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S u m m a r y  

Two  t e c h n i q u e s  a r e  d i s c u s s e d  f o r  p a r t i t i o n i n g  
l o g i c  c i r c u i t s  to  m a x i m i z e  t h e  r e s o l u t i o n  of s t u c k -  
l i n e  f a u l t s .  One t e c h n i q u e  e x p l o i t s  t he  i n h e r e n t  
f a u l t  r e s o l u t i o n  of t h e  c i r c u i t  by  a t t e m p t i n g  to  f o r c e  
e q u i v a l e n t  f a u l t s  in to  t h e  s a m e  m o d u l e .  T h e  o t h e r  
i n v o l v e s  i n s e r t i n g  c o n t r o l  p o i n t s  to  s e p a r a t e  m e m -  
b e r s  of  e q u i v a l e n t  f au l t  c l a s s e s ,  a t e c h n i q u e  c a l l e d  
f a u l t  c l a s s  s p l i t t i n g .  S o m e  n e w  m e t h o d s  f o r  i d e n t i -  
f y i n g  e q u i v a l e n t  f a u l t s  a r e  a l s o  p r e s e n t e d .  

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

Logic network partitioning may be defined as 
the process of assigning logic elements to replace- 
able physical modules [I 1. Partitioning is carried 
out on several different levels in the digital system 
design process as indicated in Fig. I. The parti- 
tionin~ problem is to assign elements to modules 
so that some objective function is optimized, while 
some set of constraints is satisfied. A partition 
that satisfies all the constraints but is not neces- 
sarily optimal is said to be a feasible partition. 
The usual objective is to minimize the total number 
of modules used, while the constraints place upper 
bounds on the number of elements per module 
(space constraints) and the number of external con- 
nections per module (pin constraints). Other ob- 
jective functions that have been considered include 
minimizing the total number of intermodular con- 
nections [ 2 1, and minimizing the maximum delay 
through the network [ 3 ]. 

elements replaceable modules 

gate s 

IC's 

circuit boards 

integrated circuits (IC's) 

circuit boards 

cabinets 

F i g .  1. P o s s i b l e  l e v e l s  of p a r t i t i o n i n g  

In t h i s  p a p e r  we  c o n s i d e r  t h e  p r o b l e m  of  a s -  
s i g n i n g  l o g i c  g a t e s  t o  IC m o d u l e s  so  t h a t  e a c h  f a u l t  
of i n t e r e s t  c a n  be  d i a g n o s e d  ( l oca t ed )  to  a s  f e w  

T h i s  r e s e a r c h  w a s  s u p p o r t e d  by  t h e  N a t i o n a l  S c i -  
e n c e  F o u n d a t i o n  u n d e r  G r a n t  ENG74-18647  and  by  
the  J o i n t  S e r v i c e s  E l e c t r o n i c s  P r o g r a m  t h r o u g h  t h e  
A i r  F o r c e  O f f i c e  of S c i e n t i f i c  R e s e a r c h / A F S C  u n d e r  
C o n t r a c t  F44620-71-C-0067. 

m o d u l e s  a s  p o s s i b l e ,  p r e f e r a b l y  to  a s i n g l e  m o d u l e .  
T h u s  t h e  o b j e c t i v e  i s  to  m a x i m i z e  t h e  f a u l t  r e s o l u -  
t i o n  o b t a i n a b l e .  T h i s  p r o b l e m  i s  i m p o r t a n t  in  v i e w  
of t h e  f a c t  t h a t  in m o s t  l a r g e  d i g i t a l  s y s t e m s ,  t h e  
o n - l i n e  d i a g n o s t i c  p r o g r a m s  u s e d  c a n n o t  l o c a t e  e v e r y  
f a u l t  to  a r e p l a c e a b l e  m o d u l e .  T h i s  r e s u l t s  e i t h e r  
in  t he  r e p l a c e m e n t  of b o t h  f a u l t - f r e e  and  f a u l t y  
m o d u l e s ,  o r  e l s e  in  t h e  u s e  of c o s t l y  o f f - l i n e  t e s t -  
ing  p r o c e d u r e s .  

Two  a p p r o a c h e s  to  t he  d e s i g n  of d i a g n o s a b l e  
c i r c u i t s  a r e  e x a m i n e d .  

(1) P a r t i t i o n i n g  t h e  g i v e n  c i r c u i t  N to  m a x i -  
m i z e  i t s  i n h e r e n t  f a u l t  r e s o l u t i o n .  T h i s  i n v o l v e s  
f i n d i n g  a f e a s i b l e  p a r t i t i o n  in w h i c h  t h e  m a x i m u m  
n u m b e r  of m o d u l e s  m to  w h i c h  any  f a u l t  i s  r e s o l -  
v a b l e  is  m i n i m i z e d .  T h i s  m e a n s  t h a t  a l l  m e m b e r s  
of any  s e t  of e q u i v a l e n t  (o r  i n d i s t i n g u i s h a b l e ) f a u l t s  
a r e  c o n f i n e d  to  m o r  f e w e r  m o d u l e s .  A l t h o u g h  
m = l  i s  d e s i r a b l e ,  i t  m a y  no t  be  a c h i e v a b l e ;  i t  a l l  
d e p e n d s  on t h e  g i v e n  c i r c u i t .  We t h e r e f o r e  a l s o  
c o n s i d e r  a s e c o n d  a p p r o a c h .  

(2) M o d i f y i n g  a c i r c u i t  ( i n c l u d i n g  c i r c u i t s  
t h a t  h a v e  a l r e a d y  b e e n  p a r t i t i o n e d )  t o  d e c r e a s e  m .  
T w o  t e c h n i q u e s  a r e  p o s s i b l e :  t h e  i n s e r t i o n  of e x t r a  
ou tpu t  l i n e s  ( t e s t  p o i n t s ) ,  o r  t h e  i n s e r t i o n  of e x t r a  
i npu t  l i n e s  ( c o n t r o l  p o i n t s )  [ 4 ] .  The  u s e  of t e s t  
p o i n t s  to  i m p r o v e  f a u l t  r e s o l u t i o n  h a s  b e e n  c o n s i d -  
e r e d  by  G a d d e s s  [ 5 ] .  Our  a p p r o a c h  i s  t o  i n s e r t  
c o n t r o l  p o i n t s  t o  " s p l i t "  e q u i v a l e n t  f a u l t  c l a s s e s  
w i t h  m e m b e r s  in Z o r  m o r e  m o d u l e s .  C o n t r o l  i n -  
p u t s  h a v e  t h e  a d v a n t a g e  t h a t  t h e y  c a n  be  r e a d i l y  
c o m b i n e d  to  r e d u c e  t h e  n u m b e r  of e x t r a  p i n s  t h a t  
m u s t  be  a d d e d  to  t h e  n e t w o r k .  

Z. I d e n t i f y i n g  E q u i v a l e n t  F a u l t s  

W i t h o u t  l o s s  of g e n e r a l i t y ,  we  w i l l  c o n f i n e  ou r  
a t t e n t i o n  to  NAND n e t w o r k s .  A l l  f a u l t s  w i l l  be  a s -  
s u m e d  to  be  of t h e  s t a n d a r d  s t u c k - a t - 1  ( s - a - I )  and  
s t u c k  at  0 ( s - a - 0 )  t y p e .  It i s  a l s o  a s s u m e d  t h a t  
a l l  f a u l t s  a r e  d e t e c t a b l e  o r ,  e q u i v a l e n t l y ,  t h a t  t h e  
n e t w o r k s  a r e  i r r e d u n d a n t .  

In  o r d e r  to  be  a b l e  t o  m e a s u r e  t h e  d e g r e e  of 
f a u l t  r e s o l u t i o n  p o s s i b l e  in a g i v e n  l o g i c  n e t w o r k e  
it i s  n e c e s s a r y  to  be  ab l e  to  i d e n t i f y  s e t s  of e q u i -  
v a l e n t  f a u l t s  o r  f au l t  c l a s s e s .  T w o  f a u l t s  a r e  
e q u i v a l e n t  if t h e  f u n c t i o n s  r e a l i z e d  b y  t h e  f a u l t y  
c i r c u i t s  ( the  f a u l t  f unc t i ons ) ,  a r e  i d e n t i c a l .  T h e  
f a u l t  c l a s s e s  c a n ,  in  p r i n c i p l e ,  b e  d e t e r m i n e d  e x -  
h a u s t i v e l y  by  C o m p u t i n g  a l l  f a u l t  f u n c t i o n s ,  a n d t h e n  
c o m p a r i n g  t h e m  p a i r w i s e .  F o r  l a r g e  n e t w o r k s ~  
s u c h  e x h a u s t i v e  p r o c e d u r e s  a r e  no t  p r a c t i c a l .  F o r  
e x a m p l e ,  in  a ne twork ,  _A - - ° f  1000 l i n e s ,  t h e r e  a r e  2000 
f a u l t  f u n c t i o n s  a n d  (ZU~0)=1999000 p a i r s  of f a u l t  
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F i g .  2. A NAND n e t w o r k  N G and  i t s  r e p r e s e n t a t i v e  f a u l t s  

f u n c t i o n s  to  be  c o m p a r e d .  T h u s ,  b e f o r e  p a r t i t i o n -  
ing c a n  be  c a r r i e d  out ,  i t  i s  e s s e n t i a l  t o  h a v e  a 
c o m p u t a t i o n a l l y  e f f i c i e n t  w a y  of i d e n t i f y i n g  f a u l t  
c l a s s e s .  

A n u m b e r  of  a t t e m p t s  h a v e  b e e n  m a d e  to  f i n d  
w a y s  of d e t e r m i n i n g  f a u l t  e q u i v a l e n c e  d i r e c t l y  f r o m  
n e t w o r k  s t r u c t u r e ,  i . e . ,  w i t h o u t  c o m p u t i n g  f a u l t  
f u n c t i o n s  [ 6, 7, 8 ] .  A g e n e r a l  a p p r o a c h  is  to  i d e n -  
t i f y  a s e t  of r e p r e s e n t a t i v e  f a u l t s ,  and t h e n  e l i m i -  
n a t e  f a u l t s  t h a t  a r e  e q u i v a l e n t  t o  t h e  r e p r e s e n t a t i v e  
f a u l t s .  F a u l t  c o l l a p s i n g  [ 8 ] r e c o g n i z e s  t h a t  t he  
s - a - 0  f a u l t s  on t h e  inpu t  l i n e s  of a NAND g a t e  a r e  
e q u i v a l e n t  t o  t h e  s - a - 1  f a u l t  on t h e  ga t e  ou tpu t  l i n e .  
I t  i s  c o n v e n i e n t  to  r e t a i n  t h e  l a t t e r  s - a - 1  f a u l t  a s  
a r e p r e s e n t a t i v e ,  a n d  e l i m i n a t e  t h e  o t h e r s  [ 6 ] .  
F a u l t  c o l l a p s i n g  e l i m i n a t e s  a p p r o x i m a t e l y  h a l f  t h e  
f a u l t s  in  a n e t w o r k ,  s i n c e  on ly  t h e  s - a - 0  f a u l t s  on 
p r i m a r y  ou tpu t  l i n e s  and  l i n e s  t h a t  f an  out a r e  r e -  
t a i n e d .  F a u l t s  t h a t  a r e  e q u i v a l e n t ,  bu t  w h i c h  c a n -  
no t  be  i d e n t i f i e d  a s  e q u i v a l e n t  by  f a u l t  c o l l a p s i n g ,  
a r e  t e r m e d  n o n e l e m e n t a r y  e q u i v a l e n t  f a u l t s .  

I t  a p p e a r s  t h a t  t h e  n u m b e r  of n o n e l e m e n t a r y  
e q u i v a l e n t  f a u l t s  in  m o s t  c i r c u i t s  i s  q u i t e  s m a l l .  
C o n s i d e r  f o r  e x a m p l e  t h e  n e t w o r k  N G in  F i g .  2 
w h i c h  is  due  to  G a d d e s s  [ 5 ] .  T h e r e  a r e  37 l i n e s  
i m p l y i n g  74 d i s t i n c t  s - a - 0 / 1  f a u l t s .  F a u l t  c o l l a p -  
s i n g  r e d u c e s  t h i s  n u m b e r  to  4Z. F o l l o w i n g  the  
n o t a t i o n  i n t r o d u c e d  in  [ 8 ] ,  t h e s e  r e p r e s e n t a t i v e  
f a u l t s  a r e  i n d i c a t e d  by  d o t s  n e a r  t h e  c o r r e s p o n d i n g  
l i n e s .  A do t  a b o v e  (be low)  a l i ne  i n d i c a t e s  t h e  
s - a - 1  i s - a - 0 )  f au l t ;  d o t s  r e p r e s e n t i n g  e q u i v a l e n t  
f a u l t s  a r e  j o i n e d .  

L e t  t h e  ou tpu t  l i n e  L e m a n a t i n g  d i r e c t l y  f r o m  
a g a t e  G b e  c a l l e d  i t s  p r i m a r y  ou tpu t .  A d d i t i o n a l  
l i n e s  t h a t  f a n  out  f r o m  L a r e  c a l l e d  s e c o n d a r y  

2~2 

o u t p u t s  of G. T h u s  in  F i g .  Z, L20 i s  t h e  p r i m a r y  
ou tpu t  of G 3 and  L Z l  a n d  L22  a r e  i t s  s e c o n d a r y  
o u t p u t s .  T h e  f o l l o w i n g  t h e o r e m  is  a g e n e r a l i z a t i o n  
of t he  f a u l t  c o l l a p s i n g  c o n c e p t .  

T h e o r e m  1: In a c o m b i n a t i o n a l  (NAND) n e t w o r k  
the  s - a - 0  f a u l t s  on t h e  p r i m a r y  ou tpu t  l i n e s  of two  
g a t e s  G 1 a n d  G z a r e  e q u i v a l e n t  if  e i t h e r  of t h e  
f o l l o w i n g  c o n d i t i o n s  h o l d s :  

(1)  T h e  o u t p u t s  of  G 1 and  G 2 a r e  c o n n e c t e d  
to  t he  s a m e  s e t  of g a t e s .  

(Z) A l l  g a t e s  {Gi]  c o n n e c t e d  to  t h e  i n p u t s  of 
G 1 a r e  c o n n e c t e d  to  t h e  o u t p u t s  of G 2 ,  and  t h e r e  
i s  no  f a n  out  f r o m  t h e  o u t p u t s  of t h e  i n t e r m e d i a t e  
ga t e s  { G i ]  . 

G a t e s  G Z and  G 4 of F i g .  Z s a t i s f y  c o n d i t i o n  
(1)  of  T h e o r e m  1, h e n c e  t h e  s - a - 0  f a u l t s  on l i n e s  
8 and  14 a r e  e q u i v a l e n t .  A n o t h e r  s t r u c t u r a l  p r o -  
p e r t y  of  n e t w o r k s  t h a t  f a c i l i t a t e s  t h e  d e t e r m i n a t i o n  
of  e q u i v a l e n c e  c l a s s e s  i s  i n v e r s i o n  p a r i t y .  We d e -  
f i n e  t h e  i n v e r s i o n  p a r i t y  of l i n e  L i w i t h  r e s p e c t  to  
an  ou tpu t  z k ,  d e n o t e d  p ( b  i ,  z k ) ,  a s  e v e n  (odd) if 
t h e  n u m b e r  of i n v e r s i o n s  ( N A N D ' s  in a NAND n e t -  
w o r k )  a l o n g  a l l  p o s s i b l e  p a t h s  f r o m  L i t o  z k i s  
e v e n  (odd) .  PC L i ,  z k )  i s  u n d e f i n e d  if  t h e r e  a r e  
p a t h s  f r o m  L i to  z k w i t h  b o t h  e v e n  and  odd  n u m b e r s  

d of i n v e r s i o n s .  L e t  L d e n o t e  t h e  f au l t :  L i n e  L 
s - a - d ,  w h e r e  d =  0 o r  1 If L- d i  and Ldj  a r e  e q u i -  

d. ' d .  ~ v a l e n t ,  w e  w r i t e  L. x = L . l .  J 
1 j 

T h e o r e m  Z: L e t  l i n e s  L i and  L i f e e d  e x a c t l y  t h e  
s a m e  s e t  of p r i m a r y  o u t p u t s  Z =]  Z l ,  z 2 . . . . .  z m ]  
of  n e t w o r k  N. L e t  t h e  i n v e r s i o n  p a r i t y  of L i and  
L=j be  d e f i n e d  f o r  a l l  z k and b e  Pi and  p j ,  r e s -  
pe ct ire Iy. 



(1) I f  pi=Pj, t h e n  L ~ $ L  1. . 
J 

(2) I f  p i * P j  , t h e n  LiO*L.O and L I . * L } .  
J z J 

P r o o f :  L e t  V.. d e n o t e  t he  f u n c t i o n  a p p e a r i n g  on L . .  
We c m - - - a n  w r i t e l z k  = y . .PiA+B w h e r e  y P i =  y . (~ )  i f  p t 

• 1 i is even (odd), and ~k and B are inc~epenc~ent of 
Let Zk[L.a. denote the fault function to which Y.. o 

l d z k is changed by the fault L. , and let < denote 
proper logical implication. IWhen Pi is even 

ZklL0 = B<z 
i k 

ZklL ~ = A+B>z k . 

When Pi is odd 

ZklLi 0 = A+B>z k 

Z k l L  ~ = B < z  k . 

A s i m i l a r  s e t  of r e l a t i o n s  h o l d s  f o r  L . .  S i n c e  N 
is irredundant, Zk[Ld # z k. If z'<zl~ Jand z">z k 
then z ' *  z " .  Hence if p i = p . ,  ZklL.O'* z ~ I L i . ,  
t h e r e f o r e  L.  0 * j_~l. P a r t  (2~ of t h e  ~the~rerr l  f o l l o w s  
similarly, l j • 

Inversion parity relationships and Theorem Z 
a r e  v e r y  u s e f u l  in r e d u c i n g  the  a m o u n t  of c o m p u t a -  
t i o n  r e q u i r e d  to  d e t e r m i n e  f au l t  c l a s s e s .  F o r  e x -  
a m p l e ,  the  74 s i n g l e  f a u l t s  in N G r e d u c e  to  41 a f t e r  
a p p l y i n g  c o n v e n t i o n a l  f a u l t  c o l l a p s i n g  and T h e o r e m  
1. If e q u i v a l e n c e  is  now d e t e r m i n e d  by p a i r w i s e  
c o m p a r i s o n  of f au l t  f u n c t i o n s ,  ( ~1 )=9Z0 c o m p a r i -  
sons  a r e  n e e d e d .  By  c o m p u t i n g  " [n6e r s ion  p a r i t i e s ,  
we  can  d i v i d e  the  s e t  of 41 f a u l t s  in to  f ive  g r o u p s  : 

( 1 ) E0:  s - a - 0  f a u l t s  a s s o c i a t e d  w i t h  e v e n  
p a r i t y  l i n e s  

( 2 )  E l :  s - a - 1  f a u l t s  a s s o c i a t e d  w i t h  e v e n  
p a r i t y  l i n e s  

( 3 )  O0: s - a - 0  f a u l t s  a s s o c i a t e d  w i t h  odd 
p a r i t y  l i n e s  

( 4 )  O1: s - a - 1  f a u l t s  a s s o c i a t e d  w i t h  odd 
p a r i t y  l i n e s  

( 5 )  U : f a u l t s  a s s o c i a t e d  w i t h  l i n e s  of  u n -  
d e f i n e d  p a r i t y .  

F o r  t he  c i r c u i t  u n d e r  c o n s i d e r a t i o n ,  t h e  41 r e m a i n -  
ing f a u l t s  y i e l d  t he  f o l l o w i n g :  

IE°I =3, Izll=z5, lo°l=l, loll=IZ, Iul=0. 

If pairs of faults that are not equivalent by  Theorem 
2 are excluded, then the number of remaining pairs 
is 

2 + 2 + Z + 3(12) + 25(1) = 430 . 

An additional reduction in computation is obtained if 
the network is partitioned, in which case pairs of 
faults associated the same module need not be com- 
pared. A fault L. d is said to be in module M. if L. 
i s  e i t h e r  an i n p u t * o r  p r i m a r y  ou tpu t  l i n e  of a J g a t e  , 
in  M j .  F i g .  2 s h o w s  a 3 - m o d u l e  p a r t i t i o n  w h e r e  

M i = ~ G 1 ,  G2 ,  G3] , M z = { G 4 ,  G 5 ,  G6]  and M 3 = { G 7 ,  

m o d u l e  G 8 ,  G , G10,. G l l  ~ ,* If p a i r s  of f a u l t s  in t h e  s a m e  
a r e  lgnorec t ,  t he  n u m b e r  o f  p a i r s  d e r i v e d  

p r e v i o u s l y ,  430,  can  be  r e d u c e d  to  284. The  f a u l t  
a m b i g u i t y  of a m o d u l a r  n e t w o r k  N is  t he  s m a l l e s t  
n u m b e r  re(N) s u c h  tha t  e v e r y  f au l t  in N can  be  r e -  
s o l v e d  to  re(N) o r  f e w e r  m o d u l e s .  In the  n e t w o r k  
of F i g .  2 on ly  two  faul t  classes ~LI. ,  L~I.} and 
J .L~:  Li0~] span  two  m o d u l e s ,  h e n c e e i t s  ~ u l t  a m -  
o tgu l ry  IS two .  

3. P a r t i t i o n i n g  to  M a x i m i z e  I n h e r e n t  R e s o l u t i o n  

The  f au l t  a m b i g u i t y  of a n e t w o r k  c a n  o f t en  be  
s i g n i f i c a n t l y  d e c r e a s e d  by a l t e r i n g  m o d u l e  b o u n d a r i e s  
b a s e d  on the  f au l t  c l a s s e s  p r e s e n t  in t he  n e t w o r k .  
C l e a r l y  m = l  r e p r e s e n t s  the  o p t i m u m  c a s e ,  w h e r e  
the  n e t w o r k  is  so  p a r t i t i o n e d  tha t  i f  two  f a u l t s  a r e  
e q u i v a l e n t  t h e n  t h e y  a r e  in t he  s a m e  m o d u l e .  We 
d e f i n e  a ga t e  c l u s t e r  of  N as  t he  s m a l l e s t  s e t  of 
g a t e s  S s u c h  tha t  if  GES,  e v e r y  g a t e  c o n t a i n i n g  a 
f a u l t  e q u i v a l e n t  to one in G is  a l s o  in S. T h e  ga t e  
c l u s t e r s  f o r m  a p a r t i t i o n  of t he  n e t w o r k .  It  i s  
o b v i o u s l y  d e s i r a b l e  to  p l a c e  a l l  m e m b e r s  of a ga t e  
c l u s t e r  in the  s a m e  m o d u l e .  We now p r e s e n t  an  
a l g o r i t h m  ( P r o c e d u r e  1) to  d e t e r m i n e  the  f au l t  
c l a s s e s  and g a t e  c l u s t e r s  in a g i v e n  u n p a r t i t i o n e d  
n e t w o r k .  We t h e n  i n c o r p o r a t e  t h i s  a l g o r i t h m  in to  
a g e n e r a l  h e u r i s t i c  p a r t i t i o n i n g  m e t h o d  ( P r o c e d u r e  
2). 

The  f o l l o w i n g  p r o c e d u r e  i s  i n t e n d e d  to  be  u s e d  
in c o n j u n c t i o n  w i t h  a c o n v e n t i o n a l  f au l t  s i m u l a t i o n  
and t e s t  g e n e r a t i o n  p r o g r a m .  A f a u l t  p a r t i t i o n  
F / T  of a s e t  of f a u l t s  in N w i t h  r e s p e c t  to  a t e s t  
s e t  T is  a s e t  of f au l t  c l a s s e s  , F 2 . . . . .  F ] 
s u c h  tha t  two  f a u l t s  L.  d and L .  d ~F1 in  F . 6 F / T  ~f and a r e  

• . l on ly  if T c a n n o t  dxs t~nguish  t l~em, t 

P r o c e d u r e  1: To  d e t e r m i n e  the  f au l t  c l a s s e s  and 
g a t e  c l u s t e r s  of N. 

( 1 )  U s i n g  the  t e c h n i q u e s  d i s c u s s e d  in  s e c t i o n  
2, g e n e r a t e  a s e t  of r e p r e s e n t a t i v e  f a u l t s  F f o r  N. 
L e t  F / T 0 = { F ]  and l e t  i = 1 .  

( 2 )  G e n e r a t e  a n e w  t e s t  v e c t o r  t i f o r  N.  

( 3 )  C o m p u t e  F / t .  I n t e r s e c t  F / t .  w i t h  the  
1 "  1 

p r e v i o u s  f au l t  p a r t i t i o n  F / T i _  1 to  o b t a i n  a n e w  f au l t  
p a r t i t i o n  F / T . .  

1 

( 4 )  If e v e r y  b l o c k  in F / T .  c o n t a i n s  one m e m -  
b e r ,  o r  i f  i = 2  n ,  go to  s t e p  ( 5 ) ~  O t h e r w i s e  s e t  
i = i + l  and go to  s t e p  ( 2 ) .  

( 5 )  The  b l o c k s  of F / T .  c o n s t i t u t e  t he  f au l t  
c l a s s e s  of N.  T h e  ga t e  c l u s t e r s  c a n  be  d e t e r m i n e d  
directly from these fault classes by  associating each 
fEF with all faults, not just those in F, with which 
it is equivalent. 

It is important to note that Procedure I avoids 
t he  e x p l i c i t  g e n e r a t i o n  of f au l t  f u n c t i o n s .  A v e r y  
s i m p l e  t e s t  g e n e r a t i o n  t e c h n i q u e ,  e . g .  p s e u d o - r a n d o m  
test generation, can be used. Procedure i is an 
algorithm since in the worst case it will compute 
F/T where T is the set of all 2 n possible input 
v e c t o r s .  

We now s h o w  how P r o c e d u r e  1 c a n  b e  i n c o r p o -  
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r a t e d  i n t o  a n y  c o n v e n t i o n a l  p a r t i t i o n i n g  t e c h n i q u e .  
I t  i s  a s s u m e d  t h a t  a s e t  of c o n v e n t i o n a l  p a c k a g i n g  
c o n s t r a i n t s  l i m i t i n g  t h e  n u m b e r  of g a t e s  p e r  m o d u l e  
a n d  t h e  n u m b e r  of e x t e r n a l  c o n n e c t i o n s  p e r  m o d u l e  
m u s t  b e  s a t i s f i e d ,  a n d  t h a t  t h e s e  c o n s t r a i n t s  t a k e  
p r e c e d e n c e  o v e r  f a u l t  r e s o l u t i o n .  

P r o c e d u r e  2 : T o  f i n d  a p a r t i t i o n  of N w i t h  m i n i -  
m u m  o r  n e a r - m i n i m u m  f a u l t  a m b i g u i t y .  

L e t  q b e  t h e  m a x i m u m  n u m b e r  of m o d u l e s  
a l l o w e d  and ,  f o l l o w i n g  [ 1 ] ,  l e t  S d e n o t e  t h e  m a x i -  
m u m  s p a c e  ( n u m b e r  of g a t e s )  a n d  E t h e  m a x i m u m  
n u m b e r  of e x t e r n a l  p i n s  p e r  m o d u l e .  L e t  SIP..) 

t h e  n u m b e r  of  g a t e s  in  t h e  c l u s t e r  r e p r e s e n t  
a n d  l e t  E ( I~)  r e p r e s e n t  t h e  n u m b e r  of  e x t e r n a l  p i n s  

J .  

n e e d e d  t o  a s s i g n  a l l  t h e  g a t e s  of 1~ t o  one  m o d u l e .  

( 1 ) U s i n g  P r o c e d u r e  1 g e n e r a t e  t h e  g a t e  
c l u s t e r s  {1~] of N.  O r d e r  t h e s e  c l u s t e r s  s u c h  t h a t  
S(Pi)~_S(Pz)~...~S(Pp). Let Mk=~ for k=l,Z ..... 
q ,  a n d  l e t  i = j = l .  

• ( Z )  If S ( 1 ~ ) > ~  o r  E ( i ~ ) > E ,  go to  s t e p  ( 3 ) ;  
o t h e r w i s e  a s s i g n  I~ to  m o d u l e  M j ,  s e t  i = i + l ,  a n d  
s e t  j = j + l .  I f  i > p  go to  s t e p  ( 5 ) .  If j > q  go t o  
s t e p  ( 4 ) ,  o t h e r w i s e  go to  s t e p  ( 2 ) .  

( 3 )  A s s i g n  g a t e s  of P. s e q u e n t i a l l y  to  m o d u l e  i 
S M~t u n t i l  t h e  p in  o r  s p a c e  c o n s t r a i n t s  a r e  v i o l a t e d .  

P i = l Z - { t h e  g a t e s  a s s i g n e d  to  M : ]  a n d  s e t  
j = j + l .  I~ j > q  go to  s t e p  ( 4 ) ,  o t h e r ~ v i s e  go to  s t e p  
(Z). 

(4) Formulate a linear assignment problem 
t o  a s s i g n  t h e  r e m a i n i n g  g a t e s  t o  u n u s e d  s p a c e  in  
t h e  m o d u l e s ,  w i t h  t h e  o b j e c t i v e  of m i n i m i z i n g  f a u l t  
a m b i g u i t y .  T h e  c o s t  C(Gk) of a s s i g n i n g  g a t e  G l & t o  
a m o d u l e  M .  i s  i n f i n i t e  i f  e i t h e r  S ( M ~ U ~ G k ]  ) > S  o r  
E ( M ~ U  {G k } ~ > E ;  o t h e r w i s e  i t  i s  -1(0~ if  M£ c o n t a i n s  
( d o e s  n o t  c o n t a i n )  a f a u l t  e q u i v a l e n t  t o  a f a u l t  i n  G k.  
S o l v e  t h i s  a s s i g n m e n t  p r o b l e m  u s i n g  a n y  c o n v e n t i o n a l  
t e c h n i q u e  a n d  go  to  s t e p  ( 5 ) .  

( 5 )  S top .  If e a c h  g a t e  of t h e  o r i g i n a l  n e t -  
w o r k  h a s  b e e n  a s s i g n e d  t o  a m o d u l e  t h e n  a p a r t i -  
t i o n  w i t h  m i n i m u m  o r  n e a r - m i n i m u m  f a u l t  • a m b i -  
g u i t y  h a s  b e e n  o b t a i n e d .  

N o t e  t h a t  i n  s t e p  (3  } of t h e  a b o v e  p r o c e d u r e ,  
t h e  l a r g e r  c l u s t e r s  a r e  a s s i g n e d  to  m o d u l e s  f i r s t .  
T h i s  i s  b e c a u s e  t h e  s m a l l e r  c l u s t e r s  c a n  m o r e  
e a s i l y  f i l l  t h e  l e f t o v e r  s p a c e  w h i c h  i s  a s s i g n e d  in  
s t e p  ( 4 ) .  C o n s i d e r  a g a i n  t h e  n e t w o r k  N G of F i g .  
Z. T h e  g a t e  c l u s t e r s ,  w h i c h  c a n  b e  d e t e r m i n e d  b y  
P r o c e d u r e  1 (o r  d i r e c t l y  f r o m  t h e  f a u l t  c l a s s e s  
shown in the figure) are: Pl= {G I, G~, G 7, G~, G 9, 
Gi0 ,Gi]], PZ={G2, G4] ancl P3 i {Gh, G6]; clearly 
t h e s e  do  no t  m a t c h  t h e  m o d u l e s  s h o w n  i n  F i g .  Z. 
S u p p o s e  a n e t w o r k  p a r t i t i o _ n  i s  to  b e - - f o u n d  w i t h  
s p a c e  a n d  p i n  c o n s t r a i n t s  S =  8 a n d  E =  14, r e s p e c -  
t i v e l y .  On a p p l y i n g  P r o c e d u r e  2 we  o b t a i n  t h e  

• • ! • • ! 

p a r t i t i o n  N c o m p r i s i n g  Z m o d u l e s  M 1= P1 = {G1 , G 

G7, G8, Gg, Gi0 , Gll] and M~= P2UP3 = [G2. G4 _3' 
G 5, G6]. N' is feasible and m(N) =i. 

4.  F a u l t  C l a s s  S p l i t t i n g  U s i n g  C o n t r o l  L o g i c  

P a r t i t i o n i n g  a l o n e  m a y  n o t  s u f f i c e  t o  i n c r e a s e  
f a u l t  r e s o l u t i o n  ( o r ,  e q u i v a l e n t l y ,  r e d u c e  f a u l t  a m -  
b i g u i t y )  t o  a n  a c c e p t a b l e  l e v e l .  I t  m a y  b e  n e c e s s a r y  

t o  m o d i f y  t h e  o r i g i n a l  n e t w o r k .  T h i s  c a n  b e  d o n e  
b y  a d d i n g  e x t r a  i n p u t s  o r  o u t p u t s  to  t h e  n e t w o r k  
[ 4  2.  We  c o n s i d e r  t h e  u s e  of  c o n t r o l  i n p u t s  to  s p l i t  
f a u l t  c l a s s e s  t h a t  s p a n  t w o  o r  m o r e  m o d u l e s .  W h i l e  
t h i s  c a n  a l s o  b e  d o n e  b y  a d d i n g  o u t p u t s ,  c o n t r o l  i n -  
p u t s  h a v e  t h e  a d v a n t a g e  t h a t  t h e y  c a n  b e  r e a d i l y  
c o m b i n e d ,  r e s u l t i n g  in  t h e  a d d i t i o n  of  f e w e r  e x t r a  
p i n s  to  t h e  c i r c u i t .  

C o n s i d e r  a n e t w o r k  N 1 to  w h i c h  f a u l t  c o l l a p s i n g  
h a s  b e e n  a p p l i e d  y i e l d i n g  a s e t  of r e p r e s e n t a t i v e  
f a u l t s  F 1. L e t  G b e  a n y  (NAND) g a t e  in  N 1 . We  
n o w  p r e s e n t  a p r o c e d u r e  to  i s o l a t e  t h e  s - a - 1  f a u l t s  
of G f r o m  t h e  r e m a i n i n g  f a u l t s  in  F 1 . We  a s s u m e  
t h a t  t h e  o u t p u t  of G i s  n o t  a p r i m a r y  o u t p u t  of N 1 . 

P r o c e d u r e  3 : T o  s p l i t  t h e  s - a - 1  f a u l t s  in  G f r o m  
t h e  r e m a i n i n g  f a u l t s  in  F 1 . 

( 1 )  I n t r o d u c e  a n e w  (NAND) g a t e  G '  w i t h  t h e  
s a m e  n u m b e r  of i n p u t s ,  q,  a s  G. 

( 2 )  C o n n e c t  e a c h  i n p u t  L i of  G to  a d i s t i n c t  
i n p u t  L '  i of  G ' .  A d d  c o n t r o l  l i n e s  c 1 a n d  c 2 t o  G 
a n d  G'  r e s p e c t i v e l y .  

( 3 )  C o n n e c t  t h e  o u t p u t  of G '  t o  a l l  g a t e s  to  
w h i c h  t h e  o u t p u t  of G i s  c o n n e c t e d .  

T h e  c o n t r o l  i n p u t s  c 1 a n d  c 2 a r e  u s e d  d u r i n g  
t e s t i n g  o n l y .  D u r i n g  n o r m a l  o p e r a t i o n  of t h e  m o d i -  
f i e d  c i r c u i t  a t  l e a s t  one  of t h e  c o n t r o l  l i n e s  m u s t  
b e  h e l d  a t  l o g i c  v a l u e  1. F i g .  3 s h o w s  t h e  r e s u l t  
o f  a p p l y i n g  P r o c e d u r e  3 to  t h e  g a t e  G 1 of F i g .  2;, 
a n e w  g a t e  G~ is  a d d e d  t o  t h e  c i r c u i t .  G 1 a n d  G 1 
c o n t a i n  e q u i v a l e n t  f a u l t s  a n d  so  m u s t  b e  a s s i g n e d  
t o  t h e  s a m e  m o d u l e .  H o w e v e r ,  t h e  f a u l t s  L ~  a n d  
L~3  a r e  no  l o n g e r  e q u i v a l e n t ,  t h e r e f o r e  a l l  f a u l t s  
in  M 3 a n d  t h e  m o d i f i e d  m o d u l e  M 1 a r e  d i s t i n g u i s h -  
a b l e .  N o t e  t h a t  t h e  f a u l t s  on  l i n e s  L 1 , L 2 ,  L 3 of  
t h e  m o d i f i e d  c i r c u i t  do n o t  i n t r o d u c e  a n y  n e w  f a u l t  
e q u i v a l e n c e s .  

L e m m a  1 : In  a n  i r r e d u n d a n t  N A N D  n e t w o r k  no  two  
s - a - 1  f a u l t s  o n  t h e  i n p u t  l i n e s  of t h e  s a m e  g a t e  G 
a r e  e q u i v a l e n t .  No s - a - 1  i n p u t  f a u l t  of G i s  e q u i -  
v a l e n t  t o  a f a u l t  on  t h e  p r i m a r y  o u t p u t  l i n e  of G. 

T h e o r e m  3 : L e t  G b e  a g a t e  i n  N .  w h o s e  o u t p u t  
d o e s  no t  f a n  ou t .  T h e  c i r c u i t  N Z o~btained b y  
a p p l y i n g  P r o c e d u r e  3 t o  G is  s u c h  t h a t  a l l  f a u l t s  
i n  G a n d  G '  a r e  d i s t i n g u i s h a b l e  f r o m  t h e  r e m a i n i n g  
f a u l t s  in  N 2 .  

P r o o f :  F i g .  4 s h o w s  t h e  r e l e v a n t  p a r t s  of N 1 a n d  

N 2 • 

L e t  F 1 a n d  F^ b e  t h e  r e p r e s e n t a t i v e  f a u l t s  in  ¢ 
N 1 a n d  N 2 r e s p e c t i v e l y ,  a f t e r  a p p l y i n g  f a u l t  c o l l a p -  
s i n g  a n d  T h e o r e m  1. I f  

. . . . . . .  L ...... L k , 
1 ' ' eq ' gq k I q 

1 L 1 L1 ' L0 1 
L e o  ' go ' h0  k l  

t h e n  F z = F  1 U F  12 " 

L e t  F 1 / T  1 b e  t h e  f a u l t  p a r t i t i o n  i n d u c e d  on  N 1 
b y  T 1 , w h e r e  T 1 i s  t h e  s e t  of a l l  2 n p o s s i b l e  i n p u t  
v e c t o r s  of N 1 • B y  L e m m a  1, t h e  f a u l t s  L ~ i ,  1 

LS  2 ' 
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F i g u r e  3. Appl ica t ion  of P r o c e d u r e  3 to G 1 in N G 
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Fig .  4. P a r t  of a ne twork  ( a )  before  and ( b )  af ter  applying P r o c e d u r e  3 

1 1 
. . . .  L_ , L,_ al l  l ie  in d i f fe ren t  faul t  c l a s s e s ,  

~ence ; ~ 3 ~  4 , ~  ..... ~4 .~ ~. ~ .  
i I q q ' I 

F~. ] ,  F .~  where  F .  is the set  of faul ts  equiva lent  

to L ~ i ,  and F r is the set  of all  the r e m a i n i n g  fault  

c l a s s  in F1 /T  1. 

Let  T 2 denote all  2 n+2 input vec to r s  of N 2,  
and le t  Ti j  denote the 2 n m e m b e r s  of T Z with 
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C l = i  and c 2 = j .  

Suppose T10 is appl ied to N 2.  Al l  vec to r s  in 
T10 apply 0 to c 2 hence  the output Lh0 of G' is 
a lways 1. This  imp l i e s  that  

~,~0= 1~4,. ~k,. ~? .  .... ~4~. ~ . ~ .  q 

Fhl] 1 L1 0 , I ~  , L e  1 .  e z {L " L k l '  0 ' " ' '  ' 



Lie , L 1 1 
q go' Lh0] } 

S i n c e  ( G ,  c 1) a n d  ( G ' ,  cz)  a r e  s y m m e t r i c a l  we  a l s o  
h a v e  

~/T01= ~Llel , i~ l ,  ~ . . . . .  ILeq q 

' ' Lgl' gz ..... 

I L 1 L I 
Lgq, e0, hi ] } 

I L I TOO d e t e c t s  t h e  f a u l t s  L g  0 , e0  w h i c h  a r e  i n d i s t i n -  

g u i s h a b l e  a n d  a r e  no t  d e t e c t e d  b y  T01 o r  T 1 0 .  N o w  

F 2 / T 2  = F 2 / T 0 0  n F z / T 0 1  [7 F 2 / T 1 0  n Fz/Ti 1 

0 eO}' ' {L~Z} . . . . .  

), 
q 

IL l , iL l 3, ILL , g z ]  ..... {L~q 0 1 } 

' ' '  } 

Hence a l l  t h e  f a u l t s  on  t h e  i n p u t s  a n d  o u t p u t s  of G 
a n d  G'  a r e  i s o l a t e d  f r o m  t h e  r e m a i n i n g  f a u l t s  in  
N z • • 

I t  i s  i m p o r t a n t  to  n o t e  t h a t  t h e  s - a - 1  f a u l t s  on  
t h e  c o n t r o l  l i n e s  c I and  c Z a r e  e q u i v a l e n t .  T h i s  
r e q u i r e s  G a n d  G'  to  b e  in  t h e  s a m e  m o d u l e .  H o w -  
e v e r ,  t h e  f a c t  t h a t  b o t h  a r e  c o n n e c t e d  t o  H b y  l i n e s  
w i t h o u t  f a n  ou t  a l r e a d y  i m p l i e s  t h a t  G, G '  a n d  H 
c o n t a i n  e q u i v a l e n t  f a u l t s ,  a n d  t h e r e f o r e  s h o u l d  b e  
a s s i g n e d  to  t h e  s a m e  m o d u l e .  

C o r o l l a r y  I :  T h e o r e m  3 i s  a l s o  v a l i d  i f  t h e  o u t p u t  
of G f a n s  ou t .  

T h e  p r o o f  of t h i s  c o r o l l a r y  i s  s i m i l a r  t o  t h a t  
of T h e o r e m  3. N o t e  t h a t  i f  G f a n s  out ,  a n d  t w o  
s - a - I  f a u l t s  on  i t s  s e c o n d a r y  o u t p u t  l i n e s  a r e  e q u i -  
v a l e n t ,  t h e s e  f a u l t s  a r e  n o t  s e p a r a t e d  b y  P r o c e d u r e  
3. T h e y  c a n  b e  s e p a r a t e d  b y  a p p l y i n g  t h e  p r o c e d u r e  
t o  o n e  of t h e  g a t e s  t o  w h o s e  i n p u t s  t h e  s e c o n d a r y  
o u t p u t s  of G a r e  c o n n e c t e d .  

We c a l l  t h e  p r o c e s s  of i s o l a t i n g  t h e  f a u l t s  of 
G f r o m  t h e  r e m a i n i n g  f a u l t s ,  f a u l t  c l a s s  s p l i t t i n g .  
P r o c e d u r e  3 c a n  b e  a p p l i e d  to  m a n y  d i f f e r e n t  g a t e s  
in  N I .  If t h e  f a u l t  c l a s s e s  b e i n g  s p l i t  a r e  d i s j o i n t ,  
i . e .  t h e y  h a v e  no  c o m m o n  m e m b e r s ,  t h e n  t h e  s a m e  
c o n t r o l  l i n e s  m a y  b e  u s e d  t o  s p l i t  m a n y  f a u l t  c l a s s e s .  
S u p p o s e  F 1 a n d  F Z a r e  d i s j o i n t  f a u l t  c l a s s e s  a n d  c 1 
a n d  c 2 a r e  u s e d  t o  s p l i t  F1,  t h e n  ~1 a n d  ~'Z m a y  b e  
u s e d  to  s p l i t  F 2 ,  w h i c h  m e a n s  t h a t  o n l y  Z e x t e r n a l  
c o n t r o l  i n p u t s  n e e d  b e  a d d e d  to  t h e  m o d i f i e d  c i r c u i t .  
If  m o r e  t h a n  3 f a u l t  c l a s s e s  m u s t  be  s p l i t ,  t h e n  t h e  
f o l l o w i n g  r e s u l t  a p p l i e s .  

T h e o r e m  _4: Let  r t ,  q . . . . .  ~n be n ~ 3  d i s jo int  
f a u l t  c l a s s e s  in  a c i r c u i t .  T h e n  e a c h  of  t h e s e  f a u l t  
c l a s s e s  c a n  b e  s p l i t  u s i n g  k e x t e r n a l  c o n t r o l  in~uts¢ ~ 
w h e r e  k i s  t h e  s m a l l e s t  n u m b e r  s u c h  t h a t  n ~ _ [  2 ] x  / o 

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

T w o  a p p r o a c h e s  to  t h e  p r o b l e m  of i m p r o v i n g  
f a u l t  r e s o l u t i o n  in  m o d u l a r  n e t w o r k s  h a v e  b e e n  
e x a m i n e d .  T h e  f i r s t  a t t e m p t s  to  e x p l o i t  t h e  i n -  
h e r e n t  f a u l t  r e s o l u t i o n  of a g i v e n  c i r c u i t  b y  c h o o s i n g  
m o d u l e  b o u n d a r i e s  t h a t  e n c l o s e  a l l  m e m b e r s  of e a c h  
f a u l t  c l a s s  in  t h e  m o d u l e .  T h e  s e c o n d  m e t h o d  i n -  
v o l v e s  modifying the original circuit by the addition 
of c o n t r o l  i n p u t s  and  e x t r a  g a t e s .  P r e v i o u s  a p p l i -  
c a t i o n s  of t h i s  a p p r o a c h  h a v e  b e e n  i n t e r p r e t e d  in  
t e r m s  of  o b s e r v i n g  a n d  c o n t r o l l i n g  i n t e r n a l  s t a t e s  
of t h e  n e t w o r k  [ 4  ] .  W e  h a v e  i n t e r p r e t e d  o u r  a p -  
p r o a c h  in  t e r m s  of s e p a r a t i n g  t h e  m e m b e r s  of 
e q u i v a l e n t  f a u l t  c l a s s e s .  A l t h o u g h  t h e  r e p e a t e d  
a p p l i c a t i o n  of P r o c e d u r e  3 c a n  a d d  s i g n i f i c a n t l y  to  
n e t w o r k  c o s t ,  i t  h a s  t w o  m a j o r  a d v a n t a g e s .  

( 1 ) C o n t r o l  i n p u t s  c a n  b e  s h a r e d ,  so  t h a t  
m a n y  f a u l t  c l a s s e s  c a n  b e  s p l i t  u s i n g  f e w  a d d i t i o n a l  
i n p u t  p i n s ,  No c o r r e s p o n d i n g  t e c h n i q u e  f o r  c o m b i n -  
ing  e x t r a  o u t p u t s  ( t e s t  p o i n t s )  i s  k n o w n .  

( Z )  S i n c e  t h e  i n s e r t e d  g a t e s  a r e  a d d e d  in  
p a r a l l e l  w i t h  t h e  o r i g i n a l  g a t e s ,  t h e  o v e r a l l  i n c r e a s e  
in  p r o p a g a t i o n  d e l a y  ( w h i c h  i s  d u e  to  t h e  e x t r a  
l o a d i n g  on ly)  i s  r e l a t i v e l y  s m a l l .  

I t  w o u l d  b e  v e r y  u s e f u l  to  h a v e  g u i d e - l i n e s  f o r  
d e s i g n i n g  l o g i c  n e t w o r k s  w i t h  good  i n h e r e n t  f a u l t  
r e s o l u t i o n ,  e . g . ,  f e w  f a u l t  c l a s s e s  i n v o l v i n g  g a t e s  
t h a t  a r e  no t  d i r e c t l y  c o n n e c t e d  to  one  a n o t h e r .  
T h e o r e m  1 s u g g e s t s  one  p o s s i b l e  d e s i g n  r u l e :  no  
t w o  g a t e s  s h o u l d  h a v e  t h e i r  o u t p u t s  c o n n e c t e d  to  t h e  
s a m e  s e t  of g a t e s .  A n o t h e r  t e n t a t i v e  r u l e  i s :  l i n e s  
crossing module boundaries should fan out. In Fig. 
2, for example, no fault in G66 M Z is equivalent to 
a fault in G96 M 3 . If G 6 were connected to G 9 
only (no fanout), then this would no longer be the 
case. When Procedure 3 is applied to a gate G, 
fanout is introduced in all the original input lines 
o f  G w i t h  t h e  e f f e c t  of s e p a r a t i n g  f a u l t s  in  G f r o m  
f a u l t s  i n  t h e  g a t e s  f e e d i n g  G.  
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