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ABSTRACT

Receﬁt years ‘have seen growing interest in the modeling
(representation, manipulation and display) of solid objects with
2. computer. Three dimensional object modeling is essential for
computer graphics, CAD/CAM systems, image understanding systems,

and other applications.

The < search forbetter modeling  techniques have been iand
continue to be one of the major problems . 'in solid *modeling:
This thesis presents a 'Hex-tree representational technique'
for geometric modeling of solid objects. Thigs ds .a tree oriented,
recursive type new constructional technique for representation
and display of any 3-D object. A single cubical cell 1s used
as primitive in this approach. In' the hex-tree -data  structares
the full identity of a node (i.e. cubical cell) is represented
in six Bits of a word, indicating the life entities in all direc-—

tions which represent the six faces.

In order to get a realistic display: of the Hex-tree baséd
solid models, two Hidden-line algorithms are developed for simple
and complex. objects. These algorithms are suitable for Line-
drawings display devices. A complete hidden lines removed pefs—
pective picture of solid models, viewed from various distances
and/or positions in space could be perceived. Provisions -are
also: incorporated to visualise the object models, without rembv-

ing hidden  lines. Same  algorithm - can be used for both: planar

and curve surfaced objects.
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Necessary methods have been developed to calculate some
of the integral properties of the Hex-tree based solid models.
The volume, weight, center of gravity and moment of inertia of
an unsymmetrical model have been computed and shown. The merits
of providing 'Screen-layout' by creating multiple screen areas,

for a better user-interface are also shown.

Using this approach, it is possible to define, modify
and display any planar and curve surfaced three dimensional
object. The implementation of the geometric modeling system
has been done in the FORTRAN 1language on VAX-11/780 computer

system using Tektronix-4027 graphics terminal.
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CHAPTER 1

INTRODUCTION AND STATEMENT OF THE PROBLEM



1.1 INTRODUCTION

Geometric modeling dis the study of computer methods for
generation, storage, analysis, manipulation and display of shape
information. The system which provides facilities for entering,
storing and modifying shape information is called a geometric
modeling system (GMS). Geometric modeling systems are exten-
sively used by a number of industries all over the world for
creation and manipulation of 3=D -object models in:-4theinp
computer-aided design and mallufacturing activities. Plant
design g carchitecbural < degign . /moleculigs modelling, etec. are -1ew
other application areas of geometric modeling syst'em. Because
of “their 3-D object nmodeling capability, an object represented
has the information content of a number of drawings, pages of
gpecrification and’ enginceripng rdata. in e sbypical s geome P e
modeling system environment, the human-user sits at a graphic
workstation and intefacts with the system through wvarious inter-
active devices (alphanumeric keyboard, digitizer, tablet
joystick, 1light pen, etc.) and display devices (raster-scan
cathode-ray-tube, memory-tube displays, plotters, etc.) to get
His® job  done. The objects created during one such interactive
session can be stored in disc. files for future examination or
modification. Also, they éan be passed on+:to ‘a@any other progrdam
for analysis, such as, spatial interferenée checking, st.ructural
analysis, or for producing Numerical Control (NC) machine tool
Dash  data” for their automatic manufacture. The possibility of

integrating the design, analysis and manufacturing activities



together, by providing a common data base is another important

advantage of geometric modeling system.

Wireframe modeling system, surface modeling system and
solid modeling system are the three types of 3-D geometric
modeling systems available [57,35].In wireframe models, the edges
of the object are shown as lines. For objects in which there
are curved surfaces, contour lines can be added to indicate the
surface. The image assumes the appearance of a frame constructed
out of wire - hence, the name 'wireframe model'. These models
are highly ambiguous description of object geometry, virtually
not useful for complex manufacturing operations. In wireframe
models, all the lines defining the edges (and contoured surfaces)
of the model are shown in the image. This can cause the image
to be somewhat confusing to the viewer, and in some cases, the
image might be interpretable in several different ways. Though
by removing the hidden lines in the image this interpretation
problem can be alleviated to some extent, it requires substantial
manual intervention. The true volume of the object also cannot
be known through the model, as there is no knowledge of the

surfaces between the lines.

The surface models describe an object in terms of points,
edges and faces between these edges. These models are also
ambiguous due to the fact that there is no knowlege of what is
'solid' material or what is the 'inside' of an object or the
'outside'. Surface modelers are useful to find the intersection

of complex surfaces, to produce shaded colour picturesis to



generate Numerical Control tool path data for complex surface
machining . etc. However, surface modelers suffer from the

following drawbacks.

i) They cannot reliably remove 'hidden lines' from
any view
ii) The «creation of internal sectioned views is a
tedious task .
iii) The accuracy and reliability of mass properties
(volume, moment of inertia; etc.) exﬁracted from

surface models have limitations.

An improvement over Wireframe Model and Surface Model,
both in terms of realism to the user and definition to the
computer, is the Solid Model. The solid modeler (also referred
to as 'Geometric' or 'Volumetric' modeler) holds a complete
description of an object, in terms.of space, which it occupies.
This description is wunambiguous, in the sense that the ‘system
always knows whether any point is ‘'inside' or 'outside' an
object, or if it lies on the surface of the object. There 35
very 1little chance of misinterpretation as the models are
displayed as solid objects to the viewer. When colour is added
to the image, the resulting picture becomes strikingly realistic.

Other advantages of solid modelers are

i) They can produce accurate mass properties data which
truly reflects the reality of the part.
ii) Interference between any parts can be "detected

and displayed



iii) Views can be produced from any point of view, with

automatic removal or dashing of hidden lines.

Perspective can be generated for any view. Because of
-this tremendous potential, geometric modeling system, with solid
modeling capability, will find wide range of applications outside
the realm of computer-aided design and manufacturing, such as,
training simulators, robotics, animation in movies,‘etc. [57,55,

85534 7.

Various representation methods have been proposedis for
'gebmetric modeling of solid objects [55]. Among these, Construc-
tive Solid Geometry (CSG) and Boundary Representation (B-Rep)
are. the - two Widely. accepted schemes for commercial geometric
modeling systems. However, these methods have several limita-

Clons:.

The representation capabilities of these schemes are not
sufficiently robust to easily handle the object complexities
reguired in a realistic eﬁvironment, as the objects are construc-
ted from a limited number of mathematically well defined surfaces
or solid primitives [45]. Adding new powerful primitives to
a2 8ystem based on these methods or generalising the wuse - of
existing one not only requires extensive development of mathema-
ticél tools and significant software modification, but also needs

substantial additional computation and memory space.

In any of these representations, object manipulations,

such as boolean operations (union, difference and intersection)



or display operations place an unacceptable burden on computa -
tional resources. In these operations, it is necessary to
calculate. the edge of intersection in .three dimensions of two
objects (represented by several thousand primitive shapes or
surface patches), interference detection and hidden surface
removal, which require a very large amount of computation. The
searching and sorting tasks for the comparison of primitives

also increases the processing time.

Problem also arises when there is a need to store data.
in a database. For a database, it is an essential requirement
to secure consistency of the stored data, 1like physical 3-D
interference of mechanical parts. In order to check the consis-
tency of stored data in these representations, a lot of computa-

tion is required [20].

The computation of integral properties, such as, volume,
surface area, moment of inertia, etc. of objects represented
by Constructive Solid Geometry scheme is a difficult operation.
If an object is defined ‘as. the union of two primitivés which
penetrate each other, then the volume of the object can be
computed only if we know what portion is common to these two
primitives. The CSG representation of the object does not expli-
citly give this information. Hence, computation of these proper-

ties require more computational efforts.

Another disadvantage of Boundary Representation scheme
I8 its verbosity [55]. Even for a simple object 1like a cube,

the amount of information (contains details of its six faces,



_twelve edges, eight vertices and their adjacency information)

to be stored is very large.

Even though Constructive Solid Geometry and Boundary
Representation schemes are the well known methods for solid
modeling, another technique known as Oct-tree (a tree based
hierarchically oriented approach) is becoming popular in recent
years [30,45]. This Oct-tree data structure is basically an
approximation of three dimensional object, by a set of c¢ubes
in various sizes. This method also suffers from several limita-

tions.

As the“Oct—tree is an approximation of an object with
smooth free surfaces by cubes, it is inevitable that the encoded
object entails some notched surfaces [20]. In order to avoid
this Jjagged surface, it is necessary to represent an object by
a very deep level Oct-tree, which requires enormous data storage
and a high speed processor. This characteristic considerably
affects the important advantages of Oct-tree, such as, processing
speed, memory economy, etc. Also, because of this approximation,

only approximate integral properties of object can be calculated.

Geometric transformations are also problematic in this
gcheme. As geometric transformation is a sort of combinatorial
problem in the Oct-tree representation, a manipulation sequence
affects the calculation time considerably. Another major limita-
tion of Oct-tree data structure is the difficulty of incorpora-
ting it into existing graphic software systems £137. An object

ciedted on. a’' system built’ ‘around either Boundary Representation



scheme or primitive solids, and transformed into an Oct-tree,
to take avantage of ©boolean operations, can no longer be
vreconstructed. back to a Boundary Representation scheme. This
irreversibility of the transformation is a drawback of using
Det~tree in- conjuncilon ~with existing Computer-Aided Design/
Computer-Aided Manufacturing (CAD/CAM) systems and databaseé.
For display operations also, it is not a desirable data structure

L19):

1.2 MOTIVATION FOR THE PRESENT WORK

In the 1light of the discussion about the computational
aﬁd other problems associated with the popular solid modeling
schemes, it 1is observed that these methods have limitations in
some form or the other. This outlines clearly a heed for deve-
loping new techniques or improvements in the existing techniques.
Some of the desirable 'design requirements' in a computer-aided

“design environment are discussed in this context.

The acceptance of any computer-aided modeling system
heavily depends upon the flexibility of the modeling technique.
The approach should be simple, reliable and unified one, so that
a widc—range of  3-D objects from polyhedral to solid objects
with curve surfaced could be modeled. As far as possible, the
method should be sound enough to model the desired shapes

directly by avoiding frequent boolean operations.

Designing is an active process. _As the design proceeds,

various ideas strike for improvement. 1t should be possible



to feed these information with computer assistance. This could
be attained only if the system is provided with a good User-
interface. Through better User-interface, not. only the shape
of the object in the designer's mind can be made, but also he
gets the feel of designing with his own hands. This also allows
him to correct erroneous instructions at any stage of the design.
There can _also be situations for modification of models by
combining different object models. Such "modifications canibe
done through boolean operations on solid models. The system
should be supported with these facilities, so that the designer-
user will be able to model the shapes of his interest. Incorpo-
ration of suitable algorithms for removing the boundary of the
model, that are not visible from a given vantage point, is consi-
dered as another essential requirement. This will ensure the
user a realistic display of the modeled object. Inclusion of
software for the computation of volume, moment of inertia and
similar properties of solid models is also a desirable require-

ment in a computer-aided design set up.

In view of the above discussion, it is clear that there
is a need for developing new methods or improvements in the
available schemes for the representation, manipulation and/or
display of solid objects and also to incorporate design require-
ments, like, friendly user-interfaces, modification facilities,
hidden parts removal algorithms, engineering analysis software,
etc. These observations. provided  motivation  for this thesgis

work.
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1.3 STATEMENT OF THE PROBLEM

To. gstate ithe ‘specific. tasks, which. the présent work is

antended to cover, a list of-major. objectives: is given:below:

1. To explore the possibilities for the development {of
a new representational technigue o7 geometpic
modeling of solid objects.

2. . To develop <Hidden-1line  ‘elimination algorithme 0 7O
efficient display of solid models, based on the
pPproposed-technique.

3. To provide suitable user-=interface to the geometiic
modeling system based on the suggested method.

4. To develop necessary methods for the computation of
integral prdperties 1%¥ke; volumé,: monent -of ihertia,

etc. of the proposed technique based solid models.

1.4 ORGANIZATION OF THE THESIS
A chapter-wise summary of the thesis is as follows

desthapter. cds ah overview of geometric modeling systems
andsgeneral® considerations are discusged:

This Chapter begins with the historical developments !of
geometric modeling systems. General properties of “-wagipus
representational schemes of solid objects, human-computer inter-
face and application areas of geometric modeling systems (GMS)
are also presgsented in-this Chapter.

The concept -of new representational technique ‘and - the

data structure.  alongi: with' suggested: definitions are "expliaiped
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in #Chapter: 3. The usefulness of this scheme to perform boolean
operations and the development of curved boundaries are also
discussed, with supporting photographs.

In Chapter 4, two hidden-line removal algorithms for the
display of the Hex-tree represented solid ﬁodels are explained.
These algorithms are suitable for line-drawings displéy devices.

The implementation details of the Hex-tree based geometric
modeling system with photographs of solid models '‘produceds by
the system are given in Chapter 5. An overall idea about thek
various facilities incorporated in this system for a friendly
user-machine interface are also explained in this Chapter.

The computation of volume, center of gravity and moment
of inertia of Hex-tree based solid models are discussed 1in
- Chapter 6. Computed results of a typical model are also shown.
Finally, the summary of the research work and areas for

further investigations are presented in Chapter 7.



CHAPTER 2

OVERVIEW OF GEOMETRIC MODELING SYSTEMS
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<30 & HISTORICAL DEVELOPMENTS

The use of graphic displays as output devices for compu-
ters has: been experimented from the very early days of computers;
in: the year 1950, for example, a cathode ray tube was attached
to MIT's Whirlwind I computer to generate simple pictures.
However /it wastonly a decade later Ghe potgntial of “interagtive
computer graphics was realised when, in 1962, Ivan Sutherland
developed the 'SKETCHPAD' as a part of his Ph.D work at M.I.T
[65]. As its name indicates, one can feed into the computer
graphical information 1like points, lines and curves by drawing
them on the CRT screen with a pen like tool. This experiment
demonstrated the possibility for human beings to communicate
with a computer. through- - pictures, and it laudnched the new subject
of interactive computer graphics. In=the "late . sixtees seycral
projects«in . interactive computer graphics were. -taken:up nobioniy
in universities but also in research laboratories and industries
like Bell -Telephone 1abs,. General Motors - Company and Lockheed

Aircraft Corporation [48].

From the very beginning, industrial applications of compu-
ter: graphics were widely recognized: Layout design of printed

circuit’ boards "and ‘generation of  photographiec masks for the

prodnction. of - antegrateds-circuits were done using computer
graphics. techniques. In these:applications, the ‘objects hapdied
are. purely 'two dimehsional “and 2 their ‘geometry. 18 sSipmpie: In

the area of mechanical jengineering design and manufacture, we
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are mainly dealing with solid objects and their - shape is an
important infbrmation for their designers and manufacturers.
Traditionally, drawings are used to communicate shape information
among various persons involved .in the design and manufacture
of = 27 product’ The first efforts in computer aided design,
naturally, were to computerise drafting operations. Graphic
input devices 1like digitizers could be used to convert exiSting
drawings to their computer representations; computerised drafting
packages provided help in interactively creating new drawings,
and modifying existing ones. The usefulness of these drafting
packages were very limited since ERey -were merely trying to
imitiate manual drafting operations. The first Stept =1
increasing the power of these systems was to incorporate in them
three  dimensional capabilities. With = a . three.:‘dimensijonal
representation of an object, many views of the object can be
produced from a single representation, unlike in the case of
drafting packages where each view needs a different represen-
tation. For. a 3-D. representation; a 1ist.of edgeé of the object,
known as wireframe representation, is wusually stored in the
system. Wire frame representations are ambiguous in the sense
that a single wireframe representation may correspond to more
than -one. solid object [57]. This serious drawback of the
wireframe representation prevented the automation of many useful
operations on solid objects, such as, mass property calculations,
gectaoning, - ‘hidden  =Fine i ‘elimittation  ‘and. . so: on Geometric

modeling syStems were introduced to remove thesc'handicaps.

Geometric modeling systems were first introduced in the
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early seventies. Prominent - among: the early systems "were - ithe
BUILD system of the Cambridge University, U.K. [9], and the Part
and Assembly Description language (PADL) system of the University
of ‘Rochester, U.S.A. [50]. The Build system used the Boundary
Representation Scheme in which solid objects are defined by
specifying their beunding surfaces. PADL:aiged the - Constpuctiive
Solid Geometry Scheme (CSG) for representing solids, a technique
insswha ch an' - object g buandt up from.certain simple primitives
like cubes and cylinders by means of geometric transformations
and boolean operations. A number of other systems based on these
Ewo.solid . Pepresentation schemes - “wereialse ~developeditat: many
universities in U.S., Europe and Japan [57,3]. Once the possibi-
Iity ~of representing golidsobjects unambiguously and -1 of
performing operations on them with the aid of - computers was
demonstrated by these experimental systems, some dindustrial
organizations and software firms began to develop commercial
geometric modeling systems. GM solid [8,7], based on PADL,
developed at the General Motors, and ROMULUS [71], based on the
BUILD Modeler, developed by the Shape Data Ltd., are examples
of sueh systems. These systems had very good user interfaces
and they could be incorporated into computer aided engineering
systems which are capable of computing several useful proper@ies

of solid objects and also giving assistance in their manufacture.

Along with the development of experimental systems, atten-
fion- was also ‘paid to. build up:s a - -theoretdcal ibasis - Lorc sabhag
modeling, especially by researchers of the Prouction Automation

Project of the University of Rochester [55]. Among their
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contributions include the development of a rigorous mathematical
model of solid objects in terms of compact regular semianalytic
sets and regularised boolean operations, study of formal proper-
ties of representation schemes, and development of efficient
algorithms for the boundary evaluation of solids defined by the
CSG scheme. Also around this period, many interesting applica-
tions of solid modelers 1like finite element mesh generation,
interference analysis, kinematic simulation, Numerical control
program generation and verification, process - .and - assembly
planning were attempted [35]. Another important development
in the  Jlate ‘geventicd -1s  the “intpeduction -of .a new solid
representation scheme known as Oct-tree [29,30]. Many
algorithms for representing solids and performing operations
ofi zEnem. - using the - Oct-trees  representation: are  ‘now .Deing
developed [30, 16, 45, 79, 80]. The development of another data
stucture known as ‘'Polytree' which is a generalization of

Oct-tree data structure was also reported [13].

Attempts are also being made to extend the geometric cove-
rage of geometric modeling systems to include solids bounded
by iseulptured. surfaces. Thesge “are surfgeess dhike those ol cap
bodries; - :ship hulls and aircraft fuse lages which: cannotii:be
defined by a single mathematical equation. Even though the area
of sculptured surfaces is well developed, the use of <these
surfaces in defining solid, objects is of recent origin, and many
prattens —need - fo . be ‘solved before < they cani-betisniccessiiEli
incorporated in commercial GMS. A work in the geometric modeling

of solids bounded by sculptured surface was reported in [51].
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2.2 GENERAL PROPERTIES OF REPRESENTATION SCHEMES

A solid representation is a symbol structure over a finite
alphabet specified according to some syntatic rules. A represen-
tation scheme is then a mapping from the mathematical model space

to a set of such symbol structures [55].

Let M be the mathematical modeling space for solid
ohadects od e, M ds thesetrof a1l subsets of -the three-dinen=
sional Eucledean space E3 which are bounded, closed, regular
and semi-analytic. Members of M are called r-sets. Let Rt be

the set of all syntatically correct representations produced

by .. a2 grammer. R- is. called a representation - space. Then a
mapping s from M to R is called a representation scheme. The
praperties: of representation schemes can be categorised as
follows

2.2.1 Formal Properties

In a precise mathematical fashion, the various properties
are discussed here. Domain of the representation scheme is the

domain of s. The domain of a representation scheme characterizes

the descriptive. power of the scheme. Members of R included in
the: range of s are called valid representations, i.e., they
correspond to elements of M and are not nonsense objects. Vali-

dity is equivalent to semantic correctness: ‘One "of ~‘the 'issues
in geometric modeling system design is to decide that who will
be responsible for checking validity of objects in the system.
Even though it 1is good to have the system automatically check

validity of its objects, in some representation schemes, the
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validity check 1is a costly operation in terms of computer time
and hence is left to the user. In such a gsystem, if the user
fails to make sure that the objects he has created are valid
ohjects, - then 1ater. on, it may lead to serious troubles -and
- probably program termination when operations are attmpted to
be performed on invalid objects. validity checkinga by liserfis
not always possible in a system which tries to automate certain
stages of design activity because in such systems, objects are

sometimes created by programs within the system.

A representation r in the range V of the scheme s is said
Lo ubes complete on unambigdus if it corresponds to a single
gmectb o adve s il s_l(r) contains only one element. The represen-
tation scheme itself is complete or unambigous if all its wvalid
representations are unambigous. A complete representation of
an object has enough information to distinguish that entity from
all other entities in the domain D of the scheme. 504 if we
exclude properties defined by functions that are not computable,
then — theoretically " a  complete . representabion provides: “aill
necessary information to answer any question asked about the
geometry of the object. Completeness of the representation scheme
i8 ‘hence an essential property . of general 'purpose geometric
moceling ‘systems: which are built -to tack1¢ a range of applica-

tions not known in advance.

An object is said to have unique representation if there
18 conly: ‘one . symbolistructure sthatsicdm beiffused:: tosrepresents H i
A representation scheme s 'is unigue  if all the objects: in idits

domain are uniquely represented, i.e, the mapping 8 is a sinele
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valued function. Uniqueness of the representation scheme helps
in easily determining equality of two objects in it. Intthe

absence of wuniqueness, two objects A and B can be tested for

equality only by (i) computing 'S' using the expression
S = (A-*B)U*(B-*¥A), and (ii) checking whether S is null object
Grinot.

2.2.2. Informal Propefties

There are a number of desirable properties of representa-
btion schemes which are informal in natufe. Some of the informal
properties are now discussed. Conciseness is one of the proper-
-ties which refers to the 'size' of representations in a scheme.
Concise representations are convenient to store.and to transmit
over data 1links, and contain relatively few redundant data. In
practical systems, it is common to add redundant information
to object representations to help the speeding up of certain
frequently performed computations. Another desirable property
of representations is ease of creation. The ease with which
(valid) representations may be created by users of. modeling
systems is of importance, especially if the users are human.
Concise representations generally are easier to create than
verbose ones. Some systems with verbose representation scheme
provide input subsystems to help the users to conveniently create
objects. Yet another desirable property of a solid representation
scheme 1is efficacy in the context of applications. Even though
a complete representation contains enough informations to do

most ‘of the application processing, it may happen that given'
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4. representation,  there ' is 1o convenient or efficient way of

implementing some algorithms.

since “no - 8ingle  representation< Scheme: "available' which

is good for all - applications, practical geometric mode}ing
gystems: do: sometimes: contain mulbtiple ‘Pepresentations " of the
same ‘object. There -are  a .number of ~problems associated -With
multiple reprsentations. First of all, the system should ensure
congistency, i.e. different representations of the same object
ghould -agree  withireach~other. Secondly, algorithms should be
provided to convent from one representation to another.
Sometimes it is not possible to convert one representation of

an..object tTo another representation of '‘the same object since
the domain of coVerage of the two representations may not be
same. In such cases approximate conversion algorithms are
employed, which compute an object in the other representations

that closely approximates the original object.

2.3 REPRESENTATION SCHEMES FOR SOLID MODELS

There : are  a number:>-ol ~different: schemes [oOr representing-spliyd

modedg - in.a computer.
2.3.1 Constructive Solid Geometry (CSG)

This is probably the most important scheme for represent-
ding ~non=sculpbured opr : functional sohbjectss In::this schemal A
goldid. object ‘is' created by . combining -several praimitive:selids

of simple shapes. The : primitives ‘commeonly. used. are. ‘cubes,
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cylinders, spheres, cones, etc. Geometric transformations are
provided to change their size and to position them in space.
They are then combined together by boolean operations (Union,
difference and intersection). So, in this scheme an object is
represented by a binary tree whose leaf nodes représent efther
primitives or parameters of geometric transformations and whose

internal nodes represent geometric transformations or boolean

operations. A formal definition of such a CSG tree is given
below:
<sG treed :: = {Primitive leaf>

<CsG treep<Boolean operator node> <LSG tree>
<CsG tree> <transformation node> <transformation

parameters>

There are a number of variations possible from the scheme

mentioned above. One of them is to use half-spaces as primitives
instead of bound solids. A half space is defined as a set of
points in the three-dimensional Eucledean space E3 given by

ki{P:F(P)(Q}, where F is a real valued analytic function in E3

and k and i are respectively the closure and interior operators

in the usual E3 topology [53].

One of the mqin advantages of the CSG scheme is the possi-
bidlity of ensuring the validity of objects represented by it.
Primitive shapes 1like cubes, cylinders, spheres, cones, etc.
represent valid physical objects. Since the operations performed
on fhese primitives are regularised boolean operations, the

resulting objects are also guaranteed to be valid [54]. However,
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thiag advantage ds-lost :if half Bgpaces é&dre used as primitivess
In- thig case Tthepeiis a need to . ensire that the objects in iEhe
system are bounded and it cannot be done without spending a good

amount of computational effort.

Given a ~CSG  repregentation:  thewe ‘exXiSEs -only one soiid
that corresponds: to: it and hence the C5G scheme is unambigous.
On-the  -other hand, given ‘an-object -therve-may be more "“than one
way of decomposing it into primitive solids and so this scheme
does not possess the unigluenesSs ‘properiy. Consegquently; speciadl

algorithms are necessary to determine whether two representations

Tnt e schieme: represent the same - object Sor  not. One important
advantage of CSG scheme is its consciseness. If . the objecti:to
be ~represented” can be .split up ipto the primitive. solids

availdabie in - the -seheme; “then tlhie “uger:will: e able Lo spodiiy
that object with the help of a few primitive instances ‘and

boolean operations on them.

It .dis quite - easy- to perform ‘boblean operations on itwo
pbjects represented: an.a CSG- Scheme. Al one hag Ho doisl-to
cfeate a new - C8G: tree Wwith-1ts root:nodeseontaining the peguired
boolean - operation and ‘with the - two sons of .this root  beingiithe
two operands of the boolean operation. There A8 no ‘other-salid
representation ‘scheme : in whieh ~the “iboolean  operationsi arelsso
easy to perform. The simplicity of performing boolean operations
is cdue to the implicit nature of the CSG BScheme of represenbing
solids. This very same implicitness is a draw back of the 'scheme
for most other operations. we would 1like ‘to. perform with: solid

objects.
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One example of such a difficult operation is the display
of objects. In order to display an object we should know what
portion of the solid is wvisible. Clearly it is only 'a subset
of boundary of the object that will be visible and all <the
interior portions are invisible, assuming that the object is
opaque. ‘The boundary of the solid object is a subset of the
boundaries of the primitives that constitute the object. 335
may: be- a proper s subset: since some of the primitives may
penetrate each other. There are algorithms available to determine
the boundary of an object defined by CSG tree [8]. Once the
boundary of an object is evaluated, it can be displayed after
removing the hidden portions of the boundary, if necessary.
Another approach to displaying objects represented by a CSG tree,
known as ray casting [61] is to determine the visible portion
of the object directly from the boundary of the primitives
that constitute the object, instead of going through the
intermediate step of evaluating the boundary of the object.
In this method rays (semi-infinite straight 1lines) along all
directions and originating from the point of observation are
first generated. Then the points of intesection- of these rays
with the Dboundaries of the various (transformed) primitive
instances are computed. These points of intersection are then
sorted and the point on each ray which is nearest to the point
of observation is then displayed. Special care must be taken
to-  avoid = repetitive . calculations' and -:make this algorithm
efficdent 12,571, One of the disadvantages of this method is

the necessity to recompute the intersection of rays and primitive



24

surfaces whenever the viewing parameters change. In . the 4case
of conventional approach, boundary evaluation can be performed

once : for all  and -only '‘the ‘hidden: portion removal SiseitHibe
repeated when the viewing parameters change. The basic operations
in . ray 'casting can be done . in. . paraliel for variolus rave &4, &
a-number wof special purpose hardware is available for doing this,

then display by ray casting will become faster.

Because: of - the ease. of creation, conscisenesal &l
guarantee of validity, the CSG scheme is used as the main
representation “‘scheme in many existing @geometric modeling
systems. Most  important among - these are the PADL systems
deveiloped. by the production Automation Project of the University
of Rochester and the GMsolid, based on PADL-2, developed by the’
General Motors. Other systems based on the CSG scheme arvei{ GDP
of IBM, TIPS of the Hokkaido University, Synthavision of  Magi

Inc., Unisolids of McAuto, Catsoft of Catronix, etc. [3,57].
2vis 2 wPure Primitive Instancing

In. "this  scheme.. there :are a fixed humber. ol predeatined
object ..types. An object of a .particular type 1is completely
gpecified by a.few parameters. There idis no praovigion £o combine
objects.. to-:make complex .solids, iand: hence . the domain ofi the
gcheme is . very :limited. When an object type is included im. the
system, the condition for the validity of an instance.of | this
can . ~be - easily -expressged in. -terms of Jits parameters andie vifs
corresponding .checks. can :be  incorporated in the sSystem. This

type -of ‘representation is concise and easy to use, but-algorithms
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to computé properties of solids represented in this scheme will

have to treat each type of object separately.
2.3.3 Boundary Representation Scheme (B-Rep)

One of the most widespread representation techniques used
in geometric modeling systems is the Boundary Representation.
In this scheme, the solid is represented by its bounding surface.
This surface is usually specified by means of. a list of faces
and.each face is represented by its equation and bounding edges.
The Aedges in- turn: are ‘represented’ by their . edquationi antl
endpoints. The geometric coverage of the scheme depends on the
type of surfaces available to represent faces of solids in the
gcheme . ‘Planar and.quadratic surfaées are sufficient to coven
most of the  nonsculptured solids. Sculptured solids require

bicubic parametric patches with facilities to modify their shape

interactively by the -uger. Among the available representation
gchemes, Boundary Representation provides maximum geometric

coverage.

It 18 7easy to . display objects ' from. . theivr ® Bouhdary
Répresentatibn. For fast display geﬁeration during interactive
sessions the entire surface can be drawn without eliminating
hidden - portions. For a.Inore realistic display hidden-line or
hidden-surface algorithms can be used. In" ‘the -cdases ol iie
drawings it is necessary to have techniques to detect silhouette
edges of curved surfaces. In the case of raster scan devices
shading algorithms are needed to compute the intensity of each

pixedl. to: be displayeds Graphic' interaction is ‘Bagiesrs in the



26

cage: of an object represented by its boundary. Boundary
information is also useful in many other problems like collision
detection of an object which moves in the presence of other

objects.

Implementation of boolean ﬁperations in  this scheme is
somewhat difficult. If A and B are two solid.objects  andiC 48
the result of performing a boolean operation on A and B, then
it is required to compute the boundary of C from the boundaries
lof-A and B. Clearly, the boundary of C is a subset of the union
of boundaries of A and B. In order to determine which portion
of the boundaries of A and B constitute the boundary of C we
need a classification algorithm. The ‘objective of thig cliassi~
fication algorithm is the following. Given a surface and a solid
obiect;, determine which portion of the surface lies withinl on,
and outside the solid object. The basic idea behind the classi-
fication algorithm is to split the surface into a number of
patches such that each patch is completely inside, on, or outside
Ehes a0l In -order to '‘determine - this splitting, 'we {iret
coimpute - the 'curves “of .cintersection of the = surface  withh Stlie
boundary of the solid. These curves of intersection together
with -the original -edge of the surface effects: the desired
splitting of the surface since the classification of the surface
will change “only when  it. crosses the boundary of  the ‘soiid.
Uging < thisg classification algorithm we  can ' classify: ¢the
boundaries of each of the solid A and B with respect to‘the other
solid and then pick up and connect together the correcf surface

patches to form the boundary of C. One thing that is clear from
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this brief description of the algorithm té compute boolean
operation is that, it involves heavy computation. Another problem
is in finding the curve of intersection of two surfaces when
a number of surface types are present in the system. In the case
of bicubic surface patches, the curve of intersection between
two such surfaces cannot be exactly represented by a single
equation of low degree, but can only be approximated by straight
line segments. #Bhrthier: i1t <is also inconvenient to represent
a portion of such a surface bounded by these approximate curves
so that it can take part in subsequent boolean operations. These
type of problems have compelled the designers of some of the
existing geometric modelingv systems with sculptured surface
facility to disallow boolean operations to be performed when

two sculptured surfaces intersect.

Inspite of some of its drawbacks, this scheme is very
popular and is used in many geometric modeling systems. The
BUILD Modeler developed at the Cambridge'\ University, U.K., is
one of the earliest examples of a GMS using Boundary Representa-
G1on. Two commercial systems ROMULUS and DESIGN based on the
BUILD Modeler also wuse the Boundary Representation scheme.

GEOMED, UNISCAD, CADD, COMPAC, EUCLID, GLIDE, MEDUSA and
PROREN-2 are some of the other systems that use. the Boundary
Bepresentation [3,571).  The main advantage of Boundary Represen-
tation 1is that it is best suitable for display of objects.
Display of surfaces have been studied for a very long time in
computer graphics and many algorithms like hidden portion removal

and shading are well developed. Currcnt - rescarch e ERvETY = in
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the area of geometric modeling may increase the importance of
the types of representations that are peculiar to solid modeling
like the CS5G and Octtree representation, but as long as display
of object is necessary Boundary Representation will remain as

~an important solid representation scheme. -
2.3.4 Cell Decompositions

In this approach, a solid object is represented by dividing
or decomposing its volume into smaller volumes or cells which
are mutually contiguous and do not interpenetrate. Thetsceld
shape is not necessarily cuboid, nor are the cells all neces-
sarily identical in shape. For example, a rectilinear polyhedron
-can be triangulated by decomposing it into a number of tetrahedra
which are either disjoint or are touching along a common face,

tedge or-tverlex: Curved polyhedra can be similarly be decomposed
into  curved tetrahedra. The domain of the scheme depends on
the type of cells that are available. Validity of the representa-

tion is not easy to check. The representation is unambiguous.

In general, cell decomposition produces an approximate
representation of an object, since, some cells will straddle
the object boundary, so that they are -partly in and partly oub
gl the s olijects Representing the object by all cells (those
entirely in, those entirely out, and those partially in the object
volume) will therefore include some 'empty space' in the descrip-
tion. Such an approximate representation is often troublesome,
because it can change the “'topology' of the object: fhus, a

small hole or ‘void: in- the object may ‘not sbet il diss,, Fhs
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cellular. model, if it lies entirely within one of  the cells =
g cwill be replaced by . the . cell “enclosing (9GS We can obviate
many of the problems associated with these approximation by
allowing the cell shape and size to vary, so that it conforms

£o the object boundary.

Cell:  decompositions. of = soldd: objects are usefiuli-—for
performing finite element analysis. Spatial occupancy enumeration
and Oct-tree representations are two particular types of  cell

decomposition scheme [35].
2.3.4.1 Spatial Occupancy Enumeration

he portion ol thel three  dimengionalitacgpace = that iy of
interest to the user is divided uniformly into a number of small
cubes, . called Voxels, of - same gize and faces parallel to thae
coordinate planes. An object can then be specified by enumerating
the voxels . Ehat icongtitubess . The scheme 1is unambiguous and
uigirue s “bult: - theidomain as restrictdito. - a  subse Ltof thé ‘set of
rectilinear .polyhedra. The scheme 'is very verbose, but some
improvements are possible by choosing voxels that suit the
particular applicatidn area at hand. Another variation :of. . bthe

scheme is to choose voxels that are of varying size.
2.3.4.2 Oct-tree Representation Scheme

Another solid modeling scheme which is becoming popular
invrecent’ years - ig Ocbbtpee. This scheme "is ‘baseéd ‘on a hierargiay
of different  cell sizes. The first level containsgs the 13nSEy

cells,: and at the .second 1level thesc cells may be SubDSCINEEE.
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into smaller cells. At each subsequent level further subdivisions
may be performed, giving rise to smaller and smaller cell: sizes
and hence to higher and higher spatial resolution. Usually the
linear resolution doubles at each successive leQel, and always
the set of smaller cells derived from a given cell on the previous
level 'justfills' the volume of this 'parent' cell. The cells
are classified as ‘empty, full or partial depending on whether
it is entirely outside, eﬁtirely inside or: :partially inside 'the
object to be represented. Cells which are designated as empty
.or full are not sub-divided further. Cells which are designated
as‘partially full are sub-divided and hence taken to the next
YTevels The whole sub-division process can be viewed as forming
a (rooted) tree structure with the root node representing a single
enclosing cell, called the universe and the first level branch
nodes representing a.sub—division intos the Adargegt cells, Some
(but wusually not all). first 1level nodes then have branches to
second level nodes, and so on for each subsequent level in the
tree. The cells are cubes and are subdivided into eight sub-cubes
of half the 1linear dimensions, so this hierarchical scheme 1s
known as Octtree. These eight sub-cubes are also known as eight
octants. This recursive sub-division process continues until
a level is reached that the octants become partially filled or
empty. The accuracy of the object to be represented depends
on- going to. very deep level Oct-tree. Oct-tree scheme can be

used to represent any complex object shapes.

This scheme is a generalisation of the quadtree scheme

used in- image processing to represent two dimensional areas.
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Quadtrees in turn are a generalisation of binary trees used
extensively in computer science. Since ;the cubes are ofiNvarying
size, less number of cubes are sufficient to approximate an object
and hence Oct-tree is more space efficient than spatial occupancy
enumeration. The computation of integral properties of an object
representéd by ‘an: Octtree is easy because’ ' the: cubes zre gquasidis—

joint (i.e., they are disjoint or just touch along a face).

Because of the enormous number of cubes required to éppro—
ximate objects, it is difficult for a human user to directly
specify objects in terms of their: Oct-tree representation. So,
insgeometric modeling -systems based on  Oct=-tree represSentation:
some convenient representation . for  spécifying -objects and “a
gonversion  algorithm to convert' from the:- input representation

to Oct-tree is to be provided. Validity of an Oct-tree represen-

Tation is  easy »stoi: check: Since  Oct-tress -are Susually: ckheated
by programs, validity is guaranteed. The Oct-tree representation
is unambigous. Any  complex 'object sShape -can 'be "approximated

by Oct=trees by going -to very deep’' levels. One of the special
advantages of this scheme is the possibility to work . with
vapriable precision. In interactive sessions when quick response
is important we can work with a few high levels of ‘the Oct-trees
giving a coarse approximation of the object. One of the most
important . factors: toibe:taken care of in . Octt=treecimethod 1S Ehat

of-anefficient Storage 'scheme. It -is not’ advigsable:tolsiopt
the explicit tree structure as in that case pointers will beceupy
a’- 1ot *more! space. than usefnl 'data,: Tree codes vand s lkeal fic0das

schemes are two main approaches for compact storage and both



32

are based on similar techniques used for quadtrees [78].

Algorithms for performing boolean operations are very
simple-.in: Oct=Cree representation. The two objects on which
the operation is to be performed are first stored in the same
universal cube, if they are not already so, and then trees corres-
popding Lo these objects are simultaneously traversed. At any
of the leaf nodes of the trees the boolean operations are tivial
to perform and the result of such operations are used to create
aonew Lreec. The nodes of this tree are merged together whenever
possible, and the resulting tree represents the object which

results from the operation.

Even though.quadtrees were being'used in image processing
for quite some time, their generalisation to Oct-trees and its
applicatidn to modeling of solid objects is relatively of recént‘
origin. It was first suggested by Hunter in 1978 [29]. Oct-trees
were also studied independently by several authors around this
time - [30,.45]. Many algorithms for geometric tfansformations,
boolean operations and display were developed and some experi-
mental systems based on Oct-tree representation were built
[16,29,79]. But commercial systems based on this scheme are
not -available. Huge amount of storage required to represent
objects and slowness of some of the algorithms for object manipu-
lations are the probable reasons for the lack of availability
of such systems. In many algorithms that operate on Oct-trees,
there are some operations that can be  done 'in parallel on‘ all

eight octants of a cube. This factor has encouraged researchers
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to build special purpose hardware to perform operations on
Oct-trees in parallel. When this type of hardware becomes widely
available, Oct-tree representation will be more popular and

probably have an edge over other forms of object representations.
2.3.5 Sweep Representations

When an object moves in space, it sweeps out a volume

and this resulting solid can be represented by the object which

moves, and its trajectory. Two particular instances of this
general scheme are well known, viz., translational and rotational
sweeping. In translational sweeping, we take a subset of the

two dimensional space and moves it in a direction perpendicular
to the plane of this object, The resulting object can'easily
be represented by the boundary of the planar set being translated
and the distance through which it is moved. Rotational éweeping
ig similar to translational sweeping, but instead of translatory
motion, the planar object is rotated about a fixed axis to produce
A ~gol3id- objeck. The domains of translational and rotational
sweepings are limited respectively to objects having translational
and rotational symmetry. The object s-generated by the sweép
operatidn is valid and unambigous, if the object Dbeing swept
are respectively valid and unambiguous. The representation is

not always unique.

Instead of planar -objects,! solids -also can  be used in
the sweeping operation. The ability to compute the volume swept
by ‘a solid object is. of great use in several practical applica-

tions. One example is dynamic interference checking where it



34

is required to find out whether a solid object can move along
a given path without colliding with its surrounding  objects:
it can also be used to check the. correctness of cutter path
movements in a part program to produce a desired object from -
a given workpiece. The general sweeping technique. is not
mathematically well understood and algorithms for computing

properties of solids represented by this method are not available.

2.4 HUMAN - COMPUTER INTERFACES

Taskhe previoﬁs gection, wesi have seen Various s schenes
for representing solid objects. Whatever be the representation
chosen, facilities should be given to the user to conveniently
create objects inside the system and to examine the shape of
bbjects that are:ralPeady creatbed: Some times it may beée necessary
to have extra representation forms whose sole purpose is "UQ -sepve
as convenient user interfaces. Such representations are called
volatile representations. The. input: created by Lhe. usep  'if =a
volatile repreéentation may not be stored in that representation,
but will be converted to the main representation of the system
which' g ‘algo “called working’ Tepresentation, Similarilyi,when
the working representation is not the boundary representation,
the system may perform a boundary evaluation for the purpose
of display generation and the resulting boundary representation
may not be stored permanently. In this section, we are discussing
some of the commonly used input and output techniques in geometric

modeling systems.
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Input techniques

The simplest way to provide the input is to give a sequence
of--characters, This sequence of characters may either be typed
in s from . a2 wterminal; br be specified by a sequence of menu
gelections. This character sequence may contain only commands
to create geometric -objects, or it may be .imbedded! in  @a
programming language. In the former case ‘the user ineed Mo bE
a trained programmer, whereas the later case a user with the
knowledge of the 1language in whiéh the commands are imbedded
will be able to use the full poweri o6f that langudage’ Lo frcredte

complex objects.

Editing facilities must be provided when the user wants
to make minor modifications on an existing object, otherwise
TEoowa bl bé very inconvenient to respecify the modified object
from. The scratch. Also the user should be able to save on the
backup store the objects created in one interactive session.
He should later on be able to read this object definition and
use it directly or edit it to make any desired changes. Tk s
also -good if +facilities are available %o, create  a . ilibrary Ol
frequently used objects. Another important facility that can
besrproviaded:iadg - "the' -ability .to convert the existing manual
representations of solids to machine representations. Drawings
which are used as the storage medium of geometric information
in manual ‘systems  can easily be-read into. the: system Dby means
Of: digitiiers. But such drawings are usually ambiguous and

algorithms to convert them to solid representations need! advice
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from human uses to create the desired object. A closely: related
problem is that of converting a wireframe representation of an
object to a solid representation of the same object. Ina
wireframe representation an object 1is represented by the set
of its edges and hence can be ambiguous [56]. Many existing
drafting packages use this type of representation Sandi hence
it ds profitable to have an algorithm to convert from wireframe
$6 ‘solid -representation. Algorithms are available for solving

the two conversion problems mentioned above [U3,75]:

For: ‘uders "who . are familiaf with manual techniques of
gpeécifying’ solid objeets,  facilities similar to6: that dgan DbE
provided. One - example  of  such'a® facility: is the‘ creation - of
the so-called two-and-a-half dimensional objects, i.e., objects
having translational symmetry, by specifying their cross section
with drafting 1like graphic dinput techniques and then using a
translatory sweep to create the solid. The wuse:of graphics input
devices for specifying geometric <information with reference  to
objects already displayed on the screen should be provided rather
than having to type in coordinate values as seduence of T digitas
vHere all the available techniques of interactive computer graphics

can be made use of [48].
Output techniques

Since GMS do have complete representations of solid
objects, it is possible to output models of objects automatically

so that the use can examine their shape [38]. The easiest method
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of conveying shape in formations to human users is through display
of- objects, and all GMS provideAthis Pacitity. The medium on
which pictures are drawn - CRT screen or paper - is two dimen-
sional and therefore solid objects are to be ﬁapped from the
three dimensional Eucledean space to the two dimensional Eucledean
plane by a - geometric projection. Specification of viewing
parameters and type of projection can be done by methods available

in computer graphics [19]

There are two' types of displays possible - 1line drawings
and shaded pictures. In line drawings, only certain curves that
lie on the boundary of the object are drawn. In- the :case of

a rectilinear polyhedron these curves are the straight line edges
of the polyhedron. For solids covered by curved surfaces, such
as spheres, cylinders, cones, etc., there are two types of curves
to be drawn - boundary edges and silhouette edges. The - pasition
of boundary edges on the object are fiked whereas the position
of silhoﬁette edges vary with the point of ébservation. There
are techniques available to detect silhouette edges of quadratic

surfaces [74].

The other type of display, namely, shaded pictures, is suitable
for raster scan terminals whose screen is made up of . “a mateix
of pixels. For generating a shaded display, we have to compute
the set of pixels that constitute the boundary of the object
being displayed and the inténsity with which these pixels are

to be displayed. Thes famat oot these two operations is done by
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scan conversion algorithms, the second by shading algorithms,
and these algorithms are discussed in standard books on Inter-

active Computer Graphics [24,19,48].
2.5 APPLICATION AREAS

Computer models B sokid = oblecis have: many  tdseful
applications. One of the common applications is designing an
gbject =‘having a: desared shape. If the'  required :shape can. be
characterised mathematically, then probably some conventional
surface fitting methods may be used to automatically create the
shape. But, there are a number of practical applications where
the desired properties are based on aesthetical cnsiderations
and hence cannot be directly mathematically formulated. In such
situations the designer creates a shape, examines it by displaying
on the CRT, makes suitable modifications and repeats the process
until he is satisfied. with the output. So, the display of an
object from its computer model ditself is a useful application

of the model.

In mechaniéal engineering design, complex machineries
are designed, first by designing the components separately and
then assembling these components together; One of the | design
problems to be solved in the assembly process is to check whethef
the components interfere each other. This is known as static
interference checking and can easily be perfomed in a geometric
modeling system in which boolean operations on solid objects

can be performed. For this we need only computer intersection
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of pairs of components and check‘whether the resulting objects
are null or not. Algorithms for checking whether an object is
null or not when it is represented by a CSG scheme are available
[68]. Tn - the  case - .of dther schemes null object detection is
a trivial computation. Another problem that is closely related
to that of static interference checking is the dynamic inter-
ference checking. Here, we have an object, a path along which
it is to move, a set of objects in-the surrounding and the problem
is to decide whether the proposed motion of: the object a8
col;ision free Top oty If we are able to compute: the  volumg
swept by the moving object, then the dynamic interference chekcing

is reduced to static interference checking.

The facilities described above - graphics and interference
checking - are available in almost all geometric modeling systems.
There are a number of advanced features that are desirable for
a GMS to possess like automatic manufacturing, finite element
mesh generation, assembly planning and soO bn. Currently available
commercial geometric modeling systems may support one of these
advanced features, but it will require considerable research
effort before they can be implemented efficiently. Some of the
research activities going on in these areas are reported 1din ‘a

survey article on GMS [58].

In the area of Numerical Control (NC) machines, GMS can
provide program verification support by taking as input, an NC
program, and then displaying the object that will be generated

if this program were used on an actual NC machine. In addition
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to such visual aids, fully automated NC program verification
systems were also studied. In automatic systems, there are méinij
two types of checkings are done. Fipat cof call sl o reacn i iEon s
motion, invoked by an NC command, the system verifies whether
TEiis ‘fteasibled Other than: certain :technical aspects ‘siich  as
directional i:admigsibility, " "Spatialiiaccessability  and- S0 O
dynamic interference checking is perfomed to make sure that the
tool does not collide with the surrotinding objects. The volume
swept by the moving tool is then subtrated from the workpiece
‘to get the object that results from the . machining operations.
Thig ‘object ds~-then compared: with  .the tafgebt object by 2 S
object detection algorithm to check the success of the jentire
process of machining. Automatic generation of NC program - is

also being attempted in the research laboratories.

Finite element method for structural analysis, requires
the object under study to be decomposed into a number of small
components of simple shapes 1like cubes or tetrahedra similar
to cell decompogsition sScheme used in GMS. Algorithms for automa-
bically  generating . such: -Eriangulataions from their Boundary
representations are available. Similar ‘techniques: for 0O¢t-tree

and CSG representations are being studied.

Because of the availability of unambigous solid represen-
tation, GMS are finding applications in.a number: of  diverseiaress:
Tn arobotdcs - Seeonebric modelers are being used to "solve such
problems as that of finding collision free path for the movement

of . .robot arms. Even though integrated circuits (IC) are
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essentially two dimensional structures, some properties of
circuits 1like capacitance can be accurately determined only from
a three dimensional model and at IBM, solid modeling techniques

are being used in IC design [36].

Inspite of their inherent limitation that solid objects
cannot be unambigously represented, existing commercial wireframe
systems provide support to some dimportant applications 1like
numerical control machining. In such systems. solid modelers
can act as very good frontends. In: this scheme: the  User St
make use of all the powerful facilities of solid modeling systems
to create and modify objects. The:i'system - then converts GChem
to wireframe representation and uses the existing algorithms
for wireframe objects to do the application processing. Such
systems will be wused in practice until application algorithms

for solid modelers are fully developed.
2.6 GEOMETRIC MODELING SYSTEMS

In this section, - we describe some ‘of  the Iimportant
geometric modeling systems developed so far. Our: aim {i8 . not
to give an exhaustive 1list of all systems developed so far, but
wesicare interested . 'in . describing only . those systems which
introduced major innovations and which are influential in the

development of many other systems.

We first describe the BUILD group of Geometric Modelers
whose main characteristic is the wuse of Boundary Representation

in defining solid objects. This group of systems: originated
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with BUILD-1, a small system developed by Braid I.C. as a DAt
of ihig~Bh.D thesis. work at the University of  Cambridge, U.K.
in the early seventies [9]. BUILD-1 was followed by: the
development of bigger systems namely BUILD-2, which was a group
effort led by Braid, but still conducted in the academic environ-
ment [11]. This was an experimental system for investigating
the techniques and algorithms for geometric modeling. Even though
it was based on Boundary Representation, there were six standard
shapes that wuser could make use of —cube, _wedge, tetrahedron,
leinder, cylindrical segment aﬁd fillet. For building up complex
shapes, not only boolean operations but operators - for Tocal
modifications 1like tweaking, fillets, chamfers and draft angles
were provided. The topological structure of the- boundary of
solid objects were stored in Winged-edge polyhedron (4] structure
introduced by Baumgart. In this scheme the set of edges of the
object are stored along with their adjacency information -
pointers to faces and vertices adjacent to - the .edge. BUILD-2
also uséd B-spline surface patches for representing curved
surfaces and B-spline curvés for approximating curves of intersec-
tion of these patches with plane surfaces. Boolean operation
in the system could not handle objects with two intersecting
.B-spline surfaces. Being an experimental system its i cuger
interface provided only 1limited capabilitiens “‘One bl . the
important facility provided in BUILD-2 was automatic dimensioning
and tolerening analysis [27,28]. Two commercial geometric
modeling systems were developed based on BUILD system. They
are the Design developed by Manufacturing Data Systems inc. (MDSI)

and the ROMULUS developed by Shape Data Ltd. In addition to
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the facilities available in the BUILD system, these two. systems
provided very good user interfaces also. They help users in
visualising shape of. solid objects Dby providing continuous
rotation of wireframe display of objects. This dis dimplemented
by the hardware of the display processor and is fast enough for
user interaction wunlike the software implemented hidden-1line
and hidden-surfacé elimination procedures. Both of them  were
incorporated in existing integrated computer aided engineering

systems. More details of these system can be had from [26].

A great deal of research and development work in geometric
modeling was conducted in the Production Automation Project at
the University of Rochester, U.S.A. One of the important contri-
blutTons “made: by the il Bochester grouplwas the: buildingiuwp: of 5@
firm mathematical foundation of solid modeling. They: .developed
in a rigorous fashion an approach to mathematical modeling of
aolid objects [52]. - The introduction of the concept (of gset
membership classification for the boundary evaluation of objects
defined by a CSG scheme is also important [69]. Based on these
mathematical foundations, a small but robust modeler, PADL-1,
was designed and implemented [50]. PADL-1 used CSG representationb
where primitives allowed were only rectangular Dblocks and
cylinders whose axes were parallel to coordinate axes. One of
the facilities provided in PADL-1 which is of practical importance
ig - the ‘specification.of: Tolerencing and dimension information.
This system wés developed during 1975-77 by a team of researchefs

Inithe vilUniversaty;: As  a part -of “making available " Ehisi new
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technique widely to industrial users, a bigger project, PADL-2,
was started in 1978 [11,57]. This was sponsored by several
industrial organisations and a U.S. government agency. The aim
of this project was to build a set of procedures that will form
the core of several geometric modeiers to be built from 1t by
interested users and software firms. The: ‘geometric . coverage
was increased by allowing primitives 1like block, cylinder, sphere
and cone and also permiting any rigid body transformations to
be performed on them. Specification of dimension and tolerencing
information was not implemented in-sthig igsystem. To demonstrate
the utility of the core routines, a sample modeler, P2/mm, was
developed based on these core procedures [12]. This system used
Boundary Representation as an additional representation. Boundary
evaluation algorithms were developed to convert from CSG represen-
tation to Boundary representation. Quick wireframe display of
objects were then possible. For hidden-line eliminated and shaded
displays, ray casting was used. Mass property computations were
also performed by Ray casting [61]. General motors, one of the
industrial sponsors of the PADL-2 project, built a solid modeler
called GMSOLID based on PADL-2. General motors were using
eomputer graphics techniques for a very 1long period in their
design: s activities. They already had a Corporate Graphic System
(CGS) which is a powerful wireframe system supporting many
applications. GMSOLID was incorporated into this system so that
it can make use of the existing application procedures. More

details about GMSOLID are available in [7,8].

The systems described were mainly designed to support
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mechanical engineering design and manufacturing activities.

There are a few geometric modeling systems that were developed
for other applications as well. The BDS and GLiDE [A7.,571
developed at Carnegie-Mellon University were mainly dintended
to be used for architectural design. BDS or Building Design
System was an earlier prototype of GLIDE. These systems are
based on Boundary Representation. They use Euler operations
to' - define the topology -of the - object. Boolean operations on
solids are also available. Another important feature of these
systems is the incorporation of s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>