, thus permitting simple program structures to be 
implemented in an intuitive manner. The user writes his application as a collection 
of cooperating tasks. Tasks access PVM resources through a library of standard 
interface routines. These routines allow the initiation and termination of tasks across 
the network as well as communication and synchronization between tasks. The PVM 
message-passing primitives are oriented towards heterogeneous operation, involving 
strongly typed constructs for buffering and transmission. Communication constructs 
include those for sending and receiving data structures as well as high-level 
primitives such as broadcast, barrier synchronization, and global sum.  

PVM tasks may possess arbitrary control and dependency structures. In other 
words, at any point in the execution of a concurrent application, any task in 
existence may start or stop other tasks or add or delete computers from the virtual 
machine. Any process may communicate and/or synchronize with any other. Any 
specific control and dependency structure may be implemented under the PVM 
system by appropriate use of PVM constructs and host language control-flow 
statements.  
 

The PVM System 
PVM is a byproduct of an ongoing heterogeneous network computing research 
project involving the authors [Geist et al., 1994] and their institutions. The general 
goals of this project are to investigate issues in, and develop solutions for, heteroge-
neous concurrent computing. PVM is an integrated set of software tools and libraries 
that emulates a general-purpose, flexible, heterogeneous concurrent computing 
framework on interconnected computers of varied architecture. The overall objective 
of the PVM system is to enable such a collection of computers to be used coopera-
tively for concurrent or parallel computation. Briefly, the principles upon which 
PVM is based include the following:  
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• User-configured host pool: The application’s computational tasks execute on a set 
of machines that are selected by the user for a given run of the PVM program. Both 
single-CPU machines and hardware multiprocessors (including shared-memory and 
distributed-memory computers) may be part of the host pool. The host pool may be 
altered by adding and deleting machines during operation (an important feature for 
fault tolerance).  
• Translucent access to hardware: Application programs either may view the 
hardware environment as an attributeless collection of virtual processing elements or 
may choose to exploit the capabilities of specific machines in the host pool by 
positioning certain computational tasks on the most appropriate computers.  
• Process-based computation: The unit of parallelism in PVM is a task (often but 
not always a Unix process), an independent sequential thread of control that 
alternates between communication and computation. No process-to-processor 
mapping is implied or enforced by PVM; in particular, multiple tasks may execute 
on a single processor.  
• Explicit message-passing model: Collections of computational tasks, each 
performing a part of an application’s workload using data-, functional-, or hybrid 
decomposition, cooperate by explicitly sending and receiving messages to one 
another. Message size is limited only by the amount of available memory.  
• Heterogeneity support: The PVM system supports heterogeneity in terms of 
machines, networks, and applications. With regard to message passing, PVM 
permits messages containing more than one datatype to be exchanged between 
machines having different data representations.  
• Multiprocessor support: PVM uses the native message-passing facilities on 
multiprocessors to take advantage of the underlying hardware. Vendors often supply 
their own optimized PVM for their systems, which can still communicate with the 
public PVM version.  

The PVM system is composed of two parts. The first part is a daemon, called pvmd3 
and sometimes abbreviated pvmd, that resides on all the computers making up the 
virtual machine. (An example of a daemon program is the mail program that runs in 
the background and handles all the incoming and outgoing electronic mail on a 
computer.) Pvmd3 is designed so any user with a valid login can install this daemon 
on a machine. When a user wishes to run a PVM application, he first creates a 
virtual machine by starting up PVM. The PVM application can then be started from 
a Unix prompt on any of the hosts. Multiple users can configure overlapping virtual 
machines, and each user can execute several PVM applications simultaneously.  

The second part of the system is a library of PVM interface routines. It con-
tains a functionally complete repertoire of primitives that are needed for cooperation 
between tasks of an application. This library contains user-callable routines for 
message passing, spawning processes, coordinating tasks, and modifying the virtual 
machine.  

The PVM computing model is based on the notion that an application con-
sists of several tasks. Each task is responsible for a part of the application's computa-
tional workload. Sometimes an application is parallelized along its functions; that is, 
each task performs a different function, for example, input, problem setup, solution, 
output, and display. This process is often called functional parallelism. A more 
common method of parallelizing an application is called data parallelism. In this 
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method all the tasks are the same, but each one only knows and solves a small part 
of the data. This is also referred to as the SPMD (single-program multiple-data) 
model of computing. PVM supports either or a mixture of these methods. Depending 
on their functions, tasks may execute in parallel and may need to synchronize or 
exchange data, although this is not always the case.  

The PVM system currently supports C, C++, and Fortran languages. This set 
of language interfaces have been included based on the observation that the 
predominant majority of target applications are written in C and Fortran, with an 
emerging trend in experimenting with object-based languages and methodologies.  
The C and C++ language bindings for the PVM user interface library are imple-
mented as functions, following the general conventions used by most C systems, 
including Unix-like operating systems. To elaborate, function arguments are a 
combination of value parameters and pointers as appropriate, and function result 
values indicate the outcome of the call. 

All PVM tasks are identified by an integer task identifier (TID). Messages 
are sent to and received from TIDs. Since TIDs must be unique across the entire 
virtual machine, they are supplied by the local pvmd and are not user chosen. 
Although PVM encodes information into each TID the user is expected to treat the 
TIDs as opaque integer identifiers. PVM contains several routines that return TID 
values so that the user application can identify other tasks in the system.  

The general paradigm for application programming with PVM is as follows. 
A user writes one or more sequential programs in C, C++, or Fortran 77 that contain 
embedded calls to the PVM library. Each program corresponds to a task making up 
the application. These programs are compiled for each architecture in the host pool, 
and the resulting object files are placed at a location accessible from machines in the 
host pool. To execute an application, a user typically starts one copy of one task 
(usually the “master” or “initiating” task) by hand from a machine within the host 
pool. This process subsequently starts other PVM tasks, eventually resulting in a 
collection of active tasks that then compute locally and exchange messages with 
each other to solve the problem. Note that while the above is a typical scenario, as 
many tasks as appropriate may be started manually. As mentioned earlier, tasks 
interact through explicit message passing, identifying each other with a system-
assigned, opaque TID.  
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Appendix N Software Development and Utilities 

This Appendix describes the most important software development issues and the 
utilities that were developed to support the Design System. These questions do not 
belong strongly to the preliminary design of 3-axis machine tools but were necessary 
to develop the Design System. That is why they are discussed in an appendix and 
not in the main body of the dissertation. 
 

(1) Software Development in General 
The Design System software was developed in the C++ programming language, 
using object-oriented design and programming (OODP)103. The object hierarchy of 
the Design System is primarily based on the class hierarchy of the components and 
the machine tool assemblies that are presented in Chapter 3. Such component and 
machine tool objects have certain functionality and behaviour (operations). For 
instance, most of the analysis tools (see Chapter 4) are implemented as member 
functions of the machine tool objects or that of their component objects. Using the 
polymorphism of OODP, all machine tool objects and component objects can be 
handled in the same manner by the use of inheritance and virtual functions. There 
are also class hierarchies (with inheritance) defined for the input data, the matrices, 
and the containers used by the Design System [see Section (2) below]. The genetic 
algorithm objects of GAlib© (see Appendix L) are defined in C++ class hierarchies, 
so their use and integration or the design (derivation) of new objects from them is 
straightforward. The common functions (if hierarchy or inheritance is not necessary) 
are defined as C++ template functions so they can be used in a general manner. For 
example, the collection of the evaluation tasks to be parallelized and their distribu-
tion in the PVM© environment are realised by function templates in the parallel 
processing algorithms (see Chapter 4). In such a manner, evaluation tasks are 
collected and evaluated in the PVM© environment independently of the optimisation 
algorithms applied. 
 

(2) Utilities 
These utilities are used by the main functional modules of the Design System or they 
are written to support some repetitive and/or time-consuming tasks. 

a) Matrix Operations 
Special purpose vector and matrix classes were developed in C++. Except the 
dynamic analysis, these matrix classes are used within the Design System. These 
classes include 3D and 4D vectors, a 33×  orthogonal rotational matrix, a 44×  
homogeneous transformation matrix, a 66×  force-moment transformation matrix, 
and a 66×  stiffness matrix. See Appendix J for the mathematical definition of these 

                                                           
103 Appendix G defines the most important terms and concepts of OODP. 



320 Appendix N 

matrices. The necessary matrix operations were defined within these classes, such as 
addition, multiplication, transposition, inversion, etc. Except the ‘full’ stiffness 
matrix, these matrices have special properties, like, e.g., they can be easily trans-
posed and inverted, or their certain elements are zero, etc. Instead of using general-
purpose matrix classes and matrix operations, it was better to develop such specific 
classes and operations, especially because they were to be used in intense optimisa-
tion processes. The application of these special-purpose matrices and their opera-
tions can significantly reduce the computational time. 

To calculate the inverse of a ‘full’ (general) stiffness matrix, the C functions 
that are used for matrix inversion in the Robotics Group at KUL-PMA was used and 
integrated into our matrix library. These functions apply the LU decomposition to 
calculate the inverse of a square matrix. Special thanks are due to Herman 
Bruyninckx for providing us with these functions. 

b) Basic Container 
Many operations of the Design System require containers to hold objects104. In 
general, the user can add objects to a container and remove objects from it. Today, 
the standard C++ library (often called the STL) provides many solutions for the 
implementation of different containers (e.g., vector, list, associative arrays, etc.) 
[Stroustrup, 1997]. Our own Basic Container was developed for three reasons. First, a 
special purpose individual container is simpler and more efficient than a general one 
[Stroustrup, 1997]. Second, the behaviour of an individual container can be easily 
controlled according to performance requirements. The third and the historically 
strongest reason is that the standard C++ library of the compiler (HP Unix CC) with 
which the software development was started did not work satisfactorily, therefore it 
was necessary to develop our own container. 

The design of the Basic Container was based on the container developed by 
the Holonic Manufacturing Group at KUL-PMA. Special thanks are due to Luc 
Bongaerts who provided us with the class on which the Basic Container is based. 
The Basic Container is a C++ template class that can hold any type of object in a 
resizable array. Many C++ classes were derived from the Basic Container during the 
software development, that is why it is named ‘Basic’ Container. 

c) Reading the Input Files 
Most of the input to the Design System can be given in standard ASCII text files. A 
C++ base class was created to provide general operations to read the input files of 
the Design System. From this base class several classes were derived to read the 
special input data required by the different modules of the Design System. Such 
general and special purpose operations make features possible such as, e.g., using 
remarks in the text files, syntax checking, filtering some semantic errors (e.g. some 
typical contradictions in input data), error alarm, list-processing (e.g., reading data 
arrays with unlimited length), etc. 

d) Generating the Output Files 
During the operations of the Design System many functions are implemented that 
create output files. The root directory of such output files is given as input. The most 
important output files that the Design System generates are the following. The 
results of the analysis tools are saved in files so that they can be seen later. The 
                                                           
104 ‘Object’ is used here in the sense of data structure stored in the memory (see also Appendix G). 
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optimisation algorithms generate many data and store them in files. There is always 
a system log file created during the execution of the Design System, which stores 
important runtime of the Design System. In the case of using parallel processing 
with PVM©, the output files are created and organised separately for every computer 
involved in the PVM© environment. In this case each computer has a unique 
directory the where all the output data are stored (the name of the directory for each 
computer is composed of the node-name of the computer and its PVM process ID; 
and these directories are created under the root directory that is specified as input – 
see beginning of this paragraph). 

e) Collectively Modifying the Components 
Since there are some similarities between the components stored in the Component 
Library, a small application program was developed with which the components can 
be modified or edited collectively rather than separately. This application supports 
us in designing and maintaining the Component Library. For further details see 
Chapter 3 (especially discussion in Section 3.4.7). 

f) Organising the Generated Machine Tool Models 
Since many machine tool models can be generated by the use of the Design System, 
a small application program was developed with which the generated machine tools 
can be organised and manipulated. When using this application, we can specify 
some layout requirements, open a certain group of machine tools and we can 
visualise them together and eventually we can create a picture of them. The machine 
tool groups presented in the figures of the dissertation were created by the use of this 
utility. 
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