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PREFACE

It is my pleasure to note that the earlier editions of the book have gained wide
acceptance among the academic community. The second edition of this book
was published in 2004. Since then, many new software like AutoCAD 2010 and
Invertor 2010 have come out in the field of CAD/CAM. As it is a constantly
evolving branch of learning, so the text covering this subject needs constant
updation and revision. Hence, in order to be in congruence with the contemporary
technological advancements plus current syllabi and competitive requirements,
revision of the text had become crucial.

The original intention of this book was to provide a user viewpoint of CAD/
CAM such that the application aspect is covered in greater detail. The current
syllabi of most of the Indian universities have significant coverage of CAD
principles as a part of their courses. Many suggestions received have alluded to
this fact, and as a result these have been substantially expanded in this edition.

The modifications done in this edition are listed below:

Chapter 23 on Computer Aided Quality Control is a new chapter added with
details on Inspection and testing, CMM, Non-contact inspection, SQC, SPC,
TQM, Six Sigma, Integration of CAQC.

Chapter 3 Additional details on data models, engineering data management
system, expanded coverage of clipping methods, hidden surface algorithms, and
colour and shading procedures

Chapter 4 Expanded coverage on wireframe modelling, parametric
representation of curves and surfaces including b-splines, NURBS, surface of
revolution and curve fitting techniques; additional topic on solid representation
methods including CSG and b-rep

Chapter 8 Completely revised with additional topics on trusses, beams and
plane stress methods in FEA

Chapter 12 Introduction to adaptive control added

Chapter 13 More examples on part programming including simulations were
added to improve the understanding of part programming

Chapter 16 More examples of APT programs are added and CAM programming
is updated with Mastercam X3
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Chapter 18 Enhanced classification and coding, coding systems. Added MICLASS, DCLASS, CODE
and KK-3, Enhanced PFA, rank order clustering method, cellular manufacturing, and cell formation
methods

Chapter 19 Added details on production planning, capacity planning and shop floor data collection
In addition to these major additions, the book has been brought up-to-date making the necessary changes

throughout the book. With these major modifications, I hope the book serves a much wider spectrum of
people.

Salient Features

The topics are well structured and bifurcated into sub-topics to increase the understanding. Technical terms
have been used without conciliating on the reader-friendly attribute of the text. A methodical approach has
been followed by first outlining the objective in the beginning of each chapter. The concepts in each chapter
are explained in a very comprehensive and coherent manner substantiated effectively with the help of solved
examples, figures and photographs; and exercise problems. The contents of the chapter are summarised at
the end which enables quick and handy revision. Thus, this edition has been thoroughly revised and updated
in order to remain in conformity with the course requirements and provide the recent and contemporary
technological progress in the respective areas.

Organisation of the Book

The book is divided into five parts containing 24 chapters in all. Chapter 1 is an introductory chapter which
discusses the basics of CAD and CAM.

This is followed by Part I which is on hardware and software components and contains Chapters 2 and 3.
Chapter 2 is on CAD/CAM hardware, and Chapter 3 is about computer graphics.

Part IT which is on design of industrial products has Chapters 3 to 8 which discuss geometric modelling,
CAD standards, drafting system, modelling systems, and finite element analysis.

Part I1I discusses manufacturing aspects of industrial products, and contains Chapters 9 to 16. Computer
Numerical Control (CNC) is introduced in Chapter 9, followed by CNC hardware basics, CNC tooling,
CNC machine tools and control systems, and CNC programming in Chapters 10, 11, 12 and 13 respectively.
Turning-centre programming is explained in Chapter 14. Chapters 15 and 16 thereafter deal with advanced
part-programming methods and computer-aided part programming in that order.

Part IV describes the role of information systems and has Chapters 17 to 19. Information requirements
of manufacturing are dealt with in Chapter 17. Chapter 18 discusses group technology and computer aided
process control. Production planning and control are explained in Chapter 19.

Finally, PartV'is on integration of manufacturing systems and contains Chapters 20 to 24. Communications,
including communication methods, direct numerical control and communication standards are examined
thoroughly in Chapter 20. Material-handling systems and flexible manufacturing systems are explained
in Chapters 21 and 22 respectively. Computer aided quality control is discussed in Chapter 23. Lastly,
Computer Integrated Manufacturing (CIM) is taken up in Chapter 24.

Web Supplements

The web supplements can be accessed at http://www.mhhe.com/rao/cadcam/3e and contain the following
material:
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Preface
face

For Instructors

* Solution Manual
» Chapter wise PPT’s

For Students
* Interactive Objective Type Questions
* Links to Reference Material
+ Sample Chapter

Feedback

Readers are once again requested to send comments and suggestions, which will be taken care of in future
editions.

P N Rao

Publisher’s Note

Do you have a feature request? A suggestion? We are always open to new ideas (the best ideas come from
you!). You may send your comments to tmh.mefeedback@gmail.com (kindly mention the title and author
name in the subject line). Piracy-related issues may also be reported.
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INTRODUCTION

Objectives

Computers are being used in all facets of our life. In this chapter, the application of
computers for discrete manufacturing will be discussed. Overviews of computer
applications that will be affecting the manufacturing industry are presented. After
completing the chapter the reader will be able to

¢ Understand the various spheres of manufacturing activity where computers
are used

» What is meant by product cycle with the differences between the conventional
and computer-based manufacturing systems

* Definitions of various computer-based applications
¢ Discuss various facets of the design process

» Computer Aided Design and its applications

* Various types of manufacturing organisations

e Computer Aided Manufacturing and its applications
» Meaning of Computer Integrated Manufacturing

11 II COMPUTERS IN INDUSTRIAL MANUFACTURING

With an increase in the need for quality manufacturing along with the factors
of short lead times and short product lives and increasing consumer awareness
regarding the quality of the product, it is becoming increasingly important for
the manufacturers to initiate steps to achieve all these. View this against the fact
that the developments in microelectronics in the recent past have made higher
computational ability available at a low cost. Thus, it becomes imperative that
manufacturing has to take advantage of the availability of low-cost yet more
powerful computers. Hence, the use of Computer Aided Engineering, particularly
for mechanical industries, should now be a realisable goal.
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The role of computers in manufacturing may be broadly classified into two groups:

CAD/CAM: Principles and Applications

1. Computer monitoring and control of the manufacturing process

2. Manufacturing support applications, which deal essentially with the preparations for actual manu-
facturing and post-manufacture operations

In the first category are such applications where the computer is directly interfaced with the manufacturing
apparatus for monitoring and control functions in the manufacturing process. For example, in a continuous
process industry (chemical processing), a number of process parameters may be monitored. With built-in
specifications in the computer memory, suitable actions may be initiated by the computer for the purpose
of regulating the process. Alternately, a human operator looking at the process may initiate the controlling
action. This is not restricted to the chemical process industry but could include any other type as well, such
as packaging. The subject matter in this book may not go into this specific area in a great measure though
some aspects of control will be dealt with in connection with the numerical-control machine tools and other
material-handling equipment.

In the second category, are all the support functions that computers can provide for the successful
completion of manufacturing operations. The types of support that can be envisaged are the following:
CAD—Computer Aided Design The use of computer methods to develop the geometric model of the product
in three-dimensional form, such that the geometric and manufacturing requirements can be examined.
CADD—Computer Aided Design and Drafting Combining the CAD function with drafting to generate the
production drawings of the part for the purpose of downstream processing.

CAE—Computer Aided Engineering The use of computer methods to support basic error checking,
analysis, optimisation, manufacturability, etc., of a product design.

CAM—Computer Aided Manufacturing Generally refers to the computer software used to develop the
Computer Numerical Control part programs for machining and other processing applications.
CAPP—Computer Aided Process Planning The use of computers to generate the process plans for the
complete manufacture of products and parts.

CATD—Computer Aided Tool Design Computer assistance to be used for developing the tools for
manufacture such as jigs and fixtures, dies, and moulds.

CAP—Computer Aided Planning The use of computers for many of the planning functions such as material
requirement planning, computer aided scheduling, etc.

CAQ—Computer Aided Quality Assurance The use of computers and computer-controlled equipment for
assessing the inspection methods and developing the quality control and assurance functions.
CAT—Computer Aided Testing Refers to the software tools that can take a system through its various
phases of operations and examine the response against the expected results.

The use of computers in manufacturing is a methodological approach to the enterprise in order to improve
industrial performance. This requires a range of broad technologies that have become realisable, thanks to
the development in computer technology. The total components that can be assumed to consist of a number
of interlinked domains are shown in Fig. 1.1.

1.2 || DESIGN PROCESS

Design is an activity that needs to be well organised and should take into account all influences that are
likely to be responsible for the success of the product under development. A product can range from a single
component, which is functional in itself like a wrench to the assembly of a large number of components all
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Fig. 1.1 The influence of computers used in manufacturing environment

of which will contribute to the functioning of the part, such as an automobile engine. The complexity of the
design process increases with the number and diversity of components present in the final part.

Since there are such a large number of influencing factors, it is impossible to specify a design procedure
for each component. The various faculties that are responsible for a successful product can be classified under

two headings as follows:
Product Engineering

* Product functions

* Product specifications

+ Conceptual design

* Ergonomics and Aesthetics
+ Standards

¢ Detailed design

* Prototype development
 Testing

 Simulation
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to carry out all these functions, except in the case of simple v
parts. For complex systems, the product design function needs | Manufacturing process
to be carried out by a team of specialists who have specified ORI
knowledge and experience in the individual areas as mentioned ‘L
above. As identified earlier, the design process (Fig. 1.2) goes Manufacturing
Implementation

through well-structured stages to reach the stage of actual part

production.

Fig. 1.2 Stages in the design process

Y
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1.2.1 Problem Identification Problem identification

The starting point of the design process and rec: gmtlon,Of neid ‘

is the identification of the needs of an / / '\\\ ™

unsatisfied demand for a particular /A\< / X ——
product or conceptually a new idea to start Historical / \ Market

a fresh demand. At this stage, it is possible @y \\ Jaleizs 4

to identify some of the basic questions i o

related to the product such as who, what, / General Requirement

where, when, why and how many should solution specification
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be answered with fair accuracy. In order
to provide answers to the above questions, Fig. 1.3 Processes involved in the problem-identification stage
the design team may have to explore a

number of sources and methods as shown in Fig. 1.3.

Historical Information This is related to the already existing information collected through the literature,
marketing surveys, etc. This should be able to answer questions like

* The current technology

« Existing solutions (even competitor’s product details)
Requirement Specification A clear definition of the requirements is specified at this stage. This helps in
understanding the product from the current business practices and manufacturing resources of the plant. This
also helps in understanding short-term or long-term potential of the new product introduction.
Market Forces Before going ahead with product design, it is also essential to consider the various market
forces that will affect the product in one way or the other.
General Solutions Having identified all the requirements and the controlling factors, it would be possible to
specify a general solution, which will be broad and would not contain too many details. This can be done by
resorting to past designs, engineering standards, technical reports, catalogues, handbooks, patents, etc. This
helps in its further evaluation and refinement at a later stage.

1.2.2 Problem Definition

The next stage in the design process is the =
.- . Problem definition
clear definition of the problem and coming and conceptualisation

up with all possible ideas for solutions. This £ * x\

stage may be carried out in various forms of / \\ .

components as shown in Fig. 1.4. / \
Preliminary / \

Preliminary Design The necessary elements
that will be important for the design process
are identified at this stage. This basically
identifies the likely difficulties to be faced
in the design process as well as identify
some important design elements that help
in the design process. This is used further in
developing the preliminary design solutions.

o
Evaluation

of the designs
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Fig. 1.4 Processes involved in the problem-definition stage

Preliminary Sketches The basic solutions that have been identified in the earlier stage are to be detailed
with the necessary sketches to examine their suitability for finalisation. Also, some notes related to the design
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may be added to the sketches to clarify some ideas that cannot be shown by sketching alone. The effort here
still is largely manual.

CAD/CAM: Principles and Applications

Brainstorming This is basically a group solving technique, where each one of the design team members
spontaneously comes up with ideas. It is necessary to collect all the ideas during these sessions that are then
be further processed to identify a final solution.

Evaluation of the Designs A number of concepts have been identified in the previous stage. It is necessary
to evaluate each of the choices in terms of feasibility, cost, ergonomics and human factors, environment,
maintainability, etc. At this stage, it should be possible to identify the final design based on all the factors such
as market requirements, technical feasibility, economics, manufacturing expertise and resources available.

1.2.3 Geometric Modelling

In the next stage, the identified solutions are further explored for the final design solution. At this stage, it is
necessary to employ computers at the various phases as shown in Fig. 1.5.

Geometric Modelling Geometric modelling prov-

Geometric modelling ides a means of representing part geometry in
and spatial analysis

Y graphica} form. In. fact, in many software pagkages,

/ \ \ geometric modelling constitutes the most impor-

— / \\ 2/—“ tant and complex part. It is important that the
@ometric % \ Preliminh geometric model generated should be as clear and
modeling /  / A @ comprehensive as possible so that the other modules

\
\4/ AJ\ K\‘—ﬂ\\ of the modelling and manufacturing system are able

Comparative o to use this information in the most optimal way.
[ Visualisation ) . . L .
SUEILE] & // In view of such varied applications, the geometric-
— — modelling technique used would have to provide all
Fig. 1.5 Geometric-modelling stage in such facilities for interaction. The modelling system
the design process should be able to describe the parts, assemblies, raw

material used, and the manufacturing requirements.
From geometric models (of parts, assemblies, stock and tools), it would be possible to obtain manufacturing,
assembly and inspection plans and command data for numerically controlled machine tools.

Visualisation One of the important requirements of modelling is the ability to visualise the part in actual
service condition. This requires a range of shading facilities along with the ability to give various colours and
surface textures to the part. This would allow the part to be visible in actual condition without really making
the prototype.

Preliminary Analysis This will allow for the simple analysis techniques such as volumes and masses, inertia,
spatial analysis, etc. Also, the human factors and ergonomic requirements can be analysed at this stage.
Comparative Evaluation Based on the data collected so far in terms of modelling, basic analysis and other
factors, it would be possible to rate the various options in terms of technical feasibility, market acceptability
and overall economics. This would allow for finalising the design, which can be conducted further thorough
analysis in the next stage.

1.2.4 Engineering Analysis

In this stage of design process, a thorough analysis of the product is carried out to get as much of information
as possible before committing to final manufacturing. For this purpose, a large number of computer aids
are available as shown in Fig. 1.6. The analysis stage is basically an iterative one with modification to the
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geometric model being carried out until the desired Engineering analysis
end result is achieved. and fpt'[“'sft'on
Strength Analysis It is necessary to obtain the ,"" \

. . .. . \
stresses and strains in the component when it is in / \

. . . . Statlc \ eat/flow
service. Analytical methods are feasible for simple anaIyS|s \ naIyS|s
shapes and configurations. However, for complex A ‘7
shapes, it is necessary to use ﬁnl‘Fe element analysis Klnematl\ s nm
methods. Finite Element Analysis (FEA) breaks a analysis / manufacture
model into small uniform elements and applies the T

loading and boundary conditions for each of the De5| for
elements. The stresses and strains thus derived are @emb'y
more representative of the final values.
Kinematic Analysis Many of the parts developed will Fig. 1.6 Analysis stage in the design process
have a number of components, some of which will
also have relative motion requirements under service. Geometric modelling as described earlier will not be of
much assistance in this regard. Kinematic-analysis systems allow the user to optimise the product performance
by providing a fundamental understanding of how a design will perform in its real-world environment. This
understanding, such as how an assembly will behave in motion and how the individual parts move under
extreme conditions, provides the necessary insight for creating the best possible product design.
Dynamic Analysis For certain equipment that is likely to be operating under high speeds, it is necessary to
extend the above system for dynamic conditions. Using this, engineers can evaluate the designs for vibration
requirements by performing dynamic time, frequency, random, and shock-response simulations.
Heat/Flow Analysis This would allow for the evaluation of the part in terms of the heat-transfer analysis
by evaluating the temperature, thermal stresses and the like. Similarly, it is also possible to evaluate the flow
characteristics by employing the FEA techniques.
Design for Manufacture and Assembly One of the analysis methods that can be carried out in the early
stages is the design for manufacture and assembly. This allows for a reduction of the assembly costs and
component count along with a reduction of the overall costs while improving the reliability of the product.
Boothroyd and Dewhurst have developed the methodologies and computer solutions for the same. The
methodology to be adopted is shown in Fig. 1.7. The following three principles are recursively applied to all
the assemblies to develop a low-cost assembly.

* During the operation of the product, does the part move relative to all other parts already

assembled?
* Must the part be of a different material than or be isolated from all other parts already assembled?
* Must the part be separate from all other parts already assembled, because otherwise necessary
assembly or disassembly of other separate parts would be impossible?
Each of the components is further analysed to see if the selected material and manufacturing process is the
best or could a better, low-cost option be obtained. The concept of features helps in this process.
Some general guidelines that one may have to consider while carrying out the manufacturability analysis

are as follows:

» Use standard processes and methods.

+ Limit the manufacturing processes to those already available and that the plant has expertise in.

* Reduce the variety of manufacturing processes used.
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Fig. 1.7 Methodology of design for manufacture and assembly

+ Use standard (off-the-shelf) components in the design.

* Provide liberal tolerances such that overall manufacturing cost could be lowered.

» Use materials that have better manufacturability.

+ Since many of the secondary operations require additional cost, they should be minimised or
avoided.

* The design process should be commensurate with the level of production expected of the part.

* When a particular process is identified, exploit the special features of the process to get better
economies.

1.2.5 Prototype Development

Before committing the design to manufacture, it is also essential to carry out some physical tests on the part.
This will be in addition to the computerised analysis carried out using various facilities as outlined in the
earlier stages. The possible components in this stage are shown in Fig. 1.8. Using conventional methods for
developing the physical models is often time consuming and expensive.
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Rapid Prototyping (RP) Physical models Geometric modelling

which directly represent the component are and spatial analysis

muchbetterthan pure computer visualisation. A /f k\‘ S

A real component helps in obtaining the // AN e

necessary information for manufacturing / / \ p= g

information generation as outlined later. Geometrlc / \\ /;relimingw \

Rapid prototyping is a means through which m°de”'”9y / N \analysus/
. / \

the product geometry as modelled in the = A _

earlier stages is directly utilised to get the c \

. omparative Visualisation
physical shape of the component. isualisation )

evaluatl,oy
(a) Test and Evaluation In the earlier __ \‘,,/

stage, the component has been designed to
take care of the stresses likely to come when
the part is in the real world. Sometimes, it may be necessary or desirable to carry out actual testing to verify
the computer simulations. The actual prototype developed earlier can be utilised for this purpose.

Fig. 1.8 Prototype-development stage in the design process

(b) Design Refinement Having identified the final solution for the design, this stage helps in fine-tuning
the design. A careful evaluation of each feature and capability embedded in the design is to be carried out
in this stage. There will not be any major changes done at this stage, but only minor modifications and
enhancements.

(c) Working Drawings These refer to the final hard copies of the drawings of the components and assemblies
describing the dimensional details along with the assembly procedures. The main function expected to be
served by this is to provide information for the downstream applications in the manufacturing.

1.2.6 Manufacturing Process Development

After finalising the product design, it is important to move the product to the manufacturing stage. Already
the geometric models of the individual components as well as the assemblies are available both in electronic
form as well as hard-copy form from the earlier stages. They are utilised for developing the necessary
manufacturing processes again utilising computers to their fullest extent. The typical components present are
shown in Fig. 1.9.

Process Planning Process planning is the function of determining exactly how a product will be made to
satisfy the requirements specified at the most economical cost. The importance of a good process plan cannot
be over-emphasized, particularly for mass production. A few minutes used to correct an error during process
planning can save large costs that would be required to alter the tooling or build new tooling. Particularly in
mass production, any small time saved per component would in the end mean large money saving.

Tool Design Since the geometric model is available; it is possible to develop tooling designs such as fixtures,
injection mould cavities, mould cores, mould bases, and other tooling. For example, the cavity plate in the
case of a simple injection mould can be conceived as a Boolean subtraction of the part at the parting line from
a mould housing (a rectangular block) after providing for the necessary shrinkages and draft angles.

For example, some of the facilities provided in the software Pro/ENGINEER tool design option from
Parametric Technologies Corporation are

 Create multi-cavity layout configurations, including single, rectangular, circular and variable

» Access the online components catalogue; then select, assemble and modify mould parts and mould
bases, including DME, HASCO, Futaba, National, DMS and Progressive

* Automate the placement, trimming and clearance of holes for over 9,000 different ejector pins
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Fig. 1.9 Manufacturing-process-development stage in the design process

» Select and quickly assemble user-customised injection-moulding machine mock-ups in order to
check for possible interference

» Create waterlines and instantly analyse for thin wall conditions

+ Simulate the mould-opening sequence, including interference-checking

* Produce runners, gates and sprues instantly

* Dramatically shorten time-to-develop mould inserts, casting cavity and pattern geometry, while
reducing modelling complexity

» Compensate for model shrinkage by enabling dimensioning or scaling of the entire model in
X, Yand Z

+ Eliminate the need to translate between part design, mould design and NC, due to seamless integration
with other Pro/ENGINEER applications

Manufacturing Information Generation This aspect relates to the various part programs required during
the manufacturing. They could be directly generated using the part model data. Some examples are CNC Part
programs, robot programs and inspection (CMM) programs.

Software, often called the CAM systems or more appropriately called CNC programming systems, are

used to develop the NC part programs directly from the CAD data. This method of programming allows
the user to visualise the part on-screen during each phase of the programming process. Being able to verify
each tool path in the computer instead of at the machine, reduces errors and saves valuable machine time.
The computer calculates the mathematics involved in the part program and the post processor generates the
G-code program, both of which produce more accurate and error-free part programs.
Manufacturing Simulation Many times the proving of the NC part programs has to be carried out using
the actual CNC machine tools, which is an expensive and often time-consuming option. In such cases, it is
desirable to carry out the actual simulation of machining on the computer screen, which saves a large amount
of time and money.
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Information Requirement Design This aspect relates to information pertinent to the manufacturing of the
part that could be directly generated using the part model data. Some examples are bill of materials, material-
requirement planning, production planning, shop-floor control and plant simulation.

Time and Motion Study This aspect needs to be done to see that the product’s manufacturing cycle is
optimised. Some of the times to be optimised are the material handling, manufacturing time, component and
machine tool set-up time, etc.

Production Plant Design The actual plant to produce the design for the production volumes forms part
of this.

As described above, engineers have been striving to improve productivity of the manufacturing process
by optimising the various aspects of the process by taking all the information of relevance. In view of that,
each process has to consider a large amount of information which will be difficult to organise through manual
effort. Hence the application of computers in design and manufacturing of products is very wide and is
ever expanding. Figure 1.10 indicates the various aspects of the design cycle as shown in Fig. 1.2, getting
the benefit of computer assistance. Presently, many of the solutions as explained earlier are available from
different sources and are often to be integrated through the help of data translators or neutral data formats.
The day may not be far off when a truly totally integrated system from art to part in its true sense will be
available.

Problem identification | Computer assisted
and recognition of need [~ operations
Y
" Problem definition 8
"] and conceptualisation |~
v
< eometric modellin . .
G 9 < Computer aided design

> and spatial analysis

Y
Engineering analysis
and optimisation

4

Finite element analysis

v

Prototype development |« Rapid prototyping

Y
Manufacturing process

Computer aided

— e e < manufacturing
v
Manufacturing o CNC/Robots/ASRS
implementation d CIM/ERP

Fig. 1.10 Computer assistance for the design cycle
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The product cycle with the computer assistance is shown in Fig. 1.11. One of the most important
components for getting the various benefits associated with computer applications in manufacturing is the
common databases associated with all aspects of manufacturing as shown in Fig. 1.12. In fact, all the modules
in the CAM would actually be sharing the database created in any module. Any module would be able
to modify the data as required for that particular application. This approach helps in reducing the work
involved in maintaining the product database and at the same time includes the latest modifications for any
aspect related to manufacturing. In contrast to the common database approach, it is possible that sometimes
individual modules in the production aspects may be taken from different vendors, in which case care needs
to be taken to see that information is properly transmitted between the modules and the data updating in all
the modules takes place properly at the right time.

CAD/CAM: Principles and Applications
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Fig. 1.11 The product cycle in a computerised manufacturing environment
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1.3 " COMPUTER AIDED DESIGN (CAD)

Computer aided design thus utilises the computer as a tool for all functions that are involved in the design
process. The main functions that would utilise the computer are

Layout design for the overall assembly
Individual component modelling
Assembly modelling

Interference and tolerance stack checking
Engineering drawings

) gg < t(;ﬁl rg Nrgm Material CMM Prodn
PIOEE 5 prog handling programs control
planning design genrtr
Computer ‘ ]
a'd.ed = Common data base
design -~
L —= | /
W\
Desigr) A\‘ Common data base
analysis ‘ I '
Finite Prodn Project
element Simulation | |Scheduling MRP anages njtr [
modelling ment conte

Fig. 1.12 The common databases as linkage to the various computerised applications

Today’s CAD technology can provide the engineer/designer the necessary help in the following ways:

1.
2.

Computer Aided Design (CAD) is faster and more accurate than conventional methods.

The various construction facilities available in CAD would make the job of developing the model and
associated drafting a very easy task.

In contrast with the traditional drawing methods, under CAD it is possible to manipulate various
dimensions, attributes and distances of the drawing elements. This quality makes CAD useful for
design work.

. Under CAD, you will never have to repeat the design or drawing of any component. Once a

component has been made, it can be copied in all further works within seconds, including any
geometric transformation needed.

. You can accurately calculate the various geometric properties including dimensions of various

components interactively in CAD, without actually making their models and profiles.

. With the constraint-based modelling methods that are prevalent in most of the commercially available

CAD systems, it is possible to capture the design intent into the product model beyond the simple
geometry. This will help in actually making modifications easily. Also, it is possible to try various
options, thereby optimising the whole design process. Thus, the geometric modelling process can be
driven by the physics of the process.

. Modification of a model is very easy and would make the designer’s task of improving a given

product simple to take care of any future requirements.
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8. Use of standard components (part libraries) makes for a very fast model-development work. Also, a
large number of components and sub-assemblies may be stored in part libraries to be reproduced and
used later.

CAD/CAM: Principles and Applications

9. Professional CAD packages provide 3D (3-dimensional) visualisation capabilities so that the
designers can see the products being designed from several different orientations. This eliminates the
need of making models of products for realisation and explaining the concepts to the team.

Not only this, several designers can work simultaneously on the same product and can gradually build the
product in a modular fashion. This certainly provides the answer to the need of today’s industry and the one
emerging on the horizon.

1.4 " COMPUTER AIDED MANUFACTURING (CAM)

We can broadly categorise the industrial manufacturing activity (for only mechanical engineering industries,
i.e., making discrete components) into the following:

Mass Production - large Iots, e.g., Automobiles In this, the volume of production is very high, ranging from
a few thousand to millions per annum. The very high volume justifies the use of special-purpose machines
and transfer lines to decrease the cost of production substantially. Also, these ensure that a very high degree
of accuracy can be achieved with these systems. However, these manufacturing methods, once designed and
fabricated, are very inflexible and can only be used for a single product. Further, the lead time taken from the
product design stage to the setting up of the manufacturing facility is very large, varying with the product.
Examples in this category are the automobiles, typewriters, etc.

Batch Production - Medium lot sizes, e.g., Industrial Machines, Aircrafts, etc. Batch production refers
to the making of jobs in medium lots, say 100 to 1000, for a component type. Thus, transfer lines may not be
used in their production, but special-purpose machines which can be easily modified by the use of jigs and
fixtures for such jobs can be utilised.

Job-Shop Production-Small lots or one off, e.g., Prototypes, Aircrafts, etc. Job-shop production refers
to the manufacture of very small lots, often of single jobs. This may be required in special situations for the
purpose of proving a design, making prototypes, in tool making, or for special-purpose applications. In view
of the very small lot, no special-purpose machines or tooling can be economically justified. Hence, the manu-
facture has to be carried on with the general-purpose machines and tooling, which is a very lengthy and often
error-prone process.

These are graphically illustrated in Fig. 1.13.

Where does CAM find applicability? Practically, in all the ranges of production. However, its use is
more important in categories 2 and 3 by virtue of the added amount of data processing needed in these. In
particular, the present trend of large varieties and lower product lives requires that the total manufacturing
lead times be smaller. The only way to ensure this is to improve manufacturing methods and CAM proves
indispensable in this regard.

1.4.1 Advantages of Using CAM

Greater Design Freedom Any changes that are required in design can be incorporated at any design stage
without worrying about any delays, since there would hardly be any in an integrated CAM environment.
Increased Productivity In view of the fact that the total manufacturing activity is completely organised
through the computer, it would be possible to increase the productivity of the plant.

Greater Operating Flexibility CAM enhances the flexibility in manufacturing methods and changing of
product lines.
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Fig. 1.13 Manufacturing methods based on production quantity

Shorter Lead Time Lead times in manufacturing would be greatly reduced.

Improved Reliability In view of the better manufacturing methods and controls at the manufacturing stage,
the products thus manufactured as well as the manufacturing system would be highly reliable.

Reduced Maintenance Since mostofthe components of a CAM system would include integrated diagnostics
and monitoring facilities, they would require less maintenance compared to the conventional manufacturing
methods.

Reduced Scrap and Rework Because of the CNC machines used in production, and the part programs
being made by the stored geometry from the design stage, the scrap level would be reduced to the minimum
possible and almost no rework would be necessary.

Better Management Control As discussed above, since all the information and controlling functions
are attempted with the help of the computer, a better management control on the manufacturing activity is
possible.

All the above advantages when properly translated, would mean a lower total cost and consequently, higher
final earnings. Therefore, any manufacturing activity can get the benefits of Computer Aided Manufacturing,
be it a job-shop production or mass-scale manufacture. However, better results would be obtained when the
design and manufacturing activities are properly integrated. Also, when there is a large variety of products
or minor changes required in the existing production programme, CAM can easily manage the necessary
alterations.

1.5 " COMPUTER INTEGRATED MANUFACTURING (CIM)

As explained above, there are a number of advantages to be gained by employing computer applications
in individual domains of the product cycle. It is possible to utilise computers in all aspects of the product
cycle as shown in Fig. 1.10. However, the synergy can be obtained by integrating all the functions through
the computer such that all the incremental improvements that are possible can be improved manifold. That
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is what is normally termed as Computer Integrated Manufacturing or CIM. More details of the architectures
involved are discussed in Chapter 24.

CAD/CAM: Principles and Applications

Lean Manufacturing It is generally seen in spite of the fact that a number of improvements having been
achieved through the employment of computer and other automation efforts, there is a large amount of
waste involved in the production, which finally increases the unnecessary costs. Japanese manufacturers
have recognised this fact, and developed methodologies that lead to the reduction of waste during mass-
manufacturing operations. Taiichi Ohno [Womack et al/, 2003] is credited with the development of methods to
reduce the waste at all stages of manufacturing at Toyota, which is now generally called lean manufacturing.
In this system, the products are manufactured as required and not for stocking. By following this philosophy
throughout the product cycle, it is possible to reduce the amount of storage at each stage and thereby reduce
a large amount of the hidden costs in the final product. Some interesting case studies that have employed lean
thinking in their entire manufacturing operations are discussed in Chapter 24.
Six Sigma Six Sigma is considered the most important business tool that has transformed many ideas
of management in the recent past. Six Sigma was originally started as a defection reduction process, but
progressed into a comprehensive statistically based method to reduce variation in electronic manufacturing
processes in Motorola Inc in the USA. Now it is practically adopted by a majority of industries as well as
all walks of life such as government departments and hospitals. In industries even a new brand name of
Lean Sigma is coined to combine the concepts of lean manufacturing and Six Sigma. The UK Department for
Trade and Industry defines Six Sigma as ‘a data-driven method for achieving near-perfect quality. Six-Sigma
analysis can focus on any element of production or service, and has a strong emphasis on statistical analysis
in design, manufacturing and customer-oriented activities.’
The DMAIC model for process improvement is used as the basis for Six-Sigma implementations. DMAIC

stands for

 Define opportunity

* Measure performance

* Analyse opportunity

* Improve performance

 Control performance

Further details of Six Sigma as employed in the entire manufacturing operations are discussed in
Chapter 23.

¢ The application of computers in manufacturing has been to direct, monitor and

Summary control the processes as well as support the various functions of the operations.

e Computers are being applied in all aspects of manufacturing such as design and

_ drafting, engineering, manufacturing, process planning, tool design, material
requirement planning, scheduling, etc.

® Major developments in computer hardware and software are directly driving these applications to a
greater extent.

e The conventional product cycle involves a number of interlinked operations. Information flows
through all these operations to support them. Many of these support operations will be greatly
affected by the application of computers.

® Since information will now be in the electronic form, databases become the backbone of the
manufacturing operations.



The McGraw-Hill companies '

. 17
Introduction
—

The conventional design process involves a large number of activities where a variety of processes
need to interact while arriving at the best and economic design.

Computer aided design deals with all the operations that deal with the development of the product.
These could include such operations as design, analysis, testing, manufacturing information genera-
tion, etc.

A number of advantages are gained by the use of computers in the design process. Using CAD
reduces a number of unwanted repetitive operations, at the same time improving the accuracy,
reducing the developmental time and cost.

Manufacturing operations are organised broadly into mass production, batch production and job-
shop production. Computerised manufacturing is involved in all these types of operations. A number
of benefits can be achieved by the use of computer aided manufacturing.

Computer Integrated Manufacturing tries to link all the operations that are used in manufacturing

such that the information is shared between all the operations. This would mean the reduction of
waste leading to lean manufacturing.

Questions

1.

Explain the influence exerted by computers on 9. Explain with an example various steps in the
the manufacturing scene. modern design process.

Specify the various stages present in a conventional 10. Explain the following steps in the design process:
design process. Problem definition, and Engineering Analysis.
Give a schematic and explain how the application 11. Write about prototype development as part of the
of computers helps in the overall improvement of design process.

the design cycle. 12. Write down the advantages to be gained by the
Explain the importance of engineering analysis in adoption of CAM.

the design cycle. 13. Briefly explain the various categories of
Briefly describe the role of engineering analysis manufacturing activities.

process in the product design cycle. 14. What do you understand by CIM and lean
Briefly explain the computerised product cycle in manufacturing?

the manufacturing environment. 15. What are the various processes that should be
What are the functions that get benefited by the considered in getting the problem-identification
use of computers in design and manufacturing phase of the product design?

functions? 16. Briefly explain about the importance of Six Sigma
Define CAD. Explain the reasons for adopting in manufacturing operations.

CAD in an engineering organisation.
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CAD/CAM HARDWARE

Objectives

The developments that have fuelled the growth of the CAD/CAM industry are
mostly based on the major developments in microelectronics, which have helped
in leapfrogging the capabilities. The major component of any CAD/CAM system is
the basic hardware that goes with the computational aspect, that is, the computer
and the associated peripherals that go with it. After completing the study of this
chapter, the reader should be able to get

¢ The idea of the basic structure of a computing system hardware as used in
CAD/CAM systems

¢ The basic developments that are taking place in microprocessors and their
speed as it affects the computing performance

* The different types of memories used in computers

¢ The varieties of graphic input devices used for controlling the graphic input
information

 The types of graphic display devices, their capabilities and applications
» The graphic output devices such as printers and plotters used to obtain the
hard copies of the graphic information
¢ The varieties of secondary storage devices used for storing and archiving the
CAD/CAM data
» The CAD/CAM system configurations and the software systems that are used
in multi-user environments where groups of designers will be working
This would help in understanding and finalising the details of the specifications
that one has to look for while planning for a CAD/CAM system.

2.1 || BASIC STRUCTURE

The computing system in operation can be compared to a human being in terms
of its operating characteristics. The basic configuration of a typical computing
system is shown in Fig. 2.1.
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The heart of any computing system is the Central Processing Unit (CPU).
It is in the CPU that all the necessary functions of a computer are carried out. Memory
The main functions performed in the CPU are arithmetic and logic operations. ——
The CPU communicates with the external world through input/output devices Tl ﬁ

CAD/CAM: Principles and Applications

or, in short, I/O devices. These are similar to the sensory organs by which a Central G
human being maintains contact with the outside environment. These are also | Processing = device
collectively called peripheral units. Through an input device, the user would L

be able to communicate with the CPU, either to give certain data or to control B

the operation of the CPU. The output device is a means through which the Input

CPU gives the results of the computations. device

Another important unit of a computer system is the memory unit. These
are the areas where the necessary data or program (sequence of instructions) Fig-2.1 Or ganisation of'a
is stored. The type of memory and its amount determines the capabilities of a typical computing
computing system. system

The present-day computers work on a principle called the stored-program
concept. It means that the sequence of operations to be carried out by the CPU is stored in the memory of the
computer. The CPU therefore reads an instruction and executes it and continues doing so until it reaches the end
of the program. This stored program is called software in computer terminology. Since it is the software, which
runs any computer, the computer is as good as the program that is running at any given time. More details of
software that would be of interest to us will be discussed in Chapter 3.

2.2 || CENTRAL PROCESSING UNIT (CPU)

The central processing unit is the nerve centre for any
computing system. Based on the software, it organises the
information processing for any given application.

The flow of information in the CPU is presented in }P_(fé'r{t}};{l—;—)'ré_c'é's—s-i_r\—gi ----- @

Fig. 2.2. The program containing the necessary sequence | unit Arithmetic] |
of instructions to the CPU resides in the main memory | r!:]gt;‘ie;tr:'ls, ' MControllerd’ ) and
of the computer, the location of which is specified to the | logic unit |
CPU in the form of a program counter. The instructions . |
are in the form of low-level commands, which comprise R,

the repertoire of any given CPU, called instruction set. Pl K /o

The instruction set consists of instructions for moving | memory | devices

the memory contents, performing arithmetic and logic
operations and other miscellaneous commands. A CPU
fabricated as a single integrated circuit (chip) is termed a microprocessor.

Fig. 2.2 Organisation of central processing unit

After being fetched from the main memory, the instructions are to be decoded for the actual action to be
taken. This function is performed in the controller, which actually directs the operations to be done through
the Arithmetic and Logic Unit (ALU).

The arithmetic and logic unit has the necessary ability to perform arithmetic operations such as addition,
subtraction and logic operations as ‘AND’, ‘OR’, etc. The necessary values of the operands and their results
are stored in certain locations close to the ALU called registers. Any operation associated with the registers
would be done at the highest possible speed because they can be directly addressed by their names as part
of the instruction set. Depending upon the type of CPU, these registers could be 8 bits long, 16 bits long or
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32 bits long. Longer register sizes are available in mainframe computers or some special-purpose CPUs.
Some of the registers are general purpose in nature so that any type of operation can be performed, whereas
others such as stack pointer, accumulator, and address register, etc., carry out specific functions. The concept
of the CPU with mainframe computers and minicomputers is essentially that of a Printed Circuit Board (PCB)
consisting of a number of devices (chips). However, the era of microprocessors dawned with the increasing
acceptance of calculators in the late 60°s and early 70’s. The first general-purpose microprocessor, Intel 4004,
which was accidentally designed for a Japanese calculator company, was released in 1971, heralding the
MiCroprocessor era.

Though Intel 4004 was the first microprocessor, since it was designed keeping the calculator in mind,
it was very limited in function. A greater use of microprocessors started with the availability of Intel 8008
in 1972. The market response for Intel 8008 was far beyond the expectations of the Intel Corporation. As a
result, from then on there were rapid developments in microprocessors by a number of manufacturers, such
as Motorola, Rockwell, Zilog, National, Texas Instruments, etc.

The first microprocessor, Intel 4004, was essentially a 4-bit microprocessor, whereas Intel 8008 was an
8-bit microprocessor and the subsequent development of 16- and 32-bit microprocessors took place in later
years. What do ‘4’ bit or ‘32’ bit mean? It refers to the length of the word as used by the microprocessor,
that is, the maximum length (number of bits) in which the information can be processed inside the CPU. The
greater the length of the word, the faster would be the execution of a given program by the microprocessor.
However, the complexity of the micro-circuitry that goes with the making of the microprocessor grows as
the word length increases. Currently (in 2009), 32-bit and 64-bit microprocessors are generally in use for
computing applications with all the others becoming obsolete. However, microprocessors with smaller bit
sizes are used for embedded control applications.

There are a few things to be noted with microprocessors, such as address and data. Since the data is stored
in memory locations, which are in large, it is necessary to know the address of the memory location for
operating on the contents of that memory location. Hence, when the CPU tries to fetch data from any given
location, it needs to know the correct location address. The width of the address specifies the maximum
amount of memory locations that a microprocessor can directly address. For example, a 16-bit address would
mean a linear address space of 2'® locations which is 65 536. This is represented as 64 k, where k stands for
1024 (219,

Data is the name given to any information that is written or retrieved by the microprocessor from the
memory. Data can be a part of the program, constant parameter values required for the execution of the
program, or results of computation.

Normally, the memory is not organised as individual bits, since it would increase enormously the problem
of accessing data from it. Therefore, it is organised in multiples of bits. For example, many of the earlier
systems were organised as 8 bits, known as a byfe. The length of a data word normally depends on the
length of the word used by the CPU, but there are exceptions to it. For example, though Intel 8088 is a
16-bit microprocessor, its memory is organised in 8-bit arrays. This was resorted for taking advantage of the
relatively low-cost 8-bit peripheral devices that were available at that time. So for fetching a word of data,
one has to perform two cycles of fetching of 8 bits each. Hence, memory operations become slower in such
a situation.

Another important aspect to be considered with microprocessors is the speed at which they operate, termed
the system clock. The faster the system clock, the faster would be the execution of instructions. Current
microprocessors have clock rates upwards of 3 GHz. The current trend is not only to increase the clock speed
but also to increase the number of cores.
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The speed of the CPU operation is traditionally measured in terms of MIPS (Million Instructions Per Second).
This is not a true indication of the overall performance of the system. Hence, efforts have been made to come up
with a more objective evaluation of performance, taking into account not only the processor performance, but
also other associated peripherals as well as the software available. A variety of benchmarks have been defined by
SPEC (Standard Performance Evaluation Corporation) to take both the integer and floating-point performance
of the computing system. These include the processor, memory hierarchy and compiler capability only and
not the associated peripherals. In addition to these, there are a number of specific benchmarks developed by
various other agencies based on specific applications in mind.

CAD/CAM: Principles and Applications

In CAD/CAM applications, the computational load being very high, a single CPU would not be able to take
itup, thereby slowing down the whole system. This problem is overcome by the use of coprocessors, which have
specialised capabilities. The main CPU would offload a particular job to that coprocessor which is best suited
for it. Since CAD/CAM requires a large number of graphic operations, special Graphics Processors (GPU) are
utilised. These relieve the main processor of most of the graphic computations that are required, such as graphic
transformations. However, with the ultra large-scale integration in the microprocessors, the coprocessors are
embedded in the current generation microprocessor itself.

The requirements of a typical CAD/CAM computer should be a microprocessor of at least 32 bits, but
preferably 64 bits, with a clock rate above 1.0 GHz, an address of at least 24 bits but preferably 32 bits, and
the support of the coprocessors described above. The MIPS rating may be above 250.

The Intel Pentium processor family is the first to provide the performance needed for mainstream
workstations for CAD/CAM applications. The Pentium processor super scalar architecture can execute two
instructions per clock cycle. Branch prediction and separate caches also increase performance. Separate code
and data caches reduce cache conflicts while the remaining software is transparent. The Pentium processor
has 3.3 million transistors and is built on Intel’s advanced 3.3V BiCMOS silicon technology.

The Intel Pentium 4 processor released in the year 2000, uses the Intel’s 0.13 micron process and the
processor core contains approximately 42 million transistors. The maximum Pentium 4 processor speed
available currently is at 3.2 GHz (mid 2009). This has been superseded by the multi-core processors. The
dual-core Pentium processors in 2009 utilise the 45-nm (0.045 pum) process and as such have a much larger
number of features present in the microprocessor, thereby ensuring very high performance.

As the processing requirements are increasing, hardware developers have problems in increasing the clock
speed due to the associated problem of heat generated. An alternative way is to have two CPUs instead of one
to boost the processing power, but that complicates the design of the motherboard thereby increasing its cost.
Hence, they have come up with the concept of multiple cores in a single microprocessor, thereby increasing
the processing power and at the same time keeping the motherboard economical.

By definition, a multi-core processor is an Integrated Circuit (IC) that has two or more processors to enhance
the performance, reduced power consumption and more efficient simultaneous processing of multiple tasks.
For example, a dual-core processor is comparable to having two separate processors installed in the same
computer. However, since the two processors are part of a single IC, the connection between them is faster.
Ideally, a dual-core processor is nearly twice as powerful as a single-core processor. In practice, performance
gains are said to be about fifty per cent: a dual-core processor is likely to be about one-and-a-half times as
powerful as a single-core processor. Currently (2009), quad-core processors are available in workstations,
while 8-core processors are available for testing. All these processors are being manufactured using Intel’s
45-nm technology thereby allowing a large number of features embedded in the chip. Intel’s 32-nm technology
is production-ready in 2009 and will be used for future processors coming from their stable. One thing to
be noted with multi-core processors is that the software should be written for parallel processing to take full
advantage of the capability.
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The operating system (such as Windows XP) has a number of tasks to be done that will be scheduled.
Since there are more CPUs, it is easier for the operating system to schedule these tasks, thereby improving
the performance. Intel and AMD have their dual and quad-core processors available currently for use in the
CAD/CAM workstations.

The Intel Pentium family, which is most widely used in PCs and other low-cost workstations, is normally
called CISC (Complex Instruction Set Computing) processor. A CISC processor relies on improvements
by adding more instructions to its repertoire. Thus, the system programmers will be provided a new set of
instructions with each advancement to simplify some of the tasks which they are doing in the software. But in
the process, the processor micro circuitry becomes more complex and requires more careful manufacturing
processes.

As opposed to this is the RISC (Reduced Instruction Set Computing), which has a small range of instructions
that are optimised for the given application. In view of the smaller number of instructions present, it is
possible that the chip design is more efficient and hence is generally fast and more powerful. However, the
system software developers will have to write more code. Typical examples of RISC processors are

« IBM POWERPC 750CXe running at 700 MHz (using 0.18 pm technology with copper-wiring
technology)

 The 64-bit MIPS R12000 processor running at 375 MHz for Silicon Graphics
» Hewlett Packard PA 8200 Processor running at 200 MHz and 236 MHz
 Sun UltraSPARC-III Processor running at 750 and 900 MHz (with 29 million transistors)

With the advancement in multi-core processors, the interest in RISC processors has almost diminished,
and not much development is taking place.

2.3 || MEMORY TYPES

Memory is an integral part of a computer, storing data and programs, often called main memory. Traditionally,
this used to be called core memory in the mainframe computer parlance. The name ‘core memory’ was given
because the individual memory cells were formed by making a small magnetic core about 1.5 mm in size
wound around a thin material of wires. Whether these cells would be magnetised or not depended upon the
data to be written. By magnetising, they obtained a specific orientation, which would not be erased even when
the electric supply was put off. However, this method was very expensive and is now hardly used due to the
availability of semiconductor memory.

In semiconductor memory, the memory locations are organised as a series of small on/off switches
(transistors). Developments in the semiconductor industry have decreased the cost of the memory units, apart
from raising their capacity for storage. Presently, a single chip capable of storing 256 M bits of information
is being used by a number of manufacturers. IBM and others have demonstrated the 1 G Bit units also, which
will be available soon. Increase in the capability of holding a number of memory units in a single chip greatly
decreases the complexity of the circuitry involved in the computer motherboard.

The various types of semiconductor memory units available are

« ROM Read only memory

« PROM Programmable ROM

« RAM Random access memory in its various forms

« EPROM Erasable programmable ROM

« EEPROM Electrically erasable and programmable ROM

¢ Flash memory
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Read Only Memory (ROM), as the name implies, can only be read but cannot be written upon. Thus,
the ROM when prepared can hold information, which need not be updated during the useful life of that
information. Most of the system software is normally provided in the form of ROM. However, to be cost-
effective, ROMs are to be manufactured in fairly large numbers, in millions.

CAD/CAM: Principles and Applications

For applications, which do not justify a large volume, PROM is used. Here, a general-purpose ROM from
the semiconductor factory is specifically programmed by suitable means and then used as ROM. The PROM
can be programmed only once. A ROM, which can be erased fully, by means of ultraviolet light and then
reprogrammed using a high voltage (32 V) signal, is called EPROM. These can be programmed in part or in
full a number of times, but the erasure when done would necessarily be full. EEPROM is an alternative to the
EPROM in which information can be written and erased using the normal voltage signal (5 V) available for
operating all the circuits.

Random Access Memory for RAM is not apt, since all semiconductor memories can be accessed randomly.
It is essentially a read and write memory. The information can be read as well as written into the memory.
However, the information stored can only be retained till the power supply stays on. Since most of the memory
of a computing system is contained in the RAM, it is necessary to maintain the power supply throughout
without even a momentary interruption, otherwise the data stored or computations carried out partially would
all be lost.

Some RAM chips are coming up with a lithium battery embedded permanently in the casing of the RAM
chip so that information present in the RAM is retained even when the external power supply is cut off. RAM
chips come in two varieties, static and dynamic. In static RAM, the information is to be written only once
whereas in dynamic RAM, the information after having been written would have to be continuously refreshed
for merely being retained, even though there may be no change in it. Static RAM is more expensive compared
to the dynamic RAM or DRAM.

There are currently three main types of DRAM technology used in computers: Fast Page Mode (FPM),
Extended Data Out (EDO) and Synchronous DRAM (SDRAM). Also, the RAM can be fixed as parity, non-
parity, Error-Checking-and-Correcting (ECC) or ECC-on-SIMM (EOS).

FPM DRAM Fast-Page Mode memory is a type of DRAM that allows for replicated memory access with
minimum waiting for the next instruction.

EDO RAM EDO (Extended Data Out) It is a memory technology that can provide approximately a 5-30%
boost in the memory subsystem speed versus Fast-Page Mode. Also known as Hyper-page mode DRAM,
EDO provides increased performance by outputting data at the same time it is searching for new information.
Fast-page memory has to wait between such operations, thus causing delays. EDO reduces the bottlenecking
in data transfers between high-speed processors that need to get data quickly. Of critical importance, a high-
performance computer system must be designed to take advantage of EDO memory to realise the benefits. The
increase in system-level performance gained by EDO DRAMs is quite good considering that the performance
benefit carries no increased cost.

SDRAM SDRAM, or Synchronous DRAM, is a fast, high-bandwidth memory designed to work best with
systems employing high-performance PC chipsets and processors. This technology synchronises itself with
the system clock that controls the CPU, eliminating time delays and improving processor efficiency. Offering
bandwidths of up to 100 MHz—twice the bandwidth of EDO—SDRAM is a result of a major shift from
EDO and Fast Page Mode DRAMSs. As bus speeds increase, the performance difference increases. To use
SDRAM, a computer system must be designed to support that kind of memory, and as most new chipsets
support SDRAM technology, it has become the new RAM standard.
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RDRAM Rambus Direct RAM is another technology, which is slowly gaining ground in the high-end
workstations. It utilises a narrow, uniform-impedance transmission line, the Rambus Channel, to connect the
memory controller to a set of RIMMSs. This single channel is capable of supplying 1.6 GB/s of bandwidth.
However, it is possible to use multiple channels, thereby increasing the bandwidth. This suits well with the
new processors, most of which operate at or above 1 GHz. However, the RDRAM is still very expensive
compared to the SDRAM, partly because it is a new technology. The usage of RDRAM is almost negligible
in workstations.

DDR-SDRAM DDR-SDRAM (Double Data Rate) is another variation of SDRAM that is faster compared to
normal SDRAM and is gaining ground and replacing the SDRAM in most workstations. The basic principle
of DDR-SDRAM is very simple. It is able to transport double the amount of data by using the rising as well
as falling edge of the clock signal for data transfers. The speed is further increased by quadrupling the transfer
rate to 4 times using the quad-pumped technology known as DDR2. DDR-SDRAM has another important
improvement over PC133 SDRAM. Its voltage supply uses only 2.5V, instead of 3.3 V. This and the lower
capacities inside the memory chips lead to a significantly reduced power consumption.

The next-generation SDRAM is DDR3 which doubles the data-transfer rate of DDR2 while reducing
the power consumption. These also can be used at high speeds of up to 1600 MHz, and thereby improve the
performance manifold. However, they are still used in lower volumes because of their high cost.

Parity and Non-parity Parity checking circuitry adds an extra bit to each 8 bits of memory data. The benefit
of incorporating parity memory in a system is the ability to detect single-bit errors and send an error message
before halting the system. After reading 8 bits of data, the memory controller can examine the parity bit to
detect any single-bit errors. If an error occurs, the system notifies the user and usually shuts down immediately.
With many business users dependent upon the accuracy of the data being processed, requiring parity memory
is an important consideration. Non-parity memory is less expensive than parity memory. Parity checking is
also limited to detecting only odd numbers of bit errors. Even though they are extremely rare, even numbers
of bit errors are possible.

Error Checking and Correcting (ECC) ECC memory provides a vast improvement in memory integrity
management over parity checking. ECC circuitry automatically detects and corrects single-bit errors and
can detect highly unlikely multiple-bit errors. As with parity checking, ECC requires one extra memory bit
for each byte of data. ECC memory requires more overhead than parity memory for storing data and causes
approximately a 3% performance degradation in the memory subsystem and is also expensive. However, the
resulting error detection and correction can make the trade-off well worth it. Differences in system failures
when comparing the parity to ECC memory are shown in Table 2.1. Many new high-end computers include
ECC circuitry in the memory controller. This allows the use of low-cost parity memory modules to provide
advanced ECC functionality.

Table 2.1 Comparison of memories with and without ECC

Amount of Memory System Failures with Parity (in 5 years) System Failures with ECC (in 5 years)

16MB 0.32 0.00016
64MB 1.26 0.00064
128MB 2.52 0.00128

ECC-on-SIMM EOS or ECC-on-SIMM (Single In-line Memory Module) is a special type of ECC memory
that performs error checking and correcting within the memory SIMM. Performance is not affected (over
standard ECC) but provides ECC function to systems without an ECC memory controller.
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Flash Memory 1t is a type of non-volatile memory that can be erased and reprogrammed in units of memory
called blocks and not single bytes. Otherwise, the writing process is similar to EEPROM. It is also called
‘flash RAM’. With the cost of production of flash memory becoming small, it is extensively used presently
in the form of a separate drive that can be attached to the USB port, generally called jump drive or thumb
drive. It can be used for transferring data similar to a floppy drive, but with much larger capacity and speed.
Currently, these drives are available from 32 MB to 64 GB within reasonable cost.

CAD/CAM: Principles and Applications

2.4 " INPUT DEVICES

These are the devices through which the user/ operator communicates with the computer for feeding it with
the necessary information, both graphical and alphanumerical as required. The various devices used are

» Keyboard
¢ Mouse

» Light pen
» Joystick
» Digitiser
e Tablet

¢ Scanner

Keyboard The keyboard is the most basic input medium for all computers. The layout of keys on a keyboard
generally consists of the traditional typewriter keys together with some special keys, which are used for
controlling the execution of the program or the screen display (cursor movement). The presence of a higher
number of keys would facilitate the interaction. But for CAD/CAM applications, a keyboard itself may not
be sufficient by virtue of its being a digital interface. Hence, in addition to the keyboard, other analog input
devices are also used for CAD/CAM applications. These devices may be used for entering graphic data in a
convenient form or for selecting an item from the menu displayed on the screen.

Mouse The mouse is a pointing device, which has been gaining importance  cgnnection

with the advent of the microprocessors, and the pull-down menus associated  to ‘computer Buttons
with the application software. The mouse operates on three basic principles— =% ol
mechanical, optical and opto-mechanical. The mechanical mouse contains a &>
free floating ball with rubber coating on the underside (Fig. 2.3) which when
moved on a firm plane surface would be able to follow the movement of the
hand. The motion of the ball is resolved into X- and Y- motions by means of
the two rollers pressed against the ball. They in turn control the cursor on the
screen, which can then be utilised for any desired applications by means of
the clicking of the buttons on the mouse. This can only suffice to point on the
screen but not for giving positional data. Further, the mouse is a relative device and not an absolute pointing
device as the digitisers to be discussed later. Many a mouse available in the market contains two buttons for
its operation, though mice with a larger number of buttons (3 and 4) are also available but have gained only
limited acceptance.

Fig. 2.3 Mouse

In the case of the optical mouse, a special reflective plane surface with etched fine grids is required. The
LEDs present inside the mouse (in place of the rubber ball) would reflect the number of grid lines crossed in
the X and Y directions, thereby showing the distance moved. The life of the optical mouse is high since it has
no moving parts, but it has not gained as much acceptance as the mechanical mouse because of the special
surface needed for its operation. The operation of the opto-mechanical mouse is similar to that of the mech-
anical mouse, but the position resolvers used are based on the optical principle.
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Laser Mouse Laser tracking responds to the hand movement with a lot more accuracy than with LED. Also,
it can track any surface, such as high-gloss surfaces that LED-based mice simply can’t negotiate. Laser
illumination being pointed and coherent reveals the structure of a surface that an LED cannot recognise. The
coherent nature of laser light creates patterns of high contrast when its light is reflected from a surface. As a
result, a laser mouse has no difficulty in tracking even plain surfaces. In future, practically all mice may be
converted to use laser.

Light Pen A light pen resembles a fountain pen in the method of holding, but it works on the principle of
light rather than ink, hence the name. Light pens are not used for writing on the screen as is erroneously
believed by many, but actually only to detect the presence of light on the screen, as shown in Fig. 2.4, with the
help of a light-detecting resistor. Their normal use in graphic applications is to identify objects or locations on
the display screen for possible graphics handling. These are to be used only with refresh-type display devices.
The resolution of the light pen is poor, as the field of view of the photo-sensitive element is conical.

,JV"\\

Fibre optics
T 2
Field of 0 = Photo
view ) ”‘ < detector
- e
+ V Q C
Screen Operator v
push button
‘I AND gate
v

To computer

Fig. 2.4 Light pen

Since the light pen points to the graphic display directly, it is a natural graphic interactive tool. However,
as the operator has to hold the light pen against the gravity along with its cable connecting the graphic adapter
card for making any selection, ergonomically it is inconvenient to use it over long periods.

Joystick A joystick can also be used to control the on-screen cursor movement as a mouse does. A joystick
can indicate the direction, speed and duration of the cursor motion, by the movement of the stick, which
contains a ball seated in a spherical cavity, held in position by the operator. Generally, the response of the
joystick would be quicker compared to other cursor-tracking devices. Hence, they are more suited for video
games.

Digitiser A digitiser is the most widely used input medium by the CAD designer. It is used for converting
the physical locations into coordinate values so that accurate transfer of data can be achieved. Very high
resolution in the order of 0.1 mm or better can be achieved. A tablet is essentially a low-resolution digitiser
having a small work area. The work area corresponds to the full CRT screen.

The designer can work with any pointing device similar to a pen, and do normal writing on the tablet as if
he were doing so on a drawing board. The movement of the pen tip would be communicated onto the screen,
which the designer can modify depending on the software at his disposal. Since it gives natural feel to a
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designer for free form sketching (which can be straightened
if necessary by the software), it is generally preferred as o< window
a pointing device in CAD applications. Another kind of crosshair
pointing device used in tablets is a puck, which has a cross-
hair line cursor and a number of buttons, as shown in Fig. 2.5,
and is used normally with other digitisers. This is useful for
the menu selection. The buttons can be assigned for different
auxiliary functions.

CAD/CAM: Principles and Applications

—Buttons
A digitiser consists of a rectangular smooth surface as

a draughting board, as shown in Fig. 2.6. Underneath this
surface is a position-sensing mechanism. The designer
interacts through the handheld locator (or puck as shown in
Fig. 2.5) which contains a number of buttons. The designer
can move the puck to the desired position and then by pressing
one of the buttons to initiate a certain action. A digitiser is an
absolute measuring device. Fig. 2.5 Puck or pointing device used with
Electromagnetic force is the measuring means that is most tablets and digitisers
generally employed in digitiser construction. It contains a
printed circuit board, which is etched with evenly spaced traces on / —

both sides, one representing the X-axis and the other, the Y-axis.
The locating device used (such as puck or a pen type) would contain
a coil which can act as a receiver or a transmitter. In the transmitter
mode, electronic signals on the board can be measured for their
strength, and the highest strength signifies the location of the desired
point. The digitiser controller would measure the position of X- and
Y-axes alternatively.

digitiser is made of two sheets separated by a number of spacer
dots. One sheet is evenly deposited with a resistive film, whereas
the other is coated with a conductive film. A small voltage is applied
across the resistive film. When pressure is applied by the puck or
stylus on the digitiser pad, the potential of the conductive sheet
would be proportional to the distance from the end, which gives
the locational data. The measurement is again to be done alternatively in X- and Y-axes. The same resistive
technology may be effectively used in touchpad-type applications. In a touch screen, a transparent digitiser
composed of conductive glass film is present on top of the CRT screen, such that when pressure is applied at
a given point on the screen, it can be sensed. This is comparable with the application of a light pen.

\
The other technology used in the digitiser is resistance. The &
Fig. 2.6 Digitiser

The digitiser comes in a large number of sizes, from 250 x 250 mm to as high as 1000 x 3000 mm. The
quality of a digitiser can be measured in terms of resolution, accuracy, linearity and repeatability. Linearity
is the variability of accuracy over large areas of the digitiser. A digitiser communicates with the computer in
single-point mode, as the coordinates of the point are transmitted when a button on the puck is pressed. This
is used for digitising discrete points such as an already existing drawing. However, when continuous sets of
points are required, the puck can be moved continuously over that line, and the coordinates of the points are
sent to the computer at a specified sampling rate, such as 200 coordinate points per second. Some typical
digitiser specifications are presented in Table 2.2.
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Table 2.2 Digitiser Specifications

GTCO DrawingBoard VI- DB6-2024  CalComp CADPro

1. Digitising method Electro-magnetic Electro-magnetic

2. Digitising area, mm X mm 508 x 610 152 x 229

3. Resolution, mm 0.002 0.006

4. Accuracy, mm 0.05 0.20

5. Interface USB, RS 232 USB, RS 232

6. Maximum transmission speed for 38 400 38 400

serial communication, baud rate

7. Operating modes Point, line, run, track, increment, Run, increment, prompt

prompt

Another class of input devices sometimes used is the 3D digitiser, which has the ability of converting any
3D object into its dimensional form. These are also sometimes referred to as space digitisers. The method
of digitising could be to manually move a stylus along the desired 3D object, but this is time-consuming.
Therefore, optical scanning is done for such imaging work. A thin plane of light is projected onto the 3D
image which, when reflected, is received by a camera through a system of mirrors and is then recorded.

Scanner A scanner digitally scans images or text present on a paper optically and converts it into a digital
image as a bit map. The scanner consists of a CCD (Charge Coupled Device) array which takes the image
in the form of dots of very high resolution (300 to 4800 dpi). A lamp illuminates the document. The light
reflected from the document reaches the CCD array through a series of mirrors, filters and lenses. Depending
upon the application, a 2D image is normally converted into its raster format of the requisite resolution. This is
the medium that is normally used when old information is in the form of hard copy and can be converted into
electronic form. The type of conversion depends upon the type of document in question, for example, when
character- or image-based information can be simply converted using OCR (Optical Character Recognition)
software for converting the input into a word processing program. If the document is an old drawing then the
raster image can be converted into vector format by software tools for the purpose. Then engineers can spend
a little time to clean the converted drawing and store it in an appropriate location for future reference.

A scanner typically consists of a scan head which moves over the scanned object and sends a bitmapped
representation of the object to the scanning system. The processing software present in the scanner system
converts and sends it to the application where it is further processed. The scan head has the ability to
discriminate between levels of lightness and darkness, shading, and colours.

The most common type of scanner used is the flat-bed scanner. This is capable of scanning a variety of
objects that can be accommodated on its glass platform. In appearance, it looks like a photocopy machine
and has a glass platform where the objects to be scanned are placed face down. Alternatively, in a sheet-fed
scanner individual pieces of paper can be fed at a high rate. Another form of a scanner that is sometimes used
is the handheld scanner. It is much smaller and inexpensive, but has the ability to scan only a small area.

Another type which is quite frequently seen in industry is a 3D scanner which is used for digitising
three-dimensional objects. There are many technologies used for digitising the 3D objects. The one that is
commonly used in industry is the non-contact laser scanner. The scanner sends light in the form of a laser and
receives a part of the reflected light and measures the coordinates on the surface of the object. These scanners
work on the principle of stereo vision, in that the same point is measured simultaneously by two probes which
provide the third dimension. They are much more expensive compared to the flat-bed scanners.
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25 " DISPLAY DEVICES

CAD/CAM: Principles and Applications

The display device forms the most important element in a CAD/CAM system, since on this most of the design
work and simulation of manufacturing can be graphically displayed. The display media that are used are
» Cathode-Ray Tube (CRT) display
» Plasma panel display
 Liquid Crystal Display (LCD)
Of these three methods, it is the CRT displays that are the most advanced and extensive in use, in spite of
their bulkier size.

2.51 CRT Display

In a CRT display, the heated cathode emits electrons, which are formed into a stream, accelerated and
focussed onto a point on the display screen. The display screen contains a phosphor-coated surface as shown
schematically in Fig. 2.7, which gets illuminated when the speeding electrons hit the surface, displaying the
point. The electron beam is controlled by means of deflection plates for accessing any point on the surface of
the screen. Changing the beam current changes the intensity of the spot created on the screen.
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Fig. 2.7 The cathode-ray tube principle

There are basically two types of image-drawing techniques that are used in graphic displays. They are
 Stroke-writing
» Raster scan
In a stroke-writing display, the electron gun directly draws the vectors on the screen to generate the
image, whereas in the raster scan, the whole display surface is divided into a matrix of small dots called
pixels (picture elements) and the electron beam scans the whole surface area line by line, as in that of a home
television.
Irrespective of the writing technology employed, the phosphor glow created by the electron impingement
on the picture screen is short-lived. Therefore, some means are to be devised for overcoming this shortcoming
and achieving a static image on the screen.
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One method of maintaining a static display is by using storage tube technology developed by The Tektronix
in 1972 called the Direct View Storage Tube (DVST). Here, the display is generated by the impingement of
electrons as in the conventional CRT. However, a cathode grid would be part of the screen surface, which,
once excited by the electron beam would continuously emit electrons which would maintain the image on the
screen. This is desirable because there being no need for refreshing the image, substantial overheads on the
display electronics are averted. The resolution that can be achieved is in the order of 3000 x 4000 addressable
points on a 19-inch tube and it results in a clear image without any flicker. This explains the popularity of this
technology with the earlier CAD/CAM system.

However, the disadvantage of this system is that once written, partial erasing of an image is not possible.
Any necessary modifications could only be made after completely erasing the picture and then redrawing,
which takes a lot of time, particularly for complex images if they were to be altered a number of times.
Animation is not possible, as it relies on the erasing and drawing of parts of the image on the screen. Also, the
image can be obtained in monochrome only. Presently, this type of display device is almost obsolete as far as
the CAD/CAM sphere is concerned, though some TEKTRONIX terminals have achieved both colour-filling
as well as partial erasure facilities in the storage tubes.

The second method of technology used is that of direct stroke writing with a direct refreshing tube or
vector refresh tube. In this, the image is generated on the screen by direct drawing of straight vectors on the
screen. As the phosphor glow is short-lived, it is continuously refreshed by repeated stroke writing at a rate
fast enough to eliminate flicker from the screen. To maintain a flicker-free vision of the image, it is necessary
to refresh the whole screen at a rate of about 60 times every second (60 Hz). Since the image is continuously
refreshed, it is possible to erase and modify parts of the display to any extent desired. A major disadvantage
of the vector refresh devices is that the display starts to flicker if a large amount of data is on the screen. When
the image contains more than 4000 vector inches of graphics, the refresh rate may drop below 30 Hz and the
image would start flickering. These are also very expensive.

It is also possible to obtain colour display in refresher tubes. Here, the phosphor coating on the screen
contains three different dots (red, green and blue) arranged side by side at the same spot. The CRT contains
three electron guns, each corresponding to the primary colour. Information regarding the intensity of each of
the colours would control its gun, the beams of all three guns being simultaneously focussed onto the screen
through a shadow mask from where they diverge to fall on the corresponding phosphor dots giving rise to
the desired colour and intensity on the screen. The glow of each of the phosphors at a given point controls
the colour at that point. With only a red glow, a red dot will be displayed, but red and green in combination
may present orange or yellow depending upon the strength of each colour, which can be controlled by the
beam strength. With proper control of the display electronics, it should be possible to display a large number
of colours on the screen. Typically, the number of colours
displayed is 4, 16, 64, 256 to 4096 or larger depending upon ~ Dot v
the capability of the display device. pitch §

In the raster scan displays, the complete screen is
divided into a matrix of pixels from a typical (320 x 200) to
as high as (1280 x 1024) or more as shown schematically
in Fig. 2.8. Each square in Fig. 2.8 represents one pixel.
The electron beam generates a single dot at the centre of
this square. The distance between the squares is called dot
pitch and it indicates the fineness of the display. A typical . 2 T THAF
dot pitch used is 0.28 mm in the current-day low-cost
display monitors. However, a dot pitch less than 0.25 mm is
preferable for a sharper display image.

Fig. 2.8 Dividing the screen into small points
called pixels. Each square represents
a pixel.
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The display is generated by identifying which pixels need
to be bright for a given vector and then the full-screen display
is obtained by scanning the complete screen horizontally line
by line as shown in Fig. 2.9. This is similar to the process
in the domestic television. The refresh rate is to be main-
tained sufficiently high so that no flicker in the image is
perceivable. This normally amounts to 60 times a second and
is represented as the refresh rate of 60 Hz. This means that
the whole screen is to be completely written in 1/60th of a
second. This is called sequential or non-interlaced refreshing.
The refresh rate also depends on the resolution of the screen,
with higher resolutions requiring faster refresh rates. Typical
refresh rates used in Pentium-based workstations is given

CAD/CAM: Principles and Applications

Fig. 2.9 Raster-scan display for continuous
Table 2.3. scanning of lines

Table 2.3 Typical resolutions used in Pentium-based workstations

Specification Resolution in pixels Minimum Vertical Minimum Horizontal scan
refresh rate, Hz rate, kHz

VGA 640 x 480 85 43

SVGA 800 x 600 85 54

XGA 1024 x 768 85 69

SXGA 1280 x 1024 75 30

UXGA 1600 x 1 200 72 89

The process of writing on a refresh-type monitor requires that the electron beam will pass through all those
points which will require it to be bright and as a result, the vectors in the drawings are to be converted into
its equivalent pixel points. This process is termed as rasterisation. The raster images of lines and circles for
typical orientations are shown in Fig. 2.10 and Fig. 2.11.
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Fig. 2.10 Raster display of lines Fig. 2.11 Raster display of circles

In some low-cost display devices, decreasing the refresh rate to half at 30 Hz reduces the cost of the
monitor. This gives rise to a flickering of the image as in each of the cycles only half of the screen image
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is refreshed, instead of the full one by omitting alternate lines. This is termed interlaced refreshing. In this
mode, in the first cycle, alternate lines are refreshed as shown in Fig. 2.12 whereas in the second cycle, the
other lines are refreshed. This reduces the overheads on the display control and consequently the costs, but is
not suitable for dynamic displays where the display changes fast.

A typical configuration of the raster scan display is shown in Fig. 2.13. Here, the frame buffer contains
the complete dot-by-dot image of the display, which is required. From the frame buffer, this information is
accessed by the sweeper, which in turn controls the display device. In the earlier systems, a part of the main
computer stored the frame buffer, which imposed severe overheads on the performance of the system. As a
result, the frame buffer was arranged separately along with a host processor to read from and write onto the
frame buffer. The main processor controlled the graphic processor in turn. If there were no separate graphic
processors then the main processor would directly communicate with the frame buffer.

Graphic Frame
£ ——— processor > ifer € Sweeper
______ = A
""" e I Synchronising
information
4 Y
Main Display
processor device
Fig. 2.12  Interlaced scanning in Fig. 2.13 Information organisation in
refresher-type CRT a raster-scan display
What should be the capacity of the frame buffer? It R —
depends upon the screen resolution required. Consider a y | buffer _ Pixel
monochrome screen resolution of 1024 x 1024. For each X.y)4— 'nmemory
of the pixels to be represented on the screen, one bit of
information is needed, so the frame buffer capacity should X
be 1 M bits or 128 kilobytes. However, for colour display, Red Green Blue
the required memory gets increased. v
The colour information is contained in the form of the [Position — L?ggl':p
intensity of each of the primary colours (red, blue and green) |MeMory

for each colour to be generated. Then the number of bits
required per pixel to store all possible colours increases Red|Green Blue
enormously. Normally, the colour display adapter cards
contain a look-up table or tables which sequentially codify the
colours in terms of a number in each table which contains the
necessary colour-mixing information as shown in Fig. 2.14.
Thus, whenever a particular colour is to be displayed, the -
only information to be stored in the frame buffer for each \" 1x
pixel is the colour number and the look-up table. With 2 bits
for each pixel, we can generate 4 colours, and with 8 bits per Display
pixel, one can generate 256 simultaneous colours. Typical sl
sizes of colour depth used in some of the available graphic

) 4 i 4

Fig. 2.14 Colour look-up tables in a
raster-scan display
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cards for PC-based workstations are given in Table 2.4. Hence, a colour monitor with a resolution of 1024 x
1024 and displaying 256 colours simultaneously, would require a frame buffer of 1 M bytes.

CAD/CAM: Principles and Applications

Table 2.4 Typical buffer memory sizes for various colours required

Colour depth
Resolution 256 colours (8-bit) 65,000 (high colour, or 16-bit) 16.7 million colours (true colour,
or 24-bit)
640 x 480 4 MB 4 MB 4 MB
800 x 600 4 MB 4 MB 4 MB
1024 x 768 4 MB 4 MB 4 MB
1280 x 1024 4 MB 8 MB 8 MB
1600 x 1200 8 MB 8 MB 16 MB

Example 2.1 Examine a colour graphics display of 1280 x 1024 resolution with 256 colour display with
—— 3 refresh rate of 75 Hz.
256 colours require 8 bits (1 byte) per pixel.
Buffer memory size = 1280 x 1024 = 1280 kb = 1.25 MB
With a refresh rate of 75 Hz, the memory will be accessed 75 times per second.
The memory read rate = 75 x 1.25 = 93.75 MB/s

1

Time available for displaying one line = 75 % 1004

=13.02 ps

. . 1
Time for reading one byte = 93.75 % 1024 = 1024~ 10.17 ns

The above shows the need for extreme fast rates of the memory to be used for graphic displays. The sweeper
would access the frame buffer periodically for scanning one horizontal line or part of the line depending on
the design of the sweeper electronics. After the scanning is completed, it would again access the frame buffer
for the next data. This process would so continue. At the same time, the graphic processor would access the
frame buffer to write the display. There should be no contention between the graphic processor for writing
the information and the sweeper for reading the information from the frame buffer at the same time, and
hence the need for synchronisation. If this synchronisation fails then it is possible for the frame buffer to get
corrupted.

The time slice available for data manipulation of the frame buffer by the computer is severely limited as
the resolution of the display is increased since more time would be required for screen refreshing. To obviate
this problem, dual-ported frame buffers can be made using video RAMs. They contain a small shift register
in the range of 256 bits into which any memory contents can be shifted while other portions of the memory
are accessed in the normal manner. The sweeper would access the frame buffer through these shift registers
whereas the graphic processor would access in the normal manner. Thus, video RAMs (VRAM) enable
further increasing the resolution of the raster-scan display devices.

A comparison of the salient aspects of the various CRT display devices is presented in Table 2.5.
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Table 2.5 Comparison of graphic terminals
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DVST Stroke writing Raster Scan
1. Image generation Stroke-writing Stroke-writing Raster Scan
2. Resolution 4096 x 4096 4096 x 4096 2048 x 2048
3. Picture quality Excellent Excellent Good
4. Contrast Low - High
5. Selective erase To a limited extent Yes Yes
6. Interactive No Yes Yes
7. Colour capability To a limited extent Yes Yes
8. Refresh memory Not required Medium High
9. Animation No Yes Yes
10. Price Average High Low

2.5.2 Plasma Panel Display

Though the CRT display is highly refined, it is sometimes not suitable particularly for portable applications
because of the depth that is necessary for the cathode-ray tube. In such situations, the plasma panel has been
found to be useful though in a limited sense. Plasma uses a neon gas in a glass envelope with electrodes fore
and aft to display the image. Though they are small and flat, they consume a large amount of power and also
the resolution is not very good.

2.5.3 Liquid Crystal Display (LCD)

Liquid crystals exist in a state between liquid and solid. The molecules of liquid crystal are all aligned
in the same direction, as in a solid, but are free to move around slightly in relation to one another, as in a
liquid. Liquid crystal is actually closer to a liquid state than a solid state, which is one reason why it is rather
sensitive to temperature. The array of liquid crystals becomes opaque when the electric field is applied, for
displaying the image. Their use as display devices has been made popular by their widespread use in portable
calculators and in laptop or portable computers. Their full screen size with reasonably low power consumption
has made them suitable for portability. Another advantage is that they occupy very small desktop space while
reducing the power consumption.

The working of LCD is different from that of a CRT. LCD makes use of a type of liquid crystal that
exists in what is called the nematic phase. A nematic liquid crystal is a transparent or translucent material
that causes the polarisation of light waves to change as the waves pass through the liquid. The intensity of
the applied electric field changes the extent of polarisation. Nematic comes from a Greek prefix ‘nemato’,
meaning ‘threadlike’ and is used here because the liquid crystal molecules align themselves into a threadlike
shape.

Twisted nematic (TN) liquid crystal has a natural twist at the molecular level, and the degree of twist
is highly controllable by applying an electric current to the liquid crystal. By applying electric current in
varying degrees, the liquid crystal reacts predictably on a molecular level in such a way as to allow or
disallow the passage of light. A typical nematic liquid crystal produces a 90-degree shift in the polarisation
of the light passing through when there is no electric field present. When an electric field is produced in the
liquid, it affects the orientation of the molecules. This causes the polarisation shift to be reduced. The effect
is slight at low voltages, and increases as the voltage increases. When the applied voltage reaches a certain
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level, the polarisation shift disappears entirely. This affects the light transmitted by the liquid crystal. Because
their light transmission properties can be deliberately varied as a function of applied external voltage, nematic
liquids are used in alphanumeric liquid-crystal displays.
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LCD consists of two sheets of polarised glass. Each sheet of glass has a film on one side which gives
the glass its polarising properties, while a special polymer is applied on the other side which will set small,
microscopic grooves into the surface. The grooves must be in the same direction as the polarisation of the
glass. A coat of nematic liquid crystal is added on top of this polymer such that the molecules of the crystal
align with the direction of the microscopic grooves. Then, the two pieces of glass are arranged in such as way
that the polarisation of the second sits at a right angle from that of the first. Since the liquid crystal is twisted
nematic, each molecule is slightly twisted as compared to the level right below it. The uppermost level of
molecules will be aligned with the grooves on the upper glass, making them positioned at a 90-degree angle
from the ones on the bottom.

If the molecules are twisted then the light will pass while no light will pass through when they are
untwisted, because light will not pass through the polarisation film. By applying an electric charge to the
TN, it will untwist. Electrodes are embedded into the LCD to administer the electric current. When a current
passes through them, the liquid crystal untwists, blocking the light and when the current is not passed, the
reverse takes place. Since the LCD does not produce light and only transmits or hides it, it needs to have a
light source. LCD monitors are backlit using either built-in flourescent bulbs or LEDs. A white panel behind
the LCD diffuses the light so that it is spread out evenly over the entire display surface.

For an LCD to produce colour, each pixel on the screen has to have three sub-pixels, each being a primary
colour (red, blue and green). The light from the LCD passes through colour filters (like CRT monitors). A
transistor applies voltage to liquid crystals that sets their spatial alignment. Light changes its polarisation angle
when it passes through the ordered liquid crystal molecular structure and depending on its new polarisation
angle, it will be absorbed completely or partially. This generates the required colour.

There are two types of displays used in LCDs. In the active matrix display, a polysilicate layer provides
thin-film transistors at each pixel, allowing for direct pixel access and constant illumination. As a result, this
is also known as a Thin-Film Transistor (TFT) display. It is more popular because of its low manufacturing
costs. However, it has some drawbacks. The biggest problem is that black looks more like dark grey on the
old panels that result in poor contrast. The second problem occurs when a transistor dies leaving a bright dead
pixel on the screen, which is much more noticeable than the black dead one.

Alternatively, the passive matrix LCD has a grid of conductors with pixels being located at each intersection
in the grid. In order to light a pixel, current is sent across the two conductors. Active matrix requires less
current to control the luminance of a pixel. As a result, the current in an active matrix display can be switched
on and off more frequently, improving the screen-refresh time, for example, the mouse will appear to move
more smoothly across the screen.

The prices of these displays are falling rapidly, and they are thus becoming popular for desktop applications
as well. Also, large screen LCD monitors of up to 24 inches in size are available currently at reasonable
prices, thus replacing the CRT terminals in most cases.

Aspect Ratio CRT terminals were all produced with an aspect ratio (ratio of longer side to the shorter
side) of 4:3. However, the larger LCDs (> 19 inch) have a wide format with a 16:9 aspect ratio. This format
provides a longer screen while reducing the height, thereby reducing the amount of scrolling one has to do
for wider documents. This will be good for some applications where the width is more, for example, for
draughting work. Also, the users can watch any widescreen DVD movie in its original filmed format.
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2.6 " HARD-COPY DEVICES

Once the output is finalised on the display device, it can be transformed into hard copy using:
« graphical printers,
* plotters, or
 photographic devices.

2.6.1 Graphical Printers

This is the fastest way of getting graphical output at low cost. The three principal technologies that are
currently used are the following:

Impact Dot-Matrix Printer In this printer, the print head consists of a vertical bank of needles (9, 12 or 24)
which move horizontally over the paper. At each of the horizontal positions, any of the pins in the print head can
make ink marks by hitting the paper through a ribbon. Thus, from the image on the screen, each of the pixels
corresponds to the pin position as it moves over the entire page. The resolutions that are available vary but range
from 60 dots per inch to 240 dots per inch. Their cost is comparatively low, but a major disadvantage is their
noise because of the impact of the pins on the paper. They are almost obsolete for graphic printing.
Thermal-Transfer Printer This is similar to the dot matrix printer in operations, but is not to be confused with
the normal thermal printers where sensitised paper is used for output. It uses a special ribbon positioned bet-
ween the paper and print head. The ribbon is a roll of thin polymer material. Spots of the dye are transformed
from the heat-sensitive ribbon to the paper underneath. Though they are relatively noiseless, with fewer moving
parts and a low weight, the cost of the special ribbon to be used is high and it is still a developing technology.
It is normally used for field applications where portability is required. Colour thermal transfer printers from a
number of vendors are to be found in the market with resolutions of 150 to 400 dots per inch.

Inkjet Printer This does not make use of any ribbon but shoots a jet of ink directly onto the paper, as the pin
impact of the dot-matrix print head. Normally, there would be a bank of ink nozzles positioned vertically, as
the pins of an impact dot matrix print head. Otherwise, the rest of the mechanism is identical to the impact
dot-matrix printer. These are almost noiseless in operation. The print head of the Hewlett-Packard inkjet
printer consists of an ink cartridge holding 3 ml of ink in a cylindrical unit of 40-mm length which is enough
to last for 500 A4 size papers. Ink from the reservoir terminates in 12 tiny holes, arranged vertically facing
the paper. As the print head moves horizontally, the droplets of ink are shot wherever required. Behind each
hole is a small heating element which when turned on vaporises the ink partially, causing a force inside the
cartridge, to eject the ink onto the paper. Resolutions can be in the order of 300 to 1200 dpi (dots/inch). The
only requirement is that the paper used should be sufficiently absorbent, so that the droplet upon reaching the
surface of the paper dries quickly. It is also possible to have full colour printing using the inkjet technology
by incorporating the primary colour inks for each of the dots.

Each ink cartridge in a Lexmark 7000 series printer has an integral laser-crafted print head, which delivers
1200 x 1200 dpi. It consists of 208 nozzles in the print head of the black cartridge, and 192 nozzles in the
colour and photo cartridges. These nozzles let the 5700 create very small, precise dots of ink on the page,
giving sharp text and fine line detail.

Canon bubble jet printers have a Black BJ Cartridge with 608 nozzles, the colour BJ Cartridge with
240 nozzles (80 nozzles x 3) and the photo BJ cartridge with 480 nozzles (80 nozzles x 6) giving a print
resolution of 1200 x 600 dpi.

The Calcomp CrystalJet printer comes with four print heads, one for each of the four process colours:
cyan, magenta, yellow and black with each print head having 256 nozzles. The heads are staggered in stair-



The McGraw-Hill companies

40
—_—

step fashion and mounted on a gold-plated nozzle plate. The print heads are spaced at 1/180th-inch intervals,
yielding a print swath of 1.4 inches per colour. The printer can have a resolution of 180, 360 or 720 dpi.

CAD/CAM: Principles and Applications

One of the major problems with inkjet printers is the cost of the inkjet cartridge used per page.

Laser Printer The laser printer is essentially an electrostatic plain-paper copier with the difference that the
drum surface is written by a laser beam. A semiconductor laser beam scans the electrostatically charged drum
with a rotating 18-sided mirror (560 revolutions per minute). This writes on the drum a number of points (at 300
dots per inch), which are similar to pixels. When the beam strikes the drum in the wrong way round for printing
a positive image, reversing it, then the toner powder is released. The toner powder sticks to the charged positions
of the drum, which is then transformed to a sheet of paper and bonded to it by heat. Though it is relatively expen-
sive compared to the dot-matrix printer, the quality of the output is extremely good and it works very fast at 8 to
16 pages per minute (A4 size). The current resolution available is 600 and 1200 dpi. Currently, the size is limited
only to A3 or A4, though higher size electrostatic plotters with a slightly different technology are available but
are very expensive. Operationally, the laser printers are fast, as well as the copy cost is low compared to inkjet
printers. However currently, the output paper size is the limitation.

Colour Laser Printers Colour laser printers operate in the same principle as that of the monochrome laser
printer. They are provided with 4 toners: black, cyan, yellow and magenta. The colour is printed by three
additional passes through each of the toner colours. It is far more complicated than a monochrome printer since
the paper needs to go through multiple passes for all the colours to be registered. Any small misalignment during
these individual passes will result in unintended colour fringing, blurring, or light/dark streaking along the
edges of the coloured regions. The new colour laser printers have the separate drum and toner assembly for
each of the colour. The paper passes through each of the colours like an assembly line getting the required
colour in the process. They also require large memory since the raster data for the colour images have to be
generated for the individual colours before printing can begin.

2.6.2 Plotters

The plotter is the widely accepted output device for the final output. A large range of plotters of varying sizes
and prices (see Table 2.6) are available. The accuracies achievable are very high and the plots can be made on
all types of media such as paper, tracing paper and acetate film. Normally, all plotters have a range of pens
available, which can be changed under program control. Pens of any colour or of different width writings
can be used depending upon the output desired. The types of pens used are fibre tip, roller ball or liquid ink.
They are the slowest of all the high-resolution plotters since the speed is dependent upon the pen’s ability to
draw lines.

Table 2.6 Various sizes for plotters

Designation Size of drawing, mm
A0 841 x 1189
Al 594 x 841
A2 420 x 594
A3 297 x 420
Ad 210 x 297

Pen Plotters Essentially, plotters are of two types—flat-bed and drum-type. In the flat-bed plotter, the paper
is held in a fixed position by means of a vacuum or electrostatic force. The pen carriage moves in both X- and
Y-axes for making the necessary plot. Its chief advantage is that any kind of paper is acceptable because of
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the simple nature of the plotter. However, these are very expensive compared to a similar size drum plotter.
Moreover, the plot size is limited by the bed size of the plotter.

The drum plotter is slightly more complex, the Y-motion of the plot being obtained by a rotating drum
on which the paper is held with the help of sprocket holes of a standard size. The X-movement of the pen is
arrived at by moving it in a direction perpendicular to the drum motion. As the paper is moved during the
plotting, the size of the plot to be obtained can be varied by the program. As a result, the drum plotter would
be cheaper for a given drawing size compared to a flat-bed plotter. The disadvantage lies in the use of special
paper with proper sprocket holes for the plotter.

The plotters of the present generation are almost all of the drum type with the variation that the paper

feeding is done by means of friction feed (pinch rollers). The pen plotters are low in initial purchase cost, and
produce accurate drawings. However, they are slow and require a high level of maintenance.
Electrostatic Plotters The electrostatic plotter uses the pixel as a drawing means, like the raster display
device. The plotter head consists of a large number of tiny styluses (as high as 21 760) embedded into it. This
head traverses over the width of the paper as it rolls past the head to make the drawing. These styluses cause
electrostatic charges at the required dot positions to make the drawing. The resolutions available may be of
100 to 508 dots per inch. They are normally very fast with plotting speeds of 6 to 32 mm/s, depending on the
plotter resolution.

The speeds of different plotters vary with the acceleration of the pen as it draws the line and with the
pen up/down cycle time. The factors to be considered while selecting the plotters are plotting area, number
of pens, type of pens used, drawing speed, resolution, accuracy and drawing protocol (plotting graphics
language such as HPGL) it observed.

Inkjet Plotters With the rapid developments in the inkjet technology in terms of the resolution, speed and
cost, a majority of the plotters are now using the inkjet for writing rather than a felt-tip pen as was the case
earlier with the plotters.

2.6.3 Photographic Devices

The photographic recording devices are essentially cameras in front of a CRT display. The only difference is
that they use a display device other than that used as the monitor. They normally have a smaller built-in screen
inside the recorder, which is connected to the CPU through the serial communication port (RS 232c¢). The
image is obtained on a flat-faced monochrome CRT with a 4-position filter wheel to provide separate exposure
for red, green and blue images. The image from the main computing system is received by these recorders,
and then separate graphic processing is effected to remove the jagged edges on type fonts, circles and lines. It
would normally be possible to enhance the image obtained on the display device through the software of the
recording devices. The resolutions that are attainable vary from 500 lines to 4000 lines depending on the cost
of the device and the presence of any other hardware that is required along with the device.

2.7 " STORAGE DEVICES

Permanent storage of programs and of data generated during various sessions of CAD/CAM requires a large
amount of storage space. This is normally denoted as auxiliary storage and the various devices used are

« Floppy disks

» Winchester disks

» Magnetic tapes

» Magnetic tape cartridges
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» Compact disk ROMS
« DVD

The floppy disk is the most convenient medium for handling data that is either temporary or permanent. It
consists of a storage disk, which is magnetically coated on both sides. It is permanently enclosed in a square
cover, lined internally with a special low-friction material. The floppy disk rotates at very high speeds, and
the read/write head moves radially to read or write any data randomly from any location. The disk is divided
into concentric rings called tracks. They are usually specified in tracks per inch (TPI) and are generally 48
TPI or 96 TPI. The tracks are further subdivided into radial sectors. Each sector can store information of
about 250 bytes. They normally come in 3 standard sizes—3.5, 5.25 and 8 inches. The storage capacities
range from 360 k to 1.5 M bytes (formatted) storage. The formatted storage is the actual value of storage in
bytes available for the user. Because of the limited storage, a floppy disk is almost obsolete with very few
computers using it.

The Winchester disk is a thin, rigid metal disk on both
sides of which the magnetic medium is coated. Several
such hard disks are put together aligned on a central shaft
disk pack as shown in Fig. 2.15. Separate read/write heads
for each of the disks are permanently aligned and then the
disk is sealed. Though there are more than one head, at any
given time only one head would be accessing the disk for
data input/output. This has a large storage capacity and has
been extensively used because of its low access time, low
cost and compact size. The disk is fixed inside the drive and
therefore, the storage is fixed to the capacity by the drive.
Typical storage sizes available presently are from 100 GB
to 1000 GB. However, removable disk packs are available
whereby a large amount of data can be stored and used for Fig. 2.15 Hard disk
back-up purposes.

The other kind of mass storage medium associated with computers is the 0.5-inch magnetic tape. The
greatest limitation of magnetic tape is the serial nature of the storage, necessitating all the tape before to be
wound for accessing any inside information. As a result, the magnetic tape is used only for data exchange or
back-up, as a large amount of storage is possible. A typical storage density is 6250 bits per inch in 9 tracks.
A 10.5 inch reel can store about 180 M bytes of data.

Another magnetic tape, 0.25 inch in size, in the form of a cartridge as in an audio cassette is also used
by microcomputers and minicomputers as a mass storage medium. These are essentially used as a back-up
medium for taking periodical back-up from the hard-disk drive.

Current developments in mass storage of very large capacities are based on the optical technology, rather
than on the magnetic principle, which was used in all the previous storage devices. In this, a small alumi-
nium compact disk, 120 mm in size, contains a number of pits in the size range of about 1.5 microns. A non-
contact laser reads the information present on the disk. As a result, the storage densities can be very high.
For example, a 120-mm compact disk can store 650 M bytes of data and is very easy to handle. Since the
reading is done by the focussed laser onto the pits, the information stored is permanent. For writing onto the
disk, using the same technology, a high-intensity laser is required to evaporate the material on the disk. This
can only be done once and the drives used for this purpose are called WORM (Write Once and Read Many)
drives and are now commonplace in most of the computers.
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The major disadvantage of this technology is that once the disk is written by making a pit, it cannot be
erased. As a result, it becomes like a ROM and hence the name for these devices as CD ROM. Thus, these
devices cannot be used as a regular auxiliary storage device with the computer but can be used for only
database purposes. However, current research provides a better medium for storage in the form of magneto-
optical media. The recording-medium orientation changes, causing the light passing through it to change in
brightness. These media would provide a convenient means of erasing and storing large amount of data as a
regular auxiliary storage medium.

The media of these types of storage systems consist of a polycarbonate platter in which is embedded a
layer of aluminium backing, overlaid with a magneto-optical substrate. This substrate crystal orientation
is changed magnetically to erase or write. The writing process consists of three passes. In the first pass to
erase the written matter at a particular location, a magnetic field is applied on the platter for erasing the
stated direction. A high-power laser heats the platter to a temperature called Curie point at which the crystals
in the substrate orient magnetically to the surrounding magnetic field, which is a 0. Thus, the data in the
target location in the platter is erased. Next, the applied magnetic-field orientation changes to the writing
orientation, i.e., 1. The laser again heats the same location to the Curie point such that the crystal orientation
is now altered in the direction 1. The third pass is required to verify that what was written is the same as the
data.

For the purpose of reading, the magnetic field is removed and a low-intensity laser beam is directed, which
passes through the substrate and is reflected by the aluminium backing. The crystal orientation in the mag-
neto-optical substrate alters the polarisation of the reflected beam, called the Kerr effect. The reflected beam
is passed through a polarising filter onto a photo-detector, the intensity of which determines whether a 0 or
1 is present at the target location. Presently, commercial drives are available which can store 650 MB on a
5.25-inch removable optical disk using this technology. This can also be read by modern CD-ROM drives.
These are called CD-RW drives and are currently available. These are slowly replacing the existing floppy
diskettes for data transfer and archiving.

Another storage medium which is becoming increasingly popular is the DVD, originally named Digital
Video Disk’, then ‘Digital Versatile Disk’, and now simply ‘DVD’. There is no official three-word equivalent
to DVD. Like CD-ROM, the DVD is read by an infrared laser focused through a protective plastic layer
onto the disk’s reflective layer. The transparent layer is 1.2 mm thick on a CD-ROM, but only 0.6 mm on a
DVD-ROM. The beam reflects off pits burned into the reflective layer by the recording laser and is passed
through optics to the pickup. The laser beam used on a CD-ROM player has a wavelength of 780 nanometres.
DVD players employ a laser with a wavelength of 635 and 650 nanometres, designed to read through the
thinner 0.6-mm transparent layer. This makes it possible to focus on smaller pits of digital data, about half the
physical size of pits on a CD-ROM—effectively doubling the density of pits on a DVD-ROM. More data is
squeezed onto the disk by recording tracks closer together and closer to the centre hole, as well as improving
the error-correcting decoding algorithms.

DVD disks come in capacities of 4.7, 8.5, 9.4 and 17 GB. Some of the early disks are single-sided, but the
specification includes dual-layered and double-side versions that define the four levels of storage capacity.
DVD data is read by a variable-focus laser; on dual-layered disks, a lens shifts the beam’s focus from the
pits on the outer layer to the pits on the inner layer. A comparative evaluation of the CD-ROM and DVD
technologies is given in Table 2.7.

Currently, there are three different types of DVD drives that have been defined:

* DVD-ROM These are the drives with only reading capability. They are used basically for removable
mass storage for large volumes of data such as encyclopaedia, and are currently available.
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Table 2.7 Comparison of CD-ROM and DVD storage characteristics
CD-ROM Disk DVD Disk
Disk diameter 120 mm 120 mm
Disk thickness 1.2 mm 1.2 mm
Centre-hole diameter 15 mm 15 mm
Disk structure Single substrate Two bonded 0.6-mm substrates
Laser wavelength 780 nm 650 and 635 nm
Lens aperture 0.45 0.6
Track pitch 1.6 micron 0.74 micron
Shortest pit length 0.834 micron 0.4 micron
Average bit rate 0.15 MB/s 4.7 MB/s
Data capacity 650-680 MB Single-side/single-layer: 4.7 GB
Single-side/dual-layer: 8.5 GB
Double-side/single-layer: 9.4 GB
Double-side/dual-layer: 17 GB
Data layers 1 lor2
Video compression MPEG-1 MPEG-2
Audio compression MPEG-1 Dolby digital

* DVD-R These are drives with write-once capability. DVD-R drives are also called ‘Write Once, Read

Many (WORM) drives and are currently available. These are similar to the CD-R drives with WORM
capability.

* DVD-RAM These are drives with both read and write capability. DVD-RAM drives are also called

Write Many, Read Many (WMRM) drives. Unfortunately, there is no agreed format in this category.
As a result, there are a number of different formats that are being pushed by the various groups in the
DVD forum. What was approved by the forum is a phase-change design that can hold 2.6 GB of data
per side on single- or double-sided disks. The single-sided disks will come in removable cartridges,
but to protect the sensitive recording layer, double-sided disks will be permanently mounted in
cartridges.

* DVD+RW This is supported by Hewlett-Packard, Philips and Sony. DVD+RW’s single-layer phase-

change disks have more capacity than DVD-RAM disks—4.7 GB per side, and use a higher-density
recording process. The DVD+RW format does not rely on cartridges to hold the disks.

* DVD-R/W This is being put forward by Pioneer and will be the first one to be available commercially.

It will use random-access media that holds up to 4.7 GB. One of this technology’s key characteristics
is that its phase-change media have a higher reflectivity, and as a result, can be read in existing DVD-
ROM drives and DVD players without modification.

Currently, there is no standardisation in the DVD formats. Both the +R and -R are currently available, and
there is not much of difference between the two formats. Many drives are available that can write in both the
formats, so that the user has little to worry about in terms of the format and usability.

The next formats for DVDs have been developed that promise much higher storage capacities. There are
two formats, HD DVD and Blu-ray. HD DVD is invented by Toshiba and is approved by the DVD forum.
Blu-ray is developed by a group of companies that include Apple, Dell, Hitachi, HP, JVC, LG, Mitsubishi,
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Panasonic, Pioneer, Philips, Samsung, Sharp, Sony, TDK and Thomson. A comparison of these different
formats is given Table 2.8.

Table 2.8 Comparison among different DVD characteristics

Parameters Blu-ray HD DVD DVD

Storage capacity 25 GB (single-layer) 15 GB (single-layer) 4.7 GB (single-layer)
50 GB (dual-layer) 30 GB (dual-layer) 8.5 GB (dual-layer)

Laser wavelength 405 nm (blue laser) 405 nm (blue laser) 650 nm (red laser)

Numerical aperture (NA) 0.85 0.65 0.60

Pit size 0.13 ym 0.20 pm

Disk diameter 120 mm 120 mm 120 mm

Disk thickness 1.2 mm 1.2 mm 1.2 mm

Protection layer 0.1 mm 0.6 mm

Hard coating Yes No

Track pitch 0.32 ym 0.74 um

Data transfer rate (data) 36.0 Mbps (1x) 36.55 Mbps (1x) 11.08 Mbps (1x)

Data transfer rate (video/audio) 54.0 Mbps (1.5x) 10.08 Mbps (<1x)

Video resolution (max) 1920 x 1080 (1080p) 1920 x 1080 (1080p) 720 x 480/720 x 576

Video bit rate (max) 40.0 Mbps 40.0 Mbps (480i/5761) 9.8 Mbps

The main advantage of HD DVD is that it is very similar to the DVD technology, and as a result, it is
possible to migrate with very minimal cost for the production of HD DVDs. The downside is that HD DVD
has lower capacity of 30 GB for the dual-layer disk. Also, the HD DVD players are less expensive. In contrast
blu-ray DVD has a higher capacity of 50 GB for a dual-layer disk with a possibility of going up to 200 GB
with 8 layers. The cost of the players is higher; however, with volume sales it is expected to come down.
By mid-2008, Toshiba withdrew its support to the HD DVD format. Thus, for high storage only the blu-ray
format is the de-facto standard.

2.8 " SOFTWARE

Software represents that segment of the computing system which determines the way the computer is to be
used. Better software makes for a better utilisation of the computing system. Various software items, which
form part of any computing system, are shown in Fig. 2.16.

2.8.1 System Software

This represents the essential part of the software without which no computer system can operate. The operating
system generally forms part of the hardware, and together with it provides for the use of all the hardware
elements in an optimal manner. The operating systems are generally proprietary with the hardware that is
being used. Examples are, VM for IBM computers, VMS for DEC computers, CP/M, PC-DOS (MSDOS),
Windows 95 and Windows 98 for microcomputers, Windows NT, UNIX and LINUX. UNIX and LINUX are
the operating systems, which are generally considered independent of hardware.

The editors are meant, as the name indicates, for creating and modifying disk files; a /inker is to be used

for linking the object modules that are developed into a coherent executable module; a debugger is to be used
in program development to identify the logic and run-time errors.
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Fig. 2.16 Software classification

2.8.2 Programming Languages

The next major segment of software is the programming languages, through which software development
takes place. Various languages have been developed to meet the different requirements of the applications.
The programming languages are essentially translators and can be broadly classified into interpreters and
compilers. Interpreter is a system in which the language is translated and then executed immediately. Thus,
if the same statement is encountered a number of times during the execution of a given program, it has to
be translated on every occasion. However, in a compiler, the complete program is translated once into the
machine language and it can be executed any number of times. Interpreters are good for program development
since the execution can take place immediately, but they are slow in view of the repeated translations that
are needed. It is preferable to develop the program using an interpreter, and when it is bug-free it may be
compiled to generate the directly executable machine language code for faster usage. The present trend in
most of the programming languages is to provide an integrated environment consisting of an interpreter,
compiler and context-sensitive editor for the particular language. This would help in the rapid development of
programs since no compilation and linking of the programs takes place during the development stage.

Traditionally, FORTRAN (FORmula TRANslation) has been used as a programming language by the
scientific community from the beginning. But now, BASIC (Beginner’s All purpose Symbolic Instruction
Code), PASCAL and C are being used for CAD/CAM program development with C being the one used
for system development in view of its tight code and faster execution on various systems. With artificial
intelligence being increasingly used by the scientific community, LISP (LISt Processing) and PROLOG have
also been used for some modules related to CAD/CAM.

Object Oriented Programming (OOP) has now become the norm of most of the programming. The objects
are basically reusable code that can be used in many of the programs. By the careful designing of objects, it
is possible to reduce the system-development time greatly, particularly for large programming projects.
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2.8.3 Utilities

The utilities refer to a set of small programs which the applications developer can incorporate in his program
for performing any specific task. Examples could be the numerical procedures, matrix operations, etc. These
are essentially the many repeated applications which can once for all be made available as utilities and linked
with any particular program, rather than trying to develop them anew every time they are needed.

2.8.4 Applications

Finally, these refer to the application programs, which are generally stand-alone programs that are meant for
doing specific tasks. Examples are, word processing, database management, computer aided design, etc. In
the later chapters, we will discuss more of these that relate to CAD/CAM.

2.9 || SYSTEM CONFIGURATION

Traditionally, computers have been classified as mainframe, minicomputers and microcomputers.
The classification was based on the word length used, main memory available, and other such features.
The developments in microprocessors that have taken place in the last few years have gradually decreased
these differences with the lower-end microcomputers acquiring the higher-end facilities such as larger word
length, higher memory addressables, and so on.

The stand-alone workstation which normally is a 32- Plotter (graphical
or 64-bit microprocessor-based system having all the ' output device)
necessary hardware facilities at the local level (see Fig. %

2.17) is now commonplace among design professionals. <= —— B
The microprocessor that is most popular in CAD/CAM T ==

workstations is the Intel Pentium family processors  ionitor

running up to 3 GHz. (display device)z;I

The Intel Pentium based workstations are available . CPU
at a low cost because of their large volume production. @ (storage) /f——+
Based on the discussion in the earlier pages, it would be  Keyboard
possible to form the configuration of a suitable system (input device) Digitiser (graphical
based on the needs of CAD/CAM. A typical system for input device)

graphical applications may be as shown in Fig. 2.17.
The hard-disk storage needs to be high because of the
large amount of storage required for the drawings, particularly if one thinks in terms of sub-assemblies and
assemblies involving a large number of individual parts. Further, the hard disks have faster access times for
writing and retrieving the data.

Fig. 2.17 Typical configuration of a workstation

The digitiser becomes a necessity for not only transferring data in the case of existing drawings, but also
for having standard menu items being permanently displayed. Normally, the menu would be shown on the
display screen, but because of the small size of the screen, it becomes difficult to show all the menu items at
the same time. As a result, the display needs to be modified and this slows down the design activity once the
user is familiar with the designing system. Hence, the menu can be made as part of an overlay on the digitiser,
which can then be easily accessed by the help of the puck or digitiser stylus.

In a typical design office, there may be a number of designers who would like to work simultaneously on
various aspects. Hence, there would be a need for a number of workstations. When duplication of workstations
is done, it is not necessary to duplicate all their resources as that would be prohibitively expensive. It therefore
becomes necessary that such resources that will be used by all the users will be grouped together and
connected to a high-speed computer termed as server as shown in Fig. 2.18. Typical facilities that will form



The McGraw-Hill companies i

48
-
part of the server are mass storage units along
with backup facilities. Also, the large volume
graphic printing facilities form a part of such a
server.
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Plotter

All the facilities of the server may have to be
continuously accessed by any one workstation.
Further, it is possible that data may have to be
transferred from one workstation to another.

Lt
—
=l

Server

. . Mass
It would. therefore be imperative that all the storage unit Printer
workstations be connected in some manner
so that all of them play a coherent part in the Graphic output devices
design process. A typical form in which such ) ' '
a set-up can be achieved is shown in Fig. 2.19, Fig. 218 Configuration of a server

where the individual workstations, termed clients will be connected to the server through some kind of a
networking arrangement.

Server

Mass Server
storage unit Printer

Graphic
output devices

Workstation 1 Workstation 2 Workstation 3

Fig. 2.19 Configuration of local workstations

The joining of a number of computing systems is termed networking. Local Area Networking (LAN) is
a special case of networking where all the items forming the network are located close to one another, com-
pared to the general term where the computing system can be located anywhere.

There are essentially three types of network layouts or topologies that are commonly used. The differences
are mainly in the ways of switching, the speed of transmission and the types of cabling used.
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A star network is one in which all the links are
connected to a central point, which is essentially
a small exchange that switches the information
from one machine to the other and is shown in Fig.
2.20. This type is preferable only when the system
does not have to handle a lot of high-speed traffic.
The only disadvantage is that if the central serving
station (switching) develops a fault, the whole
network fails. Hence, it is not generally used.

The other types of networks offer distributed
control, so the risk of total network failure is
reduced. The bus network is the most commonly
used networking system mainly because of the
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Fig. 2.20 Star-network topology

success of the Ethernet developed by Xerox in the early 1970s. A bus network looks like a branch of a tree
with the computing equipment attached like leaves to the twigs (Fig. 2.21). Each of the equipment has its
own unique address by which the information flowing in the bus is picked up. Thus, any equipment (e.g.,
computing terminal, normally called a node) can send data at any moment to any address. However, if the bus
is occupied by the data being sent (collisions occurring between two packets of data) the information will be
notified and the equipment has to resend the data. The data transmission in this type of network is of one of
the highest speeds available, up to 10 Mbits per second.

[Workstationl |Workstation| IWorkstationI [Workstation] ]Workstation]
Workstation
Finite ]
element S;[:Zr
[Workstation| |Workstation|  [workstation

Fig. 2.21

Bus network

Ring networks are one of the cheapest options available

as they are based on simple and inexpensive cables. The
devices forming the network are attached in a ring-like
structure as shown in Fig. 2.22. The data moves in the ring
and when the correct address comes up, it is picked by the
device. There is no single terminal to act as a server and all
the nodes can transmit and receive data through the network.
Some definitions of the terms that are generally encountered
in communication between computers and peripherals are

presented in Table 2.9.

Interface

j, Device

Fig. 2.22 Ring network
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Table 2.9 Some definitions in communications
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The following are terms and definitions one frequently comes across in communication between workstations.
Multiplexers This is a hardware unit, which helps a number of computers in sharing a single transmission line.

Communications processor An interface between the CPU and the multiplexer. It assembles the information coming
from the data highway in a proper manner and passes it on to the CPU.

Concentrator or buffer This is normally used with asynchronous devices, though it can also be used with synchronous
devices. It temporarily stores information from the CPU and passes it on to the device or vice versa, depending on the
speed of transmission desired.

ASCII It stands for American National Standard Code for Information Interchange. It represents a method of binary
coding for information characters, which are to be either stored by the computer or used for transmission across.

Data transmission Data transmission between any two devices can take place in either synchronous or asynchronous
manner. In synchronous or parallel transmission (e.g., Centronics parallel, GPIB, IEEE 488), a complete character is
transmitted at a time. However, in asynchronous or serial transmission (e.g., RS 232c¢), the data is transmitted bit by bit
for each of the characters. This involves sending identifying codes for the character bits (start bit and stop bits) which
relatively decrease the speed of transmission.

Broadband Broadband splits the transmission bandwidth into channels such that more than one transmission can
occupy a line at any single point of time. It is more reliable and is generally used for outdoor transmission.

Baseband Baseband carries a single transmission at any given time without any disruption. It is employed for Local
Area Networks (LAN).

The detailed specifications for the software items will be discussed in Chapter 3.

¢ The capability of a computer system makes a lot of difference in terms of the ease
Summary with which a CAD/CAM system can be operated. Careful choice of the specifica-
tions for the system is an important task for planning a CAD/CAM system.
_ e The basic structure of a computer is modular with the central processing unit,
memory, input and output devices being the major components.
e Microprocessor capability has been increasing at an exponential rate, with the latest 32- and 64-bit

processors running above 3 GHz and having direct memory-addressing capabilities in the order
of GB.

e Continuous developments have been taking place in the main memory with the DDR RAM that is
currently the main type used in all workstations.

e Though there are a number of graphic input devices that have been tried, the mouse is the univer-
sally used input device with the digitiser being used for specialised work.

e The most common output device is the cathode-ray tube type with very high resolution as well
as size. However, liquid crystal displays are increasingly becoming common in view of their short
footprint and low energy consumption.

® Among the hard-copy devices, plotters are used for final output for archival purposes, while graphic
printers such as inkjet and lasers are extensively used for regular and draft outputs.

e A variety of storage options are available involving magnetic and optical technologies. The size
of the storage is also increasing to cater to the large file sizes that are associated with the CAD.
Optical storage, particularly the DVD, is now becoming the mainstream usage with low cost and
large size (4.7 GB) compared to a floppy disk (1.4 MB).

e CAD workstations are organised into networks to facilitate group working and information
sharing.
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Questions

1. What is the structure of a computing system?

What do you understand by the CPU?

. Describe the functioning of a central processing

unit with the aid of a block diagram.

What is the importance of a CPU in a computing
system?

. How do you distinguish between a CPU and a

microprocessor?

Explain the following terms with reference to
microprocessors:

(a) Word
(c) Address

Describe the various types of semiconductor
memory devices used in microcomputers.

(b) System clock

. What are the input devices more commonly

employed for general graphics applications?
Describe the following input devices:

(a) Digitiser (b) Tablet

(c) Mouse (d) Light pen

10. Specify a digitiser for CAD applications and
justify your choice.

11. What are the various constructional methods
employed in the making of a digitiser?

12. What are the various display devices that are used
for displaying graphic information? Present their
merits and demerits.

13. Explain the functioning of Liquid Crystal Display
terminals as used in CAD.

Problems

1.

How long does it take a dot-matrix printer with a
speed of 200 characters per second to print all the
characters displayed on a 640 horizontal x 480
vertical pixels monitor? Assume that the text is
generated on the display using a grid of 8 x 20.
How does this change if the text grid changes to
8 x 12?7

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.
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Explain the importance of aspect ratio in computer
display terminals.
What do you understand by the word ‘interlacing’
in connection with display terminals? Explain its
importance.
What do you understand by raster scanning? Why
is it preferred to the storage tube in the display of
graphics information?
Give a brief description of scanners as used in
engineering applications.
Explain the following terms:

(a) Screen buffer (b) Scanning
Explain the factors which inhibit the use of very
high resolution and a large number of colours
for display in the case of raster-scanning display
devices?
What are the types of printers that would be useful
for printing graphic information?
What are the types of plotters?
How do you specify a plotter for graphics
application?
Briefly describe the types of storage devices used
in computers.
How would you classify software?
Discuss the following terms in relation to
software.

(a) Operating system

(b) Utilities

(c) Programming languages

A 60-Hz non-interlaced colour display terminal
has a resolution of 1024 horizontal x 768 vertical
pixels with the ability to display 256 colours
simultaneously. Find

(a) the RAM size of the bitmap (frame buffer)

(b) the time required to display a scan line and
a pixel
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(c) the optimal resolution design if the bitmap
size is to be reduced by half

3. The resolution of the monitor of a computer is

512 horizontal x 320 vertical pixels, and it is
mapped to a display of 300 x 200 mm. Show how
a line of 80 mm length at 45° is to be drawn on the
screen while starting with coordinates of (20, 20)
looks in terms of pixels.

A physical space of (50, —15) to (185, 90) in mm
is to be displayed on the screen with a resolution
of 1280 x 1024 pixels with an aspect ratio of 1.
Find the necessary mapping required from physical
coordinates to pixels. Also, determine the pixel
coordinates (only end points and no interpolations)
of a line whose physical coordinates of end points
are (125, 55) and (140, 60).

. Make a study of the workstations you are using

in the laboratory and prepare its specifications.
Compare them with that of any PC in the
laboratory.

6. If the frame buffer is limited to 256 Kbytes of

RAM, what is the reasonable resolution given
to the aspect ratio of 1? The display has an 8-bit
colour plane and the screen size has an aspect
ratio of 4 : 3.

. A computer display system has a resolution of

800 horizontal x 600 vertical pixels. If the screen
aspect ratio is 4 : 3, show how a square box of 400
pixels can be drawn.

. A physical space of (0, 0) to (225, 125) in mm is

to be displayed on a screen with a resolution of
1280 x 1024 pixels with an aspect ratio of 1. Find
the necessary mapping required from physical
coordinates to pixels. Also, determine the pixel
coordinates (only end points and no interpolations)
of a line whose physical coordinates of end points
are (65, 55) and (160, 80).
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Objectives

One of the important elements in any CAD/CAM system is the component of
software related to the manipulation of geometric elements. The functionality of
the user interaction of the CAD/CAM system is greatly affected by this component.
After completing the study of this chapter, the reader should be able to

» Convert vector straight lines to raster images to be displayed on a raster
terminal utilising the pixel information

* Understand the problems associated with displaying vectorial information on
a raster terminal

* Various types of coordinate systems used in displaying CAD information

¢ The data requirements of a graphic image and the database storage methods
used

 Learn about engineering data-management systems

* Different types of geometric transformations used during CAD geometry
generation and display, and their evaluation

» Mathematics required to display a 3D image on the 2D screen of the display
device

* Understand the problems associated with the display of graphic images in the
display screen such as clipping and hidden-line elimination

* Learn about adding colour and shading to the display for better visualisation.

3.1 || RASTER-SCAN GRAPHICS

It has been discussed earlier that raster-scan displays are the most widely used
monitors and, therefore, the graphic software has to provide the necessary
components of that as part of the software. This involves the conversion of the
vectorial information of the drawing into its equivalent raster format such that
the frame buffer can be filled with that information. This process is termed
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as rasterisation and involves one of the most important basic components of a graphic software suit. The two
most common forms of geometric elements present in a graphic display are straight lines and circles. The
other geometric elements can be converted into either of these forms. Hence, the algorithms are developed
for these elements only.

Converting a line vector into its equivalent pixel positions is an arduous task involving a large amount of
computation. Each drawing consists of a large number of vectors to be displayed. Hence, there is need to have
a simplified method by which these could be done at a faster rate with little computing overhead.

3.1.1 DDA Algorithm

DDA or Digital Differential Analyser is one of the first algorithms developed for rasterising the vectorial
information. The equation of a straight line is given by

Y=mX+c 3.1

Using this equation for direct computing of the pixel positions involves a large amount of computational

effort. Hence, it is necessary to simplify the procedure of calculating the individual pixel positions by a

simple algorithm.

Y
For this purpose, consider drawing a line on the screen as A
shown in Fig. 3.1, from (x,, y;) to (x,, »,). Then, . /
V2N ‘ '
m=3x (3.2)
and yz“_
c=y,—-mX (3.3) %
The line-drawing method would have to make use of the | |
above three equations in order to develop a suitable algorithm. vy = X
Equation 3.1, for small increments can also be written as » 1 X >
AY = mAX (3.4)

By taking a small step for AX, AY can be computed using Fig- 3.1 A straight-line drawing

Eq. 3.4. However, the computations become unnecessarily long
for arbitrary values of AX. Let us now work out a procedure to simplify the calculation method.

Let us consider a case of line drawing where m > 1. Choose an increment for AX as unit pixel.
Hence AX=1
Then from Eq. 3.4,
Yisr TVt m (3.5)
The subscript 7 takes the values starting from 1 for the start point till the end point is reached. Hence, it is

possible to calculate the total pixel positions for completely drawing the line on the display screen. This is
called the DDA (Digital Differential Analyser) algorithm.

If m £ 1 then the roles of x and y would have to be reversed.
Choose AY=1 (3.6)
Then from Eq. 3.4, we get

Xiv1 =X+ (3.7)
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The following is the flowchart showing the complete Calculate dx = x, - X,
procedure for the implementation of the above procedure. dy =y, -y,
Example 3.1 Vectorise a line to be drawn from (10, 20) l
F—t0 (150, 125) mm on a display, which Yes
is mapped to approximately (300 x 250 mm). The resolution St = ldx|
of the screen is 640 x 480 pixels.
Solution The mapping from user coordinates of (150, No
125) to the device coordinates is to be first calculated as -
ST = ldyl
follows: III
640 : 2
Scale factor for X direction: 300 = 2.1333 pixels/mm dx = ax ST
dy = dy/ST
Scale factor for Y direction: % = 1.92 pixels/mm
Y
From these two, choose the one which does not violate );f;:
the requirement, i.e., the smaller value of 1.92 pixels/mm
as the scale factor for conversion from user coordinates to v+
device coordinates. +| Set pixel at X, Y
Now using this scale factor, we can convert the start and
end points into the pixel equivalents. .
. ) X=X+dx
For start point: (10 x 1.92, 20 x 1.92) = (19, 38) pixels no Y=Y+dy

Similarly, for end point: (150 x 1.92, 125 x 1.92) ’
= (288, 240) pixels

From the above, AX = (288 - 19) = 269 pixels
=
From the above, AY = (240 - 38) = 202 pixels 190p1

. AY 202
Hence the slope of the line, m, — = — =0.751 Yes
2 AX 269 I
Stop
From the above values now we can compute the necessary
pixel values based on the above algorithm as shown in the Fig. 3.2 Flow chart for line-drawing
following table: calculation procedure
Table 3.1
X Y calculated Y rounded
19 38 38
20 38.751 39
21 39.502 40
22 40.253 40
23 41.004 41
24 41.755 42
25 42.506 43
26 43.257 43

Contd..
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Contd..
27 44.008 44
28 44.759 45
29 45.51 46
30 46.261 46
31 47.012 47
32 47.763 48
33 48.514 49
34 49.265 49
35 50.016 50
36 50.767 51
37 51.518 52
38 52.269 52

3.1.2 Bresenham’s Algorithm

The above DDA algorithm is certainly an improvement over the direct use of the line equations since it
eliminates many of the complicated calculations. However, still it requires some amount of floating-point
arithmetic for each of the pixel positions. This is still more expensive in terms of the total computation time
since a large number of points need to be calculated for each of the line segments as shown in the above
example.

Bresenham’s method is an improvement over DDA since it completely eliminates the floating-point
arithmetic except for the initial computations. All other computations are fully integer arithmetic and thus is
more efficient for raster conversion.

As for the DDA algorithm, start from the same line equation and the same parameters. The basic argument
for positioning the pixel here is the amount of deviation the calculated position is from the actual position
obtained by the line equation in terms of d; and d, shown in Fig. 3.3.

Y

A

R

i i+1

Fig. 3.3 Line drawing using Bresenham algorithm
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Let the current position be (X, Y;) at the ith position as shown in Fig. 3.3. Each of the circles in Fig. 3.3

(L

represents the pixels in the successive positions.

Then X=X +1 (3.8)
Also Y=mX +c 3.9
and Y=mX,+1)+c (3.10)

These are shown in Fig. 3.3. Let d, and d, be two parameters, which indicate where the next pixel is to be
located. If d, is greater than d, then the y pixel is to be located at the +1 position, else it remains at the same
position as in the previous location.

di=Y-Y=mX,+1)+c-7Y, (3.11)
dy=Y, ~ Y=Y —mX+1)-c (3.12)
dy—dy=2m (X, +1)=2Y,+2c— 1 (3.13)

Equation 3.13 still contains more computations and hence we would now define another parameter P
which would define the relative position in terms of d; — d,.

P,=(d,—d,) AX (3.14)
P=2AYX,-2AXY,+b (3.15)
where b=2AY+2c AX-AX
Similarly, we can write
P, =2AYX,+1)-2AXY, +b (3.16)
Taking the difference of two successive parameters, we can eliminate the constant terms from Eq. 3.16.
Pioy—P;=2AY 20X (YY) (3.17)
The same can also be written as
P =P,+2AY-2AX (Y, - 1) (3.18)
The same can also be written as
P, =P;+2AY whenY, =Y, (3.19)
P, =P;+2AY-2AX whenY, =Y +1 (3.20)

From the start point (x, y;)
yw=mx tc

LAY
B4 Ax 1
Substituting this in Eq. 3.15 and simplifying, we get
P =2AY-AX (3.21)

Hence, from Eq. 3.17, when P, is negative then the next pixel location remains the same as the previous
one and Eq. 3.19 becomes valid. Otherwise, Eq. 3.20 becomes valid.

Using these equations, it is now possible to develop the algorithm for the line drawing on the screen as
shown in the following flowchart. The procedure just described is for the case when m > 1. The procedure
can be repeated for the case of m < 1 by interchanging X and Y similar to the DDA algorithm.
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| Example 3.2 ~ Repeat the calculations  for Calculatedx =x, x,
the above example using ay=y, v
Bresenham's algorithm. C,=2dy
C,=2(dy dx)
Solution
Y
X P Y g
19 135 38 Y=y
20 1 39 pi=2dy ax
21 -133 40 Il
;i ?;; :(1) » Put a pixel at (x4, y,)
24 3 42
25 407 43 ]
26 273 43 e
27 139 44
;g 1529 22 No Mp(i+1)=Pi+C,
- Y(i+1)=y()+1
30 275 46
31 141 47 Yes
32 7 48 P(i+1)=P@+C,
33 -127 49 yi+1)=y0)
34 277 49
35 143 50 No
36 9 51 < End of loop?
37 —125 52
38 279 52
Yes

3.1.3 Anti-Aliasing Lines

The rasterisation algorithms discussed earlier will
be generating the pixel points by rounding off to the
nearest integer. As a result, the inclined lines have

Fig. 3.4 Flowchart for line-drawing calculation
using the Bresenham procedure

the jagged effect often called the staircase effect as shown in

Fig. 3.5. The effect will be more pronounced in the case of

the lines with small angles as shown in Fig. 3.5. It is possible

to improve the appearance by increasing the screen resolution

as shown in Fig. 3.6.

The effect can be decreased by anti-aliasing based on

the sampling theory. Each of the geometric elements has a

certain thickness compared to the size of the pixel. As can be . -
seen in Fig. 3.7, the finite line thickness is overlapping the
pixel with different areas. In this method, the intensity of the WEEs <o

pixel is made proportional to the area of the pixel covered by
the line thickness. Though this improves the appearance of Fig. 3.5 The staircase effect of pixels when
the line, it is computationally more intensive. drawing inclined lines
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Fig. 3.6 The staircase effect of pixels when drawing inclined lines decreases with increased resolution

Raster display of lines utilises unequal number of pixels to represent lines depending upon their orientation
in space. For example, from Fig. 3.8, it can be seen that the same number of pixels are representing a small
length when it is horizontal or vertical while the length of an inclined line is more for the same number of
pixels. This makes the horizontal or vertical lines more bright compared to the inclined lines. This can also be
taken care of by making the brightness of the pixels different depending upon the inclination of the line. For
example, the pixels on lines at 45° will be made with the highest brightness while the horizontal or vertical
lines will be drawn with approximately 50% of the brightness.

8 i
7 8

6

5

4

3

2

1

123456738
Fig. 3.7 Anti-aliasing of pixels proportional to the Fig. 3.8 Unequal number of lines displayed
portion of pixel occupied by the line with the same number of pixels

3.2 || COORDINATE SYSTEMS

The right-handed Cartesian coordinate system is used for defining the geometry of the parts. In order to
specify the geometry of a given solid, it is necessary to use a variety of coordinate systems. They are the
following:

World Coordinate System This refers to the actual coordinate system used as a master for the component.
Sometimes, it may also be called the model coordinate system. In this book, we will call it the World
Coordinate System, or WCS. Figure 3.9 shows a typical component, which needs to be modelled. Figure 3.10
shows the component with its associated world coordinate system, X, Y and Z. This is basically the coordinate
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Fig. 3.9 A typical component to be modelled Fig. 3.10 A typical component with
its associated WCS

system in which the part database is stored. However, the user will also
have the flexibility of inputting the data in other coordinate systems as
well such as polar coordinates or spherical coordinates. The software
before it stores the data will actually convert this information into the
Cartesian system.

User Coordinate System The default coordinate system when the
user starts the modelling is the WCS. However, sometimes it becomes
difficult to define certain geometries if they are to be defined from
the WCS. In such cases, alternate coordinate systems can be defined
relative to the WCS. These coordinate systems are termed User
Coordinate Systems (UCS) or working coordinate systems. For X
example, in Fig. 3.11, X’, Y’, Z’ is the user coordinate system defined

for modelling the slot. Similarly, there can be other UCS that could

be defined depending upon the geometry. This reduces the modelling Fig. 3.11 A typical component with
complexity. The UCS can be defined by shifting the origin only as its associated WCS and
shown in Fig. 3.11 or by combining the origin with the orientation of ucs

the axes as well.

@

Display Coordinates This refers to the actual coordinates to be used for displaying the image on the screen.
It may also be termed the screen coordinate system. The actual screen coordinates relate to the pixels to
determine whether the actual values of the screen or the virtual image that can be displayed are needed to help
in the image display. The virtual size will be larger than the actual pixels of the screen resolution.

View Generation The display screen is two-dimensional. Sometimes, it is necessary to organise the
information when presented on the screen in two dimensions using the orthogonal projection. The screen is
therefore divided into a number of view ports wherein the various views are presented. For example, the most
common views required for representing fully the component details are the front, top and right-side views
as shown in Fig. 3.12. The views generated in the process along with their coordinate systems as referred to
the WCS are shown in Fig. 3.13.
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«—50—»<«—060—>
A
x -20
K
e R ... o L .
<
Y Y
V4 = V4
v h £
X Y
y ——150——»
Front X Right side
Fig. 3.12 A typical component with its Fig. 3.13 Various views generated from the model

various view positions shown in Fig. 3.12

3.3 " DATABASE STRUCTURES FOR GRAPHIC MODELLING

The database of the graphical representation of the model is present in the computer system in a form convenient
for use. The major functions of a database are to manipulate the data on screen, such as zooming and panning;
to interact with the user, essentially for the purpose of editing functions like trimming, filleting, stretching,
etc.; to evaluate the properties like areas, volumes, inertias, etc.; and to provide additional information like
manufacturing specifications.

The complexity of the database depends to a very great extent, on the type of modelling and information-
retrieving capabilities built into it. Graphic databases may contain graphical information such as point
coordinates, alphanumerical information as manufacturing requirements, or some procedural type wherein
the concerned data is to be fitted in a certain form, for example, like that of a parametric macro. Most of the
information contained in the database is interdependent and often makes use of labels or pointers for the
purpose of accessing data in the various interconnected files. In view of this the general-purpose database
modelling systems are not used, but special procedures are to be developed for the particular modelling
system under development.

Typical data that would normally be contained in a geometric model file is
1. Organisational data
Identification number
Drawing number
Design origin and status of changes
Current status
Designer name
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Date of design

Scale
Type of projections

Company
Technological data

Geometry
Dimensions

Tolerances
Surface finishes

Material specifications or reference
Manufacturing procedures

Inspection procedures

There is a lot of data pertaining to the geometric model and it is to be read and manipulated during the
process of modelling and drawing generation. One may have to fetch the data a number of times from the
same database, so it becomes necessary to devise a database structure, which is simple and also easy to
amend. The data structure that is envisaged will have to fulfil a number of functions to be most effective for
the given application. In the case of geometric modelling, the database structure should provide some of the
following functionalities:

Allow for greater interaction of the user with the modelling system. This should allow the user to
add, delete and modify the data in the form of geometric entities as required during the process of
modelling and other associated functions.

Support a large variety of types of data to be represented in the database as explained earlier. The
types of data may be in the form of real and integer values, geometric information, textual information
such as manufacturing notes or finishes, CNC tool paths, finite element meshes, etc.

The data structure should be able to allow for associating the data with the modelling process such
that the design intent can be effectively captured by the data and can be utilised later for any of the
modifications as required during the lifecycle of the product.

The data should allow for storing information in the most compact form possible such that less data
storage and transmission speeds would be required for working in group environments. For example,
multiple instances of geometry may only be stored once and then simply the instant information be
used for manipulating that to generate the models or drawing as required.

Data should maintain complete associativity with all the downstream and upstream applications
such that modification done at any stage should be able to percolate through all the databases as
required.

The above requirements are fairly indicative of the complexities that are associated with the design of data
structures for the geometric modelling systems. Unfortunately, the geometric elements involved in the model
have different geometric requirements, and the data model will have to accommodate all such variations.
For example, a line can be simply represented by means of two vertices (points) in terms of the x, y, and
z coordinate values. On the other hand, a spline curve may have to be specified by means of a number of
vertices and other parameters depending upon the number of knots utilised. So that variation will have to be
efficiently handled by the data structure adopted.
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3.3.1 Data Structure Organisation

A database can be defined as a collection of data which is shared throughout a given process for multiple
applications. In our particular case, the given process is the modelling and associated functions such as
analysis, manufacturing, planning, etc. The main purpose of a database is the ability for sharing the data by
a number of processes and users. Before we proceed with developing the database-structure concepts, it is
necessary to understand some of the terminologies that are used with databases.

Data Record Data record consists of a series of facts or statements that may have been collected, stored,
processed and/or manipulated together to represent the information about a particular item.

Data File A file is a collection of data items put together. For example, all the necessary information required
to completely draw a part in two dimensions can be organised into a file such as a drawing file. The information
present in a data file normally has some structured relationship to decode it properly. On the other hand, flat
files are data files that contain records with no structured relationships. Additional knowledge is required to
interpret these files such as the file-format properties.

Data Field A field is a single unit of data stored as part of a database record. Each record is made up of one
or more fields that correspond to the columns in a database table.

Data Model Data model is concerned with what the data in the database is represented. The data model
is used by the database designers as the basis for their designing work. It generally uses three types of
relationships: one-to-many, many-to-many, and one-to-one.

A lot of information needs to be stored in the system for the purpose of generating any meaningful
information about a product. For example, the product may consist of a number of sub-assemblies, and
each of the sub-assembly consists of a number of parts, some of which are standard components such as
fasteners, while others need to be completely defined. Each of the parts will have individual characteristics
such as material, form, shape, treatment, structure, etc., all of which needs to be stored inside the database
for the product. This is only when we consider a simple part-modelling application. But if the same structure
has to be made to use all downstream applications such as drafting, analysis, manufacturing planning and
manufacturing information generation then it is necessary to provide all the proper information and handles
will have to be taken care of.

3.3.2 Data Models

The more common data models used in database management systems are
« the hierarchical model,
» the network model, and
« the relational model.

Hierarchical Model The data in this model is arranged in the logical hierarchy with each data element
containing a pointer to only one element in the level above it. This is often represented as a tree structure in a
manner similar to a bill of material (Fig. 3.14), and a complete database may consist of a number of separate
structures. Though this was one of the first type of database models implemented, its use is coming down in
recent times. The main reason for its declining popularity is that it is rare to find a complete set of data that is
purely hierarchical, even though some parts may be. This method can express the one-to-many relationship
easily while the many-to-many relationship is extremely difficult to implement. Therefore, imposing a
hierarchical structure on the database calls for unnecessary coding complications and could be avoided.

Network Model The network model does not use the tree structure as shown in Fig. 3.15 and hence avoids
the problems as faced by the hierarchical data model. In order to describe associations between the records
in a database, the network model utilises a ‘connection record’ that links records together to form data sets.
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Part assembly file

Part Descri-

number | ption Drg. no. | Remarks

Part subassembly file Part subassembly file
Part | Descri- Part | Descri- |
; rg. no.
number | ption | D9 no: (Remarks number | ption 9 Remarks

Part file Part file
Part Descri- Part Descri- |
number | ption | Dr9-no- | Remarks number | ption | D'9-NO- [Remarks

Fig. 3.14 A hierarchical representation of data for a product model

Unlike a hierarchical model, the network model does not allow a record type to be both the owner and
member of a set. As a result, modelling a hierarchy requires a level of indirection to be introduced through
programming, which should not be too difficult to achieve. The network model allows the user to store
and retrieve many-to-many relationships in an efficient manner and is more flexible. However, it requires
a more complex data dictionary or schema together with detailed data-access procedures. This has a better
performance compared to the hierarchical model and is generally used in finance and business institutions
and rarely for engineering applications.

-| Partsfile Purchase part
Customer Part no. requirement
order At
Description
Drg. no.
Remarks
/ Customer order Purchase order
Customer Oralar e Order Invoice PO no.
receipts Cust. name Part no.
Address Quantity
Date i Price
Payment Invoice
Payment Invoice no.
date Inv. date
Amount Amount

Waid

Fig. 3.15 A network representation of data for a product model



The McGraw-Hill companies

Computer Graphics 6-5

Relational Model This is more recent compared to the other models, but widely used in engineering
applications. In this model, the data is represented in the form of tables each of which is then linked by means
of relations. A table is a collection of records. In a database system, the records are considered as rows in a
table, and the fields are the columns (Fig. 3.16). In academic terminology, the rows are referred to as fuples,
and columns within a record as attributes.

Solid body Face list Edges Vertices
| X Y | Z

K L

— Jﬁ e

Fig. 3.16 A relational representation of data for a product model

In a relational database there are no predefined connections between the data tables. The fields that need
to be connected are simply duplicated in all the data tables and the actual connections are done dynamically.
The dynamic joining capability means that the structure of any individual table can be modified without
affecting the other data tables. This aspect is very important and is useful for developing the applications in
modular form.

Structured Query Language (SQL) developed by IBM and standardised by ANSI (American National
Standards Institute) is used for the data manipulation in a relational data model. It utilises English-like words
such as SELECT, FROM, and WHERE to develop the necessary relations in the database.

Relational Database Management Systems (RDBMS) are widely used in the industry for a variety of
applications due to their simplicity and flexibility. The greatest disadvantage of RDBMS is that it is slower
compared to the other models described above. However, because of the developments in computer hardware
and software developments in the last decade, this limitation is not of much consequence.

3.3.3 Geometric Model Data

One of the possible ways in which graphic data can be stored is in the sequential form. In sequential form,
the data as is being generated is stored, and the disadvantage is that whenever one has to access certain data,
the retrieval is not simple. The problem is further complicated by the fact that one may not be retrieving
the data in sequential form, and as a result, the sequential form of data storage proves inefficient from the
graphic manipulation point of view. It is, therefore, necessary in most of the geometric modellers to opt for a
combination of random and sequential form so as to get the best out of both the forms.

Hence, records that are contained in a graphical database are maintained as random access files and all
the files present are linked by means of pointers. The main record may be termed ‘head record’ to and from
which a number of pointers link the entire data required for the component in a coherent form. Another
important advantage that can be derived from this form is that there is a possibility of reducing the data
storage by making use of some form of referencing where the same data required at a number of places is
stored only once, somewhat similar to subroutines or procedures in the programming languages. In view of
the slow access times of the secondary storage devices (floppies and hard disks), some portion of the active
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drawing database is stored in the RAM itself by a suitable arrangement of paging of the data. This increases
the response time of the system for modifications.
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To get an idea of how the data for a component may be stored, refer to Fig. 3.17 showing a job modelled.
The solid is first broken into edges, which are further broken into surfaces and the vertexes for completely
defining the object. A face meets another face to form an edge. The edge meets the points (vertices) at the
end. Faces may be multiple connected and one bound by one or more loops of edges as shown in Fig. 3.17.
This is one method of representation of the solid data, which is called the boundary representation or B-rep.
A boundary is formed by faces. A face is formed by a combination of edges. Edges may be considered as
curves such as lines and arcs. Edges, in turn, are formed by a combination of vertices, with each vertex being
indicated by means of its Cartesian coordinates X, ¥ and Z. Thus, a typical database structure of a product
may consist of a number of component parts as shown in Fig. 3.18.

]
h 4

Solid body

('

v

Vertices

Fig. 3.17 Data structure for geometric Fig. 3.18 Complete data structure for geometric
models models of products

The data when organised in a database will have to ensure the basic integrity of the data in terms of
eliminating redundancy and security problems while maintaining the standards and ease of use. The most
common form in which the graphical database is organised is in terms of the number of tables that are
interlinked by relations as described earlier.

3.4 " ENGINEERING DATA MANAGEMENT (EDM) SYSTEM

It is common knowledge that the products that are now available in the market have much more functionality
and performance compared to the earlier models. For example, if we look at the music systems or TVs of
the current generation then one can notice a plethora of facilities and features that were not present in the
earlier generations. This increased functionality and performance puts tremendous amount of pressure on the
designers to produce parts at a faster rate to beat the competition. This is further compounded by the fact that
the need to adhere to greater amount of standards, problems associated with the product liability litigation,
increasing awareness of quality issues, documentation, etc. All these contribute to a large amount of data that
needs to be managed as part of the product-development process. Thus, the number of documents that needs
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to be managed becomes immense. For example, a typical automobile may have more than 100 000 parts each
with several related documents such as design, geometric model, drafting, CNC programs, FEM simulations,
etc. It is noted that at any given time, a large number of those documents may not be current depending upon
the updating procedures adopted.

The engineering data traditionally is present in various forms such as papers, drawings, charts, etc., along
with computer storage media. The variety of documentation methods, the inefficient documentation, change
and control methods would not be desirable for modern complex product-development methods. Thus, it is
necessary to develop methods for efficient collection, control, dissemination and archival of all data relating
to a product or service. Also, the use of computers in all walks of the product development and manufacturing
operations has increased. Examples of such applications are computer aided design, drafting, FEM analysis,
and CNC part-program generation, product simulations, computer aided testing, rapid prototyping, to name
a few.

The management of such a large amount of data over the entire lifecycle of the product is called by a number
of names with different understandings such as Product Data Management (PDM), Product Information
management (PIM), Engineering Data Management (EDM), Technical Documentation Management (TDM),
Engineering Management System (EMS), etc. To further confuse the issues, a number of other derivative
processes have been identified such as Drawing Office Management Systems (DOMS), Engineering Records
Management (ERM), and Engineering Data Management (EDM). These mean different things to different
people depending upon the way they are defined and applied. Thus, the application of EDM has to be carefully
thought out for a given application. EDM can be defined as the systematic planning, management and control

Marketing Design Planning Production Distribution
Sales | Market ~ Concept DO Process Tooling  Planning Control Despatch | Invoicing
input | require- design planning |
ments Detail Manage-
| design | ) CNC ment N
19 $ oW 13 d 4 ¢ 8 §[¥

Engineering computer systems

Engineering data management

Fig. 3.19 Engineering data management within a manufacturing enterprise

|
Design BOM Information WIP Control
Sales order Despatch
processing Draughting MRPII management
FEM — Standards Work | | Scheduling
study
Quality Engineering Jig and tool Order
information changes DO processing
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of all the engineering data required to adequately document a product from its inception, development, test, and
manufacture to its ultimate retirement from service. The process is shown diagrammatically in Fig. 3.19.

CAD/CAM: Principles and Applications

As can be seen from Fig. 3.19, not all the data associated with the product is ‘engineering-related’. Some
of it is related to business and finance such as sales orders, invoices, despatches, shipping, etc. Most of that
data may be part of a separate DBMS and the EDM will have to coexist with that. Some of the important
features that may be considered as part of an EDM application are the following:

» The EDM will be built upon a comprehensive Database Management System (DBMS) that takes care
of storage of data and provides a consistent mechanism for the manipulation and control of data. The
DBMS will have to provide extensive facilities for input, storage, updating, retrieval and reporting
the data with appropriate facilities for defining the data formats, sizes and relationships. The total
structure should take care of the top-level assembly, sub-assemblies as well as each of the parts. Each
field or attribute can be customised to suit the particular application requirement, for example, part
number structure and format, quantity of information, relevant project, revision level, etc. All the data
from various other sources can be referenced here such as file references, CAD data, CAPP, CNC
programs, etc. The logical arrangement of the data-reference structure is shown in Fig. 3.20.

Product ;- : Assembly

history ' : Data files

3 “ 5 Issue C 1ssue D -
1 b [sgug B rmsseransmsenay i .
HiSsue. A rrers s | Properties

Assembly Part
D
Issue B Issue E \> 2D CAD

files
\

File reference list

Part ] Part

Issue A Issue D

4
CTIT —

3D CAD
files

Fig. 3.20 Engineering data-management references and their associations
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e The data structure employed should have the ability to maintain the product-structure relationship
with the historical data for engineering change through the product structure such as the Bill Of
Material (BOM) file. The BOM data should be able to link upstream to CAD systems as well as to
the downstream MRP II BOM files. If possible, the same files could be utilised at all levels to reduce
the errors and redundant data sources. All the historical information should be maintained so that it
is possible to maintain traceability as per the standards such as ISO 9000.

» Appropriate access-control procedures will have to be established since a large number of departments
will be accessing and controlling the data in the EDM. The access control can be established depending
upon the user login. The controls can be No Access, Read Only, Read and Write or Read, Write and
Delete. These access controls will depend upon the actual module that is being accessed.

» The EDM system should allow for an efficient search facility whereby the engineers will spend less
time searching and accessing the data and spend more useful time in actual engineering tasks. It is
generally considered that engineers spend from 15 to 40% of their time in information retrieval. Most
of the engineering-design function depends on the past design experiences and as such, the engineers
should be able to easily retrieve similar designs, products or sub-assemblies. That way, it may be
possible that past designs could be easily recycled, thereby reducing a lot of product-development
time.

« It should provide for a method to manage the change control process such that the right information is
available at the right place at the right time, thereby controlling the final product costs. Design teams
generate the designs based on the various inputs that have been received for the purpose. However,
the interpretation at each stage may mean that the final result may not be what was actually wanted.
So the need for engineering changes will increase as the design comes towards the final stages. This
is more costly and should be avoided. However, it is a reality that there will be a number of changes
in the design. The EDM system should be capable of raising and tracking the Engineering Change
Orders (ECR) by raising and circulating the Engineering Change Notes (ECN). The engineering
change notices should be interfaced effectively with the MRPII system to keep track of the changes
and leaving a proper audit trail.

The ECR should have all the necessary information to explain the details of the change, the associated
reasons and likely ramifications. The ECR will be circulated to all the relevant personnel for their
comments and approval or rejection electronically. Once the ECR is approved, it will generate
the ECN indicating the work involved in the change and its likely effective date or revision. By
following a systematic engineering change process, the number of unauthorised and ad-hoc changes
to a product can be controlled. This control can then be used to improve the development process and
the subsequent cost of the entire process. An example of a detailed change control process is shown
in Fig. 3.21.

» The EDM system should be able to provide full traceability over the entire product structure to
enable information about the individual parts to be retrieved at any given time.

» The EDM system should have the ability to generate the necessary warnings and messages. These
can be used to determine and track the system’s current status.

« Since they handle a large amount of data, they should have the ability to maintain the integrity of the
database, avoid data corruption and provide the ability to easily archive and restore the sets of data.
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Fig. 3.21 Engineering data-management references and their associations

3.5 || TRANSFORMATION OF GEOMETRY

The geometry traditionally followed is the Euclidean geometry. In the traditional sense, we follow the
Cartesian coordinate system specified by the X, Y and Z coordinate directions. The three axes are mutually
perpendicular and follow the right-hand system.

In the handling of geometrical information, many a times it becomes necessary to transform the geometry.
The transformations actually convert the geometry from one coordinate system to another.

The main types of pure transformations with which we are likely to come across are
* Translation
 Scaling
 Reflection or mirror
* Rotation
These transformations are symbolically shown in Fig. 3.22.
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Fig. 3.22 Some of the possible geometric transformations

A point in space can be represented by its coordinates (x, y, z)
from the datum. As shown in Fig. 3.22 a point in three dimensions
can be represented by the coordinates (x, y, z). The same can also
be represented by a vector starting from the origin of the coordinate
system as shown in Fig. 3.23.

P=[x,y,z] (3.22)
X

[Pl1=|y (3.23)
z

In order to understand the system easily, we can look at the
transformations in the two-dimensional system for the sake of easy
comprehension. The same would then be extended to look at the three-
dimensional viewing.

3.5.1 Translation

» X

>
»

Fig. 3.23 Translation of the point

It is the most common and easily understood transformation in CAD. This moves a geometric entity in space
in such a way that the new entity is parallel at all points to the old entity. A representation is shown in Fig. 3.24
for an object. Let us now consider a point on the object, represented by P which is translated along X and ¥
axes by dX and dY to a new position P*. The new coordinates after transformation are given by
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P* =[x*, y¥] (3.24) K
x*=x+dX (3.25) Vi
V¥ =y+dY (3.26) P
Putting Eqgs 3.25 and 3.26 back into Eq. 3.24, we can write .
°
%1 — x* — X +dX
[P*] i 3.27)
This can also be written in the matrix form as follows: ax FX
w2 [X*] Z[x+HdX] Zx [dX ]
[F*] y* y+dY [Y] dy (3.28)
This is normally the operation used in the CAD systems as the > X
MOVE command.

Fig. 3.24 Translation of a group of

3.5.2 Scaling points (plane figure)

Scaling is the transformation applied to change the scale
of an entity. As shown in Fig. 3.25, this alters the size of the /
entity by the scaling factor applied. For example, in the figure,
to achieve the scaling, the original coordinates are multiplied
uniformly by the scaling factor.

P* =[X* Y*] =[S, X X, S, x dY] (3.29)

This equation can also be represented in the matrix form as
follows:

Se 0]
%1 — X
7] [0 S, [)’] (3:30) b
[P]=I7].[P] (3.31)
where
S, o Fig. 3.25 Scaling of a plane figure
1= s, (332)

Since the scaling factors can be individually applied, there is a possibility to have differential scaling when
S, # S,. Normally, in the CAD systems, uniform scaling is allowed for object manipulation. In the case of
zoom facility in graphic systems, uniform scaling is applied. Zooming is just a display attribute and is only
applied to the display and not to the actual geometric database. It can also be noted from Fig. 3.25 that the
transformed figure has actually moved away as if a translation has taken place. This apparent translation is
because the scaling is with respect to the origin of the coordinate system. If the centroid of the plane figure
coincides with the base of the scaling factor then there will be no apparent translation. The student is advised
to check this using the CAD software available in the laboratory.

3.5.3 Reflection or Mirror

Reflection or mirror is a transformation, which allows a copy of the object to be displayed while the object is
reflected about a line or a plane. Typical examples are shown in Fig. 3.26, wherein (a) shows reflection about
the X-axis, while the one in (b) is the reflection about the Y-axis. The reflection shown in (c) is about the X
and Y-axis or about the origin.
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Fig. 3.26 Possible reflection (mirror) transformations of geometry in 2D

The transformation required in this case is that the axes of coordinates Y4
will get negated depending upon the reflection required. For example,
from Fig. 3.27, the new
P* = [X*, Y] = [X, Y] (3.33) ;
This can be given in a matrix form as *T
%1 — 1 0 ] X Y > X
[P*] [0 S P (3.34) TT
[P =(T,]).[P] P
where
(7] =[(1) _01] (335 7
Fig. 3.27 Example for reflection
Thus, the general transformation matrix will be transformation

[M] = [ iol 101 ] (3.36)

Here, —1 in the first position refers to the reflection about the Y-axis where all the X-coordinate values
get negated. When the second term becomes the reflection, it will be about the X-axis with all Y-coordinate
values getting reversed. Both the values are —1 for reflection about X and Y-axes.

3.5.4 Rotation

This is another important geometric transformation. The final Y
position and orientation of a geometric entity is decided by the

angle of rotation and the base point about which the rotation @as
shown in Fig. 3.28, is to be done. ‘

P

To develop the transformation matrix for transformation, >| &
consider a point P, located in the XY plane, being rotated in >~ / T ke
the counter-clockwise direction to the new position, P* by an Y _¥ 5 /X* »X
angle 0 as shown in Fig. 3.28. The new position P* is given by < >

X
P* = [x*, y*] (3.37)

Fig. 3.28 Rotation transformation
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From Fig. 3.24, the original position is specified by
X=rcos

CAD/CAM: Principles and Applications

y=rsina (3.38)
The new position P* is specified by
x*=rcos(a+ 0)
=rcos Bcos ax—rsin Osin o
=xcos O—ysin O
y¥*=rsin(a+ 0)
=rsin 6 cos a+rcos Osin a
=xsin 6+ ycos 6

This can be given in the matrix form as

w1 _|x*¥]_[cos @ —sinO][x
[P] y* [sin@ cos 0 [)’]
[P'] = [Tl [P]
whoe 1=[205g g

The above is the transformation matrix for rotation, which can be applied in any plane as follows:

Y*| _[cos @ —sin GHJ/]
z* sinf@ cos@O [lZ
z*]_[cos @ —sin 9][21
x* sinf cos@ [LX

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

Example 3.3 A square (Fig 3.29) with an edge length of 10 units is located in the origin with one
— of the edges at an angle of 30° with the +X-axis. Calculate the new position of the

square if it is rotated about the Z-axis by an angle of 30° in the clockwise direction.

Solution The end points of the edges are

YA

dx, = 10 x cos 30° = 8.66
dx, = 10 x cos 30° - 10 x sin 30° = 3.66

>
»

(4

dx; = 10 x cos 30° - dx, =5 9

dy; = 10 x sin 30° =5 o] P
©

dy, = dy, + 10 x sin 60° = 13.66 ©

<1

<
<

dy; = 10 x cos 30° = 8.66
The transformation matrix is

[T.] = [cos -30 -sin —30] _ [0.866 0.5
R |sin-30  cos -30 -0.5 0.866
The new coordinates are
0.866 0.5 [ 0 0.866 3.66
-0.5 0.86611L0 5 13.66

3.66

<
<

=
P

[« 5—»<—8.66

g

Fig. 3.29 Example 3.3

-5]=[o 10
8.66/ " lo o

10
10

o]
10



The McGraw-Hill companies

Computer Graphics g

3.5.5 Concatenation of Transformations

Many a times it becomes necessary to combine the individual transformations as shown above in order to
achieve the required results. In such cases, the combined transformation matrix can be obtained by multiplying
the respective transformation matrices. However, care should be taken to see that the order of the matrix
multiplication be done in the same as that of the transformations as follows:

[(P*] = [T, [T, - 11T, - 2] ... [T5][To] (7] (3:45)

3.5.6 Homogeneous Representation

In order to concatenate the transformations as shown in Eq. 3.41, all the transformation matrices should be
of multiplicative type. However, as seen earlier, the translation matrix (Eq. 3.28) is vector additive while
all others are matrix multiplications. The following form could be used to convert the translation into a
multiplication form:

x* 1 0 dX]x
[P¥]=|y*|=]0 1 dav||Y (3.46)
1 0 0 1]11
Hence, the translation matrix in multiplication form can be given as
1 0 d
MT]=[0 1 dY (3.47)
0 0 1

This is termed homogeneous representation. In homogeneous representation, an n-dimensional space
is mapped into an (n + 1)-dimensional space. Thus a two-dimensional point [x y] is represented by three
dimensions as [x y 1]. This greatly facilitates computer graphics operations where the concatenation of
multiple transformations can be easily carried out. This will be experienced in the following situations:
Rotation about an Arbitrary Point The transformation given earlier for rotation is about the origin of the
axes system. It may sometimes be necessary to get the rotation about any arbitrary base point as shown
in Fig. 3.30. To derive the necessary transformation matrix, the following complex procedure would be
required.

Y A
1. Translate the point P to O, the origin of the axes
system.
2. Rotate the object by the given angle. P
3. Translate the point back to its original position. ’
The transformation matrices for the above operations in the 4
given sequence are ) /7/ p
10 - . A
[T0=|0 1 —dY (3.48) :
dy
0 0 1 1A
» X
[cos @ —sinf 0 O*—dx—»
[T,]=|sin® cosB O (3.49)
0 0 1 Fig. 3.30 Rotation about an arbitrary point
1 0 d
[;]1=]0 1 a4y (3.50)
0 0 1
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The required transformation matrix is given by

[T] =[T3] [T3] [T1]

1 0 dX][cos® -sinf® O|[1 0 -
[T1=]0 1 dq sin@ cos® 0|0 1 —dﬂ
0 0 1 0 0 1j[0 0 1
cos® —sin@® dX(1—cos 6)+dYsin @
[T]=]|sin® cosO® —dXsinO+dY(l—--cos6) (3.51)
0 0 1
Reflection about an Arbitrary Line Similar to the above, there
are times when the reflection is to be taken about an arbitrary line
as shown in Fig. 3.31. Y
1. Translate the mirror line along the Y-axis such that the //"
line passes through the origin, O. P | e
2. Rotate the mirror line such that it coincides with the /
X-axis. W//{ )
3. Mirror the object through the X-axis. c .\‘9
4. Rotate the mirror line back to the original angle with the v v S >

X-axis.

original position.

The transformation matrices for the above operations in the

given sequence are

(1] =

(T3] =

(73] =

[T,]=

[T5] =

. Translate the mirror line along the Y-axis back to the

Fig. 3.31 Example for reflection
transformation about an
arbitrary line

1 0 O

01 -C (3.52)

0 0 1

cos® sin6 0

—sin@ cosfO O (3.53)
0 0 1

1 0 0

0 -1 0 (3.54)

0 0 1

cos® —-sinf 0

sinf cos6 O (3.55)
0 0 1

1 0 0

01 C (3.56)

0 0 1

The required transformation matrix is given by

(7] = [T5) [TL] (T3] [T5) [T4]
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1T 0 0l[cos® sin@® 0][1 0 O0][cos@
[TT=]10 1 C||-sin@® cos® 0[]0 -1 O||sin6O
10 0 1 0 0 1{{0 0 1 0
[cos 260  sin 26 —Csin 20
[T]=|sin26 —cos26 C(cos20+1)
0 0 1

Scaling about an Arbitrary Point The transformation given earlier for
scaling is about the origin of the axes system. However, sometimes it may
be necessary to get the scaling about any arbitrary base point as shown
in Fig. 3.32. To derive the necessary transformation matrix, the following
complex procedure would be required.

1. Translate the point P to O, the origin of the axes system.

2. Rotate the object by the given angle.

3. Translate the point back to its original position.

The transformation matrices for the above operations in the given

sequence are

Computer Graphics a

—sin® Of[1 0 O
cos@ 0|0 1 -C
0 1J{0 0 1
(3.57)
YA
A
> P,
S
AN
Y Y[‘E/X4 »X
/<—dx—>

P*

1 0 -
[T}1=]0 1 —dY (3.58)
0 0 1 Fig. 3.32 Example for scaling
) transformation about
[S. 1 o an arbitrary line
[IL,]=|1 S, 0 (3.59)
.0 o 1
[1 0 dX]
[T31=(0 1 4y (3.60)
10 0 1]
The required transformation matrix is given by
(7] = [T5] [T5] [T1]
1 0 ax)[S 1 olf1 0o -
[71=|0 1 avr||1 S, 0[|0 1 —dY
00 1J|0O o 1]10 O 1
S, 1 dX(1-S§,)—dY
[M1=|1 S, —dX+d¥Y(1-5) (3.61)
0 o0 1

3.6 " 3D TRANSFORMATIONS

The 2D transformations as explained above can be extended to 3D by adding the Z-axis parameter. The
transformation matrix will now be 4 x 4. The following are the transformation matrices to be used for the

purpose.
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Translation
[x*1 [1 0 0 dX|fxy
yei=10 1 0 dy||y (3.62)
7% 0 0 1 dz||*?
1] lo 0o 0o 1 L1
Scaling
[x*1 [Ss 0 0 0frxy
y =10 S o0 of|» (3.63)
z* 0 o S 0]|%
1] [0 0o o 1]LL]
Reflection
[x*1 [+1 0 0 07rx
y[=10 1 0 0|y (3.64)
z* 0 0 1 0f]|?
1] Lo 0o o 1]l!
Rotation about Z-axis (XY plane)
[x*] fcos® —sin® 0 07rx
y¥|=|sin® cos@® 0 Of|Y (3.65)
z* 0 0 1 0]||~?
1] 0 0 o0 1)Ll
Rotation about X-axis (YZ Plane)
[x*1 10 0 0frx
y*|=10 cos® —sin® 0|V (3.66)
7% 0 sin@® cos® 0|2
1] [0 0 0 1Jil
Rotation about Y-axis (ZX Plane)
[ x* ] cos®@ 0 sin® O0]rx
1= 0 1 0o ofly (3.67)
z* —sin® 0 cosO® Off?
1) 0 0 o0 1Ll
3.7 " MATHEMATICS OF PROJECTION
In the realm of drawing, there are a number of methods available Drawing / PLjector
for depicting the details of a given object. Conceptually looking, if B 3= Object
we imagine the plane in which the drawing is being made, termed :
the projecting plane, it implies that the outlines of the object are ~— J/
actually forming some kind of a shadow on the projecting plane. As )
shown in Fig. 3.33, it is possible to have a variety of representations
to be obtained from the same object depending upon the nature of __~"%_Projecting plane

the projectors, the projecting plane and their inter-relationship. L /

Fig. 3.33 The principle of projection
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3.7.1 Orthographic Projection

The most common form of projection used in engineering
drawings is the ‘orthographic projection’. This means that
the projecting lines or projectors are all perpendicular
(orthogonal) to the projecting plane. As a result, if the feature
of the object happens to be parallel to the projecting plane
then the true picture and true dimensions would be visible in
the orthographic projection.

The orthographic projection system includes a total of
six projecting planes in any direction required for complete
description. A typical example is shown in Fig. 3.34 where
the object is enclosed in a box such that there are 6 mutually
perpendicular projecting planes on which all possible 6
views of the object can be projected. This helps in obtaining
all the details of the object as shown in Fig. 3.35. The visible
lines are shown with the help of continuous lines while those
that are not visible, by means of broken lines to differentiate
them.

>

Fig. 3.34 An object enclosed in a cube to

B

Left-side view  Front view

1

Bottom view

obtain various parallel projections

HE_’
»Y

Right-side view Rear view

Fig. 3.35 Orthographic projection of an object

Obtaining the orthographic projection is relatively straightforward because of the parallel projections
involved. The top view can be obtained by setting z = 0. The transformation matrix will then be

0 0
[Mrop] =

SO O

1

0 1
0 0
0 0

0

0
0
1

(3.68)

For obtaining the front view, we put y = 0 and then the resulting coordinates (x, z) are rotated by 90° such
that the Z-axis coincides with the Y-axis. The transformation matrix will then be
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— P r

0 0
[Mgront] = -1 0 (3.69)
0 0

1

0

Similarly, for obtaining the right-side view, we put x = 0 and then the coordinate system is rotated such
that Y-axis coincides with the X-axis and the Z-axis coincides with the Y-axis. The transformation matrix will
then be

SO O~
SO OO

|
—

[Mrigur] = (3.70)

S o oo
SO = O
SO O

—_o O O

3.7.2 Isometric Projection

An isometric projection is obtained by aligning the projection plane so that it intersects each coordinate
axis in which the object is defined at the same distance from the origin. All the three principal axes are
foreshortened equally in an isometric projection so that relative proportions are maintained while showing
the pictorial view.

The transformation matrix will then be

0.7071 0 0.7071
[Miso] =| 0.4082  0.8165 —0.4082
~0.5774 05774 0.5774

0 0 0

(3.71)

—_o O O

3.8 || CLIPPING

Clipping is a very important element in the displaying of graphical
images. This helps in discarding the part of the geometry outside the
viewing window, such that all the transformations that are to be carried
out for zooming and panning of the image on the screen are applied only
on the necessary geometry. This improves the response of the system.
For example, in Fig. 3.36 the image shown inside the window with dark
lines is the only part that will be visible. All the geometry outside this
window will be clipped (only for display purpose).

Clipping is used in addition to extracting the part of a scene, for
identifying visible surfaces in three-dimensional views; displaying multi-
window environments, and selecting objects that can be applied with the
necessary geometric transformations such as rotation and scaling.

Fig. 3.36 Clipping of geometric
objects outside the
display window

3.8.1 Clipping Lines

In order to carry out the clipping operation, it is necessary to know whether the lines are completely inside
the clipping rectangle, completely outside the rectangle or partially inside the rectangle as shown in Fig. 3.37.
To know whether a line is completely inside or outside the clipping rectangle, the end points of the line can
be compared with the clipping boundaries. For example, the line PP, is completely inside the clipping
rectangle. Similarly line P3P, and PyP, are completely outside the clipping rectangle. When a line, such
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as PsPg is crossing the clipping boundary, it is necessary to evaluate the intersection point of the line (Pg)
with the clipping boundary to determine which part of the line is inside the clipping rectangle. The resultant
display after clipping is shown in Fig. 3.38.

Ps P,
,/// = \\'\~
=4 P
Ps /CI/ ) N Clipping
1pping T~
rectangle P ~ rectar\lgle S P,
/// 2 0 \ /
\ e \ 5
) 4 / p
/ !
P1/ yrd Pe P, R ?
- Ps A "6
/—’ / o § <
s 4 2=
_— i e /"f/ /
P, | s
P, P
Fig. 3.37 Clipping of lines — before clipping Fig. 3.38 Clipping of lines — after clipping

The parametric representation of a line with end points (x,, y;) and (x,, y,) which is given below could be
used to find out the intersection of the line with the clipping boundaries.
x=x;tux;,—-x)
y=yitu-y) (3.72)
where 0 <u < 1.

If the value of u for an intersection with the clipping boundaries is outside the range 0 to 1 then the line is
not inside the clipping rectangle. If the value is between 0 and 1 then the line is inside the clipping rectangle.
This method needs to be applied to each of the edges of the clipping rectangle to identify the position of lines.
This requires a large amount of computation and hence a number of efficient line-clipping algorithms have
been developed.

Cohen-Sutherland Clipping Algorithm in 2D

In this method all the lines are classified as to whether they are in, out or partially in the window by doing
an edge test. The end points of the line are classified as to where they are with reference to the window by
means of a 4-digit binary code as shown in Fig. 3.39. The code is given as TBRL. The code is identified as
follows:

T =1 if the point is above the top of the window
1001 1000 1010

0001 0000 0010
0101 0100 0110
Fig. 3.39 The 4-digit coding

of the line end
points for clipping

= 0 otherwise

B =1 if the point is above the bottom of the window

= 0 otherwise

R =1 if the point is above the right of the window
= ( otherwise

L =1 if the point is above the left of the window
= 0 otherwise
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The full 4-digit codes of the line end points with reference to the window are shown in Fig. 3.38.

CAD/CAM: Principles and Applications

Having assigned the 4-digit code, the system first examines if the line is fully in or out of the window by
the following conditions: P,

The line is completely inside the window if both the end points
are equal to ‘0000’.

The line is completely outside the window if both the end
points are not equal to ‘0000’ and a 1 in the same bit position

for both ends. Clipping p
] ) o i rectangle P,
For those lines which are partly inside the window, they are
split at the window edge and the line segment is discarded \
outside the window. There are possibilities when the line may \

be crossing two regions as shown in Fig. 3.40. For the line \
P,P,, starting from the lower edge, the intersection point P 3
is found and the line PP/ is discarded. Since P, is outside
the boundary, the intersection point with the boundary P; is
found out. Since this intersection point is above the window, P,
the second intersection point P5 is found out and the line P| Py’
is the final line segment inside the clipping boundary.

Fig. 3.40 Lines extending from one

. L. . coordinate region to the other
There are other line-clipping algorithms that are faster and

can be found in computer graphics books such as Foley et al [1996].

3.8.2 Clipping Polygons

The line-clipping algorithm discussed earlier can be modified to obtain polygon clipping. However, as can
be seen from Fig. 3.41, extending the line-clipping procedure described above produces a result which can
mean that there exists more than one geometry. This ambiguity is removed by the use of the polygon-clipping
algorithm developed by Sutherland and Hodgman.

Sutherland-Hodgman Polygon-Clipping Algorithm in 2D  The basic idea used in polygon clipping is that
an n-sided polygon is represented by n vertices. On each of the polygons, two tests are conducted. If the line
(edge of the polygon) intersects the window edge, the precursor point is added to the output list. If the next
vertex is outside the window, discard it otherwise and add to the output list. This process is repeated for all

/f\/;\ | ‘: i O
<[ > / *

|~ | < S e
Y ¢ - T 4
R

~ = %
Z_i Z

Fig. 3.42 Clipping produced for
Fig. 3.41 Identical line clipping of two different geometries by
different geometries polygon clipping
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the edges of the polygon. The resulting output is an m-sided polygon, which can be displayed as shown in
Fig. 3.42. The main advantage of this algorithm is that it can be used for a clipping window that need not be
a rectangle. Further, this can be easily extended to 3D.

3.9 " HIDDEN LINE/SURFACE REMOVAL

Removing hidden lines and surfaces greatly improves the visualisation of the objects. Looking at Fig. 3.43,
the left side shows the butterfly valve body in a wire-frame model. The appearance of the object is greatly
complicated by the appearance of the hidden details. However, by removing the hidden details the object
geometry is clearly identifiable in the right-hand side.

Fig. 3.43 Need for eliminating the hidden surfaces for clarity

A wide variety of hidden-surface removal algorithms are in existence. They have been developed
historically for the different systems they were supporting. These algorithms may be classified into object-
space methods and image-space methods. The image-space methods can be further divided into vector and
raster methods depending upon the type of displays that are used. However, in view of the type of displays
being mostly raster, we will be looking at only those algorithms.

Hidden-surface removal algorithms require considerably large processing power. There is no single best
solution for the hidden-surface removal problem. Because of the complexities involved, a large number of
algorithms have been developed, some of which are useful for specific applications, while others are useful
for general situations. There are many approaches to hidden-surface removal and it is difficult to cover all of
them here. Hence, some basic approaches are highlighted here while the reader is advised to refer to more
specialised literature to get the details.

The following hidden-surface algorithms are discussed below:
» Back-face removal
» Z-buffer (depth buffer)
» Depth-sort algorithm

3.9.1 Back-face Removal

The basic concept used in this algorithm is for only those faces that are facing the camera (centre of projection).
The normal form of a polygon face indicates the direction in which it is facing. Thus, a face can be seen if
some component of the normal N (Fig. 3.44) is along the direction of the projector ray P.

If an object can be approximated to a solid polyhedron then its polygonal faces completely enclose its
volume. It is then possible that all the polygons can be defined such that their surface normals point out of their
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Fig. 3.44 Back-face removal using Fig. 3.45 Back-face removal using the surface
the surface normal and normal - A, B, D, F are back faces and
projecting ray C, E, G, H are front faces

polyhedron faces as shown in Fig. 3.45 for a polygon slice. If the interior of the polyhedron is not exposed by
the front clipping plane then those polygons whose surface normals point away from the camera (observer)
lie on a part of the polyhedron which is completely blocked by other polygons that are closer (Fig. 3.45).
Such invisible faces called back faces can be eliminated from processing leaving all the front faces.

As can be seen, not all the front faces are completely visible. Some may be completely obscured by
other faces (such as F) or partially visible (such as C). This method allows identifying the invisible faces for
individual objects only. However, in majority of the cases this removes almost 50% of the surfaces from the
database, which can then be processed faster by the other algorithms.

3.9.2 Z-Buffer Algorithm (Depth Buffer) e

The Z-buffer is a separate depth buffer used to store the z-coordinate ( O :
(depth) of each pixel in the geometric model. This method utilises
the principle that for each of the pixel locations, only that point -
with the smallest z-depth is displayed. Figure 3.46 shows two
surfaces S| and S, with varying distances along the position (x, y)

in a view plane. Surface S| is closest at this position, so its surface

depth value is saved at the (x, y) position.

For this purpose, it constructs two arrays:

* Z(x,y) the dynamic nearest z-depth of any polygon face Fig. 3.46 z-buffer method - S, is closer
currently examined corresponding to the (x, y) pixel to the observer (x, y) than S,
coordinates.

e [ (x, y), the final output colour intensity for each pixel, which gets modified as the algorithm scans
through all the faces that have been retained after the back-face removal algorithm.

The first face is projected on to the viewing plane and the Z (x, y) and [ (x, y) arrays are filled with the
z-depth and colour of the face. The next polygon is projected and its z-depth for each pixel location is
compared with the corresponding one that is stored in Z (x, y). If the new z-depth is smaller then it replaces
the existing value, while its colour is stored in the corresponding position in 7 (x, y). This process is repeated
for all the faces. Thus, the image stored in / (x, y) is the correct image, accurate to the nearest pixel with all
the hidden surfaces removed.
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The main advantage of the algorithm is its simplicity and the amount of storage required. The disadvantage
of the method is the difficulty in implementing anti-aliasing, transparency and translucency effects. The
reason for this is that the algorithm writes the pixels to the frame buffer in an arbitrary order, and the necessary
information for pre-filtering anti-aliasing techniques is not easily available. Similarly, for transparency and
translucency effects, pixels may be written to the frame buffer in incorrect order, leading to local errors.

3.9.3 Depth-Sort Algorithm ve :
The depth-sort algorithms utilise the principle of painting the polygons “\‘ (‘
into the frame buffer in the order of decreasing distance (depth) from \'\‘ N P [
the view point. This can be done by following the three steps as shown 4\1—71—7\ "K —
below: ‘\’ Q 2% l‘
» Sort all the polygons according to the smallest z-coordinate of “\ /,_/’/ \i
each. ]
* Resolve any ambiguities (Fig. 3.47) when the z-coordinates of
polygons overlap, by splitting the polygons. > X
* Scan and convert each polygon in ascending order from back  Fig. 3.47 Depth-sort algorithm-—
to front (in terms of z-coordinate). overlapping of polygons
This method is often called the painter’s algorithm, since it utilises in the depth direction

the procedures followed by artists in oil painting. The artist first paints the background colours and then
adds the distant objects first. Later, he adds the nearer objects in the order of decreasing depth. Finally, the
foreground objects are added to the canvas over the background and other objects that have already been
painted. Each new layer of paint added covers the paint already present on the canvas.

This process is carried out in a number of steps. All the surfaces (polygons) are ordered in the first pass
according to the smallest z-value on each surface. The surface with the largest depth (z-value) is compared
with all other surfaces in the list to compare if there is any overlap in the z-direction. If there is no overlap then
it is scan converted to fill the frame buffer. The same procedure is completed for all other surfaces in the list
if there is no overlap. If an overlap is detected then further tests need to be done on that surface to examine
the visibility.

The following tests are conducted to see if re-ordering of surfaces is necessary. If any of these tests are true
then we proceed to the next surface.

» The bounding rectangles in the xy plane for the two surfaces do not overlap.

» One surface is completely behind the overlapping surface relative to the viewing position.

» The overlapping surface is completely in front of the surface relative to the viewing position.
» The projections of the two surfaces on to the viewing plane do not overlap.

Some examples are shown in Fig. 3.48. There is an overlap in the z-direction between the surfaces S, and S,.
However, there is no overlap in the x-direction. Then we also check in the y-direction. If there is no overlap,
then S, cannot overlap S,. The surface S, is completely in front of the surface S; but the surface S5 is not
completely inside S,. When all the first three tests fail then the intersection between the bounding edges of
the two surfaces is checked as shown in Fig. 3.49. The two surfaces may or may not interfere, but still the test
fails because of the intersection of the bounding edges.

When all the tests fail, the order of the surfaces in the list is interchanged and the procedure repeated. There
is no guarantee that even after interchanging we may not come across situations where the surfaces may get
into an infinite loop where the same surfaces may need to be continuously reordered in the processing. In
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X Fig. 3.49 Depth-sort algorithm-overlapping
Fig. 3.48 Depth-sort algorithm-surfaces that are bounding rectangles in the
overlapping and non-overlapping Xy plane

such cases, some of these surfaces need to be flagged and re-ordered to a further depth position so that it
cannot be moved again. Alternatively, the surfaces that are being moved more than twice may be divided into
two surfaces and the processing continued.

3AOI|COLOUR

The human visual system can distinguish only a few shades of grey, while it has much more discriminating
power with respect to colour shades. Thus, colour provides a lot of information about the object displayed.
Our perception of colour is determined by the colour of the light source and the reflectance properties of the
object, since only those rays that are reflected are seen, while others are absorbed. The use of colours enhances
the presentation of information in CAD/CAM in a number of ways. Using different colours for different types
of geometric entities during the construction stage helps the engineer to follow the modelling processes with
more clarity. For example, in a wireframe, surface, or a solid modelling process, the entities can be assigned
different colours to distinguish them. In addition, to get a realistic appearance of the object, colour becomes
very important for the shaded images produced by shading algorithms as seen later. In finite element analysis,
colours can be used effectively to display contour images such as stress or heat-flux contours.

3.10.1 Colour Models

There are several different colour models that are used:
* RGB Model
» CMY Model
» HSI Model
¢ YIQ Model

RGB Model In the RGB model, an image consists of three independent image planes: red, green and blue.
This is an additive model, i.e., the colours present in the light add to form new colours, as shown in Fig 3.50.
The other colours obtained are yellow (red + green), cyan (blue + green), magenta (red + blue) and white
(red + green + blue). A particular colour is specified by the amount of each primary colour to get all the other
shades of colours. This model is appropriate for the mixing of coloured light and is used for colour monitors
and most video cameras.

CMY Model Unlike the RGB model, the CMY (cyan-magenta-yellow) model is a subtractive model
(Fig 3.51). The three primary colours are cyan (C), magenta (M) and yellow (Y). The other colours obtained
are red (yellow + magenta), green (cyan + yellow), blue (cyan + magenta) and black (cyan + magenta +
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Red light

Blue
light ™

Magenta
 dye

Fig. 3.50 Colour model—RGB Fig. 3.51 Colour model—CMY

yellow). Hence, it is used in cases where absorption of colours is valid. In contrast to the RGB model, where
colours are added to black to get a particular colour, the CMY model defines what is subtracted from white.
It is used with colour printers and photocopiers.

In the printing industry, this model is frequently called the CMYK model instead of CMY. Here, K stands
for black. Though the mixture of cyan, magenta, and yellow ink should absorb all the primary colours and
print as black, it normally comes as muddy brown. Hence, all the colour printers (inkjet as well as laser) or
photocopiers have a separate cartridge for black ink or toner in addition to the cyan, magenta, and yellow.

3.11 || SHADING

Having studied the principles that are required for displaying realistic graphical images without the hidden
surfaces, the next logical step is to render them by incorporating the correct shading of different surfaces.
In order to get a realistic appearance, it is necessary to render the object with the actual colours as closely
as possible. Further improvement will be to add colour. In order to do this, it is necessary to understand the
mechanics of light as reflected from the object based on its reflectivity.

A —
3.11.1 Object Lighting 3  Lignt “;, Viewer
All objects emit light, whose origins could be many and varied. The v f
object itself may be emitting light. A more common phenomenon is NP~ 3
the reflection of the light that is falling on the object. The light that
is falling on the object can be coming from a light source such as the R
sun or a light bulb, or a reflected light, for example, the reflected light ,/ X

from the light bulb from the surrounding walls. As a result, the light l‘\\ Surface /
emanating from any object depends upon many sources and the entire T -
scene, therefore, needs to be taken into account to render the object Fig. 3.52 Basic illumination of an
correctly. It is the reflected light that allows the object to be seen as object by a light source
shown in Fig. 3.52.

Reflection When light falls on a surface, it can be reflected, absorbed or transmitted through the surface.
Reflections can be classified into two types: diffuse reflection and specular reflection. In diffuse reflection,
the incident light is randomly reflected in all directions. If the incoming light rays are diffused then the
reflection from the object will also be diffused. Diffuse reflection alone does not give any visual realism since
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the light from the object has no relation to the incident light. The observer will not be able to identify if it is
a flat surface or a convex surface.

CAD/CAM: Principles and Applications

Part of the light incident on the surface reflects back to the observer. With diffuse reflection, the proportion
of light reflected back is dependent simply on the surface properties and not dependent on the angle of the
viewer. The observed intensity (£) of light on a surface can be written as

E=RL (3.73)
where R is the reflection coefficient of the surface andis 0 < R <1, and
L is the strength of the incident illumination.

The intensity of the reflected light is proportional to the cosine of the angle between the surface and the
incoming light direction, which is called Lambert’s cosine law.

Specular reflection is the property of a surface that reflects the incident light in a nearly fixed direction and
without affecting its quality. It is this reflection that is responsible for the highlights seen on shiny objects.
It is normally assumed that all incoming wavelengths of the light are reflected equally. Another aspect that
should be noted is the Mach band effect. The Mach band effect makes smooth intensity changes on surfaces
look sharper than they really are. It occurs whenever the light intensity on the object surfaces changes sharply.
A very nice Java illumination model can be seen on the Internet. You may play with the parameters to get an
idea about the illumination effects. (http://www.siggraph.org/education/materials/HyperGraph/illumin/vrml/
pellucid.html)

3.11.2 Shading Methods

In order to present an object, shading is an important form of display that enhances the realism. All these
methods are computationally intensive. A few of the techniques used for shading in CAD are discussed
here.

Lambert Shading In the Lambert shading method, also called faceted shading, the surface of the object
is approximated by polygons (flat surface) even though it is smooth. This gives rise to the appearance of
the smooth solid as a faceted solid, shown in Fig. 3.53. The surface normal for each polygon is computed
and the illumination model is applied to get the intensity of the surface. The polygon is then filled with this
intensity. The result is seen in Fig. 3.53 as a faceted solid. By increasing the number of polygons, the surface
can become smooth. However, for complex objects the number of polygons may be too large to get a smooth
appearance. Thus, the Lambert shading method will rarely provide a smooth-looking surface.

Gouraud Shading Gouraud shading, invented by Henri Gouraud in 1971, is a method to display each surface
polygon with an intensity that varies smoothly. The smoothness is obtained by linearly interpolating a colour
or shade across the polygon unlike the Lambert shading which has a single colour across the entire polygon.
In order to do this, the intensity is calculated for each pixel rather than one intensity for the entire polygon.
It is also called intensity interpolation and is a very simple and effective method of adding a curved feel to a
polygon that would otherwise appear flat. An example of a Gouraud shaded cylinder is shown in Fig. 3.53.

When two polygons meet, the colour results for the neighbouring pixels across the border are interpolated
so that they end up with approximately the same colours. Thus, the adjoining polygons avoid the sudden
discontinuity at the border by having the same colour.

First, the colour at each vertex of the polygon is calculated similar to the Lambert shading procedure as
explained earlier. Then the colour for all the remaining pixels in the polygon can be calculated by following
the appropriate interpolating from the vertices. For example, for a pixel that is in the middle of one of the
edges, the colour value should be halfway between the colour values at the two ends. In fact, the colours are
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Fig. 3.53 Lambert shading of a Fig. 3.54 Gouraud shading of a faceted solid
faceted solid compared to Lambert shading

(

normally calculated for the pixels along the scanline through the polygon. [ s |olalals|s
This procedure is explained below with reference to Fig. 3.55. - Y ' ]

Imagine that a polygon XYZ, as shown in Fig. 3.55,istobe shaded. | o | o | o
Each square in the figure refers to a pixel on the screen. The hatched /
squares represent the actual pixels being occupied by the polygon. | © /
Since the rendering will be done along the scan lines, currently the C
scan line AB is being rendered. It may be noticed that 4 and B are not
falling at the centre of the pixels. The two ends of the line are actually . % /
passing through pixels C and D. Hence, it is necessary to make a slight X 7

o)

(9]
ALCT xR
e] V/ge S o | o

>Z
adjustment for increased accuracy. The gradient of the shade, G zalong | « | ¢ % é/ o
the line is given as e
ololololo ™o
G,y =25 (3.74) £
4= X, .

Fig. 3.55 Gouraud shading
where S, =shade at 4, principle of a polygon

S = shade at B,
X is the X-coordinate value of 4, and
Xj is the X-coordinate value of B.
From the gradient, the exact value of the shade at C can be calculated as
Se=84+ Xe—X)* Gyp (3.75)
Since the shade changes linearly across the scan line, the shade along all the pixels can be calculated in a
similar manner using the following formulae:
Sp =8y T Xp—X)* Gyp
Sp =S4t (Xp—X)*Gyp (3.76)
By performing separate calculations for red, green and blue, a complete colour value can be obtained for
each of the pixel.

Though Gouraud shading is an improvement over flat shaded polygons, problems occur when mixing
light source calculations with big polygons. It tends to miss certain highlighting, particularly with specular
reflections. Also, Gouraud shading can introduce anomalies known as Mach bands.
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Phong Shading Bui-Truong Phong developed the Phong shading method in 1975. It is similar to Gouraud
shading in using the vertex normals. However, Phong shading interpolates the vertex normals themselves
rather than the intensities at the vertices. It is also called the normal-vector interpolation shading method. The
procedure to be followed for Phong shading is as follows:

CAD/CAM: Principles and Applications

* Determine a normal vector at each vertex of a polygon similar to the procedure used in Gouraud
shading.

(e}
O
O

O
o
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(e]

« Interpolate normal vectors along the edges of the polygon.

« Interpolate normal vectors across each scan line, so that there
is one normal vector for each pixel in the polygon. gle|e

* Apply an illumination model at positions along scan lines | . | | [le
to calculate pixel intensities using the interpolated normal Nak | /1

'\hmZ
o
(e

vectors. :
Similar to the Gouraud shading for each scan line in the polygon, Z : o

. . . . o Z7% i N\o | ¢
evaluate the normal vectors at each pixel by the linear interpolation | “, &> AN\ 4
of the normal vectors at the end of each line (N, and Np) as shown o | o | 224 .
in Fig. 3.56. The normal vector thus calculated for each pixel onthe | ~ | ~ | ~ % Z222
polygon is an approximation to the real normal on the curved surface | o | o | o | 5 | o [To~l\o
approximated by the polygon. Z

N,(Xg—Xp) + Ng(Xo— X)) Fig. 3.56 Phong shading principle
Ne = (3.77) of a polygon

XB_XA

The interpolated normal vector N, is then used in the intensity calculation. Since this is a vector equation
it needs to be solved for each of the coordinates (X, Y and Z) direction. This makes the Phong shading three
times more expensive compared to Gouraud shading.

e We have studied various principles that are required for displaying the graphical
Summary images on the output device.

e In order to display the graphical information, which is vectorial in nature, it is

_ necessary to convert it into raster format.

e For converting lines into raster format, the DDA algorithm is simplest while
Bresenham’s algorithm reduces the computations into integer format, thereby
making it a faster alternative.
e It is necessary to modify the pixel information for display to get a more realistic visual
experience.

e Depending upon the type of graphic display used, it is necessary to be familiar with a number of
different coordinate systems to facilitate the graphic construction as well as display.

® In addition to the actual graphic information, a large amount of additional data such as organisa-
tional and technological data is stored with the product data.

e Three different types of data models are used for storing modelling data. They are the hierarchical
model, network model and the relational model. Of these, the relational model is quite extensively
used because of its flexibility in usage. It maintains data tables and pointers to store the required
data in a very compact manner.
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Engineering Data Management (EDM) takes care of all the data that is required for a given product
throughout its lifecycle.

Geometric transformations can be handled conveniently using matrix algebra. For this purpose, it is
necessary to use homogenous representation of vertex data.

Various transformations that are quite useful are translation, rotation, scale and reflection. It is
possible to extend these basic transformations for more complex transformations.

The 2D transformation methods can be easily extended into 3D.

The 3D geometry data needs to be converted into 2D by adopting a suitable projection system such
as orthographic, isometric or perspective projection.

Since only part of the geometric model will be displayed most of the time, it is necessary to clip
the information outside the display window. A number of methods are available for straight line as
well as polygon clipping.

Line clipping is simple, but polygon clipping is more comprehensive and can be easily extended
to 3D.

Also, it is necessary sometimes to remove the hidden lines to make the display easier to understand.
For this purpose, back-face removal, depth buffer (Z) and depth-sort algorithm are used.

There are a number of colour models used with the graphic displays and hard copies. Adding colour
and shading coupled with the removal of hidden surfaces allows for realistic visualisation of objects
modelled.

Gourad shading and Phong shading models are frequently used to get smoothly shaded
3D profiles.

Questions

1.

. Explain the concept of anti-aliasing of lines. Give

. Briefly explain the requirements for a graphic

Explain the basic principle of (i) the DDA, 7. What are the different types of data models used

and (ii) Bresenham’s algorithms for the linear in a graphic database structure?

interpolation for graphics terminals (no derivation 8. Explain briefly the hierarchical model of a graphic

of the relations). Explain the relative advantages database.

of the methods. 9. Explain briefly the network model of a graphic
. Derive the relationship for rasterisation of database.

vectors using the principle of (i) the DDA, 10. Explain briefly the relational model of a graphic

and (ii) Bresenham’s algorithms for the linear
interpolation for graphics terminals.

database.

11. Explain briefly what you know about EDM

S . . . (Engineering Data Management) systems.
examples of their implementations in graphic

. 12. Describe some important features of an EDM
terminals.

. . ) ) (Engineering Data Management) system.
Briefly explain the concept of various coordinate

systems required for geometric display systems.
Give examples.

13. Explain the type of database structure that is
generally employed in solid modelling.

14. What are the various types of information
normally stored in a geometric database for

database. . .
products in a CIM environment?

What are the functionalities expected of a graphic
database structure?
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15.

16.

17.

18.

20.

21.

22.
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Briefly explainthe various graphic transformations
required for manipulating the geometric
information.

What is the need for concatenation of
transformations? Explain the care to be taken in
such cases.

Explain why the homogeneous coordinate system
is generally used in graphics in place of a normal
coordinate system, in particular for software
implementation. Give an example to illustrate the
advantage.

Derive the relationship for geometric rotation in
the YZ plane.

. Explain the concept of obtaining a rotation about

an arbitrary point in the XY plane.

Explain the concept of obtaining a reflection
about an arbitrary line starting from the plain
reflection about an axis.

How do you obtain the orthographic projections
of'a 3D geometric database?

Explain the importance of clipping. Give details
of methods used for line clipping.

Problems

1.

An object is to be rotated about an axis parallel
to the X axis, but its origin passes through a point
(X,, Y. Obtain the necessary transformation
matrix in two dimensions.

A scaling factor of 2 is applied in the Y direction
while no scaling is applied in the X direction to the
line whose two end points are at coordinates (1, 3)
and (3, 6). The line is to be rotated subsequently
through 30° in the counter-clockwise direction.
Determine the necessary transformation matrix
for the operation and the new coordinates of the
end points.

. The vertices of a triangle are situated at points

(15, 30), (25, 35) and (5, 45). Find the coordinates
of the vertices if the triangle is first rotated by
10° in a counter-clockwise direction about the
origin and then scaled to twice its size. Draw the
triangles on a graph paper or in Auto CAD.

23.
24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Explain the Cohen—Sutherland clipping algorithm.
Explain the Sutherland-Hodgman clipping algorithm.
Explain the details of polygon clipping. Give its
advantages compared to line clipping.

Explain the method of back-face removal. Give
its advantages and limitations with reference to
hidden-line removal.

Give the details of z-buffer method for hidden-
surface removal.

Explain the importance of colour in CAD/CAM
applications.

Give the two most common colour models used
in CAD.

Give the details of depth-sort algorithm for
hidden-surface removal.

What is the effect of specular reflection of objects
on illumination noticed?

Explain the Lambert shading model for faceted
solids.

What are the improvements brought by Gouraud
shading compared to Lambert shading?

Explain the Phong shading procedure.

Prove that the multiplication of transformation
matrices for the following sequence of operations
is commutative:

(a) Two successive rotations

(b) Two successive translations

(c) Two successive scalings

Prove that a uniform scaling and a rotation form a
commutative pair, but that, in general, scaling and
rotation are not commutative.

Show that transformation matrix for a reflection
about the line Y= +X is equivalent to a reflection
relative to the X-axis, followed by a counter-
clockwise rotation of 90°.

. Show that the transformation matrix for a

reflection about the line Y = — X is equivalent to
a reflection relative to the Y-axis, followed by a
counter-clockwise rotation of 90°.
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10.

11.

12.

13.

. Determine the form of transformation matrix

for a reflection about an arbitrary line with the
equation Y=mX+ c.
Calculate the transformed (rotation of 30°)
coordinates of the following:
(a) arectangle of size 25 mm x 40 mm
(b) a hexagonal prism of 15 mm edge and
120 mm height located at any convenient
point
(c) a frustum of a cone of 60 mm base diameter
and 30 mm top diameter with a height of
40 mm
If a line is represented by the following in two
dimensions, 2Y=3X-5, find out the final position
of the midpoint of the line. The line before the
transformation starts at (1, —1) and ends at (5, 5).
The transformation being carried is rotation about
the origin in the XY plane (about Z-axis) of 30° in
the counter-clockwise direction.
The two ends of a straight line have coordinates
A (0.5, 1.5) and B (1, 2.5). The line must be
rotated through 40° in the counter-clockwise
direction about the origin in the XV plane and then
translated 4 units in the +X direction. Write the
necessary transformation matrix and determine
the new coordinates of the two end points.

Show that the midpoint of a line transforms to the
midpoint of the transformed line.

Show that

(a) Translation is commutative

14.

15.

16.

17.

18.

Computer Graphics %

(b) Mirror and 2D rotation about the Z-axis are
not commutative
(c) Scaling and 2D rotation about the Z-axis
are commutative
A cube of 10 unit length has one of its corners at
the origin (0, 0, 0) and the three edges along the
three principal axes. If the cube is to be rotated
about the Z-axis by an angle of 30° in the counter-
clockwise direction, calculate the new position of
the cube.
A square with an edge length of 15 units is located
in the origin with one of the edges at an angle of
30° with the + X-axis. Calculate the new position
of the square if it is rotated about the Z-axis by an
angle of 30° in the clockwise direction.

The two ends of a straight line have coordinates
(1, 3) and (2, 5). It is to be reflected about a
straight line that passes through the points (0, 0.5)
and (4, 6). Write the necessary transformation
matrix for the above operation, and determine the
new coordinates of the end points of the line.

The two end points of a line segment have
coordinates (1, 3) and (3, 6). If this is to be scaled
to twice its present size, write the transformation
matrix and the coordinates of the new end
points.

A point P lies originally at the position (V2, 0).
Find its coordinates if it is rotated 45° clockwise
about the origin. If it is given a subsequent rotation
of 45°, what will its coordinates be?
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GEOMETRIC
MODELLING

Objectives

Geometric modelling constitutes the most important and complex part in most of
the present-day software packages. After completing the study of this chapter, the
reader should be able to

Understand the various requirements for the information that is generated
during the geometric modelling stage

Study various types of geometric models possible and their applications

Develop various methodologies used for geometric construction such as
sweep, surface models, solid models, etc.

Recognise the various types of surfaces and their applications as used in
geometric modelling

Appreciate the concept of parametric modelling which is the current mainstay
of most of the 3D modelling systems

Develop the various mathematical representations of the curves and surfaces
used in geometric construction

Understand the parametric representation of curves and surfaces
Understand the solid construction methods including b-rep and CSG
methods

Discuss the various CAD system requirements that need to be considered
while selecting a system for a given application

Understand the concept of rapid prototyping and the various methods available
for the purpose

4.1 " REQUIREMENTS OF GEOMETRIC MODELLING

What does geometric modelling mean? What is it expected to provide? The
total product cycle in a manufacturing environment involves a large number of
interconnected functions. The concept of a product originates in the designer’s
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mind. If it is to be translated into reality, he needs to present o ~
it in a relevant form for the manufacturing engineer to / \
understand and carry out the necessary operations on it for / \ Geometric
its production (Fig. 4.1). The total process will have to be [ “ ~modelling
carefully integrated such that a large amount of duplication of j ey e
work is avoided. This may consist of some kind of a problem / \
identification based on market research, product feedback \
or some innovative new idea. Based on this input, some / R

.. . .. [ Design |
preliminary ideas could be developed. These preliminary » analysis |
ideas can then be expanded into some preliminary designs, ’
which are basically gross designs, without going really into
the various principles involved. Based on all this, one or more )< /
candidate designs could be generated which needs further
exploration. For all these activities, geometric modelling Fig. 4.1 Total product cycle in a
becomes the central part that is manipulated at all these manufacturing environment
stages as shown in Fig. 4.1.

CAD/CAM: Principles and Applications

Traditionally, product drawings were made together with the prototypes for passing across the information.
However, in a computerised environment, the information a designer generates can form the basic unit which
is accessed by a number of other elements of a CAM system, as explained in the first chapter. Hence, it is
important that the geometric model generated should be as clear and comprehensive as possible so that the
other modules of the modelling and manufacturing system are able to use this information in the most optimal
way.

The functions that are expected of geometric modelling are

Design Analysis

+ Evaluation of areas and volumes

 Evaluation of mass and inertia properties

* Interference checking in assemblies

* Analysis of tolerance build-up in assemblies

* Analysis of kinematics—mechanics, robotics

+ Automatic mesh generation for finite element analysis
Drafting

* Automatic planar cross-sectioning

+ Automatic hidden line and surface removal

* Automatic production of shaded images

* Automatic dimensioning

* Automatic creation of exploded views for technical illustrations
Manufacturing

* Parts classification

* Process planning

* Numerical-control data generation and verification

* Robot program generation
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Production Engineering

+ Bill of materials

» Material requirement

* Manufacturing resource requirement
+ Scheduling

Inspection and Quality Control

* Program generation for inspection machines
» Comparison of produced part with design

In view of such varied applications, the geometric-modelling technique used has to provide all such
facilities for interaction. The modelling system should be able to describe the parts, assemblies, raw material
used, and the manufacturing requirements. From geometric models (of parts, assemblies, stock and tools),
it is possible to obtain manufacturing, assembly and inspection plans and command data for numerically
controlled machine tools.

Another important aspect to be considered with geometric modelling is the fact that the ways of traditional
designers are followed as far as possible. This is easier said than done. But what brings out this interaction is
the ‘interactive graphic environments’ provided by most of the operating systems. The user (designer) is able
to see his designing process instantly, and is thereby in a position to take any corrective action as required.
However, in the batch mode of operation, which was prevalent in most of the earlier modelling systems, this
aspect was missing.

Therefore, it becomes necessary for the geometric modelling system to provide complete information
on all aspects related with the further use of the system and at the same time be simple and in tune with the
designer’s methods. Requicha and Voelker [1981] specified the following properties to be desired of in any
geometric modelling (solids) system.

1. The configuration of the solid (geometric model) must stay invariant with regard to its location and
orientation.

2. The solid must have an interior and must not have isolated parts.
3. The solid must be finite and occupy only a finite shape.

4. The application of a transformation or other operation that adds or removes parts must produce
another solid.

5. The model of the solid in E* (Euler space) may contain infinite number of points. However, it must
have a finite number of surfaces which can be described.

6. The boundary of the solid must uniquely identify which part of the solid is exterior and which is
interior.

4.2 || GEOMETRIC MODELS

There are a large number of geometric modelling methods that have been represented in the literature
referenced in the end. All these models satisfy the requirements presented in the previous article.

The geometric models can be broadly categorised into two types:
1. two-dimensional, and
2. three-dimensional.
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The two-dimensional models were the first ones to be developed in view of their relatively lesser
complexity. However, their utility is limited because of their inherent difficulty in representing complex
objects. Their utility lies in many of the low-end drafting packages, or in representing essentially two-dime-
nsional manufacturing applications such as simple turning jobs (axi-symmetric), sheet-metal punching or
flame or laser cutting. Serious CAM applications are extremely difficult in operation, if they start from the
two-dimensional geometric modelling. Hence, hardly any application exists with only a two-dimensional

geometric modelling.
S8
% &>
S7 h h
b)

(a) Line model (b) Surface model (c) Volume model

CAD/CAM: Principles and Applications

Fig. 4.2 3D geometric representation techniques

In contrast, three-dimensional geometric modelling has the ability to provide all the information required
for manufacturing applications. There are a number of ways in which the three-dimensional representation
can be arrived at. The three principal classifications can be

1. the line model (wireframe modelling),
2. the surface model, and
3. the solid or volume model.

These are represented in Fig. 4.2.

Of these, the line model is the simplest and is used in low-
cost designing systems. The complete object is represented by
anumber of lines with their endpoint coordinates (x, y, z), and |
their connectivity relationships. This is also called wireframe
representation. Though it appears simple, as seen in Fig. 4.3, (
there is an ambiguity possible as it is difficult to understand
the outside of the solid represented by the wireframe model —_—
in Fig. 4.4. Thus, the line model or wireframe model is Fig. 4.3 A geometric model represented
inadequate for representing the more complex solids. It is in wireframe model
also possible to draw some impossible solid objects using
wireframe modelling as shown in Fig. 4.5. However, in view of the simpler manipulation methods used in
organising the wireframe models, these are used in low-end designing and manufacturing systems. Examples
could be AutoCAD, Versa CAD, Personal designer of ComputerVision, Micro Station, CADKEY, etc. To
fully describe the nature of the solid, it is essential to store further information in addition to the vertex data.
Most of these systems have now progressed to provide comprehensive three-dimensional facilities in addition
to the two-dimensional methods described above.
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Fig. 4.4 Ambiguities present in the wireframe model

The surface model is constructed essentially from surfaces such as planes (as shown in Fig. 4.6),
rotated curved surfaces (ruled surfaces) and even very complex surfaces. These are often capable of clearly
representing the solid from the manufacturing point of view. However, no information regarding the interior
of the solid model is available which can be relevant for generating the NC cutter data. Further, the calculation
of properties such as mass and inertia is difficult. Thus, this model, as a complete technique for constructing
the solid, is extremely tedious and is not generally attempted. But these facilities are available as part of the
modelling technique, and are used when such a surface is present in the product for design. For example, this
method is used more for specific non-analytical surfaces, called sculptured surfaces, such as those used for
modelling car bodies and ship hulls. There are a number of mathematical techniques available for handling
these surfaces such as Bézier and B-splines, details of which are presented later in this chapter.

Fig. 4.5 Impossible objects that can be modelled Fig. 4.6 Generation of 3D geometry
using a wireframe model using planar surfaces
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The solid or volume model consisting of the complete description of the solid in a certain form is the most
ideal representation, as all the information required for manufacturing can be obtained with this technique.
This is the most widely used method and a number of different techniques are employed in representing the
data related to the solid, the details being presented below. A comparison of the capabilities and applications
of the various modelling techniques is presented in Table 4.1.

CAD/CAM: Principles and Applications

Table 4.1 Comparison of the different modelling methods

Line model Surface model Volume model
Automatic view generation Impossible Impossible Possible
(perspective and orthographic)
Cross-sectioning Manually guided Manually guided Possible, even automated
cross-hatching is possible
Elimination of hidden details Manually guided May be possible Possible
Analysis functions Difficult or impossible Difficult or impossible ~ Possible

(geometric calculations)
Numerical control application Difficult or impossible Automatic possible Automatic possible

4.3 " GEOMETRIC CONSTRUCTION METHODS

A technical (production) drawing consists of a lot of information besides the simple view or the geometric
representation. Examples are the dimensions, tolerances, material specifications, the processing requirements,
assembly requirements, etc. Many alternative views of the details in the object should be presented for clarity.
A sample illustration of the technical drawing produced using a drafting software (AutoCAD) is shown in
Fig. 4.7.

It is incumbent on the geometric construction method employed to make use of the normal information
available at the product-design stage and also be as simple as possible in construction. In addition, the current-
day interactive interfaces provided between the software and the user minimise the hassles associated with
the geometry input.

The three-dimensional geometric construction methods, which extend from 2D, that are normally used
are

+ linear extrusion or translational sweep, and
* rotational sweep.

In addition, the 3D solid-generation method includes the primitive instancing or constructive solid
geometry that involves the direct use of 3D solids for modelling.

4.3.1 Sweep or Extrusion

In linear extrusion, initially a two-dimensional surface is generated (Fig. 4.8) and then swept along a straight
line, thus generating three dimensions. It is possible to repeat the same technique for generating reasonably
complex geometry. The sweep direction can be any three-dimensional space curve and need not be a straight
line.

One of the reasons why sweep is the most used geometric construction in spite of its limitations is that
it is the natural extension in which designers or draftsmen work. As a result, further variations in sweep can
be made available for generating more complex geometry. For example, it is possible to sweep in a linear
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Extruded solid__
Extruded with taper
solid
Topology Curve topology
(o
Fig. 4.8 Component model produced using Fig. 4.9 Component model produced using

translational (linear) sweep (extrusion) translational (linear) sweep with the
taper in sweep direction

direction with a taper along the sweep direction. This is quite useful for generating the die and mould surfaces
for providing the draft angle.

Another possibility is to sweep a profile through a three-dimensional direction instead of the simple
straight line to get a more complex surface as shown in Fig. 4.10.

A further advantage of sweep is that in view of the varied facilities available normally in the two-
dimensional modellers, they can also be utilised for modelling three-dimensional solids. There are some
places where sweep may fail to generate a solid. For example, as shown in Fig. 4.11, the extending line in
the topology when swept will generate only a hanging edge and not a solid. Hence, the sweep operator will
have to inhibit such cases by imposing some restrictions on the topology chosen for extrusion. Generally, the
topology should be closed with no overhanging edges to produce a solid by linear extrusion.

Extruded solid
with hanging edge

Curve topology

e
Fig. 4.10 Component model produced using Fig. 4.11 Component model produced using
linear sweep with the sweep direction translational (linear) sweep with an
along a 3D curve overhanging edge

Also, not all types of objects can be modelled by this technique in addition to the problems associated
with it as explained above. It is not possible to add details in planes parallel to the sweeping direction by the
sweeping technique alone. This technique is, therefore, used along with other modelling methods.
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Another type of construction technique is the
rotational sweep, which can be utilised only for
axi-symmetric jobs as shown in Fig. 4.12. This
type is used for all axi-symmetric components
such as bottles used for various applications.

. |
Axis of ! \
revolution I \

It is also possible to add twist to the sweeping
in the third dimension. Similarly, the rotational
sweep can be enhanced by the addition of axial
and/or radial offset while sweeping to get helical
or spiral objects. In CAM, sweep can be used in
the material-removal operations to calculate the
tool paths. The volume swept by the tool when
subtracted from the blank will generate the final
shape required.

-« | \
Generator
| curve

Generated
part
4.3.2 Solid Modelling

Though the above techniques are capable of  Fig.4.12 Component produced by the rotational
generating surfaces that are reasonably complex, sweep technique

they are not suited for the purpose of inputting

geometry. The best method for three-dimensional solid construction is the solid modelling technique, often
called primitive instancing or constructive solid geometry (CSG). In this, a number of 3-dimensional solids
are provided as primitives.

Some typical primitives utilised in the solid modellers are shown in Fig. 4.13. Though these are the
analytical solid primitives generally used, the modelling is restricted only to these. It is possible to use any
solid obtained by the other modelling tools in the system as a primitive. From these solid primitives, the
complex objects are created by adding or subtracting the primitives.

Wedge

Cylinder

Torus

Pyramid

Hemisphere

Fig. 4.13 Various solid-modelling primitives
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For combining the primitives to form the complex solid, basic set operators, also called Boolean operators,
are used. They are of the following types—union, intersection and difference. The effect of these operators on
the primitives is shown in Fig. 4.14 for the simple case of a block and cylinder shown in their 2-dimensional
relationship. However, the same is true for 3-dimensional as well as for any other complex orientation of the
primitives and for any size as shown in Fig. 4.15. It may be seen that this is a very powerful technique for
representing fairly complex objects with relative ease. A job, as generated with these two primitives, is shown
in Fig. 4.16 wherein the entire operators and their effect is shown.

CAD/CAM: Principles and Applications

Cylinder

] A

Primitives Union Block _
Union
Difference Intersection
Difference Intersection
Fig. 4.14 Boolean operators and their effect Fig. 4.15 Boolean operators and their effect
on model construction on model construction

S %%

|

Block

i

CyIindver

% Cylinder
B

lock

Fig. 4.16 Creating a solid with 3D primitives in solid modelling and the model shown in the form
of Constructive Solid Geometry (CSG)
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From Fig. 4.14, also to be noted is the way the operators affect the geometry generated. The storage of
data required for the complex job is only the construction tree of the operators and the relevant dimensions
of the primitives. This facilitates the reduction of the storage requirement. Also, by making modifications
to the CSG tree, a new object can be obtained at any time. The Boolean operators always guarantee that the
object formed by these rules is physically realisable. However, if a CSG tree is evaluated for functions other
than modelling, enormous amount of computational overheads are caused. Therefore, most of the modelling
systems store, along with the CSG representation, the boundary representation (B-rep), which is essentially
the evaluated boundaries of the solid model stored in any parametric form. The most common method of
storage used is the Non-Uniform Rational B-splines (NURBS), and the method of modelling is implemented
in hardware form by many of the high-end graphic adapter cards.

The primitives are normally stored internally using analytical representation. However, non-analytical
surfaces such as Bézier surfaces cannot be modelled using CSG representation. Also, special facilities have
to be developed for joining the sculptured surfaces with the other solids. Hence, separate representations for
these surfaces are to be maintained in the design system.

4.3.3 Free-Form Surfaces

There may be surfaces which cannot be defined by any of the analytical techniques available. A few examples
are car bodies, ship hulls, some die-cavity surfaces, and decorative surfaces styled for aesthetics. An example
of sculptured surface is shown in Fig. 4.17. The only way these surfaces can be modelled is through a series
of control points and other boundary conditions, which specify the nature of the surface desired. There are a
large number of numerical techniques available in such cases. Some of the types of surfaces that are normally
employed in CAD systems are ruled surfaces, Bézier surfaces, B-spline surfaces, and NURBS.

1) Aste Monnd P aiiliamenes | ok CA )Pt Py =
N N R U
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Fig. 4.17 Model generated using the sculptured surfaces (image appears with the permission of IBM World
Trade Corporation/Dassault Systems—Model generated using CATIA)



The McGraw-Hill Companies

g CAD/CAM: Principles and Applications

| Classification of surfaces ‘

I |

[ Planar surfaces | ‘ Curved surfaces | [ Free-form surfaces |
l [ [ |
l Plane | | Single Curved J l Double curved | I Coons surface |
Sphere B-spline
Polygon Cylinder Ellipsoid Bezier surface
Polyhedra Cone Paraboloid Nurbs
Torus Fractals

| |

[ Ruled surfaces ] I Lofted surfaces’

Fig. 4.18 The various types of surfaces used in geometric modelling

The various surface types are shown in Fig. 4.18. Some of these surfaces can be modelled using analytical
methods. The free-form surfaces need to be defined using mathematical techniques that require a large amount
of computation to evaluate and extrapolate the surfaces.

1. Planar Surface A planar surface is a flat 2D surface.
2. Curved Surface The two types of curved surfaces are the following:

(a) Single Curved Surface It is a simple curved surface. For example, it can be generated by a straight line
revolved around an axis, such as cylindrical surface. Some other examples are conical surfaces, and surfaces
of pyramids, prisms and conics. This surface can be developed using geometric techniques.

(b) Double Curved Surface It is a complex surface generated not by a straight line but by a curved
surface. This surface is not developable. Some examples of these surfaces are spherical, torus, ellipsoid and
hyperboloid. These surfaces are used for airplane fuselages, spherical fuel tanks, automobile bodies and ship
hulls.

Some of the construction methods employed for these surfaces are explained below:

Ruled Surface A ruled surface is a surface constructed by transitioning between two or more curves by using
linear blending between each section of the surface. An example of a ruled surface is shown in Fig. 4.19.
The selection of the starting point on the curve for the surface determines the actual surface obtained. This
is shown in Fig 4.20 where the two different surfaces were obtained from the same data points based on the
sequence in which the points were selected. A planar surface can be obtained by forming a ruled surface

Fig. 4.19 Ruled surface on the left shows the curves from which the ruled surface on the right is formed
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between two straight lines as shown in Fig. 4.21a. Similarly, cylindrical and conical surfaces can be obtained
by taking appropriate closed curves as shown in Fig. 4.21a and b.

Ciw) e

1 _ T

C,W) \\L

@ o

™S

(@) (b) (©

Fig. 4.21 Three different ruled surfaces: (a) Planar surfaces between two straight lines (b) Cylindrical surface
between two identical circles (c) Conical surface between two circles of different diameters

Fig. 4.22 Different ruled surfaces obtained from the same closed curves. The different surfaces resulted
because of the differences in the selection of the starting point on each of the curves

Coons Surface A Coons surface or patch is obtained by blending four boundary curves. The single patch
can be extended in both the directions by adding further patches. The blending of these patches can be done
either by means of linear or cubic blending functions, thereby giving rise to a smooth surface linking all the
patches. An example is shown in Fig. 4.24 where the number of curves in both the directions are shown in (a)
which are then used to generate the Coons surface shown in (b). The main advantage of a Coons surface is its
ability to fit a smooth surface through digitised points in space such as those used in reverse engineering.
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(@) (b)

Fig. 4.23 Different ruled surfaces obtained from the same closed curves (circles):
(a) Cylindrical surface (b) Hyperboloid

Y A Control
_~"polygon

Fig. 4.24 Coons surface generation Fig. 4.25 Bezier curve and the
associated control polygon

Bézier Curves To obtain a more free-form design for aesthetic surfaces that satisfy some requirements, the
modelling techniques need to provide more flexibility for changing the shape. This can be achieved by the
use of Bézier curves named after P Bézier, the designer of the French car company Renault, who invented the
procedure in the 1960’s.

A Bézier curve uses the vertices as control points for approximating the generated curve. The curve will
pass through the first and last point with all other points acting as control points. An example is shown in
Fig. 4.25 showing the control polygon and the generated smooth curve. Some examples of different Bézier
curves are shown in Fig. 4.26, which will depend upon the nature of the control polygon vertices.

pi
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Fig. 4.26 The various examples of Bézier curves depending on the associated control polygons
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The flexibility of the process can be seen by changing the position of the individual control points in
space, thereby altering the control polygon. Changing the second point in space, alters the curve as shown in
Fig. 4.27. This is a very flexible process and is widely used for the design of aesthetic surfaces. The flexibility
of the curve increases with more control points. The process can be extended for surfaces as well.

Y Control Y

olygon
Control points X // pova
AR~ &

‘\ // = -iisi‘
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!
Curve

Ie) » X o » X

Fig. 4.27 Modification of Bézier curve by tweaking the control points

B-splines In the case of Bézier curves, it is considered Y4 Control

as a single curve controlled by all the control points. As a ) " polygon
> ) . . Control points .,

result, with an increase in the number of control points, the P

) ) . —3 Curve
order of the polynomial representing the curve increases. K)‘/

To reduce this complexity, the curve is broken down into \\

more segments with better control exercised with individual \j(
segments, while maintaining a simple continuity between the /

segments. An alternative is to use a B-spline to generate a
single piecewise parametric polynomial curve through any
number of control points with the degree of the polynomial 0
selected by the designer (Fig. 4.28). B-splines exhibit a local

control in that whenever a single vertex is moved, only those
vertices around that will be affected while the rest remains the same.

Fig. 4.28 Spline curve

The B-spline surface thus combines the strengths of Coons and Bézier surface definitions by forming the
surface from a number of controlling curves similar to Coons while having the control points to alter the
surface curvature.

Uniform cubic B-splines are curves with parametric intervals defined at equal lengths. The most common
scheme used in all the CAD systems is the non-uniform rational B-spline (commonly known as NURB),
which includes both the Bézier and B-spline curves. It also has the capability to represent a wide range
of shapes including conics. NURBS is a rational surface with each point on the surface having a weight
associated with it. NURBS is similar to the B-spline surface with the addition of the weighing factors, which
can have any value, thus allowing for the necessary surface-design alteration possibilities. When all the
weighing factors become 1, then it becomes a B-spline surface.

Lofted Surface A lofted surface is a surface constructed by transitioning between two or more curves
similar to a ruled surface by using a smooth (higher order) blending between each section of the surface, as
shown in Fig. 4.29. This method is extremely useful for modelling engine manifolds, turbine blades, airframes,
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volute chambers and the like. Such solids are otherwise difficult to produce by any of the previously described
modelling methods.

CAD/CAM: Principles and Applications

Surface Fillet This is the ability to automatically generate the fillet radius between two urfaces, either analy-
tical or sculptured. The radius could be uniform or vary linearly, depending upon the meshing surfaces. If
the same fillet is to be generated through the solid-modelling approach, a large amount of input is needed in
terms of the difference of a number of solids that would form a regular fillet surface. An example is shown
in Fig. 4.30—the left is without a blend and the right is the same object with a uniform blend radius. Modern
CAD systems have the capability to blend even complex surfaces, thereby relieving the designer of many
unwanted design operations.

Fig. 4.29 Lofted surface Fig. 4.30 Example of filleting or blend
method for model generation

Tweaking This is the ability to alter a model already created using any of the earlier approaches described.
In this, a face or a vertex in the model is interactively moved to see the effect in the modification of the
geometry. For example, in the case of sculptured surfaces, a point on the surface can be changed, and the

Woren s s b e $2 1 i |

Fig. 4.31 Example of tweaking method for surface modification (image appears with the permission
of IBM World Trade Corporation/Dassault Systems—Model generated using CATIA)
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surface modification observed for the purpose of styling (Fig. 4.31). However, when tweaking is applied to
CSG models, certain problems are involved. Since the CSG representations retain the way the job was modelled
using the primitives, any tweaking done may have unpredictable results because the effect obtained depends on
how the original model was developed.

4.4 " CONSTRAINT-BASED MODELLING

Many of the modelling methods outlined earlier rely to a great extent on the geometry of the part. However,
when engineers design parts, geometry is only one aspect of it, while the physical principles governing the
operation of the part are the main reason for getting the required geometric features. As a result, the modelling
process is driven by the design process. The constraint-based modelling, parametric modelling or variational
modelling was developed in the 80’s by Pro Engineer and later continued by other modellers (for example,
Solidworks and Autodesk’s Inventor) using the sweep or extrusion technique that we have discussed earlier.
They combine all the modelling techniques described thus far in such a way that the modelling process
embeds the design intent to the maximum extent possible.

In this type of modelling, often called parametric modelling or constraint-based modelling, most of the
time the modelling starts with a sketch in 2D plane and then is swept along a specified direction, thereby
producing the desired component. We will discuss this method a little more in detail since this is the mainstay
of most of the current modellers. The other facilities that we have described are also retained so as to provide
a complete modelling methodology.

The starting point for constraint-based modelling is a 2-dimensional sketch, where the approximate shape
of the object is created in a given two-dimensional plane such as the XY, YZ or ZX planes. All the facilities that
are required are readily available along with a lot of intelligence in the sketching process. Initially, the user
tries to develop the approximate shape without worrying about the dimensions (Fig. 4.32). Later when the
shape is completed, the user starts inputting the dimensions and gives some constraints such that the sketch
is uniquely defined (Fig. 4.33). Some of the constraints that are used are parallel, perpendicular, coincident,
horizontal, concentric, tangential, etc. The dimensions can be given by simple values or can be given in terms
of some equations that represent some design requirement. The available equation capability depends on the
individual modeller. Complete rules for solving the sketch are embedded in the modeller such that it guides
through the sketch constraining process.
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Fig. 4.32 Example of initial sketch Fig. 4.33 Sketch which is fully constrained
without any dimensions and dimensioned
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The dimensions shown in Fig. 4.33 can be direct numerical values, or they can be driven by other
dimensions in the form of equations. Facilities are also available whereby these dimensions can be in the
form of equations with variables. The variables need not be dimensions but may be other physical properties
of the material or phenomenon that is taking place. That makes the modelling process to be directly linked to
the design process.

The constrained sketch shown in Fig. 4.33 is then swept
along a linear direction that is perpendicular to the sketch
plane producing a solid, as shown in Fig. 4.34. This is a
simple operation and easy to understand as a starting point
for the modelling process. Though the example shown
involved a two-dimensional sketch and a fixed sweeping
direction perpendicular to the sketch plane, it is possible
to do the same process using a 3-dimensional sketch and
a 3-dimensional sweeping curve which is used for specific
modelling applications.

Having obtained the base solid as shown in Fig. 4.34,
the next step is to identify the sequence of features to be
modelled and carry out similar operations. For this purpose,
it is necessary to identify individual planes for each of the
sketching operations. These can be identified as any of the existing planar faces of the solid already created,
or some other plane, which has a certain relation to any of these planes, for example, a plane that is passing
through the centre of any given face and parallel to any one of the principal planes. Similarly, it could be a
plane that is tangential to any cylindrical surface in the solid, or a plane offset from a given plane. The bottom
side of the part is therefore chosen as the plane and the sketch geometry is made as shown in Fig. 4.35. This
geometry is then extruded and cut from the solid to produce the required shape as shown in Fig. 4.36.

Fig. 4.34 The sketch in Fig. 4.33 when swept
along a linear path produces the
solid

Fig. 4.35 The sketch for the new feature (a cut) Fig. 4.36 The solid after executing an
extruded cut of the geometry
in Fig. 4.35

Similar processes are continued to make all the necessary features—two holes in different planes and a
counter-bored hole are made resulting in the final solid as shown is obtained in Fig. 4.37. The modelling
process that resulted in the solid is maintained in the form of a model tree as shown in Fig. 4.38. It is possible
to go back and edit any of the stages in the modelling process to carry out the necessary design changes. The
model automatically gets updated with all the details as they get affected by the prior editing changes.
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Fig. 4.37 The final solid Fig. 4.38 The model tree of the part showing
the modelling process

As explained earlier, feature-based modelling tries to capture the design intent such that any person other
than the original designer is able to modify the model and incorporate into it other designs as required. This
requires a careful analysis of the part to be done in order to evaluate the individual features and the sequence
in which the features are added to the base model to achieve the final model. It is possible that the change in
the sequence of design alters the final result. This can be explained with an example as follows. In Fig. 4.39,
a box is first created, followed by the two holes as shown. The final operation done on them is the shell,
which removes the bulk of the material and maintains a uniform thickness of material all along the surfaces.
Figure 4.40 shows the result of interchanging the shell and hole operators in the sequence.

Fig. 4.39 A geometric model created following Fig. 4.40 A geometric model created following
the sequence of features as the sequence of features as
Box — Hole — Shell Box — Shell — Hole

The main advantage of the use of features is that it is possible to modify the geometry by picking up
the individual feature and changing the attributes. The system will automatically generate the complete new
geometry with the modified attributes. Figure 4.41a shows the original model which consists of three features,
the base feature which is a flat plate, two slots at two top corners, and five holes with a given diameter and
position with respect to the centre of the plate. The same is modified simply in (b) by modifying the dimensions
of the slots, and the diameter and number of holes.

Actual details of the modelling methods are given in Chapter 7 using Autodesk Inventor.
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Fig. 4.41 Feature-based model and its modified form

4.5 " OTHER MODELLING METHODS

In addition to the geometric construction methods mentioned above, a number of other schemes are also used
for specific applications depending on the requirements of the particular problem.

4.51 Cell Decomposition

Another form of solid modelling is that in which the objects are represented as a collection of arbitrarily
shaped 3D primitives. The individual cells can be defined as a set of parameterised cell types that can even
have curved boundary surfaces. It consists of a single operator, ‘glue’. This operator restricts the cells to be
nonintersecting, which means adjoining cells may touch each other but must not share any interior points.
Complex solids are then easily modelled by joining the simple cells using the glue operator. Because of
the single operator, the modelling process is easy but sometimes tedious. Also, cell decomposition is not
as versatile as CSQG. It is also possible to generate a solid through the subdivision process instead of the
bottom-up fashion by using the parameterised primitives. This process is generally useful for finite-element
mesh generation.

4.5.2 Variant Method

In this form of representation, the complete part is located in the memory in the form of a sample drawing
without the dimensions. The job is identified by means of a part code similar to the group technological code
described later. The skeleton part drawing would be displayed on the CRT screen as shown in Fig. 4.42.
The user then has to simply fill in the blank dimensions as directed by the program. This approach is very
convenient when one is interested in a group of similar components to be made or for making very small
corrections in only their size and not shape. After the input of the dimensions on the menu drawing, the actual
proportionate drawing is generated. Thus, it has a very limited application if a complete modelling system
were so written. However, the general modelling systems could be enhanced for special applications of the
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Fig. 4.42 Typical drawing for the variant method of modelling

company by making special macros within the modelling system using the programming languages available
in the system.

4.5.3 Symbolic Programming

Another very interesting approach adopted by FANUC is the input of part drawings through a series of
symbols, which show the direction of movement in the SYMBOLIC FAPT TURN system. As shown in
Fig. 4.43, the keyboard consists of a number of direction keys for drawing lines, circles and special features
like chamfers, corners, and threads. The operator starts inputting the drawing from one end showing the
direction in which the part contour moves, as explained in Fig. 4.44, for a sample drawing. When the operator
presses any of the special keys, a series of questions relevant to that key in terms of lengths and diameters
of the component are asked and their answers can be input by the operator directly from the part print. This
method is suited only for CNC part programming of turned parts of the 2C type.

e Bz
— | T I i T
cl~|[1]~]
v IEEE
Gle|d |~
NS (Y
Composed part Symbol keys

TI=1CcllIN|I=2INSI T2l |G|=[C|U

Key sequence

Fig. 4.43 Part model produced using symbolic programming

4.5.4 Form Features

All the modelling methods described so far are based on geometry. A feature is a geometric shape specified by a
parameter set which has special meaning for design or manufacturing engineers. Features represent a collection
of entities in an intelligent form (like ‘hole’, ‘slot’, ‘thread’, ‘groove’, etc.) and hence provide information at
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Fig. 4.44 Examples of form elements used for model generation in the case of axi-symmetric components

a higher conceptual level. The use of such groups of geometry coupled with the necessary information needed
for other applications such as process-planning functions is seen as a practical means of linking the design and
manufacturing.

In this type of modelling system, all features that are available for a particular type of job are catalogued
into what are called ‘features’ or ‘form elements’. The actual job is therefore treated as an assembly of these
form elements properly dimensioned in the correct order. The complete system is highly interactive with
proper graphic menus made available. A typical axi-symmetric component is shown in Fig. 4.44 with the
features from which it is modelled, being labelled.

Typical form features useful for modelling a majority of axi-symmetric components with all the additional
milling features such as holes, slots, etc., are shown in Fig. 4.45. Here, the user starts from one end to
assemble the features as required in the final component as shown in Figs 4.46 and 4.47.

It is possible to incorporate any type of features, both external and internal. Though it is most convenient
for turned parts, a number of such systems have been designed and are in continuous use. It is possible to
incorporate into the modelling system, such features as are not essentially axi-symmetric but are found on
these components. Examples are keyways, flats, pitch circle drilling on the flange, gears, etc. A majority of
the high-end CAD/CAM systems provide support for a variety of features, but mostly from the geometric
viewpoint only.

The major advantage of this kind of modelling is that the feature elements are more convenient for the
people involved in the manufacturing process than the geometric elements, and the modelling process is
generally faster. Hence, macro languages available in the geometric modelling systems are sometimes used to
generate a library of these ‘features’ and provided to the user as menu for easier modelling.

A further advantage of this method of modelling is that it can be easily used to extend to the technological
processing functions such as identifying the manufacturing requirements, process planning and CNC
part-program generation.

4.6 || WIREFRAME MODELLING

As explained earlier, wireframe modelling is the oldest form of modelling objects in 2D and 3D. These
modelling methods rely on the ability of the user to define the basic elements such as points, lines and circles
to be defined in a number of ways.
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Fig. 4.46 Example of a modelled component using the features shown in Fig. 4.45
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Fig. 4.47 Example of a modelled component using the features shown in Fig. 4.45

4.6.1 Point Definitions

A few methods of defining point objects are shown in Fig. 4.48. All the points are defined using rectangular
Cartesian coordinates. As shown in Fig. 4.48a, the simplest method of defining a point is by specifying the
Cartesian coordinates of the point. Alternatively, these points could be from the existing points or in some
relation to the existing objects, such as the centre of a circle or a midpoint of a line. Figure 4.48b shows

V4
A(Xry!z) Y

@ (b) ©

<

@ (€
Fig. 4.48 Point definitions
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the point as part of an existing line. It can be defined as an endpoint of a line as B or as a midpoint as C.
Figure 4.48c shows a point as the centre of an existing circle. Figure 4.48d shows a point on a circle at an
angle. Figure 4.48e shows a point using the polar coordinates. It is possible to have similar definitions with
variations depending upon the type of existing objects.

4.6.2 Line Definitions

A few methods of defining line objects are shown in Fig. 4.49. As shown in Fig. 4.49a, the simplest method of
defining a line is by means of its two endpoints. The endpoints can be explicitly specified by their Cartesian
coordinates as shown. Alternatively, these points could be from the existing points or in some relation to the
existing objects, such as the centre of a circle or a midpoint of a line. Figure 4.49b shows a line parallel to an
existing line and passing through a point C. Figure 4.49¢ shows a line perpendicular to an existing line and
passing through a point D. Figure 4.49d shows a line parallel to an existing line at a distance. Figure 4.49¢
shows a line from a point £ and tangential to an existing circle. Figure 4.49f shows a line tangential to two
existing circles. It is possible to have similar definitions with variations depending upon the type of existing
objects.

B xy,2)

Ay, 2) D, y,2)
(@) (b)
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X
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Fig. 4.49 Line definitions

(d)

4.6.3 Circle Definitions

A few methods of defining the circle objects are shown in Fig. 4.50. As shown in Fig. 4.50a, the simplest
method of defining a circle is by means of its centre 4 and radius R. Figure 4.50b shows a circle with a centre
point C and a point B on the circumference of the circle. Figure 4.50c shows a circle passing through three
collinear points D, E and F. Figure 4.50d shows a circle with a centre G and tangential to an existing line.
Figure 4.50e shows a circle tangential to two existing lines and a given radius R. Figure 4.50f shows a circle
tangential to two existing circles and a given radius R. It is possible to have similar definitions with variations
depending upon the type of existing objects.

4.6.4 Arc Definitions
An arc is a part of a circle. Hence, the method of defining it is very close to that of the circle. The following
are a few of the methods that are used for defining an arc:

* three points on the arc (Fig. 4.51a)

* start point, centre, endpoint (Fig. 4.51b)
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Fig. 4.50 Circle definitions

« start point, endpoint, included angle (Fig. 4.51c)
* start point, centre, included angle (Fig. 4.51d)
* start point, endpoint, radius (Fig. 4.51¢)

Fig. 4.51 Arc definitions

4.6.5 Other Objects

In addition to points, lines, circles and arcs as detailed above, it is possible to define any type of geometric
curve like conic sections such as ellipse, parabola and hyperbola, and others.

4.6.6 Wireframe Data Representation

The database in the case of wireframe is represented as two tables (Table 4.2 and 4.3). One table corresponds
to the vertices data. In this table (refer to Fig. 4.52), all the vertices are identified by means of their Cartesian
coordinates. The second table represents the descriptions of the various edges present in the cube with
endpoints identified by the pointers to the first table. There is no face information present in the wireframe
model. This example assumed that the object consisted of all planar faces. If the object has cylindrical surfaces
as shown in Fig. 4.53, then the data has to be modified to include the curve element data.

4.7 " CURVE REPRESENTATION

Representation of the curve geometry can be carried out in two forms:
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Fig. 4.52 Wireframe data representation Fig. 4.53 Wireframe representation of a block,
for a cube cylinder and cone
Table 4.2 \Vertex data
Vertex number X coordinate Y coordinate Z coordinate
1 0 0 0
2 10 0 0
3 10 10 0
4 0 10 0
5 0 0 15
6 10 0 15
7 10 10 15
8 0 10 15
Table 4.3 Edge details
Edge number Start point Endpoint
1 1 2
2 2 3
3 3 4
4 4 1
5 5 6
6 6 7
7 7 8
8 8 5
9 1 5
10 1 6
11 1 7
12 1 8
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* Implicit form, and
* Parametric form.
In the implicit form, the coordinates (x, y, z) are related by two functions such as
f(x,,2)=0
g(xy,2)=0 (4.1)
For a given value of x, these equations when solved will give the other coordinates on the curve. The
implicit form is convenient for two-dimensional curves of first and second order. For higher orders, the
solution is lengthy and inconvenient. It is difficult to handle during computer programming because of its
lengthy nature, and requires a lot of computational time for display purpose. Typical curves that can be
covered are lines, arcs and circles.
In parametric form, the curve is represented as

X=x(u)

Y= y(u)

Z = z(u) 4.2)
where X, ¥, Z are the coordinate values on the space curve, and
the corresponding functions x, y, z are the polynomials in a
parameter, u. This representation permits to quickly compute
the individual X, ¥, Z coordinates of all the points on the curve.
The parametric form is most convenient for CAD and higher-
order curves. The position vector of a point on the curve is
fixed by the value of the parameter. The general parametric
representation of a curve (Fig. 4.54) is given as

p=pu) (43) Fig. 4.54 Parametric curve representation
where u is the parameter with which the Cartesian coordinates in Cartesian space
will be represented as
X=x(u);, Y=yw); Z=z(u) (4.4)
It is also possible to write the above equation in the form of a vector as
P =pw) = [x(u) y(u) z(u)] (4.5)

where u is the parameter that can have any value from — oo to + . However, generally it may be varied
between — 1 to + 1. This form is generally useful for the way the curves can be drawn on the display screen
or plotter. Thus, a curve segment can be defined as the locus of all the points whose coordinates are given by
continuous-parameter, single-valued polynomials. The parameter variable, u, is constrained to some closed
interval such as [0, 1].

The tangent vector on a parametric curve is
P(u) = [x"(u) y"(u) z'(w)] (4.6)
where ” denotes differentiation with respect to the parameter u of the position vector components. The slopes
of the curve are given by

dy dyldu y’
dx  dddu x’
dz _z’
dy y’
dx _x’

ar _ A 4.
dz =z’ S
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These form the components of the tangent vector. The magnitude of the tangent vector is given by
IP/(u) = \x"?+y"? +27 (4.8)
The directional cosines of the vector are given by
P'(u)
[P’ (w)|
where, 7, j, k are unit vectors, and n,, n,, and n, are Cartesian space components in the x, y, and z directions,
respectively.

The parametric form can be used for analytic curves as well as synthetic curves. Analytical curves are
compact, while synthetic curves and provide more flexibility for designers.

=n.d+ng+nk (4.9)

471 Line

Most of the users are familiar with the implicit form of a straight line as
Y=mX+c (4.10)
where Y and X represent the coordinates of the Cartesian two-dimensional system.
The parametric form for the line can be given as
X=a,u+b, for 0suc<l
Y=a,u+b,
Z=a,u+b, (4.11)

Example 4.1 Write down the (a) implicit, and (b) parametric forms of a horizontal line passing
—— through its midpoint (50, 50).
Solution (a) Implicit form Y = 50
(b) Parametric form Defining the interval of the parameter to vary from 0 to 1, and that the line is defined
between (0, 50) and (100, 50),
X=100u
Y =50
Example 4.2 Determine the parametric representation of the line segment between the position
— yectors P; [1 1] and P, [4 5]. What are the slope and tangent vectors for this line?
Solution A parametric representation is
P(u)y=P,+ (P,-Plu=[11]+([45]-[11])Ju 0<u<1
Pluy=[11]+[34Ju 0<u<1
Parametric representations of the x and y components are
x(U)=x,+ (X, -x)u=1+(4-1)u=1+3u
yu) =y, + (o -y)u=1+(5-1)u=1+4u
The tangent vector is obtained by differentiating P(u).
P'(u) = [x"(u), y'(u)] = [3 4]

or the tangent vectoris  V,=3i+4j
where, 7, j are unit vectors in the x, y directions, respectively.

d ’
The slope of the line segment is, & y_’ L
dx x’ 3



The McGraw-Hill companies

g CAD/CAM: Principles and Applications
4.7.2 Circle
The implicit form of the circle whose centre lies at the origin of the coordinate system is given by
X2+t =42 (4.12)
The parametric form of a circle (Fig. 4.55) is given by
X=rcos @
Y=rsin 0 (4.13)
where 0 < 0< 271
r is the radius of the circle.
y y
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Fig. 4.55 Circle

Notice that in Fig. 4.55, the circle is drawn for one quarter in both implicit form and parametric form.
In parametric form (b), the circle is more uniform with equal increments of the angle, while in the implicit
form in (a), the circle has unequal line segments along it for equal increments of the Y-coordinate.

The alternative form of parametric form for the circle is given by
2

X=x(u)=r1_u2
1+u

Y= ) = r 24 4.14)
1+u

For-1<u<l1
The equation of a circle whose centre is located at (a, b) is given by
(x-al+@y-bP=¢ (4.15)
The parametric form of the circle whose centre is located at (a, b) is given by
X=a+rcos 6
Y=b+rsin0 (4.106)

Example 4.3 Represent a circle with centre (0, 0) and a radius of 50 mm through the (a) implicit
— form, as well as (b) parametric form.

Solution (a) Implicit form x* + y* = 2500
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(b) Parametric form Defining the interval of the parameter u to vary from -1 to 1 for a quarter of the
circle,
2

X=501Y

1+ u?

2u
1+u

Y =50

Example 4.4 Find the equation for a line passing through (75, 60) and (25, 25). Find the equation of
E——— 3 line that is perpendicular to the above line and passing through a point (45, 25).

Solution To find the equation of the line

Yo-Y1 _60-25
Th ; m=—"-=-2-"%2_07
e slope X, — X, ~ 7525 0

The intercept, C=60-0.7x75=17.5
The equation of the line is Y=0.7 X+ 7.5

The slope of the perpendicular line = - 0—17 =-0.143

The intercept of the required line is, C = 25 + 0.143 x 45 = 6.69
The required equation is Y= - 0.143 X + 6.69
Example 4.5 Find the equation of a line that is tangent to a circle whose equation is x* + y* = 36
and passing through the point (12, 4).
Solution The intercept of the line is given by [Chasen 1978]
K- C+2YPC-X2+Y)ri=0
Y-C

and the slope is given by m = o

The first equation gives two solutions for the slope corresponding to the two possible lines.
(122-6%) C®2+2 x4 x36C- (12°+4%) 36 =0
108 %+ 288 C-5760=0

The solution for C=6.09, - 8.7569
The slope of the equation 1, m, = e _162‘09 =-0.1742
The slope of the equation 2, m, = % =1.063

The two equations of the lines are
Y=-0.1742 X + 6.09
Y=1.063 X - 8.7569
A number of such cases for calculating the lines and circles are given in Chasen, 1978.
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4.7.3 Ellipse Y A

The parametric form of an ellipse whose centre lies at the
origin of the coordinate system (Fig. 4.56) is given by

x=acos 0
y=bsin 0O (4.17)
where a and b are the semi-major and minor axes of the

ellipse. The implicit form of the ellipse is given by =X
2 2
XXy (4.18)
@ b

Fig. 4.56 Ellipse
4.7.4 Parabola

A parabola is the intersection curve between a right circular cone and a plane such that the plane is parallel
to the side of the cone. The cutting plane will actually be intersecting the base, and thus a parabola is an open
curve. A parabola has a focus and a fixed line, called directrix. Any point on the parabola is equidistant from
the focus and the directrix. Parabolas have a unique reflective property in that rays that are parallel to the axis
of the parabola and fall on a parabolic surface will all converge at the focus of the parabola. This property is
utilised in designing solar collectors which concentrate the sun’s energy to a fixed location to get very high
temperatures. Reflective mirrors used for automobile lights and for lighthouses are all parabolic. The implicit

form of a parabola is given by Y
y? = 4ax (4.19) 1
One of the parametric forms of a parabola (Fig. 4.57) is
given by -
x = au? _/,,f»""'!_f»
y=2au (4.20) <l
where 0 S u < oo — X

Since a parabola is not a closed curve like an ellipse, the Vertex
value of u needs to be limited for display purposes. Fig. 457 Parabola

4.7.5 Hyperbola

A hyperbola is the intersection curve between a right circular Plane
cone and a plane such that the plane is parallel to the axis

of the cone as shown in Fig. 4.58. The cutting plane will
actually be intersecting the base, and thus a hyperbola is an
open curve. Mathematically, a hyperbola has two foci. The
distance of any point on the hyperbola from its foci has a /
constant difference. A hyperbola is used in the construction

of reflective telescopes used in astronomy. The orbits of Right circular cone
comets follow hyperbolas.
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Fig. 4.58 Hyperbola and its relation to the

The implicit form of a hyperbola is given by right circular cone
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One of the parametric forms of a hyperbola (Fig. 4.50) is given by
x =acosh 6
y=bsinh 6 (4.22)

4.7.6 Curve Fitting

Often designers have to deal with information for a given object in the form of coordinate data rather than
any geometric equation. In such cases, it becomes necessary for designers to use mathematical techniques of
curve fitting to generate the necessary smooth curve that satisfies the requirements. An example of an airfoil
section is shown in Fig. 4.59.

.-
e —

Fig. 4.59 Airfoil section curve fitted with data points

Since many data points are to be used for representing the curve, often curve fitting methods are utilised,
whereby the point set is replaced by an equation. A brief review is presented here of the curve-fitting methods
that are commonly used in modelling applications. Curve-fitting methods can be broadly classified into
interpolation techniques, where the curve will pass through all the points, and approximation methods, where
the best fit will be obtained instead of the curve passing through all the points. These methods are utilised in
differing situations depending upon the requirement. A comparison of these two methods is given later.

Lagrange Polynomial In this method, a Lagrange polynomial is used for fitting the data points. This
technique is quite useful for programming in a digital computer. A second-order Lagrange polynomial is
given below for fitting the three data points, (x,, y,), (x;, ¥;), and (x,, 3,).

(x=xp) (x —x,) (x = xg) (x = xp) (x = xp) (x —x7)

Ly(x) = (4.23)
? (xo = x) (X9 = X3) " - xg) (%] = xp) : (ovy = ) (xz_xl)h
The generalised Lagrange interpolation of the nth order is given as
n H (X)
L@=2 ot (4.24)

SoG-x)TIL, ()"

B-Splines When large amounts of data are available, it is possible to use B-splines for fitting all the data
available in a piecewise manner. B-splines can be of any degree but in computer graphics, the degrees 2 or 3
are generally found to be sufficient. The 3™ order polynomial equation requires 4 sets of data. The polynomial
between x ; and x; , | can then be defined as

‘X)) =a ta,  x+ta X +ax 4.25
i i i—1 -2 -3
Substituting the values of x;and x;,, in the above equation, we get
fi(x) =agta;x;+ azxi2 + a3xl-3 (4.26)
[iGea) = ag +ay X T ay X +azxg, (4.27)

In order to obtain the four constants g, to a;, two more equations are required. This is obtained as the
condition for smooth transition between the curve segments as the first- and second-order derivative of the
above equation.
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10— x)3 (x—x;_ 1)3
ﬁ(x)=z 6 M;_+ 6 M| +c(x;—x) +d;(x—x;_) (4.28)

where !

hy =x;—x;_4

M;=/"(x;), and M;_=["(x;_)
1 hi2 1 hi2
= yi—l_?Mif , and d’:i yi—?Mi (4.29)

Approximate Methods Approximate methods allow for fitting a curve that provides the best fit to the given
data. The best-fit curve represents the general trend of the data (without passing through every point). Several
criteria can be used to derive the best-fit curve.
(a) Method of Least Squares Since f(x) is an approximate curve and not passing through all the points of
data, the error at any given point (x;, ;) is given by
e =y;—f(x;) (4.30)

The summation of all errors gives an estimate of the total deviation of the curve from the points. However,
since the errors tend to cancel out each other, the sum of squares of the error, S is minimised. Hence, the
condition for n data points is

=3 @ =% b~/ (431)

(b) Polynomial Curve Fitting In this the coordinate relationship is given in the form of a polynomial of any
degree depending upon the requirements of the modelling. The polynomial can be of any order and to solve it
requires at least (n + 1) data points for an n degree polynomial. Depending upon the degree of the polynomial,
the method of solving will be different.
A first-degree polynomial can be specified as
y=aytax (4.32)
This is similar to the line equation that was discussed earlier. The constants g, and a, need to be calculated
substituting the two data points (x, , y,) and (x, , ,) in the above equation. Then the constants are given by
_ Nt _ N

0 XX and a, X,

(4.33)

The general form of a higher degree (n™) polynomial can be specified as
y=ay+ax+ax*+... +a,x" (4.34)
Similar to the above, n + 1 or more data points are substituted, and the resultant equations are to be solved
to get the constants a; to a,. Using the least-square approach, the best-fit polynomial can be evaluated.
Substitute the data points (x;, y;) i = 1, 2, ... , m. Taking the least-square approach, we have
S=[—(ag+ayx; +ayx;> + ... +a,x," ) + [y, — (ag + a; X, + ay x> + ... +a, x,")]* + ...
+ [y, — (@ +a,x, + ayx,> +... +a,x,)]* (4.35)
Taking the first partial derivative and equating it to zero and simplifying gives the following normal
equations shown in matrix form as

[X] =[4] ' [B] (4.36)
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F m m 2 m n ‘ ! m
m > X > X > x; >y
i=1 i=1 i=1 i=1
m m 2 m 3 m n+1 m
2 x 2 X X X 2 x 2 (xp)
a, i=1 i=1 i=1 i=1 i=1
a m m m m m
! )y xi2 xi3 )y xi4 xz‘n+2 )y (xiz »)
a i=1 i=1 i=1 i=1 i=1
where [X]=| |, [4]= . . .. |and[B]= ) (4.37)
a m m m m m
1 2 2
! Xx' X xin+ )y xin+ 2 x™ 2" y)
VZI i=1 i=1 i=1 ) .i=l

These are (n + 1) equations in (rn + 1) unknowns and hence can be solved by using the Gaussian elimination
technique.

Having seen the different methods of curve fitting, a comparison can be provided between them with
respect to computer graphics application.

Interpolation methods Best-fit methods

1. Itis necessary that the curve produced will have The curve will not pass through all the points, but will
to go through all the data points. result in a curve that will be closest to as many points

as possible.

2. Cubic splines and Lagrange interpolation methods Regression and least-square methods are used for the
are used. purpose. Bézier curves also fall in this category.

3. The shape of the curve is affected to a great extent It is possible to have a local modification easily by
by manipulating a single data point. The nature of tweaking a single point where the behaviour is more
tweaking is unpredictable. predictable.

4.7.7 Synthetic Curves

The analytical curves described earlier are not sufficient to fully describe some of the geometries that are
encountered in real life. For example, modelling of aircraft bodies, automobile body shapes, moulds and die
profiles, horse saddles, ship hulls, etc., are rather difficult do represent by analytical curves. For this purpose,
free-form or synthetic curves are developed. These synthetic curves have many curve segments. Essentially,
these are interpolation curves similar to those that were explained earlier for the curve-fitting application.
They need to have a smooth curve to pass through all or as many of the data points. The properties expected
of these curves are

+ Easy to enter the data and easy to control the continuity of the curves to be designed

* Require much less computer storage for the data representing the curve

* Have no computational problems and faster in computing time

Since synthetic curves have different types of curve segments, they need to maintain certain continuity

requirements. This means how smoothly the curve transition takes place between the connection points of
the curves. Normally, three types of continuity are possible: the first one is C° continuity, which is simply
connecting two curves; the second one is C' continuity, when the gradients at the point of joining must be
same; while the third one C? is curvature continuity, which means in addition to the gradient, it also has the
same centre of curvature. Some examples of synthetic curves that are commonly used in CAD/CAM are
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* Hermite cubic spline

+ Bézier curves

* B-spline curves

+ Rational B-splines (including Non-uniform rational B-splines - NURBS)

Hermite Cubic Spline Hermite cubic splines are the more general form of curves that can be defined
through a set of vertices (points). A spline is a piecewise parametric representation of the geometry of a curve
with a specified level of parametric continuity. Each segment of a Hermite cubic spline is approximated by
a parametric cubic polynomial to maintain the C? continuity v o
(See Fig. 4.60). The functions served by a cubic function are U=1 !
the following: Py

« A cubic polynomial generates C°, C ' and C? continuity p. r\
in the associated curves. P / i
* A cubic polynomial permits inflection within a curve u=0

segment and allows representation of non-planar space » > X

curves. S
V4

* Higher-order polynomials oscillate about the control
points, and are uneconomical for storing information Fig. 4.60 Hermite cubic spline curve
and computation time.

The parametric equation of a Hermite cubic spline is given by
3 .
pw)=% Cu' uel0,1] (4.38)
i=0

In an expanded form, it can be written as
p(u) =Cy+ Cyu' + Cyui® + Cy (4.39)
where u is a parameter, and C; are the polynomial coefficients.
In the matrix form, it can be written as
G
pwy=[1 u u* 1|C (4.40)
G
G
The tangent vector is obtained by differentiating the curve at any point with respect to u.

p’(u) =§ Ciu™' uelo,1] (4.41)
i=0

Applying the boundary conditions at the two end points (py, p,, p’, p;”) of the spline, it is possible to show
(see Ibrahim Zeid)

p) = (1 =30+ 2) py + B’ = 20°) py + (u = 2" + ) py + (- u* + ) pj (4.42)
This can be rewritten in the matrix form as

-3 -2
1

1 0 0 01~

puy=[1 u u* «@1/0 0 1 0[[;~ (4.43)
-1

2 22 1
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The same equation can be written in the compact form as follows:

p(u) = {U} [M] [P]

where the basis function is

[ 1 0 0 0
M=|0 0 1 0

-3 3 -2 -1

12 2 1 1
U=[1 u u? u3]

' Po
P=|p

) )

IP’l
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(4.44)

(4.45)

(4.46)

This equation helps in calculating the Hermite cubic spline in terms of the endpoints and their tangent
vectors. It is possible to utilise the same for fitting a number of data points by having a number of spline
segments and their blending function. However, this procedure is not readily used in the design process,
because of the difficulty in visualising the nature of the curve when a single point is moved. Tweaking of
any single point changes the entire Hermite spline curve. Also, the need for tangent vectors at the endpoints

makes it more difficult to be used.

Example 4.6 Find the midpoint of a Hermite cubic spline with the two points as [1, 1], and [6, 5]
——and the tangent vectors as [0, 4] and [4, 0].

Solution From the given end points and tangent vectors,

M1
6
0

V4

M1
5
4

=3

Xo=1, y,=1, and x;=0, yj=4
X,=6, y;=5 and xi=4, y;=0
From the spline equation (4.43), we can write
'1 0 0 01[%
pu)=[1 u * P10 o 1 of|x
303 -2 -1||x
V2 -2 1 1 X,
1 0 0 01[Y
py=[1 u v* 1|0 0 1 o0][n
-303 =2 1|y
V2 -2 1 1 v
1
Midpoint means, u = 0.5. Substituting this value in the above two equatioﬁs, and solving, we get
1 0 0 0
p,(0.5)=[1 05 05 05](0o o0 1 o0
-3 3 -2 -1
2 -2 1 1
1 0 0 0
Similarly, p,(0.5)=[1 05 05 0570 0 1 0
-3 3 -2 -1
2 -2 1 1

The required midpoint is [3, 3.5].

10
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Bernestein Polynomials Polynomials are simply defined, can be calculated quickly on computer systems
and represent a tremendous variety of functions. They can be differentiated and integrated easily, and can be
pieced together to form spline curves that can approximate any function to any accuracy desired as shown
above.
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pw)=ay+a uta i’ +...+a,  u" +a,u" (4.47)

This polynomial, whose basis is called the power basis, is only one of an infinite number of bases for the

space of polynomials. The Bernstein basis, called Bernestein polynomials, has many useful properties. They
are written as

By (=) (1= u)f"™! (4.48)
n\_ n!
where (7| N —1)!
First-order Bernestein polynomials can be written as
By () =1~u
By (u) =u (4.49)

Second-order Bernestein polynomials can be written as
By 5(u) = (1 —u)’
By H(u) = 2u(1 —u) (4.50)
B, 5(u) = u’
Third-order Bernestein polynomials can be written as
By 5(u) = (1 —u)’

By 5(u) =3 u(l —u)’ 4.51)
B, 5(u) =3 (1 —u)
By s(u) =’

Bézier Curves Bézier chose Bernestein polynomials (Eq. 4.48) as the basis functions for the curves. Based on
these basis functions, the equation for the Bézier curve is given by

n
p(u) = Zopi B, (u) wuel0,1] (4.52)
For n = 3, substituting Eq. 4.51 in 4.52, we get
p) = (1=u)’ py + 3u (1 —u)’ py +3u> (1 —u) py + 1’ ps (4.53)
This can be written in the matrix form as
-1 3 -3 1][Po
p) =0’ v u 11[3 -6 3 o] [pl (4.54)
-3 3 0 0f|P
I 0 0 0]|Ps
The same equation can be written in the compact form as follows:
pu)=UMgP (4.55)
where
-1 3 -3 1
Mg={3 -6 3 0 (4.56)
-3 3 0 0
1 0 0 O
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into smaller segments and then all of them are linked. An example is

Geometric Modelling %
U=[ o u 1] (4.57)
Py
P=|p (4.58)
V)
p;
As explained above, when the number of control points in a "12
Bézier curve increases, the degree of the polynomial increases, and Py ,,*’; e Ps
this provides for a global modification effect rather than local. What ° il
this means is that whenever a single vertex is modified, the entire curve /u 0P,
gets modified. However, it is also possible to break the Bézier curve Po / \ i

D, P3]) and the other by [p; p4 ps pe] are joined together maintaining Y / - Ps
continuity. ,/\/ i

Some important properties of Bézier curves that are relevant for N
CAD applications are as follows:

shown in Fig. 4.61 where two Bézier curves, one defined by [p, p; 2 I

Fig. 4.61 Two cubic Bézier curves

» The Bézier curve passes through the first and last control w
joined at p

points while it maintains proximity to the intermediate
control points. As such, the entire Bézier curve lies in the interior of the convex hull of the control
points.

« If a control point is moved, the entire curve moves.
* Being polynomial functions, Bézier curves are easily computed, and infinitely differentiable.

« If the control points of the Bézier curve are transformed, the curve moves to the corresponding new
coordinate frame without changing its shape.

Example 4.7 A cubic Bézier curve is defined by the control points as (20, 20), (60, 80), (120, 100),
and (150, 30). Find the equation of the curve and its midpoint.

Solution The equation of the curve is given by

-1 3 -3 11120 20
puy=[® v* u 113 -6 3 0|60 80
-3 3 0 0]||120 100
L1 0 0 0lL150 30
I-50 -50
= u® u 11|60 -120
120 180
L2020

= [(-50 u® + 60 u? + 120 u + 20), (-50 u* - 120 u® + 180 u + 20)]
It is possible to calculate the x and y coordinates of the Bézier curve by varying the parameter u from
0 to 1 in the above equations on the right-hand side.
Midpoint is when u = 0.5
p(0.5) = [-50 (0.5)* + 60 (0.5)? + 120 (0.5) + 20, -50 (0.5)> - 120 (0.5)°
+180 (0.5) + 20] = [88.75, 73.75]
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Example 4.8 Fit a cubic Bézier curve for the following control points: (1, 3), (4, 5), (5, 7) and (8, 4).
Calculate the points at u = 0.4 and 0.6.

Solution The equation of the curve is given by

'-1 3 -3 1111 3
pw)=[® v* u 113 -6 3 0||4 5
-3 3 0 O0ff5 7
k1 0 0 0i/i8 4
14 -5
=[ v u 1]|-6 0
9 6
113

= [(44® - 6u® + 9u + 1), (-5u° + 6u + 3)]
Foru=0.4
p(0.4) = [4(0.4)> - 6 (0.4)% + 9 (0.4) + 1, - 5 (0.4)> + 6 (0.4) + 3] = [3.896, 5.08]
For u=0.6
p(0.6) = [4(0.6)° - 6(0.6)% + 9(0.6) + 1, — 5(0.6)> + 6(0.6) + 3] = [5.104, 4.08]

B-splines One of the problems associated with the Bézier curves is with an increase in the number of control
points, the order of the polynomial representing the curve increases. To reduce this complexity, the curve is
broken down into more segments with better control exercised with individual segments, while maintaining
a simple continuity between the segments. An alternative is to use a B-spline to generate a single piecewise
parametric polynomial curve through any number of control points with the degree of the polynomial selected
by the designer. B-splines exhibit a local control in that whenever a single vertex is moved, only those vertices
around that will be affected while the rest remain the same. In fact, B-splines are generalisations of Bézier
curves. Thus, they have many similarities but at the same time have many advantages compared to Bézier
curves.

B-spline curves have the flexibility of choosing the degree of the curve irrespective of the number of
control points. With four control points, it is possible to get a cubic Bézier curve, while with a B-spline
curve one can get a linear, quadratic or cubic curve. Similar to a Bézier curve, a B-spline also uses the basis
(blending) functions and the equation is of the form

p(u) :ZpiNi,k(u) Ogusumax (459)
i=0

where N, () are the basis functions for B-splines.
Nyw=1 ifu,<u<u; (4.60)
=0 otherwise
and
_ (u—uy) ]Vi,k— () 4 (U~ W N4 1, k- ()

Uiv -1 U; Ui g~ Ui+ 1

ik (4.61)
where k controls the degree (k — 1) of the resulting polynomial in « and also the continuity of the curve. The
u; are the knot values, which relate the parametric variable u to the p; control points. B-spline functions have
the following properties:
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The plotting of a B-spline curve is done by varying the parameter u over the range of knot values
(12 Uy 4 1)
The knot vector adds flexibility to the curve and provides better control of its shape.

n
Partition of Unity For any knot span, [u;, u; 1], X N; (u) =1
i=0

Positivity N; ; (u) 2 0 for all i, k and u.

Local Support Property N; | (u) =0 ifu & [u, u;, ;4]

This property can be deduced from the observation that N, , () is a linear combination of N, ;| ()
and N; ;| 4_ ().

Continuity N; ; (u) is (k - 2) times continuously differentiable, being a polynomial.

The curve follows the shape of the control points and lies in the convex hull of the control points.

The entire B-spline curve can be affinely transformed by transforming the control points and
redrawing the curve from the transformed points.

B-splines exhibit local control, i.e., when a control point is moved only that segment is influenced.
For k = 4, the equation can be written in the compact form as follows:

pi(u) =UMgP; (4.62)
where
1 -1 3 -3 1
Ms:g 3 6 3 0 (4.63)
-3 0 3 0
1 4 1 0
U=[ o u 1] (4.64)
Pi-1
P,=| Di i € [1:n-2]for open curves (4.65)
Pi+1
Pi+2

Some of the properties of B-splines that are useful for CAD applications are given here:

Local control can be achieved by changing the position of the control points.

A B-spline curve tightens by increasing its degree. As the degree of the B-spline is lowered, it comes
closer to the control polygon.

If k = n + 1, then the resulting B-spline curve is a Bézier curve.
The B-spline curve is contained in the convex hull of its control points.
Affine transformations of the coordinate system do not change the shape of the B-spline curve.

Increasing the degree of the curve makes it more difficult to control, and hence a cubic B-spline is
sufficient for a majority of applications.

Rational Curves The curves discussed so far are called non-rational curves. A rational curve utilises the
algebraic ratio of two polynomials. They are important in CAD because of their invariance when geometric
transformations are applied. It is possible to have rational Bézier curves, rational conic sections, rational
B-splines, etc.

The homogenous coordinates as discussed in Chapter 3 are required to formulate rational curves. As
discussed earlier, in homogeneous representation, an n-dimensional space is mapped into (n + 1)-dimensional
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space by adding an additional dimension. For example, a point in E* space with coordinates (x, y, z) is
represented in homogeneous space as (x*, y*, z*, h) where 4 is simply a scalar factor, and 1 is often used for
convenience. A rational curve defined by (n + 1) points is given by
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P) =X PR, j(1) 0Su<up, (4.66)
i=0
where R; ; (u) is the rational B-spline basis function and is given by
h; Ni, W)
R ) =———— (4.67)
2o hi Ny aw)

Equation 4.67 is the generalisation of the basis function used in B-splines (Eq. 4.61) N, ; (u). As aresult, all

the advantages claimed earlier are available for the rational basis function. A rational B-spline is considered
to be a single representation that can define a variety of curves used in all wireframe, surface and solid
entities.
NURBS Uniform cubic B-splines are the curves with the parametric intervals defined at equal lengths. The
most common scheme used in all the CAD systems is the non-uniform rational B-spline (commonly known
as NURB), allowing a non-uniform knot vector. It includes both the Bézier and B-spline curves. As a result,
IGES used NURB as the standard curve definition for data exchange. NURBS uses an additional set of
(n + 1) parameters, w;, called weights to add greater flexibility to the curve.

For example, a rational form of the Bézier curve can be written as

z": pbiw; Bi, A1)
pu) =" ue[0,1] (4.68)
2w B; ,(u)
i=0

where w; is the weighing factor for each of the vertices. When all w = 1, this expression becomes that of the
conventional Bézier form, since

n
2B =1 (4.69)
i=0
Similarly, the rational form of the B-splines can be written as
2 w; p; Ni (u)
i=0
pu) = ——— (4.70)
2 w; N; (u)
i=0

Some of the reasons why NURBS have found such a widespread acceptance in the CAD/CAM and
graphics community are as follows:
* They have all of B-spline surface abilities. In addition, they overcome the limitation of B-spline
surfaces by associating each control point with a weight.
» Uniform representation for a large variety of curves and surfaces. This helps with the storage of
geometric data.
* NURBS are invariant during geometric transformations as well as projections.
* NURBS is flexible for designing a large variety of shapes by manipulating the control points and
weights. Weights in the NURBS data structure determine the amount of surface deflection toward or
away from its control point.
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+ It makes it possible to create curves that are true conic sections. Surfaces based on conics, arcs or
spheres can be precisely represented by a NURBS surface.

+ Evaluation of NURBS is reasonably fast and numerically stable.

* Number of facilities available in NURBS such as knot insertion/refinement/removal, degree elevation,
splitting, etc., makes them ideal to be used throughout the design process.

» NURBS surfaces can be incorporated into an existing solid model by ‘stitching’ the NURBS surface
to the solid model.

* Reverse engineering is heavily dependent on NURBS surfaces to capture digitised points into
surfaces.

Some of the problems associated with the use of NURBS are the following:
* Analytical curves and surfaces require additional storage.

* NURBS parameterisation can often be affected by improper application of the weights, which may
lead to subsequent problems in surface constructions.

* Not all geometric interrogation techniques work well with NURBS.
4.8 " SURFACE-REPRESENTATION METHODS

As explained earlier, there are a number of surfaces that are used in CAD applications whose representations
will be discussed now. The surface representation will be an extension of the curve representation that was
studied previously. Similar to curves, surfaces can also be represented by both non-parametric (implicit) as
well as parametric methods. Curve-fitting methods described earlier can be used to fit surface data points.
Alternatively, there are many methods available to fit either a single equation for a surface or a series of
surface patches that are connected together having some kind of continuity between the patches.

Non-parametric (implicit) representation of surfaces, is defined by a polynomial of three
variables as

Z=fG0)=% 3 apya"y @.71)

m=0 n=0
The surface can be described by xy grid of size (p + 1) X (¢ + 1) points. Many implicit surfaces do not
have any parametric form. Therefore, in terms of expressive power, implicit surfaces are more powerful than
parametric surfaces. These are also called algebraic surfaces. For example, spheres and all quadric surfaces
are algebraic surfaces of degree two, while a torus is a degree-four algebraic surface.

It is also possible that some algebraic surfaces have rational parametric forms, which are called rational
algebraic surfaces. It is possible for an algebraic surface in rational parametric form to be converted into
implicit form by eliminating the parameters « and v. This process is called implicitisation.

The parametric equation of a surface (Fig. 4.62) is defined by a set of three functions, one for each
coordinate, as follows:

p (u, v) = [x(u, v), y(u, v), z(u, V)]  thypiy SU St and v Sv<v (4.72)

max
where u and v are the parameters for defining the surface in the u-v plane.

Surfaces can be broadly divided into analytical and synthetic surfaces. Analytical surfaces are based
on wireframe entities discussed earlier. Some of the analytical surfaces are plane surfaces, ruled surfaces,
surfaces of revolution, and tabulated cylinders. Synthetic surfaces, also called sculptured surfaces, are formed
using a given set of data points or curves and include the Bézier, B-spline, and Coons surface patches.
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From Eq.4.72, it can be seen that a general parametric surface
can be modelled as a combination of surface patches. Many
parametric surface patches are joined together side by side to
form a more complicated shape. It is possible to have only one
patch or a number of patches. In Fig. 4.63 is seen a surface
consisting of two patches. These two patches have their « and v
parameters changed from 0 to 1. The patch topology can be of
two types: rectangular and triangular as shown in Fig. 4.64. The Y
triangular patches are more versatile compared to rectangular
since they do not have to be restricted to an ordered rectangular
array of points.

Synthetic surface representation can be defined using the Cartesian space
. . Z ¥
tensor-product method, rational method, and blending method.
The rational method extends the procedure developed with Fig. 4.62 A general surface representation
curves for the surfaces, while the blending method approximates
a surface by piecewise surfaces.

Vs =1//f’
\\\,V1 fjf‘f,// |

\ f N

l\U2=1

\
uy=0 ‘ up=1 \ u,=0 %

| Patch 1 | \
JPatehd 4 patoh 2 \
&1 \ V.

YA //;u1 %’ ufj,/'

B v,=0

e

’/—; vy=0

z (a) Rectangular patches (b) Triangular patches

Fig. 4.63 A composite surface Fig. 4.64 Different types of surface patches
as an assembly of two
patches

However, the most popular method used for surface modelling is the tensor-product method. Procedures
used are simple and do not add any complication in spite of the higher dimensionality of surfaces compared
to curves. Surface properties can be easily deduced from the underlying curve formulations. A rectangular
domain described by the u and v values; e.g., 0 <u <1 and 0 <v <1 is utilised in the tensor-product
formulation. It naturally fits rectangular patches due to the explicit unique orientation and special parametric
or coordinate directions associated with each independent parametric variable.

In the tensor-product method, the surface is constructed by ‘multiplying’ two curves. For example, if
there are two Bézier curves, it constructs a surface by multiplying the basis functions of the first curve (in
u direction) with the basis functions of the second curve (in v direction) and use the results as the basis
functions for a set of two-dimensional control points. Bézier surfaces, B-spline surfaces and NURBS surfaces
are all tensor-product surfaces.

To generate a rectangular patch, a set of boundary conditions need to be specified. As shown in Fig. 4.65,
there are sixteen vectors (four corner points, P; eight tangent vectors, P’, two each at the corners; and four
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z Cartesian space

Fig. 4.65 A parametric surface patch showing all the boundary conditions

twist vectors, P at the corner points) and four boundary curves for a rectangular patch. The boundary
curves are specified by the curve equations, P(u, v); u =0, u =1, v=0, and v = 1. These boundary curves are
described by holding one parametric variable.

It is important to analyse the surface for utilising these surfaces for different purposes such as CNC tool-
path generation. The normal vector to the surface provides the orientation of the cutting tool with respect to
the surface. The parametric surface P (u, v) is directly amenable to differential analysis. This can be done by
introducing a few parametric derivatives.

The tangent vector at any point P (u, v) on the surface is obtained by the partial derivative of P holding
one parameter constant and differentiating with respect to the other. Therefore, there are two tangent vectors
for two variables u and v, a tangent to each of the intersecting curves passing through the point as shown in
Fig. 4.65. These vectors are given by

. L OP oz i ors
Tangent vector in u direction, P/ (u, v) =—=—1i+—j+—Kk 4.73
g (U V) v T, (4.73)
U <usu and v <v<vy

min = max> min = max

where i, J, k are the unit vectors along the x, y and z directions in the Cartesian space.

Tangent vector in v direction, P (u, v)=—="i+—=—j+— k 4.74)

If the dot product of the above two vectors (Eq. 4.73 and 4.74) is zero then these are perpendicular to each
other at that point. In Fig. 4.65, the tangent vectors at the corner points of a rectangular patch and at a point
P;; were shown. The notation used is P, ;; = dP/du/| p;;, meaning that the derivative is calculated at the point
P;; defined by u = u; and v = v;. Tangent vectors are useful in determining boundary conditions for patching
surfaces together as well as defining the motion of cutters along the surfaces during machining processes. The
magnitudes of the tangent vectors are given by

SRR
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The unit vectors of the tangent vectors are given by

.
n,= m (476)
. P,
n,= m

The twist vector at a point on a surface is a second-order partial derivative such as the rate of change of
the tangent vector P, with respect to v which measures the twist in the surface at the point. It can be written
in terms of its Cartesian components as
82P_82x:+ 32}’“. &’z

j+ k (4.77)

P2/ — —
) = duar . owov dwow

and v, Sv<vo.
The normal is used to calculate the cutter offsets for three-dimensional NC programming to machine
surfaces, volume calculations, and shading of a surface model. In Fig. 4.65, the surface normal at a point is a

vector which is perpendicular to both tangent vectors at the point and is,

P P
ou v
The unit normal vector n (u, v), is the cross-product of these partial derivatives:
o P
~ _ ou o
n= 4.79
o (4.79)
ou o
The above geometric surface analysis is quite useful in CAM to drive a cutting tool along the surface
to machine it and knowing the normal vectors to the surface provides the proper directions for the tool to
approach and retract from the surface.

Upin Su< Upax>

N (u, v (4.78)

4.8.1 Analytic Surfaces
These are surfaces that can be defined in implicit equation form
similar to the curves that were described earlier. Z-axis

Spherical Surface The Cartesian representation of a spherical
surface with radius 7, can be defined as a set of points (x, y, z) that

Pxy.
satisfy the following equation: ' ey
Pyt =1 (4.80) ra
The same surface in parametric form can be defined in terms of 9 y-axis
the angular parameters ¢ and 0 (see Fig. 4.66) as A,
- << o

X=rcos ¢ c9s 0, for-m2<¢<m2 Xeaxs

y=rcos¢sin 0, for-r<O<rm (4.81)

z=rsin ¢ Fig. 4.66 Cartesian coordinate system

with a point specified in polar
coordinates
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4.8.2 Surface of Revolution

A surface of revolution is generated by revolving a 2D closed curve around an axis. The plane curve is
assumed to be in the xy plane. As an example, if a rectangular war entity is rotated through an angle of 27
(360°) with an axis coinciding with one of the sides, it will produce a circular cylinder as shown in Fig. 4.67a.
The radius of the cylinder is same as the side of the rectangle which is perpendicular to the axis of revolution,
while the height of the cylinder is same as the other side of the rectangle. Closed or open polygons can also be
used to generate surfaces of revolution. Closed polygons will generate a solid, while open polygons generate
a shell surface only. Similarly, an example of a cone with a taper hole is shown in Fig 4.67b. It may be noticed
that the axis of revolution is away from the closed polygon used for revolving. Surfaces of revolution can also
be generated by rotating plane curves. For example, a sphere is generated by rotating a semicircle in the xy
plane about the x-axis or y-axis whose centre is at the origin.

As shown earlier, the parametric equation of the entity to be rotated is

P(u) = [x(u) y(u) z(u)] (4.82)

The parametric equation of the revolved surface will be a function of the rotation angle ¢ in addition to u

as shown in Fig. 4.68. Hence, any point on the revolved surface is

QO (u, ¢) = [x(u) y(u) cos ¢ y(u) sin ¢] (4.83)

Y

&y N/
. f; ," é) 4’%\\\"9;‘% [ e @\ N\
Axis —{4-{" %, \ \ I ‘)—X

] /1

" o~ 1 f
'v._ Plane //’L/-\‘ v Plane / \ _,-A'*’/'"__’\ /
curve K{g(_l (J curve / p o e
G e Ty LS 2l
A ~ N
e ()
(a) Cylinder X Zz (b) Hollow cone X Zz

Fig. 4.68 Surface of revolution of a

Fig. 4.67 Cylinder and hollow cone produced by revolving
plane curve P

Example 4.9 Find the point (0.25, 90°) on the surface of revolution of a line segment with endpoints
—— (1, 1, 0) and (5, 2, 0). This line segment is rotated about the x-axis.

Solution The parametric equation for the line segment from P; to P, is
P(u) = [x(u) y(u) z(u)] =P, + (P,-P)u 0<u<1
From this equation, x(u) =x; + (x, - Xx;) u=1+ 4u
yu) =y + (o -y)u=1+u
zZ(u)=2z,+(z,-2z)u=0
The parametric equation of the revolved surface is
Q(u, ¢) = [x(u) y(u) cos ¢ y(u) sin ¢]
The required point is
Q(u, ¢) = [1 + 4u(1 + u) cos ¢ (1 + u) sin @]
=[1+4x0.25, (1+0.25) cos 90°, (1 + 0.25) sin 90°] = [2, 0, 1.25]
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A few examples of revolved surfaces are given here.
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Ellipsoid An ellipsoid is generated by revolving an ellipse
about its central axis. The implicit representation of an ellipsoid
centred on the origin as shown in Fig. 4.69 in the Cartesian
space is
X\2 Y\2 zZ\2
(r_x) + (r_y) + (7) -1 (4.84)
And a parametric representation for the ellipsoid in terms of
the latitude angle ¢ and the longitude angle 6 is
X=r.cospcos 0 -m2<¢<m/2

X-axis

Y=r,cos ¢sin@ -w<O<m (4.85) Fig. 4.69 Ellipsoid
Z=r,sin ¢
Torus A torus is a doughnut-shaped object (Fig. 4.70). It can be generated Z-axis x,y.2)

by rotating a circle or a conic section about a specified axis. The implicit

form of a torus equation in Cartesian coordinates is of the form

AT

where 7 is any given offset value.

Parametric representations for a torus are similar to those for an ellipse,
except that the angle ¢ extends over 360°. Using latitude and longitude
angles ¢ and 0, we can describe the torus surface as the set of points that

satisfy
X=r.(r+tcos¢)cos@ -mw<P<m
Y=r,(rtcos@)sin® -mw<6<mw
Z=r,sin ¢

Table 4.4 Parametric equations of some quadric surfaces

- |
(4.86) \4 \\jj

/
\ ‘; % \ XY plane

/

( : -\; ) Y-axis
D T
|

Fig. 4.70 Torus

(4.87)

Quadric Surface

Ellipsoid

Cone

Elliptic cylinder

Hyperbolic cylinder
Parabolic cylinder

Elliptic paraboloid

Hyperbolic paraboloid

Parametric equation
GRORER
7y 7y 7,

|
(-
|

+

£7-{25-

f"x Vy

X)\? Y\

- ()-
X+7=0

X)\? Y\2 .
(& + (2] +22-0
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4.8.3 Ruled Surfaces v cW, L

=1 _

e

As explained earlier, a ruled surface is obtained by joining a

two or more space curves by means of straight lines (Fig. e

4.19). Let us consider two space curves C;(u) and C,(u) ey : U= 1
with the independent parameter u varying between 0 and

1. We can now construct a curve from C,;(u) to C,(u)
with the parameter v varying between 0 and 1 which Fu o oc,u -

is called ruling or generator. Thus, the surface p(u, v) u=0 V=0 =
formed by the rulings between C;(1) and C,(u) is called u=1
a ruled surface of curves Cy(u) and C,(«), as shown in .

Fig. 4.71. Fig. 4.71 Ruled surface formed between

. . . two space curves C,(u) and C,(u)
It is possible to choose any two curves which do not

have to be of the same degree with the same number of control points and the same number of knots. To
develop the parametric equation of the ruled surface, consider the ruling ;, joining two points on the rails
C,(u) and C,(u). The equation of the ruling is

P(u; v) =C; +W(Cy; - Cy) (4.88)
Generalising the above equation, we get
P(u, v) = Cy() + V[ Cy (1) ~ C;w)] = (1 = v) Cyu) + v C,(w)] (4.89)

If the value of u is held constant, it will produce the rulings as seen in Fig. 4.71 in the v direction of the
surface. It can be easily seen that C,(«) and C,(u) are P(u, 0) and P(u, 1) respectively. The shape of the
surface is greatly influenced by the rail that is closer to it. For example, closer to v equal to 0, C,(u) will
have greater influence. Similarly, as v approaches 1, the influence of C,(u) on the surface shape increases.
It can also be seen that ruled surfaces cannot be used for modelling doubly curved surfaces, since the surface
curvature in the v direction is zero.

4.8.4 Synthetic Surfaces

The analytical surfaces discussed so far are simple, but do not have sufficient flexibility for designers to work
with. Synthetic surfaces offer designers with various tools that help in intuitively developing the desired
surface shape. There are many design situations where the designers have to get surfaces that pass through a
specified set of points in order to achieve the required properties. For example, the profile of an aerofoil to get
the required aerodynamic lift or the complex surfaces of injection moulds have to use these surfaces.
Hermite Bicubic Surface Four data points connected by means of a bicubic equation is called a Hermite
bicubic surface. To get the full equation, a total of sixteen vector conditions are required. These are the four
corner points, eight tangent vectors at two at each of the corner points in the direction of # and v, and the four
twist vectors at the corner points. The equation can be written as

33 o
Pu,v)=% X C;u'vV u,ve[0,1] (4.90)
i=0 j=0
It is possible to expand it in the matrix form as
P(u,v)=U"[C]V 0<u<l,and0<v<1 4.91)

where
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C, Cp, G5 Cy
C=|Cy Cpn Cp Cy (4.92)
Gy G G Gy
Cy Cp Cy Cy
Applying the boundary conditions, Eq. 4.89 can be rewritten as

P(u,v) =UT MBI [M;;]"V 0<u<l,and0<v<1 (4.93)
0 0 0 0
where the basis functionis [M,] =| 6 -6 3 3 (4.94)
6 6 -4 -2
L0 0 1 0
[ [P] [P,]
and, B] = 495
B1=| (] 1P, (4.93)
The tangent and twist vectors are given by
P, (u,v) =U" [My]"[B] [My]" V (4.96)
P, (u,v) =U" [My] [B] [M,]"" V (4.97)
P, (u,v)=U" [M,]"[B] [M,]"" V (4.98)

Bicubic surface permits C' continuity across the patches and not C?.

Bézier Surface The Bézier surface is the direct extension of the Bézier curve. Points on a Bézier surface can,
therefore, be specified as an extension of the Bézier curve.

pu,v)=% X p;B; @B (v) 0<u<l,and0<v<1 (4.99)
i=0 j=0
where p;; represents the rectangular array of control points (m + 1) X (n + 1) defining the vertices of the
characteristic polyhedron of the Bézier patch as shown in Fig. 4.72 for 4 x 4 points, and B; (1) and B, () are
the ith and jth Bézier basis functions in the u- and v-directions, respectively which are defined as follows:

B, () =~ i -y (4.100)

(m-1)!

~ V(v (4.101)

!
B =5

p (u,1),v=1curve

pO,vu=0curve p, p,, Pzy
=0

L Sser=mmrrmgll P
TS o <2}

—a ‘f.\\ ~ 3 %
“‘\p,ii"/PM:P o, 1),»p\f)33

; ."\\\ '," \\\ pa=p (1,1)

_4Pn T§Pm Papy

p11=p 0,0 4 S
I Y / N Pa \p (1,v),u=1curve
p (U, 0),v=0curve ™\ /
x ps=p (1,0

Fig. 4.72 A bi-cubic Bézier surface patch (4 x 4)
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Since B, ,, (1) and B, ,(v) are degree m and degree n functions, the Bezier surface is of degree (m, n).
The set of control points is usually referred to as the Bézier net or control net. The basis functions of a
Bézier surface are the coefficients of control points. These two-dimensional basis functions are the product
of two one-dimensional Bézier basis functions and, consequently, the basis functions for a Bézier surface are
parametric surfaces of two variables, « and v, defined on the unit square.

The matrix form of this equation for a 4 x 4 control points is

(1-v)
pu,v)=[(1-uy 3u(l-uy 3u*(1-u) w’]P|3u(1-v) (4.102)
3v4(1 - v)
v3
p(u, v) = U" [My] [P] [My]" V (4.103)

The matrix P contains the points that define the characteristic polyhedron.

Pu Pz Pz Pus
P=|Pa2 Pn P23 Pu (4.104)
P31 P32 P33z P
Ps1 P2 Pas Py

-1 3 31
[Mg]l=|3 -6 3 0 (4.105)
-3 3 0 0
1 0 9 0
U= «* u 115, and [V=0 +V* v 1% (4.106)

Some important properties of Bézier surfaces:

A Bézier surface passes through the control points at the four corners of the control net.

Convex Hull Property A Bézier surface lies in the convex hull defined by its control net. The
convex hull in this case is formed by connecting the farthest control points on the control polyhedron
(Fig. 4.72).

Non-negativity The product of B; , (u) and B, ,, (v) is non-negative for all m, n, i, j and u and v in the
range of 0 and 1.

Partition of Unity The sum of all B,,; (u) B, ;(v) is 1 for all w and v.

m n
ZO 2B, wB;, ,(m=1 0<u<l,and0<v<l (4.107)
i=0 j=0
A Bézier surface is tangent to the corner segments of the control polyhedron.
The Bézier surface can be manipulated by changing some vertices of its polyhedron or by keeping
the polyhedron fixed and specifying multiple coincident points of some vertices.
Affine transformation can be applied to a Bézier surface.
When the number of control points increases, the degree of Bézier surface increases, thereby
decreasing the local control. This can be compensated by making large surfaces as a combination of
small surface patches. This will help reduce the degree of the Bézier surface patch to a manageable
value with local control. However, care has to be taken to see that appropriate continuity is maintained
between surface patch boundaries.
The rational Bézier patch can be expressed as
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(4.108)
Wij B; (1) Bj, A(V)

i=0 j=0

B-spline Surfaces The B-spline surface is an extension of the B-spline curve in two parameter definition in
uand v, utilising the tensor-product method similar to Bézier surface. Similar to the Bézier surface, arectangular
set of control points are used to create the B-spline surface. The degree of the surface is independent of the
number of control points. Because of the blending functions used, the continuity is automatically maintained
throughout the surface. A B-spline surface with (m + 1) x (n + 1) control points, is given by

m n
P(u,v) = Zo 2PN N, (v) 0Su<uy,,,and0<v <y, (4.109)

i=0 j=0
where P;; are the control points and these form the polyhedron of the resulting B-spline surface. The surface
also has a degree of (k — 1) in the u direction and (/ — 1) in the v direction. Knot vectors in both « and v
directions are constant but not necessarily equal. The basis functions are the same as given in Eq. 4.61 for
B-spline curves.

Some important properties of B-spline surfaces are the following:

* Non-negativity The product of N, (u) and N, (v) is non-negative for all &, /, i, j and u and v in the
range of 0 and 1.

* Partition of Unity The sum of all N, (u) and N;,(v) is 1 for all u and v.

Y XN N (v)=1 0<u<l,and0<v<1 (4.110)
i=0 j=0

* Convex Hull Property A B-spline surface lies in the convex hull defined by its control points P,

« Composite B-spline surfaces can be generated with C° and C' continuity. C° (positional) continuity
requires that a common boundary polygon between the two surface patches as shown in Fig. 4.73a.
C' continuity (tangency) across the boundaries, the segments attached at the common boundary

polygon as in Fig. 4.73a of patch 1 must be collinear with the corresponding segment of the second
patch polyhedron, as shown in Fig. 4.73b.

Common boundary polygon

At s

Patch 1 Patch 2 Patch 1 Patch 2
(@) c® continuity (b) c' continuity

Fig. 4.73 Continuity of composite B-spline surface patches

 Affine transformation can be applied to a B-spline surface.

» The weakness of the B-spline surface is that primitive surfaces such as cylinders, spheres and cones

cannot be represented precisely. Since it approximates these surfaces, dimensional errors occur when
machining these surfaces.
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Coons Surface Patch All the surfaces discussed so far rely on a finite set of control points to define a
surface, while a Coons surface utilises closed intersecting boundary curves (Fig. 4.20) for interpolating a
surface. One of the important applications of the Coons surfaces is the auto-body styling. The first step in new
auto-body styling is the production of a clay or wooden model of the external shape of the car. This profile as
envisaged by the artist is to be communicated to the CAD database for further refining.

This car-body style is digitised using a Coordinate Measuring Machine (CMM) where a probe of the
appropriate tip touches the model surface to record a number of points. The probe is moved over the model
along certain predefined lines, called feature lines. CMM digitises these feature lines into a sequence of
points and feeds into the CAD database. The CAD system then fits these points into a network of curves
from which a full surface description of the model is generated. For

generating the surface from a network of curves, Coons and Gordon PO V)/'A"“‘«f\ﬂ’ )
surface methods are used. // ,/
Shown in Fig. 4.74 is a bilinearly blended Coons patch interpolating ‘/ /
the four boundary curves P(u, 0), P(0, v), P (u, 1), and P(1, v). A [ / P,V
ruled surface interpolates between two boundary curves. Hence, V*‘. "
superposition of two ruled surfaces connecting the two pairs of | \ - _— |
boundary curves might satisfy the boundary conditions to produce a =y U w, 6‘)“\-\_\ \
Coons patch. =
Utilising Eq. 4.89 for a ruled surface, it is possible to write the two  Fig. 4.74 The four boundary curves
ruled surfaces formed by the two pairs of boundary conditions along of a Coons surface patch
the # and v directions as
P, (u, v)=(1-u) PO, v)+uP(l,v)] (4.111)
Py, v) =(1 -v)P(u, 0) + v P(u, 1)] (4.112)
Adding these two equations gives the required surface as
P, v)=P,(u, v) +P, (1, V) (4.113)

Equation 4.113 does not satisfy the boundary conditions which can be seen by substituting v= 0 and 1 into
this equation.
P(u, 0) =P(u, 0) + [(1 —u) v P(0, 0) + u P(1, 0)] (4.114)
P, 1)=Pu, 1)+ [(1 -u) v PO, 1) +uP(1, 1)] (4.115)
Observing the above two equations, it can be noticed that the terms in the square brackets are extra and
need to be eliminated to get the Coons patch equation. The unwanted terms can be conceived as a third
surface P; (4, v) given by

P, vV)=(1-v)[(1 -u)PO,0)+uP(1,0)]+v[(1-u)PO,1)+uP(,1)] (4.115)
Hence, the required equation is
Pu, v) =P, (u, v)+P,(u, v) = P5 (1, v) (4.116)
Its matrix form can be given as
0 Pw0) P |5 -1
Pu,v)=-[-1 (1-u) u]|PWO,v) P0,0) PO, 1)||1- v} (4.117)
P(1,v) P(1,0) P(1,1) v

The main drawback of the above formulation is that it only provides C° continuity and not C' continuity
even when the boundary curves provide the C' continuity. In order to provide the C' continuity, the linear
functions (1 — u) and u are replaced by cubic equations as
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Fy(uw) =21 -3+ 1 (4.118)
Fy(u) = 20 + 3u°
0 P(u,0) P, D] -1
P(u,v)=-[-1 Fy(u) F,w]|P®O,v) P@O,0) PO, 1)||F ) (4.119)
P(1,v) P(1,0) P(1,1)]|F,(»
This is termed as a bicubic Coons surface patch and is used in the design environment. This formulation
allows for describing a much richer variety of surfaces compared to the tensor-product surfaces seen earlier.

Offset Surfaces When a surface is defined by any method, it is possible to generate an offset surface as
shown in Fig. 4.75 if the offset amount and the direction vector is specified. The equation for the offset
surface can be written as

P, V)oprer = P, v) +0(1, v) d(u, v) (4.120)
where P(u, v), n(u, v), and d(u, v) are the original surface, unit normal vector on the surface at point (u, v)
and the offset distance, respectively.

Blending Surfaces Blending surfaces connect two primary or functional surfaces and provide a smooth
transition between the two surfaces as shown in Fig. 4.76. They may also be sometimes called filleted surfaces.
In order to maintain continuity between the surfaces, blending surfaces require more complex higher-order
formulation compared to the underlying surfaces to be joined.

Fig. 4.75 An offset surface Fig. 4.76  Blending of surfaces to provide smooth
transitions in complex engineering
components

4.8.5 Tabulated Cylinder

When a planar curve is translated along a specified direction, the resulting surface is called a tabulated
cylinder. Alternatively, it can also be defined as a surface obtained by moving a straight line called generatrix
along a given planar curve called directrix as shown in Fig. 4.77. The generatrix stays parallel to the given
vector and defines the v direction. Any planar curve G(u) can be used for generating a tabulated cylinder. The
position vector of any point on the surface can be written as

Pu,v)=Gu)+vn, O0<u<u, . ,and0<v<y, 4.121)

max? max
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4.8.6 Sculptured Surface

Many types of surfaces have been described so far that are
useful for engineering applications. However, it is rare that
any one of the types of surface is generally sufficient to
provide all the flexibility required for geometric modelling.
As a result, in any application a number of different types
of surfaces are used, and these surfaces need to be stitched
together to form a composite surface. These are often
called sculptured surfaces or free-form surfaces.

Generatrix

A sculptured surface, therefore, can be defined as a
complex surface formed as a sum of different types of
parametric surfaces and blending surfaces to get the smooth
transition across the surfaces. The designer will have to
select the most appropriate type of parametric surfaces
depending upon the available data and the type of surface
required, and then impose the appropriate transitions
between the surfaces.

4.8.7 Surface Manipulation Fig. 4.77 Tabulated cylinder

Manipulating the surface during the design phase is important to achieve the desired result. A few of the more
common features found in the modern CAD systems are presented here.

Surface Display A surface is normally displayed in a CAD system as a mesh of curves on the surface. The
easiest way to do it is to hold one parameter constant and vary the second parameter which will give rise to
a curve. For a parametric surface p (u, v), if u is fixed to a value, say 0.05, and v is varied from 0 to 1, this
generates a curve on the surface whose u coordinate is a constant. This is the isoparametric curve in the
v direction with # = 0.05. Similarly, fixing v to a value and letting u vary, it is possible to obtain isoparametric
curves whose v direction is a constant. This is sometimes called wireframe display. This is a very inefficient
type of display, as depending upon the parameter increments used for # and v, some fine details of the surface
may be lost or the designer may have to opt for a very fine surface density which calls for a lot of computational
time depending upon the complexity of the surface. Sometimes to have a better visualisation, surface normals
may be added to the surface in addition to the wireframe display. A better form of visualisation is utilising the
shading option as discussed in Chapter 3.

Segmentation Segmentation is a process of splitting a curve or a surface into a number of parts such that
the composite curve or surface of all the segments is identical to the parent curve or surface. Segmentation is
essentially a reparamterising transformation of a surface while keeping the degree of the surface in «# and v
parameter space remains unchanged.

For example, let a surface patch be defined in the range of v, <u <u,,, and v, <v <v,,. Let this surface
patch be divided at a point (u,, v;) into four segments, with two divisions along the « direction and two along
the v direction. A new variable set is introduced for each of the surface patch segments as (', v') whose range
is (0, 1) for each of the segments. The parametric transformation for the first segment is

u1:u0+(u1—u0)u 0<u'<l,and0<v'<1 (4.122)
v! =vot (v, —vy) Vv
Similar equations can be written for other patch segments.
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4.9 II SOLID-REPRESENTATION METHODS
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As explained earlier, a solid model is a complete model and is generally preferred for complete automation
in the design process. A solid model can be more commonly represented internally by one of the following
schemes:

* Boundary representation (b-rep)
* Constructive Solid Geometry (CSG)
* Sweeping
Though there are other methods such as analytical solid modelling, half spaces, cell decomposition, octree

modelling, etc., for representing solids, sweeping, b-rep and CSG are the more common methods used in a
majority of the commercial solid modellers.

4.9.1 Solid-Representation Concepts

In the Euclidean space (E°), a solid body is represented such that a clear distinction is made as to which part
of it is the interior and which part is exterior. Moreover, there will be a surface that separates the interior and
exterior. If a solid is defined as a point set S in a three-dimensional space, then it is possible to write it as a
union (L)

S=iSubS (4.123)
where iS is the interior set and bS is the boundary set separating the interior and the exterior.

Equation 4.123 introduces the geometric closure, which implies that the interior of the solid is completely
closed by its boundaries.

W=iSubSucS (4.124)
where W is the universal set (all possible three-dimensional points) and cS is the exterior set.
Equation 4.123 can also be written as
S=kS=iSuUbS (4.125)
where kS is the closure of the solid.
The main operations carried out on sets that are used in solid modelling are the following:

Union (see Fig. 4.78a) indicated by U, e.g., P U QO read as P union Q is a subset of elements of W (world)
that are members of either P or Q.

PuQ={xxe Pore Q} (4.126)

w

| @

(@ Union (Pu Q) (b) Intersection (P m Q) (c) Difference (P-Q) (d) Difference (Q - P)

Fig. 4.78 Venn diagram for various set operations

Intersection (see Fig. 4.78b) indicated by N, e.g., P N Q reads as P intersect Q is a subset of elements of W/
that are simultaneously members of both P and Q.

PnQO={xxe Pande O} (4.127)
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Another derived operator is the difference (see Fig. 4.78c), indicated by -, e.g., P — O read as P minus O

is a subset of elements of /# that are members belonging to P and not O
P-Q={x:xe Pand ¢ Q} (4.128)

The objects resulting from these operations may lack geometric closure, may be difficult to validate, or
may be inadequate for application. Hence, these have to be refined to define the regularised Boolean set
operations to avoid impossible solids being generated.

A regular set is defined as a set that is geometrically closed and is introduced in geometric modelling to
ensure the validity of objects it represents. The boundary contains the interior and any point on the boundary
is in contact with a point in the interior under geometric closure. A set S is regular if and only if

S=ki§ (4.129)

The set S shown in Fig. 4.79 is not regular because the closure of the interior set S” # S, i.e., Eq. 4.129 is

not satisfied.

Dangling edge

) %//% N
] - _
S iS S'=kiS

Fig. 4.79 Regularisation of sets

Boolean algebra operates with regular sets and is used in geometric modelling. With Boolean algebra,
solid models built from well-defined primitives are always valid and represent valid objects. Regularised set
operators preserve homogeneity which ensures that no dangling parts should result from using these operators.
They also maintain spatial dimensionality ensuring that if two three-dimensional objects are combined by
one of the operators, the resulting object is also three-dimensional.

Hence, regularised set operators (U*, n*, — *) can be defined as follows:

PU*Q=ki(PU Q) (4.130)
Pr*Q=ki(PNQ) (4.131)
P-*Q=ki(P-Q) (4.132)

where the superscript * indicates regularisation.

P and Q in the above equations can be any arbitrary sets. However, if X and Y are regular sets (true for
geometric modelling) then the above equations become

XU*Y=XUY (4.133)
X*Y=XAY (4.134)
X-*Y=k(X-7Y) (4.135)

Set-Member Classification Building solid models require, as explained earlier, the interaction with various
regular solids using the Boolean operations. The system, therefore, will have to identify the intersection
of the various boundaries and evaluate the parts that should belong to the final solid of interest. The major
intersection problems that need to consider are the point/solid, line/solid and solid/solid intersections.

To understand the problem, as seen above, two sets are required to evaluate the intersection problem: a
reference set .S and the tool set X. Using the same notations as above for the reference set, iS is the interior
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and bS is the boundary set. The tool geometry X is to be classified against S. The process is called set-member
classification.

The set-membership classification function is defined as
M[X, S]=(Xin S, X on S, X out S) (4.136)

\,0(\(A

X )
\/y A / Vs V, /

a5 // Z Py P,
td - " A
v Z / R v, v,
L 7 /
v, Vs
Fig. 4.80 Set-membership classification— Fig. 4.81 Set-membership classification-
Line/Polygon Line/Polygon for b-rep

Figure 4.80 shows an example of classifying a portion of a line against a polygon R. The actual
implementation of the above scheme depends to a great extent on the actual data structures used, and the
representation of the sets X and S. A case in point is that used in b-rep as shown in Fig. 4.81. In this example,
the line L is chosen such that no ‘on’ segments are present for the sake of simplicity.

The steps for the selection process (Fig. 4.81) can be indicated here as follows:
1. Utilise a line/edge intersection routine to find the two intersection points P, and P,.
2. Sort all the border crossings as per any agreed sorting criteria for L. Let the list be (P, P;, P,, P5).
3. Classify L with respect to R. It is known that odd crossings such as P; would start the ‘in’ segments
and even crossings such as P, start the ‘out’ segments. Hence the classification should be
[Py, Pi] c L outR
[P,P,JcLinR
[P,, Ps] L out R
The above scheme of odd and even crossings will not work if the line L coincides with an edge of the
polygon. In such cases, traversing along the polygon boundaries would help. In Fig. 4.81, traverse counter-
clockwise along the polygon vertices. As a result, the interior of R (iR) is always on the left side of the
boundary. An edge of the polygon will be defined as two consecutive vertices V; and V;, ;. An algorithm will
flag ‘in” when a boundary crosses on an edge whose V; is above L and V;, | is below L; and whenever V; is
below L and V;, | is above, it is flagged ‘out.’
It is possible to develop a similar algorithm for the CSG representation as well.
1. Line/edge intersection routine is utilised to find the intersection points of the line with each primitive
of R.
2. Classify the line against each primitive of R by using these intersection points.
3. Use the same Boolean operations as that of the primitives to combine the ‘in’ and ‘on’ line segments
obtained in Step 2.
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Fig. 4.82 Line/Polygon classification for CSG rep

4. The ‘out’ segments can now be obtained by taking the difference between the line (candidate set) and
the ‘in” and ‘on’ segments. The classification strategy for three Boolean operations on two blocks 4
and B is shown in Fig. 4.82. The case of union operation in CSG is identical to that of b-rep. First
combine L in 4 and L in B to obtain L in R, using the proper Boolean operator. The L on R can result
from combining three possibilities: L in 4 and Lon B, L on 4 and L in B and L on 4 and L on B. All
these possibilities are obtained and then combined to give L on R. The remaining classification L out
R is obtained by adding L in R and L on R and subtracting the result from L itself.

4.9.2 Boundary Representation (b-rep)

A b-rep solid is represented as a volume contained in a set of faces together with topological information
which defines the relationships between the faces. Unlike wireframe representation, boundary representation
(b-rep) is based on the concept that a solid body is bounded by a set of faces as shown in Fig. 4.83. Thus, it is
an extension of the wireframe by adding the face information. The main advantage of a b-rep model is that
a solid is bounded by its surface and has its interior and exterior clearly defined. Because b-rep includes
such topological information, a solid is represented as a closed space in 3D space. The boundary of a solid
separates points inside from points outside of the solid. The geometry of the object can be described by its
boundaries, namely, vertices, edges and surfaces. Each face is bounded by edges and each edge is bounded
by vertices. Faces can be formed by either straight-line objects or curve segments. Only the boundary surfaces
of the model are stored and the volumetric properties are calculated by the Gauss divergence theorem, which
relates volume integral to surface integrals. This scheme can model a variety of solids depending on the primitive
surfaces (planar, curved, or sculptured).

Some of the definitions of the objects that will be found in b-rep models are the following:
Vertex It is a unique point (an ordered triplet) in space.
Edge A finite, non-intersecting space curve bounded by two vertices that are not necessarily distinct.
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Loop It is an ordered alternating sequence of
vertices and edges. A loop defines a non-self-
intersecting closed space curve, which may be a
boundary of a face.

CAD/CAM: Principles and Applications

Face It is defined as a finite connected, non-self-
intersecting, region of a closed oriented surface

bounded by one or more loops. Normally, a face is

a bounded region of a planar, quadratic, toroidal,

or sculptured surface. The bounded region of the

surface that forms the face is represented by a Boundary I‘
closed curve that lies on the surface. faces

Genus It is the topological name for the number
of handles or through holes in an object.

Body It is an entity that has a set of faces that
bound a single connected closed volume. A
minimum body is a point.

The total information present in a b-rep model
is classified into fopological and geometric data.
The topological part of the data provides the Fig. 4.83 Representation of a solid by its faces
relationships among its objects such as vertices, edges and faces similar to that used in a wireframe model,
along with the orientation of edges and faces. Geometric information is usually equations of the edges and
faces.

There are two types of solid models in this scheme: (a) polyhedral solids, and (b) curved solids. Polyhedral
objects consist of only planar surfaces such as a cube or a tetrahedron. A curved solid on the other hand has
curved faces and edges. A few types of polyhedral objects are shown in Fig. 4.84. Polyhedral objects can be
classified into four types depending upon the type of features associated with them. Simple polyhedra do not
have holes and each face is bounded by a single set of connected edges, i.e., bounded by one loop of edges
(see Fig. 4.84a). Polyhedra with faces of inner loops are similar to the first with the exception that a face may
be bounded by more than one loop of edges (see Fig. 4.84b). Polyhedral with not through holes may have a
face coincident with the object boundary or an interior hole (see Fig. 4.84c). Handles (through holes) in the
object are the through passageways as shown in Fig. 4.84d. Developing valid solid models using faces, edges

and vertices is rigorous and not easy.
Boundary
/ hole
I L

(b) Polyhedra with faces (c) Polyhedra with not  (d) Polyhedra with
of inner loops through holes through holes

(@) Simple polyhedra

Fig. 4.84 Types of polyhedral objects
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Euler has proved that polyhedra that are homomorphic to a sphere are topologically valid if they satisfy
the following equations:

F-E+V-L=2(B-G) (4.137)
where F, E, V, L, B and G are the number of faces, edges, vertices, face’s inner loop, bodies, and genus
(handles or through holes) respectively. If the solid is a simple one (shown in Fig. 4.84a), the Euler Eq. (4.138)
holds good.

F-E+V=2 (4.138)

Example 4.10 Verify Euler’s law for the parts shown in Fig. 4.85 and Fig. 4.86:
=== Ve see in Fig. 4.85, that the part has six edges, four faces, and four vertices. From
Euler's law we have
F-E+V=4-6+4=2
which satisfies Euler’s rule.

Fer

Fig. 4.85 Example for verifying Euler’s Fig. 4.86 Example for verifying
law—polyhedron Euler’s law

We see from Fig. 4.86 that the part has twenty-three edges, nine faces, and sixteen vertices. From Euler’s
law, we have
F-E+V=9-23+16=2
which satisfies Euler’s rule.

To store the data in a b-rep model, relational database structure is the most ~__F, E, -~
convenient. The list of vertices, edges, loops, faces, and bodies are stored in \"'\\/‘7\/’/
tables. Winged-edge data structure, as used for data structures, is shown in \ KU /’
Fig. 4.87. This is a picture of a single edge, ending in two vertices, which then \ {
each have two other edges leading off from them. The edge, for example, could Fyo| E, ( F,
be the edge of a cube. The edge has pointers to the vertices at its ends, and to the / 4
next edges. A pointer is essentially the address in the computer’s memory where / Ay \
something is stored. The vertices have pointers to their (x, y, z) coordinates, and E?///\Y? ‘\Ef
so on. Since the edge is formed by two faces, it is part of two loops F, and F,. M
This 'w1nged—edge data structu.re is very .efﬁment for manipulation (addition or Fig. 4.87 Winged-edge
deletion of edges, faces or vertices) utilising Euler’s law. data structure

Euler Operators Euler operators are used for building boundary models for

complex objects. There are many operators such as MEV, KEV, MBFYV, etc. In these operators, M refers to
‘Make’ and K refers to ‘Kill’, while other letters have the same meaning as in the Euler equation. A sample
of the Euler operators is given in Table 4.5. It may be noted that in the process of editing a polyhedron with
Euler operators, some intermediate results may not be valid solids at all.
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Table 4.5 Some sample Euler operators
Operation Operator Description
Begin creation of object MBFV Make body, face and vertex
Create edges and vertices MEV Make edge and vertex
Create edges and faces MEF Make edge and face
MEKL Make edge, and kill loop
MEKBFL Make edge, kill body, face, and loop
Glue KFEVB Kill face, edge, vertex and body
Composite operations KVE Kill vertex and edge
MME Make multiple edges

(a) The Make Group These set of operators are used for adding some elements into the existing model
creating a new one, while a Make-Kill operator is used for adding and deleting some elements at the same
time. The details of these operators are given in Table 4.6. In this table, the change of values of V, E, F, L,
B and G with the operators is shown. Note that adding a face produces a loop, the outer loop of that face.
Therefore, when F is increased, L should also be increased. The geometric changes that occur with the Make
operators are shown in Table 4.7. As shown, MEKL is adding an edge connecting the outer loop and the inner
loop of a face. In this case, the number of edges E is increased by 1 and the number of loops L is decreased
by 1 since that loop is killed.

Table 4.6 Transition states of Make operators

Operator Meaning V E F L B G
MEV Make edge and vertex 1 1 0 0 0 0
MEF Make edge and face 0 1 1 1 0 0
MBFV Make body, face and vertex 1 0 1 1 1 0
MBG Make body and hole 0 0 0 0 1 1
MEKL Make edge and kill a loop 0 1 0 =1 0 0
Table 4.7 Make operators in b-rep models
Input Operator Meaning Output

. MEV Make edge and vertex /
.
MEF Make edge and face

I I MEKL Make edge and kill a loop

(b) The Kill Group The Kill group is used to perform the opposite function of what the Make group does.
The details of these operators are given in Table 4.8. The geometric changes that occur with the Kill operators
are shown in Table 4.9.
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Table 4.8 Transition states of Kill operators

Operator Meaning V E F L B G
KEV Kill an edge and a vertex -1 -1 0 0 0 0
KFE Kill a face and an edge 0 -1 -1 -1 0 0
KBFV Kill a body, aface and a vertex -1 0 -1 -1 -1 0
KBG Kill a body and a hole 0 0 0 0 -1 -1
KEML Kill an edge and make a loop 0 -1 0 1 0 0

Table 4.9 Kill operators in b-rep models

Input Operator Meaning Output
.
/ KEV Kill an edge and a vertex .
KFE Kill a face and an edge
KEML Kill an edge and make a loop I:I

Curved Objects Curved objects such as cylinders and spheres are modelled similar to the polyhedral objects.
The major difference to be noted between these two types of objects is the existence of closed curved edges or
faces. As shown in Fig. 4.88, a closed cylindrical face has one vertex and no edges. The boundary model of a
cylinder has three faces (top, bottom and cylindrical face, itself), two vertices, and three edges connecting the
two vertices. The other ‘edges’ are for visualisation purposes, and are called limbs, virtual edges, or silhouette
edges. These models satisfy Euler law: F - E + V=2 for simple polyhedra. In exact b-rep scheme, the curved
objects are represented by storing the equations of the underlying curves and surfaces of the object edges and
faces respectively. In an alternative arrangement, the curved face is divided into planer facets, which is termed
as the approximate or faceted b-rep.

Limb (/ /\) /\( Hmb
.. (silhoutte edge) ( F
S\

Object Boundary model Object Boundary model

(@) Cylinder (b) Sphere

Fig. 4.88 b-rep of a cylinder and a sphere
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Advantages of Boundary Representation
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» Complex engineering objects can be modelled very easily compared with CSG. Some examples are
aircraft fuselage and automobile body styling.

« Since the topology and geometry are treated separately, incorporating new geometries in the existing
model is easy.

+ It is particularly suitable for modelling parts having internal symmetry.

» Computational effort and time required to display the model are less compared with CSG.

+ Combining wireframe and surface models are possible.

+ This format gives efficient picture generation and easy access to other geometric information.

* The b-rep model is more widely used because in CSG, the number of basic primitives available is
limited.

« It is easy to create objects by ‘sweeping’, i.e., a complex two-dimensional profile may be translated
or rotated about an axis to give a shape in three dimensions.

Problems with Boundary Representation

* The data to be stored is more and hence it requires more memory. It is also a verbose scheme. In
addition, faceted b-rep is not suitable for many applications such as tool-path generation.

» There is no guarantee that the object created is valid (i.e., complete, unambiguous, and uniquely
defined). Additional checks for validity, such as Euler’s rule, will be needed to ensure this.

* It is usually less robust than the half-space method.

» Each object is defined independently, without reference to other objects in the system. It is not easy
to define ‘generic’ or ‘parametric’ models for families of parts.

+ Conversion of CSG to b-rep is possible, but conversion from b-rep to CSG is not possible.

4.9.3 Constructive Solid Geometry

Constructive solid-geometry methods were explained earlier using the basic primitives shown in Fig. 4.13
utilising the Boolean operations. This is one of the most widely researched and understood methodology
because of the applications. For example, the intersection operation is useful in understanding the interference
problem in assemblies while the difference operator is useful for the material removal processes in CNC tool-
path planning. A CSG model is held as a tree structure whose terminal nodes are primitive objects together
with an appropriate transformation and whose other nodes are Boolean set operations as shown in Fig. 4.16
with block and cylinder as primitives.

As explained earlier, the data structure for b-rep is based on the winged-edge structure while the CSG
representation is based on the concept of graphs and trees. A graph is defined as a set of nodes connected by
a set of branches or lines. If the pairs of nodes in a graph are ordered pairs then the graph is called diagraph.
In a diagraph, branches become arrows indicating the direction of going from one node to another. A CSG
tree is called as inverted ordered binary tree, where the leaf nodes are primitives, and the interior nodes are
regularised set operations. The total number of nodes in a CSG tree indicates the number of primitives the
solid is composed of. If the solid has » primitives then it will have (n — 1) Boolean operations. The CSG tree
then will have a total of (2n — 1) nodes.

The mathematical description of all the primitives is stored in the CAD system. The typical primitives
(Fig. 4.89) used are
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Block Cylinder

YA
| z Y
<R,
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Sphere Torus
Fig. 4.89 Common primitives used in CSG modelling
Block {6, 9,2:0<x<W,0<y<H,0<z<D} (4.139)
Cylinder (G, 2): x>+  <R%,0<z<H} (4.140)
Wedge {(6,9,2:0<x<W,0<y<H,0<z<D,yW+xH<HW} (4.141)
Cone {(x, v, 2): x>+ y* < [(R/H) z]*, 0 <z < D} (4.142)
Sphere {(x, ,2): x>+ P+ 22 <R%} (4.143)
Torus {(,y,2): (& +y* +22 =R} — R})? <4R} (R> - )} (4.144)

Editing a CSG representation is easy, for example, changing the diameter of the hole in the example
above is merely a case of changing the diameter of the cylinder. However, it is slow in producing direct
rendered image from a CSG tree. For this purpose, the CSG representation has to be converted to b-rep
before rendering. Hence, many solid modellers use internally b-rep but the user interface is based on the CSG
representation. An object is stored as a tree with operators at the internal nodes and simple primitives at the
leaves. For the object given in Fig. 4.16a, the construction tree is given in Fig. 4.16b. Some nodes represent
Boolean operators, whereas others perform translation, rotation, and scaling.

To determine physical properties or to make pictures, it is necessary to combine the properties of the
leaves to obtain the properties of the root by following the depth-first tree method. The complexity of this task
depends on the representation in which the leaf objects are stored. In some implementations, the primitives
are simple solids, such as cubes, cones or cylinders, ensuring that all regularised combinations are valid solids
as well. In other systems, primitives include half-spaces, which themselves are unbounded solids. Using half-
spaces introduces a validity problem, since not all combinations produce solids.

The notion of a regular set is introduced in geometric modelling to ensure the validity of objects they
represent and, therefore, eliminate nonsense objects. A regular set is defined as a set that is geometrically
closed. Under geometric closure, a regular set has interior and boundary subsets. The boundary contains the
interior and any point on the boundary is in contact with a point in the interior. The main building operators
in the CSG scheme are regularised union (U*), difference (—*), and intersection (N*). These are the set
operators which are also called Boolean operators.
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The concept of neighbourhood is required to resolve ambiguities when combining ‘on’ segments in a
classification scheme as done earlier with line/polygon classification. N(P, S) is the neighbourhood of a point
P with respect to a solid S, and is defined as the intersection of a sphere with radius R (should be sufficiently
small) centred at P with the solid. Neighbourhoods for points that are either interior (solid) or exterior (empty)
to a solid can be very easily represented. Points on the boundaries of the solid are represented by the face and
the surface normal. If the point is on an edge, the edge being shared by two faces, the normal and tangent
signs of the faces and the underlying surfaces serve to represent the neighbourhood information.

CAD/CAM: Principles and Applications

Evaluating a CSG solid is done by classifying the faces with respect to S by using the face/solid classification
and then combining the classifications using an <OP> to obtain the solid. Though face/solid classification
is feasible in theory, in practice it is very complex and not attractive. Hence, it is replaced by edge/solid
classification which is much simpler. The algorithm is as follows [Zeid]:

1. Generate a sufficient set of tentative faces (z-face). The faces of the primitives (4 and B) form such
a set.
2. Classify self-edges, including neighbourhoods (self-edges of A with respect to A). This is a trivial
step, since such classification is already known and is merely used to generate the required data.
3. Using the divide-and-conquer paradigm, classify self-edges of 4 with respect to B, which include the
neighbourhoods as well. The paradigm becomes recursive, if 4 or B is not a primitive.
4. With the help of desired Boolean operations, combine the classification results of steps 2 and 3 (see
Fig. 4.82). The combining classification is
(OP) =uU*: Eon S= (Eout A INT* E on B) UN* (E on A INT* E out B)
(OP)=uU*: EonS=(Ein 4 INT* E on B) UN* (E on A INT* E in B)
(OP)=-*:EonS=(Ein4 INT* E on B) UN* (E on 4 INT* E out B)
5. The UN* and INT* are one-dimensional union and intersection operations and are not same as
w* and N* respectively. The above combining rules are valid only if there are no on/on ambiguities.
If there are, then they should be resolved using neighbourhoods and added. This step gives the
classification of self-edges of 4 with respect to the solid S.
5. By testing neighbourhoods of the segments, regularise the ‘on’ segments, by discarding the segments
that belong to only one face of S.
6. Store the final ‘on’ segments that results from the previous step as part of boundary of S. Steps 2 to
6 are performed for all the 7-faces.
7. Find cross-edges that result from intersecting faces of B with the same #-face in Step 6 by using
surface intersection.
8. Classify each cross-edge with respect to S by repeating steps 2 to 4. i.e., cross-edges are classified
with respect to the faces of 4 and B. Hence it is two-dimensional classification.

9. For each cross-edge, repeat steps 5 and 6.
10. For each t-face of A4, repeat steps 2 to 9
11. For each t-face of B, repeat steps 2 to 6.

CSG is the most widely used solid modelling representation because of its ability to edit models by
deleting, adding, replacing, and modifying subtrees coupled with the relatively compact form in which
models are stored. The main disadvantage of CSG is its inability to represent sculptured surfaces and half-
spaces.
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4.9.4 Half-Space Method

The half-space method considers the geometric entities that divide the representative space into two infinite
portions (not necessarily equal), one filled with material while the other being empty. Each such region is
called a ‘half-space’. By combining half-spaces (using set operations) in a building block fashion, various
solids can be constructed. Surfaces can be considered half-space boundaries and half-spaces can be considered
directed surfaces.

A half-space is defined as a regular point set in Euclidean space (E>) as follows:

H ={P:Pe E’and f(P) <0} (4.145)
where P is a point in £° and /' (P) = 0 defines the surface equation of the half-space boundaries. A half-space
can be combined together using set operations to create complex objects.

The most widely used half-spaces (unbounded, See Fig. 4.90) are

Planar half-space H={(x,y,z):z2<0} (4.1406)
Cylindrical half-space H={(x,y,2): X+’ <R’ (4.147)
Spherical half-space H={(x,y,2): ¥+ + 2> <R%} (4.148)
Conical half-space H={(x,y,2): x>+ y* [tan (a/ 2) z]*} (4.149)
Toroidal half-space H={(x,y,2): (*+)*+2 - R22 - Rlz)2 < 4R22 (Rl2 -2} (4.150)
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Two-sheet conical
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Toroidal half-space
(R1>0,R2>0,R2>R1)

Fig. 4.90 Unbounded half-spaces

To build a complex object, the above half-spaces can be combined using the Boolean operators such as
union, difference and intersection, similar to the CSG.

The main advantage of half-spaces is its conciseness in representing objects compared to other methods
such as CSG. However, it is very cumbersome for designers to build parts. Also, this representation can
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lead to unbounded solid models resulting in missing faces and abnormal shaded images. It is useful only for
research purposes.

410 " MODELLING FACILITIES DESIRED

The total modelling facilities that one would look for in any system can be broadly categorised as follows:

4101

The geometric modelling features
The editing or manipulation features
The display control facilities

The drafting features

The programming facility

The analysis features

The connecting features

Geometric Modelling Features

The various geometric modelling and construction facilities that one should expect to have in any good
system are as follows:

1.

Various features to aid geometric construction methods, such as Cartesian and polar coordinates,
absolute and incremental dimensions, various types of units, grid, snap, object snap, layer, etc.

. All 2D analytical features, such as points, lines, arcs, circles, conics, splines, fillets, chamfers, etc.

In each of these features, various constructional features including interactive and dynamic dragging
facilities.

. Majority of the 3D wireframe modelling facilities including 3D lines, 3D faces, ruled surfaces, linear

sweep from 2D topology with any sweep direction, rotational sweep, and tapered sweep, general
sweep with twist, revolving about an axis with axis or radial offset for generating helical or spiral
shapes.

Solid modelling with various basic primitives such as block, cylinder, sphere, cone, prism, torus,
pyramid, quadrilateral, along with the ability to apply the Boolean operators on any solid that can be
constructed using the other techniques available in the modeller.

. Skinning around regular and arbitrary surfaces. Profiles (cross-sections), both analytical and arbitrary

placed across any 3D curve.

6. Sculptured surfaces of the various types like Bézier, Coons and other free-form surfaces.

. Comprehensive range of transformation facilities for interactively assembling the various solid

models generated by the modeller with features such as surface filleting and trimming.

4.10.2 Editing or Manipulation Features

These set of facilities refer to the way the geometric data, once created, would be used to advantage for
further modelling. Using these facilities, it would be possible to use the geometry created earlier to complete
the modelling, thus improving the productivity of the designer. The facilities desired in this category are the
following:

— Transformations such as move, copy, rotate, scale, elongate or compress, mirror or to any arbitrary

coordinate frame.

— The editing features used to alter the already drawn geometric entities, such as stretching, trimming

or trimming to any intersection, delete or erase, undo or redo.
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— Symbols in drawing refer to an often-repeated set in a number of drawings, which may consist of a
number of geometric entities that are grouped together and stored as a symbol. This symbol can be
recalled at any scale, at any angle or exploded if necessary to treat all of them as separate entities.
Symbols can also be of parametric type so that a large variation in symbols can be done without

much effort.

4.10.3 Display Control Facilities

In this range of features are all the facilities needed for
interacting with the modelling system so as to obtain the
necessary feedback at the right time during the modelling
stage. The facilities required are the following:

Window To identify a set of entities for any possible display
or editing function

Zoom To change the scale of display of the image selected on
the screen

Pan To move the image on screen without changing the scale
at which the drawing is displayed on the screen

Hidden To remove hidden lines or hidden surfaces for viewing
the geometry in proper form (Fig. 4.91)

Fig. 4.91 Elimination of hidden lines
in display

Shading To show the 3D view of the image on the screen complete with the light source location and the

resultant light and shade as it appears on the image (Fig. 4.92)

Animation Perspective views
Orthographic views Isometric views
Axonometric views Sectioning
Clipping of images

BLACKE
DECKER

Fig. 4.92 Shaded image of a CAD geometric model (image appears with the permission of IBM World Trade
Corporation/Dassault Systems—NModel generated using CATIA)
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These facilities refer to the way the model developed can be utilised for the purpose of transmitting the
information in hard-copy form for other applications, such as part prints onto the shop floor, or maintenance
manuals for the equipment. A really large range of facilities are required in this particular category, and it is
sometimes treated as a separate module in the modelling system.

The facility to get various types of lines drawn and provide ample notes in the form of text addition at
various locations in the drawing should be there. The text-handling capability in terms of font changing and
different methods of text presentation should be available.

A large number of types of views should be obtained from the solid model of the geometry stored in the
database. The types of views required may be as for display functions, such as perspective views, orthographic
views (Fig. 4.93), isometric views, and axonometric views. It is also necessary that the views being shown
should be sectioned to get a better appreciation of the model. For this purpose, the section planes may be
simple or complex orientations. After sectioning, the system should have the automatic ability to show the
sectioning details (Fig. 4.94) in the form of typical cross-hatching depending upon the standard practice.
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Fig. 4.93 Orthographic views from a geometric model (image appears with the permission of IBM World
Trade Corporation/Dassault Systems—Model generated using CATIA)

Fig. 4.94 Section view generation from a geometric model
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The dimensioning facilities one should look at are automatic or semi-automatic dimensioning with
associated dimensioning, if possible. In associative dimensioning, the dimension generated is associated
with the particular entity and whenever the entity changes during the process of revision or modification, the
dimension automatically changes without the operator intervention.

The dimension types that should be available are linear, angular, radius, circular, leader, base line,
continuing, dual dimensions, tolerancing, form tolerance symbols, limit dimensioning, and dimensioning to
standards (ISO).

4.10.5 Programming Facility

Programming ability (MACRO programming) within a CAD system is a very useful feature. It is well known
that not all kinds of facilities are available in any general-purpose CAD system. Therefore, it is necessary
that the CAD system is customised for a given range of application processes specific to the company.
For this purpose, if a programming facility exists in a CAD system, it is possible to program specifically
for an application, making use of all the features available in the system for either modelling or for any
specific application based on the information generated during the modelling. Some such examples are the
GRIP in Unigraphics and GLUE in CAM-X. The availability of such a program helps the user to input the
least amount of information for any required design if the application programs are written well using the
programming language.

4.10.6 Analysis Features

In this range, the kind of analysis facilities that are required to be carried on the product models being
generated should be considered. The simplest kind to the most sophisticated features may be available under
this category. The simplest facilities may be calculating perimeter, area, volume, mass, centre of gravity,
moment of inertia, radius of gyration, etc.

Besides these simple features of analysis, a general-purpose analysis that is normally carried is the Finite
Element Analysis (FEA). The geometric model created as above could be conveniently passed onto the FEA
through an intermediate processor called a Finite Element Modeller (FEM), which converts the geometric
data into the finite element mesh and calculates all the data required for the analysis and then transmits it to
the FEA program. Examples are the SUPERTAB for GEOMOD and the GFEM for the Unigraphics.

Another important feature essential in the modelling systems used by the mechanical engineering
industries is the assembly facility with the associated interference checking. By this, products individually
modelled can be assembled within the modelling system and the interferences or clearances occurring at
the assembly joints are analysed. This would be further used along with animation facility, if present, to
see the performance of the assembly in service. Along with the assembly facility, the other facility needed
is the ability to explode an assembly (Fig. 4.95) for the creation of technical illustrations for the user and
maintenance manual preparation.

4.10.7 Connecting Features

Modelling is only the start of the complete process of a product evolution, and as such the data generated is
used directly by the other systems. It is, therefore, necessary that the internal data format in which the data is
stored by the modelling system should be well documented and should also have very good connectivity (data
interfacing) with other allied modules. Ideally, an integrated database structure would be useful wherein all
the various modules share the common database. However, this would only be possible if all the modules are
developed at a single developer as in the case of ProEngineer or Unigraphics for CAD/CAM integration.
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Parts list
Iltem Qty Part number Description

1 1 Base Cast iron
2] 1 Special key SAE 1020 ®\
3 1 Sliding jaw Cast iron N
4 2 Jaw plate SAE 3140 \
5 1 Vice screw SAE 3140
6 1 Collar SAE 1020
7 2 Set screw SAE 1016
8 2 Slide key SAE 1020
9 4 ANSI B18.6.3 x 14.20 |Slotted undercut flat

UNS x 0.4375 countersunk head

machine screw

10 1 Handle rod CRS
11 2 Handle ball SAE 1020
12 2 ANSI| B18.8.2 x No. Taper Pin

4.0 x 14”

Fig. 4.95 Exploded view and bill of materials of an assembly modelled

But in the present days, it is possible that one may choose a special module because of its direct application
in a specific instance. And therefore, it is necessary that a neutral data interface standard as described in
Chapter 5 is needed with each of the modelling systems so that geometric data may be transferred through
this for further processing.

4.11 || RAPID PROTOTYPING (RP)

Developing a prototype as a solid representation of the part, without all of the mechanical properties required
for the actual product has been used in the manufacturing industry with wood, wax or clay models. The
term ‘Rapid Prototyping’ (RP) is normally used in the current day to specify a series of processes utilising
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specialised equipment, software and materials that are capable of using 3D CAD design data (as well as 3D
scan data such as from a coordinate measuring machine) to directly fabricate geometrically complex objects.
The new terms of ‘additive fabrication’ or ‘additive manufacturing’ are also being increasingly used for the
same technologies. Sometimes these processes are also called additive processes since the material is added
compared to the conventional processes of material removal that are generally used for prototyping. The first
commercial system was demonstrated at the 1987 AUTOFACT show in Detroit utilising the stereolithography
process. Though the initial demonstration had a number of limitations, a large number of processes and
materials have been developed since then. As a result, this process has been widely adopted by a majority of
the manufacturing industries. The use of these processes drastically reduced the development process of a
new product with significant cost saving.

Rapid prototyping technologies are generally based upon a Layered Manufacturing (LM) concept. In this
method (Fig. 4.96), first, a 3D model of the object as a CAD file is transferred into the system and then sliced
into equidistant layers with parallel horizontal planes. The system then generates trajectories for the material
to be added in each layer by the RP machine. The sacrificial supporting layers are also simultaneously
generated to keep the unconnected layers in proper position. The resultant separate cross-sectional layers of
very small thickness when assembled (glued) together will form the final object required.

N
"Object o
Support Object

(@) (b) (©

Fig. 4.96 Concept of layer manufacturing: (a) shape data as input in the CAD system,
(b) CADmodelisslicedintolayers,and(c)eachofthelayeristhendepositedstarting
from the bottom until the model is completed

There are a number of ways the 3D CAD design data can be represented. However, the STL (standard
triangular language or stereolithography language) format is most common and is generally supported by all
the RP equipment. Each physical layer from above is then deposited and fused to the previous layer using one
of the many available depositions and fusion technologies.

Computer Numerical Control (CNC) machining can also be considered as rapid prototyping, though it
requires custom fixtures and has inherent geometric limitations. Still, machining can be effective in many
rapid-prototyping applications.

Advantages

* Product-development time and cost will be greatly reduced compared to the conventional prototyping
techniques used.

* By reducing the prototype-development time, the total product design cycle will be shorter, thereby
getting products to the market sooner.
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Communications between marketing, engineering, manufacturing, and purchasing are enhanced due
to the availability of physical prototypes.

It is possible to have the physical model at critical design reviews, thereby the decision making
process becomes more accurate.

In some cases, it is possible to perform functional prototype testing before committing to the actual
tooling.

By making available an accurate physical prototype, it is possible to generate precise production
tooling.

Utilising RP technology in metal casting for direct mould-and core-making from CAD files without
the need of tooling drastically reduces lead time and cost of produced castings.

Limitations

The initial cost of the equipment is relatively high.

The build material choices for different processes are limited in terms of their properties. In some
cases, only plastic materials could be used.

Applications

Some areas of the uses of rapid prototyping are

Checking the feasibility of new design concepts
Making functional models with the limitation of the material to do any testing
Conducting market tests/evaluation

Creating tooling for metal casting (investment casting, permanent mould casting, die casting)
injection moulding, and some metal forming processes

Building a prototype sand or metallic moulds

and cores for sand, permanent mould and
diecasting Others Tooling
+ Fabricating a master pattern for silicon and 25% 29%
epoxy moulds
« Manufacture many exact copies of models f\ ancjl gﬁ/osembly
simultaneously Rapid\ Functional parts
= 0,
The current trend of the industrial applications Prefent manufac- 7%
. . . . ion turing
of RP is given in Fig. 4.97. As can be seen, tooling mode o
(almost 30%) is one of the major areas of RP 9%

applications compared to the other applications. It is
also noticed that the percentage of functional parts

is increasing over the years with the development of  Fig. 4.97 Industrial applications of rapid prototyping
the newer materials and processes.

4111

Rapid-Prototyping Technologies

The typical steps involved in all current RP techniques, can be summarised as follows:

A CAD model is constructed and then converted to STL (standard triangular language) format to
input into the software for creating the slice data.

The software processes the STL file by creating sliced layers of the model. The resolution of the built
model depends upon the layer thickness.
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* The RP device creates the first layer of the physical model. The model is then lowered by the one
layer thickness, and the process is repeated until the model is completed.

* The model and any supports are removed; the surface of the model is then finished and cleaned.

A large number of RP techniques have been developed in the past few years. However, the major
technologies commercially in use are

+ Stereolithography (SLA)

* Selective Laser Sintering (SLS)

* Fused Deposition Modelling (FDM)

* 3D Printing (3DP)

+ Laser Engineering Net Shaping (LENS)

Stereollthograpljly (SLA) Tl}e mF)st cornmpnly used Scanning mirror
process for rapid prototyping is stereolithography _ \
or photolithography. These systems build shapes (Ct)éjrfic:n:eiz del)
using light to selectively solidify photocurable resins. Liquid resin \

A stereolithography machine (Fig. 4.98) converts three- TR
dimensional CAD data of physical objects into vertical b=
stacks of slices. A low-power ultraviolet laser beam is
then carefully traced across a vat of photocurable liquid
polymer, producing a single layer of solidified resin—
the first slice of the object under construction. The laser
beam (UV helium—-cadmium or argon) is guided across
the surface (by servo-controlled galvanometer mirrors),
drawing a cross-sectional pattern in the x-y plane to form
a solid section. The initial layer is then lowered incrementally by the height of the next slice. A re-coating
blade passes over the surface to ensure that a consistent layer thickness is achieved. The re-coating blade
was found to be necessary without which air entrapment caused build problems. This procedure is repeated
until the entire part is fabricated. On completion, the model is carefully removed and washed in a solvent to
remove uncured resin and placed in an UV oven to ensure all resin is cured. Though this was the first process
commercialised, it is expensive and is limited to some of the photocurable plastic materials only. However, a
large variety of photocurable materials are developed providing a large range of properties as shown in Table
4.10. It is widely used for conceptual visualisation, form and fit analysis, and pattern creation.

\ ; Recoating bar

Platform

Fig. 4.98 Schematic of stereolithography device

Accuracy available with these machines is much . ]
Scanning mirror ">

higher compared to the other RP machines. As a / /»4/..
result, it is widely used for a number of different N\

. : . Powder feed roller \
applications. This resulted in the development = Y o
of a number of machines to cater to the different ( ( \;‘;[_j;“ ‘\\
applications with different part sizes ranging from Rl ' g atorm
250 x 250 x 250 mm to 650 x 350 x 300 mm. ¢ Build e a4

. . . . H powder ‘ Sintered |

Selective Laser Sintering In the Selective Laser 2 powder £
Sintering (SLS) process originally developed at z Jl j J ) (to form §
the University of Texas at Austin, a modulated H 2% \{pans)
laser beam follows the shape of a slice of a CAD- zf’g = | .
generated object; it traces the object across a bin of -

special heat-fusible powders, heating the particles Fig. 4.99 Schematic of selective laser sintering device
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Table 4.10 Some materials available for stereolithography (SLA) machines
Resin Appearance  Viscosity ~ Flexural  Elongation — Notched Heat General
cps @ modulus, at break  Izod impact deflection  application
30°C MPa (%) (J/em)  temperature
@0.46 MPa
AccuGen  Clear amber 500 1930 4.6 0.171 — Prototype parts,
Nd* master patterns,
RTV mould inserts,
flow testing, etc.
AccuGen  Clear amber 485 2494 to 4.6105.6 0.202 to 59°C Prototype parts,
HC and Ar* 2632 0.245 master patterns, RTV

mould inserts, flow
testing, etc.
Accura 25  White 250 1380 to 13t020 0.19t00.24 58to 63°C  Similar to poly-

1660 propylene, functional
components for
mockups, master
patterns, RTV and
silicone moulding,

etc.
Accura SI  Clear amber 485 2827 to 3.1t05.0 0.187 to 56°C Investment casting
10? 3102 0.277
Accura Purple 350 3652 to 0.56t0 1.04  0.009 to 77°C High-quality patterns
Amethyst 3721 0.012 for RTV moulding,
SL? design evaluation
models, patterns for
direct casting
Watershed  Clear, 260 2000 to 11to 20 0.2t00.3 46to54°C  Master patterns,
11120° colourless 2400 investment casting
Somos White, 240 2200 8 0.24 53°C Master patterns,
White® opaque functional parts
ProtoGen  Clear, 300 2600 6t010 0.15t00.17 68to74°C  High-accuracy
O-XT Clear colourless master patterns
18120°
Proto Green, clear 250 2100 7 0.15t0 0.17 55°C Very low ash,
Cast AF® investment casting

a— ® 3D Systems
b - ® DSM Somos

RTV - Room Temperature Vulcanising

so they fuse or sinter together. In SLS, a layer of powdered material is spread out and levelled in the plane
where the layer is to be formed. A CO, laser then selectively traces the layer to fuse those areas defined by
the geometry of the cross-section along with fusing to the bottom layer (Fig. 4.99). The powders can be joined
by melting or surface bonding. The unfused material remains in place as the support structure. After the
initial layer is formed, the powder is reapplied, and the laser processes the next layer. Some of the materials
used are plastics, waxes and low-melting-temperature metal alloys. Because of the use of metal powders,
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this process is greatly used in applications such as direct tooling applications for investment and die-casting
applications.

A large variety of build materials are available for the SLS systems as shown in Table 4.11. Plastic materials
provide increased stiffness, heat resistance and mechanical integrity to make them perfect for functioning
prototypes. The materials will have properties similar to ABS and polypropylene such that the parts made
with them will have properties that are similar to injection moulding. Some materials also have flexibility
similar to rubber so that parts requiring flexibility can also be made with these materials. Metallic materials
have properties that are sufficient to use them for making direct metallic parts as well as tool making. They
provide good surface finish and excellent machinability.

Table 4.11 Some materials available for SLS machines

Material Melting Tensile strength, — Flexural mod-  Specific = Notched Izod  General
point, °C MPa ulus, MPa gravity  impact (J/cm)  application

DuraForm 184 44 1285 0.97 2.14 Prototype plastic parts,

PA® patterns for sandcasting
and silicone tooling

DuraForm 185 38.1 3300 1.40 1.01 Prototype plastic parts,

GF® patterns for sandcasting
and silicone tooling

LaserForm — 470 138 000 7.8 — Tooling inserts for

A6 Steel® injection moulding and
diecasting

LaserForm — 250 137 000 6.73 — Direct metal parts,

ST-200® tooling inserts for
injection moulding and
diecasting

CastForm <63°C 2.84 — 0.86 0<11 Investment casting

PS® patterns

® 3D Systems Co.

Large ranges of machines are available with various build volumes. These provide large build area so that
large parts or tooling inserts can be easily produced.

3D Printing Originally developed at the

—, Binder solution

Massachusetts Institute of Technology (MIT) ///; -

in 1993, 3D printing can be compared to POWder,f_efd roller g_J Printing head

SLS; the difference is that instead of a laser ,//‘\}\[_ N =

beam, liquid binder is applied to bond the N\ 4‘ — Y~Nozzle */ Platform
powder particles. A 3D printer is operated in " Build . s

the following sequence. The printer spreads a powder

layer of powder from the feed box to cover the
surface of the build platform and then prints
the binder solution onto the loose powder, |
forming the first cross-section of the part l L
(Fig. 4.100). Where the binder is printed, the o

powder’s particles are glued together. The Fig.4.100 Schematic of three-dimensional printing device

TULTEY

AITIEY

Glued
powder
A [, (to form

M parts)
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remaining powder is loose and supports the part as it is being printed. When the cross-section is complete,
the build platform is lowered slightly, and a new layer of powder is spread over its surface. The process is
repeated until the whole model is completed. The build platform is raised and the loose powder is removed
revealing the completed part.

CAD/CAM: Principles and Applications

Dispensing the glue is similar to an inkjet printer; it is possible to print in multicolour to make the built
part to have the requisite colours to add for better visualisation. This is a low-cost process compared to the
other processes considered so far. However, these parts do not have the necessary mechanical strength, and
are used only for the visualisation purpose.

Fused Deposition Modelling In this process (Fig. 4.101),

a plastic filament is unwound from a coil and supplies s ‘Filamentfrom a cof
material to an extrusion nozzle. The nozzle is heated to melt F

the plastic and has a mechanism which allows the flow of gjﬂ\ Foeder

the melted plastic to be turned on and off. The nozzle is Melter

mounted to a mechanical platform, which can be moved 7

in both horizontal and vertical directions. As the nozzle is ¥ ‘\rr b rj\\‘l

moved over the table in the required geometry, it deposits a f‘ L — L ,‘7)

thin bead of extruded plastic to form each layer. The plastic \_/
hardens immediately after being squirted from the npzzle Solidified plaster i, :
and bonds to the layer below. Several materials are available (to form model) £ \%{
for the process including investment casting wax. Some ———
FDM systems utilise two extrusion nozzles—one for the I
deposition of a build material, and second for deposition of
washable material to make support environment. In one of
this techniques, a temporary support structure is dissolved
with water jets, rather than removing it by hand or with a chemical solvent.

\ / .
“#_Extrusion nozzle

_Platform

Fig. 4.101 Schematic of fused deposition
modelling device

A large range of FDM materials are available that include ABS (Acrylonitrile Butadiene Styrene),
polycarbonate, polypropylene, PMMA (polymethyl methacrylate), and various polyesters. ABS is by far the
largest used material in FDM. Some FDM materials and their properties are shown in Table 4.12.

Table 4.12 Some materials and their properties used in FDM machines to make prototype parts
and tooling

Material Appearance  Tensile strength, Flexural modulus, Specific =~ Notched Izod Heat deflection
MPa MPa gravity  impact (J/cm)  temperature
@ 0.46 MPa
Polyphenylsulfone Tan (silk) 55 2206 1.28 0.5873 189°C
ABS Black, Blue, 22 1834 1.05 2.14 96°C
Green, Red,
Yellow, Grey
Polycarbonate White 52 2137 1.2 0.5339 127°C

One of the major problems with FDM machines is the surface finish of the built part. Since the build
material is melted and extruded through the nozzle, the minimum feature size that can be expected is about
0.4 to 0.6 mm, while with SLA it is possible to get as small as 0.08 to 0.25 mm. Another problem associated
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is the removal of support structure material, particularly for parts with complicated interiors. Since the water-
soluble support structure material is available, this problem is taken care of. Also, since these parts require
very little cleaning and no postprocessing, it is much preferred for functional parts. Also, the materials provide
better stability for the part dimensions with time and environmental exposure. This process is widely used
for concept models, form, fit and function models, along with patterns for the creation of moulds and tooling.
The size ranges of the machines range from a low build envelope of 200 x 200 x 300 mm to a high of 600 x
500 x 600 mm.

Laser Engineering Net Shaping (LENS) So far, this is the most advanced process in terms of the level of
achieved mechanical properties of generated metallic parts among all commercialised processes based on

layered manufacturing build principle.
%4—

Y

The process uses a high-power laser focused
onto a substrate to create a molten puddle on
the substrate surface (Fig. 4.102). Metal powder
is then injected in the stream of an inert carrier
gas into the melt pool to increase its volume.
The powder ejection head moves back and forth
according to the geometry of the first layer. After
the first layer is completed, new layers are then

Build powder
in the stream
of transport gas {_

. Powder delivery nozzle

built upon it until the entire object represented in
the three-dimensional CAD model is reproduced.
Employment of a substrate makes this process
different from others considered so far.

This method can utilise a wide range of metals
and alloys (including super alloys) as build
materials. Relatively high cost of operation and
of produced parts on the one hand, and very high
mechanical properties generated by this method
objects on the other, do not allow considering
the method as a plain RP technique or as a
means of visualisation. This technology became
efficient only in case of functional parts or tooling
production.

Some of the uses of rapid prototyping are

(to form model) O R \‘

‘ <:\ﬂ
’\‘1> Powder stream
:

Focused
\"’ laser beam

v SR
Deposited metal/_,ﬁf I —\\\(\‘ 7// Molten puddle

)

Substrate

/ /o
SN/ an NS Ny
I |

Fig. 4.102 Schematic of Laser Engineering Net
Shaping (LENS) device

* Checking the feasibility of new design concepts

» Conducting market tests/evaluation
+ Assessing the fit of complex mechanisms

* Promoting concurrent product development
» Making many exact copies simultaneously

* Making moulds for wax cores in castings

+ Use as a master for silicon and epoxy moulds

A comparative evaluation of these processes is given in Table 4.13.



The McGraw-Hill companies

g CAD/CAM: Principles and Applications
Table 4.13 Summary of RP Technologies
System Max. Accuracy Comparative Comparative Materials Advantages Disadvantages
build (mm) costs build time
size (mm)
Stereo- 508 X508 0.1-0.2 1.0 1.0 Liquid High accuracy, High cost process,
litho- X 600 photosensitive ~ medium range  support structures
graphy resins of materials, needed, post cure
large build size  required
Selective 380 x330 0.1-0.2 1.0 1.0 Nylon based Large range of  High cost process,
Laser x 420 materials, materials, good poor surface
Sintering elastomer, rapid accuracy, large  finish
steel, cast form, build size
sand form
Fused 254 %254 0.1-0.2 0.3 1.0 ABS, elastomer Good accuracy, Support structures
Deposi- x 254 and wax functional mate- needed
tion rials, medium
Modelling range of mater-
ials, office
friendly
® Geometric modelling plays a crucial part in the overall application of CAD/CAM sys-
Summary tems in manufacturing industries. However, it is important to consider a number

of factors before finalising the selection of a CAD/CAM system that suits a given

— U

¢ Information entered through geometric modelling is utilised in a number of down-
stream applications such as drafting, manufacturing, inspection and planning.

e Geometric models are three types, viz., line model, surface model and solid model. Line model,

though simple, is rarely used because of the ambiguity present. Surface and solid models are exten-
sively used in industrial applications.

e Among the geometric construction methods, sweep or extrusion is most widely used, because of its

simplicity and elegance in developing 3D models.

e Solid modelling provides the most unambiguous representation of the solid model, but is more

computing intensive. However, to get the correct geometric model, it is essential to utilise solid
modelling approach.

e Surfaces are more widely used and it is necessary to use different types of surfaces such as B-splines,

Bézier, NURBS, lofted, to get the user requirements fulfilled.

e Constraint- or parametric-based modelling is the main methodology used by most of the 3D CAD

systems. This system helps in grasping the designer’s intent and greatly facilitates the modification
and reuse of the existing designs.

e Some variant modelling systems are used based on tabular data for specific applications.
e Form features is another form of modelling system that helps in designing CAD systems with more

intelligence built into the geometric entities that is possible by purely geometric systems discussed
thus far.
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The mathematical representation of the geometric entities can be in implicit or parametric form, the
latter being the preferred method used in CAD systems because of its easier adaptation in software
development.

Solid modelling utilises the b-rep and CSG schemes for maintaining the data internally. b-rep is
more common because of the many advantages found for its formulation.

The curve-representation methods can be extended for surface representations such as used in free-
form surfaces.

A number of modelling facilities need to be considered while selecting a CAD/CAM system for any
given application. The facilities that should be considered are the geometric modelling features, the
editing or manipulation features, the display control facilities, the drafting features, the program-
ming facility, the analysis features, and the connecting features.

Rapid prototyping is used to generate the product directly from the 3D CAD model data. A number
of different processes such as stereolithography, selective laser sintering, 3D printing, fused deposi-
tion modelling, laminated object manufacturing, are used for this purpose.

Questions

1.

10.

Specify the range of applications for which 11. What are the limitations found in the general
typical geometric modelling information is used. wireframe modelling systems? Explain with an
What do we expect a geometric modelling system example.

to accomplish, in a broad sense, in the total 12. What is the best kind of a modelling system?
manufacturing scene? Explain with suitable sketches.

. What should be the basic requirements of 13. What are the various three-dimensional
geometric modelling such that the data generated construction methods suitable for mechanical-
would be unambiguous? engineering applications?

. How do you classify the various geometric 14. Take any typical 3D geometry for an engineering
modelling systems based on their capabilities? component. Show how it can be represented in
Specify the three principal classifications of the CAD by wireframe modelling.
geometric modelling systems and write in brief 15. Compare 2D and 3D wireframe modelling
about each of them. with respect to their utility for an engineering
Give the reasons for the importance of 3D industry.
geometry in modern CAD systems. 16. Explain different types of geometric modelling

. Why is it important to remove hidden lines and methods used in CAD. Give a comparative
surfaces from 3D geometry? application of each of them.

Explain the different types of database 17. What is meant by sweep? Discuss in detail the
organisation methods used in 3D CAD systems. various types of sweep techniques available for
Why do you consider studying geometric 3D geometric construction.

modelling is important in relation to CAD in the 18. What are the limitations in utilising the sweep
manufacturing industry? method for geometric construction?

What do you understand by geometric entities in 19. Explain the concept of the three basic Boolean
relation to CAD? Explain a few of the types in operations used in solid modelling. Give neat
which these entities can be defined. sketches showing the effect of these operators on

any two basic primitives.
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20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.
36.

CAD/CAM: Principles and Applications

Give a classification of the different surfaces that
can be used in geometric modelling applications.

Explain the Coons and Bézier surfaces. What are
the differences and applications for which these
are used?

Write a short note on NURBS bringing out their
important advantages.

Write a short note on B-splines bringing out their
important advantages.

Explain the importance of parametric
representation of curves. Why is it more
used compared to non-parametric (implicit)
representation?

What do you understand by the non-parametric
(implicit) representation of curves? Why is it less
used compared to parametric representation in
CAD?

Explain what is meant by a synthetic curve.
Give some types of synthetic curves and their
applications.

Explain any one of the curve-fitting techniques
that is relevant in CAD application.

What are the different types of curve-fitting
techniques used? Compare them from the curve
design point of view.

How is the curvature of a closed curve obtained?
Find the radius of curvature and curvature
of a circular cylinder using the parametric
representation.

Describe the method of defining Bézier curve.
Give some of its advantages in CAD application.

What are the continuity conditions that are
required for a B-spline surface patch?

Compare Bézier curve and B-splines for CAD
application.

Specify the parametric and implicit equations for
the following surfaces:

(a) Sphere
(c) Ellipsoid
Explain about reparametrisation of a surface.

(b) Torus

How is a surface patch subdivided?

What is a tabulated cylinder? Give its parametric
form.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

. Give the parametric representation of a ruled

surface. What are its applications?

Explain why Bézier surfaces are used in creating
automobile bodies. Give their formulation.

What are the specific properties of Bézier surfaces
that make them useful for complex surface
creation?

Give a brief description about the spline curves.

How do you model an object, which is irregular,
as the blade of a propeller-type windmill?

Briefly explain the variant method of geometric
construction. Explain its applications and
limitations.

What do you understand by the form element
method of geometric construction? Specify
the applications of this method of modelling in
comparison to that of the variant type.

What are the problems with Bézier curves? How
are these taken care of?

What is a classification algorithm? Give an
example for CSG representation.

What are the most common primitives used in solid
modelling? Give their parametric equations.
What are the advantages of using a B-rep
scheme?
For CSG
algorithm.

scheme, give the classification
Give the method of representing curved edges in
b-rep scheme.

Compare CSG and b-rep schemes giving their
relative advantages.

Specify the range of facilities desired in any
general-purpose modelling system.

Explain the range of modelling facilities desired
in a system suitable for predominantly mechanical
engineering oriented with mass production.

Specify the drafting features that one should
consider for a modelling system required in a
CIM environment.

What is the importance of a programming
language within a modelling system?

Why is rapid prototyping used?

Give the details of any one rapid-prototyping
process you are familiar with.



. Write down the implicit form of a line passing
through (50, 50) as its midpoint.

. Find the intersection points of a line passing
through (30, 30) and (100, 80) and a circle with
centre at (100, 50) and a radius of 75 mm.

. Find the equation for a line passing through (80,
60) and (30, 30). Find the equation of a line that
is perpendicular to the above line and passing
through a point (60, 30).

. Find the equation for a line passing through (80,
60) and (30, 30). Find the equation of a line that
is parallel to the above line and passing through a
point (40, 50).

. Represent a circle with centre (0, 0) and a radius
of 50 mm through the implicit form as well as
parametric form.

. Write down the implicit and parametric form
of circle with centre at (50, 50) and a radius of
100 mm.

. Find the radius and centre of a circle that is

passing through three points (30, 30), (60, 30)
and (50, 40).

10.

11.

12.

13.
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Problems
i

Find the intersection points of a line whose
equation is given by ¥ = 5X + 30, and a circle
with centre (0, 0) and a radius of 65 mm.

Two lines are passing through (20, 30), (120,
80) and (80, 20), (40, 90). Find the equation of a
circle that is tangent to the above lines and having
a radius of 40 mm.

Find the equation of a line that is tangent to a
circle whose equation is x% + y* = 25 and passing
through the point (8, 1).

Find the equation of a Bézier curve which is
defined by the four control points as (80, 30, 0),
(100, 100, 0), (200, 100, 0), and (250, 30, 0).

A cubic Bézier curve is defined by the control
points as (30, 30), (50, 80), (100, 100), and
(150, 30). Find the equation of the curve and its
midpoint.

Using any of the CAD package available in your
laboratory, create the models shown in Fig. 4.103
to 4.108.

Fig. 4.103
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Fig. 4.105

Fig. 4.104

Fig. 4.106
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Fig. 4.107

Fig. 4.108
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CAD STANDARDS

Objectives

A large number of applications are used in CAD/CAM, which are manufactured by
different vendors. Therefore, there is a need to establish standards in CAD that
help in linking different hardware and software systems from different vendors to
be integrated to serve the requirements of the industry. After completing the study
of this chapter, the reader should be able to understand, the

 Need for CAD data standardisation

e The graphic kernel system and its extensions for developing the graphic
software systems

» Requirements of graphic data exchange formats and their details such as
IGES, DXF and STEP

¢ Dimensional measurement interface specification for communication between
coordinate measuring machine and the CAD data.

5.1 " STANDARDISATION IN GRAPHICS

With the proliferation of computers and software in the market, it became
necessary to standardise certain elements at each stage, so that investment
made by companies in certain hardware or software was not totally lost and
could be used without much modification on the newer and different systems.
Standardisation in engineering hardware is well known. Further, it is possible to
obtain hardware and software from a number of vendors and then be integrated
into a single system. This means that there should be compatibility between
various software elements as also between the hardware and software. This
is achieved by maintaining proper interface standards at various levels. The
following are some of them.

+ GKS (Graphical Kernel System)
» PHIGS (Programmer’s Hierarchical Interface for Graphics)
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+ CORE (ACM-SIGGRAPH)
* GKS-3D
- IGES (Initial Graphics Exchange Graphics database
Specification)
+ DXF (Drawing Exchange Format) v DXF, IGES, STEF, SET
» STEP (Standard for the Exchange of Product Applications program
Model Data)
« DMIS (Dimensional Measurement Interface GKS, PHIGS, CORE
Specification) v
+ VDI (Virtual Device Interface) CIEEIES WREiEns
« VDM (Virtual Device Metafile) VDI, VDM NAPLPS
+ GKSM (GKS Metafile) i L
* NAPLPS (North American Presentation Level
Protocol Syntax) Device driver Device driver

Schematically, the operation of these standards with application

programs is depicted in Fig. 5.1. Device Device

Details of some of these standards are discussed in the
following sections. To study the other stan-dards in greater details,
references mentioned in the bibliography can be used.

Fig. 5.1 Various standards in graphics
programming

5.2 || GRAPHICAL KERNEL SYSTEM (GKS)

People with experience in graphical programming for various hardware systems know how difficult it is if
a program developed for a particular system were to run on a different system. The program would have
to be completely recoded. If a comparison is made of a number of graphical programs, one may find that
a substantial portion of it is similar. As a result, the same code is rewritten a number of times by different
people. Some of the tasks such as drawing a line from one location to another, drawing a circle, setting a
point, drawing a marker, form parts of such common features. Therefore, it is desirable to have programs
interchangeable with a number of systems and also to make programmers learn the system once and then
repeatedly use it on different systems. With this in mind, a number of attempts have been made in the past
to provide a set of useful procedures (routines) for graphical manipulation, but with specific objective or
hardware in mind. Examples are

 Tektronics Plot 10
* GINO-F from CAD Centre, Cambridge

However, the real effort as regards standardisation came from ACM-SIGGRAPH in the form of CORE
standard in 1977. In 1979, DIN released the version of GKS. Taking all the existing graphic packages, ISO
has standardised the GKS as a 2D standard in 1982. The main objectives that were put forward for GKS are
the following.

1. To provide the complete range of graphical facilities in 2D, including the interactive capabilities.
2. To control all types of graphic devices such as plotters and display devices in a consistent manner.
3. To be small enough for a variety of programs.

The major contribution of GKS for the graphics programming is in terms of the layer model, as shown
in Fig. 5.2. An environment for user to work is termed workstation in GKS. This could be a VDU, plotter or
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Application program

Application oriented layer

Language-independent layer

Graphic kernel system

Operating system

Other resources Graphical resources

Fig. 5.2 Layer model of graphics kernel system

printer. For a programmer, all workstations are identical. The characteristics of these workstations are built
into GKS. It is also possible to work simultaneously on more than one workstation.
The coordinate frames available to the user are of the following three types.

are

1.
2.
3.

World Coordinates (WC) which are the user-oriented drawing coordinates.
Normalised Device Coordinates (NDC) which is a uniform system for all workstations.
Device Coordinates (DC) are the actual coordinate system for the particular workstation.

Input methods into GKS environment are organised in the following way:

LOCATOR a means of entering the location in world coordinates
VALUATOR real value in terms of distances

CHOICE integer options such as 0, 1, 2, 3, etc.

PICK to select an object or segment in a drawing already created
STRING character values

STROKE to provide continuously the location values in world coordinates

For drawing lines, the concept of PEN is used. PEN has the attributes of colour, thickness and line type.
Lines can be drawn with any PEN that can be defined. The basic graphic primitives that were made available

POLYLINE for lines after specifying the line type, line width and line colour

POLYMARKER for specific marker types after specifying the type, size and colour
GENERALISED DRAWING PRIMITIVES (GDP) for specific graphic primitives such as arc, circle,
ellipse, spline, etc.

TEXT after specifying font type, precision, colour, height of the box, expansion factor, spacing, up
vector and the path (left, right, up or down)

FILLAREA for hatching and filling of areas

In essence, the GKS is essentially a set of procedures that can be called by user programs for carrying
out certain generalised functions. In the interest of interchangeability, ISO has identified certain calling
conventions for all these functions in various languages in order to take care of the variability of the
programming languages. A typical binding for FORTRAN as implemented by IBM is given in Table 5.1.

GKS is defined in terms of a number of levels describing the level of support in terms of facilities. The
highest level is 2c, though level 2b is the most commonly available facility with marginal difference in terms
of the length of input queue (5 in case of 2¢ and 0 in case of 2b). A number of implementations are available
for GKS on all types of computers starting from the micros to the main frame computers.
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Table 5.1 GGDP
Purpose: Output routine. Outputs one of the four generalised drawing primitives.
Format: CALL GGDP (n, px, py, primid, 1dr, datrec)
n Integer*2 Number of points
px(n) Real List of X coordinates (WC)
py(n) Real List of Y coordinates (WC)
primid Integer*2 GDP identifier (Fig. 5.3)
1 =bar
2 =arc
3 = pie slice
4 = circle
Idr Integer*2 Length of data record
datrec Character*80 Data record

)

O
B
.0 { 0.0
‘: 0.0
XXX

C
Q
bl
X
P

%
KX

Arc Pie slice

L=

Circle

Fig. 5.3 Graphics primitives in IBM GKS

5.3 " OTHER GRAPHIC STANDARDS

Besides GKS, which is well accepted, a number of separate standards have been developed to address the
aspects which were not covered by GKS. Some of these standards are briefly described below.

GKS 3D The GKS has been subsequently enhanced to provide a separate standard for the three dimensions
as GKS 3D, which maintains compatibility with the 2D standard.

PHIGS The other 3D graphic standard is PHIGS (Programmer’s Hierarchical Interface for Graphics), being
accepted by the CAD vendors as the system capable of taking care of the 3D graphical work as well as
animation. Some of the features that are specific to PHIGS and are not well supported by GKS are the
following:

* very high interactivity

* hierarchical structuring of data

+ real time modification of graphic data

* support for geometric animation

+ adaptability to distributed user environment

NAPLPS The North American Presentation Level Protocol Syntax (NAPLPS) is the presentation standard
de-veloped jointly by the Canadian government and AT & T and other computer communication companies
as a basis for transferring data from computers to the video display systems such as teletext and other video
presentation systems.
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The NAPLPS is a means of encoding the graphic data consisting of both graphics and text into an
electronically transferrable format (ASCII). Some of the major features of NAPLPS are the following.

CAD/CAM: Principles and Applications

* The NAPLPS code is compact and is roughly about 10 per cent in comparison with the other
formats.

» The graphic format used is resolution-independent. As a result, if the output produced on a lower
resolution system is displayed on a higher resolution system, the output would be more clear.

* The NAPLPS is capable of being integrated into all communication networks such as television
broadcasting signals, video tapes, etc.

* The colour look-up tables form part of NAPLPS transmission which enable a large range of colours
to be produced instantaneously on the host system.

With the developments in the VLSI technology, these graphic standards already started appearing
in hardware in the form of graphic adapter cards or special purpose chips (IC) to improve the graphic
performance.

5.4 " EXCHANGE OF MODELLING DATA

With proliferation of computers to do a number of tasks related to design and manufacturing, it becomes
a necessity to have a means of communication between the various systems in the same plant or between
different plants. Since the CAD/CAM software is available from a number of vendors, it becomes necessary
that there should be a means by which different systems are able to interchange information to avoid the
duplication of effort involved in the geometric model creation, which often happens to be the highest.

This means that the data format used by all the software should be the same. However, as explained earlier,
the database formats are identified on the basis of the modelling requirements and is therefore not possible
to have identical format for all the systems. However, it is possible to identify a certain format for drawing
exchange and make it a standard so that the various systems can convert their internal format to this standard
format or vice versa as shown in Fig. 5.4. This standard, established by the initiative of National Bureau of

CAD ‘A’

CAD ‘D’

Fig. 5.4 Data exchange between various systems
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Standards (NBS), USA is termed as Initial Graphics Exchange Specification (IGES). Some other formats
which have been used because of the popularity of the corresponding systems are, Drawing Exchange Format
(DXF) of AutoCAD software on IBM PC compatibles and the earlier CALCOMP vector format. The various
developments in data exchange formats for CAD/CAM systems is shown in Fig. 5.5.

Boeing GE neutral

CIIN database USAF
CAM-1 v 4 LicAw
geometric IGES 1.0
modelling 1979 T

v v ANSI Y14.26 M 11
XBF- 2 v
v
. SETT
1982 [ 1GES 2.0 |: D'va’Fg”d
v 1986 iGEs 3.0 —
e
1988| IGES 4.0

v
1996, IGES 5.3

project v‘
|

Product-data
-based format I\PDES S

Y Yv N: d 4

ISO STEP

Fig. 5.5 Developments in the drawing data exchange formats

5.4.1 Initial Graphics Exchange Specification (IGES)

The IGES is the most comprehensive standard and is designed to transmit the entire product definition
including that of manufacturing and any other associated information (Fig. 5.6). A brief description of the
IGES version 3.0 is given below highlighting the philosophy of the conversion methodology.

In IGES, the records are present with 80 column fields, with columns 1 to 72 providing the data and
columns 73 to 80 providing a sequence number for the record with identification as to the location of the
sub-section. This sequence number is utilised as a pointer for the data. The IGES file consists of the following
6 sub-sections.



The McGraw-Hill companies |

188
—

CAD/CAM: Principles and Applications

CAD system

Y

CAD database

!

Neutral data format
preprocessor

Neutral data format |

postprocessor

Data transfer
fromBto A

CAD database

v

Neutral data format
preprocessor

Data transfer
fromAtoB

Y

Neutral data format
postprocessor

CAD system

Fig. 5.6 Data interchange method between two different CAD systems using neutral data format

Flag Section This is optional and is used to indicate the form in which the
data is specified. Originally, the initial versions contained the data in ASCII
format with a very detailed structure. This has been criticised by a number
of people in view of the very large file sizes. From version 3.0 onwards, the

such as IGES

or STEP

format has been standardised in the following three modes.

exchange file size.

The sequence number has a starting character signifying the sub-section.

They are
S for Start section
G for Global section
D for Directory entry section
P for Parameter entry section
T for Terminate section

Start Section This section contains a man-readable prologue to the file.
The information contained in this section is essentially for the person who

* ASCII mode — default option
* Binary form
* Compressed ASCII form
The other two options provided help in reducing the bulk of the drawing

TAWAWAWAYD G\

N AN

Fig. 5.7 Component drawing

for IGES file
generation

would be postprocessing this for any other application. Any number of lines can be contained in this section.
A sample listing of an IGES file for the drawing shown in Fig. 5.7 is shown in Fig. 5.8.
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PTC IGES file: inpart.igs S L
1H,,1H;,1H1,10Binpart.igs, G T
49HPro/ENGINEER by Parametric Technoleogy Corporation,4HS741,32,38,7,38, G 2
15,181,1.,1,4HINCH, 32768,0.5,13H970430.104743,0.000396166,3.96182, G 3
6Hmjiang, THUnknown, 10, 0,13H970430.104743; G 4
124 1 1 1 [ 0 0 001000000D 1
124 0 0 1 0 XFORM 1D 2
100 2 1 1 0 0 1 001010000D 3
100 a 0 1 0 ARC 1D 4
110 5 1 B 0 0 0 001010000D 9
110 0 0 1 0 LINE 1D 10
126 23 1 1 0 0 0 001010000D 3%
126 0 o] 23 ¢} B SPLINE ID 36
128 333 1 1 0 0 0 001010000D 109
128 0 4] 5 0 SPLSRF 1D 110
102 338 1 1 0 0 0 001010000D 111
102 Q 0 1 0 CCURVE 1D 112
142 392 1 1 0 ] 0 001010500D 118
142 0 (4] 1 o UV_BND 1D 120
144 393 1 1 0 0 0 000000000D 121
144 (4} 0 1 0 TRM_SRF 1D 122
124,1p0, 0DO,0DO, ODO, ODO,-1DO, ODO, O0DG, 0DC, ODO,-1D0, -2.5D0; 1p 1
110,5.055D-1,4.8%2211811710D-13,-6D-2,5.055D-1,0D0,-2,5D0; 9P 5
124,-4.773959005888D-13,-1D0,9.771523867830D-14,5.655D~1, 0D0, 15p 9
-9.771523867830D0-14,-1D0, 5.525788160377D~-14, 1D0, 15P 10
~-4.773959005888D~-13, 0D0, -6D-2; 15pP 11
12¢,16,3,0,0,1,0,000,0D0,0D0,0D0,7.142857142857D-2, 35P 23
1.428571428571D-1,2.142857142857D-1,2.857142857143D~-1, 35P 24
3.571428571429D-1,4.285714285714D-1,5D-1,5.714285714286D-1, 35P 25
6.428571428571D~1,7.142857142857D~-1,7.857142857143D-1, 35P 26
8.571428571429D-1,9.285714285714D-1,1D0,1D0,1D0,1D0, 1D0, 1D0, 1D0, 35Pp 27
ipo, 100, 1D0C,1D0,1D0,1D0,1D0,100,1D0,1D0, 1D0, 1D0, 1DC, 1DO, 35p 28
-8.515916470547D-1,0D00,5.314082992637D-1,-8.515916467998D~-1, 35P 29
4.415366701333D-10,5.3706512091D,~-1,-8.507889031425D~1, 35p 30
1.390393241360D-3,5.484405776395D-1,-8.465647755634D-1, 35P 31
8.706796825981D-3,5.664743%01286D-1,-8.3%4304277888D-1, 35P 32
2.095992660211D-2,5.831252168121D-1,-8.298362442327D-1, 35P 33
3.768146302686D-2,5.980680991631D-1,-8.180844276660D-1, 35p 34
5.803620640165D-2,6.106867519845D-1,-8.051896631971D-1, 35p 35
8.037059361337D-2,6.206445833208D-1,-7.908357348530D~-1, 35p 36
1.052323267936D-1,6.2867807923370-1,-7.748679794470D~1, 35pP 37
1.328892904395D-1,6.349611836816D-1,-7.570565254117D-1, 35p 38
1.637396337855D-1,6.396365264201D-1,-7.371325938084D-1, 35P 39
1.981449725603D-1,6.427982783358D-1,-7.152461016837D-1, 35P 40
2.361574119683D-1,6.446068238875D-1,-6.910310080480D~-1, 35pP 41
2.780991844553D~1,6.453689461482D~1,-6.650729444190D~-1, 35p 42
3.230598695269D-1,6.455109192813D-1,-6.476063658371D-1, 35E 43
3.533128710651D-1,6.455000000001D-1,-6.387215448846D-1, 35P 44
3.687018323709D-1,46.455D-1, 000, 100, 0DQ, ODO, 1D0O; 35pP 45
120,147,151,-5.078087829273D-2,3.216475481452D0; 153p 415
110,1.602212258399D0,3.153643628373D0,0D0, 3.141593160559D-2, 163P 422
3.153643628380D0, 0D0; 163p 423
142,0,279,289,281,1; 291P 703
144,279,1,0,291; 293p 704
142,0,449,465,453,1; 467p 1126
102,13,557,559,561,563,565,567,569%,571,573,575,577,579, 581; 583P 154S
110,0D0,0D0,6.455D-1,0D0,0D0,5.314083529453D-1; 585P 1546
s 1G 4D 586P 1546 T 1

Fig. 5.8 Partial listing of the IGES file for the drawing shown in Fig. 5.7
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Global Section This contains information about details of the product, the person originating the product,
name of the company originating it, date, the details of the system which generated it, drafting standard used
and some information required for its postprocessing on the host computer.

CAD/CAM: Principles and Applications

Directory Entry Section For each entity present in the drawing is fixed in size and contains 20 fields of
8 characters each. The purpose of this section is to provide an index for the file and to contain attribute
information. Some of the attribute information such as colour, line type, transformation matrix, etc., may be
present directly or through a pointer (to a record in the same file) where the necessary information is stored.
It also contains the pointer to the parameter data section entry which actually contains the requisite parameter
data.

Parameter Data Section This contains the data associated with the entities. A free format is allowed for
maximum convenience. It may contain any number of records. The total number of entities that are present
in IGES version 5.1 are as given.

(a) Geometric Entities

101 Circular arc

102 Composite curve

104 Conic arc

106 Copious data— centre line
— linear path
— section line
— simple closed curve
— witness line

108 Plane

110 Line

112 Parametric spline curve

114 Parametric spline surface

116 Point

118 Ruled surface

120 Surface of revolution

122 Tabulated cylinder

124 Transformation matrix

125 Flash

126 Rational B-spline curve

128 Rational B-spline surface

130 Offset curve

132 Connect point

134 Node

136 Finite element

138 Nodal displacement and rotation

140 Offset surface

141 Boundary

142 Curve on a parametric surface
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143
144
146
148
150
152
154
156
158
160
162
164
168
180
182
184
186
190
192
194
196
198

Bounded surface

Trimmed parametric surface
Nodal results

Element results

Block

Right angular wedge

Right circular cylinder
Right circular cone frustum
Sphere

Torus

Solid of Revolution

Solid of linear extrusion
Ellipsoid

Boolean Tree

Selected Component

Solid assembly

Manifold solid B-rep object
Plane surface

Right circular cylindrical surface
Right circular conical surface
Spherical surface

Toroidal surface

(b) Annotation Entities

106

202
204
206
208
210
212
214
216
218
220
222
228
230

Copious data— centre line
— section
— witness line

Angular dimension

Curve dimension

Diameter dimension

Flag note

General label

General note

Leader (Arrow)

Linear dimension

Ordinate dimension

Point dimension

Radius dimension

General symbol

Sectioned area

CAD Standards
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(c) Structure Entities

CAD/CAM: Principles and Applications

302 Associativity definition

304 Line font definition

306 Macro definition

308 Sub-figure definition

310 Text font definition

312 Text display template

314 Colour definition

316 Units data

320 Network sub-figure definition

322 Attribute table definition

402 Associativity instance

404 Drawing entity

406 Property entity

408 Singular sub figure instance entity
410 View entity

412 Rectangular array sub figure instance entity
414 Circular array sub figure instance entity
416 External reference

418 Nodal load/constraint

420 Network sub figure instance

422 Attribute table instance

502 Vertex

504 Edge

508 Loop

510 Face

514 Shell

600-699 MACRO instance entity

or 10000-99999 as specified by the user

The data present in the parameter section varies with the type of entity. Some typical examples of data
recorded are shown below.

For a circular arc (type 100), the parameter data stored are
(1) Parallel displacement of the X,Y plane containing the arc along the Z axis
(i) Arc centre coordinate, X
(iii) Arc centre coordinate, Y
(iv) Start point of the arc, X
(v) Start point of the arc, ¥
(vi) End point of the arc, X
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(vii) End point of the arc, ¥
(viii) Back pointers as required for the properties

Terminate Section This contains the sub-totals of the records present in each of the earlier sections. This
always contains a single record.

Though all the geometric entities such as line, arc, circle are defined in a number of ways depending
upon the construction facilities provided by the geometric modeler, the IGES provides for a single type of
geometric transformation. Thus, it is possible that some design technique used would be lost in the process
of IGES conversion which is inevitable, so is the accuracy of internal representation.

It is possible through IGES to transmit the property data with each entity in the form of associated property.
This would be useful for bill of materials. Similarly, the wire frame, surface modelling and solid modelling
information can all be conveniently handled in the current Version 5.3 released in 1996. However, problems
have been faced with IGES for faithful translation of geometry between different systems because of the
following reasons:

(a) Export Choices There are many choices for exporting CAD geometric data through IGES. These export
choices can make the resulting IGES file better or worse for its intended reader, depending on compatibility
issues that are often poorly understood. For example, a Catia user can export analytic surfaces such as cones
and planes or change them into spline surfaces before exporting. Some CAM systems would prefer the first
format, others the second.

(b) Tolerances, Accuracy and Resolution All surface calculations are performed within the specific CAD
system’s accuracy or resolution. Most surface calculations are not analytic. Surface intersection calculations
are repeated, refining the result each time, until it is within the specified tolerance. Tighter tolerances require
significantly more calculation time. A CAD system treats two points closer than its tolerance as one point. The
IGES problem this creates is when IGES files are moved between two CAD/CAM products using different
accuracies. Moving a coarse-toleranced IGES file to a fine toleranced system produces curves that do not
close and surfaces that have gaps and overlaps. Moving a fine-toleranced IGES to a coarse-toleranced system
loses details for the opposite reason.

Solid modelling is even more sensitive to IGES data problems than the surface modelling. The goal of
a solid modeller is to produce a part definition as a mathematically precise, valid solid. This means no
gaps, cracks or overlaps of surfaces. It means the surfaces themselves must not self-intersect or fold on
themselves.

The solids that are included for CSG modelling (IGES 4.0) are the following.

* Block ¢ Solid of revolution

* Right angular wedge Solid of linear extrusion

» Right angular cylinder * Ellipsoid

* Right circular cone frustum * Boolean tree

* Sphere * Solid instance
» Torus * Solid assembly

5.4.2 Standard for the Exchange of Product Model Data (STEP)

Standard for the Exchange of Product Model Data (STEP), officially the ISO standard 10303, Product Data
Representation and Exchange, is a series of international standards with the goal of defining data across the
full engineering and manufacturing life cycle. The ability to share data across applications, across vendor
platforms and between contractors, suppliers and customers, is the main goal of this standard.
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The broad scope of STEP is as follows.

1. The standard method of representing the information necessary for completely defining a product
throughout its entire life, i.e., from the product conception to the end of useful life.

CAD/CAM: Principles and Applications

2. Standard methods for exchanging the data electronically between two different systems.
The STEP documentation is split into eight major areas.

Overview It gives the general introduction and overview of the standard and forms part one of the ISO
standard 10303.

Description Methods The application protocols planned in STEP are far reaching compared to any
other existing standard or models. Hence, a new descriptive formal information modelling language
called EXPRESS is developed such that the protocols be properly defined. These are given in parts
11 to 13.

Implementation Methods This provides specifications as to how the STEP information be physically
represented for the exchange environment. This, therefore, refers to the actual implementation levels. Details
can be found in parts 21 to 26.

Conformance and Tools This part provides the specifications for conformance testing of the processors used
for STEP information. They provide information on methods for testing of software-product conformance to
the STEP standard, guidance for creating abstract-test suites and the responsibilities of testing laboratories.
These are given in parts 31 to 35. The STEP standard is unique in that it places a very high emphasis on
testing and actually includes these methods in the standard.

Integrated-generic Resources These contain the specifications of the information models that support
various application areas that form part of STEP. The topics that form part of this specification are: geometric
and topological representation, product structure organisation, materials, visual presentation, tolerances,
form features and process structure and properties. These are given in parts 41 to 46.

Application Information Models These specify the information models to be used for specific application
areas such as draughting, finite element analysis, kinematics, building core model and Engineering analysis
core. These are given in part numbers 101 upwards.

Application Protocols These are the main protocols to be used as subsets of STEP information model
for exchange of data between specific application systems (such as between two finite element systems or
between a CAD and Process Planning system). These are given in part numbers 201 upwards.

Application Interpreted Constructs These relate to the specific resources useful for defining the generic
structures useful for applications. These are reusable groups of information resource entities that make it
easier to express identical semantics in more than one application protocol. Examples include edge-based
wireframe, draughting elements, constructive solid geometry, etc. These are given in part numbers 501
onwards. Examples include edge-based wireframe, shell-based wireframe, geometry-bounded 2D wireframe,
draughting annotation, drawing structure and administration, draughting elements, geometry-bounded
surface, non-manifold surface, manifold surface, geometry-bounded wireframe, etc.

Application Protocols These define the context for the use of product data for a specific industrial need.
These are more complex data models used to describe specific product-data applications. These parts are
known as application protocols and describe not only what data is to be used in describing a product, but how
the data is to be used in the model. The application protocols use the integrated information resources in well
defined combinations and configurations to represent a particular data model of some phase of product life.

Application protocols currently in use are the Explicit Draughting AP 201 and the Configuration Controlled
Design AP 203. Some details of these are given in Figs 5.9 to 5.11. Other examples are associative draughting,
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Product relation

Part
Responsible organisation

Drawing structure

Geometric shapes
Geometrically

Drawing revision
Sheet revision

Views Bounded 2D Shapes
Drafting specifications
Contract
Security classification
Approvals
Responsible organisation Annotation
Text
Annotation curves
- Symbols
Grouping Subfigures
Layers Fill areas
Groups Dimensions

Fig. 5.9 STEP application protocol AP 203 explicit draughting

Configuration management Geometric shapes
Authorisation Advanced BREP solids
Control (Version/Revision) Faceted BREP solids
Effectivity Manifold surfaces with topology
Release status Wireframe with topology
Security classification Surfaces and wireframe
Supplier without topology

AP 203: Configuration
conrolled 3D designs of
mechanical parts and
assemblies

Product structure Specifications
Assemblies Surface finish
Bill of materials Material
Part Design
Substitute part Process
Alternate part CAD filename

Fig. 5.10 STEP application protocol AP 207 configuration controlled design

mechanical design using boundary rep, mechanical design using surface rep, sheet metal die planning and
design, electrotechnical design and installation, Numerical Control (NC) process plans for machined parts,
core data for automotive mechanical design processes, Ship arrangements and mechanical parts definition for
process planning using machining features.

As can be seen from the above, the philosophy of STEP goes beyond a traditional standard. It
encompasses all the knowledge that has been gathered so far by the various partners in the total
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Shape definition representation Items
Advanced BREP solids elementary \Ijart_%, dies or materials
BREP solids SN
Faceted BREP solids e Classifications
Manifold surfaces with topology \ Standard or designed
Surfaces and wireframe without topology AP 207:Sheet metal
Constructive soild . : .
Geometry die planning and design /
Part shape relationship to die shape
Physical model identification tolerances \\\711/
Part process plans Work
'I(')empl?.te Internal or external
peration Start or change
Constraints

Fig. 5.11 Example for STEP file generation sheet metal die planning and design

CAD/CAM arena. The standard also makes enough provisions for future developments and knowledge
gathering with the available provisions. This was made possible because of the cooperation of a large number
of users and vendors that have direct interest in CAD/CAM systems. This is also the reason why it took so
long (ISO initiated the work on STEP in 1985) for coming to this form. Even today (early 2001), the standard
is still evolving and only some parts are released for use by the industry as ISO 10303. The other parts are in
various stages of proposal to standard stages and would take some time before completion.

5.4.3 Drawing Exchange Format (DXF)

The DXF format has been developed and supported by Autodesk for use with the AutoCAD drawing files.
It is not an industry standard developed by any standards organisation, but in view of the widespread use of
AutoCAD made it a default standard for use of a variety of CAD/CAM vendors.

A Drawing Interchange File is simply an ASCII text file with a file extension of .DXF and specially
formatted text. The overall organization of a DXF file is as follows.
HEADER Section This section contains general information about the drawing similar to the Global section
of IGES. It consists of the AutoCAD database version number and a number of system variables. Each
parameter contains a variable name and associated value. This information is used for database conversion
purpose.
CLASSES Section 1t holds the information for application-defined classes, whose instances appear in the
BLOCKS, ENTITIES and OBJECTS sections of the database. A class definition is permanently fixed in the
class hierarchy.
TABLES Section This contains definitions for the following symbol tables which directly relates to the
object types available in AutoCAD.

* Linetype table * Viewport configuration table

» Layer table * Dimension style table

 Text style table » Application identification table
* View table * Block reference table

» User coordinate system table
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BLOCKS Section This contains block (symbol) definition and drawing entities that make up each block
reference in the drawing.

ENTITIES Section This contains the graphical objects (entities) in the drawing, including block references
(insert entities).

OBJECTS Section This contains the non-graphical objects in the drawing. All objects that are not entities or
symbol table records or symbol tables are stored in this section. Examples of entries in the OBJECTS section
are dictionaries that contain mline (multiple lines) styles and groups.

A DXF file is composed of many groups, each of which occupies two lines in the DXF file. The first line
is a group code. The second line is the group value, in a format that depends on the type of group specified
by the group code. DXF files are either standard ASCII text or special binary form files which are more
compact.

5.44 DMIS

Dimensional Measurement Interface Specification (DMIS) is a new standard in communication being
established by CAM-I for manufacturing. Most of the standards that are existing or discussed in this book
pertain to the translation of data when the data is generated in design form. However, this standard tries to
establish a means of knowing what has been made by the CAM process. The objective of DMIS is therefore
to provide a bi-directional communication of inspection data between computer systems and inspection
equipment so as to see what has to be made and has been made.

The database in the form of geometric instructions and manufacturing information is already present,
which is being used by some of the part programming systems for automatically converting into CNC part
programs. From the same database, it is also possible to generate the inspection programs for the Coordinate
Measuring Machines (CMM).

The type of instructions needed for CMM are inspection probe selection, speed for positioning the probe,
the path to be followed by the probe, speed and angle at which the probe approaches the workpiece, tolerance
based information, etc. After a part has been produced on the CNC machine tool, the part would be checked
on a CMM with the inspection program down loaded from the computer directly into the CMM for checking
the part. After CMM checks the part, data about the part is sent back to the computer, where the original
part geometry is stored as shown in Fig. 5.12. Thus, part geometry as designed is compared with the part
produced and the resultant deviations existing could be identified, which would help in identifying problems
in manufacturing and be suitably rectified.

DMIS provides a complete vocabulary for passing inspection program to the dimensional measuring
equipment and to pass results back to the computer. A typical vocabulary details for the DMIS language is
presented in Table 5.2 which is very similar in syntax to APT.

Table 5.2

TOL/CIRLTY
Function: Specifies a circularity tolerance for a feature and assigns to it a label.
Default: None
Format: T(label) = TOL/CIRLTY, tolzon, var_1, F(label)
Where: var_1 can be: MMC or: LMC or: RFS Label, is an alphanumeric label assigned to the tolerance

and is up to 10 characters in length.
CIRLTY signifies circularity.

Table Contd.
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Tolzon is the delta radius (width) of the tolerance zone bounded by two concentric circles within which
elements of the surface of F(label) must lie.
MMC signifies that maximum material condition is applied to the feature for this tolerance.
LMC signifies that least material condition is applied to the feature for this tolerance.
RFS signifies regardless of feature size.
F(label) is the feature to which the tolerance is to be applied.

Note: A circularity tolerance specifies a tolerance zone bounded by two concentric circles within which the feature must lie as shown
in Fig. 5.13.

CMM program

A

Data about part
CAD system P

CNC program

Part

CMM

CNC machine tool

Data about part

Fig. 5.12 Introduction of measurement in product development cycle Fig. 5.13 Meaning of
tolerance zone

e Standardisation of graphic systems is done at various levels. Standardisation can
Summary be at the graphic databases, graphic data handling systems as well as between
‘ the various manufacturing applications.

_ ¢ Graphic kernel system is used to standardise the graphic system calling pro-
cedures at the lowest level so that programmers and programs can be easily
migrated between different systems.

® The neutral CAD database is an important requirement to help with the transfer of information
between various CAD/CAM systems.

o IGES (Initial Graphics Exchange Specification) is used for transferring information between various
CAD systems for modelling as well as drafting data.

e STEP (Standard for the Exchange of Product Model Data) is being used extensively in view of its
varied and better facilities for exchanging product model data.

o DXF developed by Autodesk is used for lower end drafting and model information exchange.
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e DMIS (Dimensional Measurement Interface Specification) is used for transferring information by
measuring in a coordinate measuring machine and transfer it to the CAD system for verification as

well as reverse engineering.

Questions

1. What is the importance of standards in CAD/
CAM?

2. Write briefly on any one of the known graphic
standards.

3. Whatis meantby DMIS? Explain its importance in
the manufacturing of mass consumption items.

. How is IGES different from GKS?
. Write a short note about DXF standard.
. Explain the relevance of IGES in the Indian

manufacturing scene.
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INTRODUCTION TO A
DRAFTING SYSTEM

Objectives

Drafting is one of the first computer applications used by many a user in view of
its low cost and easier adoption. AutoCAD is by far the most widely used CAD
software for drafting applications. A brief introduction of AutoCAD for drafting
applications is given in this chapter. After completing the study of this chapter the
reader should be able to

¢ Understand the basic structure of a drafting system as used in AutoCAD

* Learn some of the facilities available for the construction of geometric elements
in AutoCAD

* Visualise the usefulness of the various editing commands to improve the
productivity of the draftsman

6.1 || BASIC FACILITIES IN AUTOCAD

The release 2010 screen is shown in Fig. 6.1 which has the familiar Windows
look and feel, in terms of the various buttons and an easier interface. AutoCAD
revamped the user interface to follow the familiar ribbon interface that has been
now used with Microsoft Office applications. Though this is a complete change
from the classic user interface, it is far more intuitive and easy to navigate.
However, the regular AutoCAD user needs to unlearn the old user interface and
learn the new user interface.

Like all the other Windows applications, it has a set of drop-down windows
for various menu options. From among them, the relevant ones for the purpose
of starting are

New This allows for starting a new drawing.

Open This allows for opening an old drawing for editing.

Save This allows for saving the current drawing.
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Introduction to a Drafting System
fing System

This allows for saving the current drawing with a new name.

DWG — AutoCAD 2010 drawing file

DWG — AutoCAD 2007 drawing file

DWG — AutoCAD 2004 drawing file

DWG — AutoCAD R14/LT2 drawing file

DWF — AutoCAD drawing web format file

DXF — AutoCAD 2007 drawing interchange file
DXF — AutoCAD 2004 drawing interchange file
DXF — AutoCAD R12/LT2 drawing interchange file

This allows for exporting the current drawing into other formats suitable for other programs
such as 3D Studio. Some of the formats available are possible:

BMP — Device-independent bitmap file
EPS — Encapsulated PostScript file

SAT — ACIS solid object file

STL — Solid object stereo-lithography file
WMF — Windows Metafile

This allows for printing or plotting a drawing.
This allows for opening an old drawing for editing.

This allows for sending the current drawing electronically.

Fig. 6.1 The AutoCAD 2010 screen appearance
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6.1.1 Screen Display

The total display screen in AutoCAD is divided into a number of areas as shown in Fig. 6.1. The status line
is the bottom-most line. At the bottom, a command area is provided which is generally designated for 3 lines.
In this portion, the interaction between the user and AutoCAD takes place.

The rest of the screen is designated as the ‘Drawing Area’. The actual drawing to be made is drawn in this
drawing area. When the cursor is moved on various regions, its shape changes depending upon the screen
area. For example, in the drawing area it is shown as a crosshair to facilitate the drawing function. When the
cursor reaches the top line, a window corresponding to the menu item gets highlighted. The cursor cannot be
moved by the mouse into the command area. When the user uses the keyboard, it automatically comes to the
command area and it is generally shown as an underline °_’

6.1.2 Menu
AutoCAD is a completely menu-driven system. There are many menu commands available. The menu items
are made available through a large number of options such as

* Direct command entry

+ Through the side-bar menu (in the classic AutoCAD option)

* Through the pop-up windows from the top menu (ribbon) bar, or

* Through the button bars located in any portion of the screen
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Fig. 6.2 The ribbon bar in AutoCAD 2010 (a) Home option (b) Insert option (c) Annotate option

Compared to the earlier menu, the ribbon bar is more versatile and once used to will increase the productivity
of the designer. As shown in Fig. 6.2, most of the options that are normally required for a bulk of the drafting
processes are directly available from the home option as can be seen.
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6.1.3 Planning for a Drawing
While planning a drawing in AutoCAD, one has to carefully organise some of the information. This is carried
out in the set-up operations.

Units This lets us set up the units in which AutoCAD would have to work. Internally, AutoCAD works in
default coordinates called drawing units. It is necessary to define the external representation of these units
in recognisable form. This is achieved by the units command. Alternatively, access the ‘Units’ option from
the main menu as shown in Fig. 6.3a. AutoCAD offers 5 different types of units to work with in the drawing.
These are

1. Scientific
*2. Decimal

3. Engineering
4. Architectural
5. Fractional
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Fig. 6.3 The specification of the drawing units in AutoCAD 2010
Coordinate System The coordinate system used by all the CAD packages is generally the rectangular

Cartesian coordinate system which follows the right-hand rule as shown in Fig. 6.4. AutoCAD also uses
the rectangular coordinate system designated as X, Y and Z axes. The positive direction of these axes can

*signifies that it is the default unit chosen by the system.
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be obtained by the application of the right-hand rule. Any point in the 3 dimensional space is therefore
designated by the coordinate values of these 3 axes, e.g. (x, y, 2).

CAD/CAM: Principles and Applications

The coordinates can be input into the system in a number of ways.

* By the direct input of coordinate values in their respective order, ALY
x, y and z. If the Z coordinate is not specified, it is considered as
the current Z level given through the ELEVATION command. +

0,0
Command: LINE<CR> ©.0 >+ X

From point: 34.5,12.0<CR> 4,2 | ,4-9

<CR> here represents the Carriage Return or the one key pressing
of the key <ENTER>. Pressing the <Space bar> is also considered by
AutoCAD as equivalent to the same.

6.2

. . . o Fig. 6.4 The coordinate system
The above example (Fig. 6.4) shows the coordinates being given in the used in AutoCAD

absolute system.

Limits 1t is generally necessary to specify the limits of the drawing that one is about to use. It is like choosing
the right size of a drawing sheet for making the drawing. The actual size of the drawing has to be specified
using the keyboard. This is achieved by using the LIMITS command as follows.

LIMITS establishes the size of the drawing and the associated drawing guides such as grids, rulers, etc.,
in the proper format. Though the LIMITS are specified in the beginning, they can be changed at any point of
the drawing development, if the size exceeds the planned boundaries. The following are some guidelines to
select the LIMITS in AutoCAD:

* Donotusesquare limits (e.g., 150 x 150). The screen is rectangular in shape and therefore to completely
use the screen area for drawing, it is desirable to have rectangular limits such as (400 x 300).

« Start the limits with an idea of the final drawing size in mind.

» Make the lower left corner negative. This provides space for borders since all the drawing starts
with (0, 0).

* Let the upper right-hand corner be more than required for additional space needed later.

Though the limits are specified as above, it is still possible to give the coordinate values beyond these
limits by moving the cursor. However, if the LIMITS check option is kept on, then AutoCAD does not allow
the user to specify any point beyond the LIMITS.

Grid Working on a plain drawing area is difficult since there is no means for the user to understand or correlate
the relative positions or straightness of the various objects or entities made in the drawing. The GRID command
controls the display of a grid of alignment dots to assist in the placement of objects in the drawing.

Snap The coordinate system in AutoCAD is a continuous one. This means that when the cursor is moved, it can
go through an infinite number of points on the screen. This infinite resolution is not required or necessary for any
drawing work. The resolution of the cursor movement can be effectively controlled using the SNAP command.

When the crosshair (cursor) is moved in the drawing area, it moves in increments of the SNAP spacing
value specified. This is useful for inputting data through the digitiser or mouse. However, coordinates entered
through the keyboard are not affected by SNAP setting in force.

The SNAP mode can be made operational by using the toggle control during the execution of any of the
other commands in AutoCAD by using <F9> or "B (using <CTRL> and <B> keys simultaneously). All these
settings can be changed by getting the drafting settings (‘DSETTINGS’ at the command prompt) window as
shown in Fig. 6.5.
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Ortho The ORTHO command allows the user to control ‘orthogonal’ drawing mode. While drawing lines,
the cursor moves to a point which makes it perpendicular to the point or in the same direction. As a result, all
LINES and TRACES drawn while this mode is on are constrained to be horizontal or vertical. However, it will
be possible to draw inclined lines by using the SNAP option with ROTATE as shown in Fig. 6.6.

The ORTHO mode can be made operational by using the toggle control during the execution of any of the
other commands in AutoCAD by using <F8> or ~O (using <CTRL> and <O> keys simultaneously).
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Fig. 6.5 Drafting settings used in AutoCAD Fig. 6.6 Drawing inclined orthogonal lines by
combining the Ortho and Snap rotate
options

Help AutoCAD provides with complete help at any point of working in the program. Help can be obtained
generally or specifically for any of the individual commands. Most of the information that is required by the user
is generally provided by the HELP command (Fig. 6.7), which is always instantaneous.

6.1.4 Object Properties

All objects in AutoCAD when created have certain properties such as colour, line type and the layer on which
they are residing. The default settings are visible in the object properties button bar as shown in Fig. 6.2a.
Descriptions of these properties are as follows.

Line Type AutoCAD allows the user to give various types of lines in a drawing. These dot-dash line types of
each entity can be controlled either individually or by layers. To change the line type of existing objects, use the
CHANGE command. To control layer-line types, use the LAYER command.

The LINETYPE command sets the line type (Fig. 6.8) for new entities. It can also load line-type definitions
from a library file, write new definitions to a library file, and list the line-type definitions in a library file.

6.2 || BASIC GEOMETRIC COMMANDS

What follows is a description of the basic commands in AutoCAD through which one can make simple drawings.
The necessary introduction required for setting up the AutoCAD drawing was presented previously.
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Some of the entities that can be used for making an AutoCAD drawing in 2D are as follows:

 Point * Line

* Arc  Circle

+ Ellipse * Polygon

* Poly line (pline) * Doughnut (Donut)
+ Sketch o Text

* Block

In this chapter, we will see some of them and learn how to use them. The pop-up window for creating the
geometric entities is shown in Fig. 6.9.

Fig. 6.9 Pop-up window for the drawing commands with help

Before describing the command structure and its variations, let us first mention some of the general
conventions used in the AutoCAD dialogue system. Generally, AutoCAD provides a default option as <> in
each of the command response. The value or option shown in the angle brackets is the most recently set value.
To have the same value or option operation, one has to simply press the <Enter> key. The various options
available for each of the commands are shown in full in the command window. However, the user needs to
respond only with those letters which are shown in CAPITAL letters, which in many cases is only one letter
which will automatically make the AutoCAD choose the right option.

Point This is the most basic command used in AutoCAD. It is used to specify a point or a node in the
drawing for any given purpose. For example, it can be used for the centre of a circle or for the starting point
of a straight line. It is also used as NODE in object snap options.

The point coordinates can be input into the system in a number of ways; for example, by the direct input
of coordinate values in their respective order, x, y and z. If Z coordinate is not specified, it is considered as the
current Z level given through the ELEVATION command.

The above example shows the coordinates being given in an absolute system. AutoCAD puts a marker at
the specified location.
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It is also possible to specify the coordinates in incremental format as the distances from the current cursor

position in the drawing area. The distance is specified by using the ‘@’ parameter before the actual value as

shown below. When incremental values are used, both X, Y and Z are expected to be in incremental and hence

‘@’ should be written only once as the example shown below:

Command: POINT<CR>

Coordinates of point: @34.5,12.0<CR>

It is also possible to specify the point coordinates using the polar coordinate format. This is an extension
of the incremental format shown above. An example below illustrates its use.

Command: POINT<CR>
Command: Point: @15.5<45<CR>

The first value refers to the length of the line or polar radius, while the second quantity refers to the angle
at which the line is drawn from the current point.

CAD/CAM: Principles and Applications

Line The LINE command allows the user to draw straight lines. The user can specify the desired end points
using either 2D or 3D coordinates, or a combination. To erase the latest line segment without exiting the LINE
command, enter ‘U’ (UNDO) when prompted for a “To’ point.

The user can continue the previous line by responding to the From point: prompt with a space or RETURN.
If the user is drawing a sequence of lines that will become a closed polygon, the user can reply to the ‘To point’
prompt with ‘C’ to draw the last segment (close the polygon). Lines may be constrained to horizontal or vertical
by the ORTHO command. The CLOSE option uses the start point of the first line segment in the current LINE
command as the next point.

Circle The CIRCLE command is used to draw a full circle. The user can specify the circle in many ways. For
specifying a circle, we need at least two values. There are at least 5 ways as follows:

* Centre point and radius
» Centre point and diameter
» Two points on the circumference across the diameter
 Three points on the circumference
+ Tangents to two other already drawn entities and radius
The simplest method is by means of a centre point and the radius.

To specify the radius, the user can designate a point to be on the circumference or make use of the ‘DRAG’
facility in response to the ‘Diameter/<Radius>‘prompt to specify the circle size visually on screen. If it is
more convenient to enter the diameter than the radius, reply to the ‘Diameter/<Radius>‘prompt with ‘D’.
This is generally done when the diameter is specified in the drawing.

The circle can also be specified using three points on the circumference (reply ‘3P’ when prompted for the
centre point), or by designating two end points of its diameter (reply ‘2P’). For these methods, the user can
‘drag’ the last point or specify object snap ‘Tangent’ points.

In addition, the user can draw a circle by specifying two entities (such as lines, circles, etc.) to which the
circle should be tangent, and a radius. Enter “TTR’ for this option.

Arc The ARC command draws an arc (segment of a circle) as specified by any of the following methods.
* three points on the arc
* start point, centre, end point
* start point, centre, included angle
* start point, centre, length of chord
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* start point, end point, radius

* start point, end point, included angle

* start point, end point, starting direction
+ continuation of previous line or arc

To continue the previous line or arc, reply to first prompt with RETURN.

The ARC is always drawn in the counter-clockwise direction. Depending upon the data available, it is
necessary to plan carefully the sequence in which the data is to be specified. Drawing a circle is easier than
an arc, since the data to be given is more while care has to be taken to see that the data needs to be given in
the proper sequence. It is also possible to use the OSNAP options when the various points are to be specified.
The following examples in Fig. 6.10 of the ARC options are given for better understanding.

// | \\X 2 A{ \\, / : \\
{s J X2 | 4 3 \
/ / { V/ ?j \

¢ /LA

3 Point Start - centre — end points Start - centre — included angle

Fig. 6.10 Arc example 1

The three points can be specified in any order; however, the arc will be generated in the sequence in which
the points are specified.

6.3 || LAYERS

Drawings normally consist of lot of information which is of varying types such as geometric and alphanumeric.
The geometric information may be further classified based on the purpose. Similarly, the alphanumeric
information also can be classified into various categories. It becomes difficult to see all this information
in one frame because of the cluttering effect it produces. Also, it is not necessary always to have all the
information.

To deal with this, the layer concept is used in drawings. A layer is basically one which contains some
information which can be geometric and alphanumeric. The reason of distributing all the information present
in the drawing into various layers is that at any given time, some of the layers can be deleted from view (OFF)
or can be made visible (ON). This helps in organising the information in a drawing.

Thus, each layer may be considered as a transparent sheet with information present. At any stage, the
unwanted layers may be pulled out leaving only the requisite information visible. A typical pop-up window
for altering the layers in a given drawing is shown in Fig. 6.11.

In AutoCAD, a layer has certain properties and certain conventions (rules) are to be followed while using
them.

» Eachlayer hasaname which can be up to 31 characters. The default layer name given by AutoCAD is 0.
Some typical names could be note, remarks, etc. Alternatively, only numbers could be used for the
layer name.

+ Alayer could be ON or OFF. When a layer is ON, the information present in it is visible on the screen
(or in a plot). When OFF, though the information is not lost from the drawing, it is not visible in the
drawing. More than one layer can be ON at any given time.
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Fig. 6.11 The pop-up window for modifying the layers

+ A layer is either ‘Current’ or ‘Inactive’. All the information being entered goes into the current layer.
By virtue of this, only one layer can be Current at any given time. If the current layer is ON then the
information being entered is visible on the screen. However, it is possible to have a layer current and
off, though it is not a good practice.
+ Each layer has a colour associated with it. All the information entered into that layer gets that colour.
It does not mean that more than one colour can be present in a single layer. The colour of individual
information can be altered by using the CHANGE command or by using the COLOR command.
Similarly, each layer has a default line type associated, which can be any one of the valid line types. It is
also possible, as in the case of colour, to change the line type of individual elements in a layer.

6.4 || DISPLAY CONTROL COMMANDS

ZOOM ZOOM is used to change the scale of display (Fig. 6.12). This can be used to magnify part of the
drawing to any higher scale for looking closely at some fine details in the drawing. This is often quite useful
during the construction stage since the size of the display screen is limited compared to the size of drawing
and the details present there.

Fig. 6.12 The pop-up window for the various display and zoom options
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There are a large number of options available within ZOOM (Table 6.1).

Table 6.1 Options available with Zoom

Scale<X> A numeric zoom factor. A value less than 1 zooms out (reduction), and greater than 1 zooms in

(magnification)

All Zooms out to original drawing limits

Dynamic Graphically selects any portion of the drawing as the next screen view, but also sees what part of the
file is generated and therefore appears fast.

Center Picks a centre point and a picture top and bottom by selecting two end points of a height. Alternatively,
the height can be given as a value.

Extents Shows everything in the file ignoring the limits. Similar to ALL except limits.

Left Picks a lower left corner and a height of how much drawing information the use wants to display to
fill up the screen.

Previous Restores the last ZOOM setting.

Window Picks two points that define a rectangular window to describe what part of the drawing file will be seen

on the screen.

Choosing the DYNAMIC option displays all the drawing up to limits in a small window so that the entire

drawing is visible in the display screen. The current visible window is shown as a rectangle linked to the
cursor. Pressing the left button of the mouse and moving the mouse makes the window smaller or larger than
the previous display. Once the window rectangle size is satisfactory, another pressing of the mouse left button
fixes the size of the rectangle. The mouse can now be moved to any position to place the display window on
the drawing. Then pressing the right mouse button correspondingly shows the image in the window in the full
size of the screen. This is a very convenient option and requires normally a small number of steps to come up
with the required image to be shown to the requisite scale.
PAN The PAN command allows the user to move the display window in any direction without changing the
display magnification. This means the display being seen is through a window in an opaque sheet covering
the drawing limits. The window can be moved to any location within the display limits, although no dynamic
movement is possible. This shows details that are currently off the screen.

Object Snap The SNAP is useful for drawing a new object into the drawing by itself. However, it is often
desired to have drawings made in relation to already existing objects. It may also be possible to have this
relation be a very specific one.

In such situations, the ObjectSNAP facility available in AutoCAD is quite useful. Sometimes, it may be
required to start a line from an unknown precise tangent point on a circle. All that the user may know is a
specific area where the tangent may be lying. Then by selecting the OSNAP option (Fig. 6.14), the system is
able to automatically calculate the tangent point in the region selected. The various OSNAP options available
are the following (Table 6.2):

Table 6.2 Some of the options available with Zoom

CENter Centre of arc or circle

ENDpoint Closest end point of line/arc or closest corner of trace/solid/3D face
INSertion Insertion point of text/block/shape/attribute

INTersection Intersection of lines/arcs/circles or corner of trace/solid/3D face

Contd..
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MIDpoint Midpoint of line/arc or midpoint of an edge of trace/solid/3D face

NEArest Nearest point on line/arc/circle/point

NODe Nearest point entity (or dimension definition point)

NONe None (off)

PERpendicular Perpendicular to line/arc/circle

QUAdrant Quadrant point of arc or circle

QUIck Quick mode (first find, not closest)

TANgent Tangent to arc or circle

Apparent Apparent Intersection includes both Apparent Intersection and Extended Apparent Intersection.

Intersection Apparent Intersection allows snapping to the apparent intersection of any two entities (e.g., arc,
circle, ellipse, line, poly line, ray or spline) that do not physically intersect in 3D space, but appear
to intersect on screen. Extended Apparent Intersection snaps to the imaginary intersection of two
objects that would appear to intersect if the objects were extended along their natural paths.

When more than one option is selected, AutoCAD applies the selected snap modes to return a point closest
to the centre of the aperture box. Use commas to separate multiple modes when entering from the command
window. These modes can also be entered whenever a point is requested to over-ride the running object-snap
modes.

Fig. 6.13 Object snap options by right clicking the mouse button

Text Handling AutoCAD provides a large range of text-entering capabilities including various fonts, and
other text-handling features (Fig. 6.14).

In each of the fonts (styles), it is possible to have lettering with the various attributes which are specified
during the selection of the style as shown in the dialogue box (Fig. 6.15). The selection results are also shown



The McGraw-Hill companies

Introduction to a Drafting System
—

Roman simple AL ZE e ol Sxs =

Roman triplex Roman complex

Ilalic Italic triplex
Gotlic english

Sothic Tialian TPEEK TilATONEE

ORE¥AV~F>'XL RB®I'~IR "WQ 4&0{]@4

Astronomical symbals
Mapping symbols
<«Eoo\/n<~§§ae3 3&:{1&(3%

Mathematical symbols

Monotext

—0O <

&othic german

Tpeex xoumAeé

Fig. 6.14 Sample fonts available in AutoCAD
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in the dialogue box. It is also possible to combine the attributes to get complex attributes. For example, the
text, when originally stored, has a certain aspect ratio (height-to-width ratio) built in depending upon the text
height chosen. It is possible to alter this by changing the width factor > 1 which makes the letters elongated
and < 1 which makes them compressed. When the text is to be fitted in a given area, this is the technique used.
Similarly, the text can be slanted by any angle.

The user can also combine any or all of these attributes to get combined effects. For example, the text can
be expanded and written backwards. Some examples of combinations are shown in Fig. 6.15.

x|
Cuarent text style: Standad
Styles: Font e . —
A‘s"""“‘"’ Fort Name. Fort Style: _SetCunent |
| New. |
I Arial CE i '—‘ —l
I Anal CYR
I Anal Greek I ) \
(At stytes | ;ﬁods =
I~ Upside down Width Factor:
l_ |1oono \
AaBbCcD r PR
v £ |
— — i e ——

Fig. 6.15 The font specifications that are given through the pop-up window
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6.5 " EDITING A DRAWING

CAD/CAM: Principles and Applications

Editing capabilities are the most useful part of AutoCAD to exploit the productivity potential, making use
of the already existing objects in the drawing. A few of the commonly used editing facilities are listed in
Table 6.3.

Table 6.3 Commonly used editing facilities

Array Places multiple copies of objects with a single command
Break Cuts existing objects and/or erases portions of objects

Change Changes spatial properties of some objects like location, text height, circle radius or line end-point
location

Copy Makes copies of objects

Erase Allows to select objects in the drawing file and erase them

Mirror  Creates a mirror image of objects

Move Picks up existing objects and puts them down in another location of the drawing file
Rotate Turns existing objects to any angular specifications

Scale Scales objects up or down to the user’s specification

To use any of the editing functions, it is necessary to make a selection of the objects (entities) in the
drawing on which the editing function is to be applied. For this purpose, many facilities (Fig. 6.16) are built
into AutoCAD.
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Fig. 6.16 Some of the editing options available in AutoCAD
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One of the important things for editing is the selection of the objects or entities that were already drawn
in the drawing. As any of the editing commands are issued, AutoCAD responds first with the object selection
option. There are various options available for the same as shown in Table 6.4.

Table 6.4 Options available for selecting objects

Object The default selects a set by picking individual objects.

Window Selects a set by picking all objects that are completely inside a window drawn by the cursor control
device.

Last Uses only the last object created as a selection set.

Crossing Works like a window, except it also includes any object which is partially within the window.

Remove Deselecting from the selected object set. This is useful for removing any objects that are accidentally
selected by any of the object-selection methods.

Add This is the normal setting at the time of object selection. Switches from Remove back to normal. It is
to be used for adding when the Remove option is specified.

Multiple Allows multiple objects in close proximity, and/or speeds up selection by allowing multiple selections
without highlighting or prompting.

Previous Adds (or removes) the entire previous selection list to the current selection list.

Undo Undoes or reverses the last selection operation. Each U undoes one selection operation.

Select All Selects all the objects present in the drawing.

Window This is similar to the window option, except that the rectangular window is replaced by a polygon of

Polygon as many vertices as required with the edges not crossing each other.

Crossing This is similar to the window polygon option, except that all objects crossing the polygon are also

Polygon selected.

Select fence This is similar to the crossing polygon option, except that the polygon here is not closed. Hence, the
fence can cross itself, if necessary.

Select filters Uses a special type as a filter (e.g., object properties) for selecting the objects. For example, all lines or
objects with the same colour, etc. To use this option, it is necessary to create a filter list first by using
the option FILTER.

6.5.1 Basic Editing Commands

MOVE The MOVE command is used to move one or more existing drawing entities (Fig. 6.17) from one
location in the drawing to another.

The user can ‘drag’ the object into position on the screen. To do this, designate a reference point on the
object in response to the ‘Base point...” prompt, and then reply ‘DRAG’ to the ‘Second point:” prompt. The
selected objects will follow the movements of the screen crosshairs. Move the objects into position and then
press the pointer’s ‘pick’ (Ieft mouse) button.

Displacement can be directly specified in place of the set of points to designate the actual displacement.
COPY The COPY command is used to duplicate one or more existing drawing entities at another location (or
locations) without erasing the original.

The user can ‘drag’ the object into position on the screen. To do this, designate a reference point on the
object in response to the ‘Base point...” prompt, and then reply ‘DRAG’ to the ‘Second point:” prompt. The
selected objects will follow the movements of the screen crosshairs. Move the objects into position and then
press the pointer’s ‘pick’ (left mouse) button (Fig. 6.18).
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Fig. 6.17 Moving objects in the drawing Fig. 6.18 Copying an object in the drawing

To make multiple copies, respond to the ‘Base point’ prompt with ‘M’. The ‘Base point’ prompt then
reappears, followed by repeated ‘Second point’ prompts. When the user made all the copies (Fig. 6.18) that
are needed, gives a null response to the ‘Second point’ prompt to come out of the COPY command.

CHAMFER The CHAMFER command (Fig. 6.19) creates a bevel between two intersecting lines (or two
adjacent line segments of a poly line) at a given distance from their intersection (Fig. 6.20). It can also trim
the lines from the bevel edge and connect the trimmed ends with a new line if the TRIMMODE variable is set
to 1. If it is set to 0, it leaves the selected edges intact. Different trim distances can be set for the two lines, and
are retained with the drawing. If the specified lines do not intersect, CHAMFER will extend them until they
do and then proceed as above. Chamfers can be applied to an entire poly line, chamfering all the intersections.
A chamfer can only be applied between line segments and not on any other objects.

First chamfer distance
10 .

\ _+_ distance

\ A [ 4 Second
\ K V. 10  chamfer
\ \ First line |

\ =\
‘\\ ‘\ Second line |
\ s ‘
Fig. 6.19 Example of chamfer as used in drawings Fig. 6.20 The meaning of chamfer

distances in AutoCAD

FILLET The FILLET command connects two lines, arcs, or circles with a smooth arc of specified radius. It
adjusts the lengths of the original lines or arcs so they end exactly on the fillet arc (Fig. 6.21).

The fillet value specified remains in force until it is altered by another value. If the fillet radius is zero then
the two lines will meet exactly at a point which is normally used to make a sharp corner.
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Filleting can also be done to two circles, a line and a circle, a line . =
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points by which the user selects the objects to be filleted. Lines and Pl
arcs are trimmed (depending upon the TRIMMODE setting) after ol
filleting while circles are not trimmed. An entire poly line can also be

filleted with a single command. Fig. 6.21 Example of fillet
OFFSET The OFFSET command constructs an entity parallel to as used in drawings
another entity at either a specified distance or through a specified point JER
(Fig. 6.22). The user can OFFSET a line, arc, circle, or poly line. Offset //‘ )
lines are parallel, while the offset circles and arcs make concentric circles // /
and arcs respectively. //'/
To offset from a wide poly line, measure the offset distance from the /;’
centre-line of the poly line. Once the object is selected, it is highlighted on /’ /
the screen. Depending on whether the user specified an offset distance or “’ y
selected ‘through point’ in the original prompt, the user will receive one of ‘\‘ J/—/
the following prompts: ="
Side to offset: Fig. 6.22 Example of offset as
Through point: used in drawings

The offset is then calculated and drawn. The selected object will be de-highlighted and the ‘Select object
to offset’ prompt is re-issued. <RETURN> exits the command.

ARRAY The ARRAY command makes multiple copies of selected objects in a rectangular or circular (polar)
pattern.

For a rectangular array, the user is asked for the number of columns and rows and the spacing between
them. The array is built along a base line defined by the current snap rotation angle set by the ‘SNAP Rotate’
command.

AutoCAD constructs the array along the base line defined by the SNAP function. Normally, the SNAP is
horizontal (Fig. 6.23). However, it is possible to alter the orientation by using the ROTATE option in SNAP.
In such cases, the rectangular array is rotated by the SNAP rotate angle. However, the object itself is not
rotated.
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Fig. 6.24 Polar array of objects rotated
Fig. 6.23 Rectangular array of objects while copying
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For a polar or circular array (Fig. 6.24), the user must first supply a centre point.
Following this, the user must supply two of the following three parameters:

* the number of items in the array

+ the number of degrees to fill

« the angle between items in the array
Optionally, the user can rotate the items as the array is drawn.

6.6 " DIMENSIONING

After creating the various views of the model or after preparing the drawing, it is necessary to add dimensions at
the appropriate places. AutoCAD provides semi-automatic dimensioning capability with a way of associating
the dimensions with the entities. As a result, once dimensioning is created, there is no need to redo it after
modifications to the drawing. The following screen (Fig. 6.25) shows the typical appearance of the dimension
menu.
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Fig. 6.25 The Dimension style option

While dimensioning, the information to be specified is as follows:
+ where is the dimension
+ where the dimension text should go
* how big and what style the text will be
» whether tolerance range is to be included
* how big and what the arrows will look like
To set these values, a number of variables are available in AutoCAD whose values need to be set in the
prototype drawing. These variables actually control the way the dimensions appear in the drawings. Auto-
CAD gives great control over the way dimensions may appear in the drawings. It is therefore necessary that

users should be familiar with these in order to customise the dimensioning to the best of the methods used in
the design office.
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Each of these can be further specified based on dimension families or for all of them. The dimension
families are specified as follows:

The

Linear

Diameter

Radial

Angular

Ordinate

Leader

procedure to be followed in dime-

nsioning in AutoCAD is as follows:

Set up the basic parameters for dime-
nsioning. They are

Arrowhead type

Arrowhead size
Extension-line offset
Placement of dimension text

o >
N

Fig. 6.26 Example drawing made in AutoCAD

These need not be changed for every drawing but could be incorporated in the prototype drawing itself.

+ Identify what the user wants to measure

Pick end points, lines, arcs or circles, or other points of existing drawing entities using OSNAP if
necessary.

» Specify where the dimension line and text are to be located.

* Approve AutoCAD’s measurements as dimension text or type in your own text.

An example made in AutoCAD is shown in Fig. 6.26.

Summary

® AutoCAD is indeed a versatile CAD software which is widely used on PC platforms.
There are a number of facilities available in AutoCAD that are quite intuitive and

useful for quick development of drawings.

e The user interface of AutoCAD is akin to other Windows software, and allows for

easier understanding and integration with other Windows-based software.

e Tt is important to plan properly a drawing before committing to actually develop it in AutoCAD. To
that extent, there are a number of facilities available in AutoCAD such as layers, units, etc.

A number of basic geometric entity drawing commands are available in AutoCAD such as line, circle,
polygon, etc., that help in easier construction of a drawing. In each of these commands, a variety
of options are available that can help in directly transferring the dimensions directly.

Great productivity in developing a drawing is achieved by exploiting the symmetry present in a
drawing. To that extent, a number of editing commands are available in AutoCAD, which are easy
to understand and apply. Examples of editing commands are copy, move, array, trim, break, offset,

etc.
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Questions

1.

What are the facilities that are useful for creating
geometric entities in a drafting system?

. What are the facilities that are useful for editing

geometric entities in a drafting system?

. What types of typical dimensioning facilities are

available in a drafting system?

. What are the various display control commands

available in a drafting system?

. Give details of a few editing commands used in a

drafting system.
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INTRODUCTION TO
MODELLING SYSTEMS

Objectives

Modelling systems have increasingly become common among the industries
in view of their affordability and ability to run on the available low-cost desktop
computers. In this chapter, a few of the common aspects of these modelling
systems are studied. After completing the study of this chapter, the reader should
be able to
¢ Learn the basics of an affordable and easy-to-use parametric modelling system
running on a desktop computer and the example chosen is the Autodesk
Inventor

7.1 " INTRODUCTION

The previous chapter gave the details of the drafting system, which is basically
a 2D data representation. However, the case of modelling a part in 3D requires
greater imagination. As discussed earlier, the facilities required for 3D modelling
are far greater compared to drafting. There are a large number of modelling
systems that are generally used by the industry. However, the following are some
of the higher-end CAD/CAM systems.

* Unigraphics
* Pro Engineer
+ CATIA

Though these have fairly comprehensive facilities for modelling and assembly
of complex parts, these are expensive and can only be used by large corporations.
To cater to the needs of small and medium enterprises, some CAD systems are
being developed, and the following are some of these systems which are currently
in the market that are popular.

* Solidworks
* Autodesk Inventor

e Iron CAD
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Most of these systems provide comprehensive modelling facilities. These normally are powerful CAD
systems with hybrid modelling facilities. The modelling methods that are embedded in them are

CAD/CAM: Principles and Applications

* Solid modelling
* Surface modelling
* Wireframe modelling
* Feature-based modelling
These systems seamlessly integrate constraint-based feature modelling and explicit geometric modelling.
The standard design features include several varieties of holes, slots, pockets, pads, bosses, as well as a full

set of cylinders, blocks, cones, spheres, tubes, rods, blends, chamfers and more. Freeform modelling forms
the basis for a unique merging of both solid- and surface-modelling techniques.

7.2 " CONSTRAINT-BASED MODELLING

A brief view of the constraint-based modelling process is given below. We will now take up an example of
modelling a component in Autodesk Inventor release 2010. The process will be similar in other modelling
systems that follow feature-based modelling. The only difference may be in terms of the command and menu
structure. The opening display of the Inventor is shown in Fig. 7.1 with a screen structure very similar to other
Windows application programs.

Enent Ribbon bar-active menu items

Graphic area

Design tree showing the
progress of the model

o P, sowns P Py Conatrmred (1 -

Fig. 7.1 The opening screen of Inventor release 2010
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The main approach used in the modelling is to identify
the various features in the model and then arrange them in
the order in which they will be modelled. Once the ordering
is done, the user starts with a sketch plane, which is two-
dimensional as shown in Fig. 7.1. The sketch is then swept or
extruded along with the necessary Boolean operations as we
have discussed earlier. We will develop the total modelling
procedure for the component shown in Fig. 7.2 to understand
the concepts of feature-based modelling.

The first step in the modelling process is to select a sketch
plane to generate the base feature. The approximate shape
of the profile can be generated using the various 2D tools
available as shown in the left-hand pane in the screen such as Fig. 7.2 Example part that will be modelled
line, circle, arc, etc., similar to any two-dimensional drawing.

The various facilities available for modelling are shown in Fig. 7.3. A brief description of these facilities is
given below:

Line/Spline This is a line tool. It can also be used for making a spline through a set of points. The type of
lines that can be drawn are normal lines, construction lines, which are not part of the geometry, or centre lines
which are used as axes for creating the rotational symmetric objects.
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Fig. 7.3 Various tool ribbons showing the facilities available: (a) sketch, (b) model, and (c) view options

When the line command is in progress, pressing the right mouse button brings the menu shown in Fig. 7.4,
which allows for picking the right point (midpoint, centre point or intersection point) from the objects that
are already present in the sketch.

Circle/Ellipse 1t creates a circle with the centre and radius. Other options available are ellipse and tangent
circle.

Arc It generates an arc through three points. Other options available are the centre, start and end points, and
tangent.
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Rectangle It generates a rectangle through two corner points. Another
option available is to specify the two sides of the rectangle.

CAD/CAM: Principles and Applications

Fillet/Chamfer Normally fillets and chamfers are better given as features
since they can be easily 