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Features and Geometric Reasoning

ISSUES ON FEATURE-BASED EDITING AND
INTERROGATION OF SOLID MODELS
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IBM, Research Division, T. J Watson Research Center, P.O. Box 704, Y orktown Heights, NY 10598

Abstract — Operations that create additive or subtractive volume features, such as bosses or slots, simplify
the computer aided design of mechanical parts. Surface features, whether extracted automatically or selected
interactively, group functionally related boundary elements, and thus provide an expedient interface between

CAD systemsand analysisor manufacturing applications. Despite much progressin CAD, design remains
an iterativeprocess and involves error-prone modifications of previous solutions. Featuresshould In principle
offer ahigh level vocabulary for characterizing errors and for specifyinghow they should be corrected. This
paper points out the semantic ambiguities of simplistic feature-based commands for editing models. It
recommends procedural models for editing volume features, and corrective volumes for editing surface
features. It showshow space decomposition techniques and CSG expressionshased on active zones reduce
the cost of executing an editing command. Error detection may be automated by supporting intentional

features, which correspond to the desired characteristics of the model, and by endowing them with domain
dependent validity criteria expressed in terms of associated geometric elements. The paper demonstrates
that validity may be tested by simply interrogating a mixed-dimensiona geometric structure which is used
to represent not only the model, but also the interactions between the geometric elements associated with

intentional features.

1. INTRODUCTION

Solid modelling improves the efficiency of the design
process for manufactured parts by supportingthe geo-
metric representations of these parts. It provides
graphic feedback to the designer and offersinterfaces
to some analysis applications. Despite recent Progress
in computer hardware and in interactive graphics,
geometric design of three-dimensional shapesremains
acomplex and time consuming task. Since geometric
representations of complex mechanica parts tend to
be verbose, various abstractions, globaly called geo-
metricfeatures, are often used to characterize certain
types of shapesor to refer to Portions of a part model
that may be important to the designer or to an appli-
cation program.

Features are used in Computer Aided Design and
Manufacturing for a variety of purposes:

e Geometric features provide a concise description of
the parts characteristicy 1]and thus simplify group
technology and process planning. They alsofacilitate
the communication between designers and solid
modelling systems.
Featuresprovide a mechanism for attaching product
or manufacturing information and variousattributes
to specific parts of a geometric model (see for ex-
ample [2] for attaching tolerance information to
features).
The properties intuitively associated with common
featuretypes define many convenient shape atering
operations[3] that attempt to create features of
specified types and dimensions.
¢ Access to the geometric elements that compose a
feature simplifiesthe interrogation of shape by pro-
viding a naming scheme for sets of boundary ele-
ments[2], a convenient vocabulary for expressing
relevant dimensions and positions [4] and for for-

mulating validity checksthat assessthe compliance
of themodel with the designer’ antent.

o Expressing and performing engineering changes or
simply corrections of design errors may be eased by
using geometric features 5]

This paper focuses on the last two issues, namely
the use of geometric featuresto automate— or at least
smplify —the editing of the solid model and the
checking of the model’s compliance with functional
requirements (validity conditions).

Most CAD models of 3D manufactured parts are
created by combining and incrementally modifying
simple models. These combinations and modifications
are often conveniently expressed in terms of Boolean
operations. The primitive shapesfrom whichthe mod-
els are constructed are often restricted to arbitrarily
positioned and sized solid primitives (blocks, cylin-
ders, spheres ...), generic volume features(holes, slots,
bosses ...),and linear or circular extrusions of 2D re-
gions. The resulting part models can thus be repre-
sented by a CSG (Constructive Solid Geometry)
tree [6], which leadsto certain agorithmic advantages
(see [7-9] for examples) and to an obvious archival
CONCiseness.

CSG expressionsmay be complex, and the end-user
often prefersto interact with aboundary model, which
isalgorithmically derived from CSG [10] and contains
the ligt of facesand their adjacency graph [11]. There-
fore, it is important to develop techniques for inter-
actively specifying validity conditions and modifica-
tionsin terms of boundary elements (faces, edges, and
their incidence graphs) rather than in terms of CSG.
Domain-dependent features provide a particularly
convenient vocabulary for accessing relevant groups
of boundary elements. On the other hand, direct
boundary editingiserror-prone, and editingoperations,
even if specified in terms of boundary information,
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should be trandlated into mathematically well-defined
(nonambiguous) operations, such as Boolean set op-
erations or globa rounding and filleting opera-
tions] 12].Besides, it isimportant to maintain a CSG
representation of the model and to express validity
conditions in terms of CSG w0 that the model can be
parameterized, easily edited, and reused.

This paper studies the trandation process, which .
takes validity conditions or model modifications ex- .-

pressed in terms of features (and thus of boundary
elements) and performs the appropriate model mod-
ifications using CSG operations. Due to alack of for-
malism of the semantics of feature-based specification,
automatic translation remains a challenging research

goal (some pitfalls of a“naive” trandation process are

pointed out in Section 3). Severa new or recently de-
vel oped techniques are discussed, which do not always
provide the correct trandlation, but at least increase
the designer’ s vocabulary or can automatically generate
atentative solution, which may haveto be further ad-
justed by the designer. Furthermore, the paper ad-
dresses the issue of efficiently performing the model

modifications or the validity tests by using informa-
tionally rich geometric structures and properties of
Boolean expressions.

The paper is organized as follows:

¢ The basic concepts and terminology are introduced
in Section 2.

e Section 3 points out some of the limitations of a
straightforward use of features for editing and inter-
rogating solid models. This section focuses on con-
cepts and techniques rather than on their historical
evolution or implementation, (For a more formal
survey of the literature on features, the reader should
refer to [13, 14].)

¢ The importance of procedural modelsfor capturing
the designer’sintent into a flexible parameterized
sequenceisemphasizedin Section 4. To edit afeature
explicitly created by an operation, it may be simpler
to “ask” the feature what operation created it, change
the parameters of that operation, and reexecute the
entire sequence.

¢ Reexecuting the entire sequence amounts to evalu-
ating the boundary of a CSG representation, and
may be very costly for large CSG models. A new
approach that reduces the reevaluation cost is pre-
sented in Section 5. It derivesa CSG expression for
the regionsthat must be added to, or subtracted from,
the solid model. Furthermore, Section 5 aso presents
arecently developed mixed-dimensional geometric
representation caled SGC (Selective Geometric
Complex). Algorithms for SGCs generate a subdi-
vision of space imposed by the features. This sub-
division can be used to reduce considerably the
amount of geometric caculations and of logic
expression eval uations necessary to perform the fea
ture-editing operations.

o Some features do not correspond to a single opera-
tion, and it may be too complicated to identify all
the operations in the sequence that must be edited

in order to rectify an “invalid” feature. Section 6
demonstrates on some simple examples how correc-
tive volumes, obtained by extruding feature faces,
can be used to perform simple feature alterations
without reexecuting the design sequence. In more
complicated situations, these corrective volumes
must be trimmed before they can be added to—or
subtracted from—the model of the part. Without
the trimming step, side-effects may appear, especidly
when several features interact or when compound
features incrementally created by successive oper-
ations, are edited. Trimmingisbest performed using
Boolean operations, but producing atimming CSG
expression may prove difficult and remains the de-
singer’s responsibility.

Section 7 addressesthe problem of feature vaidity.
Specificdly, it showshow features may be efficiently
tested by interrogating the corresponding SGC rep-
resentation.

2. BASIC CONCEPTS AND TERMINOLOGY
This section clarifiesthe distinction between inten-
tional features and their geometric embodiment, and
between volume features and surface features. It aso
introducesthe CSG notation used in this paper.

2.1. Intentional features and their geometric embod-
iment

A distinction should be made between geometric
features and intentional features. A geometric feature
isacollectionof geometricelements(for example, faces
or volumes) that form a subset of the part’ gnterior,
boundary, and/ or complement. An intentional fea
ture [15] isan abstraction for accessinggroups of geo-
metric elements and for associating with them a type
and consequently certain properties defined for all the
features of this particul ar type. For example, an inten-
tional feature of type dot may be associated with apart
model. Thisassociation indicates that the designer in-
tends to have a slot in the model, i.e., a void bounded
on three sidesby faces of the model. The intentional
feature contains referencesto the corresponding faces.
However, due to model manipulations, the referred
faces may have been modified or even deleted from
the model shoundary. Whatever remains of them and
of the associated void congtitutes a geometric feature
that may no longer exhibit the properties associated
with a slot,

Inconsistenciesbetween intentional featuresand the
actual geometry of the part are avoided by treating
intentional featuresonly ashintsand by relating them
to geometric elements through collections of uneval-
uated references. It is acceptable that some, or all, of
these references do not correspond to any geometric
element of the model’ oundary at some particular
stage during the design process. Even if all geometric
elements referenced in anintentional feature are pres-
ent in a geometric model, their shapes and positions
with respect to the rest of the model need not comply
with the characteristics usualy associated with the
particular feature type. For example, an intentional
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feature of type cylindrical hole could be associated with
geometric elements (faces) that have been removed
from the model’ dhoundary by some Boolean opera-
tion, and thus do not correspond to a “valid” hole. In
such situations, the intentional feature is said to be
invalid, but should not be discarded, because the de-
signer may have produced (intentionally or not) tem-
porary situations, or instances of the model, where
many previoudy defined intentional features are in-
vdid, The overall validity may later be restored by
repositioninga subsolid or adjusting a parameter. The
designer should not be required to redefine al inten-
tiona features that went through an invalid transition

Furthermore, feature validity isvery subjectiveand
in fact depends on the rolethe feature playswith respect
to a particular application. To take a simplified ex-
ample, acylindrica holeisavalid “detail feature” to
be discarded for analysis purposes only if itsradius is
aufficiently small; on the other hand, it is a valid
“manufacturing feature” for process planning only if
it isempty and accessible.Feature validity criteriamay
be expressed in terms of validity rules, which arelogica
predicates defined in terms of the referenced geometric
elementsand of their existence, shape, and relation to
other geometric elementsof the model. Evaluating the
model’ s geometric references is therefore necessary to
egtablish the validity of an intentional feature with re-
spect to any one of the instances (or stages) through
which a solid model evolvesduring the designprocess.
Consequently, the interrogation of invalid features
plays an essential role in correcting design errors| 4].
Typicaly, the presence of an intentional feature of a
certain type, valid or not, implies some intention that
the designer has regarding the functionality of some
portion of the part. Thus, intentional features may
provide important hints for model aterations and
manufacturing process planning.

2.2. Congtructive Solid Geometry (CSG)

CSG (Constructive Solid Geometry)[ 6] referstoan
unevaluated representation scheme for solidsobtained
by combining,in Boolean expressions, simpleprimitive
shapes of arbitrary dimensions and positions. Solids
specifiedin that way may conveniently be represented
by abinary tree whoseleavescorrespond to primitive
shapes, whose internal nodes correspond to Boolean
operationsand represent subvolumes, and whose root
representsthe final solid. Often, the primitive shapes

()

(a)

are expressed asthe intersection of closed half-spaces.
Commonly used hdf-spaces (planar, cylindrical,
spherical) are mathematically defined as the set of
points for which the value of a simple linear or qua-

dratic function is negative or null. For practical im-
plementation reasons, solid models are often restricted
to be r-sets (@ subclass of closed, bounded three-di-
mensiona sets with no dangling boundary elements
and with afinite number of faces and edges) [ 16]. They
are often represented in terms of their boundary, i.e,

alist of their faces (in turn defined in term of their

bounding edges) often structured in an adjacency
graph [11]. To guarantee that results of Boolean op-

erations are r-sets, a regularized version of these op-
erations is used. It performs the standard operations
and then removes the dangling and interior faces and

edges and makes sure that a valid boundary is part of
the pointset. Theoretically, this cleaning operation

amountstotakingthetopological interior of the point-
setsproduced by the Boolean operation (thiseliminates
the exterior dangling faces, edges, and vertices), and
then the topological closure of the result (which
amountsto putting atight boundary around the point-

set). Thesetransformationsare illustrated in Figure 1.

In practice, the faces and edges of the model are clas-
Sfied using neighborhoods] 10].0Only the elementsthat

play the appropriate role in the boundary of the solid
arekept. Throughout thispaper, al Boolean operations
are regularized, unless explicitly specified otherwise.

The regularized Boolean operationswill be denoted
U for the union, N for the intersection, - for the dif
ference, and ® for the symmetric difference. Futher-
more, the regularized complement of any solid X will
be denoted X. For simplicity of notation, it isassumed
that the Boolean operators in Boolean expression are
ranked by decreasing priority asfollows complement,
intersection, difference, symmetric difference, and fi-
nally union.

Throughout this paper it is assumed that the part
models, or solids, are created by a sequence of oper-
ationsthat add or subtract material or move and com-
bine subsolidsthrough Boolean operations. Therefore,
a CSG representation of such a model always exists,
even though the explicit construction and use of the
CSG tree may be avoided in certain cases.

2.3. Volume and surface features
An important distinction pointed out in[ 13] sepa-
rates surfacefeatures, which are collections of faces of

e

(d)

Fig. |. Regularization: Three blocks, A, B, and C, shown in (&) are combined through a nonregularized

Boolean expression(4 N B) U (€ — B) to produce the pointset shown in (b), which has a dangling facef,

and amissing facef>. A regularized version of the pointset can be obtained by taking itsinterior, which is

an open set depicted in (c) that does not contain any of its faces, and then taking the closure of the result
and thus adding to the model all its faces, shownin (d).
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a part model[ 17-19], such as the wals and the floor
of adot, from volumefeatures, which are full-dimen-
sional pointsets of the part or of its complement, such
ashossesand holes[20,2 1].Very rarely are both types
simultaneously supported in the same modelling sys-
tem (as they are in the prototype system MA-
MOUR][4]). Pratt[13] provides adetailed discussion
of the historical motivations, current merits, and
drawbacks of both types of featuresand concludesthat
al surfacefeaturesshould be converted to volume fea
tures, which, although dightly more complex to sup-
port, offer greater flexibility for interactive editing and
more information for driving analysisand application
programs. The author believes that both volume and
surface featuresare useful for editingand that avolume
representation of a surface feature need not awaysbe
derived.

2.3.1. Volume features. Design is often donein an
incremental manner, by first laying out the overall
shape, and then adding or modifying detail shy creating
or editing features. The creation of ageometric feature
is necessarily accompanied by a modification of the
volume occupied by the part and i0 practice aways
corresponds to either an addition or a subtraction of
material. Thistransformation may be expressedasthe
union or difference between the part and the volume
feature. Because the volume feature may be viewed as
asophisticated parameterized primitive shape, thisap-
proach isparticularly effectivein dual modellers which
derive a boundary representation from a CSG tree.

The computational expense of explicitly deriving the
effect of aBoolean operation [ 10]hasdiscouraged cer-
tain developersof solid modellers from eva uating the

boundary of the part obtained by subtracting or adding
avolume feature. Instead, implicit features (also called
unevaluated) have been recommended [19].

A boundary representation of the feature isdirectly
derived from the designer’s specification without
checkingif this representation isgeometrically correct.

For example, an implicit feature of type slot may have
been defined by mistake as hanging in air, away from
the part, or buried inside the part and not accessible
from any side. Thisincompatibility problem does not
occur when intentional features are used instead of
implicit featuresbecause intentional features, although
unevaluated, carry no assumption as to their corre-
sponding geometry embodiment.

2.3.2. Surface features. The volume features re-
sulting from shape modifying operations do not aways
provide a sufficient set of abstraction tools for inter-
acting with the model. For example, a dot feature of
interest for manufacturing applications may have been
created asa side effect of adding two parallel boss fea
tures (Fig. 2). The ot may provide a convenient ab-
straction for expressing engineering changes (which,
for example, modify itswidth) and thusshould be made
accessible to the designer through an intentional fea
ture. The use of such aposteriori identified features
requires the association of intentional features with a
subset of an existinggeometry. Often such association
isdone by interactively selecting a collection of faces
of the part model and treating it as a surface feature.

Information provided by surface features may be
sufficient for some applications, such as planning for
surface finishing operations or as specifyingand ana
lyzing dimensions and tolerances[2]. Other applica-
tions, such as assembly or manufacturing planning,
heavily rely on the manipulation of volume fea
tures[ 22]. Except for simple cases, the derivation of a
volume feature that correspondsto a surface feature
remainsan open issue[13], becausethere isno unique
mapping from surface features to volume features.
Typicaly a selected set of closingfaces is added to a
surfacefeature in order to produce a valid two-dimen-
sional shell that unambiguously definesavolume (Fig.
3). Desirable, or even correct, closing faces may not
awaysbe obtained by extending existing adjacent faces
(Fig. 4). Methods or heuristics for automatically con-

Fig. 3. The volume of awrfacefeeiure: By a:iding adoéng fébé,(lcénter) to the faoes of a surface festure
(1eft), one obtains avaid boundary of a correspondingvolume fegture (right).
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Q

Fig. 4. Complex closing faces: No simple set of closing faces
exists for the pocket surface feature.

structing such facesare currently limited to simple sit-
uations, and the designer’ $ntervention may sometimes
be required to generate acceptable solutions.

2.4. Compoundfeatures

Severa volume or surfacefeaturesmay overlap. For
example, two orthogonal dots (volume features) may
have a common intersection volume (Fig. 5).

Similarly, a boss and the adjacent slot may share a
common vertica wall (Fig. 6). Furthermore, interior
features, such asa boss on the floor of adot (Fig. 7),
may be used as modifiers of other features. It is not
dways necessary to capture such feature interactions
explicitly in the data structure. For example, a geo-
metric element (face or volume) may be shared by
sved intentional featuresthat areindependently used
by different applications. On the other hand, a hier-
archicd organization of intentional features may be
useful to represent explicitly compound features (Fig.
8) and also patterns of features (Fig. 9) when such
stuations reflect the designer’ sintentions or are im-
portant for applications such as processplanning. The
nature of the geometric and topological interaction be-
tween the individual features of a compound feature
should be derived, when needed, from the actual ge-
ometry of the faces referenced by the individual fea-
tures.

3. Pitfalls

Because they provide an intuitive, domain depen-
dent, high-level vocabulary, both volume and surface
features are good candidates for facilitating the speci-

fication of shape modifying operations and the expres-
sion of validity Conditions,provided that one can make
the specification convenient and unambiguous.

For the designer’ convenience, these specifications
have to be unambiguous, so that the effect of shape
editing commands can be clearly understood and eesily
predictable, and the validity rules must precisely char-
acterize invalid situations independently of the veri-
fication procedures employed. They also must be con-
venient, so that the specificationscorrespond to pow-
erful high-level operations that produce the desired
effectand sothat vaidity rulesare simpleto formulate
and powerful enough to trap common design errors.
Furthermore, procedures for executing the shape
modifying commandsand for evaluating validity rules
must be available.

This paper shows how extensions of several tech-
niques may be integrated to improve the specification
and the execution of unambiguous shapemodifications
using compound or isolated volume or surfacefeatures.
It also shows how a rich geometric representation
scheme can be used to simplify the expression and
evauation of validity rules. Most of these techniques
have been made possible by recent developments in
geometric modelling, which must now be integrated.
These developments will be briefly summarized, and
their potential applications to feature-based editing of
solid models will be demonstrated.

3.1. Limitations of simple shape modifying techniques

To stressthe need for the approaches such asthose
proposed in this paper, this section discussesthe lim-
itations of several simple schemesthat come to mind
as possible ways of using features to modify and test
solid models.

3.1.1. Implicit features. Formerly mentioned im-
plicit featuresmay betrivialy edited by modifyingtheir
parameters. For example, animplicit ot can be moved
and enlarged by changing its position and its width.
However, as pointed out earlier, the existence of an
implicit featurewith specified dimensionsand position
does not guarantee that the corresponding geometric
feature with the expected characteristicsisto be found
on the part. Thus, to produce areliable description of
apart, implicit featuresshould be treated asintentional
features, and the corresponding geometric features
should be constructed (if possible) and their validity
(i.e., compliance with functional requirements) as-

Fig. 5. Two interfering feetures: Subtracting a siot (volumefeature) from the model (|eft)that areedy has
a dot feature crestesamodel (center)in which the volumes of the two featuresinterfere (right).
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Fg 6. Shared faoe: Adding a boss (volumefeature) to the modd (1eft) and then subtracting a dot feature

(center) crestesamodd in which the boundaries

two adjacent featuresoverlap along a portion o a face

(right).

3.1.2. Procedural models. To further automate the
generation of models and allow the designer to con-
centrate on high-level design decisions, it issuitableto
support the automatic derivation of CAD modelsfrom
a set of functional constraints specified by the designer.
The functional requirements specifying the geometric
characteristicsof intentional features could be consid-
ered as constraints and combined with the geometric
constraints describing the part. A constraint solving
system would converge to a valid solution, if such a
solution exists, or declare that the specification (i.e.,
set of constraints) is invalid. Such a scheme would
have the considerabl e advantage of supportingincom-
plete specificationsof features. For example, an inten-
tional feature of type dot could be defined and its di-
mensions specified, but its position would not be pro-
vided by the designer, except for one constraint: The
dlot should be abutting on a given face of the object.

Such an automated approach has been given a se-
rious consideration [23,24], but it carries a high com-
putational cost and requires that designers provide a
complete set of consistent constraints before the CAD
system can create a model and return some useful
feedback. Deriving and maintaining such systems of
constraints, especially when additive (bosses) and sub-
tractive (pockets, slots, holes) features interfere is a
considerable endeavor, as pointed out in [25]. Fur-
thermore, asimpleindication that the S&t of constraints
isincompatibledoesnot provide useful hints asto what
part of the specification should be modified to produce
the correct result. A more practical approach isto build
modelsincrementally by transforming and combining
simpler models. A procedural rather than declarative
approach, in which the designersspecify a sequence of

operationsthat transform amodel in attempt to sty
constraints, has been described by Rossignac in [26].
It relies on the designer’sability to decompose the
problem into an ordered set of subproblems that can
be solved one at atime. The procedural specification
(i.e., the sequence of operationsthat solvetheindivid-
ua problems) issaved and can be edited by the designer
and reexecuted on demand. This technique could ke
used for feature-based editing by considering the im-
plicit features asintentional features to be created in
apredefined order. Reexecutingthe specificationwould
attempt to create the geometric counterpart of thein-
tentional features at specified positions and would re-
port whether the creation was successful (i.e., whether
vaid features have been produced).

Consideringthat aprocedural model can be obtained
simply by storing the designer’ scommandsinto alog
fileand making the file available for modification and
reexecution failsto addressthree important problems:

1. Features successfully created during an execution
of the procedural model can be invalidated by the
subsequent creation of other features. Therefore, to
assess the validity of a design, intentional festures
created at an early stage of the specification must
be preserved and methods for accessing the corre:
sponding geometric elements (whenever they exist)
and for testing the compliance of these elements
with feature validity rules should be available.

2. Feature parameters may be defined interms of other
features. For example, a boss may be intended to
lieat the center of the floor of arectangular pocket.
Although this relation may have been established
at the creation of the boss, subsequent editing of

Fig. 7. Nested features: Adding a boss feature in the middle of aslot feature (left) creates amodel (center)
with a nested feature (right): The bossisinside the volume of the dlot.
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captured by creating additional intentional featuresof type compound that refer to other featuresingtead of
referring to geometric elements (right).

the procedural model may alter the position of the
pocket. To preserve the relation between the posi-
tions of the two features, this relation must be cap-
tured in theprocedural model and used to position
the boss at each execution.

. Surface features are typically selected by the user
in an interactive mode, preferably using a graphic
cursor to pick the appropriate geometric elements
from a picture of the model on a computer screen.
Surface featuresin a model may be used to attach
tolerances or other manufacturing attributes to
particular portions of the model and to serve as
cluesfor processplanning[5], or simply to provide
constraints on the position and size of volume fea
tures to be created later by the procedural model.
It is therefore essential that surface features, once
selected by the designer on one instance of amodel,
be selected automatically when a new instance of
the model-is created. To support automatic rese-
lection, operationsthat select surface features must
be captured in the procedural model in such a
manner that their execution produces the desired
result, even when earlier parts of the procedura

model are modified.

A R 58 A

e

nd festures: A hierarchica organization of festuresmay be used to represent a compound
of a dot that containstwo boses one of which has a hde (left). These relations can be

Techniques for supporting procedural models to-
gether with intentional surface features and for cap-
turing relations between such features have been de-
veloped and implemented by Borrel, Nackman, and
the author, and are described in [4]. They will be briefly
reviewed in Section 4 and their applicationsto feature-
based editing will be discussed.

3.1.3. Local boundary modifications. If no proce-
dural model is available for editing and reexecuting,
or if the execution of the procedural model is costly,
the part model may sometimes haveto be directly ed-
ited, or “patched.” Since a valid solid model is un-
ambiguously described by its boundary, boundary
“tweaking” seems an attractive technique for editing.
For example, the four vertices of the floor of the dot
in Fig. 10 could be raised to change the depth of the
dot. A new boundary representation would be readily
available if the floor and the adjacent faces were im-
plicitly defined by their vertices. However, such
boundary tweaking techniques may require major al-
terations of the boundary structure of the object. If
polyhedral modellers, if the geometry ofthe edgesand
faces of the model are implicitly represented in terms
of vertex coordinates, aface (for example, the floor of

PATTERN
3
™ 1

Hg. 9. Patterns of festures. A pattern of hole feetures (left) may be represented by a compound fegture
referencing the intentional festures of each hole (center). The compound fegture has a description of the
pattern parameters (right) and can be used to accessand interrogate the entire pattern.
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Fg. 10. Boundary twesking: The floor of adot (1eft) may be
reised by moving up its vertices (right).

a pocket) may be moved simply by displacing its ver-
tices. However, the vertices of each face must remain
coplanar. Coplanarity isguaranteed by forcingthe ver-
tices of the face being moved to remain coplanar and
to move along extensions of the edges they bound.

The situation is more complicated when vertices
correspond to intersectionsof curved surfaces. Suppose
that the designer wishesto move only one face of the
feature and wantsto expressthismodification interms
of vertex displacement. Then verticesare constrained
to move along extensions of abutting (curved) edges
while simultaneously remaining on the edited surface
asit evolves. The number of degrees of freedom, which
specifieshow many of the vertices may be moved in-
dependently, is dictated by the nature of that surface
and itsacceptable deformations(scaling, rotations...).

In addition, the validity domain, which specifiesthe
maximum amount of vertex displacement along each
edge so that the boundary structure (adjacency graph
between faces) remains constant, is defined by the ge-
ometriesand relative positions of the faces. Restricting
the displacement of each vertex along the extension of
an edge S0 that it does not exceed the intersection of
thisextension with other facesis not sufficient to guar-
antee that the resulting boundary will not be self-in-
tersecting (asisthe casein Fig. 11).

An aternate approach is to modify the boundary
structure or to alter severa faces smultaneously. A
simple example may be found in Fig. 11, wherea ver-
tical left wall is added to connect the lowered floor to
the abutting cylindrical face, but in genera it isdifficult
to devise proceduresfor specifyingthese modifications.
Furthermore, detecting self-intersectingboundaries is

computationally difficult, and no unambiguous and
useful semantics has been defined for specifying how
self-intersecting boundary representations should be
corrected.

In conclusion, the semanticsof boundary tweaking
operationsis not well defined and the results may ke
invalid. This paper thus proposes techniques that use
mathematically well-defined set theoretic operations
to alter features.

A possible approach would be to convert incorrect
surfacefeaturesinto volume features (by the insertion
of closing faces) and then del ete these volume features
and create new correct ones. As pointed out earlier,
the set of closing faces is not unique for any surface
feature, and even a single suitable set may be hard to
produce. To overcome the “closingface problem,”a
technique based on corrective volumes, previously em
ployed by Requicha and the author for local blending
operations[12], will be proposed in Section 6. Here,
it usesageneralization of sweepsor extrusionsto crede
solidsthat can be added to—or subtracted from—the
part in order to change the dimensions or positionsof
geometric features,

3.1.4. Order dependency of volumetric alterations
A volume feature, whether directly created by a Boo-
lean operation or derived by closing a surface feature,
could in principle be modified by deleting it and, if
necessary, by creating a new volume feature with the
desired characteristics (Fig. 12).

Deletion of a volume feature may be obtained by
using the inverse of the Boolean operation that could
have been used to create it. For example, asubtractive
feature of type dot could have been created by sub
tracting the corresponding slot volume from somepre
viousrepresentation of the part. Therefore, adding the
volume back, using a Boolean union, would deletethe
feature. Unfortunately, thisapproach suffersfrom three
major problems, which could be qualified as “unde-
sirable side effects.”

1. Asdemonstrated in Fig. 13,the lack of associativity
properties of set theoretic Boolean operations do
not in general permit to undo the effect of sub
tracting (respectively adding) a feature by adding
(respectively subtracting) it back. Specificdly:
(4 - B)UB+# A4, unlessB CA, and similarly
(AUB)—B# A, unlessBC A.

Fig. 11. Vdidity problems: The depth of the dot (left) is dtered by loweringitsfloor face. In the resuiting

model, the boundary is disconnected and sdlf-intersecti

o connect the boundary on the right Sde of the

LT
dat, the right wall can naturally be extended to fdlcwnt%e vetices On the left Sde, however, the wall is
oylinaricd and the lowered vertices do not lie on its extension. They either have to be moved horizontaly,
or anew vertical face must be created. In any case, the boundary is salf-intersectingon the right Sde of the
dot, and therefore portions of it must be iminated, which involves geometric cdculations.
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Fig. 12. Editingby deletion and creation: A hdle volume feeture (left) may be moved by ddeting it (center)
and by cregtinganew hale in the right position (right).

2. When additive and subtractive features interfere,
the order in which they have been created is im-
portant and in general cannot be altered without
producing undesirable side effects, such asthe one
illustrated in Fig. 14.

3. Modifying features by deleting them and creating
new ones could modify or destroy other features
(see Fg. 15).

For solids created by combining simpler solidsand
volume features through Boolean operations, correct
resultsmay be obtained, without reeval uatingthe whole
Booleen expression, by confining the deletion of the
dd feature and the creation of the new correct one to
the active zone of the old feature. Active zones have
been introduced by Voelcker and the author in [27],
and would correspond here to the portion of space
where the shape of the feature isimportant. A formal
definition and relevant properties of active zones will
be summarized in Section 5, and new properties for
applicationsto feature-based editing will be derived.

Instead of computing the activeportions of all fea-
tures (i.e., their intersection with their active zones),
space decomposition techniques [28-30] may be used
to precompute and store the geometry of the active
portionsof al features simultaneously, and thusto im-
prove the performance of algorithms that execute the
editing operations. Then, each editing operation may
be confined to the appropriate regions without re-
pegting expensive geometric calculations each time.
Such an approach hasbeen proposed by Pratt [ 13]using
an extension of the radial edgestructuredeveloped by
Waelle 28]. Section 5 briefly presentsa different, more
generd, and dlightly simpler structure called Selective
Geometric Complex (abbreviated SGC) described by
O’ Connorand the author in [29]. Algorithmsfor sub-

dividing SGCs may be used to decompose space into
cdls of dimension three or less, such that given any
cdl C and any volume (or even surface) feature F, C
either lies entirely in the interior of F, entirely in its
complement, or entirely in the boundary of F (when
Cisaface and Fisavolume feature). Each cel of an
SGC “remembers’ what features it belongsto and is
associated with an attribute which defineswhether the
cdl is part of the represented solid or not. Fig. 16il-
lustrates such a decomposition. The applications of
the SGC structureto the deletion and modification of
featureswithin their active zoneswill be demonstrated.

3.2. Limitations of simple interrogation techniques

Detecting whether the geometry associated with an
intentional feature satisfiesthe validity requirements
explicitly associated with that particular feature-type
is extremely convenient for validating a design and
automatically verifying that changes produced by add-
ing new features or modifying old onesdid not create
undesirable side effects. However, the validity of each
individual feature may not be sufficient to assessthe
vaidity of a complex part, and sometimes, a relation
between severa features is also important. Most of
these validity requirements may be explicitly attached
as rules to single or compound features[4], and au-
tomatic procedures for checking feature validity may
be invoked, as described in Section 7.

Some validity rules may be characterized in terms
of topological relations between volume features and
can be expressed in terms of Boolean operations be-
tween a volume feature and the part it is supposed to
modify. For instance, when a slot Bisto be subtracted
from a part model A (Fig. 17 center), one can detect
situationswherethe dot istoo deep and whereits floor

Fig. 13. Side effects: In the Sarted top face of the moddl (left), a dlot is crested (center)by subtractinga
block. Adding the blodk beck (right)does nat restore the origind modd.



58 JAROSLAW R. ROSSIGNAC

Fig. 14. Order

is missing in the boundary 4 — B (Fig. 17 right) by
checking whether B — A4 represents the empty set or
not (thisworksonly if the floor is not coincident with
the bottom face of A).

When regularized Boolean operations are used, such
simpletests are insufficient to distinguish between sig-
nificantly different situations. For example, a distinc-
tion betweenthe correct situation and the unacceptable
configuration in Fig. 18 may not be obtained as pre
viously suggested by considering B — A4, because B
— Aisempty in both cases. Clearly, in most cases, a
more complex test involving Boolean combinations of
auxiliary solids may be provided, but each situation
and each test may require different types of auxiliary
solids. For example, a “roof,” thin block B’ over B
may be used: B' N 4 isempty* in the correct situation
of Fig. 19, but is not empty in the invalid case of the
same figure. These tests are expensiveto perform and
may require constructing and intersecting complicated
auxiliary volumes. Furthermore, this approach islim-
ited to volume features. An alternate approach is pro-
posed in Section 7 which demonstratesthat most com-

t Testing whether a Boolean combination of two or more
solidsis empty requires evauaing its boundary or performing
a Null Object Detection test on a CSG representation[31,

/

]

@ L)

- Modifying a solid (I eft) by first creatinga slot (top center) and then aboss (top
right) produces a different result than first making the boss (bottom center) and then the dot (bottomright).

mon validity criteria may be tested by querying the
existence of lower-dimensiona parts in an SGC rep-
resentation of the space decomposition defined interms
of features.

4. PROCEDURAL MODELS

As pointed out in the introduction, procedural
models are particularly convenient for trial-and-error
geometric design, because they capture the designer’s
specificationsin aform that can be easily understood,
edited, and repeatedly executed. This section briefly
presents a prototype system for procedural modelling,
called MAMOUR, which has been implemented in
the object-oriented language AML/X [ 32] and de-
scribed in more detailsin [4, 5].MAMOUR supports
intentional features with validity rules and can keep
track of relations between different features.

4.1. Sequences

Such a system offers an adequate platform for in-
tegrating the techniques presented inthispaper. Asthe
user of MAMOUR creates and transforms a part
model, the system automatically constructs a proce-
dural model composed of an ordered set of operations
that measure geometric (or other)properties, createor
move primitiveor subsolids, defineintentional features,
or perform Boolean operations between objects. The

¢

L

© ()

Fg. 15. Unintentional festure destruction: In ar’hodel with athrough-hole (a),a vertical slot (b) is crested

in a wrong position. Deleting the dot by a union creates a solid (c) in which the throug

h-hole feature is

partly destroyed. Making anew dat in the right pos.'tiog%d) producesa vaid slot, but leaves the through-
hole invaid.
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(b)

(@)

Fig. 16. Space decomposition: In the model (a) a dlot is made (b). Then two bosses are created inside the
dot (c). Space is decomposed into 3D cdls (d), S0 that each cdl is either inside or outside the origina
model and any one of the features.

execution of the procedural model constructs a geo-
metric model and the associated set of intentional fea-
tures. The procedural model can be edited by the user
without interrupting the design session, because it is
gored in memory as an aggregate (list) of AML/X
objects.iEach object corresponds to an operation, or
design step. Fig. 20 top illustrates one such sequence.
Each operation has its own internal variablesand ex-
ecution methods. A whole sequence of operationsmay
be captured in another AML/X object of type SE-
QUENCE and can be edited, executed, and included
as a parameterized macro operation into other se-
quences.

4.2. Unevaluated parameter expressions
To provide a greater flexibility and multiple appli-
cations of the same sequence, each operation and

 An object isan entity that hasatype (for example, “ Drill
operation”),a set of internal variables(for example, expres-
gonsthat define the radius and position of the hole), and a
st of procedures, called methods (for example, the one that
modifiesa CSG representation of a part by subtracting a cyl-
inder of the appropriate radius).

(a)

thereforeeach sequenceis parameterized. When severa
sequencesare pieced together in different ways or when
an early part of a sequence is edited, an individual
operation may be executed on a model different from
the model that hasbeen used to specify that operation.
For example, amake-rib operation may have been used
to make arib in the center of the bossin the origina
model. The parameters locating the rib were derived
from the position of the boss. If operations that con-
struct or modify the boss have been edited 0 that the
shapeof the bossischanged, the execution of the make-
rib operation will produce aribthat isno longer in the
center of aboss, unlessmake-rib can adapt itsexecution
to the new geometry. This adaptability is possble in
MAMOUR, because parameters of operations may be
stored in an unevaluated form, thus capturing the de-
signer’sintents (for example, to position the rib in the
center of the boss). Tosimplifythe formulation of this
constraint, an intentional feature isassociatedwiththe
boss. Intentional featuresin MAMOUR aredso AML/
X objects with internal variables and methods. The
internal variablestypically contain setsof uneva uated
referencesto boundary elements of the model (for ex-

(v) ()

Fig. 17. Validity test: The position of avolume featureB in relation to the part A isshownin (a). Subtracting
B from A failsto produce the desired slot feature (b) because the depth of B istoo large. Sometimes, such
situations may be detected by testing if the difference B — 4 isan empty solid or not (c).

CAGl14:2-B
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Fg. 18. Inadequate validity test: Subtracting from apart A (left) a correctly positioned dot volume fegature

B produces a vaid geometric feature of P/pe dot (center). Subtracting an ill-
erence may not

invalid geometric feature (right). The dif

|-positioned dot B creates an
detected by considering aregularized Boolean

combination of A and B.

ample, referencesto the facesofthe boss). The methods
can be used to evaluate these referencesand obtain a
geometric description of the appropriate elements (for
instance, of the floor face of the boss). These geometric
elements are also AML/X objects with methods for
computing their geometric properties (for example,
the center of a face). Thus, if bossl is the name of
the intentional feature that corresponds to the geo-
metric feature of type boss, the position of the rib
may have been specified in makerib using
bossl.floor().center(), which definesthe correct posi-
tion, as long as the geometry referenced in bossl is a
valid boss, or at |east has a floor face.

Until now, MAMOUR hasbeen interfaced with only
a 2D geometric modeller, and therefore intentional
features contain only edge-references. Such an edge-
referenceisan unevaluated AML/X expression defined
in terms of:

¢ the structure of a CSG representation of the partic-
ular model (if available),

e the adjacency information typically available in a
boundary representation, and

o the names of operations that created or modified the
edge.

Toolsfor automating the construction of expression
that consistently identify faces in various versions of
amodel are currently under ivestigation by Paul Bor-
rel and by the author.

4.3. Validity tests

The validity of intentional features, and thus of the
produced model, may be tested automatically using
validity rules attached to features. To a particular fea
ture may be associated several rules (predicates), which
measure geometric and topological properties of
boundary elements. If, for example, any rule evaluates
to FALSE, the feature isconsidered invalid. Note that

Fig. 19. Auxiliary volumes A thin block B' over the dot B

the same feature may be valid for another application
with different validity criteria A rule can be any
expressiont in AML/X that returns a Boolean value.
Typically such expressionsinvolve referencesto inten-
tional features, and therefore indirectly to correspond-
ing geometricentities, and also callsto methods applied
to these entities for computing their properties or de-
riving specific measures.

4.4. Editingfeatures

4.4.1. Volume features. Intentiona features can be
created in MAMOUR by executing a shape-modifying
operation, which attemptsto produce ageometric fea-
ture through a Boolean operation and at the sametime
createsan object that representsthe intentional festure
and contains, in itsinternal variable, referencesto the
corresponding geometric entities. Note that these en-
tities need not alwaysexist in the boundary represen-
tation of the model asit evolves. Since a volume rep
resentation of the geometric feature is used to the
Boolean operation, these features correspond to the
volumefeatures discussed above. Such volume features
may easily be used for editing the. model. To each
boundary element and to each intentional featurein
MAMOUR isassociated a history attribute, whichin-
dicates what operation created the entity. After a face
is graphically selected, its history may be accessed by
the designer and the parameters* of the corresponding

t In particular, it can combine through an OR operation
severd Boolean subexpressions, and thus provides a smple

“mechanism for expressingvalidity rulesasconjunctive foms

or even more complex Boolean combingtions.

* |t isthe designer's responghility to decide which param-
eters should be edited and how. The sysemscould provide
some help by maintaining a dependency greph that rdates
facesto parameter expression. Oftentheserdlationsaresimple
and we have not investigated such fadilitiesfor further esdsing
the designer.

BI

may be used to test whether the dot B is made

inthe block A (Ieft) is accessiblefrom the top. In the valid configuration (center) the set B' N A4 isempty.
In the incorrect configuration (right) B’ N A4 is not empty.
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(‘Make Slot

Make Slot )}~ Select Boss ) Make Rib )
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Fig. 20. Sequence of operations: The sequence (top) contains two slot-making operations, which subtract

two volume features, followed by a feature-sel ectionoperation which identifiesa surfacefeature of type boss

used in the last operation to position arib volume feature. The execution of the sequence produces a model

(center). Editing one of the dot-making operations and reexecuting the sequence applying it to a different

starting object produces a different result (bottom), rYth)grs]aSﬂ” reflectsthe designer’ sntent to center the rib
on the

operation edited so that the correct feature is created
by reexecuting the whole sequence. This reevaluation
may be computationally expensive. Therefore, alter-
nete techniques for editing the model are discussed
below.

4.4.2. Surfacefeatures. Intentional features may
a0 be created without geometric modifications by a
sdect operation which takes as parameters a feature
type and a list of references to existing boundary ee-
ments.8§Typically there is no single shape modifying
operation responsiblefor creating such asurface feature
and thus no explicit volume representation. Techniques
for editing such surface features by adding another op-
eration to the sequence are addressed in the next sec-
tion. They complement facilitiesfor editing operations
aready in the sequence, which arewell suited for mod-
ifying volume features when the cost of reevaluating
the entire sequence is not prohibitive.

5. EFFICIENT EDITING OF VOLUME FEATURES

Active zones were introduced by Voelcker and the
author in [27] to speed up certain geometric compu-
tations over Constructive Solid Geometry (CSG) rep-
resentations. The active zone associated with a CSG
node is the region in which the shape of the set rep-
resented by the node is important. An active zone is
defined algebraically asthe intersection of certain nodes
of the whole CSG tree, and thusits CSG expressionis
dwaysavailable. The concept of active zonesis applied
in this paper to deal with editingfeature. In thissection,

¢ Automatic extraction of existing 3D featuresis a difficult
and expensive procesy 33], especialy when loose conditions
are used to identify features. For example, aslot with afilleted
bottom edge may il be a dot, although the floor face is not
directly connected to the wall. In MAMOUR, referencesto
edges of features may be specified in a semiautomatic way
using graphic interaction. These references are then integrated
into uneval uated expressions, stored with the model, that will
identify the corresponding feature in afamily of part models
generated by reexecuting a modified version of the sequence.

from the properties of active zones, a CSG expression
isderived, which, in conjunction with spatial localiza-
tion techniques, may be used to improve the perfor-
mance of algorithms that update the boundary rep-
resentation of amodel when avolumefeatureisaltered.
Theseimprovementsare particularly interesting when
aspatial decomposition schemeis used for the bound-
ary representation.

5.1. Active zones

Let S be a CSG representation of a solid encoded
in abinary tree. (For simplicity, we shall usethe same
symbol for the solid and its CSG tree.) Let A be any
primitive (or any internal node) of S. The activezone
of A in S,denoted Z 5, isequal to the Boolean differ-
ence I§ — U$, where 1§ and U5 are respectively the
[-zone and the U-zoneof A in S. Let A be aprimitive
or internal node of a subtree N in S, and let F be the
parent node of N of another node B. The following
properties provide a recursive formulation for incre-
mentally constructing I§ U$, andZ35.

e 4 is the universe (Euclidean three-dimensional
space) and U4 isthe empty set.

e WhenF=NUBorF=BUN,thenl =1,
Ui=UYUB,andZ5=2% - B.

seWhenF=NNBorF=BNN,thenl, =1
NB,Uf=UY,andZ5=ZYNB.

e When F= B — N, then I = B— U%, U5 = I,
and Z5=zZ%¥NB.

e When F= N - B, then If = I N B, U% = U%.
andZzf=2z% - B.

It followsthat CSG expressionsfor 75 and U, and
thusfor 5, may be computed by traversing the pathf

inthetree srom A to S, and constructing the Boolean
expressionsfor [-zonesand U-zonesusing intersections

T Thepath is defined asthe set of nodestraversed by moving
from Sto A in the CSG tree, following the parent-to-child
links.
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Fig. 21 Charﬁgesae oconfined to the active zone: Replacing the primitive A by X in the CSG definition of
S(Ieft) can only affect Sin the active zone of A (center). The reult is show (right).

with other branching nodes’ or with their complements.
On the other hand, these expressions need not be ex-
plicitly constructed, nor stored, for most applications,
sinceefficient algorithmspresentedin [27] can perform
calculations with respect to I35 and U$ using the ap-
propriate branching nodes in the original tree S.

Severa applications of Active Zones are discussed
in detailsin [27]. For instance, it is shown that if a
node A does not intersect its active zone, it can be
replaced by the empty set. Similarly, if anode A con-
tains itsactive zone, it can be replaced by the universe
without affectingthe set represented by the wholetree.
(These results provide a new algorithm for testing
whether any particular node is redundant .) Algorithms
for the detection of interferences among solidsdefined
in CSG and for the generation of shaded pictures di-
rectly from CSG by ray-casting[ 34] or depth-buffer-
ing[ 9] are based on fadilities for classifying subsets of
the boundary of primitives against the CSG tree, The
performance of these algorithms may be improved us-
ing only the-zonesof the primitives, and not thewhole
CSG tree for the classification.

5.2. Editing volumefeatures

5.2.1. Localization to the active zone. Because a
volume feature corresponds to an internal node of the
CSG tree, it has an active zone, an I-zone, and a U-
zone. It was established in [27] that al changesto a
primitive or nodeA insideits activezone Z5 in Swill
affect the shape of Sand conversely that changesto A
outside of Z35 will leave S unchanged. This property
and related properties are used in this section to pro-
duce trimming expressionsfor localizing changes that
implement a volume feature modification. For ex-
ample, let A be avolume feature subtracted in the se-
quence (B —A) — Cdefininga solid S (see Fig. 21 );
itsactive zone Z§ isB — C. Only changesto A inside
B — C need to be taken into account.

5.2.2. Localization to the altered portion of the fea-
ture. When a volume feature A isedited and replaced
by X in a CSG representation of the solid S, a new
boundary may be obtained without reevaluating the

"The B in the above properties refersto what is
formdly cdled abranchingnode of A in S, i.e, a node that
doesnat lie in the path from A to S, but whose parent node
does 1§ and Z § are defined asintersectionsaf such branching
nodes or of their complements.

entire boundary of the solid because changes are re-
stricted to A @ X, the symmetric difference- between
A and X [35], Consequently, in the example Fig. 21,
only alterationsin(4 ~ X) . (B — C) are needed in
order to compute the boundary of the solid obtained
by replacing A by X in the CSG tree of S.

5.2.3. Combinedlocalization. Let 0 and w represent
respectively the empty set and the universe. Let Sy
denote the set represented by the tree of Sin which A
was replaced by X. The two previous results may be
combined toyidd: Sy = S®. Z§ N (X ® 4). A proof
of this equation may be derived from Equation (4)
in[36],giventhat (X®@ Y =Z) = (X = ¥Y® Z) holds
for any three sets, X, Y, and Z.

5.2.4. Classifying additive and subtractive parts. The
symmetric differenceA ® X may be decomposed into
two disjoint sets,3A — X and X — A, which can be
treated separately. For example, when a negative (sub-
tractive) volume feature A is replaced by X, a subset
of A — X must be added to Sand a subset of X — A
mustbe subtracted (see Fig. 22 for an example). This
section derives new CSG expressionsthat characterize
these subsetsand are simpler than the CSG expression
of s8.

Although Z§ isthe smallest region where changes
to A afect S the classificationof A — X and X — A
against the CSG expression of Z5 in general contains
unnecessary steps which can be eliminated using the
following property;

Sx=8~(4x - UH U NI,

where 4% isthe portion of material added to A and
where 4% isthe portion of material subtracted from
A during the same operation.

First consider the case of an additive feature A. We
have: 4% =X —A and A3 =A — X. For aproof, firg
we establish the following:

' The symmetricdifference between A and X isdefined s
A X=(A=-X)U(X~A4).

+ The term digoint is used here for three-dimensiond val-
umes whose intersection is empty or of lower dimension.

s Note that each one of these CSG expressonsmay be fur-
ther trimmed down by removingdl primitivesthat are digaint
frorr%A] - X (respectively X — A ) by using techniquesdiscussed
in[37].
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Fig. 22. Changes are confined to the symmetric difference: The solid S(left) is represented by a CSG tree

defined in terms of a subtractive volume featureA . ReplacingA by X in the CSG tree of Smay changethe

shape of S(center) only in the symmetric difference A @ X (right). Note that A — X is added and that
X — A issubtracted.

ENUSCIENUSUS, NUS,
ENUSCIiusS)N Us,
IENUSCS,NUE, by Proposition 5 of [27],

IENUICS,, by Proposition 6 of [27).

Now the proof may be constructed as follows:

Sy=S,U(XNIS), by Proposition 1 of [27],
Sy=S,UXNIHUANISN US),
since ISNUSCS, (seeabove),
Sx=(S,NAVUS,NX)US,
UXNIHUMUNISNTUS,
.since S,NAUS,NXC.S,,

Sy= (S, NA)U(S,NX)
US,NUHUXNIHUUAENTIENTUS),
since S,C U5 (see[27]),

Sy=(S,NAHUS,NX)
USNUHUMNXNIZNANXNIT)
UANISNUS), since AUA=w,

Sx= (S, NAYU(S,NX)YU(S, N U
vdnEnAHunNxniIs)
LU NIENUHuUENxXNI,

Sy=(S,UANIHNAUXUUS _

U4 NXxXNI$), factoringout S, and AU X,
Sx=SNUAUXUUHUMUENXNID,

replacing X with 4 in Proposition 1 of [27],

Sx=S-((A-X)-UHUX~-A) NI,
using complementation.

Now note that for a subtractive feature, one may
condder the complements of A and X to be additive
features, and the same proof holds.

Since the interiors of 4% and of A% are digaint,
theinteriorsof 4% — U and A3 N 15 aredsodigoint.
Therefore, sinceUand = areregularized, we alsohave:

Sy=SUAzNIS)— (4% - US).

Consequently, subsetsof 4% need only be classified
against 1§; subsetsinside 7§ should be added to S,
while subsetsoutside  may be discarded.” Similarly,
subsetsof 43 need only be classified against U§; sub-
sets outside U5 should be subtracted from S, while
subsetsinside U5 may be discarded.”

The CSG expression of Z 5, defined as I§ ~ U4, is
acomplex asthe combination of the CSG expressions
for 15 and for U3, and classifyingtapoint with respect
to Z§ may often require classifying it against 1,” and
against U5 and then combining the result. The above
result suggeststhat A ¥ needsonly be classified against
15 and not against both 7§ andU§. Similarly, 4%
needs only be classified against U5 and not against
both 75 and UY. Significant improvements for algo-
rithms that perform feature modification result. To
further improve the performance of these algorithms,
tree pruning and other space subdivision tech-
niques[39, 40, 35, 41] may be used in conjunction
with classificationagainst 75 and U§. Note, however,
that this speed-up may suggest to add to Sportions of
A% that arealready included in S, or to subtract from
Sportions of 4% that are not in S. These unnecessary
additions do not invalidate the result but may corre-
spond to redundant geometric calculations unlessthe
representation scheme presented below is used.

5.3. Mixed-dimensional geometric model

To represent a solid part together with its additive
and subtractive volume features, one needsto extend
the boundary representation scheme and to provide
support for representing decompositions of solidsand
of their complementsin terms of boundaries of poten-
tially overlapping features (Fig. 16). Furthermore, the
construction of closing faces for surface features may

+ See Property 13in [27].

' See Property 12in [27].

¥ “Classifyingapoint against a set consistsof determining
whether the point liesinside or outside of the set[ 38].
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Fig. 23. Space decomposition for editing a surface festure: The dot surfece festure in the solidB U C U D
(left) may be modified by creating the corresponding volume feature A and its modified version X, by

condructing an SGC representation of the resulti
cdisdf A — XtoIN, and

involve splitting faces of the part model and inserting
internal facesin the part or creating external facesin
its complement. Objects with internal structures and
external dangling edgesand facesare not supported by
conventional solid modellers, and thusricher schemes
for geometric representations must be used.

Severd data structures that support representations
of unions of quasi-disjoint subvolumes have been pro-
posed (see [28-30, 42] for examples). Such schemes
may be used to decompose a volume feature Binto its
active and inactive portions with respect to various
Boolean combinations of other features. The Selective
Geometric Complex (abbreviated SGC) data structure
permitsrepresentation of such decompositionstogether
with the modelled part, whether the feature has been
added or subtracted [29],

SGCsprovide acommon framework for represent-
ing objects of mixed dimensionality, possibly with in-
ternal structuresand incomplete boundaries. SGCsare
composed offinite collectionsof mutually digjoint cells,
which are open connected subsets of n-dimensional
manifolds and generalize the concepts of edges, faces,
and vertices used in most solid modellers. The con-
nectivity between such cellsis captured in avery simple
incidence graph, whose links indicate “is-a-boundary-
of” relations between cells. By setting the status (at-
tribute) of certain cellsto IN and othersto OUT, one
can associatevarious pointsets with asingle collection
of cells. When a cell’ sstatus is IN, the cell is cdled
“active,” and the pointset spanned by the cell is con-
sidered aspart of the object; otherwiseit is considered
aspart of the complement of the object. Consequently,
the pointset of an SGC object needs not be homoge-
neous in dimension, nor even be closed or bounded.
To support useful operations on SGCs. Boolean and
other set-theoretical operations (closure, interior,
boundary) have been decomposed into combinations
of three fundamental steps for which dimension-in-
dependent algorithms have been developed[29] :

o a subdivision step, which makes two objects “com-
patible’by subdividing the cells of each object at
their intersections with cells of the other object;

o asdection step, which defines “active” cells, i.e, cells
whose statusis IN; and

e asimplification step, which, by deleting or merging
certain cdls, reduces the complexity of an object’s

goece subdivision (center)and by setting the status of
cellsof X —A to

T (right).

representation without changing the represented
pointset and without destroyingdecompositionsthat
are marked asimportant for applications.

Furthermore, combinations of these steps may pro-
duce avariety of special-purpose operationswhose ef-
fect is controlled by simple predicates, or filters, for
cell selection.

The subdivision step may be used to create a gpace
decomposition that reflects the geometry of the part
and of al itsvolume and surfacefeatures. Then, feature
modifications may be performed by modifyingthe sta
tus of cdlsthat belong to the appropriate volume fea:
turesand the associated | or U zones. Fig. 23illustrates
how the result of a sequence of operations may ke
modified by selectinga surface feature and modifying
it by replacing the volume feature A with X.

5.3.1. Application to model updating. A space de
composition technique may be used to split A @ X
into connected cellsthat are entirely inside or entirely
outside of both 75 and U% . Adding these cellsto Sor
subtractingthem from S only requires settingtheir sta
tusto IN our OUT. If such an approach is used, the
main cost liesin theinsertion of X i n the space decom-
position and in the classificationof each cell of A ® X.
The classification may simply be obtained by evalu-
ating a Boolean expression. Using I35 or U instead of
the expression for Z 4§ considerably reduces the cost of
updating the model to reflect a feature modification
(see Fig. 24).

5.3.2. Volumefeature deletion. A particular case of
editing isdeletion. A volume feature could be deleted
by altering a specification stored in a procedural model
and by reexecuting the procedural model to create a
new geometric model without the undesirable feature
The sameresult could be obtained directly by changing
the status of al cellsthat lie in the intersection of that
volume feature with its active zone.

For example, to delete afeature A in (BU A) — C.
it sufficesto changethe status of cellsinA — (BU C).
the active portion of A (Fig. 25). These changescan
be done by traversing’al the cellsin A and dassfying

¥ We assume that esch festure has a reference to all the
cellsthat it includes or that these cdismay be efficiently iden-
tified in the SGC. If no provision is made for such a direct
aocess, dl cdlsof spedificdimensonsmay have to be traversed
to s if they belong to the appropriatefeature.
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Fig. 24. Active zonein feature modification: Sdefined as(BU A ) — Cisshown (left) superimposed on the
gpace decomposition obtained by using the boundaries of the primitivesA, B, C, and X. The 'orim_itive A
isa misplaced additive volume festure in Sand must be repleced with asimilar festure X dightly shifted to
the left and upwards To obtain the correct object, first cdlsthat bdongto A — X are dassfied againg U4
(here U5 = B). The statusof odisof A — X outside of U is st to OUT. Note that one of these odiswas
already OUT (center left). Then, odlsof X = A are dassfied againg 1," (here I = C). The status of the
odlsar X - A inside I iSset to IN (center ri.%ht). Note that one of these cellswes dready IN. The reauit
(cells atributesare IN) is shown (right).
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each one against B U C. Since each cell contains (in
its history) a list of the features to which it belongs,
this classification amounts simply to evaluating a
Boolean expression.

As discussed earlier, instead of changing the status
o only the cdlls of A that lie in its active zone, one
could simply set to OUT the status of cellsof A that
liein its U-zonewhen A isan additive volume feature,
or st to IN the status of cellsof A that liein its1-zone
when A isa subtractive volume feature.

For example, in the solid (B UA) - C (Fig. 25),
the U-zone, U5 = B, issimpler than the active zone,
Z5=BUC, andthusasavingin classificationtime
is achieved. This simplistic example does not reflect
the importance of such savings, and one should con-
sider that classificationhasto be performed for alarge
number of cellsand that it may involve large Boolean
expressionsfor both U5 and I3.

6. CORRECTIVE VOLUMES

If a CSG tree representing the model is available,
surface features could in principle be corrected by ed-
iting the tree. Suppose that no single node of the tree
represents the appropriate volume feature. Each face
of the feature may still be associated with one or more
half-gpaces of the CSG tree, s that modifying the po-
sition or shape of these half-spaceswill affect the face,
and thus the feature.

Editing half-spacesdirectly in the original CSG tree
hes the following drawbacks:

1. It may be difficult to recognize which half-space
should be edited. Typically the boundary of more
than one half-space coincides with each face, and
techniques proposed in [27] for classifying half-
spaces against their active zones (to predict which
half-spaceswill affect which portion of aparticular
face) may not be sufficient.

2. Editing half-spacesin a CSG treeto alter aparticular
portion of spacewill often produce undesired side-
effectsin other locations.

3. Editing half-spaces and not solid primitives can
produce unbounded subsolids and makes it very
difficult to implement popular performance-im-
proving techniques for CSG algorithms that use
bounding boxes around CSG primitives.

4. Designers' intentions expressed in a posteriori al-
terations of half-spaces are difficult to specify and
to capturein the sequence of a procedural model.
Consequently, the edited specification is not well
suited for reparameterization or reusein adifferent
context. It isnot even suited for further editing that
involves areevauation of the sequence.

Reorganizing the CSG tree to regroup the relevant
half-spaces of the feature into a single node that can
be edited as a feature is not alwayspossible since the
result of evaluating a general Boolean expression is
order-dependent. Consequently, this section proposes
touse Boolean operationsto edit surface features(the
previous section dealt with volume features), These

Fig. 25. Deletion using the Active Zone: Given the set Sdefined by (BUA) - C(left)the additive volume
festureA may be deleted by changing the active attribute of dl the cdisthat lie in the active portion of A
(center),whichisA — (BU C). The reault is shown (right).
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Fig. 26. Face extrusions: Extruding a planar bese faoe (1eft) produces a volume (right) that is bounded by
the beee face and its offst by r, and by Sde faoes obtained by sivegping the edges of the base face

operationsinvolve corrective volumeswhich are added
to—or subtracted from—a solid model to alter a par-
ticular feature. These corrective volumes could be de-
rived from volume features themselves derived from
surface features by generating closing faces, but, as
pointed out in Section 2, the derivation of closingfaces
remainsaresearch issue. Furthermore, onceavolume
feature A isderived from the surface feature, it is not
easy to produce a modified volume feature X so that
A = Xand X — A may be used as corrective volumes
and added to—or subtracted from—the model to alter
the surface feature without side-effects. Instead, the
author proposes to construct corrective volumes by
extruding appropriate faces of the surface feature, Ex-
amplesof these extrusionsare provided in the following
part of this section.

Once corrective volumes are computed, whether
through closing faces and volume features or through
face extrusions, they must often be trimmed to avoid
undesirable side-effects before they can be combined
with the solid. Automatically computing the correct
trimming expressionisimpossible unlessthe expression
“undesirableside-effect”is formally defined. Indeed,
the correctness of a feature editing operation depends
on the function of the edited feature and on the func-
tion of itsgeometric relation with other features.

6.1. Extrusion of faces

A simplest corrective volume may be obtained by
extruding a planar face called the baseface along the
normal to its supporting plane (see Fig. 26 for an ex-
ample). Such a corrective volume may often be ade-
guate to change the width or depth of features that
have orthogonally oriented planar faces.

Theextrusion V,(F) of aplanar face F by a distance
r is avolume formally defined by

V(F)={p+ngwithO<t<randp€ F},

o

where nr isthe normal unit vector to the surface con-
taining F.

For faces on curved surfaces, a normal extrusion
will be used (Fig. 27). It is simple extension of the
above extrusion. The normal extrusion V,(F) of a
curved base face Fby adistance risavolume formally
defined as

VAF)={p+ tns(p)withO < ¢ < randp € iF},
where ng(p) isthe normal unit vector to Fat point p
and where i Fisthe relativeinteriort of Fwith respect
to its supporting surface. The orientation of the normal
is chosen in a consistent manner throughout F. Note
that, for the semialgebraic surfaces popular in solid
modelling, nx(p) iswell defined for the smooth portions
of F(the relative interior of the base face), but needs
not be well defined for the bounding edges of F, its
cusps, or singulanties.t Therefore, V,(F) is obtained
by extruding a nonclosed face and thusdoes not neces-
sarily contain al its boundary; it needsto be regular-
ized. ng(p) can often be computed from the cross
product of partial derivatives when F is defined in
parametric form, or from agradient when Fisdefined
by an implicit equation. Such extrusion volumes are
very simple to obtain for natural surfaces(see [43]).

Applications of extrusions and normal extrusionsto
feature modification areillustrated in Figs. 28 and 29,
where the extrusions are used as corrective volumes
and added to the part to modify a feature.

Such applications are clearly limited to simple casss
where, for example, the extruded base face and the
abutting faces meet at a right angle. Fig. 30 showsa

Theinterior of afaceisthe faceminus itsboundingedges,

cusps, or singular points.
+ The normd to aconeis not defined asits apex.

g. 27. Normd extrusion for curved b&efa}s A norma extrusion of a curved face that lies on acylinder
(Ief is a volume (right) bounded by the origind face, its offset by r, and by side fecesthat are subsets of
rued surfacessustained by the edges of theé)ngma face. Note that the Sde facesare in the dosure of V;(F)

ut aenat in V,(F).



Feature-based editing and interrogation 67

Fig. 28. Application of extrusion: To changethe depth of the slot feature (left), acorrectivevolume (center)
may be generated by extruding the floor of the slot and subtracted from the part (right).

counterexample for which a corrective volume gen-
erated by extruding a base face is inadequate.

To circumvent such limitations, an extended cor-
rective volume may be generated and then trimmed
using the abutting faces (see Fig. 31).

The extended corrective volume may be obtained
by extruding an extension of the base face. A good
candidate to use as base face extension is the entire
surfacethat containsthe baseface, but in certain cases,
to avoid side-effectsin distant areas, it may be pref-
erableto consider only asimple subset of that surface.
This technique has been proposed by Requicha and
the author in [12] for generatingloca fillets and blends
by (1) growing and shrinking Boolean combinations
of appropriate half-spaces, by (2) subtracting the result
from the originad combination to obtain an extended
blend, by (3) trimming the blend to the desired shape
near itsends, and by (4) adding the resulting corrective
volume to the part or subtractingit.

Extended corrective volumes derived from asingle
base face are convenient for modifying asingle di-
mension of a simpler feature (e.g., the width of a slot
ortheradiusof ahole). In general, however acorrective
volumeinvolves more than one base face (for example,
when the depth of a pocket with an uneven floor isto
be changed). For such cases, instead of combining sev-
ed corrective volumes, a single extended corrective
volume may be obtained by extruding several faces
dongacommondirection (Fig. 32). Suchageneralized
extrusion, V,(F) of a set of faces F along a direction
u, may be formally defined asthe Minkowski sum [ 44]
of Fwith the line segment joining the origin O with
the point O +u. And thus:

L Vu(F)={p+tu,withpE FforO<t<r}.

6.2. Automatic derivation of a default trimming
expression

Picking the base face and providingan offset distance
does not in general provide an unambiguous specifi-
cation for the corrective volume. It is thus necessary
to providefacilitiesfor automatically creating supersets
of the desired corrective volumes and trimming
expressionsthat produce the desired subsets. Trimming
operations may involve nontrivial Boolean combina-
tions of the half-spaces bounded by the abutting faces.
This Boolean combination may, in principle, be de-
rived from the entire CSG tree, if available, but this
derivation may be difficult and will often require hu-
man intervention. A possible approach to assist the
designer and suggest a default trimming CSG expres-
sion is to consider only half-gpaces bounded by the
faces of the solid that share edges with the base face
and to eliminate other half-spaces from the tree. The
correct Boolean combination of these half-spaces may
be hard to derive, and the resultsmay still be incorrect
(see Fig. 33). The designer may have to provide an
auxiliary trimming expression, but the system should
be ableto suggest agood default trimming expression.

Clearly, corrective volumes should be confined to a
region where they do not destroy the effects of other
features. For example, they may be trimmed by some
other (but not necessarily all other) volume features.

Unfortunately, a surface feature, F, typically does
not correspond to any individual node inthe CSG tree
and therefore isnot associated with an activezone; the
resultsderived in Section 5 may not bedirectly applied
here.

To provide an often reasonable default trimming
expression, the concept of a virtual active zone may be
used, The virtual active zone of a surface feature F is
defined as the active zone of the lowest node Tin the

Fig. 29. Application of normal extrusion: To change the radius of a cylindrica hole (left), a corrective
volume (center) may be generated through anormal extrusion of the cylindrical base face and added to the
part (right).

CAC 14:2-C
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Fig. 30. Limitation of face extrusion: The geometric feature (left) has been edited by adding to the solid the
corrective volume generated by extruding one of its faces (center). The result (right) is not correct.

CSG tree of S at which the surface feature F appears.
Thistechnique may be automated, but isonly effective
if at T one could delete and create again the corre-
sponding volume feature without changing the final
result. In other cases, fine tuning “by hand” the au-
tomatically generated virtual active zone may be nec-

essary.

7. VALIDITY TESTS

Previous sectionsdealt with techniques for assisting
the designer in performing object modifications using
afeature-oriented syntax. It has been assumed that no
automated solution existsand that human intervention
is necessary to correct the side-effect of these editing
operations. To further assist the designer, the system
should support facilities for interrogating important
propertiesof features. We shall refer to these properties
using the global term of validity.

The validity of a feature or of a compound feature
greatly depends on the nature of the feature and on
the function played by the feature in a particular ap-
plication. Addressed here are only the qualitative (or
discrete) validity issuesthat can be expressed id terms
of the presence or absence of specific cdls in SGC
structures. (Many other quantitative criteria may be
easily addressed through geometric measures, derived
from features, as described in [4].) Cellsof interest
have a specified dimension and belong to the appro-
priate combination of features. Note that thisapproach
isnot based on matching subsetsofthe adjacency graph
of a boundary representation, but on the interogation

of arich datastructurethat capturesvarious geometric
entities and their relations.

Filters for cell selection in SGCs may be used for
vaidity testing. The next section introducesthe query
operators, which provide the vocabulary necessary for
expressing the filters. The subsequent section dem-
onstratestheir application on a few simple examples.

7.1. Interrogation operators for SGCs

Filters will be expressed in terms of the following
queries that can be made to an SGC, O, or to a par-
ticular cell, C, of O. A list of typical filters, expressed
as methods of cell or SGC objects, follows.

¢ O.cdlg(k) returnsthe collection of cdlsof dimension
kinO.

¢ O.skeleton(k) returns the collection of cells of di-
mension less or equal to k in O.

e C.boundary returns the collection of cels that
bound C.

e C.star returns the collection of cells bounded by C.

¢ C.dimension returns the dimension of C.

e Given a cdl D of C.star such that D.dimension
=C.dimension + 1, C.nbhd(D) returns |eftdir,
rightdir, or bothdirs. The value leftdir means that,
given the definition of “left” and “right” with respect
to an orientation of C inthe manifold containing D
asan open subset, D lieson the“left” of C. Similarly,
when C.nbhd(D) returns rightdir, C bounds D on
the “right.” bothdirs means that C is an interior
boundary “ surrounded” by D, or more precisely that

(=

Fig. 31 Extended corrective volumes: To raise the floor of the slot (left) without modifying the position of
itswalls, an extended corrective volume is generated and trimmed (center). The result is added to the part

(right).
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Fig. 32. Correctiveswept volumes To raise adot in the modd (left) without changing the shepedf itsfloor,

a corrective volume is obtained by
trimming the result (center right) and

ing upwards al the feces of the dot (center |eft), and then by
ing it to the modd (right). The dimengonsadf the floor remain

unchanged and thereforethe swept volumes of the different faoes have different thickness.

C is contained in the topological interior (with re-
spectto the manifold containing D) of thetopol ogical
closure of D.

¢ C.history returns the set of features to which C be-
longs.

¢ Finaly, C.status returns IN or OUT depending
whether the cdll is considered asactively contributing
to the pointset of O or not.

For more formal definitions of these operators, the
reader should consult [29].

7.2. Examples of application

Vdidity criteriaare domain dependent, and the goa
of this paper is not to derive them but to illustrate a
technique for expressingthem. Three simple examples
involvingablock of material and two volume features
will be used. Simple tests that characterize each situ-
ation are proposed. Thesetestsdo not involveany geo-
metric calculations, but simply search the SGC struc-
ture for cellsthat satisfy appropriate selection criteria.
In fact, to improvethe interrogation performance, ref-
erences to cdls of the SGC could be organized in a
data base and accessed using their history, dimension,
or other characteristics by standard data base queries.

Thelocal inaccessibility from thetop of adot volume
feature A in a part B may be detected by checking
whether the “roof” face, F1, of A is connected on the
outside (with respect to A) to a full-dimensional cell
of B (Fig. 34). Thetest may be performed by selecting

cdls D of Fl.star that contains B in their history and
such that F1.nbhd(D) = leftdir. (For simplicity, we
assume that FL isoriented 0 that the leftdir direction
points toward the outside of A.)

Of course, the foregoing filter is not adequate for
globa accessibility, which may require performing
Boolean operations on auxiliary volumes, such asthe
volume swept by the portion ofthe featurethat isvisible
from the direction from which the feature isto be ac-
cessed.

To find whether two dlotsA and Care adjacent along
a common face or not (Fig. 35), it sufficesto inquire
whether a 2D cell, or face, F2 existssuch that it bounds
a 3D cdl of A on one side and a 3D cdl of C on the
other side.

The search may be confined to the common 2D
cdls of the boundaries of A and C, which may be ac-
cessed directly if adirectory of cellsthat belongto each
feature is maintained.

Totest whether aslot Ciscontained in aslotA (Fig.
36), or more generaly whether A and C interfere, it
suffices to query if there is a three-dimensional cell
whose history contains both A and C aswel as B.
Again, the selection may be efficiently performed by
standard data base queries on the directories of cdls
that belongto A, B, and C organized by dimension.

8. CONCLUSION
Interactiveediting of CAD modelsmay be smplified
by the use of volume and surfacefeatures. Surface fea-

Fig. 33. Incorrect trimming CSG: To rase the floor
volume is computed (center left). CSG ex#)rons_
faoesof the arigind modd are not adeguate for trimmi

trimmed correctivevolumeis (centerri

of the dit in the model (l€&ft), an extended corrective
defined only in terms of half-gpaces bounded by the
m};}the correctivevolume An example of an incorrectly
ght), and the resulting model is shown (right).
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Hg. 34. Testmgtop b|||ty To distinguishbetween the correct postlonlr[wé;dthesiafeeture left) and

the incorrect one (ri ht one can Imply inquire whether, in the corr
(g, pcl}lsirgA is connected on |tswtgs(§)e9tof |-dimeng

gpece decomposition, the roof face El

turesareinteractively selected by the user from existing
faces of a model. Volume features may be created by
addition or subtraction of material, or derived from
surfacefeaturesby definingthe necessary closing faces.
This paper addresses the issue of interrogating such
volume and surface features as to their validity and
their relation to each other and to the find part. It also
proposestechniquesfor editingthe model by modifying
or deleting its features.

Interrogation techniques are based on a scheme for
representingmixed-dimensional pointsetswith internal
structures. In that scheme, space, i.e., the modelled
part and itscomplement, is subdivided into connected
cells (volumes, faces, edges, and vertices) such that all
points of any given cdl belong to the same set of fea-
tures. Feature vaidity and particular relations among
features may be easily characterized by the existence
or the absence of cells of specific dimensions associated
with specific sets of features.

Model editing to ater or delete a volume feature
may be performed by usingaprocedural representation
of the designer's specification, locating in it the com-
mand that created a particular volume feature to be
modified, editing this command, and reexecuting the
entire procedural model. Reexecuting means comput-
ing the boundary of the geometric model, which may
be an expensive process. When a CSG expression for
the part is available, the reexecution may be limited
to a particular domain defined by the intersection of
the volume feature with itsactivezone. Thistechnique

A B C.B
e
/

SGC that representsthe

cdisof B.

may be adapted to surface featuresby providingclosing
faceswhich define corresponding volume featuresand
by consideringthe role these volume featuresplay with
respect to the CSG tree. On the other hand, surface
features may be directly modified by constructing cor-
rective volumes and by combining them to the part
model through addition or subtraction. The use of ex-
tended geometric representations of setswith internal
and external structures permits cal culation of the effect
of feature deletion without further geometric calcula-
tions.

Global accessto the geometric elements of a partic-
ular feature is provided through intentional features,
to which may be associated validity rulesand methods
for evaluating these rules or for measuring important
properties of the feature. Intentional features may be
created automatically when feature-based shape-mod-
ifying operationsare used or by interactively sdecting
exigting faces. Intentional featuresdo not directly point
to any geometric entity, but carry an unevaluated
expression, constructed at feature creation or selection,
which, when evaluated, returns appropriate geometric
elements, if they exist. Thisindirect approach prevents
inconsistencies between an abstract list of assumed
featuresthat could characterizesomeimportant aspects
of apart and the actual presence and geometry ofthese
features in the part. This point is essential if further
shape modifications, done either by editing and re-
playing the designer's specification or by creating new
features, can alter the geometry of apreviously defined

Hg 35. Testing adjacency: For proo& plannlng the two adja:ent QOISA and C(Ieft) mugt ke trested
differently from the two disconnecteddots(right).
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B

Fig. 36. Testing containment: Machining aslot C that liesinsidea dot A may result in suboptimal manu-
facturing processes. Therefore, such a situation (left) must be distinguished from anormal situation where
the two slotsare digoint (r|gh8.

feature to the point that it no longer exhibits the ex-
pected geometric characteristics.
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