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ABSTRACT 

T h i s  paper  d e s c r i b e s  an  I C  l a y o u t  methodology based on a r b i t r a r y  o u t l i n e  
c e l l s ,  p r e v e n t i o n  of o v e r l a p ,  and mixed programs and g r a p h i c s .  Advantages 
a r e :  no l o s s  i n  a r e a  o v e r  hand packing;  i n c r e m e n t a l  checking of des ign  
r u l e s ,  component i n t e r c o n n e c t i o n ,  and t iming;  r e d u c t i o n  of v i s i b l e  
complex i ty ;  and easy  implementa t ion.  Disadvan tages  a r e :  p o s s i b l e  
p r o l i f e r a t i o n  of c e l l  t y p e s  and poor  h a n d l i n g  of c e l l s  w i t h  c o n t a c t s  no t  on 
t h e  boundary. An implementa t ion t h a t  u s e s  and e n f o r c e s  t h i s  methodology i s  
d i s c u s s e d .  

INTRODUCTION 

I C  d e s i g n  methodologies  i n  u s e  today have a  number of s e r i o u s  d e f e c t s  
w i t h  r e s p e c t  t o  des ign  v e r i f i c a t i o n .  They d e f e r  d e s i g n  r u l e  checks  (DRC) and 
e l e c t r i c a l  c o n t i n u i t y  t e s t s  u n t i l  t h e  end of t h e  d e s i g n  c y c l e .  T h i s  i s  
n e c e s s a r y  s i n c e  t h e  p o s s i b i l i t y  of a n o t h e r  i t e m  o v e r l a y i n g  a n  i t em t h a t  h a s  
a l r e a d y  been checked cannot  b e  r u l e d  o u t .  However, a t  t h e  end of t h e  d e s i g n  
c y c l e ,  e r r o r s  t h a t  cou ld  have been f i x e d  q u i t e  s imply e a r l i e r  may r e q u i r e  
e x t e n s i v e  r e v i s i o n .  M u l t i p l e  e r r o r s  may r e q u i r e  m u l t i p l e  a n a l y s e s  of t h e  
e n t i r e  c h i p  t o  f i n d  a l l  t h e  e r r o r s .  The c l a s s i c  example of t h i s  i s  t h e  power 
ground s h o r t .  I f  e x t r a c t i n g  a  component l i s t  from t h e  a r twork  r e v e a l s  a  
power t o  ground s h o r t ,  t h e n  t h e  l i s t  w i l l  b e  u s e l e s s  f o r  o t h e r  purposes  such 
a s  s i m u l a t i o n  o r  e r r o r  checking.  It is  n e c e s s a r y  t o  f i x  t h e  s h o r t ,  and r e r u n  
t h e  component e x t r a c t i o n  program on t h e  e n t i r e  ch ip .  Fur thermore ,  DRC and 
component e x t r a c t i o n  r e q u i r e  e x e c u t i o n  t imes  r a n g i n g  from NlogN t o  N**3/2, 
making t h e s e  t e s t s  t ime  consuming and expens ive  a s  c h i p s  i n c r e a s e  i n  s i z e .  

I n  t h i s  p a p e r ,  a  methodology i s  i n t r o d u c e d  t h a t  depends on no t  a l lowing  
c e l l s  t o  o v e r l a p  o t h e r  c e l l s  o r  g e o m e t r i c a l  p r i m i t i v e s ,  b u t  a l l o w s  c e l l s  t o  
have a r b i t r a r y  shapes .  The advan tages  and d i s a d v a n t a g e s  of t h i s  methodology 
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a r e  d i s c u s s e d ,  and comparisons made between t h i s  methodology and o t h e r s  t h a t  
might be  adopted t o  s o l v e  t h e  same problems. A d i s c u s s i o n  of how t h e  
problems of DRC and component e x t r a c t i o n  a r e  t r e a t e d  i n  t h i s  sys tem f o l l o w s ,  
a long  w i t h  a  proof t h a t  shows t h a t  t h i s  methodology does not  c o s t  any a r e a .  
Mext t h e r e  i s  a  d i s c u s s i o n  of t h e  r e l a t i o n s h i p  between t h i s  methodology and 
s c h e m a t i c  drawing sys tems,  and a s e c t i o n  on a n  implementa t ion of a n  IC l a y o u t  
e d i t o r  t h a t  u s e s  and e n f o r c e s  t h i s  methodology. F i n a l l y ,  t h e r e  i s  a  s e c t i o n  
on p o s s i b l e  f u t u r e  developments u s i n g  t h i s  methodology. 

BASIC IDEA OF THE, bIETKODOLOGY 

The theme of t h i s  methodology i s  s imply t o  avo id  o v e r l a p .  Towards t h i s  
end,  c e l l s  may not  o v e r l a p  each o t h e r ,  and c e l l s  may n o t  o v e r l a p  g e o m e t r i c a l  
p r i m i t i v e s ,  such a s  r e c t a n g l e s  and polygons.  The on ly  o b j e c t s  t h a t  may 
o v e r l a p  a r e  g e o m e t r i c a l  p r i m i t i v e s  w i t h i n  t h e  same c e l l .  C e l l s ,  however, may 
be  of a r b i t r a r y  po lygona l  shape.  To r e p l a c e  t h e  c a p a b i l i t y  l o s t  when 
o v e r l a p p i n g  c e l l s  a r e  out lawed,  a  mechanism i s  s u p p l i e d  t o  mix l a y o u t s  and 
programs t o  d e f i n e  d e v i c e s  such a s  ROMs and PLAs. I n  a d d i t i o n  t h e r e  i s  a  
r equ i rement  t h a t  no a c t i v e  component a r e a  touch t h e  boundary of a  c e l l .  

An analogy e x i s t s  between t h i s  methodology and t h a t  of s t r u c t u r e d  
programming. I n  b o t h  c a s e s ,  t h e  i n t e n t  i s  reduce  t h e  i n t e r a c t i o n  of 
d i s p a r a t e  p a r t s  of t h e  sys tem,  s o  t h a t  each p a r t  may be  des igned ,  t e s t e d  and 
unders tood  by i t s e l f ,  independent  of t h e  remainder  of t h e  des ign .  Both 
methodologies  a t t e m p t  t o  h i d e  t h e  d e t a i l s  of t h e  implementa t ion;  i n  
programming t h e  e s s e n t i a l  i n f o r m a t i o n  i s  c o n t a i n e d  i n  t h e  c a l l i n g  sequence,  
whereas  i n  I C  l a y o u t  i t  i s  con ta ined  i n  the boundary of t h e  c e l l .  Not 
a l l o w i n g  o v e r l a p  is  s i m i l i a r  t o  no t  a l l o w i n g  GOTOs i n t o  o r  o u t  of 
p rocedures .  Not a l l o w i n g  components t o  touch t h e  boundary of a  c e l l  i s  
s i m i l i a r  t o  no t  a l lowing  s t a t e m e n t s  t o  be s p l i t  o v e r  p rocedure  boundar ies .  

T h i s  analogy e x p l a i n s  why v e r i f i c a t i o n  i s  s o  much e a s i e r  i f  o v e r l a p  is  
f o r b i d d e n .  S i n c e  t h e r e  i s  no e q u i v a l e n t  of g l o b a l  v a r i a b l e s  i n  I C  d e s i g n ,  
each p i e c e  may b e  c o n s i d e r e d  on i t s  own, j u s t  a s  a  p rocedure  t h a t  h a s  no 
g l o b a l  v a r i a b l e s  may be  checked on i t s  own. Fur thermore ,  a  d e s i g n e r  ( o r  a  
program) may u s e  a  c e l l  w i t h o u t  knowing a n y t h i n g  abou t  i t  e x c e p t  t h e  b e h a v i o r  
a s  expressed  from t h e  t e r m i n a l s .  

One f i n a l  analogy i s  t h a t  when GOTOs a r e  e l i m i n a t e d ,  a  r i c h e r  v a r i e t y  of 
c o n t r o l  s t r u c t u r e s  i s  r e q u i r e d  i f  e f f i c i e n c y  is  not  t o  be s a c r i f i c e d .  
S i m i l i a r l y ,  i n  I C  d e s i g n ,  i f  o v e r l a p  i s  no t  a l lowed t h e n  c e l l s  must b e  
a l lowed t o  assume a r b i t r a r y  shapes .  

ADVANTAGES AND DISADVANTAGES OF THIS METHODOLOGY 

There  a r e  s e v e r a l  advan tages  t o  t h i s  c h o i c e  of methodology. F i r s t ,  i t  
does  no t  c o s t  any a r e a  o v e r  a  hand l a y o u t  (proof f o l l o w s ) .  Second, i t  a l l o w s  
a  complete ly  h i e r a r c h i c a l  d e s i g n ,  where on ly  two a d j a c e n t  l e v e l s  of t h e  
h i e r a r c h y  need t o  be examined a t  any t ime. T h i s  r educes  t h e  complexi ty  a s  
s e e n  by t h e  u s e r  and any a n a l y s i s  programs. T h i r d ,  many checks on t h e  
v a l i d i t y  of t h e  d a t a  may be made i n c r e m e n t a l l y ,  a s  each c e l l  i s  d e f i n e d  and 
used.  These i n c l u d e  DRC,  component e x t r a c t i o n ,  and t iming  v e r i f i c a t i o n  ( i f  
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t h e  t echn ique  of a s s e r t i o n s  i s  used) .  Many e r r o r s  can  t h e r e f o r e  be  caught a t  
a n  e a r l y  s t a g e ,  where c o r r e c t i o n  i s  s t i l l  e a s y ,  i n s t e a d  of a t  t h e  end of t h e  
d e s i g n  p r o c e s s  where c o r r e c t i o n  i s  q u i t e  d i f f i c u l t  and c o s t l y .  Four th ,  most 
p r o c e s s e s  t h a t  must be a p p l i e d  t o  t h e  e n t i r e  c h i p ,  such a s  t h e  g e n e r a t i o n  of 
new l a y e r s  through l o g i c a l  o p e r a t i o n s  on t h e  e x i s t i n g  l a y e r s ,  may be done by 
p r o c e s s i n g  t h e  c h i p  on a  c e l l  by c e l l  b a s i s .  T h i s  r e s u l t s  i n  l a r g e  s a v i n g s  
when c e l l s  a r e  used more t h a n  once. 

Another  advantage of t h i s  methodology i s  t h a t  i t  makes minimal demands 
on computer r e s o u r c e s .  Th i s  t r a n s l a t e s  i n t o  low c o s t  p e r  s t a t i o n ,  e i t h e r  
w i t h  a  l a r g e  computer t imeshared  between s e v e r a l  s t a t i o n s  o r  wi th  a  s m a l l  
computer p e r  u s e r .  S i n c e  a l l  p r o c e s s i n g  i s  done one c e l l  a t  a  t ime ,  l a r g e  
amounts of memory a r e  n o t  r e q u i r e d  i n  t h e  p r o c e s s o r  t h a t  does t h e  DRC and 
component e x t r a c t i o n .  By u s i n g  a s s e r t i o n s ,  t h e  work n e c e s s a r y  t o  v e r i f y  
performance can  also  be v a s t l y  reduced.  

M a t u r a l l y ,  t h e r e  a r e  d i s a d v a n t a g e s  a s  w e l l .  One s e r i o u s  o b j e c t i o n  i s  
t h a t  d e s i g n e r s  a r e  not  used t o  d e s i g n i n g  w i t h  a t o t a l  l a c k  of o v e r l a p s .  I f  
t h e  advan tages  d e s c r i b e d  above a r e  no t  a t t r a c t i v e  enough, t h e  d e s i g n e r s  w i l l  
be r e t i c e n t  t o  u s e  a  sys tem t h a t  t a k e s  away some of t h e i r  former  freedom. 
Another o b j e c t i o n  i s  t h a t  t h i s  methodology i s  op t imized  f o r  c e l l s  w i t h  t h e i r  
c o n n e c t i o n s  on t h e  edges.  If c e l l s  have t e r m i n a l s  i n  t h e  middle t h e n  t h i s  
methodology w i l l  r e q u i r e  a  l a r g e  number of n e a r l y  i d e n t i c a l  c e l l s ,  w i t h  t h e  
o n l y  d i f f e r e n c e s  b e i n g  t h e  w i r i n g  r e q u i r e d  t o  b r i n g  t h e  i n t e r n a l  t e r m i n a l s  t o  
t h e  edge. A t h i r d  problem may appear  i f  an  o p e r a t i o n  such a s  o v e r s i z i n g  o r  
u n d e r s i z i n g  a  mask i s  a t t empted .  I n  t h i s  c a s e  t h e  m o d i f i c a t i o n s  w i t h i n  a  
c e l l  may depend on t h e  s u r r o u n d i n g s .  Thus t h e s e  m o d i f i c a t i o n s  cannot  be done 
on a  s t r i c t l y  c e l l  by c e l l  b a s i s ,  and i t  may be  n e c e s s a r y  t o  a c c e p t  a  
p r o l i f e r a t i o n  of n e a r l y  i d e n t i c a l  c e l l s  i n  o r d e r  t o  perform t h e s e  o p e r a t i o n s  
and s t i l l  keep t h e  r e s u l t s  i n  t h e  s t r i c t l y  h i e r a r c h i c a l  format .  These 
problems shou ld  no t  be s e r i o u s  f o r  h i g h l y  s t r u c t u r e d  c h i p s ,  b u t  may p r e s e n t  
r e a l  b a r r i e r s  t o  u s i n g  t h i s  methodology i n  o t h e r  c a s e s .  For example, i t  i s  
ve ry  i l l - s u i t e d  t o  mas t e r s l i c e  t y p e  c o n s t r u c t  ion.  

There  a r e  o t h e r  problems t h a t  t h i s  methodology does  n o t  h e l p ,  b u t  does  
n o t  h u r t  e i t h e r .  These a r e  p r i m a r i l y  c a l c u l a t i o n s  of a  g l o b a l  n a t u r e  t h a t  
cannot  be  completed u n t i l  t h e  e n t i r e  c i r c u i t  i s  known. The g e n e r a l  problem 
of c a l c u l a t i o n  of t h e  r e s i s t a n c e  of i n t e r c o n n e c t i o n s  and t h e  r e s u l t i n g  t ime 
d e l a y s  i s  one of t h e s e  problems. S i n c e  t h e  problem i s  i n h e r e n t l y  g l o b a l ,  
u n l i k e  c a p a c i t a n c e  (which i s  t h e  sum of t h e  l o c a l  c a p a c i t a n c e s ) ,  t h e  e n t i r e  
n e t  must be  known b e f o r e  t h e  r e s i s t a n c e  o r  t ime d e l a y  may b e  c a l c u l a t e d .  
T h e r e f o r e  t h i s  cannot  be  done a t  c e l l  d e f i n i t i o n  t ime ,  b u t  must w a i t  u n t i l  
t h e  c e l l  c o n t a i n i n g  t h e  e n t i r e  n e t  i s  c o n s t r u c t e d .  

P e n f i e l d  and R u b i n s t e i n  [Pe81] have r e c e n t l y  demonstra ted  a  method which 
bounds t h e  t ime de lay  f o r  t r e e  s t r u c t u r e d  networks.  T h i s  c a s e  can  be  s o l v e d  
on a  l o c a l  b a s i s ,  and hence  f i t s  v e r y  w e l l  w i t h  t h e  proposed methodology. 
The o n l y  t e s t  t h a t  would s t i l l  have t o  b e  made g l o b a l l y  i s  t o  i n s u r e  t h a t  t h e  
i n t e r c o n n e c t i o n s  a r e  indeed  t r e e  s t r u c t u r e d ,  s i n c e  t h i s  cannot  be  determined 
from l o c a l  da ta .  
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COMPARISON WITH OTHER METHODOLOGIES 

Louis K. Scheffer 

There  a r e  many o t h e r  methodologies  t h a t  may be used t o  c r e a t e  a  chip .  
How does t h i s  methodology compare? Three  s t r a t e g i e s  t h a t  have been 
c o n s i d e r e d  a r e :  a l l o w  any o v e r l a p s  and do a l l  checking a t  t h e  end of t h e  
d e s i g n  p r o c e s s ,  a l l o w  o v e r l a p s  b u t  accoun t  f o r  them c o r r e c t l y ,  and do no t  
a l l o w  o v e r l a p s  and u s e  r e c t a n g u l a r  bounding boxes. 

C u r r e n t l y ,  t h e  s t r a t e g y  used by most a r twork  sys tems i s  t o  a l l o w  t h e  
d e s i g n e r  t o  c r e a t e  any o v e r l a p  d e s i r e d .  Design r u l e  checks ,  and t e s t s  f o r  
l o g i c a l  c o r r e c t n e s s ,  a r e  performed once t h e  d e s i g n  h a s  been completed and t h e  
e n t i r e  d e s i g n  expanded o u t .  T h i s  approach g i v e s  t h e  d e s i g n e r  t h e  maximum 
amount of freedom, and makes e d i t i n g  ve ry  s imple ,  s i n c e  a n y t h i n g  i s  a l lowed.  
However, i t  r e q u i r e s  t h a t  t h e  check ing  programs must run on huge amounts of 
d a t a .  I n  p a r t i c u l a r ,  r e p e a t e d  c e l l s  a r e  checked a s  many t imes  a s  they 
occur .  A s  c h i p s  g e t  b i g g e r ,  t h e  volume of d a t a  w i l l  on ly  g e t  l a r g e r .  
Fur thermore ,  d e s i g n  e r r o r s  a r e  found a t  t h e  end of t h e  d e s i g n  c y c l e ,  when 
they a r e  t h e  most d i f f i c u l t  t o  f i x .  E r r o r s  i n  r e p e a t e d  c e l l s  show up many 
t i m e s ,  making i t  h a r d  t o  f i n d  e r r o r s  t h a t  may on ly  have occur red  once. One 
e r r o r ,  such a s  s h o r t i n g  power and ground, may make i t  i m p o s s i b l e  t o  f i n d  
o t h e r s  w i t h o u t  r e p e a t i n g  t h e  e n t i r e  c y c l e .  

Another  methodology, t r i e d  by Whitney [Wh80] f o r  D R C ,  i s  t o  a l l o w  t h e  
d e s i g n e r  t o  o v e r l a p  i t ems  wherever d e s i r e d .  The r e s u l t i n g  d e s i g n  i s  checked 
one c e l l  a t  a t ime ,  b u t  t h e  d e s i g n  r u l e  checking program d e t e c t s  and a c c o u n t s  
f o r  t h e s e  o v e r l a p s  i n  t h e  checking p rocess .  T h i s  approach a l s o  p u t s  no 
r e s t r i c t i o n s  on t h e  d e s i g n e r ,  and a l l o w s  t h e  t r a d i t i o n a l  methods of 
programming PLAs and ROMs. Redundant e r r o r s  a r e  a l s o  reduced,  s i n c e  each 
c e l l  is checked on ly  once excep t  where i t  o v e r l a p s  o t h e r s .  The drawbacks a r e  
t h a t  checking must s t i l l  be done on t h e  whole d e s i g n  a t  t h e  end of t h e  c y c l e ,  
and t h a t  accoun t ing  f o r  t h e  o v e r l a p s  may t a k e  more computa t iona l  e f f o r t  t h a n  
s imply checking t h e  e n t i r e  d e s i g n  a s  one p i e c e .  Fur thermore ,  t h i s  approach 
i s  no t  w e l l  s u i t e d  t o  i n c r e m e n t a l  checking,  s i n c e  t h e r e  i s  no g u a r a n t e e  t h a t  
any p o r t i o n  of t h e  d e s i g n  i s  complete  u n t i l  t h e  e n t i r e  d e s i g n  i s  f i n i s h e d .  
T h i s  approach p robab ly  r e p r e s e n t s  t h e  b e s t  t h a t  can b e  done w i t h o u t  imposing 
any r e s t r i c t i o n s  whatsoever  on t h e  d e s i g n e r .  

McGrath and Whitney [McG80] p ropose  a  methodology t h a t  a l l o w s  c e l l s  t o  
o v e r l a p ,  b u t  r e q u i r e s  t h a t  each c e l l  b e  c o r r e c t  when checked by i t s e l f ,  and 
a l l  a c t i v e  d e v i c e s  t o  be  r e p r e s e n t e d  by s p e c i a l l y  marked c e l l s .  The 
requ i rement  t h a t  each c e l l  be c o r r e c t  by i t s e l f  l e a d s  t o  many f a l s e  e r r o r s  i n  
t h e  c a s e s  where a  h a l f  wid th  f e a t u r e  on a  boundary i s  mated w i t h  a  s i m i l a r  
f e a t u r e  on t h e  o t h e r  s i d e  of t h e  boundary. The s u g g e s t e d  s o l u t i o n  i s  t o  
i n c l u d e  f u l l  wid th  f e a t u r e s ,  and avo id  t h e  l o s s  of a r e a  by o v e r l a p p i n g  t h e  
two f u l l  wid th  edges.  T h i s  means t h a t  o v e r l a p  must be  p e r m i t t e d ,  which l e a d s  
t o  t h e  problems i n  DRC d i s c u s s e d  under t h e  l a s t  methodology. Component 
e x t r a c t i o n  must a l s o  t a k e  t h e  o v e r l a p  i n t o  a c c o u n t ,  a t  l e a s t  f o r  c a p a c i t a n c e  
c a l c u l a t i o n s .  I s o l a t i n g  a c t i v e  d e v i c e s  i n  c e l l s  of t h e i r  own i s  a lmos t  a  
n e c e s s i t y  i n  b i p o l a r  technology,  where a  g i v e n  geometry cou ld  be  a r e s i s t o r ,  
a  t r a n s i s t o r ,  o r  a  zener  depending on how i t  i s  b i a s e d ,  b u t  i s  a  q u i t e  
s i g n i f i c a n t  (and unnecessa ry )  r e s t r i c t i o n  on t h e  d e s i g n e r  i n  normal MOS 
des ign .  The t r a n s i s t o r s  may be  recogn ized  q u i t e  e a s i l y ,  and u n i n t e n t i o n a l  
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t r a n s i s t o r s  a r e  c a u g h t  when t h e  l a y o u t  i s  compared t o  t h e  l o g i c  s chemat i c .  

A f o u r t h  methodology i s  f o l l o w e d  by many au toma ted  l a y o u t  programs such  
a s  CICLOPS [ P r 7 9 ] .  T h i s  i s  t o  a l l o w  no  o v e r l a p s ,  and t o  r e q u i r e  r e c t a n g u l a r  
c e l l  b o u n d a r i e s .  T h i s  a l l o w s  d e s i g n  and a n a l y s i s  t o  p r o c e e d  on  a c e l l  by 
c e l l  b a s i s ,  b u t  o f t e n  w a s t e s  a r e a  s i n c e  o n l y  r a r e l y  i s  i t  p o s s i b l e  t o  combine 
s e v e r a l  d i f f e r e n t  s i z e d  r e c t a n g l e s  i n t o  a  r e s u l t a n t  r e c t a n g l e  w i t h o u t  any 
w a s t e d  a r e a .  Because of t h i s  o b v i o u s  w a s t e ,  human d e s i g n e r s  a r e  r e l u c t a n t  t o  
u s e  t h i s  methodology,  e s p e c i a l l y  f o r  h i g h  volume p r o d u c t s .  

NO LOSS OF AREA 

I t  i s  s t r a i g h t f o r w a r d  t o  show t h a t  t h e  p roposed  methodology r e s u l t . ;  i n  no 
l o s s  of a r e a  i n  any t echno logy  w i t h  o n l y  one  a c t i v e  l a y e r .  Given  any d e s i g n ,  
f i r s t  expand o u t  any h i e r a r c h y  t h a t  may b e  p r e s e n t .  A t  t h i s  p o i n t ,  t h e  d a t a  
i s  mere ly  a  l a r g e  number of po lygons  w i t h  no  i n c l u d e d  c e l l s ,  and hence  i t  
m e e t s  a l l  t h e  r e q u i r e m e n t s  of t h e  p roposed  methodology.  Now i t e r a t i v e l y  
p e r f o r m  t h e        f       p r o c e d u r e :  c o v e r  t h e  c h i p  w i t h  two non- over lapping  
po lygons  i n  such  a  way t h a t  h a l f  of t h e  d e v i c e s  a r e  i n s i d e  one  polygon,  and 
t h e  o t h e r  h a l f  of t h e  d e v i c e s  a r e  i n  t h e  o t h e r .  The po lygon  b o u n d a r i e s  may 
n o t  p a s s  t h rough  any d e v i c e s .  S i n c e  t h e  d e v i c e s  a r e  t o p o l o g i c a l l y  s e p a r a t e  
i n  a  t e c h n o l o g y  w i t h  one  a c t i v e  l a y e r ,  t h i s  d i v i s i o n  i n t o  two polygons  can  
a lways  be per formed ( a l t h o u g h  i t  may r e q u i r e  u s i n g  polygons  w i t h  i n t e r n a l  
h o l e s  i n  p a t h o l o g i c a l  c a s e s ) .  C a l l  e a c h  polygon t h a t  h a s  been  c r e a t e d  t h i s  . 
way a  c e l l ;  t h e n  t h e  c h i p  i s  now r e p r e s e n t e d  a s  two c e l l s ,  each  of which 
m e e t s  t h e  methodology r e q u i r e m e n t s .  These  c e l l s  may b e  i n  t u r n  s u b d i v i d e d  
f u r t h e r ,  u n t i l  t h e  e n t i r e  c h i p  i s  r e p r e s e n t e d  a s  a  h i e r a r c h y ,  w i t h  each  c e l l  
c o n t a i n i n g  a t  most two o t h e r  c e l l s ,  o r  two d e v i c e s .  

I t  s h o u l d  be  emphasized t h a t  a l t h o u g h  i t  is  p o s s i b l e  t o  a u t o m a t i c a l l y  
s p l i t  a  c h i p  up t h i s  way f o r  D R C  p u r p o s e s ,  i t  i s  f a r  b e t t e r  t o  have  p e o p l e  
d e s i g n  h i e r a r c h i c a l l y  i n  t h e  f i r s t  p l a c e .  I f  t h i s  i s  done ,  t h e n  no  a r b i t r a r y  
s p l i t t i n g  of any s o r t  i s  n e c e s s a r y .  S p l i t t i n g  a  comple t e  c h i p  v o i d s  most of 
t h e  b e n e f i t s  of t h e  p roposed  methodology,  and is  o n l y  i n t e n d e d  as a  t h o u g h t  
e x p e r i m e n t  t o  show t h a t  any d e s i g n  may b e  r e p r e s e n t e d  i n  t h i s  methodology 
w i t h o u t  l o s s  of a r e a .  

PERFORMING OPERATIONS I N  THE PROPOSED METHODOLOGY 

Des ign  r u l e  c h e c k i n g  i s  done  a s  f o l l o w s  i n  t h i s  methodology.  L e t  
MAXRULE b e  t h e  maximum d i s t a n c e  s p e c i f i e d  i n  any  of t h e  d e s i g n  r u l e s .  D e f i n e  
t h e  OUTLINE of a  c e l l  as e v e r y t h i n g  w i t h i n  MAXRULE of t h e  boundary.  Then, 
f o r  e a c h  c e l l ,  s u b s t i t u t e  i n  t h e  o u t l i n e s  of  a l l  t h e  lower  l e v e l  c e l l s ,  and  
p e r f o r m  a l l  t h e  DRC t e s t s .  I g n o r e  a l l  e r r o r s  w i t h i n  t h e  o u t l i n e  t h a t  c o u l d  
p o s s i b l y  b e  a f f e c t e d  by w h a t e v e r  s u r r o u n d s  t h e  c e l l ,  f o r  i t  i s  n o t  known 
w h e t h e r  t h e s e  a r e  e r r o r s  u n t i l  t h e  c e l l  i s  used .  An e r r o r  of t h i s  t y p e  i s  
shown i n  f i g u r e  1, f o r  t h e  c a s e  of w i d t h  v i o l a t i o n s .  I f  t h e  s q u a r e  C i s  a 
minimum s i z e  f e a t u r e ,  t h e n  t h e  r e c t a n g l e s  A  and B r e p r e s e n t  p o t e n t i a l  w i d t h  
v i o l a t i o n s .  R e c t a n g l e  A c a n n o t  b e  f i x e d  by t h e  a d d i t i o n  of  geometry o u t s i d e  
t h e  c e l l  boundary ,  and h e n c e  r e p r e s e n t s  a r e a l  e r r o r  t h a t  must b e  r e p o r t e d .  
R e c t a n g l e  B ,  however,  c o u l d  b e  f i x e d  by  t h e  a d d i t i o n  of  a n o t h e r  r e c t a n g l e  
when t h e  c e l l  i s  u s e d ,  and  t h e r e f o r e  i t  i s  n o t  r e p o r t e d .  I f  t h e  a d d i t i o n a l  
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geometry i s  n o t  added t o  a  c e l l  i n  which t h i s  c e l l  i s  used ,  t h e n  t h e  e r r o r  
w i l l  be r e p o r t e d  a t  t h a t  t ime .  

F i g u r e  1: Rea l  and p o t e n t i a l  e r r o r s  

S i m i l i a r l y ,  t h e  d e s i g n  ru1e checking code must i g n o r e  a l l  e r r o r s  t h a t  
cou ld  be f i x e d  by something i n s i d e  t h e  i n n e r  boundary of a n  i n c l u d e d  c e l l .  
I f  t h e  e r r o r  i s  r e a l ,  i t  would have been caught  when t h e  c e l l  was checked.  
T h i s  s t e p  i s  q u i t e  i m p o r t a n t ,  s i n c e  t h e  p r o c e s s  of s a v i n g  e v e r y t h i n g  w i t h i n  
MAXRULE of t h e  boundary may s p l i t  i n t e r n a l  i t e m s  i n t o  p i e c e s  t h a t  do n o t  meet 
t h e  d e s i g n  r u l e s .  F i g u r e  2 shows t h e  p o r t i o n  of a  c e l l  t h a t  i s  r e t a i n e d  and 
s u b s t i t u t e d  i n  whereever  t h e  c e l l  i s  used.  S i n c e  on ly  t h e  geometry w i t h i n  
MAXRULE of t h e  edges  is  r e t a i n e d ,  t h e  polygon a t  A h a s  been s p l i t ,  c r e a t i n g  a  
p o s s i b l e  e r r o r .  The d e s i g n  r u l e  checker ,  however, s h o u l d  n o t  r e p o r t  t h i s  
e r r o r ,  s i n c e  i t  i s  a g a i n s t  a n  i n n e r  boundary,  and i f  i t  was a  r e a l  e r r o r  t h e n  
i t  would have been caught  when t h e  c e l l  was checked. 

Any remaining e r r o r s  a r e  v a l i d ,  s i n c e  n o t h i n g  can  be added w i t h i n  
MAXRULE of them, and shou ld  be  d i s p l a y e d .  The f i n a l  s t e p  of t h e  d e s i g n  r u l e  
check ing  p r o c e s s  s a v e s  t h e  o u t l i n e ,  which w i l l  b e  s u b s t i t u t e d  f o r  t h e  c e l l  
whenever t h e  c e l l  i s  t o  be  invo lved  i n  DRC checks .  

T h i s  approach h a n d l e s  s p l i t  c o n t a c t s  and ha l f- wid th  l i n e s  on t h e  edges  
of c e l l s  w i t h o u t  s p e c i a l  cases .  Fur thermore ,  a l l  of t h e  r u l e s ,  i n c l u d i n g  t h e  
compl ica ted  a n t i - r e f l e c t i o n  r u l e s ,  may b e  checked i n  t h i s  manner. The 
d e s i g n e r  t h e r e f o r e  g e t s  immediate f eedback  a s  each c e l l  is  c r e a t e d  o r  
modif ied .  T h i s  i s  i m p o r t a n t  s i n c e  e r r o r s  a r e  much h a r d e r  t o  c o r r e c t  l a t e r  
on. The a b i l i t y  t o  check a l l  r u l e s  is i n  c o n t r a s t  t o  some i n t e r a c t i v e  d e s i g n  
r u l e  checkers  t h a t  check f o r  v a l i d i t y  w h i l e  t h e  e d i t i n g  i s  i n  p r o g r e s s .  
These  g i v e  even more immediate f eedback ,  b u t  cannot  check some of t h e  more 
d i f f i c u l t  r u l e s .  The proposed methodology w i l l  never  c r e a t e  f a l s e  e r r o r s ,  
b u t  e r r o r s  i n  t h e  o u t l i n e  of t h e  c e l l  may n o t  b e  caugh t  u n t i l  t h e  c e l l  i s  
used ,  and may a p p e a r  a s  many t i m e s  a s  t h e  c e l l  i s  used.  
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A Me thodo logy  f o r  Improved V e r i f i c a t i o n  
o f  VLSI D e s i g n s  W i t h o u t  L o s s  o f  Area 

INN 

F i g u r e  2- P o s s i b l e  i n t e r n a l  e r r o r  

Component e x t r a c t i o n  i s  made s i m p l e  by t h e  f a c t  t h a t  no a c t i v e  a r e a s  may 
touch  t h e  boundary. T h i s  means each d e v i c e  i s  e n t i r e l y  c o n t a i n e d  w i t h i n  a  
c e l l ,  and on ly  i n t e r c o n n e c t i o n s  touch t h e  edges.  Impl ied  d e v i c e s ,  such a s  
t r a n s i s t o r s  formed where p o l y s i l i c o n  o v e r l a p s  d i f f u s i o n ,  a r e  n o t  a  problem 
s i n c e  we know n o t h i n g  w i l l  o v e r l a y  t h e  c e l l  under  c o n s i d e r a t i o n .  Thus each 
c e l l  can b e  e x t r a c t e d  s e p a r a t e l y  and reduced t o  a  boundary t h a t  shows t h e  
c o n n e c t i o n  p o i n t s .  Capac i t ance  ( a s  a  f u n c t i o n  of a r e a )  may b e  e a s i l y  
c a l c u l a t e d  s i n c e  t h e  a r e a  of a  node i s  t h e  sum of t h e  a r e a  i n  each of t h e  
c e l l s  t h a t  u s e  t h a t  node ( s i n c e  t h e r e  a r e  no o v e r l a p s ) .  S i d e w a l l  c a p a c i t a n c e  
may a l s o  be  computed, w i t h  t h e  p r o v i s o  t h a t  s i d e w a l l  c a p a c i t a n c e  on t h e  c e l l  
boundary cannot  be  computed u n t i l  t h e  c e l l  i s  used.  S i m i l i a r l y ,  node t o  node 
c a p a c i t a n c e  may be  computed, a t  l e a s t  f o r  nodes l y i n g  w i t h i n  MAXRULE of each 
o t h e r .  (MAXRULE c o u l d  be  i n c r e a s e d  i f  t h i s  p roves  t o  b e  a  r e s t r i c t i o n . )  

Enforcement of t h i s  methodology i s  q u i t e  easy.  Check t o  s e e  t h a t  no 
c e l l s  o v e r l a p ,  check t o  s e e  t h a t  no p r i m i t i v e s  o v e r l a p  any c e l l s ,  and check 
t o  s e e  t h a t  no components ex tend  p a s t  t h e  boundary,  i f  t h e  boundary i s  
s p e c i f i e d  by t h e  u s e r .  

F i n a l l y ,  some mechanism i s  needed t o  a l l o w  t h e  o p e r a t i o n s  t h a t  fo rmer ly  
were  done by o v e r l a p p i n g  c e l l s ,  such a s  f i l l i n g  o u t  t h e  b i t s  i n  a  ROM o r  
PLA. One approach t o  t h i s  problem i s  t o  a l l o w  programs a c c e s s  t o  t h e  
g r a p h i c s  p r i m i t i v e s ,  s o  a  program can w r i t e  a  b i t  p a t t e r n  t o  b e  i n c l u d e d  i n  a  
ROM o r  PLA. The program does  n o t  g e t  any s p e c i a l  p r i v i l e g e s  such a s  t h e  
a b i l i t y  t o  o v e r l a p  c e l l s .  The o u t p u t  i s  s u b j e c t e d  t o  e x a c t l y  t h e  same t e s t s  
a s  i f  i t  had been e n t e r e d  by a  human. T h i s  i s  u s e f u l  f o r  c a t c h i n g  e r r o r s  i n  
t h e  programs. 
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RELAT ION TO SCHEMATIC DRAWING SYSTEMS 

I n  many ways,  t h e  p roposed  methodology r e s e m b l e s  t h e  methodology used  i n  
s c h e m a t i c  d rawing  s y s t e m s .  T h i s  i s  n o t  a  c o i n c i d e n c e ,  s i n c e  e v e r y  a t t e m p t  
was made t o  i n c o r p o r a t e  t h e  f e a t u r e s  t h a t  have  made h i e r a r c h i c a l  s c h e m a t i c  
d rawing  s y s t e m s  u s e f u l .  I n  a  s c h e m a t i c ,  t h e  u s e r  n e v e r  v iews  more t h a n  two 
l e v e l s  of t h e  h i e r a r c h y  a t  a  t ime .  Any a r b i t r a r y  s t r u c t u r e  c a n  be  
r e p r e s e n t e d ,  a l t h o u g h  some f i t  more n a t u r a l l y  i n t o  t h e  h i e r a r c h i c a l  s t r u c t u r e  
t h a n  o t h e r s .  I n d i v i d u a l  p i e c e s  nay b e  checked  w i t h  t h e  a s s u r a n c e  t h a t  t h e  
r e s t  of t h e  d e s i g n  w i l l  n o t  a f f e c t  t h e  p i e c e  t h a t  i s  b e i n g  c h e c k e d ,  e x c e p t  
t h r o u g h  t h e  t e r m i n a l s  of t h e  d e v i c e .  These  p r o p e r t i e s  a l l  c a r r y  o v e r  t o  
l a y o u t ,  i f  i t  i s  done  w i t h  t h i s  methodology.  

I n  p a r t i c u l a r ,  two forms of c h e c k i n g  o r i g i n a l l y  d e s i g n e d  f o r  s c h e m a t i c s  
a r e  now p o s s i b l e  f o r  l a y o u t s .  One i s  t h e  t i m i n g  check  by means of 
a s s e r t i o n s ,  a s  used  by McWilliams [McW80]. I n  t h i s  t e c h n i q u e  t h e  d e s i g n e r  
s u p p l i e s  s t a t e m e n t s  a b o u t  t h e  s i g n a l s  which a r e  b e l i e v e d  t o  b e  t r u e  ( t h e  
a s s e r t i o n s ) .  F o r  example ,  c o n s i d e r  t h e  c a s e  of a  s i m p l e  c e l l  w i t h  one  i n p u t  
and  one  o u t p u t .  One a s s e r t i o n  might  s t a t e  t h a t  t h e  i n p u t  must be  t r u e  50 NS 
a f t e r  t h e  c l o c k ,  and  a n o t h e r  a s s e r t i o n  migh t  s t a t e  t h a t  t h e  o u t p u t  w i l l  be 
s t a b l e  and  c o r r e c t  by 90  NS a f t e r  t h e  c l o c k .  With t h e  a i d  of t h e s e  
a s s e r t i o n s ,  a  c e l l  may b e  checked  w i t h o u t  l o o k i n g  a t  t h e  c o n t e n t s  of any 
o t h e r  c e l l s .  

In o r d e r  t o  check  a c e l l  by t h i s  t e c h n i q u e ,  t h e  t i m i n g  v e r i f i e r  assumes  
t h a t  t h e  i n p u t  a s s e r t i o n s  a r e  c o r r e c t ,  and a t t e m p t s  t o  p r o v e  t h e  o u t p u t  
a s s e r t i o n s  from t h e  i n p u t s  and  t h e  p r o p e r t i e s  o f t h e  d e v i c e s  c o n t a i n e d  i n  t h e  
c e l l .  I f  any o t h e r  c e l l s  a r e  i n c l u d e d  i n  t h e  c e l l  u n d e r  c o n s i d e r a t i o n ,  t h e  
v e r i f i e r  c h e c k s  t o  b e  s u r e  t h a t  t h e i r  i n p u t  a s s e r t i o n s  a r e  n e t ,  and assumes  
t h a t  t h e i r  o u t p u t  a s s e r t i o n s  t r u e .  By t h i s  means, a n  e n t i r e  d e s i g n  may b e  
v e r i f i e d  one  c e l l  a t  a  t i m e ,  and t i m i n g  v e r i f i c a t i o n  may h e  done  on t h e  
p i e c e s  l ong  b e f o r e  t h e  d e s i g n  i s  comple t e .  

A s econd  check  t h a t  i s  e a s y  t o  make u s i n g  t h e  p roposed  methodology is  a  
c o n p a r i s o n  be tween t h e  l o g i c  s c h e m a t i c  of a  c e l l  and  i t s  l a y o u t .  I n  t h e  
s i m p l e s t  form,  t h e  c h e c k i n g  program c o u l d  r e q u i r e  t h a t  t h e  h i e r a r c h y  be  
i d e n t i c a l  i n  t h e  s c h e m a t i c  and  l a y o u t  r e p r e s e n t a t i o n s .  Then c h e c k i n g  is  
q u i t e  s i m p l e .  I n  more c o m p l i c a t e d  fo rms ,  a theo rem p r o v e r  may b e  c a l l e d  i n t o  
p l a y  when t h e  c o r r e s p o n d e n c e  i s  n o t  e x a c t ,  t o  s e e  i f  t h e  two d i f f e r e n t  
r e p r e s e n t a t i o n s  p e r f o r m  t h e  same f u n c t i o n .  I n  e i t h e r  c a s e ,  t h e  check  may b e  
per formed o n  a  c e l l  by c e l l  b a s i s .  

T h e r e  a r e  s t i l l  f u n d a m e n t a l  d i f f e r e n c e s  be tween  a  s c h e m a t i c s  and  
l a y o u t s ,  however.  I n  a  s c h e m a t i c ,  t h e  i n s i d e  and  o u t s i d e  v i ews  are 
d i s t i n c t .  An op-amp, f o r  example ,  i s  composed of  a  l a r g e  number of 
t r a n s i s t o r s ,  b u t  t h e  c o n f i g u r a t i o n  of t h e s e  t r a n s i s t o r s  b e a r s  no  r e l a t i o n  t o  
t h e  t r i a n g u l a r  symbol t h a t  r e p r e s e n t s  t h e  op-amp. F u r t h e r m o r e ,  t h e  s i z e  and  
s h a p e  of t h e  symbol do n o t  depend o n  t h e  a c t u a l  c o m p l e x i t y  of t h e  opamp, s o  
t h e  d e s i g n e r  c a n  d e s i g n  and w i r e  a n  a c t i v e  f i l t e r ,  f o r  example ,  w i t h o u t  
knowing t h e  g a i n  bandwidth  p r o d u c t s  of t h e  op-amps. These  may b e  f i l l e d  i n  
l a t e r  w i t h o u t  d i s t u r b i n g  t h e  d e s i g n .  
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I n  a  l a y o u t  sys tem,  such freedom does n o t  e x i s t .  The o u t s i d e  view of a 
d e v i c e  must resemble  t h e  i n t e r n a l  view i n  i t s  s i z e  and t h e  l o c a t i o n  of 
c o n n e c t i o n s .  The d e s i g n e r  cannot  w i r e  up a n  i n v e r t e r ,  f o r  example, wi thou t  
knowing t h e  l o a d  t h e  i n v e r t e r  i s  t o  d r i v e ,  and hence  i t s  s i z e .  I f  a t  some 
l a t e r  d a t e  a  l a r g e r ,  more powerful  i n v e r t e r  must b e  s u b s t i t u t e d ,  t h e n  t h e  
w i r i n g  must be changed. T h i s  a d d i t i o n a l  complexi ty  does n o t  p lague  t h e  
d e s i g n e r  who works w i t h  schemat ics .  

Schematics a l s o  a l l o w  s e v e r a l  s h o r t c u t s  f o r  i n d i c a t i n g  c o n n e c t i v i t y  t h a t  
have no e q u i v a l e n t  i n  t h e  wor ld  of I C  des ign .  Globa l  s i g n a l s  may b e  d e f i n e d  
whose v a l u e s  a r e  known t o  a l l  c e l l s .  Wi th in  a  diagram, p i n s  may be  connected 
t o g e t h e r  s imply by g i v i n g  them t h e  same name. I n  a  l a y o u t ,  on t h e  o t h e r  
hand,  a l l  connec t ions  of any t y p e  must be  shown e x p l i c i t l y .  

AN IMPLEMENTATION 

A program h a s  been developed t o  t e s t  t h i s  methodology. Component 
e x t r a c t i o n ,  boundar ies ,  a s s e r t i o n s ,  methodology enforcement ,  and programmatic 
a c c e s s  have been implemented, b u t  DRC h a s  n o t .  The sys tem i s  w r i t t e n  i n  
PASCAL and runs  on a  DEC-20 w i t h  a n  HP-2648 g r a p h i c s  t e r m i n a l  and a  
Summagraphics Bi tPad One g r a p h i c s  t a b l e t .  PASCAL i s  a l s o  used a s  t h e  
imbedded language i n  which t h e  u s e r  m a n i p u l a t e s  g r a p h i c  c o n s t r u c t s .  

The program c o n s i s t s  of two major s e c t i o n s ,  t h e  e d i t o r  and t h e  
compi le r .  The e d i t o r  i s  t h e  u s e r  i n t e r f a c e ,  and a l l o w s  t h e  u s e r  t o  c r e a t e ,  
modify,  and purge  c e l l s .  Commands a r e  s i m i l a r  t o  many o t h e r  g r a p h i c s  
e d i t o r s ,  a l l o w i n g  t h e  u s e r  t o  add components, i n t e r c o n n e c t  them, move them 
and s o  f o r t h .  A minimal amount of checking i s  done a t  e n t r y  t ime f o r  obvious  
e r r o r s ,  such a s  i l l e g a l  s i g n a l  names and l i n e s  a t  a n g l e s  t h a t  t h e  r e s t  of t h e  
p r o c e s s  cannot  a c c e p t .  

The e d i t o r  and t h e  compi le r  a r e  adap ted  t o  v a r i o u s  p r o c e s s e s  by means of 
a  "p rocess  f i l e " .  T h i s  f i l e  c o n t a i n s  d a t a  on a l l  t h e  l a y e r s  t o  b e  used i n  
t h e  c o m p i l a t i o n  p r o c e s s .  It i s  s i m i l a r  t o  t h e  f i l e  normal ly  used t o  d e s c r i b e  
DRC o p e r a t i o n s ,  w i t h  i n f o r m a t i o n  abou t  each l a y e r ,  such a s  minimum s p a c i n g  
and w i d t h ,  c a p a c i t a n c e  p e r  u n i t  a r e a ,  and t h e  l o g i c a l  o p e r a t i o n s  by which i t  
i s  computed i f  i t  i s  n o t  e n t e r e d  by t h e  u s e r .  

The compi ler  i s  c a l l e d  whenever t h e  u s e r  w r i t e s  a  c e l l  o u t  t o  permanent 
s t o r a g e ,  t h u s  making t h e  c e l l  a v a i l a b l e  f o r  u s e  e l sewhere .  The compi ler  
t a k e s  t h e  u s e r  s p e c i f i c a t i o n s  of t h e  geometry,  f i l l s  o u t  l i n e s  t o  t h e i r  
minimum w i d t h ,  and c o n v e r t s  a l l  i n p u t  t o  polygons.  The new l a y e r s  a r e  then  
computed, i f  n e c e s s a r y ,  and a c o n n e c t i v i t y  a n a l y s i s  made. The DRC t e s t  i s  
done a t  t h i s  p o i n t ,  s o  i t  c a n  t a k e  advan tage  of t h e  c o n t i n u i t y  i n f o r m a t i o n  i f  
i t  s o  d e s i r e s .  Then t h e  boundary i s  computed ( o r  t h e  u s e r  s p e c i f i e d  boundary 
i s  checked)  and every  s i g n a l  t h a t  t o u c h e s  t h e  boundary i s  no ted .  The o u t l i n e  
i s  t h e n  saved away s o  t h a t  i t  may b e  used by o t h e r  c e l l s .  The d a t e  when t h e  
l a s t  change was made i s  r e c o r d e d ,  s o  t h a t  when a  c e l l  i s  changed t h e  
m o d i f i c a t i o n s  w i l l  p r o p a g a t e  c o r r e c t l y .  
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The component e x t r a c t i o n  r o u t i n e s  check  f o r  t h e  o b v i o u s  p rob lems  of 
mult  i p l y  named s i g n a l s ,  and s i g n a l s  of t h e  same name t h a t  a r e  n o t  c o n n e c t e d  
t o g e t h e r .  R u n n i . 7 ~  c a p a c i t a n c e  c a l c u l a t i o n s  a r e  a v a i l a b l e  f o r  a p p l i c a t i o n s  
where  pe r fo rmance  i s  c r u c i a l .  The u s e r  c a n  a s k  f o r  c o n t i n u i t y  t o  b e  shown; 
t h e  s y s t e m  c an  t a k e  a s i g n a l  hy name o r  l o c a t i o n  and  d i s p l a y  on  t h e  s c r e e n  
where  t h e  s i g n a l  i s  c o n n e c t e d .  A l l  o f  t h e  masks t h a t  have  been  g e n e r a t e d  a s  
p a r t  of t h e  D R C  o r  component e x t r a c t i o n  p r o c e s s  may b e  d i s p l a y e d .  

Poundar ies  f o r  c e l l s  may be  s p e c i f i e d  i n  o n e  o f  t h r e e  ways. If n o t h i n g  
e l s e  i s  s p e c i f i e d ,  t h e n  t h e  boundary  i s  computed a s  t h e  l o g i c a l  O R  of  a l l  t h e  
l a y e r s  of t h e  c e l l . .  A c t i v e  a r e a s  a r e  expanded by o n e  minimum u n i t  b e f o r e  t h e  
OR t o  e n s u r e  t h a t  no a c t i v e  a r e a  h i t s  t h e  boundary .  T h i s  g i v e s  t h e  minimun 
p o s s i b l e  s i z e  f o r  t h e  c e l l ,  b u t  t h e  boundary  i s  o f t e n  f a r  more c o m p l i c a t e d  
t i ~ a n  n e c e s s a r y ,  and p r e s e n t s  a  cllut t e r e d  a p p e a r a n c e .  I t  is n e v e r  wrong,  
however ,  and i s  t h e  d e f a u l t  when d a t a  i s  t r a n s f e r r e d  f rom a n o t h e r  s y s t e m  t h a t  
d o e s  n o t  u s e  t h e  same methodology.  

B o u n d a r i e s  may a l s o  be t h e  minimum bounding  boxes .  T h i s  i s  c o n s i s t e n t  
wi t : 1  s e v e r a l  o t h e r  a r t w o r k  s y s t e m s ,  and  works  w e l l  when t h e  r e s u l t i n g  c e l l s  
a r e  t o  h e  f e d  t o  an  a u t o - r o u t e r  ( s i n c e  c u r r e n t  a l l t o- r o u t e r s  c a n n o t  h a n d l e  
a r b i t r a r y  shape  c e l l s  w e l l ) .  F i n a l l y ,  t h e  u s e r  c a n  s p e c i f y  t h e  boundary  b y  
e n t e r i n g  i t  a s  a polygon on a  r e s e r v e d  mask. T h i s  u s u a l l y  y i e l d s  t h e  b e s t  
r e s u l t s ,  b u t  r q u i  r e s  the  most work. 

A s s e r t i o n s  a p p e a r  t o  t h e  u s e r  s i m p l y  a s  n o t e s  w i t h  a  r e s e r v e d  f i rs t  
c h a r a c t e r .  L i k e  s i g n a l  names, t h e y  a t t a c h  t o  t h e  c l o s e s t  o b j e c t .  The 
c o m p i l e r  makes no a t t e m p t  t o  p r o c e s s  t h e  a s s e r t i o n s ,  b u t  r e c o r d s  them, a l o n g  
w i t h  t h e  s i g n a l s  t h e y  a r e  a t t a c h e d  t o ,  i n  t h e  d i c t i o n a r y  of s i g n a l  names. 
T h i s  d i c t i o n a r y  i s  a v a i l a b l e  a s  a  f i l e ,  and  any c h e c k i n g  program t h a t  d e s i r e s  
to  do so  may check  i t ,  and u s e  t h e  a s s e r t i o n s  a s  i t  s e e s  f i t .  T h i s  is 
d e s i r a b l e  s i n c e  p e o p l e  w i l l  d o u b t l e s s  t h i n k  up  new ways t o  u s e  a s s e r t i o n s .  
Tn MOS d e s i g n ,  f o r  example ,  i t  may b e  n e c e s s a r y  t o  i n c l u d e  a s s e r t i o n s  a b o u t  
c a p a c i t a n c e s  t o  be  d r i v e n  and  v o l t a g e  l e v e l s  o f v a r i o u s  s i g n a l s ,  a s  w e l l  a s  
a s s e r t i o n s  a b o u t  t h e  s i g n a l .  t i m i n g .  

T h e  u s e r  t e l l s  t h e  c o m p i l e r  t o  i n c l u d e  a  program a l o n g  w i t h  a  d i ag ram by 
d i v i d i n g  t h e  d i ag rams  i n t o  FRAMES. Each f r ame  h a s  a name, and may c o n t a i n  
p r i m i t i v e s  o r  t e x t  r e p r e s e n t i n g  a program. I f  f r a m e s  a r e  p r e s e n t ,  and  one  i s  
labe: l ed  PPOGRAM, t h e n  t h e  program i n  t h a t  f r a m e  i s  e x e c u t e d  b e f o r e  any  o t h e r  
f r a m e s  a r e  e v a l u a t e d .  The program may d i r e c t  t h e  e v a l u a t i o n  of  o t h e r  f r a m e s ,  
a d d  g r a p h i c s  p r i m i t i v e s  t o  a  d i ag ram,  and  make d e c i s i o n s  a b o u t  t h e  p a r a m e t e r s  
of d i ag rams .  

T h e r e  a r e  s e v e r a l  r e s t r i c t i o n s  imposed by t h i s  i m p l e m e n t a t i o n .  Al though 
component e x t r a c t i o n  h a s  b e e n  implemented  f o r  MOS t r a n s i s t o r s  and  p a r a s i t i c  
c a p a c i t a n c e s ,  no DRC h a s  been  implemented  y e t .  T h i s  s h o u l d  b e  a r e l a t i v e l y  
s i m p l e  p r o j e c t ,  s i n c e  i t  o n l y  i n v o l v e s  r u n n i n g  a  n e a r l y  c o n v e n t i o n a l  DRC o n  
p o r t i o n s  of t h e  a r t w o r k  t h a t  a r e  s e l e c t e d  by t h e  c o m p i l e r .  L i n e s  a t  a n g l e s  
o t h e r  t h a t  0 and 90  d e g r e e s  a r e  n o t  s u p p o r t e d ,  b u t  t h i s  s h o u l d  b e  a 
s t r a i g h t f o r w a r d  e x t e n s  i on .  Al though t h e  s i m p l e  l o g i c a l  o p e r a t i o n s  s u c h  a s  
A N D ,  OR,  and ANDNOT a r e  implemented ,  t h e  more c o m p l i c a t e d  o p e r a t i o n s  of 
O V E R S I Z E  and  UMDERSIZE a r e  o n l y  implemented  i n  a fo rm t h a t  i s  n o t  a lways  
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c o r r e c t  a t  t h e  c e l l  b o u n d a r i e s .  I f  a  c e l l  i s  u s e d  i n  d i f f e r e n t  s u r r o u n d i n g s ,  
t h e  u s e r  migh t  p r e f e r  t o  c r s a t e  a d d i t i o n a l  c e l l s  i n  o r d e r  t o  do the  
g e o m e t r i c a l  o p e r a t i o n s  p r o p e r l y  and keep  t h e  r e s u l t s  i n  t h e  s t r i c t l y  no 
o v e r l a p  f o r m a t .  A t  p r e s e n t  t h i s  o p t i o n  i s  n o t  a v a i l a b l e .  

A POSSIBLE EXTENSION 

An e x t e n s i o n  t h a t  a l l o w s  more d e s i g n e r  f r eedom a t  t h e  c o s t  of a d d i t i o n a l  
c o m p l e x i t y  h a s  been  p r o p o s e d  by Horowi tz  [Ho80].  T h i s  i s  t o  s t o r e  a b o u n d a r y  
f o r  e a c h  l a y e r  i n s t e a d  of one  boundary  f o r  t h e  whole  c e l l .  This a l l o w s  c e l l s  
w i t h  i n t e r n a l  t e r m i n a l s  t o  b e  r o u t e d ,  and  r o u t i n g  t o  be  r u n  o v e r  c e l l s  t ha t .  
w e r e  n o t  s p e c i f i c a l l y  d e s i g n e d  f o r  t h i s  t y p e  of r o u t i n g ,  i f  t h e r e  i s  room .  
However, c a r e  must  be  e x e r c i s e d  o r  e l s e  u n i n t e n t i o n a l  d e v i c e s  may be  formed.  
C a p a c i t a n c e  c a l c u l a t i o n s  and D R C  c h e c k i n g  a l s o  become more  d i f f i c u l t ,  h u t  t h e  
b a s i c  h i e r a r c h i c a l  s t r u c t u r e  of t h e  s o l u t i o n s  remain  unchanged .  
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