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Abstract It is important for a feature-based system to preserve
feature integrity during feature operation, especially when fea-
ture interaction occurs. The paper presents a feature conversion
approach to convert design features used in a design model into
machining features for the downstream applications. This pro-
cess includes both form features (geometric information) and
non-geometric features conversion. Most researchers have con-
centrated on geometric information extraction and conversion
without tackling the important problem of non-geometric feature
information. This paper focuses on the extraction and conver-
sion of feature geometric dimensions and tolerances (GD&T) for
downstream machining application.

The main barrier to the integration of a feature-based CAD/
CAPP/CAM system — feature interaction — is discussed in this
paper, which alters design features in their geometries and non-
geometric information. How to identify and validate these feature
dimensions and tolerances is one of the key issues in feature inter-
action conversion. The development of robust methodologies for
preserving feature integrity for use in process planning applica-
tion is the main thrust of the work reported in this paper.
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1 Introduction

A main objective in modern design and advanced machining pro-
cess is to achieve a significant reduction in product lead time
through seamless integration between the various design and
process planning activities. The concept of using component fea-
tures to integrate a design system and a manufacturing system
has been a major research direction in recent years [1-5].

In general, features are used to give meaning to compon-
ent attributes, helping in dissecting component geometry into
recognisable, meaningful regions, and improving communica-
tion between design and manufacture. Feature recognition and
feature-based design are two major approaches to using the
features. Feature recognition drives form feature information
from a geometric database where form features are recognized,
extracted and categorized using computer algorithms. Feature
recognition has problems associated with the loss of design in-
tent, incompleteness of design and manufacturing information
and the complexity and computational load of feature recogni-
tion programs [3, 6, 7]. Feature-based design involves defining
a component through the use of “building blocks,” which repre-
sent either design features or machining features. Since features
are process dependent, different applications require different
sets of features. The features used in the design stage (called
design features) are considered to be functional features, repre-
senting design intents, such as rib, slot and step features. The
features used in the process planning stage (called machining
features) are associated with machining operations, such as hole,
blind-hole, slot, and pocket features. In addition, feature repre-
sentations vary from application to application. These facts are
the main barriers to correctly representing the machining fea-
tures as required, and to realise CAD, CAPP and CAM system
integration in a feature-based environment.

It is most reasonable for the designer to use design features
to construct a component feature model and then convert the
model in terms of machining features for use in a process plan-
ning system. This process is called feature conversion or feature
mapping. Methods and algorithms for feature conversion have
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been studied and applied by many researchers [8—10]. Never-
theless, the majority of contemporary feature-based design is
still incapable of fully handling one of the most important and
perhaps the most difficult aspects in the development of feature-
based systems, that is, the definition and representation of feature
interactions. Feature interaction changes the geometries and at-
tributes of the features previously used, but it does not change
them accordingly in the database, which makes the downstream
application incapable of obtaining the real component model
from the design database. Therefore, preserving feature integrity
during the design and machining process phases is one of the key
issues in realising the feature-based CAD/CAPP/CAM integra-
tion [11—-13]. Much research has been conducted into techniques
for extracting machining features from a design feature-based
system [5,7,9, 10, 14—16]. However, such research has mainly
focused on the geometric information recognition or conversion.
Little has been done in the aspect of non-geometric information
of machine features, such as geometric dimensions and toler-
ances (GD&T). Shah proposed an approach in [17] to create
a dimension and tolerance model for use both in design and
process planning applications. This GD&T model was used to
capture the designer’s GD&T scheme on a feature-based design
model, validate its completeness, and then transfer the GD&T to
machining features extracted automatically by feature recogni-
tion methods. The method focused on how to model effectively
the dimensions of a part both for use in the design and manu-
facturing stages. It is therefore a complex and difficult task to
construct robustly such a GD&T model suitable for CAD and
CAPP systems. For a commercial feature-based system (such as
Pro/Engineer), a GD&T model was constructed once a compon-
ent modelling process was finished. To make use of the CAD
model created, the objective is to capture and convert what a pro-
cess planning system needs in geometry and non-geometric in-
formation and to realise CAD/CAPP seamless integration.

To achieve a complete representation for a process-planning
model, a component GD&T needs to be complete and correctly
represented according to the requirements of the machining fea-
tures. The work presented in this paper deals with the extrac-
tion/conversion of the GD&T from a feature-based model to

Fig. 1. Framework of the integrated feature-based CAD/CAM
system

Design Features

preserve the integrity and consistency of a machining feature-
based process model.

The framework of the proposed feature-based CAD/CAPP
integration system through a feature conversion module and
a STEP file interface is introduced in Sect. 2. In Sect. 3 we dis-
cuss the difficult issues concerning feature interactions that cause
feature information alterations and do not change them in the
database. Machining features can be generated through the ex-
traction and conversion of the feature information from a design
model. In Sect. 4 we introduce the algorithms developed for the
extraction and conversion of feature GD&T. A component ex-
ample is discussed in detail in Sect. 5 to show the results of the
geometric dimension conversion. In the final section, the conclu-
sions of the paper are given.

2 Feature-based CAD/CAPP integration system
structure

In a feature-based design environment, a component model is
constructed from a series of design features, such as protru-
sions, slots, holes, etc. A downstream application such as process
planning has a different view of a CAD model, it uses a se-
ries of machining features that correspond to machining oper-
ations. To implement the integration of the CAD/CAPP/CAM
system, extraction and conversion of the feature geometric and
non-geometric information for the representation of machining
features is proposed. The framework of the integrated system
through a feature conversion approach is shown in Fig. 1. In this
approach, feature-based CAD/CAM software — Pro/Engineer — is
used to create a component feature model. Through the feature
conversion module and a STEP file interface, the correspond-
ing component process-planning model can be created to test
and verify the converted machining features, which is discussed
in [18].

In the feature conversion module, the form feature mapping
is developed to convert the geometric information in the CAD
database into the meaningful “shapes” to the machining process,
and the GD&T mapping is used to create a complete and correct
representation for the converted machining feature attributes.
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3 Feature interactions

In general, feature interaction is said to have occurred if it causes
any change in feature class or feature attributes of the original
features involved. In a feature-based design system, a compon-
ent model is built up by a series of design features by the
way of one feature modifying another. Figure 2 shows a com-
ponent modelling process that involves the feature interaction
of a blind-slotl and a blind-slot2 features. When the interac-
tion occurs, the previously used blind-slotl and blind-slot2 fea-
tures are changed to through-slot3 and blind-slot4 features with
the possible alterations in feature dimensions and geometric
elements.

Feature interactions have a wide range of effects to a com-
ponent model because they not only change the predefined fea-
ture geometries but also alter their attributes. The problem is
that these alternatives are not made available in the component
database, which causes difficulties for the downstream process
planning application. In Fig. 3, both geometries and dimensions

Fig.2. An example of feature interaction between two blind-
slot features, producing a through-slot feature and a blind-slot
feature with different attributes or geometry

Through-slot3

Fig.3. Inconsistency of feature type and pocket
dimensions caused by the interaction of
a pocket feature and a step feature a
4
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(a) a pocket feature
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of the previously used pocket feature were changed due to the in-
teraction of the step feature. The depth dimension of the pocket
feature in Fig. 3b was changed to /1, instead of the original di-
mension &, and the pocket feature in Fig. 3c was changed to
blind-slot feature, and the edge dimension of the newly formed
feature has been altered to a; instead of the previous dimen-
sion a. However, the component database only records the orig-
inally used features, and does not contain the modelling results.
For the example in Fig. 3 the original pocket feature with dimen-
sions /& and a is what we can obtain from the database for the two
models in Fig. 3b,c.

In order to preserve the feature model integrity it is necessary
to develop a robust feature extraction/conversion algorithm to de-
tect inconsistent feature representations and convert them into
the correct representations required by the machining features
based processing planning system. The detection and conversion
algorithms of design features to machining features in the ge-
ometric aspect were introduced in [17], here we focus on the
extraction/conversion of feature GD&T in order to correctly rep-
resent the converted machining features.

Blind-slot]

Blind-slot2

Blind-slot4

Blind-slot
ap

step

step

(b) pocket depth changed due (c) pocket changed to blind-slot
to the step feature due to step feature
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4 Extraction of feature geometric dimensions and
tolerances

4.1 Extraction of feature geometric dimensions

In a feature-based CAD system, the geometric dimensions rep-
resentation of a component and a feature in the database contain
the following items:

1. Dimension value and tolerance.

2. Type of dimension, such as linear dimension, angle dimen-
sion and diameter dimension.

3. Boundary elements of the dimension: a face, an axis and an
edge. For instance, the boundary elements of the dimension
dy4 (shown in Fig. 4) are the face f; and the edge e;, and the
boundary elements of the dimension ds are the face f> and
the edge e.

Besides items 1 and 2 listed above, a process planning system
has a different dimension boundary representation from a CAD
model, which needs to describe the dimensions by a meaningful
geometric element to machining operations, such as a face or an
axis element, not an edge element. Since an edge is formed by
two face elements, it is somehow ambiguous for the use of a ma-
chining process modelling. For example, the dimension “d” in
Fig. 4 is described by the length |d|, and the two edge elements of
e1, e2. As required by a machining process modelling, it should
be described by the boundary elements of face f5 and face fs.

Because of the different dimension representations between
the design features and machining features, it is necessary to dis-
tinguish and transform a dimension boundary element edge in
a CAD model to its corresponding face element for process mod-
elling. The algorithm is implemented by the following steps as
one of the modules in the GD&T mapping module.

Step 1: Searching each dimension dim(i) on a component, let
i=1,2,...,N_GD, where N_GD is the total number of geomet-
ric dimensions of a component.

Step 2: Let i = 1, extracting the value, type, and boundary
element identifications id1, id, of the dimension dim(i). Step 3:
Checking the boundary elements of the dimension dim(i). If one
of the boundary elements isn’t a real element, then the bound-
ary of the dimension doesn’t exist after feature operation. This

Fig.4. Feature interaction and dimension

pocket
boundary elements

means the dimension boundary was changed. In this case, an ad-
ditional algorithm is needed to deal with the interactive features,
which will be discussed in the next section. If both boundary
elements are real, then the types of the dimension boundary can
be determined directly.

Step 4: If one of the dimension boundary elements is an edge
e, and the other is a face fj, then one of the two faces f; and f>,
which form the edge ep must be determined (go to step 5) and used
as the dimension boundary element of the machining feature. If
both boundary elements of the dimension are edges e; and e,, then
go to step 6 to convert both edges into faces as the dimension’s
two boundary elements. If two boundary elements of the dimen-
sion dim(i) are two faces or two axes, or one face and one axis,
then their identifications are recorded in an array, then go to step 7;

Step 5: Comparing the real value of a dimension with the dis-
tance dp; and dpp, which represents the distance between face
fo and f1 and face fp and f>, respectively. If the distance dy;
is equal to the Value(dim(i)), then substitute the boundary iden-
tification id; of ey with the identification of fi, which means the
representation of the edge element has been changed to the rep-
resentation of the face element. If the distance dp; is equal to
Value(dim(i)), then substitute identification id; of edge ep with
the one of face f> and go to step 7.

Step 6: Comparing the real value of a dimension with the dis-
tances di1, di2, da1, dy; (d;; represents the distance between face
f1i and face f>;, and i, j = 1, 2), there must exist a distance that
has the value of dim(i). If d»; is equal to the Value(dim(i)), then
substituting dimension d;1’s two boundary identifications with
those of face f1 and f>1, and go to step 7;

Step 7: If i < N_GD, then i =i+ 1, switching to step 2.
Otherwise, output the results of the dimension boundary trans-
formation.

4.2 Extraction of interactive feature dimension

When feature interaction occurs, the features involved will be al-
tered both in geometry and dimensions, resulting in alterations
or deletions of some feature faces and boundary elements of di-
mensions, but with the original feature geometry and GD&T in
the database without alterations. For this reason, the extracted
dimension boundary elements may be deleted and not exist on
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the component model any more. When the dimension « in Fig. 4
is extracted from the database through a Pro/Develop function,
its boundary elements are f] and f>. But, because of the inter-
action of the step feature, the face element f, doesn’t exist on
the component any more. That means one of the boundary elem-
ents to the dimension a is a virtual element and the dimension
a needs to be converted to the newly created dimension a; with
the real boundary elements of f; and f3. To implement such
virtual boundary elements detection and transformation, the al-
gorithm used for extracting and converting the interactive feature
dimension boundary was developed and the algorithm flowchart
is described in Fig. 5. By means of the algorithm, the inconsistent
dimension representation of a feature model in the case of feature
interaction can be corrected and converted to the representation
of machining features.

Fig. 5. Flowchart of the dimension boundary conver-
sion algorithm
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4.3 Extraction of geometric tolerances

Geometric tolerances are described by the symbols, tolerances
and datums in a frame, which is connected to the feature re-
quiring geometric control. The dimensions positioning surfaces
or features requiring geometrical control have basic dimensions
and these are identified again by a frame around them. There
are 13 geometric tolerances: straightness, flatness, profile (of
a line), profile (of a surface), roundness, cylindricity, parallelism,
squareness, runout, symmetry, angularity, concentricity and pos-
ition. The first six geometric tolerances control form and do not
require a datum. The remaining seven are relative features and
require a datum as they control position.

In some feature-based modelling systems, such as Pro/Engin-
eer, the geometric tolerances of a component model are stored

Extract a feature F' from a component

v

search the feature F" and obtain the total geometric dimension

number N_gd(u,v=1,2,... N_gd), and total faces N p

v
get one face f; (i=1,2,..., N_p) on the feature

|
%

Calculate the distance djji,djjp.....dij between
edges on face f; (k-number of edges) and other
faces f; on the feature f; (j=1,2...., N_p,i# j).

yes

“ i<N
no
by
’ Compare dim[u] with dig(i =1,2..... N _p,j=1,2,.. N _p,
l !

If dij# dim[u], u=1,2,..., N_gd) then let D= dj, record the
identification id; and id, of two element of the distance djj.

yes

A

Judge if two boundary elements of dim[u yes

are real elements, not virtual element

v n0o

If the two boundary elements are not real elements, then
let dim[v]=D, and let D’s two elements (id;and id,) equal

to the two boundary elements of dim[v]

A
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independently in a data file, which are not connected directly
with the related features. In other words, geometric tolerances
in a feature model do not exist as its feature attributes. For the
CAPP/CAM application, it is important for the machining fea-
ture model to get the geometric tolerances from the machining
features, so as to create relationships between features and ref-
erence datum for the machining processes. Therefore, one of the
main tasks in the feature conversion is to extract and convert
each geometric tolerance to its related feature as an attribute. The
flowchart of the algorithm for the form geometric tolerances (the
first six tolerances without datum) is illustrated in Fig. 6. For
the positional geometric tolerances with datum, the conversion
is divided into a two-stage process. The first stage is to relate
the positional geometric tolerances to their corresponding fea-

Fig. 6. Flowchart of the form geometric tolerance
conversion algorithm

tures by a similar algorithm to the form geometric tolerances
conversion. The second stage is to convert the datums required
to control feature position to real elements that are meaningful to
the machining process.

For a feature model created in Pro/Engineer, datums of
a geometric tolerance are described by the duplicated feature
elements but with different element identification (I/d). Figure 7
shows such an example of a positional geometric tolerance.
The bottom plane F; of the component has a parallelism tol-
erance with a tolerance value of 0.001 and a combined datum
A-B. In the internal database, the datum element A is extracted
as element A’ with the identification (Id)#3, which is a vir-
tual element since the real datum element is the face A with
the Id of #2. From the viewpoint of the process planning ap-

Get the total number TN of the geometric
tolerances in the model

Extract the Id of the ith geometric tolerance
and the frame FM,

;

Extract the Id of the ith geometric tolerance datum

v

letj =1 (=1, 2, ... FN, FN- total
feature Number)

»

v

Search feature FJ. 's element Id  (u=1,2, ... p)
containing faces and axis elements

v

u =u+1 letu =

Yes

No

if ref-Id, = Id,

Copy the geometric tolerance frame FM,
to the feature F; as its attribute

€4—No Yes

end
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Fig.7. An example of component positional geometric tolerances

plication, this virtual datum element is not recognisable and
cannot be used directly. Therefore, it is necessary to convert
virtual datums to real feature elements for the definition of

Fig. 8. Flowchart of datum conversion for component po-
sitional geometric tolerances

411

a machining feature model. The developed algorithm is stated
below, which is mainly through a co-planar judgement by
zero distance between a datum element and one of the feature
elements.

Step I: Initialise an array id_feats_co_plane[][3], seti =1, j =1
Step 2: Extract the ith datum plane p_datum; by the function of
prodb_first_datum() defined in Pro/Develop tool

Step 3: Measure the distance between the p_datum; and one
of the feature elements, p_face;, dis;j = prodb_measure( ); the
prodb_measure( ) is a function of Pro/Develop

Step 4: If dis;j = 0, then the p_datum; and the p_face; are co-
planar, then go to step3; otherwise, set j = j+ 1, then go to
step 3

Get the total number TP of the positional
geometric tolerance

Get the face Id of the geometric tolerance PTol, ‘

v

Convert the geometric tolerance PToli as an attribute of the

feature it belong to (similar to the algorithm of the form
geometric tolerance )

Get the datum element Id of the tolerance
PTol, as Id-datum, , and assign it to a temp
variable, ld-plane,

v

search the co-planar arrary
id_feats_co_plane[][1] for the feature Id
which are equal to the Id_plane.

if there
exists
same Id

no

yes

get the CoF value from the corresponding feature Id, which
is: CoF=id_feats_co_plane[][2]

Il

‘ Id_plane is a virtual face

T”"*y‘”ﬁ ,

‘ ‘ Id_plane is a real ace ‘

v y

search the array id_feats_co_plane[][2], if
id_feats_co_plane[][2] = = -CoF exists,
then set Id_plane = id_feats_co_plane[][0]
which corresponding to -CoF

the datum with the Id_plane is a
real feature element, so the
Id_plane=p_gtol->datum_refs-
>datum_id




412

Step 5: Determine if the p_datum,; is a real face (denoted by RF)
or a virtual face (denoted by VF) by following steps:

(a) Find out the Id number of the p_datum; through the
Pro_element_info( ), denoted by i_face, then get the p_datum;’s
feature Id (that is, to know the p_datum; belong to which
feature) through the Prodb_get_surface_feature(), denoted by
i-feat

(b) Check if the p_datum; was recorded by the co-planar ar-
ray Id_feats_co_plane[][]. If it wasn’t, then assign the array with
i-face:

1d_feats_co_plane[][0] = i_face,
1d_feats_co_plane[][1] = i_feat,
Id_feats_co_plane[][2] = -CoF(means a virtual face)

similarly, by applying process (a) and (b) to the p_face;, we
obtain:

Id_feats_co_plane[][0] =j_face,
Id_feats_co_plane[][1] =j_feat,
Id_feats_co_plane[][2] = +CoF(meansa real face)

Step 6: If i > datum number N, then end; otherwise, seti =i+ 1,
go back to step 2

By means of the above algorithm, the co-planar array stores
the datum elements corresponding to the real feature elements.
The algorithm flowchart is shown in Fig. 8. Combining with the
two-stage conversion algorithms, the positional geometric toler-
ances can be fully converted.

Fig.9. A component example for geometric di-
megnsion conveI;sion b g #205 " #16 2
#4 #?3 #37
d3 e
W B4 b #35 ’
d3o0
#19 d1
#207
#1 #203
! #10
4
d4
18— L.
w8 Y #14
#11 0]
#68
;} #1
#1 498
Table 1. Dimension boundary before feature conversion
Feature id Dim Dimension type Dimension boundary Dimension boundary
sign element] element]
#id_feat #d LIN ANG DIA/RAD SRF AXIS EDO SRF AXIS EDO
#1 do Yes #14 #18
base dl Yes #16 #7 #12
feature d2 Yes #2
#20 d3 Yes #37 #33
slot d4 Yes #10 #35
ds Yes #33 #11
ds Yes #16 #68
#59 do Yes #71
blind-hole dio Yes #10 #76
dli 1 Yes #19 #76
#81 d!3 Yes #93
hole d!4 Yes #49 #98
disS Yes #36 #98
d29 Yes #207 #203
#190 d30 Yes #17 #205
blind-slot d31 Yes #207 #4
d34 Yes #198 #33




Table 2. Dimension boundary after feature conversion
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Feature id Dim Dimension type Dimension boundary Dimension boundary
sign element] element]
#id_feat #d LIN ANG DIA/RAD SRF AXIS EDO SRF AXIS EDO
#1 do Yes #14 #18
base dl Yes #16 #12
feature d2 Yes #7 #2
#20 d3 Yes #37 #33
slot d4 Yes #16 #35
as Yes #33 #18
as Yes #16 #068
#59 do Yes #71 #73
blind-hole dlo Yes #7 #76
dl 1 Yes #18 #76
#381 dlJ Yes #93 #95
hole d!4 Yes #7 #98
dIS Yes #33 #98
d29 Yes #207 #203
#190 d30 Yes #16 #205
blind-slot d31 Yes #207 #2
d34 Yes #198 #33

5 A component example

An example of geometric dimension conversion to a prismatic
component is presented in this section. The component model
used is shown in Fig. 9. Through the form feature conversion
module developed and introduced in [19], the component in the
viewpoint of process planning application is a compound of the
base feature, slot, blind-hole, hole and blind-slot features. Fea-
ture attributes (non-geometric feature), especially the geometric
dimensions of the model, need to be converted so as to de-
scribe correctly these machining features. Before the conversion
algorithm is applied to the component model, the geometric di-
mensions are extracted and listed in Table 1. It is found that some
boundary elements of the dimensions are edge elements and
these need to be converted. After the conversion, all dimensions
with edge boundary elements are converted into the dimensions
with face boundary elements (shown in Table 2).

6 Conclusions

Feature technology has been an important research topic used for
CAD/ACPP/CAM integration. Due to the variety of feature rep-
resentations from application to application, the main unsolved
problem now is to completely explain the design-feature-based
component model, in particular regarding feature interactions.
Based on the investigation and analysis of the design feature
modelling process, it was found that the inconsistency between
the final component model and the information available in
database is the key issue to be solved for downstream applica-
tions. In order to correctly represent the component model by
a number of machining features, this paper focuses on the ex-

traction and conversion of the non-geometric features, that is, the
geometric dimensions and tolerances (GD&T), which play a key
role in the process planning modelling process.

In this paper, GD&T feature conversion algorithms were de-
veloped and described in detail. Due to the different represen-
tations between the design features and the machining features
an algorithm was developed to convert the dimension bound-
ary elements to recognisable elements for process modelling. In
the situation of feature interactions, since the feature informa-
tion in the database does not change accordingly, the algorithm
was implemented to detect whether the feature dimensions are
consistent with the feature model and to convert those virtual di-
mensions into the real dimensions that correctly describe the ma-
chining features. For geometric tolerance conversion, the main
task is to locate each tolerance of the component to the corres-
ponding feature, and convert the virtual datum elements in the
design model into recognisable elements for the machining ap-
plication.

Combined with the geometric information conversion de-
scribed in [17], the machining features can be generated in terms
of the process-planning system requirements. Through the inter-
face of the STEP file, the feature-based CAD/CAPP integration
can be implemented [18]. The feature-based Pro/Engineer sys-
tem was used to build the design model, and the feature conver-
sion algorithm was implemented through the Pro/Develop tool
written in C++ on a Sun Sparc 20 workstation.
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