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ABSTRACT 

Data objec ts  in eng inee r ing  appl icat ions ,  especial ly  c o m p u t e r  a ided  design,  
show highly complex  s t r u c t u r e s  and a lot of i n t r i c a t e  d e p e n d e n c i e s .  Hence a 
large  a m o u n t  of variably composed  c o n s i s t e n c y  c o n s t r a i n t s  have to be dea l t  
with. Furthermore, long t r a n s a c t i o n s  which a re  typical  for CAD re su l t  in the  
need  to t o l e r a t e  incons i s t enc ies  over u n p r e d i c t a b l y  long per iods  of time. The 
d e m a n d s  on m e c h a n i s m s  to e n f o r ce  c o n s i s t e n c y  in design d a t a b a s e  s y s t e m s  
t h u s  di f fer  f rom those  in bus iness  and admin i s t r a t ive  appl ica t ions .  C o m p r e h e n -  
sive c o n s i s t e n c y  of the  design da t a  can  only be a t t a i n e d  by degrees .  The t ime 
and  e x t e n t  of check ing  have to be d e t e r m i n e d  dynamica l ly  and u n d e r  con t ro l  
by the  user .  In the  case  of c o n s i s t e n c y  violations, flexible kinds of r e a c t i o n  a re  
n e c e s s a r y .  In this  paper  we propose  an e v e n t / t r i g g e r  m e c h a n i s m  to e n f o r c e  
c o n s i s t e n c y  in design d a t a b a s e s  t h a t  c o m p l e m e n t s  the  t r a n s a c t i o n - o r i e n t e d  
m e c h a n i s m s  sui table  for t rad i t iona l  appl icat ions .  The unde r ly ing  ideas  a re  
der ived  f rom excep t ion  handl ing  in p rog ramming  languages .  We p r e s e n t  in de- 
tail  the  r e q u i r e m e n t s  to m e e t  and how our  c o n c e p t  copes  with them.  We also 
p r e s e n t  an i m p l e m e n t a t i o n  t h a t  provides r ea sonab le  p e r f o r m a n c e .  
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1. Consistency Requirements in Design Databases  

Data  o b j e c t s  m a n a g e d  by  d a t a b a s e  s y s t e m s  for  des ign  a p p l i c a t i o n s  - d e s i g n  da -  
t a b a s e  ( m a n a g e m e n t )  s y s t e m s  (DDBS) - show highly  c o m p l e x  s t r u c t u r e s  a n d  a 
lo t  of i n t r i c a t e  d e p e n d e n c i e s .  This en t a i l s  c o n s i s t e n c y  c o n s t r a i n t s  t h a t  a r e  by  
f a r  m o r e  n u m e r o u s  and  of h i g h e r  c o m p l e x i t y  t h a n  in t r a d i t i o n a l  b u s i n e s s -  
o r i e n t e d  d a t a b a s e  a p p l i c a t i o n s .  In a d d i t i o n  to r e f e r e n t i a l  i n t e g r i t y ,  c a r d i n a l i t y  
a n d  e x i s t e n c e  c o n s t r a i n t s  o r  k e y  p r o p e r t i e s ,  f u r t h e r  r e s t r i c t i o n s  r e s u l t i n g  f r o m  
t h e  des ign  e n v i r o n m e n t  have  to be  c o n s i d e r e d .  For  e x a m p l e ,  d e s i g n  d a t a  m u s t  
s a t i s f y  p r e d e f i n e d  s t a n d a r d s ,  de s ign  ru l e s  evolving f r o m  t h e  t e c h n o l o g y  a n d  t h e  
m e t h o d s  u s e d  or  d e f i n e d  by  m a n a g e m e n t ,  and  p h y s i c a l  laws of t h e  u n d e r l y i n g  
r ea l i ty .  Katz  ([KAT83]) m e n t i o n s  t h r e e  c l a s s e s  of c o n s i s t e n c y  c o n s t r a i n t s  f o r  
d e s i g n  a p p l i c a t i o n s :  c o n f o r m i t y  consq~ralnts ( the  c o n s i s t e n c y  b e t w e e n  s p e c i f i c a -  
t i on  and  i m p l e m e n t a t i o n  of a des ign  ob jec t ) ,  c o m p o s i t i o n  c o n s t r a i n t s  ( c o r r e c t  
c o o p e r a t i o n  of s u b o b j e c t s  to  f o r m  a s u p e r o b j e c t ) ,  a n d  e q u i v a l e n c e  c o n s t r a i n t s  
( p a r t s  of d i f f e r e n t  r e p r e s e n t a t i o n s  of a des ign  o b j e c t  have  to  s a t i s f y  g iven  
e q u i v a l e n c e  r e l a t ions ) .  Of c o u r s e ,  e n v i r o n m e n t a l  c o n s t r a i n t s  ( c e r t a i n  v a l u e s  
wi th in  o b j e c t s  m e e t  r e s t r i c t i o n s  to  c o r r e c t l y  r e f l e c t  r e a l - w o r l d  f a c t s )  as  k n o w n  
f r o m  t r a d i t i o n a l  a p p l i c a t i o n s  a r e  a l so  of c o n c e r n .  

B e s i d e s  t h e  l a rge  n u m b e r  and  high c o m p l e x i t y  of c o n s i s t e n c y  c o n s t r a i n t s ,  
de s ign  e n v i r o n m e n t s  p o s e  a f u r t h e r  c o n s i s t e n c y  p r o b l e m :  g l o b a l  c o n s i s t e n c y  in 
a t r u e  s e n s e  can  only  be  a c h i e v e d  a t  t h e  end  of t h e  e n t i r e  d e s i g n  p r o c e s s .  Unt i l  
t h e n ,  a n u m b e r  of i n t e r m e d i a t e  s t a g e s  will o c c u r  in which  s u b s e t s  of t h e  d e s i g n  
d a t a  Show a l r e a d y  loca l  c o n s i s t e n c y .  In a h i e r a r c h i c a l  f a sh ion ,  t he  d e s i g n  p r o -  
c e s s  s h o u l d  l ead  f r o m  ' lower '  to m o r e  c o m p r e h e n s i v e  un i t s  of loca l  c o n s i s t e n c y ,  
e v e n t u a l l y  r e s u l t i n g  in g loba l  c o n s i s t e n c y .  Note  t h a t  even  loca l  c o n s i s t e n c y  on  
low levels  m a y  be  v io l a t ed  fo r  c o n s i d e r a b l e  p e r i o d s  of t ime  in a DDBS, as  t y p i c a l  
d e s i g n  p r o c e s s e s  follow t h e  m e t h o d  of ' t r ial  and  e r ro r ' .  Thus  l o n g - t e r m  i n c o n -  
s i s t e n c i e s  on all levels  h a v e  to be  t o l e r a t e d  w i t h o u t  u n c o n t r o l l e d  loss  of a de-  
g r e e  of c o n s i s t e n c y  o n c e  ach i eved .  

The  t ime  w h e n  a c o n s i s t e n c y  c h e c k  ha s  to t a k e  p lace ,  i.e. when  a c e r t a i n  d e g r e e  
of  c o n s i s t e n c y  ist e x p e c t e d ,  c a n  u sua l l y  n o t  be  d e t e c t e d  a u t o m a t i c a l l y ,  n o r  c a n  
c h e c k s  be  t ied  to d a t a b a s e  o p e r a t i o n s  in a g e n e r a l  way. F r e q u e n t l y  t h e  u s e r  
h imse l f  d e t e r m i n e s  t h a t  m o m e n t ,  e i t h e r  exp l ic i t ly  o r  by  r e a c h i n g  a c e r t a i n  
s t a g e  in his  des ign  (e.g. t h e  end  of a s e s s i on  of g r a p h i c a l  ed i t ing) .  

R e a c t i o n s  to  t he  v io la t ion  of c o n s i s t e n c y  c o n s t r a i n t s  have  to b e  f l ex ib le  a n d  
u n d e r  u s e r  con t ro l ,  too.  It is n o t  a c c e p t a b l e  to  d e s t r o y  t h e  r e s u l t s  of e x t e n s i v e  
d e s i g n  work  b y  roll ing b a c k  t h e  d a t a b a s e  to a c h e c k p o i n t  s e t  way  in t he  p a s t .  In 
s o m e  c a s e s ,  no t i fy ing  t h e  u s e r  will be  su f f i c ien t ;  he  can  t h e n  d e c i d e  h imse l f  on  
w h a t  to  do to  e s t a b l i s h  c o n s i s t e n c y .  Otherwise ,  m e a n s  s h o u l d  e x i s t  to  e x e c u t e  
a r b i t r a r y  p r o c e d u r e s  - n o t  on ly  s e q u e n c e s  of d a t a b a s e  o p e r a t i o n s  - a s  a r e a c -  
t ion .  

S u m m i n g  up,  a c o n s i s t e n c y  c o n c e p t  for  des ign  d a t a b a s e s  m u s t  c o n s i d e r  

• to  w h a t  e x t e n t  c o n s i s t e n c y  has  to  be  c h e c k e d ,  
• a t  w h a t  t ime  c o n s i s t e n c y  h a s  to be  c h e c k e d ,  and  
• how to r e a c t  to  c o n s i s t e n c y  v io la t ions .  
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In c o n t r a s t  to t r ad i t iona l  d a t a b a s e  sys tems,  solut ions  to n e i t h e r  of t h e s e  
p a r a m e t e r s  can  be ' ha rd-wi red '  into a DDBS. Thus the  i n t e r f a c e  has to inc lude  
m e a n s  to def ine  t h e m  a t  run t ime .  

F u r t h e r m o r e ,  the  complex i ty  of c o n s i s t e n c y  c o n s t r a i n t s  r e su l t s  in the i r  fo rmu-  
la t ion as logical p r e d i c a t e s  being only par t ia l ly  feasible.  On the  o t h e r  hand ,  a 
cons ide r ab l e  n u m b e r  of a lgor i thms  is available t h a t  p e r f o r m  special  kinds of 
e l a b o r a t e  c o n s i s t e n c y  c h e c k i n g  (e.g. s imulat ions)  for design a u t o m a t i o n .  Any 
feasible  DDBS c o n s i s t e n c y  con t ro l  m e c h a n i s m  has  to be able to make  use  of 
t he se  as design c o m p a n i e s  have inves ted  a lot of m o n e y  into them.  

A r a t h e r  u n u s u a l  bu t  c h a r a c t e r i s t i c  issue for design d a t a b a s e s  is t h a t  a p r ede -  
f ined des ign  p r o c e d u r e  has  to be a d h e r e d  to: only specif ic  design tools should  
be appl ied to ob jec ts  t h a t  have r e a c h e d  a c e r t a i n  des ign s tage.  Enforc ing  
des ign p r o c e d u r e  c o n s i s t e n c y  is one way towards  the  stepwise provision of glo- 
bal cons i s t ency .  Finally, eng inee r ing  design proves  to be a r a t h e r  d y n a m i c  a r e a  
with r e s p e c t  (but  not  r e s t r i c t e d )  to cons i s t ency .  Cons t r a in t s  c h a n g e  more  fre-  
quen t ly  t h a n  in t r ad i t i ona l  app l ica t ions  and  vary  with t echnology ,  pro jec t ,  and  
even with the  p a r t i c u l a r  des ign team.  

Despite or  even due to t h e s e  t ough  r e q u i r e m e n t s ,  the  a d v a n t a g e s  of having all 
c o n s i s t e n c y  con t ro l  done  u n d e r  t he  ausp ices  of the  DDBS r a t h e r  t h a n  relying on 
m e a n s  ou ts ide  of it a re  obvious. With the  above discuss ion in mind, a p p r o p r i a t e  
m e c h a n i s m s  have to be su i tab le  for 

1. all c lasses  of c o n s i s t e n c y  including design p r o c e d u r e  cons i s t ency ,  
2. providing global c o n s i s t e n c y  via var ious  levels of local cons i s t ency ,  
3. f o rmula t ing  c o n s i s t e n c y  c o n s t r a i n t s  as both,  a logical p r e d i c a t e  or a c h e c k -  

ing a l g o r i t h m  which yields a boolean  r e su l t  and  compr i ses  d a t a b a s e  
a c c e s s e s  as well as h i g h e r  level p rog ramming  l anguage  c o n s t r u c t s ,  

4. pe r fo rm i ng  c o n s i s t e n c y  c h e c k s  a t  a r b i t r a r y  times; s t a n d a r d  t imes as e.g. 
t e r m i n a t i o n  of a d a t a b a s e  o p e r a t i o n  or the  classical  'end of t r a n s a c t i o n '  
should be opt ional ly  usab le  ( ' dynamic  c o n s i s t e n c y  control ' ) ,  

5. def ining r e a c t i o n s  to c o n s i s t e n c y  violat ions in var ious  ways, 
6. def ining c o n s i s t e n c y  c o n s t r a i n t s  and  r e a c t i o n s  to violat ions a t  any  t ime 

( ' dynamic  defini t ion ' ) .  

To what  e x t e n t  can  c o n c e p t s  deve loped  for conven t iona l  d a t a b a s e  sys t ems  ful- 
fill t hese  r e q u i r e m e n t s ?  

Tradi t ional ly ,  d a t a b a s e  t r a n s a c t i o n s  no t  only serve  as uni ts  of s y n c h r o n i z a t i o n  
and  r e c o v e r y  bu t  also as uni t s  of cons i s t ency .  However, typical  t r a n s a c t i o n s  in 
conven t iona l  app l ica t ions  a r e  r a t h e r  sho r t  and t o u c h  only a small por t ion  of 
t h e  d a t a b a s e .  The des ign  env i ronmen t ,  in c o n t r a s t ,  is c h a r a c t e r i z e d  by long 
t r a n s a c t i o n s  involving large  a m o u n t s  of data.  Some a p p r o a c h e s  have been  pro-  
posed  .to view the se  long t r a n s a c t i o n s  as uni ts  of cons i s t ency ,  too. They t ry  to 
e x t e n d  t r ad i t i ona l  mechanism.~ to cope with r e q u i r e m e n t  2 above. 

One e x t e n s i o n  is to d is t inguish  be tween  var ious  levels of cons i s t ency .  [NH82] 
discuss  global c o n s i s t e n c y  and  view (classical)  t r a n s a c t i o n s  as uni ts  p rese rv ing  
local c o n s i s t e n c y  of one comple t e  r e p r e s e n t a t i o n  of a design object .  However, 
no lower levels of local c o n s i s t e n c y  a re  suppor ted .  

A second  ma jo r  e x t e n s i o n  a re  n e s t e d  t r a n s a c t i o n s  ([GRAB1], [KIM84], [MOS83]) 
t h a t  can be used  to provide an inc reas ing  d e g r e e  of c o n s i s t e n c y  s tep  by s tep  
([EL82], [KE83]). Each t r a n s a c t i o n  is c h a r a c t e r i z e d  by the  se t  of d a t a b a s e  ob- 
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j e c t s  i t  r e f e r e n c e s  and  by  t he  s e t  of c o n s i s t e n c y  c o n s t r a i n t s  t h a t  have  to  ho ld  
b e f o r e ,  dur ing ,  and  a f t e r  t he  t r a n s a c t i o n .  This  r e s u l t s  in a n u m b e r  of t r a n s a c -  
t i on  c l a s s e s  t h a t  have  to  be  d e f i n e d  in a d v a n c e ;  no  f u r t h e r  c l a s s e s  c an  b e  de-  
f i ned  a t  r u n t i m e .  

In s u m m a r y ,  t h e  c l a s s i ca l  i n t e g r a t i o n  of c o n s i s t e n c y  c o n t r o l  in to  t h e  t r a n s a c -  
t i on  m a n a g e r  d o e s  n o t  c o p e  with all of t h e  p r o b l e m s  m e n t i o n e d  above .  E s p e -  
cial ly ,  r e q u i r e m e n t s  3 to  6 a r e  n o t  me t .  The p r o p o s e d  e x t e n s i o n s  a d d r e s s  2, b u t  
r a t h e r  c o m p l e x  s t r u c t u r e s  of n e s t e d  t r a n s a c t i o n s  a r e  n e c e s s a r y .  T h e s e  t e n d  to  
b e  d i f f i cu l t  to  a p p l y  a n d  to  u n d e r s t a n d  by  u s e r s  a n d  a r e  t h u s  e r r o r - p r o n e .  
F u r t h e r m o r e ,  it is i m p o s s i b l e  to  a c c o m o d a t e  c h a n g i n g  c o n s i s t e n c y  c o n s t r a i n t s  
o n c e  a t r a n s a c t i o n  ha s  b e e n  p r o g r a m m e d .  

A s e c o n d  a p p r o a c h  to  c o n s i s t e n c y  c o n t r o l  in d a t a b a s e  s y s t e m s  a r e  t r i g g e r  c o n -  
c e p t s .  T h e y  allow to  d e f i n e  d a t a b a s e  o p e r a t i o n s  t h a t  c o n d i t i o n a l l y  o r  u n c o n d i -  
t i ona l ly  s u c c e e d  o t h e r  d a t a b a s e  o p e r a t i o n s  in a n  a u t o m a t i c  way. This  m e c h a -  
n i s m  is p a r t i c u l a r l y  s u i t a b l e  to  e n f o r c e  c o n s i s t e n c y .  P a r a l l e l s  to e x c e p t i o n  h a n -  
dl ing in p r o g r a m m i n g  l a n g u a g e s  h a v e  a l r e a d y  b e e n  d r a w n  by  E s w a r a n  ([ESW76]).  
He a lso  s u g g e s t e d  to o f f e r  f lexib le  t r i g g e r  a c t i o n s  t h a t  c o m p r i s e  p r o g r a m  c o n -  
t r o l  s t r u c t u r e s  in a d d i t i o n  to  d a t a b a s e  o p e r a t i o n s .  F u r t h e r m o r e ,  t r i g g e r s  c a n  
r e a d i l y  be  d e f i n e d  while t h e  d a t a b a s e  is in use .  Howeve r ,  a s  a c t i o n s  can  on ly  b e  
t r i g g e r e d  u p o n  t h e  e x e c u t i o n  of s o m e  d a t a b a s e  o p e r a t i o n ,  d y n a m i c  c o n s i s t e n c y  
c o n t r o l  a t  a r b i t r a r y  t i m e s  is n o t  y e t  p r o v i d e d  by  t h i s  c o n c e p t .  R e q u i r e m e n t  4 is 
t h u s  n o t  fulf i l led,  n o r  c a n  c o n s i s t e n c y  c o n s t r a i n t s  be  s p e c i f i e d  by  a p p r o p r i a t e  
c h e c k i n g  a lgo r i t hms .  

To c o n c l u d e ,  n e i t h e r  of t he  d i s c u s s e d  c o n c e p t s  c a n  c o p e  with all r e q u i r e m e n t s .  
However ,  t r i g g e r s  c o m e  m u c h  c l o s e r  to  t he  goa l  t h a n  c o n s i s t e n c y - p r e s e r v i n g  
t r a n s a c t i o n s .  We will t h e r e f o r e  e x t e n d  t h e m  to  a s o - c a l l e d  e v e n t / t r i g g e r  
m e e h a n i m m  which  is b a s e d  on e v e n t s  t h a t  m a y  b e  r a i s e d  exp l i c i t l y  a t  a r b i t r a r y  
t i m e s  a n d  r e s u l t  in t he  e x e c u t i o n  of u s e r - d e f i n e d  a c t i o n s .  

This  p a p e r  d e s c r i b e s  t h e  e v e n t / t r i g g e r  m e c h a n i s m  a n d  i ts  a p p l i c a t i o n  fo r  ad-  
v a n c e d  c o n s i s t e n c y  c o n t r o l  by  p r e s e n t i n g  i ts  c o m p o n e n t s  a n d  t h e i r  i n t e r a c t i o n .  
A smal l  n u m b e r  o r  p r i m i t i v e s  e x t e n d i n g  a DDBS's d a t a  m a n i p u l a t i o n  l a n g u a g e  is 
i n t r o d u c e d ;  t h e y  a r e  a b l e  to dea l  wi th  a b r o a d  r a n g e  of  c o n s i s t e n c y  r e q u i r e -  
m e n t s  and  avoid  a v a s t  s e t  of s p e c i a l - p u r p o s e  c o n s t r u c t s .  We give a n  e x a m p l e  of 
h o w  t h e  c o n c e p t  w o r k s  a n d  d i s c u s s  t e c h n i q u e s  fo r  i ts  i m p l e m e n t a t i o n .  

No te  t h a t  t h e  c o n c e p t  we p r o p o s e  will b y  no m e a n s  r e p l a c e  t r a n s a c t i o n s  in a 
DDBS. T h e y  a r e  ( p r o b a b l y  in an  e x t e n d e d  fo rm)  sti l l  n e c e s s a r y  fo r  c o n c u r r e n c y  
c o n t r o l  a n d  s o m e  b a s i c  f o r m  of r e c o v e r y .  However ,  e v e n t s  a n d  t r i g g e r s  s e p a r a t e  
c o n s i s t e n c y  c o n c e r n s  f r o m  t h e  r a t h e r  r igid t r a n s a c t i o n  m e c h a n i s m  and  a l low 
e n f o r c e m e n t  in v a r i o u s  w a y s  a n d  a t  o t h e r  t i m e s  wi th in  a t r a n s a c t i o n  t h a n  a t  i t s  
e n d  only.  

T h e r e  a r e  o t h e r  a r e a s  of d a t a b a s e  r e s e a r c h  w h e r e  s imi l a r  i d e a s  h a v e  b e e n  p u b -  
l i shed  r e c e n t l y ,  e s p e c i a l l y  as  f a r  a s  o f f i ce  a n d  p r o c e s s  a u t o m a t i o n  a r e  c o n -  
c e r n e d  ([FLa4],  [BPa4] ,  [GTa3]).  In p r o c e s s  c o n t r o l ,  a l a r m  m a n a g e m e n t  a n d  
t i m e - d e p e n d e n t  e x e c u t i o n  of o p e r a t i o n s  ( b e s i d e s  t h e  t r a d i t i o n a l  s t a t i c  c o n -  
s i s t e n c y  c o n t r o l )  a r e  e m p h a s i z e d .  In o f f i ce  i n f o r m a t i o n  s y s t e m s ,  o f f i ce  p r o -  
c e d u r e s  h a v e  to  be  e x e c u t e d  on a d a t a -  a n d / o r  t i m e - d e p e n d e n t  bas i s .  The  so lu -  
t i o n s  d e v i s e d  in t h e  s e q u e l  c a n  t h e r e f o r e  be  of  i n t e r e s t  b e y o n d  t h e  d e s i g n  en -  
v i r o n m e n t .  

S I G M O D  R E C O R D ,  Vol .  15, No.  3, S e p t e m b e r  1986 25 



2. The Event /Trigger  Mechanism 

2.1 Overview 

The des i re  to t r igger  c o n s i s t e n c y  c h e c k s  a t  a r b i t r a r y  t imes  and  to e x e c u t e  
u s e r - d e f i n a b l e  r e a c t i o n s  to c o n s i s t e n c y  violat ions sugges t s  to imi t a t e  e x c e p t i o n  
hand l ing  m e c h a n i s m s  f rom p r o g r a m m i n g  l anguages  and  i n t e r r u p t  m e c h a n i s m s  
f r o m  h a r d w a r e  ([G0075]. [HOR83]). The e v e n t / t r i g g e r  m e c h a n i s m  c o m p r i s e s  t h e  
following c o m p o n e n t s ,  and  f igure 1 gives a f i rs t  impress ion  of how t h e y  a r e  r e -  
la ted:  

• c o n s i s t e n c y  c o n s t r a i n t s  
• even t s  
• a c t i ons  
• t r i gge r s  

I TRIGGER 
tricjgering . ~ "  % 

I EVENT ] 

USER-DEFINED 
EVENT 

STANDARD 
EVENT 

J ACTION J 

CONSIST[ NCY 
CHECK 
ROUTINE 

OTH[R 
ACTION 

CONSTRAINT I 

Figure  1 

The c o n c e p t  of an even t  and  of the  ac t ion  to be t r i gge red  have  b e e n  b o r r o w e d  
f r o m  e x c e p t i o n  handling.  The explici t  a ssoc ia t ion  of even t  and  ac t ion  will be in- 
s ta l led  by so-cal led  t r iggers  c o m p a r a b l e  to PL/I ' s  ON-conditions.  The c o n s t r u c t  
' c o n s i s t e n c y  c o n s t r a i n t '  is essen t ia l  for  d a t a b a s e s  bu t  has  no rea l  c o u n t e r p a r t  
in p r o g r a m m i n g  languages .  P rob lems  c o n c e r n i n g  scopes  of even t s  and  excep -  
t ion  h a n d l e r s  di f fer  cons ide rab ly  f rom p r o g r a m m i n g  l anguages  and  will be d e a l t  
with in c h a p t e r  2.4. 
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Definit ion and man ipu la t ion  of t he se  c o n s t r u c t s  involves language  s u p p o r t  to be 
p rov ided  a t  the  d a t a b a s e  s y s t e m  in te r face .  Due to the  dynamic  n a t u r e ,  ap- 
p r o p r i a t e  s t a t e m e n t s  have to be made  p a r t  of the  DDBS d a t a  m a n i p u l a t i o n  
l anguage .  We will s u b s e q u e n t l y  i n t r o d u c e  all c o n s t r u c t s  in detail .  

2.2 C o m p o n e n t s  a n d  t he i r  pr imi t ives  

2.2.1 Cons'i.stency constra ints 

C o n s i s t e n c y  c o n s t r a i n t s  a re  expl ici t ly  i n s e r t e d  into the  d a t a b a s e  by 

CONSTRAINT < c o n s t r a i n t  name> = < p r e d i c a t e l b o o l e a n  procedure>;  

Defining a c o n s i s t e n c y  c o n s t r a i n t  of c o u r s e  does  not  mean  to c h e c k  it immedi-  
a tely.  Thus c o n s t r a i n t s  t h a t  a re  no t  fulfilled when def ined can readi ly  be inse r t -  
ed  w i thou t  any  c o n s e q u e n c e s .  On the  r ight  hand-s ide  of the  defini t ion,  a logical 
p r e d i c a t e ,  the  name  of a s t o r e d  p r o g r a m  to p e r f o r m  the  c o n s i s t e n c y  check ing ,  
o r  such  a p r o g r a m  i tself  may  be specif ied.  P r o g r a m s  may be wr i t t en  in a DDBS 
hos t  l anguage  and inc lude  d a t a b a s e  ope ra t ions .  

The e f f e c t  of defining a c o n s i s t e n c y  c o n s t r a i n t  is as  follows: if a p r o c e d u r e  ha s  
b e e n  speci f ied ,  it is c h e c k e d  for  s y n t a c t i c a l  c o r r e c t n e s s  which inc ludes  t h a t  it 
yields  a b o o l ean  r e su l t  (a speci f ic  op t ion  for  the  hos t  l anguage  compi le r  will be  
n e c e s s a r y  to  do this). It is t h e n  s t o r e d  in the  d a t a b a s e  in an a p p r o p r i a t e  f o r m a t  
for  l a t e r  execu t ion .  If a logical p r e d i c a t e  has  b e e n  specif ied,  it is a u t o m a t i c a l l y  
c o n v e r t e d  to a check ing  p r o c e d u r e .  This is poss ib le  for  f irst  o r d e r  p r e d i c a t e s  in- 
volving d a t a b a s e  va lues  as  only the i r  val idi ty for  a f ini te se t  of d a t a b a s e  va lues  
has  to  be  c h e c k e d  (and  n o t  the i r  gene ra l  val idi ty in the  sense  of t h e o r e m  prov-  
ing). 

C o n s i s t e n c y  con t ro l  i tself,  i.e. the  e x e c u t i o n  of the  check ing  p r o c e d u r e ,  m u s t  be  
in i t i a ted  expl ici t ly  by  

CHECK < c o n s t r a i n t  name>; 

Finally, 

REMOVE < c o n s t r a i n t  name>; 

d e l e t e s  a c o n s i s t e n c y  c o n s t r a i n t  f r om the  d a t a b a s e .  P rob l ems  c o n c e r n i n g  the  
a u t h o r i z a t i o n  to def ine  and  de l e t e  c o n s i s t e n c y  c o n s t r a i n t s  a re  a d d r e s s e d  in 
c h a p t e r  2.4 t o g e t h e r  with the  i ssue  of scopes .  

2.2.2 Events 

An e v e n t  is an i nd i ca to r  ( r e p r e s e n t e d  by  a spec i f ic  ident i f ier)  t h a t  can  be  r a i s ed  
to flag a c e r t a i n  s i t u a t i o n  to the  d a t a b a s e  sys tem.  Normally, only the  u s e r s  (in- 
c luding of c o u r s e  all app l i ca t ion  p rog rams)  will know when such  a s i t u a t i o n  oc- 
curs;  t h e y  t h e r e f o r e  have to ra ise  the  a p p r o p r i a t e  even t  explicit ly.  However ,  
t h e r e  a re  some  s t a n d a r d  s i t u a t i o n s  where  the  s y s t e m  itself  has  e n o u g h  
knowledge  to ra ise  e v e n t s  implici t ly (e.g. when  a c o n s i s t e n c y  c h e c k  y ie lds  a 
nega t ive  resul t ) .  

A n u m b e r  of even t s  will fall into b o t h  ca t egor i e s .  In t he se  c a s e s  it m a k e s  s e n s e  

SIGMOD R E C O R D ,  Vol. 15, No. 3, Sep tember  1986 27 



t h a t  t h e  s y s t e m  a u t o m a t i c a l l y  on ly  d e a l s  with t h o s e  t h a t  a r e  d e t e c t a b l e  wi th  
m o d e r a t e  o v e r h e a d .  It is n o t  r e a s o n a b l e  to  have  a l a r g e  n u m b e r  of c o m p l e x  c o n -  
d i t i o n s  c h e c k e d  r e g u l a r l y  by  t he  s y s t e m  to f igu re  o u t  w h e t h e r  a n  e v e n t  s h o u l d  
b e  r a i sed .  H e n c e  we al low fo r  e v e n t s  t h a t  a r e  d e f i n e d  a n d  s igna l l ed  by  u s e r s  a s  
well a s  fo r  s t a n d a r d  e v e n t s  t h a t  a r e  i n c o r p o r a t e d  in to  a n d  r a i s e d  by  t h e  s y s t e m  
i tsel f .  In all c a s e s  w h e r e  t h e  a u t o m a t i c  d e t e c t i o n  of an  e v e n t  is i m p o s s i b l e  o r  
t o o  e x p e n s i v e ,  t he  e v e n t  h a s  to be  r a i s e d  f r o m  o u t s i d e .  This  a p p r o a c h  is f e a s i b l e  
a s  we can  a s s u m e  t h a t  m o s t  of t h e  k n o w l e d g e  on w h a t  e v e n t  s h o u l d  be  m e a n i n g -  
fu l ly  r a i s e d  a t  wha t  t i tne r e s t s  with t h e  u s e r  o r  wi th  t h e  a p p l i c a t i o n  p r o g r a m  
( a n d  f r e q u e n t l y  n o w h e r e  e lse) .  

The  p r i m i t i v e s  to  dea l  with e v e n t s  a r e  

EVENT <event  name>; 
RAISE <event  name>; 
ERASE <event  name>; 

Def in ing  an  e v e n t  s imply  d e t e r m i n e s  i ts  i den t i f i e r .  S y s t e m - w i d e  u n i q u e n e s s  is 
e s t a b l i s h e d  b y  c o n c a t e n a t i n g  u s e r  a n d / o r  p r o g r a m  i d e n t i f i c a t i o n  to  t h e  g iven  
e v e n t  n a m e .  Rais ing an  e v e n t  c a u s e s  a c t i o n s  a s s o c i a t e d  wi th  i t  via t r i g g e r s  ( s e e  
be low)  to  be  e x e c u t e d  i m m e d i a t e l y .  If no  s u c h  r e a c t i o n s  ex i s t ,  RAISE h a s  no  ef-  
f e c t .  

S t a n d a r d  e v e n t s  a r e  impl ic i t ly  d e f i n e d  ( r e s e r v e d  n a m e s ! )  a n d  r a i s e d .  T h e y  h a v e  
t o  b e  b o t h ,  ea s i l y  d e t e c t a b l e  a n d  r e p r e s e n t i n g  f a i r ly  f r e q u e n t  p o i n t s  in d e s i g n  
p r o c e s s e s  (e.g. s t a r t  a n d  t e r m i n a t i o n  of c e r t a i n  d a t a b a s e  o p e r a t i o n s ) .  Given a 
s p e c i f i c  d a t a b a s e  s c h e m a ,  one  c o u l d  a l so  g e n e r a t e  t y p e - d e p e n d e n t  s t a n d a r d  
e v e n t s  (e.g. ' i n s e r t i o n  of a r e c o r d  of t y p e  t ') .  In p a r t i c u l a r ,  t h e  C H E C K - o p e r a t i o n  
f o r  c o n s t r a i n t s  a s  i n t r o d u c e d  a b o v e  r e s u l t s  i n  r a i s i n g  e i t h e r  t h e  e v e n t  < c o n -  
s t r a i n t  n a m e > . O K  or  < c o n s t r a i n t  n a m e > . F A I L w h i c h  a l lows  f o r  t r i g g e r i n g  ap -  
p r o p r i a t e  a c t i o n s .  

As will b e  s e e n  l a t e r ,  r a i s ing  an  e v e n t  c a u s e s  r ea l  o v e r h e a d  on ly  w h e n  a c t i o n s  
a r e  a s s o c i a t e d  with it. However ,  th i s  w o u l d  a c c r u e  a n y w a y  to  g e t  t h e  n e c e s s a r y  
w o r k  done .  T h u s  t h e  a d v a n t a g e  of hav ing  t h e  s y s t e m  c o n t r o l  a n d  e n f o r c e  t h e  
t i m e l y  e x e c u t i o n  of t r i g g e r e d  a c t i o n s  is n e a r l y  f o r  f r e e  wi th  r e g a r d  to  r u n t i m e  
c o s t .  

2 . 2 . 3  Ac t i ons  

An a c t i o n  is a p r o g r a m  to  be  e x e c u t e d  w h e n  an  e v e n t  is r a i s e d .  Again,  a l lowing  
a c t i o n s  to  c o n s i s t  of d a t a b a s e  o p e r a t i o n s  on ly  w o u l d  b e  t o o  r e s t r i c t i v e  f o r  
d e s i g n  a p p l i c a t i o n s .  I n s t e a d ,  h o s t  l a n g u a g e  a n d  DML-faci l i t ies  h a v e  to  be  avai l -  
a b l e  f o r  c o d i n g  a c t i o n s .  

In c o n t r a s t  t o  s t a n d a r d  e v e n t s ,  no  s t a n d a r d  a c t i o n s  a r e  i n c l u d e d  in t h e  s y s t e m .  
All a c t i o n s  a r e  exp l i c i t ly  i n s e r t e d ,  t r a n s l a t e d  a n d  s t o r e d  in e x e c u t a b l e  f o r m a t .  
A c t i o n  d e c l a r a t i o n  a n d  d e l e t i o n  is d o n e  b y  
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ACTION < a c t i o n  name> = 
BEGIN 
<sequence  of h o s t  l anguage /DML-s ta tements>  
END; 

DELETE < a c t i o n  name>; 

A c t i o n s  m a y  be  i n s e r t e d  i n d e p e n d e n t l y  of c e r t a i n  even t s ;  t he  a s s o c i a t i o n  of ac -  
t i o n s  wi th  e v e n t s  is d o n e  by  de f in ing  t r i g g e r s  ( to  be  i n t r o d u c e d  n e x t ) .  

2.2. 4 Triggers 

A t r i g g e r  is a pa i r  (E: e v e n t ,  A: a c t i o n )  with t h e  m e a n i n g  t h a t  A is to be  e x e c u t e d  
i m m e d i a t e l y  w h e n e v e r  E is r a i sed .  T r igge r s  m a y  e s p e c i a l l y  s u p p o r t  c o n s i s t e n c y  
c h e c k i n g  by  us ing  a CHECK-ope ra t i on  as  t h e i r  ac t i on .  

The  t r i g g e r  de f in i t i on  s t a t e m e n t  is 

TRIGGER < t r i g g e r  name> = 
ON <event  name> 
DO < a c t i o n  n a m e l a c t i o n > ;  

wi th  a c t i o n s  be ing  e i t h e r  p r e d e f i n e d  o r  s p e c i f i e d  r igh t  in p lace .  T r i g g e r s  a r e  
a c t i v a t e d / d e a c t i v a t e d  b y  

ACTIVATE < t r i g g e r  name>; 
DEACTIVATE < t r i g g e r  name>: 

Fo l lowing  i ts  de f in i t i on  a t r i gge r  h a s  to be  a c t i v a t e d  to show i ts  d e s i r e d  e f f e c t ;  
d e a c t i v a t e d  t r i g g e r s  do n o t  c a u s e  a n y  a c t i o n  s h o u l d  t he  a s s o c i a t e d  e v e n t  b e  
r a i s e d .  De le t i on  of t r i g g e r s  is by  

DROP < t r i g g e r  name>; 

T h e r e  a r e  a c o u p l e  of q u e s t i o n s  a r i s ing  with t r i g g e r  de f in i t ions :  
1. How s h o u l d  p r o c e s s i n g  of an  a p p l i c a t i o n  p r o g r a m  c o n t i n u e  a f t e r  e x e c u t i o n  

of a t r i g g e r e d  a c t i o n ?  
2. Can  m u l t i p l e  t r i g g e r s  p e r  e v e n t  be  d e f i n e d ?  
3. How a r e  n e s t e d  t r i g g e r s  h a n d l e d ,  i.e. t r i g g e r s  w h o s e  a c t i o n s  in t u r n  r a i s e  

e v e n t s  t h a t  a r e  p a r t  of d e f i n e d  t r i g g e r s ?  R e c u r s i v e  t r i g g e r s  a r e  a s p e c i a l  
c a s e  of th i s  s i t u a t i o n .  

As of 1), p r o c e s s i n g  a f t e r  e x e c u t i o n  of a t r i g g e r e d  a c t i o n  c a n  o p t i o n a l l y  c o n t i n -  
u e  in o n e  of two ways.  Firs t ,  one  c a n  go on  to  e x e c u t e  r igh t  a f t e r  t h e  s t a t e m e n t  
t h a t  c a u s e d  t h e  e v e n t  to be  r a i s e d  ( ' r e s u m e ' ,  c o m p a r a b l e  to p r o c e d u r e  cal ls ) .  
O t h e r w i s e ,  i m m e d i a t e  t e r m i n a t i o n  of t h e  c o m p l e t e  o p e r a t i o n  t h a t  r a i s e d  t h e  
e v e n t  m a y  be  d e m a n d e d  ( 'exi t ' ) .  In th i s  case ,  f u r t h e r  r e s e a r c h  h a s  to i n v e s t i g a t e  
h o w  t h o s e  o p e r a t i o n s  s h o u l d  be  d e f i n e d  e x a c t l y  a n d  how t h e y  c a n  be  f o r c e d  to  
t e r m i n a t e .  

C o n c e r n i n g  t h e  s e c o n d  q u e s t i o n ,  it is d e s i r a b l e  to be  ab le  to  e x e c u t e  an  o r d e r e d  
o r  u n o r d e r e d  s e q u e n c e  of a c t i o n s  w h e n  a s ingle  e v e n t  ha s  b e e n  r a i s ed .  C o n s i d e r  
f o r  e x a m p l e  an  e v e n t  ' end  of g r a p h i c a l  ed i t ing  of a des ign  o b j e c t '  t h a t  is s u p -  
p o s e d  to  t r i g g e r  a n u m b e r  of c o n s i s t e n c y  c h e c k s .  Using a p r i o r i t y  s c h e m e  a l lows  
f o r  de f in ing  t h e  d e s i r e d  s e q u e n c e .  We t h e r e f o r e  allow mul t i p l e  t r i g g e r  def in i -  
t i o n s  to  r e f e r  to  t he  s a m e  even t .  However ,  th i s  h a s  to  be  d o n e  c a r e f u l l y  a s  in- 
t e r a c t i o n s  within  t he  involved  a c t i o n s  m a y  r e n d e r  u n d e s i r e d  r e s u l t s .  Ser~al iza-  
b i l i ty  of u n o r d e r e d  s e q u e n c e s  r e m a i n s  to  be  i n v e s t i g a t e d .  Mult iple  d e f i n i t i o n s  
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will have  to be p r o h i b i t e d  where  s e r i a l i z a t i o n  would c a u s e  d i f f icu l t i es .  

Let  us  look a t  q u e s t i o n  3). H i e r a c h i c a l  a n d  r e c u r s i v e  d a t a  s t r u c t u r e s  a r e  r a t h e r  
f r e q u e n t  in t h e  des ign  e n v i r o n m e n t .  Nes t ed  t r i g g e r s  a r e  wel l - su i ted  to dea l  wi th  
t h e m  ([ESW76]), h e n c e  a DDBS s h o u l d  s u p p o r t  t h e m .  Two p r o b l e m s  o c c u r  wi th  
n e s t e d  t r igge r s ,  n a m e l y  how to r e c o g n i z e  t h e m  a n d  how to g u a r a n t e e  t e r m i n a -  
t ion .  When de f in ing  t r iggers ,  n e s t i n g  c a n  n o t  g e n e r a l l y  be d e t e c t e d  as  th i s  would  
involve a n a l y s i s  of all t r i g g e r  a c t i o n s .  Hence ,  recognition has  to be le f t  to r u n -  
t i m e  which  is also t r u e  as  f a r  as  t e r m i n a t i o n  is c o n c e r n e d .  A m a x i m a l  d e p t h  of 
n e s t i n g  or  a t ime  l imit  have  to be i m p o s e d  whose  e x p i r a t i o n  will u n d o  t h e  ef- 
f e c t s  of p r io r  a c t i o n s  of t he  t r i g g e r  in q u e s t i o n .  Nes ted  t r i gge r  a c t i o n s  t h e r e f o r e  
have  to  be a t o m i c  to p rov ide  for  c o m p l e t e  recovery.  (which h a s  to ho ld  for  e v e r y  
s ingle  t r i g g e r  a c t i o n  anyway) .  

As a c o n c l u s i o n ,  mu l t i p l e  t r i g g e r  d e f i n i t i o n s  a n d  n e s t e d  t r i gge r s  s h o u l d  r e m a i n  
u n d e r  t i g h t  c o n t r o l  a n d  p e r m i t t e d  fo r  pr iv i leged  u s e r s  only.  G e n e r a l  u s a b i l i t y  of 
t h i s  c o n c e p t  shou ld  a s s u m e  t h a t  t h e  a s s o c i a t e d  s e t  of a c t i o n s  can  be r e s t r a i n e d  
s u c h  t h a t  u n d e s i r e d  i n t e r a c t i o n s  a r e  imposs ib le  (e.g. when  all a c t i o n s  invo lved  
c o n s i s t  of m e s s a g e  p r i n t i n g  only) .  F u r t h e r  i n v e s t i g a t i o n s  a re  n e c e s s a r y  to give 
c r i t e r i a  for  s e l ec t i ng  ' u n d a n g e r o u s '  s e t s  of a c t i o n s .  

2 .2 .5  S u m m a r y  

Le t  us  s u m m a r i z e  all p r e v i o u s l y  d e f i n e d  l a n g u a g e  c o n s t r u c t s  of t h e  DDBS- 
i n t e r f a c e :  

a) c o n s i s t e n c y  c o n s t r a i n t s  

de f in i t i on :  
CONSTRAINT <cc-name> = < p r e d i c a t e ' , b o o l e a n  procedure>;  

c h e c k i n g :  
CHECK <cc- name> : 

de l e t ion :  
REMOVE <cc- name>; 

b) e v e n t s  

def in i t i on :  
EVENT <e - name > ; 

r e l e a s e :  
RAISE <e-name>; 

de l e t i on :  
ERASE <e-name>; 

c) a c t i o n s  

de f in i t i on :  
ACTION <a-name> = <program>: 

de l e t ion :  
DELETE <a-name>; 

d) t r i g g e r s  

def in i t i on :  
TRIGGER <t-name> = ON <e-name> DO <a-name{ac t ion>:  

a c t i v a t i o n :  
ACTIVATE <t-name>; 
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d e a c t i v a t i o n :  
DEACT I VATE <t - name> : 

de l e t i on :  
DROP <t-name>; 

It is w o r t h  m e n t i o n i n g  t h a t  c o n s i s t e n c y  c h e c k i n g  is on ly  a s p e c i a l  a p p l i c a t i o n  of 
t h e  e v e n t / t r i g g e r  c o n c e p t ;  t h e  c h e c k i n g  of c o n s i s t e n c y  c o n s t r a i n t s  is a s p e c i a l  
k ind  of a c t i o n ,  and  e v e n t s ,  t r i g g e r s  a n d  ( g e n e r a l )  a c t i o n s  m a y  be  u s e d  fo r  w h a t -  
e v e r  is d e s i r e d  in a DDBS. 

2 .3  E x a m p l e  

The  fol lowing e x a m p l e  is b o r r o w e d  f r o m  t h e  a r e a  of e l e c t r o n i c  c i r c u i t  de s ign .  
B e f o r e  s t a r t i n g  ed i t i ng  a l a y o u t ,  we w a n t  to  c h e c k  w h e t h e r  t h e  log ica l  d e s i g n  
h a s  b e e n  c o m p l e t e d  a n d  t e s t e d  by  s i m u l a t i o n  (i.e. d e s i g n  p r o c e d u r e  c o n s i s t e n c y  
is e n f o r c e d ) .  We a s s u m e  t h a t  i n f o r m a t i o n  a b o u t  t h e  c u r r e n t  d e s i g n  s t a t e  is 
ava i l ab l e  f r o m  t h e  d a t a b a s e  s y s t e m  (by  us ing  t h e  p r e d i c a t e s  l o g i c d e f i n e d ,  
l og ic_ . s imula ted ) .  Dur ing  l a y o u t  ed i t ing ,  t h e  d e s i g n  ru le  'w id th  of wi res  will nev -  
e r  be less  t h e n  2 m i c r o m e t e r s '  h a s  to  be e n f o r c e d .  At t h e  e n d  of l a y o u t  d e s i g n  
t h e  r e s u l t  h a s  to be c o m p a r e d  to  t h e  logic des ign .  

CONSTRAINT .kl = l og i c  d e f i n e d  AND log ic_s i r r a~ la t ed ;  
CONSTRAINT k2 = w i r e . w i d t h  >= 2; 
CONSTRAINT k3 = BEGIN < a l g o r i t h m  fo r  l o g i c - l a y o u t - c o m p a r i s o n >  END; 

EVENT l a y o u t _ e d i t _ s t a r t ;  
EVENT l a y o u t e d i t _ e n d ;  

ACTION al  = BEGIN < r e j e c t _ l a y o u t _ e d i t >  END; 
ACTION a2 = BEGIN < r e j e c t _ i n s e r t >  END: 
ACTION a 3  = BEGIN <s i gna l  c o n s i s t e n c y  v i o l a t i o n s >  END; 

TRIGGER t l  = ON l ayou t  e d i t  s t a r t  DO CCE~CK k l ;  
TRIGGER t2 = ON ST~\~ARD_inse r t_F i re  DO CHECK k2; 
TRIGGER t 3  = ON l a y o u t _ e d i t _ e n d  DO CHECK k3; 
TRIGGER t4 = ON k l .FAIL  DO a l ;  
TRIGGER t5 = ON k2.FAIL DO a2; 
TRIGGER t6 = ON k3.FAIL DO a3; 

Now if t h e  e v e n t  l a y o u t  ed i t  s t a r t  is r a i s e d  by  t h e  g r a p h i c s  e d i t o r ,  k l will be  
c h e c k e d .  S h o u l d  t h e  r e s u l t  be  n e g a t i v e ,  an  a p p r o p r i a t e  r e a c t i o n  a c c o r d i n g  to  
t h e  p r o g r a m  f o r  a c t i o n  a l  is t a k e n .  As no  t r i g g e r s  h a v e  b e e n  d e f i n e d  f o r  t h e  
e v e n t  k l . 0K ,  a s u c c e s s f u l  c h e c k  of k l  will allow t h e  g r a p h i c s  e d i t o r  to  c o n t i n u e  
r i g h t  away.  The s t a n d a r d  e v e n t  STANDARD i n s e r t  l a y e r  is a s s u m e d  to  be  r a i s e d  
by  t h e  s y s t e m  when  a new d a t a b a s e  e l e m e n t  'wire '  is i n s e r t e d .  

2 . 4  S c o p e s  

Simi l a r  to  e x c e p t i o n  h a n d l i n g  in p r o g r a m m i n g  l a n g u a g e s ,  t h e  s c o p e s  of all in- 
t r o d u c e d  e l e m e n t s  h a v e  to  be  c o n s i d e r e d  f o r  t h e  DDBS e v e n t / t r i g g e r  m e c h a -  
n i sm.  The  so l u t i ons ,  h o w e v e r ,  will be  d i f f e r e n t  as  no  c o m p a r a b l e  b l o c k  s t r u c t u r e  
is ava i l ab le .  F u r t h e r m o r e ,  ' s c o p e '  ha s  a twofo ld  m e a n i n g  h e r e ,  n a m e l y  t h e  
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r e a l m  in which  e l e m e n t s  (i.e. t h e i r  i den t i f i e r s )  a r e  visible, and  the  r e a l m  of 
t r i g g e r  a c t i v a t i o n s .  Mean ingfu l  s copes  c a n  be c lass i f ied  as follows: 

• all p r o j e c t s  r e p r e s e n t e d  in the  d a t a b a s e  
• one  spec i f i c  p r o j e c t  
• a t e a m  of d e s i g n e r s  wi th in  a p r o j e c t  
• one  spec i f i c  d e s i g n e r  

This  c l a s s i f i c a t i o n  is a h i e r a r c h y  in t he  s e n s e  t h a t  c o n s i s t e n c y  c o n s t r a i n t s ,  
even t s ,  a c t i o n s  and  t r i g g e r s  d e f i n e d  a t  a h i g h e r  level a re  visible a t  lower levels,  
b u t  n o t  vice versa .  For  a spec i f ic  de s igne r ,  for  i n s t a n c e ,  all c o n s i s t e n c y  con-  
s t r a i n t s  of his p ro j ec t ,  his t e a m ,  a n d  h imsel f  a r e  visible a n d  c a n  t h u s  be 
c h e c k e d .  

A c c o r d i n g  to  th i s  h i e r a r c h y ,  t r i g g e r s  c a n  be activaiJed and  d e a c t i v a t e d  loca)ly.  
Ac t iva t i on  s t a t e m e n t s  on lower  levels will ove r r i de  t hose  of h i g h e r  levels for  t h e  
loca l  e n v i r o n m e n t .  

Def in i t ion  a n d  d e l e t i o n  of all c o n s t r u c t s  as  well as  ( d e ) a c t i v a t i o n  of t r i g g e r s  is 
poss ib le  on  all levels b u t  will r e q u i r e  specific: a u t h o r i z a t i o n  to r e f l e c t  u s u a l  p ro-  
j e c t  o r g a n i z a t i o n  r e g l e m e n t a t i o n s .  S t a n d a r d  e v e n t s  can  on ly  be r a i s e d  by t h e  
s y s t e m ,  while  t r i g g e r s  u s ing  s t a n d a r d  e v e n t s  have  to be d e f i n e d  exp l i c i t l y  on t h e  
d e s i r e d  level. 

3. Implementation Techniques 

For  an  i m p l e m e n t a t i o n  of t h e  p r o p o s e d  c o n c e p t ,  we will give r u n t i m e  e f f i c i e n c y  
t h e  h i g h e s t  p r io r i ty ,  a t  t h e  e x p e n s e  of s t o r a g e  e f f i c i ency .  In a de s ign  e n v i r o n -  
m e n t ,  th i s  c a n  be e x p l a i n e d  as  follows. Typical  c o m p u t e r  a r c h i t e c t u r e s  in t h i s  
a p p l i c a t i o n  a r e a  will c o n s i s t  of a c e n t r a l  file or  d a t a b a s e  s e r v e r  a n d  a n e t w o r k  
of w o r k s t a t i o n s .  I n c r e a s i n g  (v i r tua l )  m a i n  m e m o r y  c a p a c i t i e s  c a n  be e x p e c t e d  
f o r  t h e s e  w o r k s t a t i o n s  in t h e  n e a r  f u t u r e .  Design e n g i n e e r s  u s u a l l y  dea l  wi th  
l a r g e l y  d i s jo in t  de s ign  o b j e c t s  or  p a r t s  t h e r e o f .  All d e f i n e d  e l e m e n t s  u s e d  in t h e  
e v e n t / t r i g g e r  m e c h a n i s m  c a n  be p a r t i t i o n e d  a c c o r d i n g l y .  Only t h o s e  r e l e v a n t  
f o r  t h e  c u r T e n t  des ign  o b j e c t  a n d  fo r  t he  c u r r e n t  d e s i g n e r  have  to be s t o r e d  a t  
h i s  w o r k s t a t i o n ,  t h e n .  On t h e  o t h e r  h a n d ,  r u n t i m e  e f f i c i e n c y  of all m e c h a n i s m s  
is i m p o r t a n t  r e g a r d i n g  t h e  c o m p l e x  o p e r a t i o n s  t h a t  have  to be p e r f o r m e d  f re-  
q u e n t l y  on d a t a  s t r u c t u r e s  in de s ign  e n v i r o n m e n t s .  

We use  f o u r  h a s h - t a b l e s  to  p rov ide  f a s t  a c c e s s  p a t h s  to c o n s i s t e n c y  c o n s t r a i n t s ,  
e v e n t s ,  a c t i o n s  a n d  t r i g g e r s  in m a i n  m e m o r y  (of c o u r s e ,  all t h i s  i n f o r m a t i o n  is 
he ld  in t h e  d a t a b a s e  i tse l f ,  too ,  a n d  t h e  h a s h  t a b l e s  a r e  l o a d e d  f r o m  t h e r e ) :  

• an  e v e n t  t a b l e  ET, 
• an  a c t i o n  t ab l e  AT, 
• a c o n s i s t e n c y  c o n s t r a i n t  t ab l e  CCT, a n d  
• a t r i g g e r  t ab l e  'ur, 

whose  e n t r i e s  c a n  be r e a c h e d  via t h e  r e s p e c t i v e  i d e n t i f i e r s  (e.g. t h e  e v e n t  
n a m e ) .  A l t h o u g h  the  e v e n t / t r i g g e r  m e c h a n i s m  would work  with on ly  o n e  com-  
p o u n d  d a t a  s t r u c t u r e ,  we use  t h e  a c c e s s  p a t h s  p rov ided  by all t h e s e  t a b l e s  f o r  
f a s t  i n s e r t i o n  a n d  d e l e t i o n  which  is i m p o r t a n t  due  to t he  d y n a m i c  d e f i n i t i o n  
c a p a b i l i t i e s  p rov ided .  The e v e n t  t a b l e  is of p a r t i c u l a r  s i g n i f i c a n c e  for  r a i s i n g  
e v e n t s ,  as  it is t h e  c a s e  fo r  t he  t r i g g e r  t ab l e  fo r  t r i g g e r  ( d e ) a c t i v a t i o n .  All exe-  
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c u r a b l e  m o d u l e s  i m p l e m e n t i n g  a c t i o n s  and  c o n s i s t e n c y  c h e c k i n g  a l g o r i t h m s  a r e  
s t o r e d  in an a c t i o n  pool  t h a t  is r e f e r r e d  to d i r e c t l y  w h e r e v e r  poss ib l e .  F i g u r e  2 
g ives  an ove rv iew of t h e  r e s u l t i n g  t a b l e  s t r u c t u r e  t h a t  will be d e t a i l e d  in t h e  fol- 
lowing. 

ET 
r,~>[ event 

n a m e  

I 
I I 

AT 

l a c t i o n  

n a m e  

J L 

o c t  
c°nstraint I n a m e  

trigger 
,,.-D,In a m e 

J L 

Ij] 

I indicator I--' 

• I:> 

oct ion pool 

FLute 2 

a) event  table (ET) 

All e v e n t s  i nc lud ing  s t a n d a r d  e v e n t s  a r e  i n s e r t e d  in to  t h e  e v e n t  t ab l e .  I n f o r m a -  
t i on  c a n  be  f o u n d  t h e r e  c o n c e r n i n g  wh ich  t r i g g e r  h a s  b e e n  d e f i n e d  fo r  a g iven  
e v e n t ,  which  a c t i o n  h a s  to be  e x e c u t e d  a s  a r e a c t i o n ,  a n d  w h e t h e r  t h e  t r i g g e r  is 
c u r r e n t l y  a c t i v a t e d .  I m p l e m e n t a t i o n  of  ET h a s  to  a l low fo r  v a r i a b l e  l e n g t h  en -  
t r i e s  when  m u l t i p l e  t r i g g e r s  p e r  e v e n t  a r e  p e r m i t t e d .  

E T - e n t r i e s  a r e  c r e a t e d  as  p a r t  of t h e  EVENT-opera t ion ;  r e f e r e n c e s  to  'IT and  to  
t h e  a c t i o n  poo l  r e s u l t  f r o m  trigger d e f i n i t i o n s  s p e c i f y i n g  t h e  e v e n t  in q u e s t i o n .  
When an e v e n t  is e r a s e d ,  i t s  E T - e n t r y  a n d  all t r i g g e r s  b a s e d  on it will be  d e l e t e d  
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(while t h e  a c t i o n s  d e f i n e d  with t h e s e  t r i gge r s  c o n t i n u e  to exist) .  

The RAISE-opera t ion  is t h e  m o s t  p e c u l i a r  one of t he  whole c o n c e p t .  I n fo rma l ly ,  
i t  works  as  follows: 

RAISE <e narr~>: IF <e_name> is in ET 
TI-EN FOR every  t r i g g e r  a s s o c i a t e d  wi th  <~_narre> 

DO IF t r i g g e r  is a c t i v a t e d  
THEN execu te  a s s o c i a t e d  a c t i o n  

Note  t h a t  all n e c e s s a r y  i n f o r m a t i o n  c a n  be r e a c h e d  d i r e c t l y  f r o m  t h e  e v e n t ' s  
ET-en t ry .  Also, RAISE is v e r y  f a s t  when  no t r i g g e r s  ex i s t  or  when  t h e y  a r e  inac-  
tive. 

b) a c t i o n  t a b l e  (AT) 

Fo r  e v e r y  ac t i on ,  r e f e r e n c e s  to all t r i gge r s  c o n t a i n i n g  it a re  s t o r e d  t o g e t h e r  
wi th  a r e f e r e n c e  to its e x e c u t a b l e  modu le .  Action t ab l e  and  a c t i o n  pool  a r e  k e p t  
s e p e r a t e  due  to r u n t i m e  e f f i c i e n c y  as  t h e  a c t i o n  pool c a n  u s u a l l y  n o t  be s t o r e d  
in ma in  m e m o r y .  AT-en t r i e s  a r e  c r e a t e d  when  a c t i o n s  a re  de f ined ;  t r i g g e r  defi-  
n i t i o n s  will a d d  t h e  n e c e s s a r y  r e f e r e n c e s .  Also, d e l e t i o n s  of AT-en t r i e s  r e s u l t  in 
t h e  d e l e t i o n  of t r i g g e r s  b a s e d  on t h e s e  ac t i ons .  

c) c o n s i s t e n c y  c o n s t r a i n t  t a b l e  (CCT) 

Fo r  eve ry  c o n s i s t e n c y  c o n s t r a i n t ,  CCT k e e p s  e n t r i e s  for  all t r i g g e r s  t h a t  c o n t a i n  
i ts  c h e c k i n g  as  t h e  on ly  a s s o c i a t e d  ac t ion .  Thus,  CCT is a spec ia l  a c t i o n  t a b l e  
fo r  CHECK-act ions .  

d) t r i g g e r  t a b l e  (TT) 

To prov-ide for  e f f i c i e n t  a cce s s ,  only  t h e  a s s o c i a t e d  e v e n t  has  to be s t o r e d  fo r  
e v e r y  t r igger ;  f u r t h e r  i n f o r m a t i o n  is a l r e a d y  ava i lab le  f rom ET. 

All t r i g g e r  o p e r a t i o n s  use  TT as a s t a r t i n g  point .  For  examp le ,  ACTWATE will re-  
t r i eve  t h e  r e l e v a n t  E T - e n t r y  by fol lowing the  r e f e r e n c e  f o u n d  in TT. On t r i g g e r  
d e l e t i o n ,  all o t h e r  t a b l e s  t h a t  r e f e r  to TT have to be u p d a t e d :  however ,  no en-  
t r i e s  have  to be d e l e t e d  t h e r e .  

F ina l ly ,  we have  to dea l  with t he  q u e s t i o n  of how to s t o r e  and  a c t i v a t e  a c t i o n  
a n d  c o n s i s t e n c y  c h e c k i n g  p r o c e d u r e s  in t he  a c t i o n  pool. Two poss ib i l i t i e s  c a n  
be c o n s i d e r e d :  

F i rs t ,  a c t i o n s  m i g h t  be s t o r e d  as l i nkage  modules .  However,  m a n y  o p e r a t i n g  
s y s t e m s  lack  f e a t u r e s  for  d y n a m i c  l inking,  a t  l eas t  for  r u n t i m e - c r e a t e d  
m o d u l e s .  As an  a l t e r n a t i v e ,  a c t i o n s  m i g h t  be s t o r e d  in e x e c u t a b l e  f o r m  a n d  
ca l l ed  w h e n  n e e d e d .  C o m m u n i c a t i n g  d a t a  to t h e s e  m o d u l e s  c a n  be d o n e  by 
p a r a m e t e r  pas s ing  a n d / o r  i n t e r p r o c e s s  c o m m u n i c a t i o n .  The a c t i o n  m o d u l e  in 
t u r n  m a y  c a u s e  a c c e s s e s  to t h e  d a t a b a s e .  Using t h e  UNIX o p e r a t i n g  s y s t e m ,  we 
p r o c e e d  as  follows: The a c t i o n  pool c o n s i s t s  of a t r e e  of files t h a t  m a y  be s t r u c -  
t u r e d  a c c o r d i n g  to p r o j e c t s ,  de s ign  t e a m s  etc .  Every  a c t i o n  c o r r e s p o n d s  to o n e  
e x e c u t a b l e  file. As s o o n  as  an  a c t i o n  is r a i sed ,  a s u b p r o c e s s  is c r e a t e d  whose  
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t a s k  is to t r i g g e r  e x e c u t i o n  of the  a s s o c i a t e d  file. I n f o r m a t i o n  e x c h a n g e  
b e t w e e n  p r o c e s s  and  s u b p r o c e s s  u s e s  an  i n t e r p r o c e s s  c h a n n e l  (UNIX pipe) .  

4. C o n c l u s i o n s  

We have  i n t r o d u c e d  an  event~trigger c o n c e p t  t h a t  is s u i t a b l e  to s u p p o r t  t h e  
c o m p l e x  c o n s i s t e n c y  c o n t r o l  p r o b l e m s  in des ign  d a t a b a s e s .  Moreover ,  it c a n  be  
u s e d  for  a n y  a c t i o n  t h a t  n e e d s  to be  t r i g g e r e d  and  is no t  r e s t r i c t e d  to  p u r e  c o n -  
s i s t e n c y  c o n t r o l .  We have  s h o w n  t h a t  a smal l  s e t  of ba s i c  D M L - c o n s t r u c t s  will do  
to  fulfill v a r i o u s  r e q u i r e m e n t s ,  even  s o m e  t h a t  m a y  no t  be k n o w n  to  d a t e .  Im- 
p l e m e n t a t i o n  of t h e s e  c o n c e p t s  c a n  be  accompl i she .d  with r e a s o n a b l e  o v e r h e a d .  

A l though  p r i m a r i l y  i n t e n d e d  for  u se  in des ign  e n v i r o n m e n t s  ( c l a s s i ca l  CAD a s  
well as  s o f t w a r e  e n g i n e e r i n g  e n v i r o n m e n t s ) ,  t h e  m e c h a n i s m s  m a y  l ikewise  be  
a p p r o p r i a t e  for  o t h e r  e n g i n e e r i n g  a p p l i c a t i o n s  o r  for  of f ice  i n f o r m a t i o n  sys-  
t ems .  

S o m e  p r o b l e m s  r e m a i n  to  be  i n v e s t i g a t e d  in f u t u r e  r e s e a r c h :  

• How c a n  o u r  a p p r o a c h  be  i n t e g r a t e d  with e f f o r t s  to i nc l ude  d y n a m i c  c a p a -  
b i l i t ies  in to  d a t a b a s e  s y s t e m s  (cf. [MC83a], [MC83b])?  Espec i a l l y  in t h e  
d e s i g n  e n v i r o n m e n t ,  v i r t ua l  d a t a b a s e  v a l u e s  have  to be  c o m p u t e d ' b y  u s e r -  
d e f i n e d  f u n c t i o n s .  S imi la r  r e q u i r e m e n t s  to  t h o s e  f o u n d  with t r i g g e r e d  ac -  
t i ons  fo r  c o n s i s t e n c y  c o n t r o l  exis t .  

• Can t h e  e v e n t / t r i g g e r  c o n c e p t  be  u s e d  fo r  f u r t h e r  p u r p o s e s ,  e.g. for  d e s i g n  
d a t a  r e c o v e r y ?  Long des ign  t r a n s a c t i o n s  a r e  u n s u i t a b l e  f o r  r ecove r ) ' .  It 
wou ld  b e  d e s i r a b l e  to  h a v e  r e c o v e r y  a c t i o n s  t r : iggered by  u s e r s  o r  a u t o m a t i -  
ca l ly  f r o m  t ime  to  t ime .  

• P r o b l e m s  e n c o u n t e r e d  with mu l t i p l e  and  n e s t e d  t r i g g e r  d e f i n i t i o n s  h a v e  to  
be  f u r t h e r  s t ud i ed .  We wou ld  l ike to  f ind o u t  w h a t  c o n t r o l s  c o n c e r n i n g  t h e  
c o n s i s t e n c y  of a s e t  of even t s ,  a c t i o n s  and  t r i g g e r s  i t se l f  c o u l d  b e  c a r r i e d  
o u t  b y  m e r e l y  a n a l y z i n g  t h e  s t r u c t u r e  of th i s  set .  

• Finally,  we w a n t  to  look  in to  t h e  q u e s t i o n  w h e t h e r  it m a k e s  s e n s e  to  
p a r a m e t e r i z e  c o n s i s t e n c y  c o n s t r a i n t s  a n d  a c t i o n s  with d a t a b a s e  o b j e c t s ,  
a n d  w h a t  c o n s e q u e n c e s  th i s  e x t e n s i o n  wou ld  have  for  o u r  c o n c e p t .  
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