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S u m m a  r y 

In  t h i s  p a p e r  w e  p r e s e n t  a c l a s s  of  r a i n - c u t  p l a c e -  
m e n t  a l g o r i t h m s  f o r  s o l v i n g  s o m e  a s s i g n m e n t  p r o b -  
l e m s  r e l a t e d  to t he  p h y s i c a l  i m p l e m e n t a t i o n  of  e l e c -  
t r i c a l  c i r c u i t s .  We  d i s c u s s  t h e  n e e d  f o r  a b a n d o n i n g  
c l a s s i c a l  o b j e c t i v e  f u n c t i o n s  b a s e d  u p o n  d i s t a n c e ,  a n d  
i n t r o d u c e  n e w  o b j e c t i v e  f u n c t i o n s  b a s e d  u p o n  " s i g n a l s -  
cu t .  " T h e  n u m b e r  o f  s i g n a l s  cu t  b y  a l i ne  c i s  a l o w e r  
b o u n d  on t h e  n u m b e r  of r o u t i n g  t r a c k s  w h i c h  m u s t  
c r o s s  c in  r o u t i n g  t h e  c i r c u i t .  T h r e e  s p e c i f i c  o b j e c -  
t i v e  f u n c t i o n s  a r e  i n t r o d u c e d  a n d  t he  r e l a t i o n s h i p  b e -  
t w e e n  o n e  of  t h e s e  a n d  a c l a s s i c a l  d i s t a n c e  m e a s u r e  
b a s e d  u p o n  h a l f - p e r i m e t e r  i s  p r e s e n t e d .  

Two r a i n - c u t  p l a c e m e n t  a l g o r i t h m s  a r e  p r e s e n t e d .  
T h e y  a r e  r e f e r r e d  to a s  C ) u a d r a t u r e  a n d  S l i c e / B i s e c -  
t i o n .  T h e  c o n c e p t s  o f  a b l o c k  and cu t  l i n e  a r e  i n t r o -  
d u c e d .  T h e s e  two e n t i t i e s a r e  t he  m a j o r  c o n s t r u c t s  
i n  d e v e l o p i n g  a n y  n e w  m i n - c u t  p l a c e m e n t  a l g o r i t h m .  

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

I. I n t r o d u c t i o n  

T h i s  p a p e r  d e a l s  w i t h  a c l a s s i c a l  p r o b l e m  e n c o u n -  
t e r e d  in  t h e  p h y s i c a l  i m p l e m e n t a t i o n  o f  c i r c u i t  c a r d s  
o r  c h i p s ,  r e f e r r e d  to a s  t h e  p l a c e m e n t  p r o b l e m .  T h e  
p r o b l e m  i s  d e f i n e d ,  s e m i  f o r m a l l y ,  a s  f o l l o w s .  G i v -  
e n  a s e t  of  e l e m e n t s  8 = {e l ,  e~ . . . . .  e~} a n d  a s e t  of  
s i g n a l s  ,2= [ s u sm . . . . .  s , } .  We a s s o c i a t e  w i t h  e a c h  
e l e m e n t  e E ~ a s e t  of s i g n a l s  ,2e, w h e r e  J~ = J .  S i m i -  
l a r l y  w i t h  e a c h  s i g n a l  s E • we  a s s o c i a t e  a s e t  of  e l e -  
m e n t s  e,, where $ ={else ,/,}. d~, is said to be a 
signal net. We are also given a set of slots or loca- 
tions ~=[LI, L m ..... L ], where pgn. The place- 
ment problem is to assign each e l~ ~ to a unique lo- 
cation Lj such that some objective is optimized. Nor- 
mally each element is considered to be a point, and 
if e t is assigned to location L~ then its position is de- 
fined by the coordinate values (x],y~). Usually a sub- 

set of the elements in d~ are fixed, i.e., pre-assigned 
to locations, and only the remaining elements can be 
assigned to the remaining unassigned locations. Non 
fixed elements are called moveable elements, and 
those slots not pre-assigned elements are called open 
slots. 

Example placement problems deal with polycell 
LSI chip design [2,4,5], PC card design, and assign- 
ing functions to previously placed IC's. 

For generality we will refer to the area (such as a 
chip, card or board) containing the slots or locations 
as the carrier. 

After the elements are assigned to locations the 
resulting circuit configuration is routed. The auto- 
matic routing of 100% of the signals in ~ is one of the 

#This work was supported in part by the National 
Science Foundation under Grant ENG74-18647. 

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

R e t u r n i n g  n o w  t o t h e  p l a c e m e n t  p r o b l e m  w e  s e e  t h a t  
o u r  a c t u a l  g o a l  i s  to  a s s i g n  e a c h  e l e m e n t  to a l o c a t i o n  
in  s u c h  a m a n n e r  a s  to m a x i m i z e  t h e  r o u t a b i l i t y  of  the  
r e s u l t i n g  l a y o u t .  H o w e v e r ,  t h i s  i s  a v e r y  i n t a n g i b l e  
goal ,  s i n c e  it  i s  h i g h l y  d e p e n d e n t  on a n u m b e r  of  f a c -  
t o r s ,  one  b e i n g  t h e  b a s i c  a l g o r i t h m i c  m e t h o d  e m p l o y e d  
b y  t he  r o u t e r .  

Le t  d,  be  a n  e s t i m a t e  of  t he  t o t a l  d i s t a n c e  of r o u t e  
r e q u i r e d  to i n t e r c o n n e c t  n e t  s ,  a n d  s e t  Na=~-~d. .  T h e n  

Vs 
c l a s s i c a l  p l a c e m e n t  a l g o r i t h m s  a t t e m p t  to a s s i g n  e l e -  
m e n t s  to l o c a t i o n s  s u c h  that  N d i s  m i n i m i z e d .  By  s o  
d o i n g  it  i s  f e l t  t h a t  r o u t a b i l i t y  i s  i n c r e a s e d .  

U s u a l l y  d i s  e i t h e r  t h e  l e n g t h  of a m i n i m a l  s p a n n i n g  
t r e e  (MST)  f o r  $, ,  o n e - h a l f  t he  p e r i m e t e r  of  t h e  m i n i -  
m a l  e n c l o s i n g  r e c t a n g l e ,  d e n o t e d  by  ½P, o r  t he  S t e i n e r  
d i s t a n c e .  T h e  c o r r e s p o n d i n g  t o t a l  d i s t a n c e s  u s i n g  t h e  
M S T ,  ½P o r  S t e i n e r  l e n g t h  a r e  d e n o t e d  by  Na(MST) ,  
Na(P) ,  a n d  Nd(S) , r e s p e c t i v e l y .  

In  t he  p l a c e m e n t  a l g o r i t h m  to be  p r o p o s e d  in t h i s  
p a p e r  we  s u g g e s t  a n e w  o b j e c t i v e  f u n c t i o n .  T h i s  o b -  
j e c t i v e  w a s  m o t i v a t e d  b y  two  o b s e r v a t i o n s ,  n a m e l y  (1) 
s u c c e s s f u l  r o u t i n g  of a c a r r i e r  i s  d e p e n d e n t  o n  the  d e n -  
s i t y o f  i n t e r c o n n e c t i o n s  on  t h e  c a r r i e r ,  a n d  (2) s o m e  
a r e a s  of a c a r r i e r  a r e  m o r e  d e n s e  t h a n  o t h e r s .  

L e t  c b e  a h o r i z o n t a l  l i n e  c r o s s i n g  t h e  s u r f a c e  of  a 
c a r r i e r .  F o r  a n  a r b i t r a r y  s i g n a l  s ,  i f  one  o r  m o r e  
e l e m e n t s  in  d~, a r e  a b o v e  c ,  a r d  one  o r  m o r e  e l e m e n t s  
i s  N, a r e  b e l o w  c,  t h e n  w h e n  r o u t i n g  s i g n a l  n e t  $,  a t  
l e a s t  one  c o n n e c t i o n  m u s t  c r o s s  l i n e  c [ 9 ] .  We s a y  
t h a t  l i n e  c i s  a c u t  l i ne ,  and c i s  s a i d  to  c u t  s i g n a l  s .  
F o r  a g i v e n  p l a e m e n t ,  t h e  v a l u e  o f  c ,  d e n o t e d  b y  v ( c ) ,  
i s  t he  t o t a l n u m b e r  o f  s i g n a l s  c u t  by  c. In g e n e r a l ,  v(c)  
i s  h i g h l y  d e p e n d e n t  on  t h e  l o c a t i o n  of  c a s  w e l l  a s  t he  
g e o m e t r y  of t he  c a r r i e r .  In  t h i s  p a p e r  we  e m p l o y  a 
f a m i l y  C,v a n d  C~ of  v e r t i c a l  a n d  h o r i z o n t a l  c u t  l i n e s .  
O u r  o b j e c t i v e  f u n c t i o n  i s  to  m i n i m i z e  s o m e  f u n c t i o n  f 
of  the v a l u e s  of e a c h  c u t  l i ne  i n @  v a n d  C~H. P l a c e m e n t  
p r o c e d u r e s  w h i c h  m i n i m i z e  t h e  v a l u e  of  s u c h  a f u n c t i o n  
a r e  c a l l e d  r a i n - c u t  p l a c e m e n t  a l g o r i t h m s .  

D r u f f e l  a n d  S c h m i d t  [1 ,  7] h a v e  b r i e f l y  r e f e r r e d  to a 
p l a c e m e n t  p r o c e d u r e  t h a t  f a l l s  i n to  o u r  c a t e g o r y  o f  
r a i n - c u t  p l a c e m e n t .  

A l s o  a b r o c h u r e  [ 6 ]  d e s c r i b i n g  a p r o p r i e t o r y  DA 
s y s t e m  m a k e s  r e f e r e n c e  to u s i n g  t h i s  c o n c e p t  f o r  p l a c e -  
m e n t .  

II. D e v e l o p m e n t  of  O b j e c t i v e  F u n c t i o n s  fo r  
M i n - C u t  P l a c e m e n t  A l g o r i t h m s  

A. C l a s s i c a l  O b j e c t i v e  F u n c t i o n  

The  f i r s t  o b j e c t i v e  f u n c t i o n  one  m i g h t  c o n s i d e r  i s  
the  f u n c t i o n  

N c (cr) = ~ v ( c )  (1) 
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w h e r e  t h e  s u m  i s  o v e r  a l l  c E C~vL) C~. T o  e v a l u a t e  t h e  
p r o p e r t i e s  o f  t h i s  f u n c t i o n  o n e  m u s t  f i r s t  d e f i n e  t h e  l o -  
c a t i o n  o f  t h e  c u t s  i n  d~v a n d  ~H- 

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

T h e o r e m  1: U s i n g  a c a n o n i c a l  s e t A o f  c u t  l i n e s ,  m i n i -  
m i z i n g , t h e  o b j e c t i v e  f u n c t i o n  Nc(~)  ----- ~ v ( c ) ,  w h e r e  t h e  
s u m  i s  t a k e n  o v e r  a l l  c u t  l i n e s ,  i s  e q u i v a l e n t  to  m i n i -  
m i z i n g  t h e  o b j e c t i o n  f u n c t i o n  N a ( P ) = ~ d , ,  w h e r e  t h e  
~ u m  i s  t a k e n  o v e r  a l l  s i g n a l  n e t s  a n d  t h e  m e a s u r e  t a -  
k e n  f o r  d i s  ½ P . I  H e n c e ,  f o r  a n  o p t i m a l  p l a c e m e n t  
N c (~) = N d ( P ) .  S i n c e  m i n i m i z i n g  t h e  f u n c t i o n  N c {o) i s  
e q u i v a l e n t  t o  m i n i m i z i n g  t h e  f u n c t i o n  N d ( P ) ,  u s i n g  t h e  
f u n c t i o n  N¢(o) w o u l d  n o t  l e a d  to  a n y  n e w  r e s u l t s  w h i c h  
c o u l d  n o t  b e  o b t a i n e d  b y  e x i s t i n g  t e c h n i q u e s .  

B .  M i n - M a x  O b j e c t i v e  F u n c t i o n  

F o r  s o m e  c a r r i e r  t e c h n o l o g i e s ,  s u c h  a s  p o l y c e l l  
L S I  c a r r i e r s ,  a s u i t a b l e  o b j e c t i v e  f u n c t i o n  i s  

N (re_M) = m i n ( M a x { v ( c )  I c E C]  ) (2) 
C 

where C is a set of cut lines. This objective function 
is most useful in trying to reduce the maximum track 
usage in a channel. Such an objective function is dif- 
ficult to satisfy, and will not be dealt with in this pa- 
per. 

C. Sequential Objective Function 

We will next present an objective function, called a 
sequential objective function and denoted by Nc(Sq), 
whose near minimal value is relatively easy to achieve 
and which also leads to good placements. 

The form of this class of objective function is 

Nc(Sq)=minv(c i )Iminv(c i )I''" Iminv(c. ) (3) 
r r -I ' i l  

w h e r e  c i ,  c~ . . . .  , c r i s  a g i v e n  s e t  o f  c u t  l i n e s ,  ( i l ,  i~, . . . .  

i r) i s  a p e r m u t a t i o n  0 o n  (1, 2 . . . . .  rJ ,  I c a n b e  r e a d  
a s  " s u b j e c t  t o , "  a n d  t h e  e x p r e s s i o n  f o r  N a(Sh) i s  r e a d  
f r o m  l e f t  to  r i g h t .  H e n c e  c t  , c  . . . . . .  c I r e p r e s e n t s  

n o r d e r e d  s e q u e n c e  o f  c u t  h n e s ,  c i l b e l n g t h e  f i r s t  
c u t  l i n e  p r o c e s s e d  a n d  c i ,  t h e  l a s t .  B y  a p p r o p r i a t e  s e -  
l e c t i o n  o f  D w e  c a n  s p e c i a l i z e  t h e  p l a c e m e n t  a l g o r i t h m  
to  f i t  a s p e c i f i c  c a r r i e r  g e o m e t r y .  

I n  t h e  r e m a i n d e r  o f  t h i s  p a p e r  w e  w i l l  d i s c u s s  a n d  
i l l u s t r a t e  h e u r i s t i c  p r o c e d u r e s  f o r  m i n i m i z i n g  N=(Sq), 
a s  w e l l  a s  p r e s e n t  s e v e r a l  u s e f u l  o r d e r i n g s  f o r  t h e  c u t  
l i n e s .  

Ill. B a s i c  S t r u c t u r e  o f  M i n - C u t  P l a c e m e n t  A l g o r i t h m s  

C o n s i d e r  t h e  c a r r i e r  s h o w n  i n  F i g .  l ,  w h e r e  s o m e  
a r b i t r a r y  a s s i g n m e n t  o f  e l e m e n t s  t o  s l o t s  h a s  o c c u r -  
r e d .  W e  r e f e r  to s u c h  a n  a s s i g n m e n t  o f  m o v e a b l e  
e l e m e n t s  to s l o t  l o c a t i o n s  a s  a t e m p o r a r y  a s s i g n m e n t ,  
d e n o t e d  b y  T - a s s i g n m e n t .  A r e c t a n g u l a r  s u b a r e a  A o f  
t h e  b o a r d  i s  s h o w n  a l o n g  w i t h  a c u t  l i n e  c .  L i n e  c d i -  
v i d e s  A i n t o  a r e a s  A 1 a n d  A~. N o w ,  w i t h i n  A~ , i = l ,  Z, 
w e  c a n  r e - a s s i g n  s o m e  T - a s s l g n e d  e l e m e n t s  l o c a t e d  
i n  A 1 to  b e  i n  A~, a n d  a n  e q u a l  n u m b e r  o f  T - a s s i g n e d  
e l e m e n t s  i n  A~ t o  b e  i n  A 1. A s s u m e  w e  do  t h i s  i n  s u c h  
a w a y  s o  t h a t  t h e  t o t a l  n u m b e r  o f  s i g n a l s  o n  t h e  c a r r i e r  
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c r o s s i n g  c i s  m i n i m i z e d ,  s u b j e c t  o f  c o u r s e  to  t h e  c o n -  
s t r a i n t  t h a t  e l e m e n t s  n o t  i n  A c a n n o t  b e  m o v e d .  T h i s  
n e w  a s s i g n m e n t  o f  T - a s s i g n e d  e l e m e n t s  i s  a g a i n  c o n -  
s i d e r e d  t o  b e  a T - a s s i g n m e n t .  

A 

i A 1  A Z 

i 
I 
I 
I I 
I 
I 

X I X 2 

---- YZ 

Y1 

F i g u r e  1. C a r r i e r  a n d  a B l o c k  

T h e  o r i g i n a l  a r e a  A,  a l o n g  w i t h  t h e  s l o t s  a n d  e l e -  
m e n t s  w i t h i n  A i s  c a l l e d  a b l o c k ,  a n d  i s  d e n o t e d  b y  B .  
N o t e  t h a t  a c u t  l i n e  d i v i d e s  a b l o c k  i n t o  t w o  n e w  b l o c k s .  
T h e  p r o c e s s  o f  d i v i d i n g  a b l o c k  i n t o  t w o  n e w  b l o c k s  i s  
c a l l e d  b l o c k  d i v i s i o n .  A m o v e a b l e  e l e m e n t  i s  n o t  c o n -  
s i d e r e d  ~ l a c e d  u n t i l  t h e  b l o c k  i t  i s  i n  h a s  o n l y  o n e  o p e n  
s l o t .  At  t h i s  t i m e  i t  i s  s a i d  to  b e  p l a c e d  o r  a s s i g n e d  to 
t h a t  s l o t .  

L e t  ~ b e  a s e t  o f  d i s j o i n t  b l o c k s .  I n i t i a l l y  l e t  t h e  
e n t i r e  c a r r i e r  b e  b l o c k  B1, a n d  s e t  ~ = {B1} .  T h e n  
o n e  f o r m  o f  a r a i n - c u t  p l a c e m e n t  a l g o r i t h m  f o r  m i n i -  
c u t  p l a c e m e n t  a l g o r i t h m  f o r  m i n i m i z i n g  N¢(Sq) i s  a s  

f o l l o w  s, 

A l g o r i t h m  1: C u t  o r i e n t e d  r a i n - c u t  p l a c e m e n t  a l g o r -  

i t h m  f o r  Nc(Sq).  

1.  S e l e c t  a s e q u e n c e  ( p e r m u t a t i o n s )  f o r  p r o c e s s i n g  
t h e  c u t  l i n e s .  

2.  S e l e c t  n e x t  c u t  l i n e  c i n  s e q u e n c e  t o  p r o c e s s .  
3 .  A s s u m e  c c u t s  a c r o s s  a s u b s e t  o f  b l o c k s  S ' =  

{B,  T B ~  . . . . .  B i t  ] .  R e - a s s i g n  T - a s s i g n e d  e l e m e n t s  
w i t h i n  t h e s e  b l o c k s  s u c h  t h a t  v ( c )  i s  m i n i m i z e d .  

4 .  In  a n a t u r a l  w a y ,  f r o m  t w o  n e w  b l o c k s  f r o m  e a c h  o f  
t h e  b l o c k s  c u t  b y  c .  

5 .  If t h e r e  a r e  no  m o r e  c u t  l i n e s  to  p r o c e s s ,  o r  i f  
e v e r y  b l o c k  c o n t a i n s  a t  m o s t  o n e  m o v e a b l e  e l e m e n t ,  
t h e n  exSt ,  e l s e  r e t u r n  to  s t e p  Z. • 

T h e  s e q u e n c e  i n  w h i c h  c u t  l i n e s  a r e  to  b e  p r o c e s s e d  
c a n  b e  e i t h e r  f i x e d  o r  a d a p t i v e .  

E x a m p l e :  C o n s i d e r  t h e  c a r r i e r  s h o w n  in  F i g .  2 a  a l o n g  
w i t h  t h e  f i v e  c u t  l i n e s .  A s s u m e  t h e  l i n e s  a r e  t o  b e  
p r o c e s s e d  i n  t h e  s e q u e n c e  c l ,  cA, c s , c ~ , % .  S t a r t i n g  
w i t h  t h e  i n i t i a l  b l o c k  S ,  c o n s i s t i n g  o f  t h e  e n t i r e  c a r -  
r i e r  a n d  a l l  e l e m e n t s ,  w e  p r o c e s s  B 1 w i t h  r e s p e c t  to  
c~, h e n c e  m i n i m i z i n g  v (c~) .  B l o c k  B 1 i s  n o w  d i v i d e d  
i n t o  t w o  n e w  b l o c k s ,  d e n o t e d  b y  B 1 a n d  B= ( t h i s  i s  a n e w  
b l o c k  B1).  N o t e  t h a t  o n c e  a n  e l e m e n t  h a s  b e e n  a s s i g n e d  
t o  t h e  l e f t  ( r i g h t }  o f  c~ a n d  B 1 i s  d i v i d e d ,  t h e  e l e m e n t  
c a n  n e v e r  b e  m o v e d  t o  t h e  o t h e r  s i d e  o f  c 1 n o  m a t t e r  
w h e r e  s u b s e q u e n t  c u t  l i n e s  o c c u r .  W e  n o w  p r o c e s s  
B 1 a n d  B~ ( s i m u l t a n e o u s l y )  w i t h  r e s p e c t  to  c~, p r o d u c -  
i n g  t h e  f o u r  b l o c k s  s h o w n  i n  F i g .  Zd.  N e x t  w e  p r o c e s s  
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F i g u r e  Z. M i n - C u t  A l g o r i t h m  1 P r o c e s s i n g  B 1 w i t h  
R e s p e c t  to  the  s e q u e n c e  c~, c4, c 5, c~, c s 

c s w h i c h  o n l y  i n t e r s e c t s  B s and B 4. Note  t h a t  e v e n  
t h o u g h  the  m o v e a b l e  e l e m e n t s  in  B 1 a n d  B~ a r e  o n l y  T-  
a s s i g n e d ,  the  f a c t  t ha t  we  do not  know o p t i m a l  l o c a t i o n s  
f o r  t h e s e  e l e m e n t s  i s  i m m a t e r i a l  s i n c e  t h e y  a r e  a b o v e  
c 4 h e n c e  c a n  n e v e r  be  m o v e d  b e l o w  c s. T h e r e f o r e  t h e  
a c t u a l  l o c a t i o n s  of  t h e s e  e l e m e n t s  in  B 1 and  B= n e e d  not  
b e  k n o w n  w h e n  c a l c u l a t i n g  the  v a l u e  of  c5. C o n t i n u i n g  
t h e  p r o c e s s i n g  of t h e  c u t s  we  o b t a i n  t he  r e s u l t i n g  12 
b l o c k s  a s  s h o w n  in  F i g .  Zg. • 

It i s  c l e a r  t ha t  t h i s  p r o c e d u r e  r e a l i z e s  t h e  o b j e c t i v e  
f u n c t i o n  N=(Sq). In p r a c t i c e ,  it  i s  no t  a l w a y s  d e s i r a b l e t o  
e x e c u t e  A l g o r i t h m  1 e x a c t l y  as  s p e c i f i e d .  T h i s  o c c u r s  
f o r  t h e  f o l l o w i n g  two r e a s o n s .  C o n s i d e r  F i g .  Zc. In  
p r o c e s s i n g  c 4 w e  m u s t  p r o c e s s  B~ and  B~ s i m u l t a n e o u s -  
ly .  To r e d u c e  c o m p u t a t i o n  t i m e  it i s  a d v a n t a g e o u s  to  
p r o c e s s  B 1 and  B~ s e q u e n t i a l l y .  That  i s ,  f i r s t  p r o c e s s  
B ~ a n d  t h e n  B~. W h e n  p r o c e s s i n g  B l w e  m u s t  i g n o r e  t he  
m o v e a b l e  e l e m e n t s  in  B~ s i n c e  t h e y  m a y  h a v e  b e e n  r a n -  
d o m l y  a s s i g n e d  to  s l o t s .  O n c e  B 1 h a s  b e e n  p r o c e s s e d ,  
t h a t  i s ,  T - a s s i g n e d  e l e m e n t s  r e - a s s i g n e d  a b o v e  a n d  
b e l o w  c ~ , w e  c a n  now u s e  t h i s  i n f o r m a t i o n  in  p r o c e s s i n g  
B~. Q n c e  the  e l e m e n t s  in B~ h a v e  b e e n  r e - a s s i g n e d  to 
s l o t s , w e  c a n  now r e p r o c e s s  B~ w i t h  r e s p e c t  to c 4 u s i n g  
t h i s  i n f o r m a t i o n .  H e n c e  we  c a n  i t e r a t i v e l y  p r o c e s s  B 1 
a n d  B ~ u n t i l n o  n e w  T - a s s i g n m e n t s  o c c u r .  A t  t h i s  t i m e  
t h e  b l o c k s  c a n  b e  d i v i d e d .  W h e n  d e a l i n g  w i t h  l a r g e  

blocks this scheme w i l l  significantly decrease compu- 
tation time. This occurs because the process of T-as- 

signing elements is of complexityC>(n!) for a block of n 

elements. Heuristic procedures for carrying out this 

process are approximately of complexityO(ns). Hence, 

for example, rather than processing one block of n ele- 

ments it is usually significantly faster to process, pos- 
sibly several times, two blocks of size, say n/Z. 

In general, we have adapted the strategy of process- 
ing a set ~' of blocks sequentially, and iteratively, rather 
than simultaneously. The disadvantage of this type of 
processing is that we may achieve a local minimal 
rather than a global minimal. 

Another modification to the procedure just presented 
deals with the problem of where to cut a block. One use- 

ful criteria is to cut a block so that half of the open 

slots are on either side of the cut line. This is called 
bisecting. Again consider blocks B I and B~ (Fig. 2c). 

Assume B~ has many preassigned elements above c 4 
while Bs does not. Then bisection of B I and B~ cannot be 

done bythe same cut line. If we select different cut 

lines for B I and B~,then we are no longer dealing with 

the simple sequential objective function given by eq. (3). 

We see that it is possible to dynamically select cut 
lines as one proceeds, based upon the location of fixed 

and open slots in the various blocks encountered. Next 

we present a revised version of our initial algorithm 

which allows for this dynamic handling of cut lines. For 

this algorithm we can no longer write our objective 
function in a simple concise form. 

Algorithm 2: Block oriented rain-cut placement algor- 
ithm. 

I. Select next block B (or set of blocks S') for division. 
Z. Select cut lines for these blocks. 

3. Re-assign moveable elements in B or ~'* such that 
the number of signals cut is minimized. 

4. Subdivide blocks, forming a new set of blocks S. 
5. If all blocks now contain a single moveable element 

then exit, else return to step I. • 

Block Selection 

Blocks can be processed in any order. Two natural 

orderings are referred to as dept h first and breadth 
first. 

These orderings can be realized by storing new 
blocks on a stack. Breadth first is realized with a 
first-in first-out stack. In breadth first we normally 

process one or more blocks at a time, while in depth 

first we process only one block at a time. 

Selection of Cut Lines 

Normally the location of each allowable cut line can 
be specified in advance, e.g., between rows and/or 

columns of slots. The actual problem of selecting a 

cut line is thus in determining in what sequence to pro- 

cess these lines. The selection criteria is usually a 

fumtion of the carrier geometry and predicted routing 
density. For fixed ordering we have found that two 

types of cut lines are quite effective; they are referred 
to as a slice cut and abisection cut. A slice cut c of a 

block B is a cut line which isolates a fixed number (K) 

of slots of B to one side of c and the remaining slots to 

# 
The blocks in S' are sequentially processed, and if 
desired, iteratively processed. 
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t h e  o t h e r  s i d e  o f  c .  A b i s e c t i o n  c u t  c o f  a b l o c k  i s  a 
c u t  l i n e  w h i c h  t e n d s  to  e v e n l y  d i v i d e  t h e  u n a s s i g n e d  
e l e m e n t s  i n  B to  e i t h e r  s i d e  o f  c .  B y  " t e n d s  t o "  w e  
m e a n  t h a t  t h e r e  e x i s t s  n o  o t h e r  c u t  l i n e  c t w h i c h  m o r e  
c l o s e l y  d i v i d e s  t h e  u n a s s i g n e d  e l e m e n t s .  

IV.  T w o  F i x e d  S e c l u e n t i a l  M i n - C u t  
P l a c e m e n t  A l g o r i t h m s  

I n  t h i s  s e c t i o n  w e  w i l l  d e s c r i b e  t w o  s p e c i f i c  r a i n -  
c u t  p l a c e m e n t  p r o c e d u r e s  c o r r e s p o n d i n g  t o  A l g o r i t h m  
2,  T h e y  d i f f e r  i n  t h e  o r d e r  in  w h i c h  b l o c k s  a r e  p r o -  
c e s s e d  a n d  t h e  t y p e  o f  c u t  l i n e s  e m p l o y e d .  W e  r e f e r  
to  t h e s e  a l g o r i t h m s  a s  Q u a d r a t u r e  p l a c e m e n t  a n d  
S l i c e / B i s e c t i o n  p l a c e m e n t .  

A.  Q u a d r a t u r e  P l a c e m e n t  P r o c e d u r e  

I n  t h i s  p r o c e d u r e  t h e  o r i g i n a l  b l o c k  ( c a r r i e r )  B 1 i s  
f i r s t  b i s e c t e d  b y  a v e r t i c a l  c u t  l i n e  p r o d u c i n g  t w o  n e w  
b l o c k s  B~ a n d  B~. T h e s e  t w o  b l o c k s  a r e  t h e n  c u t  b y  
h o r i z o n t a l  b i s e c t i n g  c u t  l i n e s  t h u s  f o r m i n g  u p  t o  f o u r  
b l o c k s .  T h e s e  b l o c k s  a r e  t h e n  c u t  b y  v e r t i c a l  b i s e c t -  
i n g  c u t  l i n e .  T h i s  p r o c e s s  i s  r e p e a t e d ,  a l t e r n a t i n g  
b e t w e e n  v e r t i c a l  a n d  h o r i z o n t a l  c u t  l i n e s ,  u n t i l  e a c h  
e l e m e n t  i s  p l a c e d .  N o t e  t h a t  t h i s  p r o c e d u r e  p r o -  
c e s s e s  b l o c k s  b r e a d t h  f i r s t .  T h e  q u a d r a t u r e  p l a c e -  
m e n t  a l g o r i t h m  i s  d e s i g n e d  f o r  c a r r i e r s  h a v i n g  a h i g h  
d e n s i t y  o f  r o u t i n g  i n  t h e i r  c e n t e r .  B y  f i r s t  p r o c e s s i n g  
c u t  l i n e s  i n  t h e  c e n t e r  o f  t h e  c a r r i e r  w e  a t t e m p t  to 
p u s h  i n t e r c o r m e c t i o n s  a w a y  f r o m  t h i s  r e g i o n ,  a n d  
h e n c e  p r o d u c e  a p l a c e m e n t  w h i c h  c a n  b e  r o u t e d  w i t h  a 
m o r e  u n i f o r m  d e n s i t y .  

B.  S l i c e / B i s e c t i o n  P l a c e m e n t  P r o c e d u r e  

I n  t h i s  p r o c e d u r e  ( s e e  F i g .  3) ,  w e  f i r s t  d i v i d e  t h e  
i n i t i a l  s e t  o f  n e l e m e n t s  i n t o  a s e t  o f  K a n d  n - K  e l e -  
m e n t s ,  w h e r e  K >  0. A g a i n  v ( c )  i s  m i n i m i z e d .  T h e s e  
K e l e m e n t s  r e p r e s e n t  t h e  b o t t o m  r o w  o r  s l i c e  o f  c o m -  
p o n e n t s  o n  a c a r r i e r .  T h i s  p r o c e d u r e  i s  r e p e a t e d  o n  
t h e  r e m a i n i n g  ( n - K )  e l e m e n t s ,  a g a i n  d i v i d i n g  t h e m  
i n t o  a s e t  o f  K e l e m e n t s ,  a n d  a s e t  o f  ( n - 2 K )  e l e m e n t s .  
T h i s  p r o c e s s  i s  r e p e a t e d  u n t i l  a l l  e l e m e n t s  h a v e  b e e n  
a s s i g n e d  t o  a r o w .  T h e  e l e m e n t s  a r e  t h e n  a s s i g n e d  
t o  c o l u m n s  v i a  v e r t i c a l  b i s e c t i n g .  

c [ - - - ~ c _  ~ 
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F i g u r e  3 .  S l i c e / B i s e c t i o n  P l a c e m e n t  S c h e m e  - -  
G r o w i n g  H o r i z o n t a l  S l i c e s  

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

V. F o r m a l i z a t i o n  a n d  I m p l e m e n t a t i o n  A s p e c t s  
o f  M i n - C u t  P l a c e m e n t  P r o c e d u r e s  

A.  A B l o c k  

I n  t h i s  s e c t i o n  w e  p r e s e n t  a m o r e  d e t a i l e d  v e r s i o n  
o f  t h e  p l a c e m e n t  p r o c e d u r e s  d e s c r i b e d  i n  S e c .  I V .  
R e c a l l  t h a t  t h e  b a s i c  s t r u c t u r e  b e h i n d  a r a i n - c u t  
p l a c e m e n t  p r o c e d u r e  i s  t h a t  o f  a b l o c k .  I n t u i t i v e l y  a 
b l o c k  i s  a s e c t i o n  o f  a c a r r i e r  c o n t a i n i n g  s o m e  f i x e d  

( a s s i g n e d )  e l e m e n t s  a n d  s o m e  m o v e a b l e  ( u n a s s i g n e d )  
e l e m e n t s .  A b l o c k  c a n  b e  d i v i d e d  ( p a r t i t i o n e d )  b y  a 
c u t  l i n e  i n t o  t w o  b l o c k s .  F o r m a l l y ,  a b l o c k  B~ c o u -  

s i s t s  o f  a 7 - t u p l e  < Z l ,  F E I ,  F L O C t , f t , M E I ,  A L O C  t ,  F t>  
d e f i n e d  a s  f o l l o w s :  

1.  Z ,  = (X[,  X~, Y~I, Y~) - t h e  c o o r d i n a t e s  d e f i n i n g  t h e  
p h y s i c a l  b o a r d e r s  a s s o c i a t e d  w i t h  B t ( s e e  F i g .  1).  

2.  F E  l - a f i n i t e  s e t  o f  f i x e d  e l e m e n t s  l o c a t e d  w i t h i n  
Z i • 

3 .  F L O C  t - a s e t  o f  l o c a t i o n s  e a c h  o f  w h i c h  i s  w i t h i n  

Zt, w h e r e  IFE, I = IFLOC, I. 
4. f~ - a f u n c t i o n  a s s i g n i n g  e a c h  e l e m e n t  i n  F E  t to  a 

u n i q u e  e l e m e n t  i n  F L O C s . "  
5 .  M E  t - a s e t  o f  m o v e a b l e  ( u n a s s i g n e d )  e l e m e n t s  i n  

B l • 

6.  A L O C  t - a s e t  o f  a v a i l a b l e  l o c a t i o n s  i n  Z 1 f o r  p l a c -  
i n g  t h e  e l e m e n t s  i n  M E  t . W e  a s s u m e  t h a t  I M E t l  = 
I A L O C I I .  If  t h e r e  a r e  a c t u a l l y  m o r e  l o c a t i o n s  
t h a n  e l e m e n t s ,  t h e n  d u m m y  e l e m e n t s  a r e  d e f i n e d .  
( C o n t r a r y  to  t h e  p r e v i o u s  d i s c u s s i o n ,  w e  do  n o t  
a c t u a l l y  e m p l o y  a m a p p i n g  o f  e l e m e n t s  i n  M E  l to  
e l e m e n t s  i n  A L O C t ,  i . e .  w e  j u s t  t h i n k  o f  t h e  m o v e -  
a b l e  e l e m e n t s  a n d  a v a i l a b l e  l o c a t i o n s  a s  t w o  s e t s .  ) 

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

A v e r t i c a l  c u t  l i n e  c o f  b l o c k  B i s  s a i d  to  d e f i n e  t w o  
p s e u d o  b l o c k s  B I a n d  B"  w h e r e  B I a n d  B "  a r e  d e f i n e d  
a s  f o l l o w s .  I n t h i s  d e f i n i t i o n  c h a s  x - c o o r d i n a t e  X0, 
w h e r e  Xl_~ X0_~ X~. 

i. Z l = (XI, X0, Y~, Y~) and Z " = (X0, X~, Y~, Y~). 
2. FE' (FE n ) is the subset of elements in FE to the 

left (right) of c. 
3. FLOC l (FLOC") is the subset of slots in FLOC to 

the left (right) of c. 
4. fl (f,,) is the restriction of f to the domain FE l (FEll). 

5. M~/ (ME") is the subset of elements in ME to the 
left (right) of c. 

6. ALOC t (ALOC m) is the subset of locations in ALOC 

to the left (right) of c. 
7. FLAG l (FLAG") - flags associated with B S and B n 

initially set to 0. 

B t and B" are said to be ]~seudo blocks since their 
moveable elements can be re-assigned from B I to B" 

and vice versa. That is, they can be re-assigned 
from one side of c to the other. 

A vertical assignment of a block B consists of 

a. determining a vertical cut line c for B; 
b. constructing pseudo blocks B' and B"; and 
c. assigning the elements of ME to ME l and ME t' 

such that some objective is minimized, such as the 
number of signals cut by c. 

A vertical assignment of a set of blocks ~= { BI, B~, 

.... Bn] consists of a vertical assignment of each B t E~. 

A vertical bisection assignment is a vertical assign- 
ment generated by a vertical bisection cut line. 

B.  P a r t i t i o n i n g  

T h e  k e y  p r o b l e m  i n  c a r r y i n g  o u t  a v e r t i c a l  a s s i g n -  
m e n t  i s  t h a t  o f  a s s i g n i n g  t h e  e l e m e n t s  i n  M E  to t h e  
s e t s  M E  t a n d  MHY' s u c h  t h a t  w e  m i n i m i z e  t h e  n u m b e r  
o f  s i g n a l s  c u t  b y  c .  T h i s  p r o b l e m  i s  a g e n e r a l i z a t i o n  
o f  t h e  f o l l o w i n g  p a r t i t i o n i n g  p r o b l e m .  G i v e n  a g r a p h  G 
h a v i n g  n n o d e s ,  p a r t i t i o n  t h e  s e t  o f  n o d e s  o f  G i n t o  t w o  
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d i s j o i n t  s e t s  N 1 and  N= of  n o d e s  h a v i n g  n 1 and  n~ e l e -  
m e n t s  respectively, where n1+n~= n, and such that the 
number of edges between N I and N~ is minimal. 
K e r n i g h a n  a n d  L in  [ 3 ]  h a v e  d e s c r i b e d  a h e u r i s t i c  p r o -  
c e d u r e  w h i c h  a p p e a r s  to  p r o d u c e  v e r y  f ine  r e s u l t s  fo r  
n l a r g e .  T h e i r  p r o c e d u r e  s t a r t s  w i t h  an  i n i t i a l  ( a r b i -  
t r a r y )  p a r t i t i o n  of  N in to  s e t s  N 1 and  N~, and  c o m p u t e s  
sets A= N I and B=N~, IAI : !B 1 such that: interchang- 
ing A and B reduces the number of edges between the 
resulting set of nodes to a minimum. The resulting 
partition of N is thus N~= NI-A+B and N~= N~-B+A, 
where "-" and "+" refer to set operations. The pro- 
cedure can then be repeated starting with N~ and N~ 
as the initial partition. This iterative procedure is 
halted according to some user specified termination 
rule. 

To apply the Kernighan-Lin procedure to our prob- 
lem we m u s t  e x t e n d  it two  ~vays. F i r s t  i n s t e a d  of 
c u t t i n g  an  e d g e  b e t w e e n  two  n o d e s  w e  m u s t  d e a l  w i t h  
c u t t i n g  s i g n a l s  b e t w e e n  s e t s  of  n o d e s .  T h i s  e x t e n s i o n  
i s  q u i t e  t r i v i a l  to  i m p l e m e n t  and  h a s  b e e n  p r e v i o u s l y  
d i s c u s s e d  b y  S c h w e i k e r t  and  K e r n i g h a n  [ 8 ] .  The 
s e c o n d  e x t e n s i o n  r e q u i r e d  is  t ha t  w e  m u s t  r e s t r i c t  
s o m e  e l e m e n t s  i n  N 1 and  N~ to  b e  una~ra i lable  f o r  i n -  
t e r c h a n g e .  T h e s e  e l e m e n t s  in  N 1 a n d  N~ c o r r e s p o n d  
to  o u r  f i x e d  e l e m e n t s .  The e x t e n s i o n  of  t h e  K e r n i g h a n  
L in  p r o c e d u r e  w h i c h  i n c l u d e s  t h e s e  two g e n e r a l i z a -  
t i o n s  i s  r e f e r r e d  to  a s  t h e  G e n e r a l i z e d  K e r n i g h a n - L i n  
p r o c e d u r e ,  d e n o t e d  b y  G K - L .  We d e f i n e  a G K - L  s u b -  
r o u t i n e  a s  f o l l o w s :  

S u b r o u t i n e  G K -  L (F S , F n , M S , M r' , M* ,  M s * ) .  
Inpu t  p a r a m e t e r s :  F i x e d  s e t  of  e l e m e n t s  F '  and  F"  

and  m o v e a b l e  s e t  of e l e m e n t s  M'  and  M " .  
Outpu t  p a r a m e t e r s :  Two m o v e a b l e  s e t s  of  e l e m e n t s  

M* and M**, wlere M*,M**= M'UM",M*UM**= 
M ' U M " , M * n M * * = t p ,  and  iM'I:IM*I and tM" I= 
IM**i. 

Function: M* and M** are computed using the gen- 
eralized Kernighan-Lin procedure such that the 
number of signals between the set of elements 
[F',M*] and iF", M**} is minimal, where the 
initial partition is { F', M I } and [ F", M"]. 

We can now employ the GI<-L subroutine to compute 
a vertical bisection assignment for a set of blocks S '= 
[B~,B~ ..... Bq} =S. Next we describe a heuristic 
procedure for creating this assignment where the ob- 
jective is to minimize the total number of signals cut. 
This procedure has two modes of operation, namely 
iterative or noniterative. In the iterative mode the 
blocks in S' are repeatedly processed until no new 
reductions in the cut values occurs. 

Algorithm 3: Vertical-Bisection Assignment 

Step I: For i= I, Z ..... q set F t = 0, and construct a 
vertical bisect line c i for B i. If c t does not exist, so 
note. The x-coordinate of c t is Xt 0. Set FIRST=I. 
Read in MODE (iterative or non-iterative). 

Step 2: For i=l, Z ..... q do the following: (V bisec- 
tion a s s i g n m e n t  of  B~) 

S t ep  Z . l :  If c t e x i s t s  go to s t e p  2. Z, e l s e  s e t  Fi=2 
and  r e t u r n  to s t e p  2 .1  f o r  n e x t  i.  

S t ep  2. Z: ( C o n s t r u c t i o n  of F ~ and  F ~) 
a) F o r  e a c h  f i x e d  e l e m e n t  e in  a n y  b l o c k  of  8 to 

t h e  l e f t  ( r igh t )  o f  X~ 0, put  e in to  F '  (F" ) .  

b) F o r  e a c h  b l o c k  B~ s u c h  tha t  X ~  :~0 (X~ >= X~), put  
a l l  m o v e a b l e  e l e m e n t s  in to  F '  (F~).  

c) For every block B~ such that F~#0 and Xt0 cuts 
(intersects) Bj, if xJ .=xl --0---0 set all elements in 
ME~ into F e, otherwise set all elements in MV" 
into F H . 

Step 2.3: If FIRST=I go to step 2.4 else go to step 
2.5. 

Step Z. 4: (Construction of initial M' and M") Par- 
tition ME t into disjoint sets having !ALOC~I and 

I ALOC~I  elements each, and assign these ele- 
ments to M t and M H respectively using an initial 
partition algorithm. * Go to step Z. 6. 

Step 2.5: (Construction of M l and M r') Set M t = MK~ 

and M'= ME". (Here we use the old value of ME t 
and ME" for the initial value of M t and M r'. ) 

Step 2.6: Call subroutine GK-L (F', F~,M#,M",M*, 
M**). 

Step  2 . 7 :  Set  M ~  = M *  and  M E ~ ' = M * *  ( i . e .  and  
" o p t i m a l "  a s s i g n m e n t  of  M E  t h a s  b e e n  m a d e  s u c h  
t h a t  v(c i )  is  m i n i m i z e d ) .  Set  F i= 1 if  M * =  M', e l s e  
F 1 = 2 .  (F t = 2  i m p l i e s  a n e w  a s s i g n m e n t  of  B l h a s  
b e e n  c o m p u t e d ,  i . e .  M* ¢ M ' ,  w h i l e  F t =1 i m p l i e s  
no  n e w  a s s i g n m e n t  h a s  o c c u r r e d .  

S t ep  3: M O D E  = i t e r a t i v e ?  

Y e s :  Set  F I R S T = 0 .  If F 1 =Z fo r  s o m e  i, s e t  F l = 0  
fo r  a l l  i and  go to s t e p  2, o t h e r w i s e  EXIT .  

No:  E X I T .  

T h i s  p r o c e d u r e  is  f i n i t e  s i n c e  w h e n e v e r  a b l o c k  is  
p r o c e s s e d ,  e i t h e r  v(c)  i s  r e d u c e d  o r  e l s e  M ' = M * .  
S i n c e  v(c)  c a n n o t  be  i n d e f i n i t e l y  r e d u c e d ,  e v e n t u a l l y  
M~ = M~ f o r  a l l  i a n d  we ex i t  t h e  p r o c e d u r e .  

O n c e  S '  h a s  b e e n  p r o c e s s e d  by  A l g o r i t h m  3, e a c h  
p s e u d o  b l o c k  i s  m a d e  in to  a b l o c k .  F o r  e x a m p l e ,  the  
pseudo block B~ defined by the 7-tuple < (X[, X~, Y~, Y~), 

FE~, FLOCk, f[, ME~, ALOC~, F i > now defines a new 
block B~, defined by the parameters (X~, Xi, Y~, Y~) = 

t ~ i I # (XI, :~0, Yx, Y~), FE~= FE i, FLOCk= FLOCk, etc. We re- 
fer to the process of defining pseudo blocks as real 
blocks as block division. Hence, by carrying out block 
assignment followed by block division a set ]9'= { BI, B=, 

. . . .  BB I is  t r a n s f o r m e d  in to  a n e w  s e t  o f  b l o c k s  d ( ~ ' ) =  
{B~ . . . . .  B { ] ,  w h e r e  m_~ 2q. No te  t h a t  s i n c e  s o m e  
b l o c k s  do not  h a v e  a b i s e c t  l l n e ,  m c a n  be  l e s s  t h a n  Zq. 

In a c o m p l e t e l y  a n a l o g o u s  m a n n e r  to  t he  p r e c e d i n g  
d i s c u s s i o n ,  we  c a n  d e f i n e  the  c o r r e s p o n d i n g  b l o c k  a s -  
s i g n m e n t  and d i v i s i o n  p r o c e d u r e s  f o r  h o r i z o n t a l  cu t  
h ines .  

C. P l a c e m e n t  A l g o r i t h m s  

The p r o c e d u r e s  f o r  v e r t i c a l  a n d  h o r i z o n t a l  b i s e c t i o n  
o r  s l i c e  a s s i g n m e n t  f o l l o w e d  by  b l o c k  d i v i s i o n  m a k e  up  
the  m a i n  r o u t i n e s  in  o u r  Q u a d r a t u r e  and  S l i c e / B i s e c t i o n  
p l a c e m e n t  a l g o r i t h m s .  

As an e x a m p l e ,  c o n s i d e r  t h e  s e t  of b l o c k s  ~ = [ B1, 
Be . . . . .  Bn} s h o w n  in F i g ,  4a .  If we  v e r t i c a l l y  s l i c e  a s -  
s i g n  B. a n d  t h e n  d i v i d e  the  r e s u l t i n g  b l o c k  we  o b t a i n  t he  

Th i s  i s  a c o n s t r u c t i v e  p a r t i t i o n i n g  p r o c e d u r e  w h i c h  
p r o c u d e s  m u c h  b e t t e r  f i n a l  r e s u l t s  t h a n  w h e n  a r a n -  
d o m  assignment is used. 
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set of blocks S= [ Bl, Ba ..... B~+I} shown in Fig. 4b. 
We call this process a vertical slice division of/9. 
Note that the vertical slice assignment of B n can be 
obtained by a simplified form of Algorithm 3, namely 
b y  s e t t i n g  ~ '=  B~, e m p l o y i n g  a s l i c e  cu t  r a t h e r  t h a n  a 
b i s e c t i o n a l  cu t ,  a n d  b y  s e t t i n g  t he  M O D E  to  n o n - i t e r a -  
t i r e .  

l 

II 
I 
I 

I BZ B1 Bn I Bn_l • • • 
I 
I 
I 

X~ (a) 

Bn+ 1 Bn ] B n - 1  

(b) 

B z B 1 

F i g u r e  4. D e v e l o p m e n t  of  a S l i c e  
(a) B e f o r e  S l i c e  
(b) A f t e r  S l i c e  

c e s s f u l l y  r o u t e d ) .  T h i s  s a m e  c a r d  w a s  t h e n  p r o c e s s e d  
u s i n g  a u t o m a t i c  p l a c e m e n t .  The  i n i t i a l  r a n d o m  p l a c e -  
m e n t  u s e d  b y  t h e  s y s t e m  h a s  a h a l f - p e r i m e t e r  of 888.  
T h r e e  d i f f e r e n t  r u n s  a r e  d o c u m e n t e d  in  T a b l e  I .  T h e  
f i r s t  e m p l o y s  t h e  r a i n - c u t  p l a c e m e n t  a l g o r i t h m  o n c e  o n  
t h e  I C ' s .  R u n  Z e m p l o y s  t h i s  a l g o r i t h m  t w i c e  o n  I C ' s  
and  o n c e  on  t h e  e l e m e n t s .  R u n  3 e m p l o y s  t h i s  p r o c e d -  
u r e  t h r e e  t i m e s  o n  t h e  I C ' s  a n d  t w i c e  on  t h e  e l e m e n t s .  

C a r d  

M a n u a l  P l a c e m e n t  
A u t o m a t i c  R o u t i n g  

½p # of  
F a i l u r e s  

838 37 

Z 
Z89 n e t s  

3 
Z33 n e t s  

655 

A u t o m a t i c  P l a c e m e n t  
a n d  R o u t i n g  

½p 

Run#1 658 

Run #Z 646 

Run #3 634 

# of  
F a i l u r e s  

19 

15 

i i  

Z8 554 5 

35 616 6 

T a b l e  1: P l a c e m e n t / R o u t i n g  E x p e r i m e n t a l  
Re  s u i t s  

VI. E x p e r i m e n t a l  R e s u l t s  

Sorre of  t h e  c o n c e p t s  d e s c r i b e d  in  t h i s  p a p e r  h a v e  
b e e n  i m p l e m e n t e d ,  a n d  in  t h i s  s e c t i o n  we w i l l  b r i e f l y  
d e s c r i b e  a f ew of  t h e  r e s u l t s  o b t a i n e d .  

T h e  p r o g r a m s  a r e  w r i t t e n  i n  P L / I  a n d  r u n  o n  a n  
IBM 3 7 0 / 1 6 5 .  

Al l  the  p r o b l e m s  to  b e  d i s c u s s e d  in  t h i s  s e c t i o n  
d e a l  w i t h  t he  p l a c e m e n t  a n d  r o u t i n g  of PC c a r d s .  
T h e  c a r r i e r s  a r e  5 " X 5 ' %  c o n s i s t  of 5 c o l u m n s  a n d  10 
r o w s  of  14 o r  16 p i n  IC DIPS,  and  h a v e  two s i g n a l  
l a y e r s  f o r  i n t e r c o n n e c t i o n .  W e  t h u s  h a v e  a d e n s i t y  of  
Z I C ' s / i n  s. R o u t i n g  i s  c a r r i e d  ou t  o n  Z5 r a i l  c e n t e r s ,  
h e n c e  a v e r y  h i g h  r o u t i n g  d e n s i t y  e x i s t s .  

T h e  p h y s i c a l  d e s i g n  of  t h e  c a r d  i s  u s u a l l y  c a r r i e d  
out  i n t h e  f o l l o w i n g  o r d e r .  A l l  s t e p s  n o t  m o d i f i e d  b y  
t he  w o r k  " m a n u a l "  a r e  done  a u t o m a t i c a l l y .  

T h e  p r o c e s s  b e g i n s  w i t h  a n  i n i t i a l  a s s i g n m e n t  of  
l o g i c  f u n c t i o n s  ( e l e m e n t s )  to  I C ' s .  T h i s  s t e p  c a n  b e  
done  e i t h e r  m a n u a l l y  b y  t h e  l og i c  d e s i g n e r  o r  a u t o -  
m a t i c a l l y  b y  a c o n s t r u c t i v e  a s s i g n m e n t  a l g o r i t h m .  
A f t e r  t h i s  s t e p  we i t e r a t i v e l y  u s e  t h e  r a i n - c u t  p l a c e -  
m e n t  p r o c e d u r e s  to  f i r s t  p l a c e  IC p a c k a g e s  and  t h e n  
r e - a s s i g n  e l e m e n t s  to  p a c k a g e s .  T h e  s a m e  p r o g r a m  
c a n  c a r r y  ou t  b o t h  f u n c t i o n s .  At  t he  c o n c l u s i o n  of t h i s  
s t e p  a c o n s t r u c t i v e  p l a c e m e n t  p r o c e d u r e  i s  e m p l o y e d  
to  a s s i g n  e a c h  e l e m e n t  a s s i g n e d  to a n  IC to  t h e  o p t i -  
m a l  p o r t i o n  of a n  IC.  T h i s  s t e p  i s  t h e n  f o l l o w e d  b y  a 
c o n s t r u c t i v e  p r o c e d u r e  w h i c h  a s s i g n s  s i g n a l  n e t s  to  
IC p i n s .  F i n a l l y  t h e  c a r d  i s  a u t o m a t i c a l l y  r o u t e d  v i a  
a L e e  t y p e  r o u t i n g  a l g o r i t h m .  

In T a b l e  1 w e  s u m m a r i z e  t h e  r e s u l t s  f o r  t h r e e  
" d i f f i c u l t "  c a r d s  u s i n g  o u r  s l i c e / b l s e c t i o n  a l g o r i t h m .  
F o r  c a r d  no.  1 we  s e e  t h a t  t he  g i v e n  m a n u a l  p l a c e -  
m e n t  h a s  a h a l f - p e r i m e t e r  (N~(P)) of  838  ( i n c h e s ) ,  a n d  
w h e n  r o u t e d  p r o d u c e d  37 f a i l u r e s  ( s i g n a l  n e t s  n o t  s u c -  

F i n a l l y ,  c a r d s  2 a n d  3 s h o w  s i m i l a r  i m p r o v e m e n t  
i n  r o u t i n g  due  to  t h i s  p l a c e m e n t  p r o g r a m .  

To p r o c e s s  a b o a r d  t h r o u g h  i n i t i a l  p l a c e m e n t  of  
e l e m e n t s  to  p a c k a g e s ,  two p a s s e s  t h r o u g h  IC p l a c e -  
m e n t  and  one  p a s s  t h r o u g h  e l e m e n t  r e - a s s i g n m e n t ,  
ga t e  to  IC p o r t i o n  a s s i g n m e n t ,  a n d  IC p in  a s s i g n m e n t ,  
r e q u i r e s ,  o n  t h e  a v e r a g e ,  50 C P U  s e c o n d s  a t  a p r i m e  
t i m e  c o s t  of $25 p e r  m i n u t e .  

We  h a v e  f o u n d  f r o m  e x p e r i e n c e  t h a t  if  ½P i s  l e s s  
t h a n  620,  we  o b t a i n  a l m o s t  no f a i l u r e s .  H e n c e  we 
u s u a l l y  i t e r a t e  t h e  e l e m e n t -  IC p l a c e m e n t  p r o c e d u r e  
u n t i l  e i t h e r  we r e a c h  a ½P v a l u e  of  l e s s  t h a n  620,  o r  
e l s e  i f  we s e e  t h a t  no s i g n i f i c a n t  i m p r o v e m e n t  in  t h e  
p l a c e m e n t  i s  p o s s i b l e .  We  t h e n  go i n to  o u r  r o u t i n g  
p h a s e .  

We h a v e  a l s o  c a r r i e d  out  n u m e r o u s  e x p e r i m e n t s  
d e a l i n g  w i t h  the  o r d e r  in  w h i c h  c u t  l i n e s  s h o u l d  b e  p r o -  
c e s s e d ,  a n d  h a v e  f o u n d  t h a t  Q u a d r a t u r e  i s  u s u a l l y  t h e  
b e s t  t e c h n i q u e  f o r  o u r  b o a r d  g e o m e t r y ,  w h e r e  we  f i r s t  
c a r r y  ou t  a v e r t i c a l  cu t  ( p e r p e n d i c u l a r  to t he  I / O  c o n -  
n e c t o r ) .  
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