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Design Evolution 
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The concept of feature was introduced because of need to integrate the design and the 

manufacturing activities. Therefore, the generation of features usually occurs after design 

completion. However, in recent product development approaches such as concurrent engineering 

(CE), features need to be generated during design evolution. This paper presents an incremental 

feature generation (IFG) and feature modification (FM) approach applicable during design 

evolution, defined by constructive solid geometry (CSG) and boundary representation (B-rep). 

In IFG, a classified boundary component, obtained from boundary evaluation, is defined as a 

protrusion or depression (P/D) according to Boolean operation and convexity analysis. The 

existing features are then updated in accordance with feature interactions in the FM. The FM 

involves feature existence analysis and modification procedures. The modification procedures 

are : [ ) decide whether the remaining part of an existing feature is valid for a feature definition, 

2) update it as a new feature and 31 define the feature relationship. In the IFG approa,zh, the 

geometry of the current design step is automatically isolated by Boolean operation and defined 

as a protrusion or depression (P/D) w~thout convexity calculation of topological entities such 

as edges or l:ace sets. The above procedures are performed through tracing Boolean operations 

and convexity checking of an intersection edge loop generated during design e,,olution. 
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1. Introduction 

The concept of feature was introduced because 

of need 1o integrate the design and the manufac- 

turing activities. Therefore, the generation of fea- 

tures usuall) occurs after design completion. 

However, in recent product development  

approach such as concurrent engineering (CE), 

features need to be generated during design evolu- 

tion. Previous research for generating features 

falls broadly into three basic approaches:auto- 

matic feature extraction (FEX), feature based 

design (FBD) and manual feature identifica- 

tion (FID). Automatic feature extraction (FEX) 

systems (Choi, 1982 ; Hende, 1984; Joshi, 
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1988; Flori, 1989) searches complete part infor- 

mation for predefined template patterns, using 

several schemes such as graph matching, pattern 

matching and the logic approach, in the feature 

based design (FBD) approach (Dixon, 1985; 

Ostro, 1987: Cutro. 1988: Shah, 1991), a user 

adds predefined features and monitors the interac- 

tion of the added features. In the manual feature 

identification (FID) (Chang, 1982: Chen, 1982: 

Humme. 1986), a user manually defines the fea- 

tures and their interaction relationships. As dis- 

cussed, the previous works emphasized generating 

features either before or after a design. It requires 

a new scheme to generate the features as the 

design evolves. In addition, the feature interaction 

is a fundamental problem in the feature genera- 

tion during design evolution. However, the above 

three basic approaches are not capable of resolv- 

ing the feature interaction. 

The FEX systems are only appropriate for 
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defining the basic features because of the use of 

templates. Even if they can handle certain simple 

kinds of" feature interactions, none of them are 

capable of handling arbitrary interactions. 

Because the user adds individual features accord- 

ing to fimctional requirements while the interac- 

tion arises in the detailed topological or geometri- 

cal information, a scheme to monitor and update 

the interaction automatically is necessary in a 

FBD approach. In the FID, a user needs to define 

the interacting features and their relationships. 

Most of the above cases have limitaions in handl- 

ing the feature interactions automatically. Thus 

several methods have been proposed to solve the 

feature interaction problems. In Rossignac's work 

(1988), the feature interaction relationship is 

traced as a new feature is added: however the 

existing feature is not automatically redefined or 

modified. Vandenbrande (1990) proposed a 

method to recognize interacting features and to 

decompose them into simple features. His method 

uses a blend of artificial intelligence techniques 

and computational geometry techniques to de- 

compose: the delta volume into machining fea- 

tures. Thus, his method which requires defining a 

stock volume has limitation for general applica- 

tions. Chen (1992) also proposed the method of 

spatial :reasoning on fbrm feature interaction. 

Chen's method supports the analysis of feature 

interacti,3ns, but it is limited to feature-based 

design using solid primitive features. 

As di,',cussed, even these approaches proposed 

specifically for interaction problems are limited to 

certain ~Lpplications. Thus, this paper presents a 

scheme for incremental feature generation and 

feature modification, generating a feature as the 

design evolves and automatically redefining the 

interacting feature. The features in this paper are 

protrusion or depression (P/D) as defined by 

Kyprianou (1980) : 

Protrusion feature : a convex face set closed 

by a concave boundarv loop 

Depression feature : a concave face set closed 

by a convex boundary loop 

In the following sections, an incremental feature 

generation scheme is introduced and the feature 

interaction is briefly discussed. Then the feature 

existence analysis and feature modification proce- 

dure are discussed in detail. Finally, the proposed 

scheme is applied to an example tbr illustration. 

2. Incremental  Feature Generation 

In incremental feature generation (IFG), as a 

designer represents his design intent by creating 

local geometry on a part, shape features resulting 

rom the local geometry are automatically gener- 

ated. In this paper, the evolving part geometry is 

defined by constructive solid geometry (CSG) and 

boundary representation (B-rep). The part geome- 

try is constructed with a primitive and a Boolean 

operation at each design step. The boundary 

information of an evolving part geometry at each 

design step is obtained by boundary evaluation. 

As a new primitive coimbines with an existing 

solid, a new feature is generated. The feature 

generation procedure continues until the design is 

Intersection edge loop 

(a) Intersection of two blocks 

A i n B ~  

(b) Classified components (B-comp) 

Fig. 1 Boundary classification 
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face set and the edges on a boundary surface are 

always convex edges. B in /a  is a subset of  bound- 

ary of  the convex solid Block B, and the ( /5 ' inA) 

represents " 'complement" of  /5'inA which 

changes convexity of  a face set so that ( B i n A  ) 

is a concave face set (Fig. 3(el). Accord ing  to the 

above: analysis. I-loop of  ( ] J i n A )  ~ is a convex 

edge loop and a face set o f ( B i n A )  ~ i s a c o n c a v e  

lace set so that ( /5 ' inA) ~ in Fig. 2 forms a 

depression relative to Aout/~' ,  which is defined as 

P /D.  Similary, if a Boolean operat ion is union 

(U) ,  the B o u t A  of the classified components  

forms a protrusion relative to A o u t / L  Thus, 

whenever a new convex primit ive ( B )  is operated 

on an existing solid (A)  with generat ing a closed 

intersection edge loop, a classified boundary sur- 

lace of  the solid t5', ( /5 ' inA) ~ or Bout~t,  is 

defined as a depression or a protrusion as fol- 

lows : 

A U t ,  ) - A o u t B  @ B o u t A  

B o u t A  ....... Protrusion 

A t~;-=Aoutt4 @ ( B i n A )  ' 

( / ~ i n A )  ~ --, Depression (2) 

The intersection operat ion is not included 

because it does not generate a protrusion or a 

depre:~sion. If the intersection edge loop is not 

closed, (/3in:t .)  ~ or  ls'outA can not be simply 

defined as t ) or  1) according to Boolean opera-  

tion. This case occurs when features interact each 

other and it will be discussed in the fol lowing 

sections. For  implementat ion of  this IFG 

approach,  a module  to check Boolean operators 

and a closed l-loop is required to be embedded 

into a convent ional  C A D  system. 

3. Feature Interaction 

The feature interaction is fundamental  in IFG.  

As a design evolves by Boolean operat ions with 

primitives, previously defined features interact 

with a new primitive. This interaction changes 

existing features according to the interaction rela- 

tionships. Figure 4 illustrates this by an example. 

When a Block t5' is subtracted from a Solid A 

(Fig. 4(a)), the existing feature, Notch 1 (Fig. 

4(b)), is changed to a Step feature, while a new 

(a} 

(b) (c., 

(a) Design evolution by Boolean operation 
tb) Feature at design step i: Notch 
(c) Feature at design step i v  I : Step 

Fig. 4 Necessity of feature modification 

feature Notch 2 is gefierated by the Block B (Fig. 

4(c)). Thus, as the design evolves, the existing 

features need to be updated according to the 

interaction relationships. First of  all, the interac- 

tion between existing features and a new primit ive 

needs to be defined. The cases for modif icat ion 

then need to be specified. Finally,  the procedures 

for each case need to be deve loped  The interac- 

tion is defined by 4-way, 8-way and generalized 

4-way classification (Manty, 1988) in this 

approach.  The interaction cases are shown in Fig. 

5 an existing feature ( F )  is removed from a new 

primit ive (Fig. 5(a)) : an existing feature remains 

without interaction with a new primitive (Fig. 

5 ( b ) ) ; a n d  an existing feature is modified by a 

new primit ive (Fig. 5(c)). Thus. the last case 

needs modif icat ion procedures to redefine the 

existing feature. This last case can be further 

classified into three cases : a part of  a feature face 

set including its boundary  edges is r e m o v e d ; a  

part of  a feature face set excluding its boundary  
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face set and the edges on a boundary surface are 

always convex edges. B in /a  is a subset of  bound- 

ary of  the convex solid Block B, and the ( /5 ' inA) 

represents " 'complement" of  /5'inA which 

changes convexity of  a face set so that ( B i n A  ) 

is a concave face set (Fig. 3(el). Accord ing  to the 

above: analysis. I-loop of  ( ] J i n A )  ~ is a convex 

edge loop and a face set o f ( B i n A )  ~ i s a c o n c a v e  

lace set so that ( /5 ' inA) ~ in Fig. 2 forms a 

depression relative to Aout/~' ,  which is defined as 

P /D.  Similary, if a Boolean operat ion is union 

(U) ,  the B o u t A  of the classified components  

forms a protrusion relative to A o u t / L  Thus, 

whenever a new convex primit ive ( B )  is operated 

on an existing solid (A)  with generat ing a closed 

intersection edge loop, a classified boundary sur- 

lace of  the solid t5', ( /5 ' inA) ~ or Bout~t,  is 

defined as a depression or a protrusion as fol- 

lows : 

A U t ,  ) - A o u t B  @ B o u t A  

B o u t A  ....... Protrusion 

A t~;-=Aoutt4 @ ( B i n A )  ' 

( / ~ i n A )  ~ --, Depression (2) 

The intersection operat ion is not included 

because it does not generate a protrusion or a 

depre:~sion. If the intersection edge loop is not 

closed, (/3in:t .)  ~ or  ls'outA can not be simply 

defined as t ) or  1) according to Boolean opera-  

tion. This case occurs when features interact each 

other and it will be discussed in the fol lowing 

sections. For  implementat ion of  this IFG 

approach,  a module  to check Boolean operators 

and a closed l-loop is required to be embedded 

into a convent ional  C A D  system. 

3. Feature Interaction 

The feature interaction is fundamental  in IFG.  

As a design evolves by Boolean operat ions with 

primitives, previously defined features interact 

with a new primitive. This interaction changes 

existing features according to the interaction rela- 

tionships. Figure 4 illustrates this by an example. 

When a Block t5' is subtracted from a Solid A 

(Fig. 4(a)), the existing feature, Notch 1 (Fig. 

4(b)), is changed to a Step feature, while a new 

(a} 

(b) (c., 

(a) Design evolution by Boolean operation 
tb) Feature at design step i: Notch 
(c) Feature at design step i v  I : Step 

Fig. 4 Necessity of feature modification 

feature Notch 2 is gefierated by the Block B (Fig. 

4(c)). Thus, as the design evolves, the existing 

features need to be updated according to the 

interaction relationships. First of  all, the interac- 

tion between existing features and a new primit ive 

needs to be defined. The cases for modif icat ion 

then need to be specified. Finally,  the procedures 

for each case need to be deve loped  The interac- 

tion is defined by 4-way, 8-way and generalized 

4-way classification (Manty, 1988) in this 

approach.  The interaction cases are shown in Fig. 

5 an existing feature ( F )  is removed from a new 

primit ive (Fig. 5(a)) : an existing feature remains 

without interaction with a new primitive (Fig. 

5 ( b ) ) ; a n d  an existing feature is modified by a 

new primit ive (Fig. 5(c)). Thus. the last case 

needs modif icat ion procedures to redefine the 

existing feature. This last case can be further 

classified into three cases : a part of  a feature face 

set including its boundary  edges is r e m o v e d ; a  

part of  a feature face set excluding its boundary  
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(a) FcAinB .... FC3S 

(b) FcAoutB-~  Fc~S  

(c) FcAinB and AoutB ~. F 'CaS 

Fig. S Feaure existence by 4-way classification 

edges is removed;and  the convexity of feature 

boundary edges is changed. For each of these 

cases, modification procedures need to be devel- 

oped. The details of interaction analysis and 

modification procedures for each case are discus- 

sed in the following sections. 

4. Feature Existence Analysis 

As a design evolves, the previously defined 

feature face set interacts with the boundary of a 

new primitive. Feature faces are then removed or 

modified according to interaction relationships. 

Thus, the existence of an existing feature for 

interaction relationship needs to be analyzed. The 

previously defined features are assumed always to 

exist on a solid A when a Boolean operation, A 

< O P > B ,  is performed and a solid B is always a 

primitive. The existing feature (F )  is contained in 

one of, or a combination of, the following classi- 

fied components of the boundary of solid A 

(3A):  

F c O A - ~  F ~ @ ( C 1 ,  C2, ..., Cn) 
where 9( . )  represents a union of 

subsets of(.), and Ci represents a classified 

boundary component. (3) 

The combinations in Eq. (3) can be character- 

ized according to the 4-way or 8-way classifica- 

tions (Manty, 1988). The feature existence analy- 

sis by 8-way classification can be simplified to a 

generalized 4-way classification, which is used for 

generalized feature existence analysis in this 

research. 

Existence by 4-way Classification:Using 4- 
way classification, surface contact between 

boundary surfaces of two solids A and B is not 

allowed. When the two solids intersect each other, 

the boundary of Solid A ( ~ A )  is classified into 

two components as follows : 

3A ~" AoutB,  A i n B  (4) 

Thus, an existing feature (F )  is contained in A 

out/3, A inB,  or both of them as follows: 

F c  3A 

- -  F c  @ (AoutB,  A i n B )  

-~ F c A i n B  

F ~ A o u t B  

F c A o u t B  and A i n B  (5) 

Figure 5 illustrates the feature existence of Eq. (5) 

by the 4-way classification. Consider a new solid 

formed by a Boolean operation ; the solids which 

are formed by union or difference operation are 

as follows : 

A U B - A o u t B  @ BoutA 

A - B = A o u t B  @ (BinA)  ~ (6) 

where @ represents gluing operation of two 

boundary components, and (B inA)  i represents 

a complement boundary component of B inA,  

which has an inverse face normal to BinA .  Thus, 

the effects of Boolean operation, either union or 

difference, on a feature F on a solid A are: 

(a) I f F  is contained in A i n B  (Fig. 5(a)), F is 

removed from the boundary of the new solid 

because A i n B  does not exist in the boundary of 

the new solid according to Eq. (6) ; 

(b) if F is contained in A ou t B  (Fig. 5(b)), 

then F remains in the new solid without interac- 

tion with a new boundary component because A 

outB exists unchanged in the boundary of the 

new solid ; 

(c) If F is contained in both A i n B  and Aout  

B (Fig. 5(c)), the part of F in A ou t B  (F ' )  



Incremental Feature Generation and Modification during Design Evolution 427 

remains in a boundary of a new solid and the 

other part of F- in A i n B  ( f ' " )  is removed accord- 

ing to Eq, (6). In this case, F" needs to be 

redefined as a new feature because it is different 

from the original F .  Thus, a face set of a feature 

F results in a new solid (S) as follows: 

when F c A i n B  / :q-  3S 

when / : C  Aoutt~ f ' c  3,%' 

when FC:Ain/5 '  and Aout t r  F ' c : a S  (v) 

According to the Eq. (7) and examples in Fig. 5, 

when ,FGAint:) and A o u t B ,  the feature N needs 

to be 'modified for a valid protrusion or depres- 

sion feature. 

Existence by 8-way Classification: If the 

boundary surfaces of two solids are allowed to 

touch each other, the boundary of a solid A(c)A) 

is classified into four components as follows by 

8-way classification : 

~A --, Aou tB ,  A o n B + ,  A o n B - ,  A i n B  

where + ( - )  represents touching in the 

same (different) face normal (8) 

Thus, an existing feature ( F )  is contained in a 

subset of the four components as follows : 

F c ( ) A  -, f.'c: @(AoutB, A o n B  ~-, 
A o n B -  , A i n B )  

where @(.) represents a union of  a subset 

of(.) (9) 

Existence by Generalized 4-way Classifica- 
tion: If the reclassification rules (Manty, 1988) 

are applied to the classified boundary compo- 

nents by 8-way classification, they are simplified 

as follows : 

3A ---' (Aout /3 ) ,  ( A i n B )  

where, when A U B, 

then ( A o u t B ) - - A o u t B  @ A o n B + ,  

( A i n B ) = A i n B  @ A o n B  

when A -- B, 

then ( A o u t B ) = A o u t B  @ A o n B - ,  
{ A i n B ) = A i n I 3  @ A o n / 3 +  (10) 

Thus, a feature existence similar to Eq. (5) is as 

follows : 

F c  3A 
F C  @ ( ( A o u t B ) ,  ( A i n B ) )  

- .  F C ( A i n B )  

F c  ( A o u t B )  

F c ( A o u t ] 5 ' >  and ( A i n B )  (11) 

Similar to Eq. (6), new solids are obtained as 

follows : 

A 0 B -  <,AoutB) @ B o u t A  

Z I - B  ( A o u t B )  @ ( /3inA) '~ (12) 

in this case, the feature existence depends on 

Boolean operations, if  a feature exists only in 

either A o u t / J  or A i n t L  the existence is not 

affected by Boolean operations because A o u t B  

always is ( A o u t B )  and A i n B  is always ( A i n B )  

according to Eq. (10). However. if any part of the 

existing feature is contained in A o n / ~ + ,  Aon/3  

or both, features existence is affected by 

Boolean operations through Eq. ( I lL  For exam- 

pie, a feature existing in A i n B  and A o n B -  

exists in .<AinH) for AUI : / ,  and it is removed 

from the resultant solid. On the other hand, a 
feature existing in A i n B  and A o n B -  exists in 

( A o u t B )  and ( A i n B )  for A--B,  and a part of 

F .  F ' c  <Aout/~) remains at a new solid, and the 

other part of F ,  F ' c , < . t i n / ~ ) ,  is removed. Thus, 

feature existence in Eq. (7) can be used when 

surface contact are allowed by replacing bound- 

ary components in Eq. (7) with (boundary com- 

ponent):, as tbllows ; 

when F c ( A i n B )  F~o~.b " (13a) 

when F<:: (Aou t /~ )  F c  ~S (13b) 

when F C - ( n i n B )  and ( A o u t B )  

F'C.c)S (13c) 

Feature Existence Cases:  Among the three 

cases in Eq, (13), Eq. (13c) is a typical case 

requiring modification, in Eq. (13c), F is divided 

into two portions: 

F C ( A o u t B )  and <AinB> 

--  F ' ( A o u t B )  and / , ' " c ( A i n B )  (14) 

In the above, F 'c_ (Aou t /3 )  remains in a new 

solid while F " c ( A i n B )  is removed. Therefore, 

the modification algorithm is necessary for F', 
which can be defined as a union of two sets as 

follows : 

f " =  ( iF) 'U(3F) '  (15a) 

F ' = ( i F ) ' U ( a F )  (15b) 

F ' =  (iF) U(3F)" (15c) 
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In Eq. (15), iF and OF represent the interior o f f  

and the boundary of F respectively, and (iF)" 
represents a part of iF, and (o~F)" represents a 

part of r?F. Among the three cases in Eq. (15), 

case (c) is not valid because F '  is defined as a 

part of a face set, not all of a face set of F 
(interior F).  

Figure 6 shows an example of the case in Eq. 

(15). The feature F is divided into F' and F ' ,  

where F '  is made of (iF)' and (o~F)' in Fig. 

(6(b)), and F' is made o f ( iF) '  and (r)F) in Fig. 

(6(d)). On the other hand, Eq. (13b) has two cases 
as follows : 

F c  <AoutB) 
- ,  F c  ( A o u t B )  

(a) (b) 

Case 1 : F' = (iF)' u (aF)' 

(c) ( d )  

Case 2: F ' .  (iF)' L~ (aF) 

(e) (f) 
Case3: aF, '~a<AoutB> * 0 

(a) Intersection with new primitive 
(b) Resultant ti~ature 
(c) Intersection with new primitive 
(d) Resultant feature 
te) Common edge path 
(f) New feature in resultant solid 

Fig. 6 Two cases t~)r F~(AoutB) and (AinB) 

with o~FN o~(AoutB)= O (16a) 

--, F C ( A o u t B )  
with o~FN c)(AoutB)~- O (16b) 

In Eq. (16a), a new boundary component, glued 

with (Aoutt~'),  has no effect on the existing 

feature F. However, in Eq. (16b), a new boundary 

component has an effect on the existing feature F 

because the intersection edge of ( A o u t B )  and a 

new boundary component may change the con- 

vexity of boundary edges of F.  Figures 6(e) and 

(f) show an example of case (b) in Eq. (13). In 

Fig. 6(e), the path from vl to t'2 is the common 

edge shared by OF and 3(AoutB),, and while 

originally convex as a boundary edge loop of 

depression F,  it is changed to concave in the new 

solid in Fig. 6(r). Therefore, case b) in Eq. (13) 

needs to be considered as a case which needs 

modification. Considering Eqs. (13)--(16), the 

feature existence can be generalized as follows : 

F c < , A i n B )  (17a) 

F <  .~AoutB) 
with ~ ) F ~ c ) ( A o u t B ) - Q  (17b) 

F c ( A o u t B )  
with 3F (  ~, c)(AoutB) ~ Q (17c) 

F < ( A o u t B )  and ( A i n B )  
( i[,')'c ( A o u t B )  and ( i F ) " c  ( A i n B )  
( 3 F ) ' c / , A o u t B )  and (OF)" 

c ( A i n B )  (17d) 

F c ( A o u t B )  and (AinB'2 
( i F ) ' c ( A o u t B )  and ( i F ) " c ( A i n B )  

(&F)C ( A o u t B )  (17e) 

Figure 7 shows the plane models (Manty, 1988) of 

the above cases in Eq. (17). it displays the feature 

existence on an old solid. On the other hand Fig. 

8 displays the existence on a new solid. In Eq. 

(17a) (Fig. 8(a)), F does not exist in a new solid, 

so that F is removed from a feature data base. The 

feature in Eqs. (17b) (Fig. 8(b)) remains without 

any interaction. On the other hand, F in Eqs. 

(17c), (17d), (17e), (Figs. 8(c), (d), (e)) require 

modification procedures. 

In case of Fig. 8(c), only the boundary edges of 

feature F interact with the new boundary edges of 

G. This requires a modification algorithm to 

update F because a protrusion or depression 

definition of F may change due to the convexity 
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(a) 

~.AoutB> <A(~t B> v l  aS 

r 

G3 

(a) 

CE> 
vl 

(b) (c) b) I c ) 

<AoutB> 

(a) 

(b) 
(c) 
(d) 

(e) 

Fig. 7 

(d) (e) 

F c ( A i n B )  
FC  (AoutB) and 8F~)8<AoutB~-- 
FC(AoutB~ and ~)F(!~(AoutBi>~ 
Fc(AinB) ,  and (AoutB) and F ' - ( i F ) '  

U(SF)' 
Fc_<AinB~ and (AoutB) and F ' - ( i F ) '  
I.O (SF) 

Plane models of feature existence of old solid 

change of  the boundary edges of  F .  In Fig. 8(d), 

a part of  a boundary edge loop, (SF)" and a part 

of  a face set F, ( iF) ' ,  is removed, and the other 

part of  F ,  ( S F ) '  and (iF)' ,  remains. Therefore,  

the remaining part needs to be defined as a new 

protrusion or depression. In the case of Fig. 8(e), 

only a part of  the face set of  F is removed,  and a 

new face set G from a new primit ive replaces it so 

that a :feature defini t ion o f  F may change accord- 

ing to a new face set. They are summarized as the 

fol lowing three cases : 

Both iF and 8 F  are removed (18a) 

Only i F  is removed (18b) 

Only 8/w is affected (18c) 

These three cases are referred to as Case A, 

Case B and Case C for modif ica t ion  procedures 

in what [bllows. When a model ing  is based on the 

local operat ion (Chiyo,  1988), a user defines a 

new feature boundary loop (FBL)  on the surface 

of  a solid and creates a protrusion or  a depression 

aS 

Fig. 8 

 sC) 
(el) /e) 

(a) Fc~: 8S 
(b) FCISS and 8FNSG--C~ 
(c) FC:SS and 8FciaGr ~, 
(d) F'(ZSS and F 'c=aS and (()F') 'cSS 
(e) F'c.:(3S and F " C f S  and (~F) c38S 

Plane models of feature existence of new solid 

inside the FBL. The FBL is the same as the I-loop 

and the user-defined-feature is the same as a new 

face set (; in case of  using Boolean operat ion.  

Then the rest of  the modif icat ion procedure is the 

same as the Case A, B and C. 

5. Feature Modification Procedure 

Modif icat ion procedures are developed for the 

three cases of  Eq. (18), in which solids have plane 

or cylindrical  surfaces, and the solid angle is 

either 90 ~ or 270 ~ It is assumed that : in  Case 

A, there are only two intersection points, t'l and 

v2, betv, een a boundary loop of  F(c)F) and a 

boundary loop of  G(c)G), as shown in Fig. 9 (a) ; 

in Case B, 8G inside iF does not interact with 8 F  

(Fig. 9(b)) ; in Case C, c o m m o n  edges of  8 F  and 

8(; are a cont inuous  edge path which has only 

one starting point  ( v l )  and one end point (v2). 

Moreover ,  the interaction is limited, to only the 

two-feature interaction in the above three cases. 

The modif icat ion procedures for each case decide 
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Fig. 9 

(a) Case A : Both iF and c)F are removed 

(a) 

<.~ulB':, 

(h) 

(b) Case B : O n l y  iF is removed 

(c) Case C : Only r is effected 

Three feature interaction cases lot modifica- 
tion 

@ 
(c'. 

b G I ~  aF1 

(d) 

(a) An old solid and I-loop 
Ib) A plane model of (a) 
(c) A new solid v, ith a modified feature 
(d) A plane model of (c) 

Fig, l0 A feature modification example 

whe the r  the r e m a i n i n g  part  of  the exis t ing feature 

F. (F" in Case A and  Case B and F in Case C) 

in Fig. 9. it is val id for a new p ro t rus ion  or  

depress ion  feature. 

5.1 C a s e  A 

Figure  10 shows a typical  case of  the modif ica-  

t ion procedure  with its p lane  model .  The  new 

intersect ion loop  ( l - loop)  divides t*" into F ' C ( A  

o u t H )  and  F " ' ~  A i n / ~  , genera t ing  the inter- 

section points ,  vl  and  t,2, with cTF. The  0/"  and 

I-loop are d iv ided into two parts  such as 0 E l  and  

c)F2, and l - loopl  and  l-loop2. In the new solid 

(Fig.  10(c)), I-loop is a b o u n d a r y  loop  of  a new 

b o u n d a r y  c o m p o n e n t  G. The  exis t ing feature  F 

remains  after losing a face set F "  so it is no 

longer  valid for p ro t rus ion  or depress ion  ( P / D )  

def ini t ion.  Therefore ,  F" needs to be redef ined as 

a new P / D  feature. There  are three possible  cases 

for redef in ing F '  as a new P / D  with add i t iona l  

topologica l  entities.  The  cases shown  in Figs. 

l l (a) ,  (b) and  (c) are referred to as Case A. 1, 

Case  A. 2 and  Case  A. 3 respectively. First  of  all, 

F '  is redefined as a new feature wi thou t  any 

add i t i ona l  topolog ica l  enti t ies (Case A. I). Sec- 

ondly,  F"  is redef ined as a new feature with 

(a) Case A.I : F and G by same Boolean OP 
(c)G2 is a set of edges) 

(b) Case A.2 : F and G by same Boolean OP 
(0G2 is no edge) 

' ~)F1 

(c) Case A.3 : F and G by different Boolean 
OP. 

Fig. 11 Feature modification and examples : Case A 
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Table 1 Feature modification procedure for case A 

Existing Boolean i Boolean Edges Edges Result 

Case feature operation ; operation in in feature New feature(Fro) / / 

,or E / for G 8Gt , o2 / 

C a s e a .  I D(P) ( t J i -  2 i ; ;  . . . . . . . . .  0or - - D - ( P i -  ~-| .i=m~-:F -~- . . . . . . .  

' i broken / [ . )Em- FI. G2 
. . . . . . . . . . . . . . . . . . .  t . . . . . . . . . . . . . . . . . . . . . . .  t . . . . . .  ~ . . . . . . . . . . . . . . . .  

Case: A.2 D(P) (i J) [ .... (,,!) not totally i D(P) �9 Fm :: F '@G 

: l broken broken ~ . c ? F m - S g l ~ r ) G l  

i i 

Case: A.3 D(P) ( i : )  L ' ( '  ) D(P) -F'm F ' @ G f  

�9 ()Fin ::: c)FI |  
. . . . . . . . . . . . . . . . . . . . . . . . .  ........................... ~ ................. : . . . . . . . .  ~_ ......................................... 

@_'):gluing two boundary surfaces @:gluing two boundary edge paths 

D( P):Depression(or Protrusion 

add i t iona l  topologica l  entit ies,  which has two 

cases ; one  inc luding  all of  ( ; ( Cas e  A. 2) and the 

o ther  inc lud ing  a part  of  ( ; ( C as e  A.3). 

Case A.I : When  /~" and  (;  are ob ta ined  by the 

same Boolean opera t ion ,  and  a new b o u n d a r y  

segment (c?(;2) is an actual  edge path,  only  F '  is 

redefined as the same I ~ or 1) as F-  The  new 

b o u n d a r y  loop  of  a new feature Fm is a con-  

O ( 1 - - ,  nected loop with 8 F I  and  ~ ''~ 

Case A.2 : On the o ther  hand,  when [." and  (; 

are ob ta ined  by th same Boolean opera t ion ,  and 

the new b o u n d a r y  segment  (8 ( ;2 )  is not an actual  

edge path,  the whole  of  (; needs to be with t ~'' in 

a new feature because its new b o u n d a r y  loop (()1," 

I ~ 8(~2) is not  an actual  edge loop  enclos ing /,". 

in add i t ion ,  the 8(;2 should  be a d u m m y  edge 

loop  because any edge path in bo th  (;  and  F '  has 

convexi ty  different from 8FI .  The  8(;I also 

shou ld  be an actual  edge path to be a b o u n d a r y  

edge loop  for a new feature. The  lace set of  the 

new feature is a connec ted  face set cons is t ing  of  (; 

and t e' and  its b o u n d a r y  edge loop is 0 / - ' l  JS(;t.  

Case A.3 : W h e n  the Boolean  opera t ions  gener- 

a t ing G and  F are different,  F" requires  a part  of  

( ; ( O ' ) .  8G has different convexi ty  f rom 8FI so 

that  8GI  or 8G2 c a n n o t  be a par! of  new bound-  

ary loop  wi th  8/;'1. On the o ther  hand,  any edge 

path inside G has  the same convexi ty  as c)/,'l. 

However ,  the face set Gf  shou ld  not have any 

edge path  because any edge path inside G has 

convexi ty  different from tha t  in l;'" which results 

in (~! hav ing  face convexi ty  different f rom that  of  

/-". In consequence ,  a part  of  ( ; (G/ )  needs to be 

inc luded in a new feature. Therefore ,  the new 

feature is a connec ted  [:ace set of  F '  and  (; / ,  and 

its new b o u n d a r y  is Es and  8P'I. 

The  above  three modi f i ca t ion  procedures  are 

summar ized  in Tab le  I. Accord ing  to the pro t ru-  

s i o n / d e p r e s s i o n  def in i t ion  in the section 1, the  

t-'m and  t:" are two-d imens iona l  face sets (2- 

mani fo ld) ,  and 3P',z, 8FI ,  0(;I,  r and Es are 

one -d imens iona l  edge paths in the Tab le  I. 

5.2 Case B 

In Case B, a new b o u n d a r y  c o m p o n e n t  (;  exists 

inside of  t" as shown  in Fig. 9 (b) so that  t'" can 

be modif ied  accord ing  to the con,,,exity of  8( ;  or 

i(;. For  the modi f ica t ion  procedure ,  the three 

cases for Case B are defined as sho~vn in Fig. 12. 

Case B.I : I f  (; is defined to hawe the same P /  

D as [~" (Fig. 12 (a)), 8(; can be ano the r  bound-  

ary loop  o f / ; "  because the edge loop of  8(; has 

the same convexi ty  as GF. F" is then defined as a 

new feature t"nz because it is enclosed by 8t" and 

8(; .  Fig, 12(a) shows an example  of this case. The  

prev ious  feature was a depress ion  (Step).  At  the 

next design step, ano the r  depress ion  (Bl ind-ho le )  

is created reside of  the Step feature. However ,  the 

Step feature which  lost par t  of  its face still sat- 

isfies the depress ion  def ini t ion.  Thus,  it is upda ted  

as depress ion  Step 1, one of  a family of  Step 

features. 

Case  B.2 : If G is def ined to have a different  P /  
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(a) Case B . I : F  and G by Same Boolean 
operation (0G is a set of edges) 

(b) Case B.2 : F and G by different Boolean 
operation (c)G is a set of edges) 

(c) Case B . 3 : F  and G by Same Boolean 
operation (c~G is no edge) 

Fig. 12 Feature modification and examples : Case B 

D from /,', F '  c a n n o t  be def ined as ano the r  P /D .  

The  new edge loop  ()(; on F '  has convexi ty  

different from that  of  ~,/7 On the o ther  hand ,  (; 

c a n n o t  be c o m b i n e d  with F '  as a new feature 

because (; has convexi ty  different from that  of  a 

face set of  /~", Thus ,  in this case, the exist ing 

feature needs to be manua l ly  defined as a com- 

pound  depress ion  or  p ro t rus ion  ( D c / l ) c )  includ- 

ing (;. Therefore ,  the new feature is a c o m p o u n d  

face set cons is t ing  of  /v '  and  G, and its new 

b o u n d a r y  loop is OF. Fig. 12(b) shows an exam- 

ple where a previous  depress ion  (Step) feature 

violates the depress ion  def in i t ion for Step feature 

and  is redefined as a De ,  Step-with-Boss.  

Case B.3 : If ( ;  is ob ta ined  by the same Boolean 

opera t ion  as I ,', and  ~)(.; does not have an actual  

edge (Fig. 12(c)), P" and (2 are c o m b i n e d  as a 

new feature because bo th  face sets in if" and iG 

have the same convexity,  c)P" is then a new bound-  

ary of  /~',~. Fig. 12(c) shows an example  of  this 

case, where a cyl inder  is subt rac ted  from a Block 

to make  Bl ind-hole  with a greater  depth.  

The  procedures  for each of  the above  cases are 

summar ized  in ] a b l e  2. 

5.3 C a s e  C 

Case C is s imi lar  to the case A.3. ~ F 2  has lost 

its or ig inal  convexi ty  and r)G2 c a n n o t  become 

b o u n d a r y  edges of  a modif ied feature wi thout  

add i t iona l  assumpt ions .  This  case occurs  when F 

is a depress ion  and G is ob ta ined  by tile un ion  

( C )  opera t ion ,  or F is a p ro t rus ion  and G is 

ob ta ined  by the difference ( ) opera t ion .  The  

modi f ica t ion  p rocedure  is s imi lar  to the Case A. 

3, but is requires  two cases such that  r is a set 

of  edges and  ~(;2 is no edges. 

Case  C.1 : When  r)G2 is u set o f  edges and  the 

convexi ty  of  d.F2 is changed,  the new edge path 

from c2 to L'I is necessary for a new P / D  defini-  

t ion. T h e  new edge path is only  ob ta ined  from 

edges inside of  (,; because the edges have  the same 

convexi ty  as ()t v by a Boolean opera t ion .  Shown  

in Fig. 13(a), a depress ion  (Notch)  feature is 

changed  to ano the r  depress ion  (Blind-step)  fea- 

ture. 

T a b l e  2 Feature modification procedure for case B 

Case B. I D(P) 

Case B.2 

Existing 

feature 

DiP) 

Case B.3 D(P) 

Boolean Boolean ~ Edges 

operation operation ~ in 

for F for G c)G 

( ~ )  I (L . )  
i 

Case 

not 

broken 

(U)  '.0( ) I broken 

I 
. . . .  [ 

( U ) ( U )  ,: totally 

. . . . . . . . . .  j broken 

not 

Result 

feature 

DiP)  

Dc(Pc) 

DiP)  

New feature 

�9 Fm - F '  

�9 c~Fm -- r)F 0 o~G 

. F m - - F ' ( G )  

�9 3-Fm-- cgF | o~G 

�9 F m  F ' @ G  

.~ ,Fm--aF 



Incremental Feature Generation and Modification during Design Evolution 433 

(a) Case C. I : 0G2 is a set of edges 

~ c~F1 

v l  

(b) Case C. 2 : o~G2 is no edge 

Fig. 13 Feature modification and example : Case C 

Table 3 Feature modification }rocedure for case C 

Existing Boolean Boolean Edges Edges Result 

Case feature operation operation in in feature New feature(Fro) 
i 

for F for G c)GI c}G2 J 

Case C.I D(P) (U)  L'( ) not 

Case C.2 D(P) - (U)  U ( -- ) not totally 

broken broken 1 

D{P) �9 Fm : :  F '@Gf  

broken ! -~Fm-- ~FI ~ Es 
+ 

D(P} - F m : : l "  

G ~ P(D) .c~Fm=~F 

Case C .2 :  When 8(;2 is no edges, a modified 

feature still needs to have Es as boundary edges to 

satisfy the P / D  definition. However ,  as shown in 

Fig. 13(b), a practical depression is the one before 

modificat ion.  In addit ion,  G cannot  be defined as 

a protrusion even though it is a practical pro- 

trusion. To  solve this problem such that t } and D 

exist interacting each other, this Case C.2 is 

defined as shown in Table  3. 

6. Example 

The IFG and FM procedure,  developed in this 

research, can be explained further by means of  

step-by-step appl icat ion to a sample part. Fig. 14 

shows the features generated by I FG and FM at 

each design step. At each design step, a user 

performs a Boolean operat ion and the I F G  gener- 

ates an appropr ia te  protrusion or depression and 

the FM updates the existing protrusion or depres- 

sion. At design step 1, a new boundary surface 

( F )  is defined as a depression according to the 

scheme because F is a concave face set with a 

convex boundary  loop. In step 2, a depression 2 

(Pocket)  feature is generated and the depression 1 

(Step) feature generated in step I remains un- 

changed. The  depression 1 (Step) feature does not 

interact with the new boundary  defined as the 

Pocket feature at step 2. T w o  protrusions (Boss) 

are generated at design step 3. At step 4, the 

Pocket feature interacts with a new feature Notch 

O~ s,l~ Step t Design Step 2 Desi~ Step 3 

Desig~ Step 4 Design Step 5 Design Step 6 

(a} Design evolution 

D~fS~lrl Step1 

IFG #1: OeWession: St~o 

Approach Desert slep 4 

IFG #5: D ~ ' ~ l o n :  N~ch 
#2: Pc~xet -> Pocket 1 

Oes~  step.?. Design Step3 

#2: [}~oression P0c~et ~,4:prolrusi0n: B06s 

Desk1 Step~; Design Step 6 

ITS,7: Depce*,~l~4~1: #8,9,10,11: 
Blind ho~e Blind_ho~ 

#1 : Stef) -> Step1 

(b) Generated features at each design step 

Fig. 14 Dynamic feature generation 
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~--..~F3 ~ 

:, /I 

~ F 3 ~  

aG2 / I E~ i 

~ F 4 ~  

�9 Foalure Existence �9 Modlfical~ 
F1 Step, F2: Pocket, F3,4 Boss case Case A 1 

E - G = DIP 
F1 ,F3,F4 .> <AoutB> ~G2 = not broken 
F2 .> <J~inB> and <AoutB> modification algorithm: Algorithms A 1 

~Fm = P, G2 @ aF1 
El,F3 E4 remains unchanged LLE(Fm) = LLF(F)= D 
F2 needs modifJcallen 

(a) Feature existence (b) Modification 

Fig. 15 Plane model of sample par! feature inlerac- 
lion 

FEATUREs(All) 
#1  Sleg) 1 
#2 Pocket 1 
#34 Boss 

I #5 Nolch 
#6,7 Blind hole 
#8,9,10,11 B ho~e 

Graph i 
R ~  

/ i \' "\ ,( .#3:,\ 
I #8,9,10,11 j 

Fig. 16 Features of sample part 

while the Step and Boss features do no:. interact 

with the Notch because Step and Boss belong to 

..Ioutl~., and a depression Pocket belongs to =} 

i n ] ;  and ,Aout t~  , as sho,an in Fig. 15(a). 

Thus, the Pocket is modified with new boundary 

edges (~?(;2 in Fig. 15(b)), and it is defined as a 

ne~ depression feature Pocket 1, a family of 

Pocket features (Case A.I). The interaction rela- 

tionship is defined in a feature database. At 

design step 5. two depressions (Blind-holes) are 

generated hlside of the Step feature, which 

requires modification. Because both the Blind- 

hole and the Step are depressions, the Step feature 

keeps the depression definition. It is defined an 

Step 1, a family of Step features by feature modifi- 

cation (Case B. 1). All of the features generated 

during design exolution of a sample part and their 

mutual relationships are shown in Fig. 16. The 

relationship ix represented by a graph, and can be 

used in feature-based process planning, in which 

such relationships are generally used to determine 

the process sequence. 

7. Conclusion 

This paper presents an approach for in- 

cremental feature generation and modification 

with interacting features. Such an approach 

enables us to evaluate the design with reference to 

downstream acti',ities and to analyze interaction 

cases and to update interacting features as a 

design evolves. The approach involves boundary 

exaluation procedure and feature existence analy- 

sis and modification procedures. Boundary evalu- 

ation procedures generate chtssified boundary 

components, and define them as P /D according to 

con'~exity analysis. The existence analysis clas- 

sifies lhe existing features into three groups by 

4-way boundary classification. It further classifies 

one group into three interaction cases. The modi- 

fication procedures determine the interacting fea- 

ture as a ',Mid single feature according to the 

convexity of a topological entity. In this 

approach, convexity calculation of topological 

entities, which is required in other feature recog- 

nition algorithms, is not necessary because of the 

convexity analysis of intersection edge loops (l- 

loop) and boundary components by Boolean 

operations. This approach can also be used ['or 

checking the geometrical ',alidhy of the feature- 

based design (FBD) approach. To enhance and 

generalize the current IFG and FM procedure, 

additional research is needed. The procedures 

required to co'~er general operations with other 

primitives, and interaction cases having more 

than two features need to be developed. An effi- 

cient procedure for feature existence analysis is 

necessary to reduce the number of analysis itera- 

tions on the same features. Algorithms based on 

general modeling schemes other than Boolean 

operation should be developed. An integrated 

data structure f o r  both geometry and feature 

handling should be developed. It should provide 

the capability to allow a user to define ambiguous 

features and to edit feature attributes interactively. 

An investigation of the relationship between 

design evolution procedure and application proc- 

ess sequence is required for proper on-line evalua- 

tion. 
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