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Analysis on machined feature
recognition techniques based

on B-rep

M C Wu and C R Liu”

Solving the machine feature recognition problem has been
widely recognized as a cornerstone for developing an
automated process planning system directly linked to a cap
system. Various recognition techniques have been developed;
however, they are in general deficient in robustness. That is,
valid machined features may not be recognized and features
which are recognized may not be valid in practice. This paper is
intended to analyse the existing machined feature recognition
techniques, which are based on the B-rep solid modelling
scheme, in order to give the reasons why the robustness
problem would occur. The pros and cons for recognizing
machined features are also analysed. Finally, a cutter selection
methodology, known as process requirement modelling, is
introduced; this methodology seems to provide a promising
way to solve the machined feature recognition problem.
Copyright © 1996 Elsevier Science Ltd.
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computer-aided process planning

INTRODUCTION

Developing methods for recognizing machined features
have been widely regarded as a significant research topic
in the area of capcaM. The main purpose of recognizing
machined features is to provide a direct link between cap
and cam. That is, the output of cAD systems can be
directly taken as the input to cam systems so that the
integrated productivity of CAD/CAM systems can be
enhanced.

One essential part of a typical caD system is a solid
modeller, which is intended to model the shape of a
workpiece in computational form. Based on the solid
modelling schemes, algorithms can be developed for
some applications such as the graphic display of
workpieces, finite element analysis, group technology
(GT) coding and process planning. The solid modeliing
file of a workpiece is generally considered as the output
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of a cap system and subsequently as the input of a typical
machined features recognizer.

Currently, the two most commonly used solid
modelling schemes are CSG (constructive solid geome-
try) and B-rep (boundary representation). In the CSG
scheme, a solid is modelled by the regularized Boolean
operation of several primitive solids such as blocks and
cylinders'. In the B-rep scheme, a solid is modelied by its
boundary faces which are bounded regions on planes or
surfaces. Without concise mathematical formula for its
explicit representation, such a boundary face is indirectly
described by its bounding loops, edges and vertices.

The shape of a typical workpiece can be precisely
described by both of these two solid modelling schemes.
However, a solid represented in CSG is implicitly
defined; that is, its shape is not known unless the
associated Boolean operations have been evaluated. A
solid represented in B-rep is explicitly defined; yet its
modeliing primitives (i.e. faces, loops, edges and vertices)
have been widely interpreted as low-level information
and cannot be directly used in developing some down-
stream applications such as process planning.

In relevant literature, machined feature are generally
regarded as high-level information suitable for develop-
ing an automated process planning system which can be
directly linked to a caD system®. A machined feature such
as a slot, a step, or a pocket in practice can be easily
associated with a predefined operation plan. Interpreting
a workpiece as a set of machined features therefore
would facilitate the development of an automated
process planning system. A machined feature is named
as high-level information because it is a ‘macro’
description of faces; that is, it generally involvesa set of
connected faces rather than a single one.

The problem of recognizing features from a cAp model
can be traced back to the pioneer work of Kyprianou,
reported in 1980, at the University of Cambridge®. His
work was intended to develop methods for recognizing
some depression and protrusion features from a B-rep
model in order to give the GT code description of a part.
The intended application of the GT codes was for the
development of an automated process planning system.

Since then, much research work (at least over 30
journal papers) on solving the feature recognition
problem has been published. These studies in general
can be classified into three categories according to the
cap models they used. That is, their investigated
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problems were defined as recognizing features either
from B-rep, from CSG, or from an enhanced model
based on B-rep or CSG. Of these studies, most are
essentially based on B-rep.

Significant milestones have been set up by these
studies. However, the proposed techniques are generally
domain limited or not satisfactorily robust in recognizing
features, especially in dealing with interacting features.
An interacting feature is the result caused by the
intersection of multiple features, an example of such a
feature is the intersection result of two simple slot
features (Figure la).

Note that it would be possible to find an existing
technique to recognize a particular interacting feature
such as the one in Figure 1a. However, in general cases,
almost all the feature recognition techniques are not
robust enough in recognizing the interacting features.
That is, a novel interacting feature can always be
proposed so that an existing feature recognition
technique would find its lakc of robustness.

Recognizing interacting features from cap models
seemed to be a formidable problem. Another way of
developing an automated process planning system from
caD is by adopting the concept of design-by-features,
which is intended to bypass the burden of recognizing
features. The concept of design-by-features advocates
that machined features should be taken as the descrip-
tion primitives in designing a part; the resulting work-
piece representation would therefore facilitate the tasks
of process planning. A design-by-feature, also known as
a feature-based, cap system would freatly enhance the
productivity of designers if the primitive features are
design features. However, if the available features are
limited only to machined features, this amounts to a
request to designers to perform part of the process
planning tasks and would increase the burden on
designers.

Moreover, a design-by-feature approach cannot
completely release the burden of feature recognition if
protrusion features are to be included and interaction of
features are allowed. For example, adding a protrusion
feature (e.g. a boss) on a depression feature (e.g. a slot)
would result in a significant change on the depression
feature. That is, the depression feature or slot now
cannot be produced by a typical operation plan for slots
due to the boss obstacle. In addition, interaction of
features can be so widely varied that a user-defined
depression feature might subsequently be encapsulated
by a user-defined protrusion feature. Such an interaction
would finally cause the function and shape of the
depression feature to totallyh disappear from the part.
Therefore, in worst-case analysis, a feature-based cap
system would essentially amount ot a CSG model. This
denotes that the traditional feature recognition problem
canot be totally bypassed in a feature-based cap system.

This paper is intended to analyse the methodology of
existing techniques developed for solving the feature
recognition problems based on B-rep. Although two
surveyt papers on feature recognition techniques have
been published*’, we focus on analysing the reasons why
machined features cannot be robustly recognized.
Solving the machined feature recognition problem has
been widely regarded as an essential cornerstone for
developing an automated process planning system. The
pros and cons of this verdict is also discussed. Finally, a
novel cutter selection methodology, known as process
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Figure 1 An interacting feature consists of two simple slots; (a)
pictorial view, (b) 2D projection view, (c) missing information to be
recovered, (d) the decomposition result of the interacting feature by
Wang’s algorithm

requirement modelling®, is introduced. This methodol-
ogy seems to provide a promising way to the robust
recognition of machined features.

DEFINITIONS OF FEATURES AND THEIR
IMPLICATIONS

In relevant literature, numerous ways of defining features
have been proposed. These definitions in general can
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be classified into two main categories: conceptual and
operational definitions. A conceptural definition gives
the general description of all concerned feature; such a
description is too rough to be directly implemented.
Alternatively, an operational definition is intended to
give a precise description on a particular type of features
so that it can be coded in a computational form and
operated on a computer. These two types of definitions
together with their implications are discussed below.

Conceptual definitions of features

Among the previous conceptual definitions of features,
Pratt and Wilson in 19857 gave a relatively broader one;
‘A feature is a region of interest on the surface of a part’.
Such a region of interest (known as form features in
their paper) can be used in various applications such as
machining, assembly, fixturing, finite element analysis,
etc. Form features therefore can further be classified into
machined features, assembly features, fixturing features
and analysm features depending upon their intended
applications®. In this paper, we are concerned only with
the machined feature; that is, features relevant to the
machining of workpieces.

Conceptual definitions of machined features

Many conceptual definitions for machined features have
been proposed, Wthh might be named with different
terms. Choi et al.’ defined a machined feature (known as
machined surface in their paper) as follows: ‘a portion of
workpiece generated by a certain mode of metal cuttmg
Joshi and Chang® gave a similar definition: reglons of
a part having some manufacturing significance in the
context of machining’.

Implication: defining a mapping between feature space and
machining process space

The above two conceptual definitions of machined
features, together with some other similar ones'®~", are
intended to describe a mapping between two distinct
spaces: the feature space and the machining process
space (Figure 2). An element in the feature space is
aregion or a portion on a workpiece, which may involve
a set of connected faces or a volume. An an element in
the machining process space is a machining mode, which
may denote a type combination of machine tools and
cutters.

The proposal of such a mapping can be understood by
the observation of the three slot features in Figure 3.
These slot features, identical in their shape and varying in
dimensions, can both be generated by a certain
machining mode, say a 3-axis milling machine and a
flat-end milling cutter.

An analogy between the feature space and the
machining process space can be built up from the above
analysis. For the three siot features, the characterization of
their likeness in shape would correspond to the
requirement of a common machining mode. And the
distinction in their dimensions would correspond to
the required variation in the detailed specifications of
machine tools and cutters.

Based on such an analogy, the recognition of features
would correspond to the process planning of manu-
facturing a workpiece. Feature recognition therefore
has been widely regarded as an indispensable research

Machining
Feature ﬁ
process
(a) space space
template
&
(b)
Feature Machining process
space space

Figure 2 (a) A conceptual definition of machined features provides a
mapping between the feature space and the machining process space.
(b) An operational definition of machined features is to describe a
cluster of features by choosing some templates as samples, then
characterizing their common characteristics as the boundary
constraints of the cluster

issue in developing an automated process planning
system. That is, many researchers interpret the problem
of selecting machining modes as a problem of recogniz-
ing machined features.

The proposal of a conceptual definition for machined
features implies the creation of a mapping between the
feature space and the machining process space. However,
as stated above, such a description is too rough to be
directly implemented on a computer; its realization or
operational definitions should be developed for dealing
with various types of features and machining modes.
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Figure 3 Three simple slots and their graph representation proposed
by Joshi and Chang
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Operational definitions of machined features

In the literature, an operational definition for features is
generally proposed for describing a class of machined
features, which are similar in shape. A typical example
for defining a class of features, given by Joshi and
Chang?, is quoted below.

A slot feature is composed of three faces F;, F, and F;.
‘F 1s adjacent to F,’.

‘F, is adjacent to F;'.

‘F) forms a concave angle with F,’.

‘F,; forms a concave angle with F,’.

According to this definition, each of the three face sets
({F,, F,, F;}) in Figure 3 can be regarded as a valid slot,
even though they are varied in dimensions, orientations,
and adjacency relationships with the other faces.

First implication: constraint-based description

In the above example, an operational definition is
described by a set of ‘constraints’. That is, a valid slot
feature should satisfy the above five constraints. The first
one constrains the number of composing faces. The next
four constrain the relationships among these composing
faces, which usually are further classified into topological
(e.g. constraints 2 and 3) and geometric (e.g. constraints
4 and 5) relationships.

In such an approach, the underlying definition for a
class of features is based on a ‘three-categories-
constraints’ paradigm; that is an operational definition
involves three categories of constraints: number of
composing faces, topological relationships and geo-
metric relationships among composing faces (Figure 4).
Most relevant studies adopt such a paradigm in giving
their operational definitions for typical machined
features, such as holes, siots, steps, pockets, etc. How-
ever, for a particular class of features, the constraints
proposed by different researchers might be various.

Second implication: clustering of features

Another implication for giving operational definitions of
features is for ‘clustering’ purposes. That is, in the
universal feature space, the set of any region on any
workpiece in the world, similar regions (or features)
should be clustered into a class. Each member in a
particular feature class should be reproducible by similar
or common metal cutting modes. The ‘three-categories-
constraints’ paradigm then implies a way to clarify the
boundary of a cluster. That is, a region on a workpiece
satisfying the required constraints of a cluster would be
attributed as a feature member; otherwise, it would be
rejected.

Third implication: sampling of templates

One interesting question may now be raised: how to set
up a set of constraints for defining a particular class of
machined features. The number of all members in a
particular class of features might be infinite.

In previous relevant studies, typical ways of defining
the boundary of a cluster are based on a ‘sampling’ or
‘templates-representing-all’ methodology. That is, some
typical features/regions, belonging to this cluster and
finite in their number, are manually chosen as templates
for representing the whole cluster. These templates are
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Figure4 A typical procedure for giving the operational definition for a
class of features

analysed to derive their common characteristics and then
proposed as the constraints for forming the particular
class of features. For example, adopting the three slots in
Figure 3 as templates, one may derive the five constraints
proposed by Joshi and Chang’® or another constraints
set.

In summary, an operational definition for featuresis a
set of constraints, which is intended to define the
boundary for forming a cluster of similar regions/
features. The idea for proposing such a constraint set is
based on a ‘sampling-and-characterization’ process.
That is, typical features are first sampled as templates
and subsequently analysed in order to derive their
common characteristics, which are then used to create
the constraints set.

REPRESENTATIONS OF FEATURES

To describe the operational definitions of features, many
representation schemes have been proposed in previous
literature. These representation schemes in general can
be classified into three types: rule-based; graph-based;
and syntactic-pattern-based approaches.

Rule-based representation scheme

Typical examples of the rule-based approach can be
illustrated by Henderson’s study'®. In this approach, a
set of heuristic rules are used to describe the operational
definition for a class of features. For example, by the
observation of the three templates shown in Figure 3, one
might propose the following set of heuristic rules to
describe a slot feature, which are a little different from
that proposed by Joshi and Chang®.

A slot is composed of three faces {F, F;, F3}.
Face F| is adjacent to face F,.

Face F, is adjacent to face Fj.

Face F, and F; are parallel.

Face F, forms a 90° angle with F,.

Face F; forms a 90° angle with F,.

Such heuristic rules for describing features are
generally coded in Prolog, Lisp or some other languages
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which are known as the building tools for developing
expert systems. Rule-based approaches therefore are also
regarded as an expert system approach. Previous studies
adopting the rule-based representation scheme involves
References 14 and 15.

Graph-based representation scheme

In the graph-based approach, a class of features is first
modelled by a graph structure, which depicts the
required topological and geometric constraints of for
identifying a feature. Then the graph structure may be
coded in various computational forms.

The descnpt;on of a slot feature, introduced earlier in
this paper’, is in fact a typical example of the graph-
based approach, even though it was presented in a form
of five rules. Referring to Figure 3, one can model the
three templates by a graph structure consisting of three
nodes. In this graph, a node denotes a face and an arc
denotes an adjacency relationship between two nodes/
faces; an attribute value 0 or 1 can be assigned on each
arc to denote that the intersection angle of the two
adjacent faces is concave or convex.

Such a graph structure, when used in describing some
other types of features such as steps, holes or pockets,
can also be converted into a set of rules. Following the
‘three-categories-constraint’ paradigm, these rules repre-
senting a graph involve three types. The first type
describes the required number of faces for comprising a
concerned feature (i.e. the number of nodes in the graph
structure). The second type gives the topological
relationships among composing faces (i.e. the arcs in
the graph structure). The third type presents the
geometric relationship among faces (i.e. the attribute
value on each arc in the graph structure).

Many graph-based representation schemes have
been proposed in the literature. Examples of these
studies involve References 16-23; among these,
the work by Ansaldi et al.'® might be the first one
appearing in the literature. The variations of these graph-
based representation schemes can be understood by
modifying the illustrated graph structure in the following
ways:

e labelling nodes to give geometric constraints on
nodes®,

e giving more attributes (i.e. geometric constraints) on
arcs!?,

¢ interpreting nodes as surfaces (instead of faces) and
surface intersection curves as arcs,

e interpreting nodes as vertices and edges as arcs'’

By representing a machined feature as a graph, to
recognize a feature from a B-rep, which is also a graph,
then becomes a matching problem. That is, a subgraph
(feature) is to be identified from a larger graph
(workpiece in B-rep). A graph-matching problem has
been widely known as an NP-complete problem?®;
its computing time in worst case tends to grow
exponentially.

Various techniques have been proposed for reducing
the computing tlme in solving the graph-matching
problem. Srinivasan'’ simplifies a graph by a tree, and
performs tree-matching; Joshi and Chang® use some
heuristic rules to decompose a graph into several

sub-graphs; Corney and Clark'® use the orientation
of faces as a guide to simplify a graph. These techniques
are essentially based on an ‘information-deletion’
process. That is, some heuristics are proposed to
systematically delete some information from the graph
to make it simplified. This deletion would improve the
computation time, but might also cause the problem of
robustness.

Graph-based and rule-based representations are
mutually convertible

From the above analysis, we already observe that the
graph- based representation scheme proposed by Joshi
and Chang’ can be converted into the rule-based
representation scheme. One might wonder if any other
graph-based representation scheme can also be con-
verted into a rule-based one. This verdict is true because
a graph, in whatever way it has been modified, involves
only arcs, attributes/labels and nodes, which, respec-
tively, give the constraints of topological relationships,
geometric relationships and number of concerned
entities (i.e. faces or vertices). Each arc, arc attribute,
node label and the number of total nodes can
individually be converted into a single rule.

Conversely, any rule-based representation scheme, if
its templates for defining features are regarded as a set of
connected faces, can also be converted into a graph-
based one. This verdict can be understood by inter-
preting a rule as a constraint to be imposed on a single
face or on the relationships of any two faces, which
may be neighbouring or non-neighbouring. Taking
faces as nodes and edges as arcs, constraints about a
single face can be seen as node attributes; constraints
about neighbouring faces are arc attributes, Note that
a constraint about a pair of non-neighbouring faces
can also be interpreted as an arc attribute, if a virtual
arc connecting the two non-neighbouring faces in
constructed. Therefore, a set of rules for defining
features can be represented by a graph structure.

Note that the above verdict theoretically can be
extended to other types of rules, which impose
constraints on surfaces, loops, edges and vertices, the
other four types of geometric entities in a B-rep. The
worst case for representing such a rule set by a graph
structure is by taking each surface, loop, curve, vertex as
a node; constraint on a single node as the node attribute;
constraint on any two nodes as arc attributes. Therefore,
the rule-based representation scheme and the graph-
based representation scheme in fact are mutually
convertible.

Syntactic-pattern representation scheme

The syntactic-pattern approach for representing a class
of features®!!> can be illustrated by an example of
deﬁmng slot features, adopted from the work of Choi
et al’. In their approach, a slot is defined as:

SLOT ::= {SES} SSS {SES}
where SSS is a slot- starting—face defined by some
geometric constraints and SES is a slot-element face,

defined by some geometnc constraints.
The above expression denotes that a slot is a pattern of
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faces which is composed of one SSS face and some SES
faces on both sides of the SSS; the expression {SES}
emphasizes that the SES faces on each side may be
multiple. Such a slot pattern is very good in modelling
the interacting slot features as shown in Figure Sa.
Simple slots can also be dealt with because they are
special cases of the interacting ones.

From the above example, we can see that a syntactic
pattern for modelling features also follows the ‘three-
categories-constraints’ paradigm. That is, the first two
categories of constraints (i.e. the required number of
composing faces and the topological constraints
among faces) are described in the syntactic rule
(e.g. SLOT := {SES} SSS {SES}). And the third
category (i.e. geometric constraints) are embedded in
the definition of the rule primitives (e.g. {SES}, SSS).
The syntactic-pattern representation scheme therefore
can be interpreted as a rule-based approach.

For example, the above ‘syntactic rule’ can be
described by a set of ‘common rules’ as below.

Rule I: A slotis composed of three set of faces {Fy;,i = 1
to n}, {F,}, and {Fy;, j = 1 to m}.

Rule 2: Face F, is adjacent to each member of {F;,i = 1
to n}.

Rule 3: Face F, is adjacent to each member of {Fy;, j = 1
to m}.

Rule 4 to M: Describing the geometric constraints about
faces Fy;, F, and F3;.

As we can see from Figure 5b, such a slot pattern
can also be represented by a graph, with the SSS face as
the centre node and two sets of SES faces as its
neighbouring nodes. As stated, the geometric con-
straints of SSS and SES faces can be converted
into the attributes of the graph arcs and nodes.
Therefore, a syntactic-pattern representation scheme
for machined features can also be converted into a
graph-based one.

SES (face B)

SF\S SE

SES (face A)

@ $SS

() (ses)
SES SSS @

(b)

Figure 5 (a) A slot involving more than three faces can be represented
by a syntactic pattern. (b) The graph representation of the slot

608

Configurations of feature recognizers

In summary, the configuration of a typical feature
recognizer would involve three modules: feature defini-
tion, feature representation, and feature recognition
mechanism (Figure 6).

The feature definition module is intended to decom-
pose the feature space into a number of clusters. One
cluster denotes a class of features which can all be
produced by a common machining process mode. As
stated, the boundaries for clarifying a cluster are
generally described by a set of constraints, by sampling
some templates and characterizing them following the
‘three-categories-constraints’ paradigm.

In the feature representation module, the set of
boundary constraints are subsequently modelled by one
of the three representation schemes (rule-based, graph-
based, and syntactic-pattern-based). These three repre-
sentation schemes, even though different in their
appearance, can be mutually convertible.

In the feature recognition mechanisms, typical pattern
recognition techniques (e.g. expert system approach,
graph-matching approach, and syntactic-pattern recog-
nition approach) would be correspondingly chosen or
developed so as to be compatible with the feature
representation scheme. A typical graph-matching pro-
blem is NP-complete; therefore some heuristic proce-
dures might be performed in order to simplify the
representation of a graph and reduce the computation
time.

ANALYSIS OF ROBUSTNESS PROBLEMS

The existing techniques for machined feature recognition
are generally deficient in their robustness. That is, for a
particular technique, a feature valid in machining
practice may not be recognizable (known as type I
error) and a recognized feature may not be a valid one in
machining practice (known as type 1I error). The causes
of robustness problems will be analysed in the following.

Robustness problems born with feature definitions

The robustness problems are essentially generated from
the process of defining machined features. As stated, an
operational definition of features is intended to form a
cluster in the feature space, where each feature member

Feature Definition

Feature Representation

Feature Recognition

Figure 6 Three major modules of a machined feature recognizer
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can be produced by a common machining mode. The
boundary of a cluster, which are expressed by a set of
constraints, should be appropriately defined; otherwise,
it may result in the robustness problems. That is, too
small a cluster would cause type I error, and too large a
cluster would cause type II error. In the ideal case, we
would expect that the set of features producible by a
particular machining mode should be equal to the
defined feature cluster.

However, such an ideal case seems to be very difficult
to be achieved. As stated, the process of giving an
operational definition of features involves three major
stages (Figure 7). First, a sample of feature templates
should be chosen to represent the world of the concerned
feature class. In this stage, one cause of the robustness
problems may occur. That is, the sampled templates
might not be enough in number so that some features in
the feature class would find no representative templates.
Therefore, these features subsequently would not be
recognizable by the proposed recognizer.

In the second stage, the sampled templates have to be
analysed to derive their commonality, which would then
be expressed as the boundary constraints of the feature
cluster. The existing techniques for characterizing the
sampled templates in general are heuristic. That is, the
boundary constraints of a feature cluster are derived by
only observing the templates’ shape, which are not
validated by a mathematical proof. Therefore, the
heuristic procedure of characterizing commonality
would be another cause fo robustness problems.

In the third stage, the boundary constraints for a
feature cluster would be expressed by one of the three
representation schemes (rule-based, graph-based, and
syntactic-pattern-based approaches). The three repre-
sentation schemes are mutually convertible; this implies
that they are equally capable in the sense of modelling a
feature cluster. That is, the robustness problems cannot be
cured by only choosing different representation schemes.

A Particular Feature

Class World
(—‘JL_\ Cause A
?‘:Eglli;is Insufficient
Sample size
—o p
/—'J / ™
Cause B
Characterizing
Commonalities Heuristic
\ / Characterization
y
Constraints
Description

Representation

Schemes

Figure 7 A flow chart for analysing the robustness problem that
occurs in the existing feature recognition techniques

From the above analysis, it is known that the
robustness problem is due to insufficient and inappro-
priate modelling of feature information, which occurs in
the stage of defining features. Suppose the required
information for modelling a class of features is sufficient
and appropriate (even though this may not be obtain-
able), one might question whether any of the three
representation schemes be comprehensive enough to
model the information. This verdict should be positive,
because the B-rep scheme for modelling a workpiece is
essentially a graph, and a feature is part of a workpiece.
The feature information extracted from a B-rep therefore
should be able to be represented by a graph, and can be
modelled by any of the three representation schemes
because they are mutually convertible.

In summary, the robustness problems are essentially
caused by the definition of features. There are two major
causes. One is due to the insufficient sample size of
templates, and the other is due to the heuristic
characterization of their commonalities. It seems that
these two major causes might be lessened by applying
some techniques but are very difficult to be removed
completely. This verdict will be illustrated below.

Cause A: insufficient sample size of templates

To model the world of a particular feature class,
e.g.slots, the representative templates are very difficult
to be enumerated exhaustively, especially when the
interacting features are to be included in the feature
world. For example, the face-adjacency-graph for
modelling a slot (Figure 3) is created through character-
izing three templates of simple slots such as those shown
in this figure. Such a slot definition would cause
vagueness when used in recognizing the interacting slot
shown in Figure 5. That is, the two SES faces (faces A
and B) and the SSS face, as a whole, would be recognized
as a slot, yet such a recognition is inappropriate in
practice.

Including the feature in Figure 5a as a slot template,
the slot definition might be represented as a syntactic
pattern shown in Figure 5b. Such an enhanced definition
still might cause vagueness in recognizing some other
interacting features. For example, each of the two
interacting slots shown in Figure Ia would not be
recognized as a slot, because an SSS face in its original
definition involves only four edges’. The candidate SSS
face (face M) in Figure 1b involved 16 edges and cannot
be a valid SSS face. To include the two interacting slots
in Figure la, the constraints for clarifying slot definitions
should further be relaxed.

However, such a relaxation might cause another side-
effect. The relaxation of a slot definition would enlarge
the domain of recognizable slots; however, the enlarged
domain might intersect with the domains of some
other types of features. This would cause another type
of vagueness.

In summary, features theoretically can be mutually
interacted in a combinatorial manner. This is, the
number of patterns for modelling interacting features is
infinite and cannot be exhaustively enumerated. Even
though the representative templates are sufficiently
sampled, the characterized domain might unexpectedly
intersect with other feature domains—this is undesirable
according to the criterion of robustness recognition.
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Cause B: heuristic characterization of commonalities

Characterizing commonalities from the sampled
templates is generally a heuristic process and might
cause the robustness problem. Examples for characteriz-
ing the commonalities of slot features are illustrated
below.

By observing the three slots in Figure 3, one might
propose the following heuristic rule set (Rule Set 1) for
defining the slot features.

Rule Set I:

® Rule I: A slotis composed of three faces {F|, F;, F3 }.
Rule 2: Face F, is adjacent to face F,.

Rule 3: Face Fj is adjacent to face F,.

Rule 4: Face F) is perpendicular to face F.

Rule 5: Face Fy is perpendicular to face F,.

It seems quite reasonable to define slot features by the
above heuristic rule set. However, a counter example
{(Figure 8a) denotes that the rule set should be enhanced;
otherwise a blind step would be recognized as a slot.
Suppose a new heuristic rule as stated below is
additionally included in order to form Rule Set 2,
which would exclude the counter example (Figure 8a)
from the domain of slot features.

Rule Set 2:
e Rules 1 to 5 in Rule Set 1 are included.
e Rule 6: Face F, is parallelto face Fj.

However, the enhanced rule set is still insufficient by
observing a counter example in Figure 8b, which is not a
slot in practice yet satisfies all the constraints in Rule Set
2. One might propose to further enhance the rule set by
emphasizing that the intersection angles in Rules 4 and 5
should be concave.

(a) (b)

F1

F F3

Fi

F3
(<) (d)

Figure 8 Counter examples for depicting the robustness problems
occurred in the process of heuristically characterizing representative
templates
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Rule Set 3:

o Rules 1, 2, 3 and 6 in Rule Set 2 are included.
® Rule 4: Face F; forms a 90° angle with face F,.
® Rule 5: Face F, forms a 90° angle with face F,.

After two stages of enhancement, Rule Set 3 is still
insufficient by observing a counter example in Figure 8c,
which satisfies all the constraints in Rule Set 3 yet is not a
slot in practice. The rule set might further be enhanced as
follows in order to exclude the counter example.

Rule Set 4:

o Rules 1 to 6 in Rule Set 3 are included.

8 Rule 7: The outward normals of faces F, and F; are
opposite.

Now the rule set seems quite comprehensive. However,
one can still propose a counter example to highlight its
insufficiency. For example, the three faces {F, F,, F3} in
Figure 8d meet all the constraints in Rule Set 4; however,
in practice they are better regarded as two steps because
faces F; and F; are too far away. One might therefore
enhance the rule set as foliows.

Rule Set 5:

e Rules 1 to 7 in Rule Set 4 are included.

® Rule 8 The distance between faces F; and F; should
not be too ‘far’.

By observing the above rule set, we can see that the
description of Rule 8 is vague because of the requirement
of justifying a distance as too ‘far’ or not, where the
semantics of ‘far’ is vague. On the other hand, it also
seems inappropriate by giving a definite upper bound for
clarifying the vagueness.

Note that the above rule sets are essentially created
based on simple slots (i.e. a slot involves one SSS face
and two or more SES faces). Some other problems may
arise when these rule sets are to be applied on interacting
slot features. For example, the two interacting features in
Figure 1a can be recognized in involving 8 slot features
(le {Fl’MvFZ}’ {F15M7F4}a {F23M1F3}’ {F3aM7F4}’
{F4aM7F6}» {F57MaF8}a {F71M7F6}5 {F77M7F8})~

However, each of the 8 slot features in practice cannot
be individually regarded as a slot feature. They have to
be merged into two slots as shown in Figure Ic. Note that
the face M now has to be decomposed into two
overlapping faces M, and M, (ie. M;UM,=M). In
addition, faces F; and F;, together with a newly created
face Fyy, have to be merged into one face, likewise for
faces Fy, F|, and Fy, in order to satisfy the first rule in the
above rule set. In dealing with interacting features,
various techniques for decomposing faces and creating
new faces have been proposed previously. However, they
are in general heuristic procedures and therefore
deficient in their robustness.

From the above illustration, we can see that heuristic
characterization of sample templates, even carefully
performed, might still unexpectedly cause the robust-
ness problem.

TECHNIQUES FOR DEALING WITH
INTERACTING FEATURES

As discussed above, the recognition of interacting



Analysis on machined feature recognition techniques based on B-rep: M C Wu and C R Liu

features is a crucial research issue in developing a feature
recognizer. Various techniques for solving this issue have
been proposed. These techniques in general can be
classified into the following five categories:

Generic representation schemes for features.
Recognizer with learning capability.
Missing information recovery.
Feature-based system mixed with B-rep.
Other works.

Generic representation schemes for features

The first approach for dealing with interacting features is
by developing a generic representation scheme which
would be able to model both interacting features and
simple features. That is, simple features are taken as
special cases of interacting features. And such a feature
recognizer would be able to recognize both interacting
and simple features by the same procedure.

A typical example of this approach is the work done by
Choi et al’ Their proposed syntactic pattern representa-
tion scheme is good at modelling some interacting
features as shown in Figure 5. However, as discussed
above, such a representation scheme would cause
vagueness in dealing with the interacting features as
shown in Figure 1.

Recognizers with learning capability

The second approach for dealing with interacting
features is by enhancing the recognition mechanism

M=F1UF2UF3

F1

F2

Figure 9 The decomposition result of an interacting feature proposed
by Wang’s algorithm

through a learning process. That is, if an interacting
feature cannot be well recognized by the existing
recognizer, this feature would be taken as a training
template for enhancing the capability of the recognizer.
Through this learning mechanism, the capability of the
recognizer would be gradually improved.

One example of this approach is the work proposed by
Chan and Case®. The idea of this approach is quite
novel. However, some side-effects might have to be
considered. In order to deal with an unrecognizable
feature, a new set of inference rules have to be included in
the recognizer. Many new rule sets then would be
gradually included in the system. It is important to assure
that the semantics of these rule sets be mutually
exclusive. Otherwise, a feature might be classified into
more than one type and vagueness would occur.

The side-effect can be understood in another way.
Suppose the unrecognizable features have been identified
before the initial creation of the recognizer and are
regarded as the sampling templates. Such a heuristic
characterization of templates would tend to cause the
robustness problem. Therefore, the robustness issue does
exist whether the unrecognizable features are simulta-
neously proposed before the creation of the recognizer,
or identified one by one after the creation of the
recognizer.

Missing information recovery

Referring to Figure Ic, in the creation of interacting
features, some face information of simple features might
become missing. In an attempt to decompose an
interacting feature into multiple simple features, the
information of these missing faces requires recovery.
Therefore, another approach for dealing with interacting
features aims to develop techniques for recovering the
missing information. The missing geometric entities may
involve edges or faces, and their purposes of recovery
may be fo r the separation of individual simple features
(e.g. edges V|V, in Figure Ic) or for the information
completeness of simple features (e.g. faces Fyy, Fy,, F)5,
F\3 in Figure Ic).

One typical exam}gle of this approach is the work done
by Joshi and Chang”. They propose some heuristic rules
which would effectively recover the missing information
for two types of interacting features. This study sets up a
good milestone; however, interacting features in practice
should be more than two types. For robust extension of
this approach, it is essential that the proposed heuristic
rules be rigourously validated.

Another noted example of this approach in the work
by Wang®. This study proposes a polynomial time
alforithm to solve the machined feature recognition
problem which before then had been widely interpreted
as a graph-matching problem (an NP-complete prob-
lem). Also, interacting features can be well solved by this
algorithm in a certain workpiece domain.

In this study, the workpiece should first be trans-
formed into a rectilinear form. That is, the workpiece
should be modified so that each resulting face should be
parallel to one axis of the world coordinate system. A
rectilinear but non-rectangular face (e.g. face M in
Figure 9), which implies the existence of an interacting
feature, should be decomposed into a set of rectangles.
Then, for each rectangle, a block-volume-growing
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procedure would be performed to recover the missing
information for identifying simple features. Each
rectangle implies the existence of a simple feature.

This technique is quite creative yet still leaves some
space for further investigation. First, the techniques
seems only applicable to ‘near-rectilinear’ workpieces.
That is, most of the faces on a workpiece should be
rectilinear; otherwise the recognition result would be
quite unusual. For example, the two interacting slots in
Figure la would be decomposed or recognized as
involving 17 simple features (9 blocks and 8 prisms in
the sense of considering their volume to be removed, see
Figure 1d). Such a decomposition is quite from the usual
practice. Moreover, the 17 simple features cannot be
merged back to obtain two separated simple slots.

Second this study assumes that all the simple features
are of rectangular shape. A depression region as shown
in Figure 9 would be decomposed into three simple
rectangular features. Suppose a recognized simple
feature is intended to correspond to a machining mode.
Such a process planning for machining the depression
region seems quite unutual. It seems that a procedure for
merging the rectangular simple features into a single
feature is needed, where the resulting feature corre-
sponds to a machining mode.

Feature-based system mixed with B-rep

The fourth approach for dealing with interacting
features is by using a hybrid solid modelier, which is
feature-based design system enhanced with B-rep. Based
on such a solid modelter, the process of separating
interacting features into simple features will be freatly
simplified because the information of the built-in
features provide clues for the separation.

One typical example of this approach is the work done
by Laako and Mantylid®, others involve References 21
and 28. In average case analysis, such approaches would
greatly reduce the complexity of recognizing interacting
features. However, in worst case analysis, a feature-
based design system as stated is just like a typical CSG
system; such a hybrid representation in this sense would
not help much in dealing with interacting features.

Other works

In dealing with interacting features, some other
approaches, which combine or modify some of the
above four techniques, have been proposed. Most of
them are essentially based on heuristic algorithms, and
unavoidably would lack robustness. Examples of these
studies are discussed below.

Gavankar and Henderson propose a heuristic algo-
rithm by which nested depression and nested protrusmns
(both are interacting features) can be separated”™.
Chamberlam et al. adopt Wang’s back-propagation
algorithm® and propose an approach to decompose a
protrusion feature into several depression features,
where such a protrusion feature is generally relevant to
the occurrence of an interacting machined feature™.

Prabhakar and Henderson develop a neural network
approach which can recognize intersecting slots!
Marefat and Kashyap propose a hypothesis- genera-
tion-elimination approach to identify primitive features
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from interacting features in which some missing
1nformat10n (known as virtual links) are heuristically
recovered”. Corney and Clark propose an algorithm
which can 1dentify multiply connected depressions or
protrusions and provide mulnpie interpretations of a
2.5D component’s shape™. Donaldson and Corney
define several classes of interacting features and
develop a rule-based system to identifying interacting
features'.

Some other relevant works which study the impact of
interactmg features on process planning have also been
published™~**. In Young and Bells’ study, the impact of
interacting features on a design-by-feature cap system is
extensively explored®. There are numerous ways to
decompose an interacting feature into several simple
features. These relevant studies therefore provide a
reference to justify the usefulness of interacting feature
decomposition techniques.

PROS AND CONS FOR RECOGNIZING
FEATURES

As stated, the original purpose for recognizing machined
features is to develop a carp system which can directly
interface cap and caM. A process plan in general involves
a series of operation sheets, and each operation sheet
gives the required machine, cutter and fixture. The
recognition of machined features in fact is an inter-
mediate step, which subsequently has to be converted
into operation plans. One might question the possibility
of developing a procedure which can directly generate
the operation plans from a cAD system, rather than
travelling through an intermediate state.

In the literature, such approaches have been proposed
Typical examples mvolve the work done by Grayer and
that by Armstrong®. In Grayer’s work, a part is sliced
with a number of parallel planes so that it can be
decomposed into a set of disjoint laminae. For each
lamina, a cutter can be manually chosen in order to
generate the NC code for machining the lamina.

In Armstrong’s work, a 3D space enclosing a part is
decomposed into a set of spatially ordered cells, so that
each cell can be classified as either a stock cell, a part cell,
or an on-boundary cell. The stock celis would be used to
generate the NC code of roughing cuts. The on-
boundary cells would be used for generating the NC
codes of finishing cuts. And the diameter of cutter in
both finishing and roughing cuts is determined by the cell
size.

In these two studies, a process plan can be auto-
matically generated. However, their major deficiency is
that the cutter size is predetermined and the proposed
process plan may not be optimum. For example in
finishing a slot, an appropriate selection of cutter would
require only one stroke to generate the slot. Conversely,
if the cutter size is not appropriately selected, it might
require multiple strokes to generate the slot and would
increase the machining time,

This example highlights the significance of recognizing
machined features. That is, in the sense of proposing an
optimum process plan, the recognition of machined
features would provide a space for selecting a more
suitable cutter. From this point, the recognition of
machined features can be interpreted as an optimum
cutter selection problem.
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PROCESS REQUIREMENT MODELLING
APPROACH

As discussed above, one ultimate goal of recognizing
machined features is to select appropriate machining
processes so that multiple faces can be simultaneously
machined by a single cutter in order to reduce the
machining time. Based on this verdict, techniques
developed for automatically selecting cutters from caD
systems are relevant to the feature recognition problem
and should be reviewed.

In the following, a cutter selection technique, known
as process requirement modelling, is introduced. This
technique proposed by Wu and Liu® can provide an
optimum selection of cutters for machining a part, based
on the production criteria and the available manufactur-
ing facilities. In their study, the feature recognition
problem was bypassed or it was interpreted as a cutter
selection problem. However, if needed, their methodol-
ogy can also be used in recognizing machined features.

In their study, a machining process, which involves a
machine, a cutter and a fixture, is characterized by only
two elements. That is, a machine tool together with a set-
up of the workpiece is represented by a cutter approach
direction. A machining process therefore can be
represented by a combination of a cutter approach
direction and a cutter. Furthermore, only six predeter-
mined cutter approach directions are concerned in this
study; therefore the machining process planning problem
becomes a cutter selection problem.

Single face modelling

In most previous studies, a machined feature is generally
defined as a set of connected faces which can be
simultaneously generated by a common machining
process. Typical approaches to describe a machined
feature are in an attempt to model its composing faces
and their topological and geometric relationships. How-
ever, the number of machined features which share a
common machining process is almost infinite. And such
features could be so widely varied in their shapedue to the
occurrence of interacting features. Therefore, developing a
feature representation scheme for modelling a machining
process would become a formidable problem, because it is
essentially an infinite-to-one mapping problem.

In Wu and Liu’s study, they avoid the track of
modelling multiple faces and focus on modelling a single
face by its process requirement. In their definition, the
process requirement of a face explicitly describes the
specifications of acceptable cutters in each cutter
approach direction. Such specifications give the lower
bound or‘upper bound of cutter parameters. The process
requirement of a face would therefore correspond to a set
of cutters, if the available cutters in the production
system has been explicitly stated.

Based on process requirement modelling, a set of
connected faces would be recognized as a machined
feature if these faces have a common acceptable
cutter and can be simultaneously machined by the
cutter. In such an approach, the machined feature
recognition problem would become a problem of
finding the intersection of cutters sets rather than
finding graph isomorphism and turns out to be
relatively easy.

Representation of process requirements

The process requirement of a face (e.g. faces Fy, F, and
F, in Figure 10) can be represented as shown in
Figure 10b. In this table, only the +Z cutter approach
directions and three types of cutters (flat-end, torous-
end, ball-end milling cutters) are concerned. And four
cutter parameters as stated below are used to describe the
acceptable range of cutters:

minimum tool length;
maximum peripheral radius;
maximum nose radius;
minimum nose of radius;

An algorithm for deriving the process requirement of a
face from its workpiece B-rep has been proposed®. In a
sense, the process requirement essentially describes the
constraints on selecting cutters for machining a face.
These constraints are imposed by the geometric proper-
ties of the face, its neighbourign and its non-neighbour-
ing faces. As shown in Figure 10b, the minimum tool
length of face F; is 5 units, which implicitly states the
depth of the face viewed from the +Z direction. The
maximum peripheral radius of face F| is 6 units which
denotes the constraints imposed by face F;. That is,
increasing the value of this parameter would cause
undesirable overcutting on face F;. The lat two
parameters are for defining the ball-end and torus-end
milling cutters, in which no value is given because only
flat-end milling cutters are acceptable if the workpieces in
Figure 10 are to be machined from the +Z approach
direction.

Feature recognition and process requirement
modelling

Currently, a study applying the process requirement
modelling methodology to solve the machined feature

F3

\

F1

F2 is.o

--—12.0—»

e

(a)

Cutter

Parameters F1 F2 F3
D1 5.0 5.0 5.0
D2 6.0 6.0 6.0
D3 * * *
D4 * * *

(b)

Figure 10 Process requirement modelling for a simple slot which
involves three faces
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recognition problem is being investigated by authors.
Some of the observations and ideas are discussed
below.

In Figure 10a, the three faces F, F,, and F; constitute
a slot feature. Such a simple slot feature can be
recognized by reviewing their process requirements as
shown in Figure 10b. That is, the intersection set of the
three process requirements would provide a space for
finding an optimum cutter which can simultaneously
machine these three faces in a single cutter path. Suppose
such a cutter can be found, these three faces can be
recognized as a slot feature. Intuitively, the optimum
cutter could be found to be with S units on the first
parameter, and 6 units on the second one and the last two
parameters are null because only flat-end milling is
acceptable.

In addition, the process requirement modelling
approach seems quite promising in solving the recogni-
tion of interacting features. As shown in Figure I1a, there
are 6 faces (F|, F,, . .., F;) on a workpiece; these six faces
can be interpreted as interacting features involving two
slot features and one step feature. By considering faces
F,, F, and F; only, we would find their common
acceptable cutter set {D, = 5.0, D, = 1.5} (Figure 11b).
The cutter with D; = 5.0 and D, = 1.5 could be used to
machine these three faces like a slot. Likewise, by
considering faces Fs, F, and F; only, the cutter with
D, =5.0 and D, = 1.5 could be used to machine these
three faces like a slot. In a similar manner, suppose only
faces F, and F, are concerned, a step feature would be
recognized.

Alternatively, by reviewing the process requirements
of these faces, we would find that these 6 faces can be
simultaneously machined by a cutter with D, = 5.0 units
and D, = 1.5 units. Producing these 6 faces as a whole
can be seen as machining a protrusion region. In this
sense, these 6 faces form a single machined feature. That
is, in the process requirement modelling approach, a set
of connected faces can be recognized either as a single
feature or an interacting feature. This characteristic is

F3 F
F5
F1
" F4
5.01 — F2
H-3.0+—3.0+——4.0—

(a)

cutter

parameters | FI F2 F3 P4 F5  F6
D1 50 50 50 50 50 50
D2 15 15 15 15 20 20
D3 * * * * * *
D4 * * * * * *

(b)

Figure 11 Process requirement modelling for an interacting features
which involves six faces
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good in the sense of providing more flexibility in process
planning.

CONCLUDING REMARKS

This paper analyses the methodology of existing
techniques for recognizing machined features based on
B-rep, which in general are not robust in recognizing
interacting features. Three popular feature representa-
tion schemes (rule-based, graph-based and syntactic-
pattern-based approaches) have been illustrated to be
mutually convertible. Therefore, the robustness problem
cannot be solved by only choosing different feature
representation schemes.

However, the above verdict does not imply there is an
inherent restriction on the modelling capability of the
three representation schemes. Alternatively, it means
that if the extracted information for defining a class of
features is insufficient or inappropriate, one cannot
overcome this deficiency by solely using different
representation schemes. This verdict hopefully would
encourage researchers to focus on developing a new way
to define features (e.g. process requirement modelling
approach®) rather than on modifying the existing feature
representation schemes. From our analysis, the model-
ling capability of the graph-based and the other two
representation schemes would be sufficient in describing
a class of features if their boundary of constraints can be
explicitly and precisely characterized, yet the demanded
explicitness and preciseness seems unobtainable.

Robustness problems have been explained to be born
with the definition of machined features. In the process
of defining machined features, representative templates
are first sampled and subsequently characterized to
define a class of features. In this process, there are two
points which might cause robustness problems. First, the
number of representative templates may not be enough
in number. Second, the processes of characterizing the
templates are almost all heuristic and may not be valid.

Existing techniques for recognizing interacting fea-
tures in general can be classified into five approaches: (a)
developing generic representation schemes for features;
(2) developing recognizers with learning capability; (3)
recovering missing information; (4) adopting a feature-
based cap system mixed with B-rep and (5) other works:
the combination and modification of the above four
approaches. These approaches, in worst case analysis,
cannot solve well the interacting feature recognition
problems.

The ultimate purpose for recognizing machined
features is for selecting machines, cutters and fixtures.
Suppose that machine and fixtures have been deter-
mined, a machined feature recognition problem in fact is
a cutter selection problem. That is, appropriate cutters
are expected to be found so that multiple faces on a
workpiece can be simultaneously machined in order to
reduce machining time.

A cutter selection technique known as process
requirement modelling is introduced. This tchnique
emphases modelling the manufacturability of a single
face, and uses the derived manufacturability to select a
common cutter for machining multiple faces. These
multiple faces which share a common cutter are then
interpreted as a machined feature. This methodology
seems quite promising in developing a technique for
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solving the recognition problem of interacting features,
which are currently being investigated by the authors.
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