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Product Family Modelling in Conceptual Design Based on 
Parallel Configuration Grammars
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I n  t h i s  p a p e r ,  a  p r o d u c t  f a m i l y  m o d e l l i n g  i n  c o n c e p t u a l  d e s i g n  a p p r o a c h  b a s e d  o n  c o n f i g u r a t i o n  

g r a m m a r s  i s  p r o p o s e d  a n d  d e v e l o p e d .  P r o d u c t  m o d e l l i n g  i s  e s s e n t i a l  d u r i n g  t h e  c o n c e p t u a l  d e s i g n  b o t h  i n  

t h e  f u n c t i o n a l  a n d  t h e  s t r u c t u r a l  d e s i g n  s p a c e s .  H o w e v e r ,  t h e r e  i s  n o  a d a p t e d f o r m a l  r e p r e s e n t a t i o n  t o  s u p p o r t  

t h e  m o d e l l i n g  o f  c o n f i g u r a b l e  p r o d u c t s .  G r a m m a r s  c a n  b e  c o n s i d e r e d  a s  f o r m a l  p o w e r f u l  t o o l s  t o  r e p r e s e n t  

t h e  r e l a t i o n s h i p  i n s i d e  t h e  c o n f i g u r a b l e  p r o d u c t s .  T h e r e f o r e ,  w e  p r o p o s e  a  c o n f i g u r a t i o n  g r a m m a r  d e s i g n  

a p p r o a c h  w h i c h  i s  b a s e d  o n  t w o  t y p e s  o f  g r a m m a r s :  a  f u n c t i o n a l  g r a m m a r  f o r  c o n f i g u r a t i o n  a n d  a  s t r u c t u r a l  

g r a m m a r  f o r  c o n f i g u r a t i o n .  T h e  t w o  c o n f i g u r a t i o n  g r a m m a r s  w o r k  s i m u l t a n e o u s l y  o n  d i f f e r e n t  a b s t r a c t i o n  

l e v e l s  o f t h e  p r o d u c t  f a m i l y .  T h e r e f o r e ,  t h e  e v o l u t i o n  o f  t h e  p r o d u c t  m o d e l ,  f r o m  t h e  s t a g e  o f  f u n c t i o n a l  s t r u c t u r e  

t o  t h e  s t a g e  o f  p h y s i c a l  s t r u c t u r e ,  c a n  b e  r e p r e s e n t e d  i n  a n  a d a p t e d  w a y .  T h e  c o n f i g u r a t i o n  g r a m m a r s  d e s i g n  

a p p r o a c h  c o n s t i t u t e s  a n  e f f e c t i v e  t o o l f o r  t h e  r e p r e s e n t a t i o n  a n d  t h e  m o d e l l i n g  o f  c o n f i g u r a b l e  p r o d u c t f a m i l y .  

T h e  p r o p o s e d  d e s i g n  a p p r o a c h  i s  v a l i d a t e d  b y  t h e  a p p l i c a t i o n  t o  a  d e s i g n  c a s e  o f  i n d u s t r i a l  p r o d u c t s  -  t h e  

d e s i g n  o f  a n  e x t e r n a l  g e a r  p u m p  f a m i l y .  T h e  r e s u l t s  o f  t h e  a p p l i c a t i o n  v a l i d a t e  t h e  p e r t i n e n c e  o f  o u r  a p p r o a c h .  
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1 IN T R O D U C T IO N

D esig n  o f  con fig u rab le  p ro d u c t fam ily  or 
d e s i g n  f o r  c o n f i g u r a t i o n  has em erged  as an  efficient 
too l to  deal w ith  the  n ew  cha llenges o f  a constan tly  
d y n a m ic  a n d  v o la t i le  m a rk e t  [1 ], D e s ig n  fo r  
co n figu ra tion  is th e  p rocess  w h ich  genera tes a set 
o f p r o d u c t  c o n f i g u r a t i o n s  b ased  on  a  c o n f i g u r a t i o n  

m o d e l  and  is ch a racterized  b y  a  co n figu ra tion  task  
[1] to  [5]. T he c o n f i g u r a t i o n  t a s k  th en  consists  in  
find ing  the con figu ra tion  o f  a  p ro d u c t b y  defin ing  
th e  re la tions b e tw een  its  com ponen ts  in  o rder to  
sa tisfy  a  se t o f  specifications and  a  set o f  constrain ts 
im p o sed  on the p ro d u c t [1] to  [5].

A n  essen tia l characteristic  o f  the concep tual 
d e s ig n  o f  a  c o n f ig u ra b le  p ro d u c t fa m ily  is the  

p r o d u c t  m o d e l l i n g  [1], [5] and  [6]. T he effec tive 
m od e llin g  o f  a  configu rab le  p ro d u c t fam ily  m ust 
be  capab le  to rep resen t the com plex  re la tionsh ip  
betw een  the com ponen ts o f  a  p ro d u c t on the one 
hand , and  the m em bers o f  the fam ily, on  the o ther 
h a n d  [7] an d  [8], T h is  m o d e llin g  m u s t a lso  be  
capab le  to  rep resen t the p ro d u c t structu res b o th  in  
th e  functional space  and  in  th e  structu ra l space o f

design. F urtherm ore, the m odelling  m ust deal w ith  
the  p ro b lem  o f  g e n e r a t i o n  and  d e r i v a t i o n  o f  the 
d ifferen t p roducts, an d  thus carry  ou t th e  varie ty  
o f  the n e w  and  i n n o v a t i v e  products [9].

H ow ever, in  conceptual design, there is no 
a d a p te d  fo rm a l r e p re s e n ta t io n  to  s u p p o r t  th e  
m o d e ll in g  o f  th e  c o n f ig u ra b le  p ro d u c ts  [10 ]. 
G ram m ars can be  considered  as form al pow erfu l 
tools to  represen t the strong structural relationship 
inside the configurable products [7], [8], [10] to [14]. 
G ram m ar-based design system s have the potential 
to  autom ate the design process and allow  a better 
exploration o f  design alternatives [15] to [17].

T h is  p a p e r  p r o p o s e s  a n d  d e v e lo p s  a 
configu ration  g ram m ar design approach  to  support 
th e  c o m p u te r -a id e d -d e s ig n  fo r  p ro d u c t fam ily  
m odelling . Tw o in terre lated  subjects are considered 
in  th is research:
1. W hat are the p roperties o f  configurable products? 

( P r o p e r t i e s  e x t r a c t i o n  o f  c o n f i g u r a b l e  p r o d u c t s )

2 . H o w  c a n  w e  d e v e lo p  s u c h  g e n e r a t iv e  
con fig u ra tio n  g ram m ars capab le  to  hand le  the 
c o n f ig u r a b le  p r o d u c ts  s t r u c tu r e s  in  b o th ,  
f u n c t io n a l  a n d  s t r u c tu r a l ,  d e s ig n  s p a c e s ?
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( D e v e l o p m e n t  o f  C o n f i g u r a t i o n  G r a m m a r s  

D e s i g n  A p p r o a c h  f o r  P r o d u c t  F a m i l y  M o d e l l i n g )

T his paper is structured  as follows.
In  the first section, the problem  o f  design 

for configuration  o f  p roduct fam ily is presented  and 
the use o f  design gram m ars during the conceptual 
design  is introduced.

In  th e  se co n d  se c tio n  is d e v e lo p e d  the 
p ro p o se d  c o n f ig u ra tio n  g ram m ar-b ased  d es ign  
a p p ro a c h  fo r  p ro d u c t  fa m ily  m o d e llin g . T he 
theore tical bases o f  the proposed  approach are set- 
o u t. F irs t,  th e  p ro p e r tie s  o f  th e  s tru c tu re s  o f  
configu rab le  p roducts are extracted. Then, using 
th e  e x tra c te d  p ro p e r t ie s  o f  th e  c o n f ig u ra b le  
s t r u c tu re s ,  th e  fu n c t io n a l  a n d  th e  s tru c tu ra l  
configuration  gram m ars are defined and developed. 
T he inference o f  configuration  gram m ars and the 
a lgorithm  o f  generation  are also indicated.

In  the th ird  section  is p resen ted  the case 
study  o f  an external gear-pum p fam ily m odelling  
and  representation. The design case study illustrates 
and  validates the p roposed  design approach based 
o n  c o n f ig u ra t io n  g ram m ars  in  th e  co n c e p tu a l 
design.

The conclusions and the perspectives o f  this 
research  study are finally  presented.

2 C O N FIG U R A TIO N  G R A M M A R -B A SE D  
D E SIG N  A PPR O A C H  FO R  PRO D U C T 

FAM ILY M O D ELLIN G

In  this paper, w e propose a gram m ar-based 
design  approach for p roduct fam ily m odelling  in 
c o n c e p tu a l  d e s ig n ,  w h ic h  is b a s e d  on  tw o  
configuration  gram m ars (Fig. 1):
-  a  f u n c t i o n a l  g r a m m a r  f o r  c o n f i g u r a t i o n  (FG C ), 

a n d

-  a  s t r u c t u r a l  g r a m m a r  f o r  c o n f i g u r a t i o n  (SG C ).
T hese tw o configuration  gram m ars w ork in 

parallel in tw o design spaces, the functional space

Fig. 1. The configuration grammar-based design 
approach

and the structural space, in order to represent, m odel 
and configure a product family.

The physical structure m ust accom plish  the 
functional structure o f  the product fam ily, and this 
m eans that the set o f  product functions has to  be 
accom plished, in the structural space, by  a set o f  
physica l so lu tions. So, the co n s tru c tio n  o f  the 
physical structure o f  the product fam ily  is based  
on  its  fu n c tio n a l s tru c tu re . In  th is  p a p e r  w e 
p ropose  the d eve lopm en t o f  b o th  s tru c tu res  in 
p a ra l le l ,  b y  th e  m e an s  o f  th e  c o n f ig u ra t io n  
gram m ars approach.

T he  fu n c tio n a l s tru c tu re s  a re  o f  g re a t 
im portance in  the developm ent o f  the configurable 
p ro d u c t fam ily . T he  fu n c tio n a l s tru c tu re  o f  a 
p roduct is used  to  represen t the p roduct functions. 
T hen  the firs t configu ration  gram m ar, F G C , is 
used  to construct and to represent the functional 
structure o f  the product fam ily in the functional 
design space.

The second configuration gram m ar, SG C , 
is used to construct and to represent the physical 
structu re  o f  the p ro d u c t fam ily  in  the p hysica l 
design space. The proposed SG C  gram m ar has tw o 
form s o f  representation, respectively:
-  a  s t r u c t u r a l  a t t r i b u t e d  g r a p h  g r a m m a r  f o r  

c o n f i g u r a t i o n  (SA G G C ), and
-  a  s t r u c t u r a l  g r a m m a r  f o r  c o n f i g u r a t i o n  b a s e d  o n  

f e a t u r e s  (SG C F).
In  th e  n ex t se c tio n s  are  d ev e lo p e d  th e  

proposed configuration gram m ars.

2.1 Properties of the Structures of Configurable 
Products

To define the configuration gram m ars, w e 
have extracted a set o f  properties o f  the structures 
o f  configurable products [12].

From  the engineering design point o f  view, 
th e  f e a t u r e - c o m p o n e n t - m o d u l e - p r o d u c t  

relationships are adequate structural m eans for a 
general p roduct representation. Since such m eans 
are  r e c u r s i v e ,  an y  p r o p e r  g r a n u l a r i t y  l e v e l  o f  

r e p r e s e n t a t i o n  m ust be introduced to  asses design 
for configuration possibility.

We note w ith  s t r u c t u r e ( i ) ,  the level i  o f  a 
p recedence relationship. For instance a  c o m p o n e n t  

is a s t r u c t u r e ( 2 )  level. T hen, the p ro p ertie s  are 
defined to represent and generate the structures o f  
a configurable product fam ily and are defined as 
follow s:



• Property 1. The significant structures.
T h e  s ig n if ic a n t s tru c tu re s ) /)  h a n d le d  b y  th e  
g ram m ars  are: th e  p r i m i t i v e  s t r u c t u r e s  o r the 
t e r m i n a l s ,  th e  i n t e r m e d i a t e  s t r u c t u r e s  or th e  n o n ­

t e r m i n a l s  and  th e  f i n a l  s t r u c t u r e .

•  Property 2. The configuration features.
E ach  structu re)/) is p ro v id ed  w ith  a particu la r set 
o f  a t ta c h in g  e le m e n ts ,  c a l l e d  th e  s e t  o f  
c o n f i g u r a t i o n  f e a t u r e s  [11] and  [12];

• Property 3. The configuration connections. 
E ach  p a ir  o f  structu res, s truc tu re (/)-struc tu re (/), 
is co nnected  th rough  the con figu ra tion  features. 
T h e  a s s o c ia tio n  o f  tw o  o r  m o re , f e a tu re s  o f  
configu ration , b e long ing  to  d iffe ren t structures, 
g e n e ra te s  n ew  e lem e n ts  c a lle d  c o n f i g u r a t i o n  

c o n n e c t i o n s  [11] and  [12].
• Property 4. Generation of new structures. 

F rom  the in te rconnec tion  be tw een  th e  structures, 
p rim itive  o r in term ed ia te , evo lves a  h ighe r level 
structu re  to  these  ones [10]. T he  associa tion  o f  
th e  c o n f ig u ra tio n  fe a tu re s  p ro d u c e s  th e  jo in t  
fea tu res o n  th e  one hand , and  th e  tie  fea tu res on  
the o the r h an d  [9] and  [10]. T he  consequences 
o f  th is  p roperty  are  [12]:

o  A d d i t i o n  -  re fe rs  to  th e  p o s s ib il i ty  o f  a 
s tru c tu re ) / )  to  b e  a d d e d  to  th e  e x is te n t 
p ro d u c t s tructu re  (o f  the p ro d u c t fam ily); 

o  S u p p r e s s i o n  -  refers to  th e  po ssib ility  o f  a 
struc tu re )/) to  be  rem oved  from  an ex isten t 
p ro d u c t structu re  (in  a  p ro d u c t fam ily); 

o  R e c u r r e n c e  -  re fe rs  to  th e  p o ss ib ility  o f  
ad d in g  (an d  rep e a tin g )  se v e ra l tim es  th e  
sam e structu re )/) in  o rd e r  to  g enera te  and  
con figu re  th e  p ro d u c t configu ration ; 

o  R e p l a c e m e n t  o r  s w a p p i n g  -  re fe rs  to  the 
po ssib ility  o f  a s truc tu re )/) o f  the p roduct 
s t r u c tu r e  to  b e  r e p la c e d  b y  a n o th e r  
s truc tu re )/);

o  C h a n g e  o f  a t t r i b u t e s  -  r e f e r s  to  th e  
po ssib ility  o f  a s truc tu re )/) to  change som e 
o f  its a ttribu tes.

• Property 5. Geom etric and topologie 
constraints.
T he in te rconnec tion  be tw een  the structu res can 
o ccu r i f  and  on ly  i f  th e  s truc tu res sa tisfy  som e 
c o n d i t io n s  d e f in e d  o n  th e  g e o m e tr ic  a n d  
to p o lo g ic a l  d o m a in s  ( i.e . th e  g e o m e tr ic  an d  
to p o lo g ie  c o n s tra in ts ) .  F o r  in s ta n c e , s p a t i a l  

o r i e n t a t i o n  -  in d ic a te s  th e  r e la t iv e  s p a t ia l  
o r ie n ta t io n  o f  e a c h  s tru c tu re  in  th e  p ro d u c t 
s tructu re .

2.2 Functional Grammar for Configuration

D iffe re n t au th o rs  h av e  p ro p o sed  sev era l 
fu n c tio n a l g ram m ar ap p ro a ch es  to  ad d re ss  the 
fu n c tio n a l d es ig n  space  [7], [18] and  [19]. In  a 
sim ilar w ay, w e propose a functional gram m ar for 
con fig u ra tio n  to  gen era te  th e  p ro d u c t functional 
structure .

G iv e n  th e  se t F  =  { / „ / 2, / 3,. 
w ith  i e  [l, m \ ,  the  set o f  m  functions o f  the fam ily 
o f  p ro d u c t FP, these  functions define the functional 
structure  o r the functional g raph  for each p roduct 
in  the fam ily  FP. T hen, to  generate  (construct) the 
functional graph , characteristic  fo r each  product, 
w e  d e f in e  th e  fu n c t io n a l  g ra p h  g ra m m a r  fo r  
configu ra tion  (FGGC).

T h e  f u n c t io n a l  g r a p h  g ra m m a r  fo r  
c o n f ig u ra tio n  is d e fin e d  as th e  rew ritin g  g raph  
system  expressed  like a  quadrup le  (1):

F G G C =  (VN ,V L ,P ,S ) (1),
w here:
VN =  is th e  alphabe t o f  labeled  nodes that rep resen t 

the se t o f  e lem en tary  functions o f  the p roduct 
fam ily ;

VL =  is th e  a lphabet o f  nodes labels tha t designate 
th e  functions nam es;

P  =  is the set o f  g raph  p roductions (the ru les o f  
g raph  p roductions);

S  =  { 0 }  i s  t h e  s t a r t  s y m b o l  o f  t h e  g r a p h .

T he alphabets o f  the nodes and  labels are 
defined  as follow s:
-  t h e  a l p h a b e t  o f  l a b e l e d  n o d e s :

T he alphabe t o f  the labeled  nodes is defined 
as the u n ion  o f  the  term inal a lphabe t and th e  n o n ­
term inal a lphabe t o f  nodes.

VN =V% u V j ,  w here:

f,function name, 

6

-  t h e  a l p h a b e t  o f  l a b e l s :

T he a lphabet o f  the labels is defined  as the 
u n io n  o f  the  te rm inal a lphabe t and  non-term ina l 
a lphabe t o f  labels. 
v i = v f u V i  w here:
v f  ={/}  is th e  non-term ina l a lphabet o f  labels; 
v f  =  (function J ia m e f i  i e [l ,m \ is the term inal alphabet



o f  l a b e l s ,  m  is  t h e  t o t a l  n u m b e r  o f  f u n c t i o n s  o f  t h e  

p r o d u c t  f a m i ly  a n d  t h e  v a r i a b l e  f u n c t i o n  n a m e , i s  

t h e  s p e c i f i c  n a m e  o f  e a c h  f u n c t i o n .

T h e  s e t  o f  p r o d u c t i o n s  P  i s  f o r m e d  o f  t h e  

f o l l o w i n g  r u l e s :

P , )  G e n e r a t i o n  o f  t h e  f i r s t  ( n o n - t e r m i n a l )  n o d e  o f  

t h e  f u n c t i o n a l  g r a p h :

/

o — ► •
P 2)  T r a n s f o r m a t i o n  o f  a  n o n - t e r m i n a l  f u n c t i o n a l  

n o d e  i n t o  a  t e r m i n a l  f u n c t i o n a l  n o d e  o f  t h e  

f u n c t i o n a l  g r a p h :

f  fu n c tu m n a m e .

# ------► e

P 3)  A d d i t i o n  o f  a  n o n - t e r m i n a l  f u n c t i o n a l  n o d e  t o  a  

f i n a l  f u n c t i o n a l  n o d e  o f  t h e  f u n c t i o n a l  g r a p h :

fu n c tio n  _namet f  function_nam ej f

© # -------► 6  %

P 4)  T r a n s f o r m a t i o n  o f  a  t e r m in a l  f u n c t i o n a l  n o d e  

i n t o  a  n o n - t e r m i n a l  f u n c t i o n a l  n o d e  o f  t h e  

f u n c t i o n a l  g r a p h :

function_  name, f

e — ► #

P 5)  S u p p r e s s i o n  o f  a  n o n - t e r m i n a l  f u n c t i o n a l  n o d e  

f r o m  t h e  f u n c t i o n a l  g r a p h :

f u n c t i o n  n a m e !  j  f u n c t i o n j a m e ,

e e — ► e
E a c h  r u l e  o f  p r o d u c t i o n  o f  t h e  f u n c t i o n a l  

g r a p h  g r a m m a r  f o r  c o n f i g u r a t i o n  (FGGC) i s  

d e f i n e d  l i k e  a  t r i p l e t  ( G L, G R, T ) ,  c o m p o s e d  o f  t h e  

t w o  g r a p h s  G L a n d  G R, c a l l e d  t h e  l e f t  s i d e  a n d  t h e  

r i g h t  s i d e ,  a n d  T  i s  c a l l e d  i n s e r t i o n  f u n c t i o n .

A  p r o d u c t i o n  r u l e  i s  a p p l i e d  t o  t h e  g r a p h  G  

w h e n e v e r  w e  w i s h  to  c h a n g e  t h e  s t r u c t u r e  o f  G . 

M o r e  p r e c i s e l y ,  t h e  p r o d u c t i o n  i s  c a r r i e d  o u t  b y  

l o c a t i n g  a n  i s o m o r p h i s m  o f  G L i n  G ,  b y  e l i m i n a t i n g  

G l f r o m  G ,  b y  r e p l a c i n g  G L w i t h  G R a n d  b y  in s e r t i n g  

G r i n  G ,  u s i n g  th e  f u n c t i o n  T .

2.3 Structural Configuration Grammar

f n  t h i s  a p p r o a c h ,  w e  p r o p o s e  t h e  

r e p r e s e n t a t i o n  a n d  t h e  m o d e l l i n g  o f  a  p r o d u c t  

f a m i l y  i n  t h e  s t r u c t u r a l  d e s i g n  s p a c e ,  b y  t h e  h e l p  

o f  t h e  s t r u c t u r a l  g r a m m a r  f o r  c o n f i g u r a t i o n  ( S G C ) .

The structural gram m ar for configuration has tw o 
form s o f  representation:
A )  the first representation is based on a structural 

attributed graph gram m ar for configuration,
B ) th e  se c o n d  r e p re s e n ta t io n  is  b a s e d  on  a 

structural gram m ar o f  configuration based  on 
features.

These tw o forms o f  the structural gram m ars 
w o rk  to g e th er and are com p lem en ta ry  in  th e ir  
purpose to m odel and configure a product family.

2 . 3 . 1  S t r u c t u r a l  C o n f i g u r a t i o n  A t t r i b u t e d  G r a p h  

G r a m m a r

The structural attributed graph gram m ar for 
configu ra tion  (S A G G C ) is defined  as a seven­
tuple:

s a g g c = { n , e , a , b , s , p , o }  (2),

w here:
- N  =  \ n t , N n }  is the alphabet o f  term inal and

non-term inal nodes;
- E  =  \ e t  , E n ]  is the alphabet o f  term inal and non­

term inal edges;
- A  =  is the set o f  nodes attributes;
- B  =  is the set o f  edges attributes;
- S  =  is the start sym bol;
- P =  is the set o f  production and transform ation

ru les  fo r  the  n o d es o f  th e  a ttr ib u te d  g rap h  
gram m ar.

In th e  above d e fin itio n , the  se ts  N 7 and  
respectively N N have the follow ing definitions:

A  {i structure * v Joint-tie features} r e p re s e n t  th e
te rm in a l a lp h a b e t o f  n o d es  and  c o n s is ts  o f  a 
te rm in a l a lp h ab e t o f  s ig n ific an t co n fig u ra tio n  
structures and a  term inal alphabet o f  jo in t and tie 
features o f  configuration.

The tw o alphabets are defined as follows:
- Vjtructure =  {s t r u c t u r e (/')} is a finite, non-em pty set 
o f  significant and prim itive configuration structures 
o f  a p ro d u c t c a lle d  th e  t e r m i n a l  a l p h a b e t  o f  

c o n f i g u r a t i o n  s t r u c t u r e s .  For exam ple, the term inal 
structures are the parts o f  a configurable m echanical 
product.
- VJoin,-tie features =  feature , is a finite, non-em pty set 
o f  c o n f ig u ra t io n  fe a tu re s  c a lle d  the term ina l 
alphabet o fjo in t features and tie features.

F or exam ple, the generic term  f e a t u r e d )  ' s 
defined by  the follow ing set: 

f e a t u r e .  =  {ex t_ th read , cone , p la n a r  c irc  face,



k e y g r o o v e ,  p a r a l l e l g r o o v e ,  e x t s p l i n e ,  
ex t_cy l_ face , ex t_p lane_face , gear, ex t cyl area, 
ex t_ p rism a tic_ a re a} .

T he set N N has th e  fo llow ing  defin ition :

- N  — Ystructure » Vjoint-ne connections > rep re se n t the
non -te rm ina l a lphabe t o f  nodes and  consists  o f  a  
non -te rm in a l a lp h ab e t o f  s ign ifican t s tructu res, a 
non -te rm ina l a lphabe t o f  jo in t and  tie  connections, 
and  the start sym bol S.
- Vstructure =  is a f in ite , n o n -e m p ty  se t o f  n o n ­
p r im it iv e  s ig n if ic a n t  c o n f ig u ra t io n  s tru c tu re s ,  
ca lled  t h e  n o n - t e r m i n a l  a l p h a b e t  o f  c o n f i g u r a t i o n  

s t r u c t u r e s .  T h e  n o n - te rm in a l s tru c tu re s  a re  th e  
m o d u le s /p r o d u c t s / f a m i l i e s  o f  m e c h a n ic a l  
con figu rab le  p ro d u c t fam ily.
- V I

N
joint—tie connections =  c o n n e c t i o n k  rep resen t a  finite , 

n o n -e m p ty  se t o f  co n n e c tio n s  o f  c o n f ig u ra tio n  
b e tw een  th e  configu ra tion  fea tu res ca lled  th e  n o n ­

t e r m i n a l  a l p h a b e t  o f  j o i n t  a n d  t i e  c o n n e c t i o n s .

F o r exam ple , the generic  te rm  c o n n e c t i o n ( k )  

is defined  as fo llow s:
c o n n e c t i o n k =  { p la n e _ c o n n e c tio n , c irc _ p la n e  
co n n e c tio n , cy lin d rica l_ co n n e c tio n , c y l in d r ic a l  
s te p p e d c o n n e c t io n , s lo t co n n ec tio n , th read ed _  
connection}
-  E  =  \ e t  , E n ]  is  th e  te rm inal and  non-term inal 
a lphabe t o f  edges.
-  E T =  is th e  term inal a lphabet o f  edges. A  term inal 
in E T,  rep resen t a  re la tio n  b e tw een  a te rm inal o f
Structure and  a te rm inal o f  V joinl_tìefeatures , w here 
F t  t r V T  x V T— structure r joint-tie features *

- EN= is th e  n o n -te rm in a l a lp h ab e t o f  edges. A  
te rm inal in  E N,  rep resen t a re la tio n  b e tw een  a  no n ­
te r m in a l  o f  V a n d  a n o n - te r m in a l  o f

v joint-tie connections 5

w here  E N  - , / NV n  x V Tstructure joint—tie connections *

a -0  +  0 -
X  y

- 0

-  S  =  is th e  s ta rt sy m b o l o f  th e  c o n fig u ra tio n  
gram m ar.
- P  =  is the set o f  g raph  productions o f  the attributed 
g ra p h  g ra m m a r . T h e  s e t  o f  p r o d u c t io n  a n d  
t r a n s f o r m a t io n  ru le s  s a t i s f y  th e  p r o p e r ty  o f  
generation  o f  n ew  structures o f  the configuration  
gram m ar.

T he in ference o f  th e  p roperties o f  addition, 
suppression  an d  recurrence  m a k es  p o ss ib le  to  
g en e ra te  n ew  s tru c tu re s , and  co n seq u en tly , the 
co rrespond ing  ru les  define  the set o f  p roduction  
ru les o f  the configuration  attribu ted  graph  gram m ar. 
T h e  p ro p e r t ie s  o f  rep lacem en t a n d  change o f  
attributes m ake possib le  to transfo rm  a structure 
o f  a  g iven  level (p rim itive , in term ed ia te  o r final) 
in to  a n o th e r  s tru c tu re , a n d  c o n s e q u e n tly , th e  
correspond ing  ru les define the set o f  transform ation  
ru les o f  the configuration  attribu ted  graph  gram m ar.

T h e n , in  o u r  S A G G C  a p p r o a c h ,  w e  
d istingu ish  th ree types o f  p roduction  rules:
- the production o f  addition  (Z*"“"1""),
- the production o f  suppression (P^ppra-simy

- the production o f  recurrence (jPrea,rrencey
T h e  g ra p h  r e p r e s e n ta t io n  o f  th e s e  

p roductions is ind ica ted  in  F igu re  2.
A ls o ,  in  o u r  a p p r o a c h  S A G G C , w e  

d istingu ish  tw o  types o f  transfo rm ation  rules:
- th e  transformation o f  replacement,
-  the  transformation o f  change o f  attributes.

T h e  t r a n s f o r m a t io n  o f  r e p la c e m e n t  
yreplacement jlas f0 n 0Win g graph  represen tation

(Fig. 3).
Form ally, the transform ation  T j ep,acm has the 

expression :

{x , x j  T--.—,{y^y} ,3).

Connection Connection
< x - y >  Y  X  < x - y >  Y

- ^ 3 — O ^ C X I X )
X  y

Connection
X  Y

< X - y >  Y  psuppression  X

o — & — o  - °— o  ^  o — °
X  y  y  x

zo Y

- O + O -------O-
Z  y

jfecurrence ^a
y

— o
z

zo
or

Y

~ ^  +  ° -------Q- jfecurrence

— o  d )  o -----
Z

Fig. 2. S e t  o f  p r o d u c t i o n s  r u l e s  u s e d  i n  t h e  S A G G C  a p p r o a c h



Fig. 3. E x a m p l e  o f  t h e  t r a n s f o r m a t i o n  

r e p l a c e m e n t  o f  s t r u c t u r e s

w

z

z

X

X(A2)

Fig. 4 .  E x a m p l e  o f  t h e  t r a n s f o r m a t i o n  c h a n g e  o f  

a t t r i b u t e s  o f  t h e  s t r u c t u r e s

T he transform ation o f  change o f  attributes 
f c h g  Mb |las tjic following graph representation (Fig. 4).

Form ally, the transform ation T chga“h has the 
fo llow ing  expression:

{X (A ,),x}- >{X(A2), x} (4),

- O  =  {+, - }  is a set o f  operators app lied  on the 
structures. T hese operators satisfy the p r o p e r t y  4 .

2 . 3 . 2  S t r u c t u r a l  C o n f i g u r a t i o n  G r a m m a r  B a s e d  o n  

F e a t u r e s

A  c o n f i g u r a t i o n  l a n g u a g e  d esc rib es  the 
g e n e ra t io n  o f  c o n f ig u ra t io n  s tru c tu re s ,  jo in t  
e lem ents and tie elem ents [10]. So, a configuration  
g ram m ar based  on features prov ides the form al and 
generic descrip tion  for this configuration  language. 
T hen , the s t r u c t u r a l  g r a m m a r  f o r  c o n f i g u r a t i o n  

b a s e d  o n  f e a t u r e s ,  S G C F ,  is defined  as the 8-tuple:

S G C F - - l v 7p.vr, V T  ■s’  ionstructures ’ v joint-tie features ’ ^structures ’
N

v Nr joint-tie connections ,S ,V ,A ,P }
(5),

w here:
^structures =  { s t r u c t u r e ^ ) }  is a  finite, non-em pty 
se t o f  p rim itiv e  sig n ifican t s truc tu res ca lled  the 
t e r m i n a l  a l p h a b e t  o f  c o n f i g u r a t i o n  s t r u c t u r e s .  

W here  s t r u c t u r e ) i ) ,  is a  te rm in a l co n fig u ra tio n  
structure.
K L tu r e s  = { S T R U C T U R E ^ - , S } is a finite, non­
em pty  set o f  non-p rim itive sign ifican t structures 
called  the n o n - t e r m i n a l  a l p h a b e t  o f  c o n f i g u r a t i o n  

s t r u c t u r e s .  W h e re  S T R U C T U R E D ) ,  is a n o n ­
term inal configuration  structure and  S  is a  special 
non-term inal sym bol called  the s t a r t  s y m b o l ,  

^ jo im -tie fea tu res  =  {°» f e a t u r e j , • • •, v }  is a finite, non­
em p ty  se t o f  co n f ig u ra tio n  fea tu re s  c a lle d  th e

t e r m i n a l  a l p h a b e t  o f  j o i n t  a n d  t i e f e a t u r e s .  The term  
f e a t u r e ,  has the sam e m eaning like in the S A G G C  

definition.
VjNoint-tie connections = {0> • • •, c o n n e c t i o n k , ■ • ■ V, A} is a 
finite, non-em pty set o f  configuration connections 
betw een the configuration features called  the n o n ­

t e r m i n a l  a l p h a b e t  o f  j o i n t  and t i e  c o n n e c t i o n s .  The 
term  c o n n e c t i o n k has the sam e m eaning like in the 
S A G G C  definition.
S ,  V, A are  re sp e c tiv e ly  the s ta rtin g  sy m b o l o f  
configuration structures, the starting sym bol o f  jo in t 
connections and respectively o f  tie connections.

a

a „
—»

ß
is a  finite, non-em pty set o f  
productions rules.

T he fo llo w in g  c o n d itio n s  m u s t b e  h e ld  
concerning the term inal vocabulary and the non­
term inal vocabulary, o f  configuration structures and 
respectively  o f  jo in t features-tie features:

iicture = 0  and,

To define the generation o f  new  structures in 
a non-am biguous way, w e have to  sta te a set o f  
c o n d i tio n s  on  th e  p ro d u c tio n  ru le s .  T he  
interconnection betw een structures can occur i f  and 
only i f  the structures satisfy som e conditions defined 
on the geom etric and topological dom ains. These 
c o n d i tio n s  a re  r e p re s e n te d  b y  th e  g e o m e tr ic  
constraints and topological constraints. For instance, 
s p a t i a l  o r i e n t a t i o n  -  indicates the relative spatial 
orientation o f  each structure in the product structure.

The geom etric and topological constraints 
are im posed at each level o f  p roduction  rules. This



m ean s th a t th e  g ram m ar p ro d u c tio n s  ru les  m ust 
m eet ob lig a to ry  co n d itio n s or co n s tra in ts  befo re  
b eing  applied.

T hen , a  c o n d i t i o n a l  p r o d u c t i o n  r u l e  C  is 
d efined  as fo llow s:

w h e re  C =
-'OĈ >ß

-'Aa->Aß

a
C ß ~

r a —» r ß

A . A .

(6),

a r e  s e m a n t ic  c o n d i t io n s

associa ted  to  each  level o f  a  p roductions rule.

g en e ra tio n . C o m p arin g  to  th a t p ap e r, th e  m ain  
d ifference is the pu rpose  o f  ou r approach, w h ich  is 
to  c o n f ig u r e  a p r o d u c t  f a m ily . F i r s t ly ,  o u r  
con tribu tion  is to  define the concep t o f  sign ifican t 
reg ions as structures w ith  a functional sign ification  
in  th e  c o n f ig u ra tio n  o f  th e  p a rt. S eco n d ly , the 
in tro d u c tio n  o f  th e  c o n c e p ts  o f  c o n f i g u r a t i o n  

f e a t u r e s  and  c o n f i g u r a t i o n  c o n n e c t io n s ,  on the one 
hand, and  o f  c o n d i t i o n a l  g r a m m a r s ,  on the other 
hand, constitu tes im portan t contribu tions tha t m ake 
possib le  to  h and le  and  connect the structures, in  
o rder to  genera te  a  varie ty  o f  part configurations.

2.4 Inference of Configuration Grammars

2 . 4 .1  I n f e r e n c e  o f  C o n f ig u r a t io n  G r a m m a r s  o n  th e  

M u lt ip le  A  b s t r a c t io n  L e v e l s  o f  th e  P r o d u c t  S t r u c tu r e s

T he configuration  g ram m ar design  approach  
is  b a s e d  o n  tw o  p a r a l l e l  g r a m m a r s  th a t  a re  
deve loped  to  address the p ro d u c t fam ily  m odelling  
in  tw o design  spaces du ring  the  concep tual design: 
the  functional space and  the structu ra l space.

M oreover, the tw o p ro p o sed  configu ration  
g ram m ars w o rk  s im u ltaneously  on  four d iffe ren t 
ab strac tion  levels o f  the sign ifican t structures:
- the p a r t  l e v e l ,

-  the  m o d u l e  l e v e l ,

- the p r o d u c t  l e v e l ,

-  th e  f a m i l y  l e v e l .

T hen , the functional g ram m ar is u sed  in  the 
functional space o f  design  to generate  the functional 
structu re  o f  a  p roduct, s tructu re  w h ich  is translated , 
in  th e  s tru c tu ra l  sp a ce , in  a p h y s ic a l  s tru c tu re  
so lu tio n s  c o rre sp o n d in g  to  th e  p re v io u s ly  fo u r  
levels.

In  th is p ap e r w e  p resen t o n ly  th e  in ference 
o f  con fig u ra tio n  g ram m ars o n  th e  p a rt level and  
the p ro d u c t level o f  configurab le  p ro d u c t structures.

N ex t w e ind icate  the ap p lica tion  steps o f  our 
co n figu ra tion  g ram m ars approach  on the p a rt level 
genera tion .

2 . 4 . 2  I n f e r e n c e  o f  C o n f i g u r a t io n  G r a m m a r s  o n  th e  

P a r t  L e v e l

O n  t h e  p a r t  l e v e l ,  o u r  s t r u c tu r a l  
c o n f ig u ra t io n  g ra p h  g ra m m a rs  h a v e  a  s im ila r  
r e p r e s e n ta t io n ,  in  a  c e r t a in  l im i t ,  w i th  th e  
r e p r e s e n ta t io n  fo rm  o f  th e  g r a p h  g ra m m a rs  
s u g g e s te d  b y  F u  e t al. [2 0 ] fo r  p a r t  s tru c tu re

Steps o f inference o f configuration grammars on 
the part level
1) G enera tion  o f  th e  functional structures o f  the 

p roduct.
2 ) Iden tification  o f  the set o f  elem entary  functions 

to be accom plished  by  the part.
3) Id e n tif ic a t io n  o f  th e  p o ss ib le  c o n f ig u ra tio n  

features w h ich  can accom plish  and  m ateria lize 
the elem en tary  functions required .

4 ) Jo in  o f  th e  fea tu res  an d  id en tif ica tio n  o f  the 
reg ions w ith  a  functional s ign ifica tion  in  the 
com ponen t structure.

5) Jo in  o f  th e  fu n c tio n a l s ig n if ic a n t  re g io n s , 
g e n e r a t io n  a n d  v a l id a t io n  o f  th e  v a r io u s  
configurations o f  th e  part.

A ccord ing  to  the varia tion  o f  the elem entary  
fu n c tio n s , th e  s tru c tu ra l space  is co n c re tiz ed  in 
several a lternatives o f  p a rt reg ions. T hese regions 
a re  co m b in ed  in  o rd e r  to  g en e ra te  sev e ra l p a rt 
co n f ig u ra tio n s . T h e  v a rio u s  co n fig u ra tio n s  are  
v a lida ted  accord ing  to  the m ain  functions tha t are 
defined  initially.

T hese steps are sum m arized  in  the fo llow ing 
a lg o r i th m  o f  g e n e ra tio n  o f  th e  c o n f ig u ra t io n s  
structures o f  a  p a rt (Fig. 5). T he sam e a lgorithm  is 
app lied  to  all abstraction  levels o f  a p roduct fam ily  
in  o rd er to  gen era te  a v arie ty  o f  con figu ra tions, 
w h e re  e a c h  le v e l w il l  h a s  its  c o r r e s p o n d in g  
sign ifican t structure.

C oncern ing  the app lica tion  o f  the a lgorithm  
o f  g en e ra tio n , an  in te re s tin g  re se a rch  d irec tio n  
cou ld  be  how  to  im prove the design  in form ation  
ex trac tio n  fro m  th e  d a ta  base . In  th is  d irec tion , 
d i f f e r e n t  m e th o d s  a n d  a p p r o a c h e s  c o u ld  b e  
considered  such as the p robab ility -based  approach  
p ro p o sed  b y  K im  e t al. [21] and  th e  concep tual 
design  a lgo rithm  p roposed  by  Ž avbi and  D uhovnik  
[22].



Fig. 5. A l g o r i th m  o f  g e n e r a t io n  o f  th e  p r o d u c t  s t r u c t u r e s  u s in g  th e  c o n f ig u r a t io n  g r a m m a r s

3 IN D U ST R IA L  A PPLIC A TIO N

3.1 External Gear Pump Structure

In this section, w e present the application 
o f  o u r  co n fig u ra tio n  g ram m ar ap p ro ach  to  the 
design case study o f  an external gear pum p family.

The external gear pum ps are w idely  used  in 
h y d r a u l ic  s y s te m s , d u e  to  th e i r  s im p lic i ty ,

reliability, and very  h igh pow er ratings. External 
gear pum ps are fixed d isplacem ent and are used in 
different applications, such as: hydrostatic m obiles 
units, equipm ents for transport, m achine tools and 
other applications w ith a large num ber o f  variants 
and configurations.

The structure o f  the gear pum p is com posed 
o f  the fo llow ing m ain com ponents [22] (Fig. 6): 

f l a n g e  ( 1 ) ;  b o d y  (2 ) ;  th r u s t  s e a l  (3 ) ;  b e a r i n g s  (4 ) ;



Fig. 6. G e n e r i c  s t r u c t u r e  o f  th e  e x t e r n a l  g e a r  

p u m p

s h a f t s  (5 ,  5 ) ;  r e a r  c o v e r  ( 6 ) ;  s c r e w s  ( 7 ) ;  d o w e l  

p i n  ( 8 ) ;  l i p  s e a l  ( 9 ) ;  w o o d r u f f - k e y  ( 1 0 ) ;  w a s h e r  

( 1 1 ) ;  n u t  ( 1 2 ) .

T h e  p u r p o s e  o f  th i s  a p p l i c a t io n  is  to  
rep resen t, to  m odel an d  to  g enera te  the structures 
o f  an  ex ternal gea r p u m p s fam ily  b y  th e  he lp  o f  
co n figu ra tion  g ram m ars in ferred  on  d iffe ren t level 
o f  abstraction .

In  th is  c a s e  s tu d y , w e  a re  in d ic a t in g  th e  
in f e r e n c e  o f  c o n f ig u r a t io n  g ra m m a rs  o n  th e  
p a r t  le v e l  a n d  r e s p e c t iv e ly ,  o n  th e  p r o d u c t  
le v e l.

3.2 Inference of Configuration Grammars on the 
Part Level

F ir s t ,  w e  p r e s e n t  th e  in f e r e n c e  o f  
configu ration  g ram m ars approach  on  the part level.

T he steps o f  inference o f  the configuration  
g ra m m a rs  a p p ro a c h  c o r r e s p o n d  to  th e  s te p s  
p resen ted  in  the parag raph  2.4.2.

3 . 2 .1  F u n c t i o n a l  S i g n i f i c a n t  R e g io n s

O n th e  p a r t  l e v e l ,  one o r m ore  configuration  
fea tu res are jo in e d  together, in  o rder to  generate a 
re g io n  w ith  a  fu n c tio n a l m ean in g . W e ca ll th is  
reg ion  a  f u n c t i o n a l  s i g n i f i c a n t  r e g io n .

L et u s  take  as exam ple the generation  o f  the 
d r iv in g  sh a f t  o f  th e  e x te rn a l g e a r  p u m p . T he  
s tru c tu re  < S H A F T >  is co m p o sed  o f  th ree  m a in  
functional sign ifican t regions:
- R e g io n  I  -  th e  left area  o f  the shaft;
- R e g i o n  I I  -  the  cen tral area  o f  th e  shaft; and
- R e g i o n  I I I -  th e  righ t area  o f  the shaft.

E ach  one o f  these  th ree reg ions is m ade up 
o f  a co llec tion  o f  one or m ore configuration  features 
w h ic h  a r e  “ a s s e m b le d ” to g e th e r  in  o rd e r  to  
a c c o m p l is h  a  c o m m o n  f u n c t io n ,  i .e .  th e  
co rrespond ing  function  o f  the reg ion  (F ig. 7).

Region I  Region I I  Region I I I

Fig. 7. T h e  f u n c t i o n a l  s i g n i f i c a n t  r e g i o n s  o f  th e  s t r u c t u r e  < S H A F T >
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Fig. 8. G r a p h  p r o d u c t i o n s  t o  g e n e r a t e  th e  f u n c t i o n a l  s ig n i f i c a n t  r e g io n s  o f  th e  < S H A F T >  
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Fig. 9. P r o d u c t io n s  t o  g e n e r a t e  th e  f u n c t i o n a l  s t r u c tu r e  o f  r e g io n  I

The set P  o f  graph productions describes the 
generation  o f  the structure < S H A F T > ,  starting from  
its functional significant regions, and is given above 
(Fig. 8)

In th e  fo llo w in g  sec tion , w e p resen t the 
generation  o f  each o f  the three significant regions 
o f  the < S H A F T > .

Generation o f region I ofthe <SHAFT> structure:
A s w e specified, the feature association  is 

m ade w ith  the p u rpose  to  accom plish  one/m any  
functions o f  the product.

In th is  case , th e  function  w hich  m ust be 
accom plished  by  r e g i o n  I  (the left area o f  the part) 
is “to  transm it the to rque o f  the m ovem ent” , w ith 
elem entary  sub-functions: “to tigh ten” , “ to b lock” 
and “to gu ide” .

T h e  th r e e  fu n c t io n s  a re  m a te r ia l iz e d  
respectively  by th ree features: < E x te r n a l_ th r e a d > ,  

< K e y _ G r o o v e >  and < C o n i c a l _ A r e a > .

O th e r  g e o m e tr ic  a l te r n a t iv e s  o f  th e  
con fig u ra tio n  fea tu res are ava ilab le , in  o rd er to  
generate various configurations o f  the sam e reg ion  
(Fig. 7).

T h erea fte r , w e p re se n t th e  p ro d u c tio n s  
inferred to  generate the functional structures o f  the 
regions, and respectively  the physical structures o f  
the regions.

In  th e  fu n c tio n a l sp a ce , th e  fu n c tio n a l 
structure o f  r e g io n  I  is generated by the inference 
o f  the productions o f  F G C  gram m ar (Fig. 9).

In the structural space, the production rules 
u sed  to  generate r e g io n  I  o f  the < S H A F T >  structure 
are as follow s (Fig. 10).

psuppression

- a  -  a  — a

t & n

Fig. 10. P r o d u c t io n s  to  g e n e r a t e  th e  r e g io n  I  o f  

th e  < S H A F T >



B elo w , a re  in d ic a te d  th e  fo rm a l an d  th e  
g raph  rep resen ta tions o f  the first production .

T he fo rm al rep resen ta tion  o f  the p roduction  
w hich  genera tes r e g i o n  I  is (7):

[(CONICAL ̂ TH READ  _  AREA) - >  ( CYL_THREAD _  AREA)(CONICAL _  AREA) 
I(PlaneComection)  —* (.ExtPlaneFacei [(ExtPlaneFace| ) ]  

{ExtThread) —» (ExtThread){())

(ExtCylFace2 )  - »  (0  ){ExtCylFace2 )
{KeyGroove) - »  ( 0){KeyGroove)

{ConicalLatFace) —» ( 0  ){ConicalLatFace)

(7).
T he g raph  rep resen ta tion  o f  the  p roduction  

p resen ted  above is (F ig. 11).

ConicalLatFace KeyGroove

6 -o
ExtPlaneFace i

C Y L T H R E A D E D  

A R E A

+

A R E A  A R E A

C O N I C A L J H R E A D E D  R eg ion  /

A R E A

Fig. 11. G r a p h  p r o d u c t i o n s  t o  g e n e r a t e  th e  

r e g i o n  I

Generation o f  region II  o f  the <SHAFT> 
structure:

In  th e  c a s e  o f  th e  c e n t r a l  a r e a  o f  th e  
< S H A F T > ,  th e  function  to  be  accom plished  is “to  
tu rn  a ro u n d  its  o w n  a x is” an d  “ to  tra n sm it th e  
ro ta t io n a l  m o v e m e n t to  th e  d r iv e n  s h a f t” . W e 
d is tingu ish  tw o  cases o f  possib le  so lu tions: the first 
o n e , w h e n  th e  tw o  fu n c tio n s  a re  m a te r ia liz e d  
to g e th e r  in to  th e  sam e  s in g le  so lu tio n , an d  the 
second  one, w h en  the functions are  m ateria lized  
b y  tw o d is tinc t so lu tions.

T he set o f  fea tu res w h ich  m ateria lizes the 
tw o  functions is com posed  o f  th ree  features: < H u b >  

f o r  th e  f i r s t  c a s e ;  a n d  r e s p e c t iv e ly  
< C y l i n d r i c a l _ A r e a > ,  < P a r a l l e l _ G r o o v e >  fo r the 
second  case.

In the functional space, the p roduction  used 
to  genera te  the  functional structure o f  r e g i o n  I I  is 
(Fig. 12).

Pi. Pi

Transfer o f  
rotat. motion P2,P3 Turn

Transfer o f 
rotat. motion

Fig. 12. P r o d u c t i o n s  t o  g e n e r a t e  th e  f u n c t i o n a l

s t r u c t u r e  o f  th e  r e g i o n  I I

T he form al rep resen ta tion  o f  th e  production  
w hich  generates r e g i o n  I I  is:

{CONICAL _  THREAD _  AREA) - >  (CYL _ THREAD _  AREA) {CONICAL _  AREA)] 

[ ( PlaneConnection) —» {ExtPlaneFace^ ){ExtPlaneFacex 

{ExtThread) —> {ExtThread) I f )
{.ExtPlaneFace2)  —> {0){ExtPlaneFace2)

{KeyGroove) —» {6) {KeyGroove)
{iConicalLatFace) —> ( f )  {ConicalLatFace)

(8).
In  the  structural space, the p roduction  w hich 

generates the  r e g i o n  I I  o f  th e  < S H A F T >  structure 
show n in F igure 13.

T he graph  rep resen ta tion  o f  the production  
p resen ted  is (Fig. 14).

paddition

- —

+
- —

F ig . 13. P r o d u c t io n  t o  g e n e r a t e  th e  r e g i o n  I I  o f

th e  < S H A F T >

C Y L _ A R E A  S P U R J 3 E A R

ExtCylFace \
ExtPlane ExtPlane

Facei Facet

Gear 

ExtPlaneFace-2.i  ______  tLxirianeracei

Plane Connection 
C Y L  A R E A  S P U R  G E A R

ExtCylFace\

“ ExtPlaneFace,

C Y L  A R E A

'  ExtPlaneFacei

S P U R  G E A R
Region II

Fig. 14. G r a p h  p r o d u c t i o n s  t o  g e n e r a t e  th e  

r e g i o n  I I



Generation o f  region III o f  the <SHAFT> 
structure

In the case o f  r e g io n  I I I  o f  the < S H A F T >  

structure, the functions to  be accom plished are: “ to 
tu rn  a ro u n d  its  ow n  a x is ” an d  i f  req u ire d  “ to 
tran sm it th e  to rq u e  o f  th e  m o v em en t” . F o r th is 
exam ple, w e considered  only the first function.

So in  the functional space, the functional 
structure o f  r e g i o n  I I I  consists only  in one function 
(Fig. 15).

In  the structural space, the corresponding 
fe a tu re  w h ich  m a te ria liz e s  th is  fu n c tio n  is the 
< C y l in d r i c a l _ A r e a  >  (Fig. 16).

P ,.P i  

O ------1

Fig. 15. P r o d u c t io n  to  g e n e r a t e  th e  f u n c t i o n a l  

s t r u c t u r e  o f  th e  r e g io n  I I I

O  ExtCylFacei

o -----
ExtPlaneFace \

C Y L A R E A
<RegionIII>

Fig. 16. G r a p h  p r o d u c t i o n  to  g e n e r a t e  th e  r e g io n  

I I I  o f  th e  < S H A F T >

th e i r  c o n n e c t io n  a c c o rd in g  to  th e  se t o f  
c o n f ig u ra t io n  p ro d u c tio n s  (F ig . 8) a n d  th e  
validation o f  the final generated structure according 
to  the initial functional structure.

In functional space, the rule o f  production 
to  generate the functional structure o f  r e g io n  I I ’ 

has the given form  in F igure 17.
In the structural space, the production used 

to  generate the structure  < S H A F T >  is g iven  in 
F igure 18.

The production  ru le to generate the final 
fu n c t io n a l  s t ru c tu re  o f  th e  r e g i o n  I I I ’, i .e . 
< S H A F T > ,  is given in Figure 19.

P>ddilion

Fig. 18. P r o d u c t io n  to  g e n e r a t e  th e  r e g io n  I I ’ o f

th e  < S H A F T >

Generation o f the final structure <SHAFT>:
T h is  s ta g e  c o n s is ts  in  c o n n e c t in g  th e  

structures, w hich w ere prev iously  generated  for the 
th ree m ain  regions, in one single structure, i.e. the 
final structure o f  the < S H A F T > .

To g e n e ra te  th e  c o n f ig u r a t io n  o f  th e  
< S H A F T >  part structure im plies the arrangem ent 
o f  the structures o f  the sign ifican t regions I ,  I I , I I I ,

Trans fe r  o f  
rotai, motion

Tighten

Trans f e r  o f  
rotai, motion

Fig. 17. P r o d u c t io n  to  g e n e r a t e  th e  f u n c t i o n a l  

s t r u c t u r e  o f  th e  r e g i o n  I I ’

Tighten I I Block I I Guide I I Turn 1 I Turn

Fig. 19. P r o d u c t io n  t o  g e n e r a t e  th e  f u n c t i o n a l  

s t r u c tu r e  o f  th e  r e g io n  I I I '

In the structural space, the production used 
to generate the physical structure o f  the < S H A F T >  

is given in F igure 20.
T he  re su lt o f  th is  p ro d u c tio n  in fe ren ce , 

F igure  20, rep resen ts  the fina l s truc tu re  o f  the
< S H A F T > .

O nce the final structu re  is generated , w e 
have inferred the transform ation o f  replacem ent for 
each  o f  the th ree  fu nctional s ign ifican t reg ions



Id 3 . 2 .2  I n f e r e n c e  o f  C o n f i g u r a t io n  G r a m m a r s  o n  th e  

P r o d u c t  L e v e l

addition

- -

Fig. 20. P r o d u c t i o n  to  g e n e r a t e  th e  f i n a l  

s t r u c t u r e  o f  th e  < S H A F T >

constitu ting  th e  structu re  < S H A F T > ,  and  w e have 
gen e ra ted  several co n figu ra tions o f  the  struc tu re  
s h a f t .  S o m e  o f  th e  c o n f ig u r a t io n s  th a t  w e re  
g enera ted  are ind ica ted  in  the F igure  21.

T he  sam e m ech an ism  o f  co n fig u ra tio n  is 
u sed  to  genera te  the o the r parts  o f  the ex ternal gear 
pum p. T he alternative  configu rations o f  the parts 
a re  th en  u sed  in  th e  genera tion  o f  the structu res o f  
an  ex ternal gea r pum p  family.

T he configuration  gram m ars are in ferred  on 
the  p r o d u c t  l e v e l  in  o rd e r  to  g en e ra te  d iffe ren t 
in stan tia tions o f  the ex ternal gea r pum ps.

So, b ased  on the sign ifican t structures, on 
the one hand , and  on the transfo rm ation  ru les, on 
th e  o th e r  han d , w e can  p ro d u ce  n ew  and  novel 
p ro d u c t structures.

T he inference o f  th e  rep lacem en t ru le on  the 
p r o d u c t  l e v e l  p roduces the rep lacem en t o f  a part in 
a  g iv e n  p r o d u c t  s t r u c tu re .  B y  u s in g  th is  
tran sfo rm ation  ru le  in the case o f  an  ex ternal pum p 
structure , the rep lacem en t o f  several parts, w e can 
generate  a  v arie ty  o f  configu rations o f  gear pum ps, 
i.e. a  fam ily  o f  pum ps.

In  F ig u re  2 2  a r e  p r e s e n te d  so m e  
configurations o f  gear pum p  structures generated  
f ro m  th e  in f e r e n c e  o f  th e  t r a n s f o r m a t i o n  o f  

r e p l a c e m e n t .

a)
—

b)

E -

c)
F ig . 21. V a r io u s  c o n f i g u r a t i o n s  g e n e r a t e d  f o r  t h e  < S H A F T >  s t r u c t u r e

Fig. 22. V a r io u s  c o n f i g u r a t i o n s  o f  g e a r  p u m p s  g e n e r a t e d  a f t e r  th e  i n f e r e n c e  o f  th e  t r a n s f o r m a t io n  o f

r e p l a c e m e n t



4 C O N C LU SIO N S

In this paper w e have proposed  a p roduct 
fam ily  m odelling  approach  in  conceptual design 
based  on configuration  gram m ars.

T he p ro p o sed  ap p ro ach  is b ased  on  tw o 
configuration  gram m ars: a f u n c t i o n a l  g r a m m a r  f o r  

c o n f i g u r a t i o n  (F C G ) and a s t r u c t u r a l  g r a m m a r  f o r  

c o n f i g u r a t i o n  (SC G ). T hese tw o gram m ars w ork 
in  para lle l and  are used  to  generate sim ultaneously 
th e  fu n c t io n a l  s tru c tu re  a n d  re s p e c t iv e ly  th e  
physical structure o f  a configurable product family.

The F G C  gram m ar is used  to construct and 
to rep resen t the functional structure o f  the product 
fam ily  in  the functional design  space.

The S G C  gram m ar is used to construct and 
to represen t the physical structure o f  the product 
fam ily  in the p h y sica l d es ig n  space . T he S C G  
g ra m m a r  has tw o  fo rm s o f  rep re se n ta tio n : an  
a t t r i b u t e d  g r a p h  g r a m m a r  f o r  c o n f ig u r a t io n  and a 
g r a m m a r  f o r  c o n f ig u r a t io n  b a s e d  o n  f e a t u r e s .

The contribu tions o f  our design approach 
are:
1. The configuration  gram m ars are defined on the 

p ro p e rtie s  o f  th e  s tru c tu re s  o f  co n fig u rab le  
p roducts.

2. T he p roposed  gram m ars are based  on feature- 
c o m p o n e n t-m o d u le -p ro d u c t  r e la tio n s h ip s ,  
considered  as adequate structural m eans for a 
general p roduct representation .

3. The functional dom ain and structural dom ain are 
considered sim ultaneously in order to generate 
the functional structure and the physical structure 
o f  a  configurable p roduct family.

4. T he configu ra tion  g ram m ars, defined  on the 
functional design space and  on  the structural 
design space, are com plem entary  and w ork in 
parallel in the tw o design spaces.

5. A n  a lg o rith m  o f  g e n e ra tio n  o f  th e  p ro d u c t 
s truc tu res  u sing  the co n figu ra tion  gram m ars 
w as proposed.

6. T h e  c o n f ig u r a t io n  g ra m m a rs  w o rk  
sim ultaneously  on m ultip le levels o f  abstraction 
o f  the sign ifican t structures.

We have applied  the p roposed  configuration  
gram m ars-based design approach to  the design case 
s tu d y  o f  an  ex ternal g ea r pum p fam ily. In th is 
d e s ig n  case , th e  c o n f ig u ra tio n  g ram m ars  w ere  
in ferred  on the part and the p roduct level, in  order 
to  g enera te  the ex ternal g ear pum p fam ily. T he 
results obtained from  the inference o f  configuration

gram m ars validate and dem onstrate the interest o f  
our approach.

O ur current research w ork  is concentrating 
on  th e  p o ss ib ilitie s  o f  im p le m e n ta tio n  o f  the 
configuration gram m ar design approach in CAD 
environm ent software.

T he p ro p o sed  m e th o d  m ee ts  fu n c tio n a l 
requirem ents in a qualified way, but not necessarily  
q u a n tif ie d  (e .g . s tress  lim it c o n s tra in ts ) . T he 
introduction o f  the behaviour space in the definition 
o f  design gram m ars could be a new  open direction 
o f  research. A nother d irection  o f  research  is how  
the proposed m ethod can facilitate the application 
o f  analysis based exam inations.
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