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ABSTRACT

Manufacturing features and their interactions have become
areas of research scrutiny in recent years. It is widely accepted
that intelligent reasoning about interactions among features is
a critical element in the development of systems for automated
manufacturing. Conversely, however, there has not emerged any
general consensus as to what features are, how they are defined,
and what it means when one says that features interact.

This paper attempts to focus and refine what is meant by
the term feature interaction and outline precisely how interac-
tions can affect automated feature recognition and manufactur-
ing planning. It is our belief that, by establishing a conceptual
common ground with regard to these concepts, the research com-
munity will be better able to assess how to effectively address
the problems that they present.

Keywords: Process Planning, Feature-based Manufac-
turing, Manufacturing Integration, Feature Recognition.

INTRODUCTION

Research in computer-aided process planning (CAPP)
and feature recognition has shown that interactions among
features pose many complex problems to the developers of
integrated CAD/CAM systems. While it is widely accepted
that intelligent reasoning about interactions among features
is critical for the development of automated manufacturing
systems, there has not emerged any general consensus as to
what features are, how they are defined, and what it means
when one says that features interact.

T Also affiliated with Center for Advanced Technology, Rensselaer
Polytechnic Institute, Troy, NY

When two or more distinct features interact, individual
feature instances can become distorted and information vi-
tal for reasoning about them (or recognizing them) can be
eliminated. Figure 1 (a) shows an example of a solid model
of a mechanical part containing a number of feature inter-
actions. In particular, Figures 1 (b) and 1(c) show feature
instances that one might like to find in order to perform ef-
fective manufacturing planning. In this example, however,
the CAD model of the part does not seem to provide suffi-
cient information from which to generate this volume.

Devising a general means for handling feature interac-
tions has proven very difficult for a variety of reasons—chief
among them is that there are differing notions of what it
means for features to interact. This in turn has made it
difficult to evaluate individual approaches. In most cases,
interactions are handled with “rules of thumb” or with a
proliferation of heuristics that attempt to capture each spe-
cial configuration that might arise in a given application.

An added difficulty is the fact that features research 1s
moving towards the use of complex multi-purpose models,
using multiple feature sets, one for each different applica-
tion area. Such models will give rise to new kinds of feature
interactions, including interactions between features relat-
ing to different applications. How feature interactions are
defined and analyzed has implications in many critical re-
search areas, including standards and databases.

In this paper we argue for the development of a def-
inition for feature interactions that is independent of the
underlying feature representation. This paper attempts to
focus and refine what is meant by the term feature inter-
action and to outline precisely how interactions can affect
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(c): alternative as crossing slots

Figure 1. A difficult interaction among features for machining. In this
case the best manufacturing plan might include milling the x-shaped
pocket or considering it as two distinct slotting operations. However,
in either case, there are no faces left in the part from which to infer
how to create the walls of these features.

automated feature recognition and manufacturing planning.
We present several examples from both academic research
and applications of commercial systems to illustrate differ-
ent categories of feature interactions. It is our belief that the
establishment of a common conceptual framework for such
interactions will enable the research community to more ef-
fectively address the problems they present.

BACKGROUND

The ability to recognize interacting features has been a
stated goal of a number research efforts, among them [4, 12].
However, while it is agreed upon as a problem of critical
importance [28], the concept of feature interactions lies
largely undefined in the general literature. In most cases,
the definition for the term is implied, vague, or specific to
the particular approach.

Some Definitions

There have been many attempts at a precise definition
of the form feature concept. None of them has been totally
successful. The implication seems to be that a somewhat
elastic definition, whose interpretation may be stretched to
accommodate a wide variety of different viewpoints, may be
best for practical purposes. Accordingly, in this paper we
will use the following definition:

Form feature: A local geometric configuration on a manu-
factured part that has some engineering stgnificance during
the lifetime of the part.

Many examples have been given elsewhere. Some writers
have distinguished between form features and other classes
of features having no ‘shape’ aspect; the material features
and precision features of Shah et al [22, 23] provide exam-
ples. In the present authors’ view information of this kind
can be handled satisfactorily by the use of attributes with-
out the necessity to invoke a more general concept of fea-
tures. In what follows the word feature will therefore always
denote a form feature.

It should be noted that the above definition covers not
only features on the finished part but also ephemeral fea-
tures that may be created and disappear during the manu-
facturing process. An example i1s a fixturing hole in a lug,
created to facilitate an intermediate machining operation,
where the lug itself is machined away at some later stage.

The definition generally covers only single (or simple)
features. It needs to be supplemented with the following
notions:

compound features: these are combinations of simple fea-
tures, often of different types, and usually having some
functional relationship. An example is a counterbored
hole, regarded as being composed of a hole feature
and a larger-diameter counterbore feature. However,
it should be noted that, according to some viewpoints
this is a simple rather than a compound feature. It 1s
an important requirement of features technology that
the user should be allowed to use his or her own pre-
ferred definitions of feature classes and feature types in
any particular application context.

pattern features: these are regular spatial arrangements of
features of the same type, in which the pattern has its
own semantic significance. A circular pattern of cylin-
drical bolt-holes in a flange provides an example.

complex features: (this is not standard terminology, but
such things must somehow be distinguished from the
other cases). A complex feature as defined here is
a combination of features belonging to different parts,
which, taken together, play some engineering role. Two



examples will be given:

1. A pair of rivet-holes, one in each of two metal
sheets, together with the rivet fastening the sheets
together, is a complex feature in the domain of
fastening applications.

2. A round pin on one part, and a round hole on
another, may form a complex location feature in
the assembly domain.

How are Features Represented?

Most product modeling systems in widespread use to-
day represent an artifact in terms of its faces, edges and ver-
tices. Systems of the 2D drafting and 3D wireframe types
do not contain face information, and may handle vertices
(meeting-points of edges) either explicitly or implicitly. The
various types of systems permit several ways of representing
features, including the following:

2D drafting system: as characteristic patterns of edges in
each of the three views of the drawing, which must sat-
1sfy requirements of spatial correlation when interpreted
in 3D [14].

3D wireframe systems: as sets of edges in 3D; such sets will
usually be connected, and the edges will define bound-
aries of the faces constituting the feature.

boundary representation solid modelers: (1) as sets of
faces of the product model (again, these will usually
but not invariably be connected sets). Such face-sets
define surface features, corresponding to subregions of
the overall boundary of the product model.

boundary representation solid modelers:
(2) as self-contained volumes in their own right, each
feature volume having some part of its boundary lying
on the boundary of the product model. In general, the
feature volumes will possess one or more faces that do
not lie on the part boundary. These have been given
various names including closure faces, virtual faces, en-
trance faces and so on.

These kinds of representations are said to be ex-
plicit [27]. They may be contrasted with implicit repre-
sentations which are essentially procedural, usually specify-
ing how the volumetric shape of a feature may actually be
constructed in terms of a 2D profile and a linear or rota-
tional sweep operation. Such representations may be para-
metric, key dimensions being specified as variables, and in
this case they may be used as a basis for feature libraries
in CAD systems. A feature instance on a product model
will then be created by assigning specific numerical values
to the dimensional parameters and positioning and orient-
ing the instantiated feature appropriately on the model. It

1s also possible to define explicit parameterized feature de-
scriptions in terms of geometric and topological elements of
boundary representation models and constraints and other
relationships between them. This flexible type of feature
class description is usually termed a feature definition lan-
guage [3, 13, 20, 24].

A final distinction which is often useful i1s between
canonical and installed feature shapes. The first 1s the ‘ideal’
shape of a feature which results, for example, from the in-
stantiation of an implicit feature from a feature library. The
second is the shape of the feature as it actually occurs on
the model, which may differ from the ideal because of inter-
actions with the part surface or with other features. By way
of example, consider a hole drilled normal to a cylindrical
surface. The canonical form of a drilled hole feature is a
cylinder with one planar and one conical end. However, be-
cause in this case the hole is drilled in a non-planar surface
the installed version of the hole (which might be thought
of as the volume of material to be removed) will have the
planar end replaced by a face lying on the original cylindri-
cal surface. The distinction between canonical and installed
feature volumes is useful in analyzing feature interactions.

Neutral and Process-specific Features

It 1s sometimes desirable to think of localized shape
configurations on a part model in pure geometric terms. In
this case we can talk of a neutral feature. On the other
hand, there is a wide spectrum of engineering activities,
each of which has its own view of process-specific features.
For the designer a feature provides functionality, for the
machinist 1t indicates volumes of material to be removed
(or, in some cases, retained), for an assembly planner it
represents a region where the part bearing the feature will
mate or otherwise connect with a corresponding feature on
another part, and for an inspection planner a feature may
represent a pattern of measurement points.

In general, each application domain will have its own
distinctive decomposition of the CAD data into features
that are significant in particular context. Thus, as is now
well known, a design feature will not in general also be a
machining feature (though sometimes it may), and so on.
Some examples of this distinction are given in Figure 2.

The manufacturing features on a part depend on the
intended mode of manufacture. Manufacturing processes
that have been modeled with features so far include ma-
chining, sheet metal processing, casting, die-casting, injec-
tion molding and assembly [1, 7, 10, 16, 21]. One problem
that has not so far been addressed in the literature is that
of feature-based design-for-manufacture when the intended
manufacturing process is not known to the designer. Once
the process is subsequently chosen, it may be necessary to
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Figure 2.

feature: hole features: drilling

make adjustments to the part design to adapt it better for
that particular mode of manufacture and reduce the costs
of production. This requires the solution of a basic prob-
lem of concurrent engineering—the simultaneous design of
products and processes.

Typically, concurrent engineering requires the study of
feature interactions across manufacturing domains. For ex-
ample in machining, the part setup on the machine tool is
partly determined by the tool access orientations of machin-
ing features. Setups require the subsequent determination
of fixturing and clamping features. But a clamping feature
must be chosen so that the clamp will not obstruct a ma-
chining feature to be processed in that setup.

TYPES OF FEATURE INTERACTIONS

Feature interactions pose a major challenge in systems
for feature recognition and feature-based manufacturing.
The question arises as to what interact means. For ex-
ample, in the machining domain, given that two features
f1 and f5 intersect volumetrically, a process planner has to
make a choice about how to machine the shared volume.
This kind of feature interaction can only be handled satis-
factorily when manufacturing attributes (such as tolerances,
surface finish, and the like) are considered.

We here explore a preliminary classification into three

types, based on spatial relationships, initially without ref-
erence to any application domain:

Interference interactions: These occur when the canonical
volumes of two features have a non-null intersection, or
to put it another way there is some volume shared by
the two features.

(c):

Distinction between neutral and process-specific form features (from [7]).

neutral form
feature: shoulder

process-specific
form feature: milling

(d):

Adjacency interactions: These are characterized by the ad-
jacency of two features, often belonging to different
parts in an assembly context. In this case the canoni-
cal or installed feature volumes effectively coincide over
part of their boundaries.

Remote interactions: Here the two features are totally dis-
joint, but there is nevertheless some relation between
them that affects the way they can be handled in their
application context. This relation may be explicitly
specified by the designer, or may arise in some down-
stream application context as an unintended result of a
design decision.

The following subsections discuss the three types of in-
teraction 1n a little more detail.

Interference interactions

With interference interactions there are two possibil-
ities. First, two or more features might have their sur-
faces overlap, as for example when two gripping features for
robotic assembly planning share some common area. Sec-
ond, two or more features might share a common volume,
such as illustrated previously in Figure 1 (b). When two
or more volumes interpenetrate they generate one or more
‘intersection loops’ of edges resulting from intersections of
faces of the first volume with faces of the second (a fact
well known to practitioners of solid modeling). If a feature
is represented as a surface feature rather than a volume fea-
ture then some of the faces of the canonical representation
of each feature will be modified by the intrusion of parts of
the intersection loop. Such interactions may also be charac-
terized when the representation used is a 2D drawing—an
example will be given later to illustrate this fact.



Another effect of interference interactions is that they
may modify or destroy the hints or traces that are used by
certain feature recognition algorithms [19, 8, 9, 25]. Intu-
itively, a trace represents the partial information remaining
in the solid model of the part produced by an instance of
a feature. A trace can comprise geometry and topology,
design features, tolerances, and other design attributes as-
sociated with the CAD model. Most existing work in this
area has thus far only considered geometric and topological
traces and some cases of their interactions.

When features overlap or intersect spatially their traces
can become distorted: portions of the same surface might
be traces for multiple features of the the same or differ-
ent types; a local geometric configuration might be real-
izable via several different manufacturing operations, pos-
sibly involving different manufacturing processes all with
overlapping feature traces. These interactions affect rules
and algorithms based on the traces and influence which fea-
ture instances get produced. Given any specific trace-based
method, the information required for the generation of a
specific feature instance might be removed or distorted in
such a way as to make the feature instance unidentifiable
within a given system.

For example, if one or more volumetric machining fea-
tures fi ... f, interfere with the traces of another feature,
fo, they may distort or destroy information critical to the
algorithmic reconstruction of fy. If so, it may be more dif-
ficult or even impossible to deduce the existence of fy from
the information remaining in the design (geometry, topol-
ogy, design attributes etc.). An example of such an inter-
action would be a milling feature which leaves as its only
trace a single planar side face in the delta volume 2. In this
situation there is no direct evidence from this side face that
can determine a unique orientation for the feature. In prac-
tice for these degenerate cases, heuristics are used to infer
plausible orientations based on other information available.

Adjacency interactions

Adjacency between two features on the same part may
be taken to mean that they are in canonical form, having
no volumetric interaction, and share one or more boundary
edges or faces. Adjacency is of greatest practical concern
when the two features are on different parts. They may be,
for example, mating parts in an assembly, and the adjacency
interaction is then concerned with the way they fit together,

?In the machining domain the convention is that a machined
part, P, is a solid object to be produced from an initial workpiece
or stock S by a finite set of machining operations, which create the
geometry of the part. These operations are modeled as features. The
delta volume (A) is the total volume of material removed, 1.e., the
regularized set difference between the stock and the machined part:

A=5-*P.

how they are held together, and any tolerance information
relevant to their interaction.

Remote interactions

In these case the features are not in any sense adjacent
or overlapping, but they interact either through some func-
tional relationship or because they are both simultaneously
significant to some process downstream of design. The func-
tional relationship may be somewhat implicit. For example,
several pockets may share a common planar surface for their
floor faces; if this surface 1s moved up or down, the depths
of all the pockets change at the same time. The common
floor surface probably reflects some related functionality of
the pockets, whether or not this was explicitly stated by the
designer.

Life-cycle interactions

The foregoing is a spatially-based classification of fea-
ture interactions. A more or less orthogonal classifica-
tion scheme may be based on interactions in multi-purpose
feature-based models between features in different applica-
tion areas of through the life-cycle of a product [6]). This
includes relationships between features from different man-
ufacturing domains (such as machining and assembly), and
also from post-manufacturing life-cycle activities such as
maintenance and disposal.

Early work on feature interactions concentrated on in-
teractions within the same domain. For example, the
very nature of the machining process is such that different
feature-generating operations frequently interact with each
other, making it difficult to treat features in isolation. An
additional complication is due to the fact that there usually
exists more than one way of manufacturing the same part,
i.e. multiple machining features may be associated with
a single neutral or geometric feature. However, if we con-
sider interactions between features in different application
domains, at least three categories of life-cycle interactions
may be identified:

Manufacturing plan-level interactions: These are interac-
tions that occur among features employed in the gen-
eration and evaluation of manufacturing plans. For the
most part, these interactions occur at the level of in-
dividual components. For example, interactions might
induce precedence constraints on operations such that
one feature has to be manufactured prior to another.
Accessibility criteria based on the configurations of the
manufacturing domain, tools, and facility (i.e. Can the
robot arm re-position the workpiece? Must the pocket
be machined to get at the hole?). The designer might
assign tolerances to an artifact which, when translated



into manufacturing tolerances may render certain fea-
tures invalid or unrealizable. Due to the lack of avail-
able fixtures, some features might have to be machined
in different set-ups. These represent but a few examples
of plan-level remote interactions.

Manufacturing production-level interactions:
These are interactions that occur due to interactions
among features during the production process. This
includes interactions among features on multiple com-
ponents (i.e. an assembly) or across multiple manufac-
turing processes on the factory floor. For example, con-
sider a part that i1s going to be cast and then machined.
The parameters on the first process and its features
affect the features on the second process. In these sit-
uations, considering interactions over a number of pro-
cesses requires an evaluation of trade-offs among inter-
acting features from different manufacturing domains.
Another type of production-level feature interaction can
occur when features affect the integration of a process
plan for an artifact into a factory or shop floor sched-
ule. Features may interact with scheduling constraints
(i.e. to make this part with these features might pose
an unacceptable burden on some particular manufac-
turing resource, creating problems in manufacturing
other features on other parts needed in the shop). Such
production-level interactions can certainly also include
constraints imposed by other inventory and resources—
such as might be tracked in product data management
tools. For example, cutting tools might be unavailable
or worn, stock material might not be available, delivery
times and release schedules might conflict, etc.

Downstream interactions:
There can be interactions among features throughout
the product life-cycle. Features related to manufactur-
ing criteria might have an influence on the features of
the part that impact its maintainability and disposal.
For example the selection of fasteners during design and
assembly planning greatly influences maintenance and
disposal cost by making a device difficult (or easy) to
dismantle and repair.

Existing research efforts have begun to address man-
ufacturing plan-level interactions; however, the problem
posed by production and life-cycle interactions have not
been significantly addressed by the research community.

EXAMPLES

Existing work has addressed the interactions problem
in a number of ways, usually touching on one or more of the
above levels. In most cases, however, it is usually not made
clear which type of feature interaction is intended. This

Figure 3. Two example parts having thin walls.

section provides several examples of feature interactions. In
each case, the type of interaction may have aspects of one
or more of the interaction categories outlined above.

Thin Walls and Machining

This well-known example (see Figure 3 (a) and (b))
illustrates feature interaction at a distance, albeit only a
small distance. The designer’s features for this part are a
2D base shape, a peripheral flange, a stiffener across the
middle, and some corner rounds. The defining parameters
will include the base thickness, the height and thickness of
the flange and stiffener, and the corner radii. From the
manufacturing viewpoint the features of the part are a pe-
ripheral profile and two pocket features. However, there
1s an interaction between the two pockets because the stiff-
ener separating them is a thin wall which may deform under
cutting forces when the second pocket is being machined,
possibly leading to unacceptable inaccuracy in the stiffener
thickness. It is interesting to note that while the pocket
features exist in the machining domain it is the stiffener
feature from the design domain which dictates a choice of
cutting strategy to avoid this problem.



Locational Tolerances

In the machining domain, the determination of a ma-
chining strategy for an isolated feature i1s often a simple
matter. However, when a feature interacts with one or more
other features then the relationships influence the possible
manufacturing solutions. An example of an explicit rela-
tionship, deliberately imposed by the designer, may be a
tolerance of parallelism between one wall of a rectangular
pocket and a planar peripheral face of a part. Essentially,
the planar face is being used as a datum feature, and the de-
signer has specified an interaction between it and the pocket
feature. This is not dissimilar to the previous example ex-
cept that the inter-feature relationship there was not ex-
plicitly spelled out by the designer. Interactions which are
unintentional by-products of the designer’s actions in this
way have been referred to by Mill et al. [15] as implicit in-
teractions.

To further illustrate this type of interaction we present
two examples from Gupta [5]). Figure 4 shows a part
with two drilling features, holes h; and hsy, requiring a
tight concentricity tolerance. In this case the hole is too
long to be drilled in with a single drilling operation (the
length /diameter ratio is too large). Further, the interac-
tion among the tolerances of the holes creates a manufac-
turability problem: drilling hy and hs with two operations
at different setups will make the tolerances unachievable.

In the second example from Gupta [5], shown in Fig-
ure b, there i1s a tight perpendicularity tolerance between
the side face of slot feature s; and the side face of the step
feature s5. In order to create an entrance face to machine
the hole h, ss should be machined before h; however Gupta
points out that in order to satisfy h’s approach condition
requirements, i should be machined before s;. Note that
h has a different set up direction from s; and so, therefore
s1 and ss cannot be machined in the same setup. Hence
this part is unachievable on a three-axis vertical machining
center.

Assembly

An example from the assembly domain is shown in Fig-
ure 6. Here a cap (Figure 6 (a)) fits over the projecting
end of a spindle (Figure 6 (b)) as shown in Figures 6 (c)
and (d). From the assembly point of view the mating re-
lations between corresponding features of both parts must
be considered. There is a adjacency interaction between
the flange features on the spindle and on the cap, and also
between the projection feature of the spindle and the inner
hole of the cap. Furthermore, the interaction in each case
involves the whole of one mating surface but only part of
the other. Such a situation is typical of the inter-feature
relationships arising in assembly modeling. The interaction
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Figure 4. An Example of a design with dimensions and tolerances that
cannot be achieved on a 3-axis vertical machining center (from [5]).

would be more complex if a fit criterion were applied to the
relationship between the parts. In the case of a force fit,
for example, the diameter of the pin would be marginally
larger than that of the hole initially, so that actual material
deformation is involved in assembling the two together.

This illustrates but one simple interaction of assembly
features. Feature interactions in the context of design-for-
assembly and assembly planning have been, for the most
part, under-addressed by the research community.

Feature Recognition

Interactions when recognizing features in 2D draw-
ings. Consider the problem of feature recognition from
2D drawings. Features manifest themselves as character-
istic profiles in each of the three views, and these profiles
must correlate spatially when the drawing is interpreted
in 3D [14]. Volumetric interference between two features
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Figure 5. A second example of a design that is unrealizable on a 3-axis
vertical machining center due to interactions among dimensions and
tolerances on various features. Note that this design can be machined
on a horizontal machining center—hence feature interactions can arise
from the particular hardware configuration (from [5]).

shows up in the modification of feature profiles in one or
more views, and geometric reasoning must be used to re-
construct the full profiles to enable feature recognition in
such cases.

Volumetric interference example. A common type of
interaction affecting recognition systems is where one or
more features volumetrically interfere with one another.
This case is illustrated by Figure 7. The part shown has a
rectangular pocket feature and four holes, so disposed that
there is volumetric overlap between the canonical feature
volumes involved.

Interaction among feature traces. As noted above,
interaction among feature traces can render features unrec-
ognizable. The clover-leaf-shaped pocket of the part in Fig-
ure 8 has several cylindrical surfaces which could be traces
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Figure 6. A simple assembly consisting of a cap (a) which fits over the
tip of a spindle (b). Figures (c) and (d) show the completed assembly.

Figure 7. An example of volumetric interferences among machining
process features.

for drilled holes. However, the holes alone do not describe
all the necessary stock material to be removed, as seen in
Figure 8 (b).

An approach to feature recognition that does not in-
clude a trace for recognizing pockets based on corner radii®
would be unable to describe this part. A recognition system
which includes feature construction algorithms for pockets
based on curved wall faces or corner radii might avoid the

3When performing traditional machining, a rotating cutting tool
leaves a corner radius when machining concave corners of the part.
This implies that with traditional machining processes, one cannot
create a part requiring the machining of sharp concave corners.



Figure 8. An example of volumetric feature interference resulting in
the elimination of feature traces. Not that the clover-shaped pocket
cannot be described in terms of the four drilled holes produce by the
cylindrical surface hints, as they would leave a residue volume (shown

in (b)).

problem presented by this particular configuration, but this
approach will not necessarily generalize (one would need a
trace for each degenerate configuration!).

Interaction among feature parameters. As an exam-
ple, consider the part shown in Figure 9(a). This part has
an angled pocket and needs to be milled from a rectangular
block of stock. As shown in Figure 9(b), because of the
angle on the walls of the pocket, two operations are needed
to create it. Therefore, we need to represent this pocket as
two milling features f and f’. Any value of d between d;
and ds can be selected as the depth of feature f; depending
on d, there are many possible values for d’, the depth of
the feature f’. Since d’ can have values between d} and df,
there are infinitely many possible combinations of feature
instances f and f’. Which pair of these feature instances are
most appropriate depends on the available manufacturing
resources (clearly the feature depth will depend upon the
diameters of available cutting tools) and the optimization
criteria. If this part had other features, they would also in-
fluence which of these possible parameterizations produces
the most desirable feature instances f and f’.

Interactions at a Distance: Features Affecting Downstream Ac-
tivities

Interactions can affect downstream activities and life-
cycle considerations. We present an example of this type
of interaction, where an interaction among machining fea-
tures results in a problem in the process plan generated.
Figure 10 shows a machined part for which a process plan
has been created by the Technomatix PARTY™ process
planning system (originally developed at the University of
Twente) [24, 2]; the resulting process plan has been tested

(a): upper right view (b): front view

d1 dv

(c): possible depths for features f and f

Figure 9. A part with interacting pocket features that gives rise to in-
finitely many unique feature instances f and f’ (arrows denote feature
orientation). In this case, there are infinitely many choices for feature
depths that will result in a pair of valid features capable of machining
the part (from [18]).

Figure 10. A part with a number of different types of feature inter-
action.

using Deneb Robotics’ Virtual NC*™ simulation software.
PART'™ supports more than 30 feature types, defined
in terms of relations between faces of a solid model. The
system performs semi-automated (human assisted) feature
recognition and generation of process plans for the machin-
ing of prismatic parts. PART'™ first makes an attempt
to automatically identify features in the CAD model using
surface-based recognition methods. The automatically gen-
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Figure 11. A screen shot of Deneb Robotics’ Virtual NC*™ machin-
ing simulation software. Virtual NC is a physics and dynamics-based
NC program verifier.

erated feature set serves as a starting point for the user, who
then interacts with a feature editor to add, delete or mod-
ify features prior to setup planning, analysis of fixtures, and
generation of a process plan with corresponding NC code.

In the Manufacturing Engineering Toolkit Project [11]
at the National Institute of Standards and Technology,
PART'™ has been integrated with Deneb Robotics’ NC
code simulation software Virtual NC'™, shown in Fig-
ure 11. Virtual NC*™ executes the NC program produced
by PART'™ in a 3D virtual environment complete with solid
models of the stock material, machine and cutting tools, as
well as the tool holder assembly. As the process plan is ex-
ecuted, machining operations are simulated and material is
removed from the stock block in correspondence with what
would actually occur in practice on the shop floor (Figure 12
(a)). However, as Virtual NC runs the process plan it de-
tects a collision between the cutting tool holder assembly
and the workpiece, shown in Figure 12 (b). This interac-
tion between the hole feature, current workpiece, and tool
holder results in a collision that renders the process plan
invalid. This interaction lies outside the scope of the ver-
sion of PART'™ used by NIST, and is only discovered in
simulation—when the plan is considered in the context of
the facilities and tools on the shop floor.

DISCUSSION AND CONCLUSIONS

This paper has illustrated that there are many different
types of feature interaction. How interactions are handled
is of vital importance in manufacturing planning. What is

evident 1s that existing commercial and academic systems
have only begun to address the broader interaction issue.
In particular:

e Most commercial and academic systems have begun

to address interference interactions. In particular, it
has been widely noted that consideration of alternative
manufacturing plans is vital in any automated planning
system—and interference interactions often give rise to
alternative feature-based representations (and thus al-
ternate manufacturing plans) [7].
Difficulties still remain in this category, however. Most
systems still rely on ad hoc rules of thumb and heuristics
to decide how to handle interference interactions. Fur-
ther, interactions that interfere with feature recognition
algorithms (such as those affecting hints and traces)
have not been addressed. In these situations the com-
mon approach has been to assume that if the hint 1s
gone, the feature is also gone; conversely if the hint is
still there, the feature may or may not still be there.
Similar problems exist for all automated feature recog-
nition approaches (examples such as the one in Figure 1
can be devised for decomposition algorithms such that
they cannot generate the primitives needed to find an
optimal plan).

e Most researchers are just begining to deal effectively
with interference interactions, and have so far given
little attention to other types of feature interactions
and their effect on planning. Interference interactions
are important to feature recognition and the generation
of alternative feature-based representations. However,
adjacency interactions and remote interactions are far
more complex and are of arguably greater importance
in planning throughout the product life-cycle. In the
existing research there is little in the way of explicit
discussion in this category. A limited number of efforts
have touched on this problem but to produce more gen-
eral solutions will require an advance beyond geometry-
only schemes [17].

Among the relevant issues beyond the scope of discus-
sion in this current paper are:

1. Feature recognition issues:

(a) Graph-based interactions: Graph-based ap-
proaches to feature recognition often rely on
matching patterns in a graphical representation
of a part to those of feature instances. Interac-
tions can severely disrupt the canonical patterns
associated with feature types making them diffi-
cult if not computationally impossible to identify
with graph-based recognition methodologies.



Figure 12. During simulation, Virtual NC'™ identifies problems in the machining process plan produced by the PART'™ system. In particular, there

is a collision (shown in (b)) between the cutting tool holder assembly and the workpiece. This interaction between the hole and the workpiece can

only be determined when the cutting tool, tool holder assembly, fixtures, and operation plan are considered in action on the machine tool.

(b) Shared face interactions: When part faces be-
long to more than one feature, one must deter-
mine the extent of each feature’s contribution to
the face (contributions might not be exclusive and
there may be non-trivial overlaps). In these cases
one must determine if 1t is just a matter of defining
feature boundaries appropriately or if more subtle
criteria are needed.

(c) Split face interactions: Split faces [26] intro-
duce many difficulties to automated feature recog-
nition techniques. In particular, a face belonging
to a single feature may be divided across several
spatially disjoint regions of the part. These re-
gions might be computationally expensive or even
impossible to identify and correctly associate with
the feature in question.

2. Defining features for other domains: To reason about
products across different manufacturing processes and
throughout their life-cycle we need new feature concepts
and feature definitions. Research will have to advance
beyond a machining-dominant mentality.

The discussion presented in this paper represents only
an initial attempt at building a more general notion of
“what are feature interactions.” The authors hope that
this contribution may stimulate a fruitful discussion, even-
tually leading to a common conceptual framework enabling
an effective attack on the problems presented by feature
interactions.
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