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Preface to the Revised
Edition

Computer, today, is a very versatile and powerful tool in the hands of design engi-
neers—a tool to design, draft, model, analyze, simulate, optimize and manufac-
ture. The use of computer is not only helpful to handle design tasks but also in the
manufacture of good quality products. Developments in the field of CAD/CAM,
FMS and CIM are taking place continuously.

The response to the previous edition of the book was indeed encouraging. Con-
sidering the suggestions from the readers of the book and the latest technical ad-
vancements in this particular field, I feel delighted to present this book in its re-
vised form. The need of this presentation was felt because information pertaining
to this area of current technology is available in a very scattered form. This book,
in a concise and compact form, gives the related fundamental concepts and up-to-
date information on CAD/CAM. This edition of the book aims to present CAD/
CAM such that the application aspect is given prime importance. Moreover, many
of the CAM activities also needed to be included in the text. Hence, I have touched
upon some of the manufacturing activities such as FMS, Group Technology, Com-
puter Aided Process Planning and Computer Aided Quality Control. The emphasis
in this book is on design and manufacture based on personal computers as these are
popular today.

This book 1s intended to be used as a textbook by the undergraduate and post-
graduate engineering students and teachers and as a reference by the practicing
engineers, engineers employed in R& D establishments. Numerous solved prob-
lems from various Technical Universities are presented in order to make the book
a self-learning tool.

The major modifications carried out in this revised edition are as follows:

J Topics on output devices such as pen plotters, hardcopy unit, electrostatic
plotters and computer output-to-microfilm unit are included.

J Computer Aided Process Planning (CAPP), types of CAPP and advantages
of CAPP have been added.

(1 Line sketches of output devices, RAM and other hardware devices are shown
in respective chapters.

d Computer Aided Quality Control (CAQC), its advantages and limitations,
various techniques of CAQC with simple sketches have been included.
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In engineering practice, CAD/CAM has been utilized in different ways by different
people. Some utilize it to produce drawings and document designs. Others may employ
1t as a visual tool by generating shaded images and animated displays. A third group
may perform engineering analysis of some sort on geometric models such as finite
element analysis. A fourth group may use it to perform process planning and gene-
rate NC part programs. In order to establish the scope and definition of CAD/CAM
in an engineering environment and identify existing and future related tools, a study
of a typical product cycle 1s necessary. Figure 1.1 shows a flowchart of such a cycle.

THE DESIGN PROCESS
r ----------- F::::::::::::::::::::::::::::::::::::::::::::::::::;fj
' ', Design Collecting Synthesis | 1
I . Deesign » definitions, > relevant design '
: I need specifications, information and : :
I : and requirements feasibility study 1]
| L e e T e =gy A A gy —y— iy
A T i 5 e o B o o S R ::::—.—_:—_"{:'Lill_rﬂj_ e The cad process 1 |
[ Design 1} [ Desi A B
I 1 : ; : Iy SIgn s1gn I I
1 1y e Design Design Design : 1
i |! 7| communication g S ] T L . |4——{ modeling and {=¢— coceptual- |
L :. It i evaluation optimization analysis | 1| A R : : E
__________________________________________________________ o =
B P O e i
THE MANUFACTURING PROCESS
| R R P B! oo ket o el o i el et s o e et g o i e i
I e e e e e e T R P e i o P | i
i I Process = Production Quality !
: —Ii"' planning planning [ ] Production = ey | Packaging -T Shipping :
I ——— | |m=m === = I
: i Design and ! THE CAM PROCESS i
i I — procurement : I
: : of new 1wols | :
o] | [ Order '. :
'l [ material : [
| I I
i : || NC, CNC, DNC | | : Marketing | :
: : programming " I
----------------------- A
, I

Fig. 1.1 Typical Product Cycle.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



6 £ CAD/CAM Theory and Practice

evaluations are hard to identify, they may include the proper sizing of the model
after the analysis is performed to ensure engineering practices such as gradual
change in dimensioning and avoidance of stress concentrations. Adding tolerances,
performing tolerance analysis, generating a bill of matenials and investigating the
effect of manufacturing on the design by utilizing NC packages are also valuable
tools that are available to designers.

Definition of
geometric model

;

Definition
translator

!

Design Geometric
changes model

.

Interface
algnrithm5

Y

Design and analysis
algorithms

Drafting and
detailing

¢

Documentation

f

To CAM process
Fig. 1.2 Implementation of a Typical CAD Process on a CAD/CAM System

Table 1.1 CAD Tools required to Support the Design Process

Design phase Required CAD tool(s)

Design conceptualization Geometric modeling techniques;
graphics aids, manipulations and

| visualization

Design modeling and simulation Same as above; animation; assemblies;
special modeling packages

Design analysis Analysis packages; customized
programs and packages

Design optimization Customized applications; structural
optimization

Design evaluation Dimensioning; tolerances; bill of
materials; NC

Design communication and Drafting and detailing; shaded images

documentation
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10 £ CAD/CAM Theory and Practice

fact that it provides unique and unambiguous geometric representations of solids
which, in turn, help automate and/or support design and manufacturing applications.
Major solid modeling systems now exist such as GMSolid (General Motors),
Romulus (ShapeData), PADL-2 (University of Rochester), SynthaVision-based
(Applicon) and Solidesign (Computervision). The hardware has kept pace with the
software and applications developments. In addition to developments of special
computer hardware, improved displays, almost real-time simulation hardware and
microcomputer-based and workstation-based CAD/CAM systems have been
emerging rapidly into the market. Most recent systems are as capable as most of
the mainframe-based systems that appeared a decade ago.

While the CAD/CAM field has come a long way in four decades thus far, its
future certainly holds many challenges. Extrapolating this existing history reveals
that the decade of the 1990s and beyond will represent the age where the fruits of
the current research efforts in integrating and automating design and manufacturing
applications will mature. It is anticipated that new design and manufacturing
algorithms and capabilities will become available. These applications will be
supported by better and faster computing hardware and efficient networking and
communication software.

;_i

T ——

The CAD/CAM market has always been in a state of flux since it began. New
hardware configurations and software concepts are continuously developed.
Chapters 2 and 3 cover the details and definitions of existing concepts. It 1s most
likely that the market will continue to change rapidly over the next decade. The
emergence of microcomputers and engineering workstations have contributed to
the decline in price which make CAD/CAM systems more affordable by small
businesses. In constant 1985 dollars, the U.S. market for CAD/CAM systems is
expected to grow from about $3 billion in 1985 to $8 billion by 1992. In current
dollar units, the 1992 sales figures may approach $12 billion, assuming an average
inflation rate of 5.2 percent per year for the period 1985-1992. The average yearly
growth rate in real (constant dollar) terms is expected to be 15 percent per year for
the period; that is, the real growth is to slow down from an initial 21 percent per
year in 1985 to about 10 percent per year in 1992, In current dollars, the average
yearly growth is 21 percent per year. Growth is expected to decline over the
seven-year span, 1985-1992, from 27 percent per year in 1985 to 17 percent per
year in 1992,

In the next few years, it 1s expected that purchases of large numbers of personal
computers and workstations will be made. Traditional turnkey systems will continue
to be sold but not at the rate seen in the past. These will be aimed at the project
group which works together, at the drafting and drawing archival environment and

|
RS

! This section includes excerpts from the Frost and Sullivan Report 1564.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



14§

CAD/CAM Theory and Practice

Table 1.4 CAD/CAM Market, United States—sales by Application Type

o KT S T

SGHF{.‘E Frc}f;t and Sullwan Report 1564

DEFINITION OF CAD/CAM TOOLS

14 £

ST B bt el i SIS s e o N [ S W

R A

13:1

1{}1

Growth
per year |
1984 1986 1988 1990 1992 1985-1992, %}
Sales by application type,
1985 $ millions
Mechanical 1030 1426 1891 2390 2898 13.3
Electronics 502 827 1234 1688 2149 18.7
Electrical 100 133 167 197 223 9.9
AEC 404 621 8§91 1197 1519 17.2
Mapping 160 205 246 278 303 7.6
Technical illustration 141 207 285 369 452 14.9
Other 146 207 23 343 407 12.9
Total 2484 3626 4990 6460 7951 14.9
Percent shares
Mechanical 41.5 393 379 37.0 36.5 - 1.4
Electronics 202 228 247 26.1 27.0 3:3
Electrical 4.0 £ 19 3.3 3.0 2.8 —-44
AEC 163 17.1 179 185 19.] 1.9
Mapping 6.4 5.7 4.9 4.3 3.8 -64
Technical illustration 3.7 3l o 274 St 5.7 0.0
Other 5.9 5.7 5.5 53 5.1 -1.8
Total 100.0 100.0 100.0 100.0 100.0
Growth rates
Mechanical 18.0 143 11.8 9.4 e B
Electronics 2T 2006 159 11.6 -12.2
Electrical 15.3 10.9 8.1 6.0 -12.2
AEC 23.9 187 15.1 116 - 99
Mapping 13.0 8.5 5.7 4.1 =157
Technical illustration 2 16.3 130 9.9 - 10.1
Other 19.0 14.2 10.9 8.2 -11.7
Tntal 2{] 9 IE- 3

In Sec. 1.1 we have defined CAD and CAM as subsets of the design and
manufacturing processes respectively. Tables 1.1 and 1.2 list some CAD and CAM
tools. In this section, we define CAD, CAM and CAD/CAM tools. These definitions
are based on practical and industrial use of the CAD/CAM technology. The
definitions are broad enough to encompass many of the details that readers may

wish to add.

Employing their constituents, CAD tools can be defined as the intersection of
three sets: geometric modeling, computer graphics and the design tools.
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— Hardware

Design and
manufacturing + computer — Software = CAD/CAM tools

tools L
Networking

Fig. 1.11 Definition of CAD/CAM Tools based on their Implementation in an
Engineering Environment

surfaces. Therefore, understanding the utilization and implementation of the CAD/
CAM technology 1n an industnal environment helps to close the gap between
creating the technology, managing it, using it and more importantly learning it.
Figure 1.12 shows, in a general sense, how a typical CAD/CAM system is utilized
in a typical industrial environment. The figure shows the major components or
packages that exist. The detailed capabilities and functions of each package as
well as the various types of existing user interface are what makes these systems
look entirely different. As a matter of fact, practical experience has proven that
learning one system 1s sufficient to learn another one at a much faster pace. This
faster pace is attributed to dealing with the same functions. All the user has todois

to adjust to the user interface and the management hierarchy of the new system.
One might conclude that learning the generic basic concepts behind these systems
does not only speed up the training curve of perspective users but it also helps them
utilize the technology productively.

The principal packages available consist of geometric modeling and graphics,
design, manufacturing and programming software. The three available types of
modeling are wireframes, surfaces and solid modeling. The underlying theories of
these modeling types are presented in Chapters. 4, 5 and 6 respectively. A wide
variety of geometric entities or items are accessible by the designer under each
modeling technique. Graphics encompass such functions as geometric
transformations, drafting and documentation, shading, coloring and layering. The
design applications package includes mass property calculations, finite element
modeling and analysis, tolerance stack analysis, mechanisms modeling and
mterference checking. If a design or manufacturing application 1s encountered where
the system’s standard software can not be utilized, a customized software may be
developed using the programming language provided. These languages are typically
either system dependent or independent. Once the design is complete, drafting and
documentation are performed on the model database. The model is now ready for
CAM applications such as process planning, tool path generation and verification,
inspection and assembly.

This text 1s written with the above industrial look at CAD/CAM 1n mind. A
coherent realization of the current CAD/CAM tools and their relationships to one
another form an essential core to the learning process. Thus learning the basis of
existing tools enhances both the utilization of current systems and the development
of new design and manufacturing applications.
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solids. Chapters 4, 5 and 6 cover these techniques respectively in a consistent
fashion. Each chapter deals first with the various geometric entities provided by
each modeling technique. This 1s followed by the manipulations’ functions such as
displaying, trimming, intersection and projection. Examples are provided throughout
the chapters. In addition, there 1s a design and applications section in each chapter
which combines the material in each chapter into relevant engineering problems.
Chapter 7 ends this part by covering the exchange of CAD/CAM databases among
various CAD/CAM systems.

Part III is a logical flow of Part II. It treats the basic graphics concepts which
when applied to geometric models result in the versatile and basic visual tools
- CAD/CAM systems provide. Chapter 8 introduces the concepts of homogeneous
transformation. Chapter 9 covers algorithms for hiding surfaces and solids, shading
and colorng.

While the first three parts of the book deal with the fundamentals of CAD/

CAM, the last three parts harness the acquired knowledge and cover the related.

CAD and CAM tools and applications. Part I'V deals with the interactive tools that
are typically available to designers on all today’s CAD/CAM systems. These tools
facilitate the creation and management of CAD/CAM databases.

Chapter 10 presents the available graphics aids. Some of these aids such as
geometric modifiers and grids help minimize the amount of calculations to create a
geometric model. Others such as names and groups help manage and manipulate
the model. This chapter also introduces the concept of layering which is important
for managing graphics of large and extensive models. Chapter 11 deals with
manipulating graphics of geometric models for creation, visualization and
calculation purposes. Chapter 12 covers animation procedures. Examples of how
to employ animation in engineering studies are included. In many engineering
problems, there is a need to customize the available tools. In the case of the CAD/
CAM subject, it is desired to customize CAD/CAM systems to meet particular
needs and increase productivity. Examples and problems are covered in the chapter.

Part V describes the most widely available CAD applications on CAD/CAM

systems. The basic concepts of each application, its implementation inito software
and its utilization in design problems are covered. Chapter 13 deals with finite
element modeling and analysis and discusses the issues related to interfacing
modeling and analysis. Chapter 14 discusses how design projects with CAE focus
can be developed to reflect the capabilities of CAD/CAM systems.

Part VI discusses the issue of integrating CAD and CAM databases. Chapter 15
describes the available prominent CAM applications such as process planning and
part programming. The chapter also discusses the influence of CAD on CAM.

PROBLEMS

Part 1: Theory

Short Answer Questions/Objective Type Questions

1.1 What is CAD/CAM?
1.2 What is process planning? What is its importance in product development?
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CAD/CAM hardware has progressed steadily from slow specialized systems
to fast standard ones. In the 1970s and early 1980s, the majority of commercially
available CAD/CAM systems were based on 16-bit word minicomputers. It
was typical then to find turnkey vendors who designed and manufactured their
own hardware to run their software. As a result, users of such systems were
faced with the problem of dealing with nonstandard operating systems which
most often resulted in system isolation. In addition, interfacing and networking
these systems with other computers were not feasible. Other vendors have
envisioned the importance of standard hardware and have consequently adapted
it to fit the architecture and configuration of their systems. Bundled systems
were common at that time. A bundled system i1s a packaged hardware and
software that is sold and maintained by a single vendor. It is also known as a
turnkey system. With the constantly increasing demand in performance and
diversity of utilizations, CAD/CAM systems have migrated to 32-bit word
minicomputers to provide the accuracy and support calculation intensity required
by applications such as finite element analysis and solid modeling. These
systems are commonly unbundled and offer users the flexibility to choose the
optimum hardware and software configurations to meet their needs.

The majority of today’s CAD/CAM systems utilizes open hardware architecture
and standard operating systems. Open hardware architecture implies that CAD/
CAM vendors no longer design and manufacture their own hardware platforms.
Instead the CAD/CAM industry relies upon the giant general-purpose computer
companies and smaller firms that specialize in engineering workstations. Thus users
can network the CAD/CAM systems to other computer systems as well as hardwire
them to various manufacturing cells and facilities. They can also run third party
software to augment the analysis capabilities typically provided by CAD/CAM
vendors. With the advancements in IC (Integrated Circuit), PC (Printed Circuit) and
VLSI (Very Large Scale Integration) technology, current CAD/CAM systems are
based on the workstation concept. Such a concept provides both single-user and
timesharing environments. These advancements have resulted in reducing the
developing and manufacturing costs and time of chips. It has therefore become feasible
to develop firmware by embedding calculations and graphics-intensive algorithms
into chips to speed up their executions instead of developing conventional software.

The microcomputer (PC)-based CAD systems have been developing remarkably
in the past few years. The conventional problems of memory size, processing speed
and memory-accessing speed seem to be going away. Similarly, peripheral storage
has been enhanced by developing high-capacity fixed (hard) disks with high access
speeds. User-interaction techniques have also been developing rapidly.

CAD/CAM systems based on either the microcomputer or workstation concept
represent a distinct phalesophy or trend in hardware technology which 1s based on a
distributed (stand-alone) but networked (linked) environment. Workstations can
be linked together as well as to mainframes dedicated to numerical computations.
Other processors may exist in the network to control other types/ of hardware such
as file and print servers. These distributed systems are able to perform major graphics
functions locally at the workstations and operations that require more power are
sent to the mainframe. The communication between devices in this distributed design



CAD/CAM Hardware E 27

and manufacturing environment becomes an important part of the system
configuration and design.

The dynamics and rapid changes in the hardware technology have created an
absorption problem at the user’s part. There are always various types and
configurations of CAD/CAM systems to choose from. To choose and implement a
system in an industrial or educational environment requires the development of a
set of guidelines that must address both hardware and software requirements. Section
2.3 discusses how to choose a system. A key factor in a system evaluation is the
capabilities and integration of its software which influence the productivity rate
directly.

Managing a CAD/CAM system (as other computer systems) covers both
hardware and software. CAD/CAM managers are typically responsible for
day-to-day operation and maintenance of the system, developing training programs
for users and keeping informed of the latest hardware and software trends. Day-to-
day operation involves developing a sign-up scheme because there are never enough
terminals for unlimited access, reporting hardware problems and software bugs to
the vendor, dealing with users’ problems and questions and keeping a record of
system utilization. Developing a training program for users is an important function
of the manager. Another function of a manager is to keep informed of the latest
products and trends. This typically requires attending vendor and/or users’ group
meetings, as well as trade shows/exhibits and conferences. Thus the manager is
always in a position to recommend future upgrades of the existing system.

The main objective of this chapter 1s to provide generic descriptions of CAD/
CAM hardware and its related terminology. We mainly cover the types of
architectures of CAD/CAM systems, input devices and output devices.

2.2 £ TYPES OF SYSTEMS!

The types of CAD/CAM systems available to end users are quite diverse. Within each
type, there exist various configurations and options. A generic classification of these
systems and a general description of each type and its features are beneficial to understand
hardware trends. The classification criteria are subjective and can vary significantly
from one occasion to another. One might classify systems on the basis of their hardware
configuration and performance. A second person might choose software capabilities as
a criterion or systems may be categorized on the basis of their main geometric modeling
technique, whether it is wireframe, surface, or solid modeling.

In this section, CAD/CAM systems are classified based on their hardware. More
specifically, the type of host computer that drives the system is the major factor in
the classification. While various configurations and peripherals may exist within
each type, this is less important here. Some of the types described below are of less
use than others due to the rapid changes in the hardware technology or due to the
newness of the hardware concept itself. Nevertheless, it is interesting and informative
to be aware of the development of this technology.

: This section includes excerpts from the Frost and Sullivan report 1564.
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2.2.1 Mainframe-Based Systems

At one point all CAD/CAM systems had been mainframe-based since that was the
only type of computer available. A typical mainframe-based CAD/CAM system
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Fig. 2.1 Schematic Diagram of a Typical Mainframe-based CAD/CAM
System
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Fig. 2.2 Mainframe-based CAD/CAM System. (Courtesy of McDonnell
Douglas Information Systems Group.)

Fig. 2.3 Mainframe-based CAD/CAM System. (Courtesy of
Computervision Corp.)

2.2.2 Minicomputer-Based Systems

%

The development of LSI (Large Scale Integrated) circuits and now VLSI, has
changed the basic principles of computer architecture and has directly led to the
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2.2.4 Workstation-Based Systems

The workstation concept underlying these systems has emerged from the
simple downward evolution of well-established systems technology into a
single-user or an office environment. For CAD/CAM applications, the concept
offers significant advantages over the timesharing, central computing facility
accessed through graphic display terminals offered by mainframe- or
supermini-based systems. Among these advantages offered by workstations
are their availability, portability, the ability to dedicate them to a single task
without affecting other users and their consistency of time response. By
supplying engineering professionals with their own dedicated computing
resources, workstations have proven their effectiveness in shortening time to
complete typical engineering tasks. Studies have shown that a user’s train of
thought 1s broken and productivity suffers when the system’s response to a
user’s command is not within one second. More specifically, an IBM study
of system response time showed that each one-tenth-second decrease in this
time led to a four-minute reduction in time required to complete the
experimental design task.

Graphics terminals attached to mainframes, minis, or PCs do not qualify as
workstations. These terminals may be referred to as “work stations™ (two words).
A workstation (sometimes also referred to as a personal, techniceal, or engineering
workstation) can be defined as a “work station” with its own computing power
to support major software packages, multitasking capabilities demanded by
increased usage and complex tasks and networking potential with other computing
environments. A set of standards have been adopted since 1981 to guide the
development of workstations and to differentiate them from low-cost 16-bit PCs
and graphics terminals. The most important of these standards are the 32-bit
architecture, Unix operating system and Ethernet local area network. However,
the rapid development of graphics terminals, PCs and workstations is making the
dichotomy between them difficult to sustain. One might look at the workstation
concept as a trend that is placing downward pressure on the PCs and upward
pressure on the high-end graphics terminals, obviously suggesting the
diminishment of both.

The workstation concept seems to form the basis of the next generation of
CAD/CAM systems. The style of distributed computing offered by CAD/CAM
workstations 1s preferred over that of central computing offered by mainframe-
or superminicomputer-based CAD/CAM systems. The argument for such
preference is typically based on the inadequate performance of multiuser
environments provided by the latter systems, the networking potential of
workstations and low entry costs. Figures 2.8 and 2.9 show examples of various
workstations that are currently available.
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on the cost of a system 1n addition to the initial capital investment. Various vendors

offer various types of contracts ranging from an immediate service to an on-call
basis service.

2.3.1.4 Vendor Support and Service

Vendor support typically includes training, field services and technical support.
Most vendors provide training courses, sometimes on-site if necessary. The timely
response of the vendor response centers to customer’s technical questions 1s
important during the startup time when no in-house technical expertise is available.

2.3.2 Geometric Modeling Capabilities

2.3.2.1 Representation Techniques

The geometric modeling module of a CAD/CAM system is its heart. The applications
module of the system is directly related to and limited by the various representations
it supports. Wireframes, surfaces and solids are the three types of modeling available.
Most commercial CAD/CAM systems provide them. However, it 1s important to
consider the various entities supported by each representation. The integration
between the various representations and the applications they support is an essential
1Ssue.

2.3.2.2 Coordinate Systems and Inputs

In order to provide the designer with the proper flexibility to generate geometric
models, various types of coordi nate systems and coordinate inputs ought to be
provided. A working coordinate system is an example of the former. The ability of
the designer to define the proper planes of constructions is valuable to create faces
that are not parallel to the standard orthogonal planes (front, top, right). Coordinate
inputs can take the form of cartesian (x, y, z), cylindrical (r, 8, z) and spherical (8,
¢, 2).

2.3.2.3 Modeling Entities

The fact that a system supports a representation scheme is not enough. It is important
to know the specific entities provided by the scheme. The ease to generate, verify
and edit these entities should be considered during evaluation.

2.3.2.4 Geometric Editing and Manipulation

It is essential to ensure that these geometric functions exist for the three types of
representations. Editing functions include intersection, trimming and projection
and manipulations include translation, rotation, copy, mirror, offset, scaling and
changing attributes.

2.3.2.5 Graphics Standards Support

If geometric models’ databases are to be transferred from one system to another,
both systems must support exchange standards. These standards are valuable 1f
various systems exist in one organization or if design models are shipped to outside
vendors for various reasons such as tools, jigs and fixture designs, or generating

NC part programs. It should be mentioned here that graphics standards may introduce
inconsistencies and errors into CAD/CAM databases.
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2.3.3 Design Documentation

2.3.3.1 Generation of Engineering Drawings

After a geometric model is created, standard drafting practices are usually applied
to it to generate the engineering drawings or the blueprints. Various views (usually
top, front and nght side) are generated in the proper drawing layout. Then dimensions
are added, hidden lines are eliminated and/or dashed, tolerances are specified,
general notes and labels are added, etc. These activities are time-consuming. To
generate an engineering drawing, it typically takes as much as two to three times
as long as it takes to generate the geometric model.

2.34 Applications

2.3.4.1 Assemblies or Model Merging

Generating assemblies and assembly drawings from individual parts is an essential
process. The two 1ssues that are worth investigation are the assembly procedure
itself and the clean-up of the resulting assembly.

2.3.4.2 Design Applications

There are design packages available to perform applications such as mass property
calculations, tolerance analysis, finite element modeling and analysis, injection
modeling analysis and mechanism analysis and simulation. What should be
evaluated are the capabilities of these packages, their integration and interfaces
with geometric databases and the representation techniques they utilize. Some
packages might require clumsy user input while others might lack the proper way
to display results.

2.3.4.3 Manufacturing Applications

The common packages available are tool path generation and verification, NC part
programming, postprocessing, computer aided process planning, group technology,
CIM applications and robot simulation. It 1s essential to ensure that the CAD and
CAM applications that are provided by the system are truly integrated.

2.34.4 Programming Languages Supported

It 1s vital to look into the various levels of programming languages a system supports.
Attention should be paid to the syntax of graphics commands when they are used
inside and outside the programming languages. If this syntax changes significantly
between the two cases, user confusion and panic should be expected.

All of the above evaluation criteria are covered in full detail throughout the
book. To gain a better understanding of any one of these criteria, the reader 1s
advised to refer to the corresponding part, chapter, or section in the book.

24 E INPUT DEVICES

The user of a CAD/CAM system spends much time sitting at a workstation
communicating and interacting with the computer to develop a particular engineering
design. As shown in Fig. 2.1, the user utilizes both input and output devices that
comprise a workstation to achieve the design task. These devices are universal and
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mostly independent of the types of CAD/CAM systems discussed in Sec. 2.2.
Software drivers are required to enable the host application program, i.e., the CAD/
CAM software, to interpret the information received from input devices as well as
send information to output devices. In the past, most of these drivers used to be
hardware-dependent. However, greater acceptance of graphics standards, such as
GKS, enables programmers to write device-independent codes. A number of input
devices are available. These devices are used to input the two possible types of
information: text and graphics. Text-input devices are the alphanumeric (character-
oriented) keyboards. There are three classes of graphics-input devices: locating
devices, digitizers and image-input devices. Locating devices, or locators, provide
a position or location on the screen. These include lightpens, mice, digitizing tablets
and styli, joysticks, trackballs, thumbwheels, touchscreens and touchpads. The
keyboard arrow (cursor direction) keys are inadequate for most graphics applications
and therefore are not considered here. Locating devices typically operate by
controlling the position of a cursor on the screen. Thus, they are also referred to as
cursor-control devices. The popularity of window and icon-oriented user interfaces
has stimulated the further development and enhancement of locating devices.
Normally, locators do not only have positioning functionality; they also provide
other functions and graphical input modes such as picking and choosing, tracing
and sketching. Picking or pointing means selecting a displayed item or entity on the
screen. A drawing can be input to the computer by carefully tracing 6ver its graphics
entities. Line segments can be traced by simply digitizing their endpoints. Sketching,
sometimes referred to as painting, involves the frechand generation of a drawing. All
locating devices, with the exception of the joystick which may provide three-
dimensional input, are two-dimensional input devices. Three-axis input devices have
been demonstrated using acoustic and mechanical techniques. However, they remain
expensive and are not employed in CAD/CAM systems.

Another class of graphics input devices, besides locating devices, 1s digitizer
boards or tablets, or simply digitizers. They are considered as electronic drafting
boards. A digitizer consists of a large synthesized electronic board with a movable
stylus called the cursor. It is a two-dimensional input device with high resolution
and accuracy. Typical sizes are 36 x 48 and 48 x 72 inches. Available resolution
and accuracy are up to 0.001 and 0.003 inch respectively. Digitizers can be divided

into three kinds relative to the mode of operation of the cursor. They are free-
cursor, constrained-cursor and motor-cursor digitizers. In the first kind, the cursor

is attached to the end of a flexible chord, in the second it slides along a gantry that
traverses the entire digitizing board area and in the third kind the cursor motion is
accomplished by motors driven by an operator-controlled joystick. Each kind has
advantages and disadvantages. The first kind provides greater ease of moving the
cursor. The cursor is restricted in the second kind but the digitizer can be used in an
upright position. Motorized digitizers are expensive but combine the best features
of the first two.

Image-input devices such as video frame grabbers and scanners comprise the
third class of graphics-input devices. Electronic imaging is an area of relevance to
image processing. This area may become significant to the CAD/CAM field if
robot vision systems are to be driven by CAD/CAM databases. Video digitizers is
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Fig.2.12 A Dual Screen CAD/CAM System. (Courtesy of GE (U.S.A.)
Calma, Inc.)

should be warned that these files are usually hard to read, especially when functions
such as backspaces, control keys, or digitizes are encountered in the files.

How does the-Reyboard communicate with the CAD/CAM software or the main
application program? How is the software interrupted to receive the keyboard input?
Each keyboard or input device, in general, is connected to the computer by means
of registers whose contents can be read by the computer. A keyboard has typically
two registers, one to set a status bit when a key has been struck, the other to identify
the key by its character code. The value of the status bit is monitored in a continuous
repetitive manner by the software via a programming technique known as “polling.”
When the user hits a key, the status bit 1s set and the application program 1is
consequently interrupted to clear the status bit, followed by reading the
corresponding code of the key character. The loop is repeated every time the user
strikes a key. Keyboard characters are identified by their ASCII (American Standard
Code for Information Interchange) codes. ASCII codes for alphanumeric characters
are 7-bit codes. Therefore, a character register has seven bits. The character code
for a capital letter, say A, is different from that for a small letter, say a. ASCII
codes for A and a are 1000001 and 1100001 respectively, the difference being the
replacement of the first zero from the left by one which is the case for all the other
characters. This i1s why some programs may require text input as either lower case
or upper case. EBCDIC (Extended Binary Coded Decimal Interchange Codes) for
alphanumeric characters are 8-bit codes and do not have this distinction (11000001
1s the code for A); that 1s, capital letters are always used.

2.4.2 Lightpens

- The lightpen is intrinsically a pointing or picking device that enables the user to
select a displayed graphics item on a screen by directly touching its surface in the
vicinity of the item. The application program processes the information generated
from the touching to identify the selectable item to operate on. The lightpen, however,
does not typically have hardware for tracking, positioning, or locating in comparison
to a digitizing tablet and stylus. Instead, these functions are performed by utilizing
the hardware capabilities of the graphics display at hand. The lightpen itself does
not emit light but rather detects it from graphics items displayed on the screen.
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2.44 Mouse Systems

The mouse was invented in the late 1960s as a location device but has only recently
become fairly popular due to-its convenient use with icons and pop-up and pull-
down menus. Unlike the digitizing tablet, the mouse measures its relative movement
from its last position, rather than where it is in relation to some fixed surface.
There are two basic types of mice available: mechanical and optical. The mechanical
mouse 1s a box with two metal wheels or rollers on the bottom whose axes are
orthogonal in order to record the mouse motion in the X and Y directions. The roll
of the mouse on any flat surface causes the rotation of the wheel which is encoded
into digital values via potentiometers. These values may be stored, when a mouse
pushbutton is depressed, in the mouse registers accessible by the application program
either immediately or during the computer interrupt every refresh cycle. Using
these values, the program can determine the direction and magnitude of the mouse
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DVST was introduced by Tektronix as an alternative and inexpensive solution. It
is believed that the emergence of the DVST in that time had a significant impact on
making CAD/CAM systems affordable for both users and programmers. The DVST
eliminates the refresh processors completely and, consequently, the refresh buffer
used with the refresh display, as shown in Fig. 2.24, It also uses a special type of
phosphor that has a long-lasting glowing effect. The phosphor is embedded in a
storage tube. In addition, the speed of the electron beam in the DVST is slower
than in the refresh display due to elimination of the refresh cycle. -
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Fig. 2.24 Direct view storage tube

In the DVST, the picture is stored as a charge in the phosphor mesh located
behind the screen’s surface. Therefore, complex pictures could be drawn without
flicker at high resolution. Once displayed, the picture remains on the screen until it
is explicitly erased. This 1s why the name “storage tube™ was suggested. New
picture items can be added and displayed rapidly. However, if a displayed item is
erased, the entire screen must be cleared and the new picture displayed (typically
by using a “repaint” command) to reflect the removal of the item.

In addition to the lack of selective erasure, the DVST cannot provide colors,
animation and use of a lightpen as an input device. Due to its main advantages of
- inexpensive price and high resolution, early turnkey CAD/CAM systems used
storage tubes for their displays. DVST can now be found with a local intelligence
and display file to provide selective erasure without the need to refresh the picture.

2.5.1.3 Raster Display

- The inability of the DVST to meet the increasing demands by various CAD/CAM
applications for colors, shaded images and animation motivated hardware designers

to continue searching for a solution. During the late 1970s raster displays based on
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the standard television technology began to emerge as a viable alternative. The
drop in memory price due to advances in solid states made large enough refresh
buffers available to support high-resolution displays. A typical resolution of a
raster display is 1280 x 1204 with a possibility to reach 4096 x 4096 as the
DVST. Raster displays are very popular and nearly all recent display research and
development focus on them.

In raster displays, the display screen area is divided horizontally and vertically
into a matrix of small elements called picture elements or pixels, as shown in
Fig. 2.25. A pixel is the smallest addressable area on a screen. An N X M resolution
defines a screen with N rows and M columns. Each row defines a scan line. A
rasterization process is needed in order to display either a shaded area or graphics
entities. In this process, the area or entities are converted into their corresponding
pixels whose intensity and color are controlled by the image display system.

N

T % Pixel
¥

——me
Y M

Fig. 2.25 Typical Pixel Matrix of a Raster Display

Figure 2.26 shows a schematic of a typical color raster display. Images (shaded
areas or graphics entities) are displayed by converting geometric information
into pixel values which are then converted into electron beam deflection through
the display processor and the deflection system shown in the figure. If the display
is monochrome, the pixel value is used to control the intensity level or the gray

level on the screen. For color displays, the value 1s used to control the color by
mapping it into a color map.

The creation of raster-format data from geometric information 1s known as
scan conversion or rasterization. A rasterizer that forms the image-creation system
shown in Fig. 2.26 is mainly a set of scan-conversion algorithms. Due to the
universal need for these algorithms, the scan conversion or rasterization process
is now hardware implemented and is done locally in the workstation. As an
example, there are standard algorithms such as the DDA (Digital Differential
Analyzer) and Bresenham’s method which are used to draw a line by generating
pixels to approximate the line. Similar algorithms exist to draw arcs, text and
surfaces. This is why it 1s possible to create images with different colors and
hollow areas on raster displays.
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Fig. 2.26 Color Raster Display with Eight Planes

The values of the pixels of a display screen that result from the scan-conversion
process are stored in an area or memory called frame buffer or bit map refresh
buffer (bit map, for short), as shown if Fig. 2.26. Each pixel value determines its
brightness (gray level) or most often its color on the screen. There is a one-to-one
correspondence between every cell in the bit map memory and every pixel on the
screen. The display processor maps every cell into its corresponding screen pixel
brightness or color. In order to maintain a flicker-free image on the screen, the
screen must be refreshed at the rate of 30 or 60 Hz, as in the case of refresh
displays. The refresh process is performed by passing the pixel values in the bit
map to the display processor every refresh cycle regardless of whether these values
represent the image or the background. Therefore the refresh process is independent
of the complexity of the image and the number of its graphics items. Thus there
is no chance of a flicker problem with the increased complexity of the image as
in the case of refresh displays.

To understand the performance of raster displays and to evaluate them, one
must ask the following question: how many bits are required in the bit map to
adequately represent the intensity of any one pixel on the display screen? The
trivial answer of one bit/pixel produces only a two-level image (bright or dark)
which 1s very unsatisfactory to basic applications. The practice suggests that
8 bits/pixel are needed to produce satisfactory continuous shades of gray for
monochrome displays. For color displays, 24 bits/pixel would be needed: 8 bits for
each primary color red, blue and green. This would provide 2% different colors,
which are far more than needed in real applications. Typically, 4 to 8 bits/pixel are
adequate for both monochrome and color displays utilized in most engineering
applications. Specialized image processing applications may require more than
that. The bit map memory is arranged conceptually as a series of planes, one for
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each bit in the pixel value. Thus an eight-plane memory provides 8 bits/pixel, as
shown in Fig. 2.26. This provides 2° different gray levels or different colors that
can be displayed simultaneously in one image. The number of bits per pixel directly
affects the quality of its display and consequently its price.

The value of a pixel in the bit map memory is translated to a gray level or a
color through a lookup table (also called a color table or color map for a color
display). The pixel value is used as an index for this lookup table to find the
corresponding table entry value which is then used by the display system (display
processor and beam deflection system) to control the gray level or color.
Figure 2.27 shows how the pixel value 1s related to the lookup table in an eight-
plane display. If cell P in the bit map corresponds to pixel P at the location P(x, y)

on the screen, then the gray level of this pixel is 50 (00110010) or its corresponding
color is 50.

—_— 255
0 Lookup ,
Cell P table Display screen
—— 50| 00110010 il
1
Gray .
level ™~
Bit map S
(a) Monochrome display A
— 255
0 Lookup
Cell P table
— ol R [ g | B Display screen
Color
index
) Al Px,y)
]
Bit map il
1
(b) Color display X

Fig. 2.27 Relationship between pixel value and a lookup table

Figure 2.27 shows raster displays with what is called direct-definition systems
in which the lookup table always has as many entries as there are pixel values in
the bit map. For the eight-plane display shown in the figure, the lookup table has
256 (2°) entries, which correspond to all possible values a pixel may have. For
color displays this may imply that the number of bits per pixel must be increased to
increase the number of entries in the color map and therefore increase the available
number of colors to the user. This, however, is not true and leads to increasing the
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size of the bit map memory and the cost of the display. Thus, how can the number
of color indexes in the color map increase while keeping the pixel definition (number
of bits per pixel) in the bit map to 2 minimum? For example, how can a display
have 4 bits/pixel with 24 bits of color output (2% different colors)? This is achieved
by designing a color maJJ with 2°* (16.7 million) available color indexes. The 4
bits/pixel provides 16 (27) simultaneous colors, in an image, which can be chosen
from the color map. A pixel value (0 to 13) can be used to set the value of the color
index which corresponds to the proper color to be displayed. This scheme, in this
example, provides 16 simultaneous colors from a palette of 16.7 million. To the
user, the color map is made available where colors are chosen and the application
program relates the chosen color to the proper pixel value. For example, if the user
chooses the color purple for an image element, the corresponding program sets the
corresponding pixels to reflect the color purple.

While raster displays are now a standard offering from nearly all CAD/CAM
vendors, the quality of the displayed images is affected by flicker and aliasing
problems. The flicker of an image is reduced by simply reducing the time of the
refresh cycle. The image refresh system (Fig. 2.26) may use an interlaced scan of
two fields. In the interlaced scan (as in the home television), the refresh cycle of
J_iu' second is divided into two subcycles each lasting % second. The first subcycle
displays the odd-numbered scan lines and the second displays the even-numbered

scan lines. This technique produces an image with almost a refresh rate of 60 Hz
instead of 30 Hz. The interlaced scan scheme does not work very well if the adjacent
scan lines do not display similar information. Another scheme is to use a noninterlaced
scan of one field by operating at a higher refresh rate such as 60 Hz. In this scheme,
the entire scan lines are refreshed once every ﬁ second. This high rate means more
and faster accesses to the bit map (refresh buffer) per second and higher bandwidth
deflection amplifiers used in the deflection system shown in Fig. 2.26.

The aliasing problem is directly related to the resolution of the display which
determines how good or bad is the raster approximation of geometric information.
The jaggedness of lines at angles other than multiples of 45 degrees, assuming
square pixels, is the feature of a raster display known as aliasing. Various methods
of antialiasing exist which use various intensity levels to soften the edges of the
lines or shades. Of course, the aliasing problem diminishes as the resolution
increases and is only related to the screen image and not to the geometric
representation in the computer or to drawings plotted on paper.

‘Example £ 2.1 An eight-plane raster display has a resolution of 1280
horizontal x 1024 vertical and a refresh rate of 60 Hz noninterlaced. Find:
(a) The RAM size of the bit map (refresh buffer).
(b) The time required to display a scan line and a pixel.

() The active display area of the screen if the resolution is 78 pixels (dots) per inch.
(d) The optimal design if the bit map size is to be reduced by half.

Solution

(a) The RAM size of the bit map = 8 x 1280 x 1024 = 1.3 Mbytes.
(b) The times to display a scan line 7, and a pixel 1, are given by
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2.5.2.2 Electrostatic Plotters

They are considered dot matrix or raster plotters. The image in vector form, as
lines, arcs, characters and symbols, has to be converted into raster form and
sorted. Then these rows of dots can be printed across the width of the paper or
plastic film as it slowly moves through the plotter. Typically the plotter resolution
15 200 dots/inch or more and each dot is arranged to overlap adjacent ones. This
provides a relatively high quality image. Electrostatic plotters have the virtue of
being quiet, usually trouble free, undemanding of the operator’s time and about
an order of magnitude faster than pen plotters. However, they are also an order
of magnitude more expensive than pen plotters. It is important to know where the
vector-to-raster conversion and sorting is done due to the time they take. If they
are performed at the central or the host computer, then the response time at
workstations is expected to degrade. Separate processors can be provided
specifically for this conversion task. Electrnstatic plotters are normally
monochrome, that is, black images on a white, translucent, or transparent
medium. Color plotters are available but are quite expensive.

Series of wire styli
: | } /—» Roller (cylinder)
Bl o B 8
%: ; Rntﬁting knob

Fig. 2.29 Electrostatic Plotter

2.5.2.3 Hardcopy Units

Each workstation in a CAD/CAM system should have its own hardcopy unit to
produce quick low-quality copies of screen images (screen dump) and to provide a
copy of user input and system output information which is always useful in tracking
errors and mistakes. These units are particularly useful when a central plotter 1s
located some distance from workstations. Hardcopy units (Fig. 2.30) can take
the form of small electrostatic plotters with a relatively coarse raster grid, impact
dot matrix printers using normal paper, or other devices that use light-sensitive
paper. A drawback with such paper is that it darkens with time.

. Light
Dry Silver sensitive
Copier ." / paper
- - j
2 ' ﬂ— Knob

//—" Button
ﬁi/

¥ i "

to operate
one page
of paper

=\

Interface
Fig. 2.30 Hard Copy Unit
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2.5.2.7 Computer Output-to-Microfilm (COM)Unit

These electronic devices do not produce drawings on large drawing sheets.
Instead, these units reproduce them on a thin microfilm. They are very expensive
and hence not widely used. There are several advantages of these types of
devices.

e They have got high storage capacity. A firm might deal with many complicated
assembly drawings and hence storage of all these drawings would be very
difficult. Reducing the size of each drawing into a small microfilm will indeed
lead to significant storage benefit. The data stored in the film can be easily
retrieved whenever necessary. If a full size drawing is required, the data can
be photographically enlarged.

o Faster retrieval of data can be achieved. These devices produce a microfilm
copy much faster than drum type plotters, pedestal plotters, electrostatic
plotters and line printers.

In spite of several advantages, there are some limitations too.

e They are very expensive

e It makes use of highly sophisticated technology

e Writing notes on the film during the design and drafting process i1s not
possible as is done in the case of hardcopy unit.

e [f the data are phtographically enlarged, the output drawing will lose
its clarity and accuracy at high magnification. Hence the drawings
produced out of these devices are much inferior to drawings produced
out of pen plotters.

2.6 £ HARDWARE INTEGRATION AND NETWORKING
As discussed in the previous section, there exists various CAD/CAM systems and
input and output devices. The integration and networking between the various
components and peripherals of a system ensurcs the success of CAD/CAM
installations. The need for hardware integration and networking in CAD/CAM are
manifold. CAD/CAM is interdisciplinary by nature and therefore its functions are
distributed among various departments, such as design and manufacturing, in many
organizations. The hardware components in these departments must communicate
together and have access to common databases. Another need for networking is to
share common resources and peripherals such as plotters and printers. Stand-alone
workstations are most often networked together and to central computing facilities.
The need to expand a CAD/CAM system by adding new workstations in an
incremental fashion necessitates networking. It is also common to have a need to
network devices that complement each other. An example is connecting a high-end
CAD/CAM system to a low-end system to allow database transfer.

Local area networks (LANs) are the main communication technology available.
A LAN is a data communication system that allows various types of digital devices

to talk to each other over a common transmission medium. Low-cost and low-
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Power
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Fig. 2.34

PLCs are designed to be connected to industrial equipment. the input interface will
receive process and machine signals and convert them into a form acceptable and
understandable by PLC. The output interface converts PLC control signals into a
form that is acceptable and understandable by processing equipment.

2.7.2 Hardware Configuration of PLC
The five elements of PLC are connected as indicated in Fig. 2.35 (a).

Industnal
Equipment

Fig. 2.35 (a)
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Fig. 2.36

2.7.4 Advantages of PLC

Programming is easier

Reprogramming is possible

Requires less floor space

Maintenance is easy

Better reliability

Can be interfaced with plant computer system

e & & & & &

2.7.5 Comparison between PLC and Computers

IS.No. PLC Computer
1. | Can be interfaced with industrial | Requires special arrangements for
processes connection with processing
equipments

2. | Can withstand noise, vibration, | Difficult for computers to work in
humidity, electrical disturbances | such an environment

and temperatures

3. | PLCs use relay ladder diagrams | Computer languages are totally
and other as programming different. They use high level
languages languages.
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Although there seems to be new hardware systems and components available every
day from various vendors, the underlying concept of any one system falls under
one of the four types discussed in Sec. 2.2. The reader must distinguish between
hardware technology and hardware concepts. Technology is defined as the
implementation of a concept. Technology usually changes rapidly. Therefore, it
becomes difficult to predict over a long period of time and also results in confusing
end users when making hardware-related decisions. On the other hand, hardware
concepts seem to take a longer time to develop and, once a concept evolves, it lasts
for quite some time. Considering PCs, the underlying concept is the single-user or
personal computing environment. However, the existing PC technology includes
infinite models and types and keeps changing every day. It should also be realized
that concepts and technology influence each other and both originate from the end
user and criticism of existing technology. A methodology for technology prediction
based on the available hardware concepts is presented at the end of this section.

It 1s expected that engineering design and manufacturing usages will increase
dramatically in the future due to the steady decrease in computer response time and
steady decrease in hardware and software costs. For example, MCAE (Mechanical
Computer Aided Engineering) systems (see Figs 2.37) are dedicated to design
functions. Hardware networking and true integration between CAD, CAM and
CAD and CAM software will play a major role in increasing these usages.

Another future trend is the increasing modularity of CAD/CAM and increasing
standardization of many CAD/CAM components. These standards will provide
users with more options and the ability to configure their systems to their needs.
As technology advances and user needs change, new standards will replace the
old. It is therefore not necessary to have permanent hardware standards. What 1s
happening and will continue to evolve 1s that every component of CAD/CAM

systems, from operating systems to LANSs, will be standardized among some key
manufacturers.

Fig. 2.37 Desktop MCAE System Based on an Enhanced IBM PC/AT.
(Courtesy of Aries Technology, Inc.)

Upgradability of existing CAD/CAM systems seems and will continue to be
difficult. Technology progresses too fast to allow major vendors to invest into
providing fully upgradable systems. They generally provide only an ability to convert

* This section includes excerpts from the Frost and Sullivan report 1564.
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data from one upgrade to the other. Other than data, hardware, software and training
investment become obsolete.

Other trends can be summarized as follows. There has been a shift toward more
open architecture. Prices will continue to decline. There will be a continuation of
the trend toward more desktop systems. Mainframes will be used to support
centralized management of software and data, rapid computations, archival storage
and network management. !

Tables 2.4 and 2.5 summarize forecasts of CAD/CAM systems by configuration
type in dollars and units terms respectively for the period 1984-1992. Measured in
1985 U.S. dollar values, as shown in Table 2.4, CAD/CAM systems sales are
expected to increase from $2484 million in 1984 to $7951 million in 1992 at a
growth rate of about 15 percent per year. The table also shows the clear trend that
workstation-based and microcomputer-based CAD/CAM systems will become
prevailing concepts in the years to come. Figures 2.38 to 2.40 present Table 2.4 in
terms of line graphs and pie charts. As seen from Table 2.5, the growth rate of
workstations is expected to be the largest, at an average yearly rate of 27.4 percent
in the period 1985-1992. Personal computer-based, mainframe-based and turnkey
systems sales are to grow by 20.1, 16.5 and 15.1 percent respectively. When CAD/
CAM sales are measured in the number of graphics seats (the maximum number of
simultaneous interactive graphics users), as shown in Table 2.5, workstations are
followed in growth by turnkey CAD/CAM system seats, personal computer-based
units and mainframe-based seats respectively. Figure 2.41 to 2.44 present Table
2.5 as line graphs and pie charts.

In order to predict long-term changes in computer hardware a methodology for
technology prediction is described here. The method is based on the observation
that parameters governing computer advances in technology from year to year are
relatively constant. These parameters, for example, include the cost per chip and
cost per unit weight. The method presents a computer tier model based on the
following axioms:

1. Regardless of their size, the cost of computer hardware is about $200/1b
when adjusted for inflation.

2. Weight is the dominant factor in deciding computer use independently of
time. Other factors such as memory, disk space and speed of execution seem
to be less dominant. For example, a person is expected to use 50 1b of
computer in the office at all times.

3. Based on axiom 2, there exists seven tiers, as shown in Table 2.6. There1s a
factor of ten in weight separating the tiers. The same factor exists in price
based on axiom 1.

4, A factor-of-ten improvement is achieved every seven years. This is suggested
by the fact that there is about 35 percent per year aggregate technology
improvement across the tiers. This implies that technology migrates from
one tier to the next less-capable tier in seven years.

5. The transition from one tier to another introduces qualitative changes in
computingdisage which are usually the most difficult to predict. For
example, while the tier model could have predicted the emergence of



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



CAD/CAM Theory e ' Pr- ' ce

&
nun

1986 Workstation

Mainframe
host
(765)
4 -
I:I
3.5+ /
o~ B
2 ##,,,~*”*'
E 2.5 ;
e 2 o Tumkey systems
4 s _—t (1947)
= e ey 1992 |
'% e __,_,...--"""""- _|__,...-- """'f — Mainframe Workstation
0.5+ ____—-—f—-—--—-"“"" (1765)
0? 1 | Personal
1984 1986 IQEE 1990 1992 computer
' Year (914)
o Turnkey system |
4+ On nmi}:]fmme host
+ Workstation
¢ Personal computer
Turnkey systems
. (3761)
Fig. 2.38 CAD/CAM Market Sales.
Mainframe 1986 Workstation
host (15.10)
(21 lﬂ]
Personal
compuler =T
(101 Q.
.E o0 \
= o
E ﬁsﬂ- = -'-""'-l-...____ o s !
E 3
= Euf
Tumnkey systems B ; 30k
(53.70) L3
Mainframe 1992 Workstation & &204 3 T I $
host ng} H}-;"_ i ® * ¢
(22.20) I d
Sty
Personal | l 1 |
W“’*F’utﬂ 1984 1986 1988 1990 1992

flljﬂ} Year

o Turnkey system

4 On mainframe host
+ Workstation

¢ Personal computer

Tummkey systems
(47.30)

Fig. 2.39 Shares of CAD/CAM Systems.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



CAD/CAM Hardware

87

Vaughan, J.: “Solids Modeling: Hardware Grabs the Spotlight,” Digital Des., pp. 5[}~53
August 1986.

Wang, P. C. C. (Ed.): Advances in CAD/CAM Workstations; Case Studies, Kulwer
Academic, Hingham, Mass., 1986.

Williams, T.: “Graphics Processing Migrates from Host to Workstation,” Computer Des.,
pp. 49-57, July 1985.

Yoshikawa, K., H. Yamaguchi and T. Asano: “Captive Touch Pane:l Using Uniform
Resistive Film,” Fujitsu Sci. Tech. J., vol. 22, no. 2, pp. 124-131, 1986.

Zyda, M. ].: “Workstation Graphics Capabilities for the 1990s and Beym}d Computer
Graphics, 86, NCGA, vol. 111, pp. 442453, 1986.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



90 £ CAD/CAM Theory and Practice

installation in an industrial environment is the support of the company management
during and after the training period. The post-training support is very crucial because
the trainee’s early productivity on the CAD/CAM system to complete a design
task may be less than that needed to complete the same task utilizing conventional
ways.

Mastering
the

Knowledge j ' system

gained /
.

Confusion Mastering Further
e the system training
- P
Initial training Time
il ——
period

Fig. 3.1 Typical Learning Curve During CAD/CAM Training

Users of CAD/CAM software can be classified into three groups: software
operators, applications programmers and system programmers. The majority of
users including engineers and designers fall into the operators category. The main
concern of this group 1s to master using the software so that the anticipated
productivity increases are achieved. A typical operator tends to specialize in one
or two modules of the software. For example, a designer may master geometric
modeling and finite element modeling and analysis modules while a draftsman
concentrates primarily on the drafting and detailing module. Operators are usually
assisted by their system manager and vendors’ customer response centers and hot
lines to resolve any problems and answer any questions they may encounter 1n
their day-to-day use of the software. Applications programmers can develop new
programs and link them with the software, but they are not allowed to modify the
existing source code. Such a need arises when a CAD/CAM system 1s to be
customized by adding special applications and means to its software. These
programmers are also experienced operators of the software with extensive
programming background. They are usually familiar with the programming module
of the software. In contrast to applications programmers, system programmers have
the privilege to change the source code. In essence, they are the developers of the
software itself. They are usually knowledgeable of the internal organization of the
software, its database structure and its database management system. They also
know how to modify the user interface and usually possess backgrounds in computer
graphics, engineering analysis and computer science. They usually work for either
turnkey vendors or R&D groups and centers.
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system must also be considered to avoid locking the system into software that will
be unnecessarily difficult to upgrade over the coming years. Finally, knowledge of
these standards and their functions might stimulate engineers to think of developing
design and manufacturing standards, through engineering organizations and enforce
them on CAD/CAM vendors.

e = ]

This section introduces some of the basic terms and their definitions. The knowledge
gained in this section and the remainder of the chapter should enable the readers to
understand how their in-house CAD/CAM systems are structured, how they work
and how to go about using them effectively in an engineering environment.

3.3.1 Data Structure

Formally a data structure is defined as a set of data items or elements that are
related to each other by a set of relations. Applying these relations to the elements
. of the set results in a meaningful object. From a CAD/CAM point of view, a data
structure 1s a scheme, logic, or a sequence of steps developed to achieve a certain
graphics, non-graphics and/or a programming goal.

As an example consider the object shown in Fig. 3.3. Three different types of
data structures have been identified to construct the object. They are based on
edges, vertices, or blocks. Within the context of the above formal definition of a
data structure, the set of edges, vertices, or blocks is the set of data items for each
type and edges, vertices, or blocks are the data items themselves. Furthermore, the
connectivity vertices for the first type, the edge information for the second and the
set operators for the third form the set of relations required by each type. As an

example, | 1, A & B |in Fig. 3.3b indicates that vertex 1 is shared by edges A and

B while in Fig. 3.3¢, | A,1 & 4 | indicates that edge A has the two vertices 1
and 4.

3.3.2 Database

The term “database” is commonly used and may mean different things to different
users. Casually, 1t 1s synonymous with the terms “files” and “collection of files.”
Formally, a database 1s defined as an organized collection of graphics and
nongraphics data stored on secondary storage in the computer. It could, therefore,
be viewed as the art of storing or the implementation of data structure into the
computer. Hence, it is a repository for stored data. From a software development
point of view, a decision on the data structure has to be made first, followed by a
choice of a database to implement such a structure. There may exist more than one
alternative of database to implement a given data structure.

The objective of a database 1s to collect and maintain data in a central storage
so that it will be available for operations and decision-making. The advantages
that accrue from having centralized control of the data, or a centralized database,
1s manifold:
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database readily accessible for applications. Object-oriented database models
include the entity relationship model, complex object representation,
molecular object representation and abstract data model. The abstract data
model is close to solid modeling databases. It employs abstract objects as
primitives in the design of the database. Figure 3.7 shows an example of this
database. Primitives are constructed from input data and form the lowest
field or record of storage in the database.

Object

N

Subobject Bl Subobject B2

Fig. 3.7 Sample Object-oriented Database of Object Shown in Fig. 3.3

Object-oriented databases seem to be ideal for CAD/CAM applications. Hybrid
database models may also be useful. The following are some of the functional
requirements and specifications that CAD/CAM databases must support:

I,

Multiple engineering applications from conceptual design to manufacturing
operations.

2. Dynamic modification and extension of the database and its associativity.
L

The 1terative nature of design. This nature 1s not common in business data
processing. CAD/CAM database management systems must support the ten
tative, iterative and evolutionary nature of the design process.

. Design versions and levels of detail. CAD databases must provide a capability

for storage and management of multiple design solutions that may exist for
a particular design. There is seldom a unique solution to a design problem
and there may exist several optimal solutions.

. Concurrent and multiple users must be supported from the database. Large

design projects usually involve multiple designers working simultaneously
on multiple aspects of a project.

. Temporary database support. Due to the iterative nature of design, earlier

generated data may not be committed to the database until the design process
1s completed.

. Free design sequence. The database system should not impose constraints

on the designer to follow because different designs require different
sequences.

. Easy access. Application programs requiring data from a CAD/CAM

database should not require extensive knowledge of the database structure
to extract the data needed. This is important in customizing CAD/CAM
systems for specific design and manufacturing procedures.

3.3.3 Database Management System (DBMS)

A DBMS is defined as the software that allows access to use and/or modify data
stored in a database. The DBMS forms a layer of software between the physical
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Y
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(@) MCS of Fig. 3-9a
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(b) MCS of Fig. 3-9b
Fig. 3.11 Orientation of MCS Relative to the Model

3.3.5 Working Coordinate System

It is often convenient in the development of geometric models and the input of
geometrical data to refer to an auxiliary coordinate system instead of the MCS.
This is usually useful when a desired plane (face) of construction is not easily
defined as one of the MCS orthogonal planes, as in the case of inclined faces of a
model. The user can define a cartesian coordinate system whose X Y plane 1s
coincident with the desired plane of construction. That system is the working
coordinate system (WCS). It is a convenient user-defined system that facilitates
geometric construction. It can be established at any position and orientation in
space that the user desires. While the user can input data in reference to the WCS,
the software performs the necessary transformations to the MCS before storing the
data. The ability to use two separate coordinate systems within the same model
database 1n relation to one another gives the user great flexibility. Some software
such as those of Computervision refer to the WCS as a construction plane.
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(b) Utilizing MCS of Fig. 3-95
Fig. 3.12 Views of Object Shown in Fig. 3.10

The definition of a WCS requires three noncollinear points. The first defines the
origin and the first with the second define the X axis. The third point 1s used to
define the X Y plane of the WCS. The Z axis is determined as the cross-product of
the two unit vectors in the directions defined by the lines connecting the first and
the second (the X axis) and the first and the third points. The Y axis 1s determined
as the cross product of the Z and X unit vectors (see Prob. 3.3). We will use the
subscript W to distinguish the WCS axes from those of the MCS. The X, ¥y, plane
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becomes the active construction (wnrking) plane if the user defines a WCS. In this
case, the WCS and its corresponding X, ¥, plane override the MCS and the default
construction plane respectively. As a matter of fact, the MCS with its default
construction plane can be viewed by the user as the default WCS with its X, ¥,,
plane. All CAD/CAM software packages provide users with three standard WCSs
that correspond to the three standard views of front, top and right sides: Other
WCSs can be defined by the users.

There is only one active WCS at any one time. If the user defines few WCSS in
one session during a model construction, the software recognizes only the last one
and stores it with the model database if the user stores the model by filing the
session work. When retrieved later, the user is advised to display the axes of the
current WCS before beginning construction to check its origin and orientation. If
confused, the user can simply set the WCS back to the MCS by using the same
command that defines a WCS but with the proper modifiers.

Once a WCS is defined, user coordinate inputs are interpreted by the software -
in reference to this system. At the mean time, the software calculates the
corresponding homogeneous transformation matrix between the WCS and the MCS
to convert these inputs into coordinates relative to the MCS before storing them in
the database. The transformation equation can be written as

where P is the position vector of a point relative to the MCS-and P, is the vector of
a point relative to the active WCS. Each vector 1s given by

=@x y z 1 (3.2)

The matrix [7] is the homogeneous transformation matrix. It is a4 x 4 matrix and
is given by

1 ha I3 i L4

rj=| 2 | [#[H]TMP“’T””{} (3.3)
i T2 B3 fBe) (1000 1
0 0 0 :r [

where o w [R] is the rotation matrix that defines the orientation of the WCS relative
to the MCS and “Py, . is the position vector that describes the origin of the WCS
relative to the MCS. The columns of i w [R] give the direction cosines of the unit
vectorsinthe X, Y, and Z  directions relative to the MCS, as shown in Fig. 3.13.

The WCS serves a.tmther function during geometric construction. Its X, ¥, plane
is used by the software as the default plane of circles. A circle plane 1s usually not
defined using its center and radius. In addition, the Z, axis of a WCS can be useful
in defining a projection direction which may be helpful in geometric construction.

Exam; pl &m Write a procedure to construct the holes shown in the model
use&'m Example 3.1. Use the MCS shown in Fig. 3.9a.

Solution Let us assume that the user has defined the (WCS), as shown in Fig. 3.14
to construct the model without the holes. The procedure to construct the holes becomes:
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Fig. 3.13 Direction Cosines of WCS Relative to MCS

. With the (WCS), active, construct circle A with center (1,1,0) and radius

0.25.

. Construct hole A by projecting circle A at a distance of — 1.0 (in the opposite

direction to Zy,).

. Define (WCS), as shown by using points E; E, and E;,
. Construct circle B with center (x_, y.) and radius 0.25. The center can easily

be found implicitly as the midpoint of line E, E,.

. Repeat step 2 but with a distance —0.5 (in the opposite direction to Zm)

Fig. 3.14 WCSs Required to Construct Holes A and B
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The coordinates in step 1 are given relative to (WCS), which is active at the time
of construction. With reference to Fig. 3.14, these coordinates are (1, 0, 1) relative to
the MCS and these are the values that are stored in the model database. To verify
this, using Eq. (3.3) we can write:

1 0 0,01([1] [17
10 0 -110]]1 0
C= 01 0 iﬂ 0 = 1 (3.4)
________ Lig
LU 0 0 :1_ Ll_ -1-

A similar approach can be followed to find the center of the hole B and 1s left as
an exercise for the reader at the end of the chapter (see Prob. 3.4).

3.3.6 Screen Coordinate System

In contrast to the MCS and WCS, the SCS is defined as a two-dimensional device-
dependent coordinate system whose origin is usually located at the lower left corner
of the graphics display, as shown in Fig. 3.15. The physical dimensions of a device
screen (aspect ratio) and the type of device (vector or raster) determine the range
and the measurement unit of the SCS. The SCS is mostly used in view-related
digitizes such as definitions of view origin and window or digitizing a view to
select it for graphics operations.

(*maxs Vmax)

e T — e — — e — — (s SN . B

. . S . . S . S . SR . S

(0, 0)

Fig. 3.15 Typical SCS

The range and the measurement unit of an SCS can be determined in three
different methods. For raster graphics displays, the pixel grid serves as the SCS. A
1024 x 1024 display has an SCS with a range of (0, 0) to (1024, 1024), The center
of the screen has coordinates of (512, 512). This SCS is used by the CAD/CAM
software to display relevant graphics by converting directly from MCS coordinates
to SCS (physical device) coordinates. This approach of defining SCSs is appropriate
if the software supports or drives only one type of graphics display. For software
packages that must drive multiple display units, it is convenient to define: a
normalized coordinate system that cap be utilized to represent an image. Such
representation can be translated by device-dependent codes to the appropriate
physical device coordinates. In such a case, the range of the SCS can be chosen



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



119

Fig. 3.38 Robot Simulation Via Offline Programming. (Courtesy of GE
(U.S.A.) Calma.)

Fig. 3.39 NC Tool Path Verification. (Courtesy of Computervision
Corporation.)

Modeling is the art of abstracting or representing a phenomenon and geometric
modeling is no exception. Geometric modeling and simulation via computers have
reached a level to replace the real-life prototypes or tests. A geometric model is
defined as the complete representation of an object that includes both its graphical
and nongraphical information. Objects can be classified into three types from a
geometric construction point of view. These are two-and-a-half dimensional, three
dimensional, or a combination of both. Figures 3.40 and 3.41 show some examples.
As Fig. 3.40 shows, two-and-a-half-dimensional objects are classified to have
uniform cross sections and thicknesses in directions perpendicular to the planes of
the cross sections. Constructing such an object via wireframe modeling requires
only constructing the proper entities (faces), projecting them along the proper
directions by the thickness value and then creating the proper edges along these
directions. This is a much more efficient way of construction than calculating and
inputing the coordinates of all the corner points of the model. The construction of a
true three-dimensional object requires the coordinate input of key points and then
connecting them with the proper types of entities. Figure 3.41 shows a phone model.
The model is two-and-a-half dimensional although it may seem to be three
dimensional at first glance.
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Two-and-a-half dimensional Three dimensional
"; : ; Projection directions
Fig. 3.40 Two-and-a-half-dimensional and Three-dimensional Geometric

Models

Irrespective of the specific syntax of any software package, a particular model
setup procedure is usually needed by the package to organize the model database
before the user is allowed to construct geometry. The procedure can be listed in a
generic form in the following order:

1. INITIATE NEW MODEL.

2. CHOOSE A SCREEN LAYOUT.

3. DEFINE THE WINDOWS OF THE LAYOUT AS THE MODEL
DESIRED VIEWS.

4. SELECT THE PROPER CONSTRUCTION PLANE OR WCS.

In the first step, the model name becomes the file name that stores the geometric
model information. The setup procedure results in a model database with the
hierarchy shown in Fig. 3.42. Thus, the user cannot define views before choosing
a screen layout. The user can choose the layouts and define their views at any time
during construction and not only during the model setup. Dealing with a centralized
database has two consequences on software response to user’s commands regarding
screen layouts and views. First, whenever the user defines a new view in a layout,
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existing model geometry in the model database is automatically transformed and
displayed in the view window (viewpart). Second, if a view is deleted from a layout
or an entire layout is deleted from the database, graphics entities making the view
or the layout are not deleted. Only the view or the layout display disappear from
the screen. As a matter of fact, the user can delete all views and all screen layouts
from the database and still have the model entities invisible to the user. Entities are
deleted only 1f the user does so explicitly.

o s i e e — e g Sy i e SEE W TR WSS TS SIS IS TR T TS S TS T L O s

Fig. 3.42 Typical Hierarchy of a Geometric Model Database
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level requires modifying and/or accessing the database. This level always requires
extensive knowledge of the database structure of the software. While programs are
more difficult to develop utilizing the second level of programming, they are usually
more efficient to run.

y LR S e T
] . .-I. 1 5 B . 1:_ . L .::“\: R R
VARKE o
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CAD/CAM software is usually a complex software that requires training and
understanding of its philosophy and underlying principles. Once this is achieved
the user should develop the habit of devising a strategy to construct geometric
models or achieve other goals before logging into the system. The following
recommendations may be helpful to users:

1. Develop an efficient planning strategy. A good strategy for complex models
can result in great time savings to create the model database. The user must
decide first on the type of object at hand, if it is two-and-a-half-dimensional
or three-dimensional and the type of geometric modeling desired, 1if it is
wireframes, surfaces, or solids. The key faces should be 1dentified for two-
and-a-half-dimensional objects. If more than one alternative exists, choose
the one that makes i1t easier to construct the model.

Consider, as an example, the model shown in Fig. 3.46. The easiest way
to construct this object is by constructing the entities of face (A) and projecting
them back along the direction shown and then creating the holes. Other
alternatives exist but they are not optimal. For both two-and-a-half-
dimensional

Projection direction

/(\
=5

v

Fig. 3.46 Plan to Construct a Two-and-a-half-dimensional Object

and three-dimensional objects, the user must develop the key coordinates
required to construct the model relative to the chosen MCS and possible
W(CSs. The general rule here is that the user should avoid excessive coordinate
calculations. The software usually provides users with many tools in this
regard, such as WSCs, geometric modifiers and graphic manipulations.
Chapters 10 and 11 cover these topics in detail.

Planning strategy should also include the choice of the MSC origin and
orientation, the screen layout, views and colors. Typically, a screen layout
with either an isometric view or four views (front, top, right and isometric)
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structure and management as well as on the completeness and uniqueness of the
geometric modeling techniques utilized to develop these databases. Among the
various available techniques, solid modeling seems to be the key technique to
automate and integrate the CAD and CAM functions.

Adaptive analysis and optimization are other characteristics that CAD/CAM
software should possess to better serve design and engineering applications. These
characteristics reflect the iterative nature of design. Instead of leaving the burden
of adaptation and optimization to the user, it is very beneficial if software can
provide it. Expert and learning systems as well as Al (artificial intelligence)
techniques are useful in this regard.

PROBLEMS

Part 1: Theory

3.1 What is meant by segmentation?
3.2 Define the following graphic elements in interactive computer graphics.

(a) Points (b) Surfaces (¢) Curves
Part 2: Theory

3.1 Give an example of how the centralized integrated database concept can help the
“what 1f 7 situations that arise during the design process.
3.2 Discuss the contents of a database for a line, a circle and an arc.

3.3 Can you define a nonorthogonal WCS? How is the three-point definition interpreted
by software?

Part 3: Laboratory

Use your in-house CAD/CAM system to answer the questions in this part.
3.4 What is “graphic software”? What are the functions of it? Explain briefly.
3.5 Draw the graphic software modules configuration. Write the functions of each.
3.6 Explain the following transformation in 2D & 3D concept of computer graphics
with individual examples.

(a) Translation (b) Scaling | (c) Rotation

3.7 What are the needs for graphic standards? Explain in detail.

3.8 Discuss various standards functioning at different levels of graphic system.

3.9 Nearly all functions of a CAD system depend on its database. Where does it reside
and what are its contents? Write model application patterns based on their suggested
database organization.

3.10 The model database can be organized in various ways. Briefly explain the following
possible data structures. '

(a) Storing the coordinates of geometry
(b) Including the graph based model

(c) Using Boolean operations

3.11 With a neat diagram, explain briefly the organization of a typical CAD/CAM
software.

3.12 What are the advantages of having a centralized database?
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during the construction phase and on the expected utilization of the resulting
database later in the design and manufacturing processes. Regardless of the chosen
technique, the user constructs a geometric model of an object on a CAD/CAM
system by inputting the object data as required by the modeling technique via the
user interface provided by the software. The software then converts such data
into a mathematical representation which it stores in the model database for later
use. The user may retrieve and/or modify the model during the design and/or
manufacturing processes.

To convey the importance of geometric modeling to the CAD/CAM process,
one may refer to other engineering disciplines and make the following analogy.
Geometric modeling to CAD/CAM is as important as governing equilibrium
equations to classical engineering fields as mechanics and thermal fluids. From
an engineering point of view, modeling of objects is by itself unimportant. Rather,
it is a means (tool) to enable useful engineering analysis and judgment. As a
matter of fact, the amount of time and effort a designer spends in creating a
geometric model cannot be justified unless the resulting database 1s utilized by the
applications module discussed in Chapter. 3.

The need to study the mathematical basis of geometric modeling i1s manifold.
From a strictly modeling point of view, it provides a good understanding of
terminology encountered in the CAD/CAM field as well as CAD/CAM system
documentation. It also enables users to decide intelligently on the types of entities
necessary to use in a particular model to meet certain geometric requirements
such as slopes and/or curvatures. In addition, users become able to interpret any
unexpected results they may encounter from using a particular CAD/CAM system.
Moreover, those who are involved in the decision-making process and evaluations
of CAD/CAM systems become equipped with better evaluation criteria.

From an engineering and design point of view, studying geometric modeling
provides engineers and designers with new sets of tools and capabilities that they
can use in their daily engineering assignments. This is an important issue because,
historically, engineers cannot think in terms of tools they have not learned to use
or been exposed to. The tools are powerful if utilized innovatively in engineering
applications. It is usually left to the individual imagination to apply these tools
usefully to applications in a new context. For example, the mere fact that CAD/
CAM databases are centralized and associative provides great capabilities that are
utilized in Sec. 4.8 of this chapter. These capabilities are usually more efficient
than writing analyses and plotting programs on conventional computers.

Having established the need for geometric modeling, what 1s the most useful
geometric model to engineering applications? Unfortunately, there 1s no direct
answer to this question. Nevertheless, the following answer may be offered. In
this book, the answer has two levels. At one level, engineers may agree that some
sort of geometry is required to carry engineering analysis. The degree of geometric
detail depends on the analysis procedure that utilizes the geometry. Engineers
may also agree that there is no model that is sufficient to study all behavioral
aspects of an engineering component or a system. A machine part, for example,
can be modeled as a lumped mass rigid body on one occasion or as a distributed
mass continuum on another occasion.
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model construction, Part IV of the book covers these tools in detail. These tools,
in general, help users to manage geometry as well as to avoid unnecessary
calculations. For example, typical CAD/CAM systems provide users with possibly
three modes to input coordinates: cartesian, cylindrical, or spherical. Each mode
has explicit or implicit inputs. Explicit input could be absolute or incremental
coordinates. Implicit input involves user digitizes. Another example is the geometric
modifiers which automatically identify specific locations such as end- or midpoints
of entities that are convenient to access once these entities are created by the
system.

Despite its many disadvantages, the major advantage of wireframe modeling
is its simplicity to construct. Therefore, it does not require as much computer
time and memory as does surface or solid modeling. However, the user or terminal
time needed to prepare and/or input data is substantial and increases rapidly with
the complexity of the object being modeled. Wireframe modeling is considered a
natural extension of traditional methods of drafting. Consequently, it does not
require extensive training of users; nor does it demand the use of unusual
terminology as surfaces and solids. Wireframe models form the basis for surface
models. Most existing surface algorithms require wireframe entities to generate
surfaces (refer to Chap. 5). Lastly, the CPU time required to retrieve, edit, or
update a wireframe model is usually small compared to surface or solid models.
| The disadvantages of wireframe models are manifold. Primarily, these models

are usually ambiguous representations of real objects and rely heavily on human
interpretation. A wireframe model of a box offers a typical example where the
model may represent more than one object depending on which face(s) is assumed
to exist. Models of complex designs having many edges become very confusing
and perhaps even impossible to interpret. To overcome this confusion, lines can
be hidden, dashed, or blanked. If done manually, these operations are very tedious,
error-prone and can result in “nonsense” objects. Automatic hidden line removal
algorithms based on wireframe modeling are usually helpful. Another disadvantage
is the lack of visual coherence and information to determine the object profile.
The obvious example is the representation of a hole or a curved portion of the
object. In most systems, the hole is displayed as two parallel circles separated by
the hole length. Some systems may connect a line between the two circles on
one side of the hole. In many cases, users add edges of the hole for appearance
purposes at the drafting mode or may use a cylindrical surface to represent the
hole which introduces problems later on during the model clean-up phase. In
adding the edges. inexperienced users tend to attempt to create tangent lines
between the hole circles which obviously does not work. Figure 4.1 shows
possible cases to display holes and/or curved ends of objects. Representing the
intersection of plane faces with cylinders, cylinders with cylinders, or tangent
surfaces in general is usually a problem in wireframe modeling and requires user
manipulations.

Wireframe models are also considered lengthy or verbose when it comes to
the amount of defining data and command sequence required to construct them.
For example, compare the creation of a simple box as a wireframe and as a solid.
In the latter, the location of one corner, the length, width and height are the
required input while in the former the coordinates of at least four corners of one
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The tangent vector of the line is given by
F=P1—P] (4.13)
or, in scalar form,
X =x,— x4
Y =y-y (4.14)
Z’ - ZE S Z'l

The independence of the tangent vector from u reflects the constant slope
of the straight line. For a two-dimensional line, the known infinite (vertical
line) and zero (horizontal line) slope conditions can be generated from
Eq. (4.14).
The unit vector i in the direction of the line (Fig. 4.14) is given by

. _ B -P

i & = (4.15)
where L 1s the length of the line:

L=1P,-P 1= (-5 + (- )+ -5)°  (5.16)

B o
Py Iif:
pﬁ?ﬁ
= u=0
Py .-~
Py -u=-i
u=-15

Fig.4.15 Locating Points on an Existing Line

Regardless of the user input to create a line, a line database stores its
two endpoints and additional information such as its font, width, color and
layer. Equations (4.11) and (4.13) show that the endpoints are enough to
provide all geometric properties and characteristics of the line. They are
also sufficient to construct and display the line. For reference purposes,
CAD/CAM software usually identifies the first point input by the user
during line construction as P;, where u = 0. These two equations can be
programmed into a subroutine that can reside in a graphics library of the
software and which can be invoked, via the user interface, to construct
lines. Point commands (or definitions) on most systems provide users
with a modifier to specify a u value relative to an entity to generate points
on it. In the case of a line, the value 1s substituted into Eq. (4.11) to find the
point coordinates.

. A line passing through a point P, in a direction defined by the unit vector n
(Fig. 4.16). Case 1 is considered the basic method to create a line because
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where SQRT is the square root. For a two-dimensional case, this equation reduces to

1
D= E [(e3 =2 )(¥2—¥1) — (3 =¥ )xy — xy)]

Eﬂmple § 4.9 - Find the unit tangent vector in the direction of a line:

(a) Paraliel to an existing line.
(b) Perpendicular to an existing line.

Solution The conditions of parallelism or perpendicularity of two lines given in the
vector algebra reviewed in Sec. 4.5.1 are useful if the vector equations of the two lines
exist. If one equation is not available, which is mostly the case in practical problems,
the conditions should be reduced to find the unit tangent vector of the missing line in
terms of the existing one. Figure 4.20 shows the existing line as L; with a known unit
tangent vector m,. The unit tangent vector N, is to be found in terms of n,.

(@) For L, and L, to be parallel (Fig. 4.20a),

ﬁz —_— ﬁl

or [ny, My, HEE]T= [y, myy ﬂlz]T

This equation defines an infinite number of lines in an infinite number of planes
in space. Additional geometric conditions are required to define a specific line.
This equation is equivalent to the condition of the equality of the two slopes of
the two lines 1n the two-dimensional case. Neglecting the Z component, the
above equation gives the condition for this case as

T
or [y, myl =1Iny, n,IT
nZ:,r . iril'l;-.r
LT My
or m2= ml

where m,; and m, are the slopes of the lines.

(a) Parallel lines (b) Perpendicular lines
Fig.4.20 Unit Tangent Vectors of Various Lines
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Circular arcs are considered a special case of circles. Therefore, all discussions
covered here regarding circles can easily be extended to arcs. A circular arc
equation can be written as

A
x=x,+Rcosu

y=y.+Rsinu; u,<u<u, (4.26)

2=2Z,

where u, and u, are the starting and ending angles of the arc respectively. An arc

database includes its center and radius, as a circle, as well as its starting and
ending angles. Most user inputs offered by software to create arcs are similar to
these offered to create circles. In fact, some software packages do not even
offer arcs, in which case users have to create circles and then trim them using
the proper trimming boundaries. As indicated from Eq. (4.26) and Fig. 4.21, the
arc always connects its beginning and ending points in a counterclockwise direction.
This rule 1s usually the default of most CAD/CAM packages when the user input
-1s not sufficient to determine the arc position in space. For example, Fig. 4.22 .
shows the two possibilities to create an arc given two input points P, and P, to
define its diameter. In this case, the arc is obviously half a circle and P, is always
its starting point as it is input first by the user.

Following are some examples that show how various geometric data and
constraints, which can be thought of as user inputs required by software packages,
can be converted to a radius and center before its storage by the software in the
corresponding circle database. They also show that three constraints (points
_and/or tangent vectors) are required to create a circle except for the obvious case
of a center and radius. In all these examples, the reader can verify the resulting
equations by comparing their results with those of an accessible CAD/CAM
software package.

Ex: 4,‘113 Find the radius and the center of a circle whose diameter is
gwf:n b}' two points,

Pl PI
P| PI

Py

Fig.4.22 Arc Creation Following Fig.4.23 Circle Defined by Diameter
Counterclockwise Direction - P,P,
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These equations can be solved for the components ny,, n,, and n,. using the matrix
approach utilized in Example 4.11. The unit vector i, can be found as

Tl

f, = 0y-f,
With n,, n, and n; known, the orientation of the ellipse is completely defined in

space and transformation of points on the ellipse from the WCS system to the MCS
can be performed for display and plotting purposes.

Note: case (b) of Example 4.13 is a special case of this example.

ample £ 415 Find the tangent to an ellipse from a given point P, outside the

Solution Two tangents can be drawn to the ellipse from P, as shown in Fig. 4.31.
Assume the tangency point is P;. First, transform P, from the MCS to the ellipse local
WCS system using the equation

P,=[T]P,, 449)

Y,

s

Fig.4.31 Tangent toan Ellipse from an Qutside Point

£

The transformation matrix [T] is known because the orientation of the ellipse is known.
Py holds the local coordinates of P, which should be [x; w y;w 0]. Therefore:

Py =[T]"'P,
The tangent vector to the ellipse is given by
P=[-Asinu Bcosu 0
At point Py, this vector becomes
P'=[-Asinu; Bcosu; O}
and the slope of the tangent is given by

B cos uy
A sin uy

5=
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In order to find the coefficients C;, consider the cubic spline curve with the two
endpoints P and P, shown in Fig. 4.40. Applying the boundary conditions (P,, P,
at u =0and P, P'; at u = 1), Eqs. (4.74) and (4.78) give

Pﬂ= Cn
Py=C,
P] - C:; + Cz + Cl + 'Cﬂ. (4'?9)

P,=3C;+2C, +C,
Solving these four equations simultaneously for the coefficients gives
C,=P,
C =P, (4.80)
C,=3P,-P)-2(F,-P)
C;=2P;-P)+ P+ P,
Substituting Egs. (4.80) into Eq. (4.76) and rearranging gives
P(u) = 2u® - 3u” + DPy + (21> + 3u))P,
+{u3—2u1+u)P'ﬂ+(u3—uz)P’l, O0su<l (4.81)
Py, P,, P’y and P, are called geometric coefficients. The tangent vector becomes
P'(u) = (6u” — 6u)Py + (—6u” + 6u)P,
+ Bt —du+ DPy+ Gu? - 20)P,, 0<u<l (4.82)

The functions of u in Egs. (4.81) and (4.82) are called blending functions. The first
two functions blend P, and P, and the second two blend P’; and P, to produce the
left-hand side in each equation.

Equation (4.81) can be written in a matrix form as

P(u) = U'[M, ]V, 0<u<l (4.83)

Y4

i |

Fig. 440 Hermite Cubic Spline Curve
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as it was so chosen arbitrarily for Bezier curves. The B-spline functions have the
following properties:

Partition of unity: Z N, u) =1

i=0
Positivity: N; ()20
Local support: N =0 ifue [u,u;, ;]
Continuity: N; (u) 1s (k—2) times continuously differentiable

The first property ensures that the relationship between the curve and its defining
- control points is invariant under affine transformations. The second property
guarantees that the curve segment lies completely within the convex hull of P,. The
third property indicates that each segment of a B-spline curve is influenced by only
k control points or each control point affects only k curve segments. It 1s useful to
notice that the Bernstein polynomial, B; ,(u), has the same first two properties
mentioned above.
The b-spline function also has the property of recursion which is defined as

N, N '
N, () = (u - u) i) ey S @ 4108
Wivk-1 Y Wiv i — Uiy
where
1, Susu;
Nf1={ S (4.105)
0, otherwise

Choose (/0 = 0 if the denominators in Eq. (4.104) become zero. Equation (4.105)
shows that N; | is a unit step function.

Because N, | is constant for k = 1, a general value of k produces a polynomial
in u of degree (k — 1) [see Eq. (4.104)] and therefore a curve of order £ and
degree (k — 1). The u; are called parametric knots or knot values. These values
form a sequence of nondecreasing integers called the knot vector. The values of the
u; depend on whether the B-spline curve is an open (nonperiodic) or closed (periodic)
curve. For an open curve, they are given by

0, j<k
j—k+1, k<j<n (4.106)
n—k+2, j>n

-
Il

. where
0<j<n+k (4.107)

and the range of u 1s
Osusn—-k+2 (4.108)

Relation (4.107) shows that (n + k + 1) knots are needed to create a (k— 1) degree
curve defined by (n + 1) control points. These knots are evenly spaced over the
range of u with unit separation (Au = 1) between noncoincident knots. Multiple
(coincident) knots for certain values of ¥ may exist.



Types and Mathematical Representations of Curves 209

_ \

While the degree of the resulting B-spline curve is controlled by k, the range of
the parameter u as given by Eq. (4.108) implies that there is a limit on k that 1s
determined by the number of the given control points. This limit is found by requiring

the upper bound in Eq. (4.108) to be greater than the lower bound for the u range
to be valid, that is,

n—-k+2>0 (4.109)

This relation shows that a minimum of two, three and four control points are required
to define a linear, quadratic and cubic B-spline curve respectively.

The characteristics of B-spline curves that are useful in design can be summarized
as follows:

1. The local control of the curve can be achieved by changing the position of a
control point(s), using multiple control points by placing several points at
the same location, or by choosing a different degree (k— 1). As mentioned
earlier, changing one control point affects only & segments. Figure 4.50 shows
the local control for a cubic B-spline curve by moving P; to P§and P%*. The
four curve segments surrounding P, change only.

2. A nonperiodic B-spline curve passes through the first and last control points
- Py and P, , ; and is tangent to the first (P, — Py) and last (P,, , — P,)

segments of the control polygon, similar to the Bezier curve, as shown in
Fig. 4.50.

P;

Fig. 4.50 Local Control of B-spline Curves

3. Increasing the degree of the curve tightens it. In general, the less the degree,
the closer the curve gets to the control points, as shown in Fig. 4.51. When
k=1, a zero-degree curve results. The curve then becomes the control points
themselves. When k = 2, the curve becomes the polygon segments themselves.

4. A second-degree curve is always tangent to the midpoints of all the internal
polygon segments (see Fig. 4.51). This is not the case for other degrees.
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Fig. 4.51 Effect of the Degree of B-spline Curve on its Shape

5. If k equals the number of control points (n + 1), then the resulting B-spline
curve becomes a Bezier curve (see Fig. 4.52). In this case the range of u

. becomes zero to one [see Eq. (4.108)] as expected.

6. Multiple control points induce regions of high curvature of a B-spline curve.
This is useful when creating sharp corners in the curve (see Fig. 4.53). This
effect is equivalent to saying that the curve is pulled more towards a control
point by increasing its multiplicity.

7. Increasing the degree of the curve makes it more difficult to control and to
calculate accurately. Therefore, a cubic B-spline is sufficient for a large

number of applications.
P
**** '.+\ i
Py T -
;:.i"' -.“ Ps
P / LT /
1 L B-spline curve * s
. ! (k= 6) ¥ L
" ! Bezier curve B
.""... ,‘. ¥
1.‘.-! Pi‘
Py
(a) No multiple control points

Py, Py, Ps

P> Sl

%
N
‘\
Py B-spline curve H\_A—;
(k=6) \
\ \‘\ = -
R Bezier curve v
e : l'l' ¥
+ Pg

(&) Multiple control points
Fig. 4.52 Identical B-spline and Bezier Curves
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where ¢, and @, are constants and T is the common unit tangent vector at the joint.
It has already been shown how to use curve characteristics for blending purposes
as in the case with Bezier curves. Another example is the blending of a Bezier
curve and an open B-spline curve. For slope continuity at the joint, the last segment
of the control polygon of the former and the first segment of the control polygon of
the latter must be colinear. .

The third useful class of continuity is if the curvature (C? continuity) is to be
continuous at the joint in addition to position and slope. To achieve curvature
continuity is less straightforward and requires the binormal vector to a curve at a
point. Figure 4.56 shows the tangent unit vector T, the normal unit vector N, the
center of curvature O and the radius of curvature p at point P on a curve segment.
The curvature at P is defined as 1/p. The binormal vector B is defined as

B=TxN (4.126)

U= Umax

o4
Center of curvature

Fig. 4.56 Binormal Vector to a Curve

The curvature is related to the curve derivatives through the vector B by the
following equation:
LY L.
P )
where P” is the second derivative with respect to the parameter «. The following
condition can then be written for curvature continuity at the joint:

(4.127)

P/(a)x P(a) _ P;(0)x P}(0)

4,128
IP(a)P IP;(0)P ke
Substituting Eqs. (4.125) into the above equation gives
2
T x P(a) = [%J T x P%(0) (4.129)
2
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4.7.7 Transformation

Manipulation or transformation of geometric entities during model construction or
creating the model database offers a distinct advantage of CAD/CAM technology
over traditional drafting methods. With transformation techniques, the designer
can project, translate, rotate, mirror and scale various entities. Section 4.3 shows
how two-and-a-half-dimensional objects can be constructed easily using a “project”
command. It also shows how the “mirror” command helps construct symmetric
objects. Transformation is also useful in studying the motion of mechanisms, robots
and other objects in space. Animation techniques (Chap. 12) may be based on
transforming an object into various positions and then replaying these positions
continuously.

Simple transformations such as those mentioned above are usually referred to
as rigid-body transformations. They can be directly applied to parametric
representations of geometric models. To translate a model of a car, all points, lines,
curves and surfaces forming the model must be translated.

Homogeneous transformation, as discussed in Chap. 8, offers a concise matrix
form to perform all rigid-body transformations as matrix multiplications, which is
a desired feature from the software development point of view. Equation (3.3)
gives the general homogeneous transformation matrix [T]. The proper choice of
the elements of this matnx produces the various rigid-body transformations.

One of the main characteristics of rigid-body transformations is that geometric
properties of curves, surfaces and solids are invariant under these transformations.
For example, originally parallel or perpendicular straight lines remain so after
transformations. Intersection points of curves are transformed into the new
intersection points, that is, one-to-one transformation. Chapter 9 discusses in more
detail the subject of geometric transformation.

4.8 £ DESIGN AND ENGINEERING APPLICATIONS

This section presents some examples that show how theories covered in this chapter
are applied to design and engineering problems. Consequently, it shows how existing
CAD/CAM systems can be stretched beyond just using them for drafting, geometric
modeling and beyond what application modules of these systems offer. The reader
is advised to work these examples on an actual CAD/CAM system.

Example = 4.25 For the state of plane stress shown in Fig. 4.61, determine:

(a) The principal stresses.
(b) The state of stress exerted on plane a-a.

Solution The solution of this typical problem is to use Mohr’s circle which is a
graphical method. The centralization of CAD/CAM databases can be used to simplify
the use of the method. The designer follows the part setup procedure covered in
Chapter 3 and utilizes the default view and construction plane. Then two lines are
created, one horizontal and one vertical, passing through the origin of the MCS.
These form the gand 7axes (see Fig. 4.62). The stresses at the X and Y planes can be
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5 y Tas 0
sl ) P, (800, 600, 0)
P3 (i 0, 0) Py (Ornars 0, 0) o

O max = 1048.528 Ibfin?
O min = — 648.528 1b/in?
T min = 848.528 Ib/in?
a=36.87°

Py (- 400, — 600, 0)

(a) Mohr's circle

O min i
O max
a
Tﬂ
- X
1a
a
Ty

o, = —224.346 Ib/in®
t,=734.972 Ib/in?

(b) Stress values
Fig. 4.62 Stress Calculations via Mohr's Circle

7
N\

)4

¥ TBX 7.
Fig. 4.63 Bar AB in Plane Motion
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i + B

(@) Generating points on the locus () Locus of point C

Fig. 4.64 Locus of Point C on Bar AB

The extreme positions of point C are at distances D and L — D from point O
when the bar AB coincides with the vertical and horizontal walls respectively. To
find any other point on the locus, let us start from the vertical position of AB and
increment its motion until it becomes horizontal. Thus, we start when point A is at
the location (0, L, 0). Assuming that ten points are enough to generate the locus,
point A has the coordinates (0, L —m AL, 0) where AL = /10 and 0 < m < 10. To find
point C for any position of the bar, create a circle with center at A and radius equal to
L. The intersection point between the circle and the horizontal line gives point B
and, therefore, the orientation of the bar. Point C can be located on AB using a point
command with a parameter u value equal to D/L or (1 — D/L) depending on whether
point B or A 1s input first in the line command used to create the line. The algorithm
to generate points on the locus can therefore be written as

LOOPCl =circle withP, = A, R=L
L1 = Line connecting P, = A and P, = Intersection of C1 and horizontal line
C=pointatu=1-D/L
A =pointat(0,L -m AL, 0)
when m 1s equal to 10 exit
Go to LOOP

Once all the points are generated, they are connected with a B-spline curve via a B-
spline command. The locus is shown in Fig. 4.64. To facilitate the management of
all graphics entities during construction, it is recommended that all possible aids
such as layers, colors and fonts be used (see Chap. 10). This method lends itself to
macro programming which is useful in parametric design studies.

If point C is the center of AB, the locus becomes a circle with center at O and
radius equal to the distance OC. Indeed, the locus of C is an ellipse in general with
center at O and major and minor axes of lengths equalto(L-D)and Dif D < L/2
and vice versa if D > L/2. To prove this, consider Fig. 4.65, which gives the following
coordinates of point C:

x=(L-D)cos @ y=Dsinf z=0
which is an equation of an ellipse. If D = 1/2, an equation of a circle results,
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Example 5 ‘ |, 28 .: A four-bar mechanism is shown Fig. 4.67. The input angular
velucltynf the | link AB is @y = 200 r/min clockwise. Point E, the center of the link
CB, is connected to a valve that is not shown in the figure. The mechanism is to be
redesigned such that:

Design criterion. The maximum linear velocity of point E, vg ..,., must be greater
than its current value by at least 5 inches/s.

Design constraints. (1) Only L and LL lengths can change and (2) AB must rotate
the full 360°.

15in

C : B
E
LL L=101In
—~4,
] @h = 200 r/min
77
18 1in >

Fig. 4.67 Four-bar Mechanism

Solution The solution to this design problem requires the velocity analysis of
mechanisms. Either the relative velocity or instantaneous center concept can be
utilized. The latter is used here because it lends itself to CAD/CAM techniques. The
velocity analysis is shown in Fig. 4.68. The instantaneous center of the mechanism
is the intersection point T of links AB and CD for any configuration of the mechanism.
The velocity analysis gives

vp=aL=aL,
a)z — a)lu_[,l {4.140)

vg= 0oLy = oy LLy/L,
The last equation gives the velocity of point E in terms of the input velocity and the
lengths L, L, and L,. To obtain vg .., rotate the link AB around point A an angle 6,
construct the mechanism in the new position, find L, and L, and substitute in
Eqgs. (4.140) to find v, . Repeat for the admissible range of the angle & Connect the
resulting points [each point has coordinates (8, vg, 0)] with a B-spline curve. Find
Ug max from the curve. To construct the mechanism at any angle &, rotate AB about
A, the required angle. This defines point B. Point C is the intersection of two circles.
The first has a center at B and a radius of 15 in and the second has a center at D and
a radius equal to LL. Thus, the admissible range of angle of rotation (#) of link AB
for a certain set of dimensions is found when the above two circles do not intersect.
With the above strategy in mind, the designer can choose various values for L and
LL in an attempt to achieve the design goal and the given design constraints. The
major commands needed are “rotate, measure distance, B-spline” commands in
addition to layer and utility (delete. . .) commands.
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Find the normal vector to a cubic spline curve at any of its points.
For a cubic Bezier curve, carry a similar matrix formulation to a cubic spline.
Compare [Mg] and V for the two curves.
Find the condition that a cubic Bezier curve degenerates to a straight line connecting
P, and P;.
Derive a method by which you can force a Bezier curve to pass through a given
point in addition to the starting and ending points of its polygon. Achieve that by
changing the position of only one control point, say P,.
Investigate the statement “each segment of a B-spline curve 1s influenced by only &
control points or each control point affects only & curve segments.” Use n = 3,
k=2,3,4.
Find the equation of an open quadratic B-spline curve defined by five control points.
For an open cubic B-spline curve defined by n control points, carry a similar matrix
formulation to a cubic spline. Compare [M;] and V with those of the cubic spline
and Bezier curves.
Hint: Start with n = 3, that is, six control points and then generalize the resulting
[Mg].
Given a point  and a parametric curve in the cartesian space, find the closest point
P on the curve to Q.
Hint: Find P such that (Q — P) 1s perpendicular to the tangent vector.

A cubic Bezier curve is to be divided by a designer into two segments. Find the
modified polygon points for each segment.

Explain why parametric representations have proved popular in computational
geometry.

Briefly explain the advantages and disadvantages of wire frame modeling.
Why is 3D-modeling important? Explain the limitations of wire-frame modeling
over solid modeling.
Write down the formulae for the Bezier-Bernstein blending functions for a five
point curve.
A cubic Bezier curve is defined by the points (1, 1), (2, 3), (4, 4) and (6, 1). Calculate
the coordinates of the parametric midpoint of this curve and verify that its gradient
(dy/dx) is 1/7 at this point. Use this information to sketch the curve.
Use a CAD system to demonstrate the following curve features.

@  Local modification of B-spline curve -

@ (Global modification of cubic spline curve and Bezier curve
Briefly describe various curve manipulations.

Part 3: Laboratory

4.26

4.27

4.28

Obtain the three orthographic views (front, top and right side) and a perspective
view looking along the Z axis at a distance 20 inches from the parts shown in
Fig. P4.26 (all dimensions in inches). Obtain final drawings of these views. Follow
the model clean-up and documentation procedure on your particular CAD/CAM
system. Obtain the standard six isometric views of each model. Clean up each
view.

Using your CAD/CAM system, investigate the line, circle, ellipse, parabola, conics,
cubic spline, Bezier curve and B-spline curve commands and their related modifiers.
Relate these modifiers to their theoretical background covered in this chapter.
Choose a mechanical element such as a gear and generate its geometric model.
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rails are digitized near the wrong ends. The +’s in the figure indicates the digitized
locations. Another practical tip in constructing surface models is the change in
mesh size of a surface entity. The most obvious way is to delete the surface entity
and then reconstruct it with the desired mesh size. A better solution is to simply
change the size of the mesh and then regenerate the surface display. Figure 5.2
shows surfaces of revolutions with a mesh size of 4 x 6 and Fig. 5.3 shows the
regeneration of the surfaces with a 20 x 20 mesh size. It should be mentioned here
that the finer the mesh size of surface entities in a model, the longer the CPU time
to construct the entities and to update the graphics display and the longer it takes to
plot the surface model. Finally, some CAD/CAM systems do not permit their users
to delete wireframe entities used to create surface entities unless the latter are
deleted first.

Surface models have considerable advantages over wireframe models. They are
~ less ambiguous. They provide hidden line and surface algorithms to add realism to
the displayed geometry. Shading algorithms are only available for surface and solid
models. From an application point of view, surface models can be utilized in volume
and mass property calculations, finite element modeling, NC path generation, cross
sectioning and interference detections.

(a) Wrong digitized locations (b) Proper digitized locations

Fig. 5.1 Construction of Improper and Proper Ruled Surfaces

Fig. 5.2 Surfaces of Revolution with a 4 x4 Mesh Size
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Fig. 5.6 Surface of Revolution

Fig. 5.7 Tabulated Cylinder

Fig. 5.8 Bezier Surface
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Fig. 5.9 B-spline Surface
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Fig. 5,10 Coons Patch
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Fig. 5.12 Offset Surface

nple E ° *‘-r Create the surface model of the guide bracket shown in Fig. 4.2.

Before creating the surface model, the wireframe model of the bracket

created in Example 4.1 is required and its database is assumed to be available for
this example. A quick look at Fig. 4.2 reveals that ruled surfaces and tabulated

cylinders are sufficient to construct the surface model. The following steps may be
followed to construct the surface model:

.

Retrieve the wireframe model database of the bracket. It might be more practical
to copy the wireframe model and use the copy to create the surfaces so that if
the database is corrupted during surface creation, the original database can be
copied again. )

. Select new layer(s) for surface entities to facilitate managing surface and wire-

frame entities.

. Create surfaces on the right face of the model by using a ruled surface command.

Referring to Fig. 5.13a, the line P P is divided first into two entities at the
intersection point (P5) of lines P, P, and P.P¢. The ruled surface command is
used twice to create two surfaces using lines P, P, and P P; (identified by
digitizes d, and d, in Fig. 5.13a) as rails for the first surface and lines P,P,
and P, P, (d; and d, 1n the figure) as rails for the other surfaces.

. Use a mirror or duplicate command to copy these surfaces to create surfaces

on the left face of the model.

. Create ruled surfaces on the front face of the top part of the model as shown in

Fig. 5.13a. Five surfaces are constructed. These surfaces use entities d5 and
dg; dand dy; dg and dy; d,, and d,5; and d,, and d, as rails. The small circle
has to be divided into five arc segments to create these surfaces.

Create the surface of the hole shown in Fig. 5.134. Use a tabulated cylinder
command with the circle as the cylinder generator.

. Follow a similar approach to construct all the surfaces of the model. During

construction, the user encounters either dividing existing entities or creating
new ones to define the appropriate rails of the various ruled surfaces.
Figure 5.13b shows the completed surface model while Fig. 5.13¢ shows a
shaded image of the surface model for better visualization.
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Fig. 6.9 Classification of Representation Schemes

The formal properties of representation schemes which determine their usefulness
in geometric modeling can be stated as follows:

1. Domain The domain of a representation scheme 1s the class of objects
that the scheme can represent or it is the geometric coverage of the scheme.

2. Validity The validity of a representation scheme is determined by its
range, that is, the set of valid representations or models it can produce. If
a scheme produces an invalid model, the CAD/CAM system in use may
crash or the model database may be lost or corrupted if an algorithm is
invoked on the model database. Validity checks can be achieved in three

ways: test the resulting databases via a given algorithm, build checks into
the scheme generator itself, or design scheme elements (such as primitives)

that can be manipulated via a given syntax.

3. Completeness or Unambiguousness This property determines the
ability of the scheme to support analysis and other engineering
applications. A complete scheme must provide models with sufficient
data for any geometric calculation to be performed on them.

4. Uniqueness This property is useful to determine object equality. It is a
custom 1n algebra to check for uniqueness but it 1s rare to do so in geometry.
This is because it is difficult to develop algorithms to detect the equivalence
of two objects and it is computationally expensive to implement these
algorithms if they exist. Positional and permutational nonuniqueness are
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is defined unambiguously by its boundary and that non-r-sets are not defined
unambiguously by their boundaries. The validity of B-rep models is ensured via
Euler operations which can be built into the syntax of a CAD/CAM system.
However, these models are not unique because the boundary of any object can be
divided into faces, edges and vertices in many ways. Verification of uniqueness of
boundary models 1s computationally expensive and is not performed in practice.

6.7.1 Basic Elements

If a solid modeling system is to be designed, the domain of its representation scheme
(objects that can be modeled) must be defined, the basic elements (primitives)
needed to cover such modeling domain must be identified, the proper operators
that enable the system users to build complex objects by combining the primitives
must be developed and finally a suitable data structure must be designed to store
all relevant data and information of the solid model. Other system and geometric
utilities (such as intersection algorithms) may also need to be designed. Let us
apply these ingredients to a B-rep system.

Objects that are often encountered in engineering applications can be classified
as either polyhedral or curved objects. A polyhedral object (plane-faced polyhedron)
consists of planar faces (or sides) connected at straight (linear) edges which, in
turn, are connected at vertices. A cube or a tetrahedron 1s an obvious example. A
curved object (curved polyhedron) is similar to a polyhedral object but with curved
faces and edges instead. The identification of faces, edges and vertices for curved
closed objects such as a sphere or a cylinder needs careful attention, as will be
seen later in this section. Polyhedral objects are simpler to deal with and are
covered first.

The reader might have jumped intuitively to the conclusion that the primitives
of a B-rep scheme are faces, edges and vertices. This 1s true if we can answer the
following two questions. First, what is a face, edge, or a vertex? Second, knowing
the answer to the first question, how can we know that when we combine these
primitives we would create valid objects? Answers to these questions can help
users to create B-rep solid models of objects successfully. To show that these
answers are not always simple, consider the polyhedral objects shown in Fig.
6.23. Polyhedral objects can be classified into four classes. The first class
(Fig. 6.23a) is the simple polyhedra. These do not have holes (through or not
through) and each face is bounded by a single set of connected edges, that is,
bounded by one loop of edges. The second class (Fig. 6.23b) is similar to the first
with the exception that a face may be bounded by more than one loop of edges
(1inner loops are sometimes called nings). The thard class (Fig. 6.23¢) includes objects
with holes that do not go through the entire object. For this class, a hole may have
a face coincident with the object boundary; in this case we call it a boundary hole.
On the other hand, if it is an interior hole (as a void or crack inside the object), it
has no faces on the boundary. The fourth and the last class (Fig. 6.234) includes
objects that have holes that go through the entire objects. Topologically, these through
holes are called handles.



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



You have either reached a page that is unavailable for wviewing or reached your wiewing limit for this
book,



366 £ CAD/CAM Theory and Practice

e
MBFV(makes Fio) = MME MEF
Fa
F
MME MEF-{makc:E £3) MEE
MEF.{makes F7)

Fig. 6.35 Creation of Boundary Model of Solid Fillet

The reader can perhaps find a totally different set of steps than those shown in
Fig. 6.34 to construct the boundary model, or these steps can change significantly
depending on the available set of Euler operators. For example, if composite Euler
operators for linear sweep and making cylinders are available, the model can easily
be constructed in a smaller number of steps. The reader is encouraged to investigate
this route.

‘Example E 6.6 Create the boundary model of the solid fillet shown in Fig. 6.21.

Solution Fig. 6.35 shows the boundary model of the solid fillet and its creation.
The curved face has been approximated by six facets. The construction steps follow
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A-B=GCGlue(AoutB,BinA)
or B-A=QGlue(BoutA,Ain B)

The gluing operator for A U B and A — B is simple because all the subsolids
involved are closed objects. The KFEVB operator described in Tables 6.4
and 6.5 can be used to glue the subsolids to give the proper results, that is,
closed solids. However, if the same gluing operator is used in A N B and
B - A, open (unregulanized open sets) objects would result. This i1s because
one of its operands (A 1n B) 1s an open object—in this example the two-
dimensional intersection face. In such a case, the same previous gluing
operator, KFEVB, can be used with the difference that it kills only one face
instead of two. Therefore, the operator satisfies Eq. (6.58) and is used to kill
the open object (intersection face).

The above described algorithm can be applied to any two boundary models
whose classifications with each other do not yield A on B and/or B on A cases. This
is why we mentioned in the beginning that A and B should not touch each other.
The reader can extend solid B to pierce through A and apply the above steps.

The reader is also encouraged to apply this algorithm to the two solids shown in
Fig. 6.36b. It can be assumed that an algorithm that sorts vertices by their planes is
available. In this case, six null edges on each of A and B, four loops for A, eight
faces for A, two loops for B and twelve faces for B are created as intermediate
results. After killing the null edges and splitting A and B, four and eight faces are
created to split A and B respectively to give the final result. The gluing process is
exactly as above except that the number of faces the gluing operator has to kill is
four instead of two.

6.7.3 Remarks

The B-rep scheme is very popular and has a strong history in computer graphics
because 1t 1s closely related to traditional drafting. Its main advantage is that it is
very appropriate to construct solid models of unusual shapes that are difficult to
build using primitives. Examples are aircraft fuselage and automobile body styling.
Another major advantage is that it is relatively simple to convert a B-rep model
into a wireframe model because the model’s boundary definition is similar to the
wireframe definition. For engineering applications studied to date, algorithms based
on B-rep are reliable and competitive with those based on CSG.

One of the major disadvantages of the boundary model is that it requires large
amounts of storage because it stores the explicit definition of the model boundaries.
It is also a verbose scheme—more verbose than CSG. The model is defined by its
faces, edges and vertices which tend to grow fairly fast for complex models. If B-
rep systems do not have a CSG-compatible user interface, then it becomes slow
and inconvenient to use Euler operators in a design and production environment. In
addition, faceted B-rep is not suitable for many applications such as tool path
generations. -
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Exa 2 3 " - Figure 6.61 shows a 3 x 3 x 1 inch block. A curved slot of 0.3
inck deep is to be rm]lad in the block using a ball-end mill of 0.25 inch diameter. The
equation of the centerline of the slot on the top face of the block is given by z =

—(1.5- Yxt/ 3.5) . Create the solid model of the block with the slot in it and show
the swept volume of the tool if it moves perpendicular to the top plane of the block.

//”" @

Slot centerline

T e
Bl S — R —

Fig. 6.61 A Block with a Curved Slot

Solution This example illustrates how complex shapes can be approximated to fit
within the modeling domain of a given solid modeler. Here, we are assuming that
the modeler supports boolean operations and has natural quadrics as its minimum
set of primitives. If the block had a slot with a straight centerline in any orientation
relative to it, its modeling would have been exact and trivial. In the case of a curved
centerline, the tool motion is approximated by line segments along the centerline.
The solid model of the block becomes a block primitive from which the tool, in its

proper position and orientation, is subtracted. The swept volume of the tool is the
union of the tool instances.

The tool is the union of a sphere and a cylinder both positioned at 0.175 inch
below the top face. This position (0.175) assumes the slot is created in the block by
removing all the material in one cut. The original position of the centerline of the
tool is at the beginning of the slot centerline, as shown in Fig. 6.61. In this position,
the tool 1s oriented vertically along the ¥ axis. In order to obtain a fairly smooth slot,
the tool is positioned every d/4, where d is the tool diameter, that is, every 0.0625
inch. The top view of the profile of the tool swept volume is shown in Fig. 6.62. The
curve length § of the slot must be calculated to determine the requived number of
tool positions, N, to sweep the slot. This length i is given by |

d 2
S = j\ju(d_j dx (6.104)
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Second eaition

The revised and updated edition of this classic text provides a comprehensive
coverage of CAD/CAM with focus on the application aspects. Replete with
numerous solved examples and practical problems, it provides an excellent
learning experience to students and practicing engineers.
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.

Exhaustive coverage of Geometric Modeling

.

Separate chapters on ‘Visual Realism’ and ‘Finite Element Modeling
and Analysis’
% New sections on
Computer Aided Process Planning
Computer Assisted Production Management System
% Shop Floor Control System
Flexible Manufacturing Systems
Computer Monitoring and Control System
Parts-Based Manufacturing Information System
Computer Integrated Manufacturing
% Pedagogy
% 94 Solved examples
448 Theoretical questions
69 Programming exercises

88 Laboratory exercises
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