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an efficien t fu ll support fo r  sequential im plication . Sequential lo g ic  im p lica tion  has m any u se fu l a p p lica ­

tions, one  o f  w h ich  is sequentially  redundant fault identification . W e  sh ow  that sequential im plica tion s  

fou n d  by  G R A P H _ S IM P  a llow  us to  find m ore sequential redu n dan cies than p rev iou s ly  reported. 

R esu lts o f  testing our im p lica tion  algorithm  against IS C A S 8 9  circu its sh ow  that h igh  im p lica tion  c o v e r ­

a g e  is essential to  id en tify in g  redundant faults.
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A  G r a p h  T r a v e r s a l  B a s e d  F r a m e w o r k  f o r  S e q u e n t i a l  

L o g i c  I m p l i c a t i o n  w i t h  a n  A p p l i c a t i o n  t o  C - c y c l e  

R e d u n d a n c y  I d e n t i f i c a t i o n

A b s t r a c t

T h is  p a p e r  presen ts  a  n ew  g ra p h  trav ersa l b ased  fra m ew ork  fo r  seq u e n tia l lo g ic  im p lic a ­

t io n  ca lle d  G R A P H _ S IM P . D u e  t o  th e  p ro h ib it iv e  tim e  a nd  sp a ce  co s t , fe w  p re v io u s  w ork  

ta rg et th e  d is co v e ry  o f  sequ en tia l in d ire ct  im p lica tion s  th a t  sp an  m u ltip le  t im e  fra m es . B y  

using a n  e ffic ien t g ra p h  d a ta  s tru c tu re  a n d  in c o rp o ra t in g  a  g ra p h  r e d u c t io n  step  in to  th e  

im p lic a t io n  g en er a t io n  p rocess , ou r  a p p ro a ch  p rov id es  an  efficien t fu ll s u p p o r t  fo r  seq u e n ­

t ia l im p lic a t io n . S eq uen tia l lo g ic  im p lic a tio n  has m an y  usefu l a p p lica t io n s , on e  o f  w h ich  

is seq u e n tia lly  re d u n d a n t  fa u lt  id en t ifica t ion . W e  sh ow  th a t  seq u en tia l im p lic a t io n s  fo u n d  

b y  G R A P H _ S IM P  a llow  us t o  fin d  m o re  sequen tia l red u n d an cies  th a n  p re v io u s ly  r e p o r te d . 

R esu lts  o f  te s t in g  ou r  im p lic a tio n  a lg o r ith m  against IS C A S 8 9  c ir cu its  sh o w  th a t  h ig h  im p li ­

ca t io n  cov e ra g e  is essen tia l t o  id en t ify in g  redu n d a n t fau lts.



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

A  nu m ber o f  d ifferen t d ig ita l c ir cu it  a n a ly sis p ro b le m s  n e ed  t o  k n o w  th e  e ffects o f  a ssertin g  

v a riou s  lo g ic  va lues th ro u g h o u t  a  c ir cu it : a u to m a t ic  te s t  p a tte rn  g e n e ra tio n  (A T P G )  [1], 

[2], [3], [4], u n tes ta b le  fau lt id en tific a tion  [5], [6], c ir c u it  o p t im iz a t io n  [7]- [10], a n d  d es ig n  

v er ifica tion  [11]. V ariou s  so lu tio n s  ex ist, a n d  ca n  b e  g r o u p e d  in to  tw o  m a jo r  classes: s ta t ic  

lea rn in g  [1] a n d  d y n a m ic  lea rn in g . In  th e  c o n te x t  o f  lo g ic  c ir cu its , lea rn in g  refers t o  ca p tu r in g  

th e  fu n ct io n a l b eh a v io r  o f  th e  c ir cu it  t o  m o re  ea sily  s o lv e  a  g iv e n  p ro b le m . S ta tic  lea rn in g  

a lg or ith m s are  a p p lied  as a  p re p r o ce ss in g  step ; in  c o n tra s t , d y n a m ic  lea rn in g  a lg o r ith m s are 

p e rfo rm ed  as p a r t o f  th e  c ir cu it  a na ly sis  p ro ce d u re  (e .g .,  d u r in g  A T P G ) .  In  e ither case , lo g ic  

im p lica tion s  are d iscov ered  a n d  u sed  t o  so lv e  th e  v a r iou s  a n a lys is  p rob lem s.

A  n u m b er o f  p a p ers  have d e a lt  w ith  im p lic a t io n  a lg o r ith m s [l]  -[4 ], [10]-[15]. T h e s e  a l ­

g o r ith m s are e ith er s tru c tu ra l b a se d  o r  B o o le a n  sa tis f ia b ility  (S A T )  b a sed  m od e ls . K u n z  

a n d  P ra d h a n  p ro p o s e d  a  c o m p le te  im p lic a tio n  a lg o r ith m  ca lle d  recu rs iv e  learn ing[15 ], w h ich  

gu ran tees t o  fin d  all n ecessa ry  a ss ig nm ents  u n der a  p a r tia l set o f  n o d e  va lues. H ow ever, in  

p ra ct ica l im p lem en ta tion , th e  d e p th  o f  recu rs ion  m u st b e  re str ic te d  t o  keep  th e  t im e  a n d  

sp a ce  ex p en se  w ith  rea son a b le  b o u n d s . A s  a  resu lt, s o m e  im p lic a tio n s  m a y  n o t b e  fo u n d . 

In  [14], S to ffe l et al. p ro p o s e d  an  im p lic a t io n  en g in e  w h ich  m o d e ls  recu rs iv e  lea rn in g  b y  

A N D -O R  rea son in g  g ra ph s . T h e  w ork in g  p r in c ip le  o f  A N D -O R  g ra p h  is th e  sa m e as th a t  

o f  recu rsive  lea rn in g  in  th a t  b o t h  o f  th e m  d eriv e  in d ir e c t  im p lic a tio n s  b y  set in ters ect ion  

op e ra tio n . A n o th e r  g ra p h -b a se d  im p lic a t io n  en g in e  p r o p o s e d  b y  T a fertsh o fter[1 6 ] in h erits  

th e  ch a racter istics  o f  b o t h  stru ctu ra l b a se d  m o d e l a n d  S A T  b a se d  m o d e l.  T h e ir  im p lic a tio n  

en g in e derives in d irect im p lica tio n s  th ro u g h  set o p e r a t io n  a nd  la w  o f  c o n tra p o s it io n , w h ich  

are  con s id ered  as tw o  m a jo r  cu rren t te ch n iq u es  t o  d is co v e r  in d ire c t  im p lica tion s .

In  th is p a p e r  w e p ro p o s e  a  n ew  g ra p h -b a se d  im p lic a t io n  fra m ew ork  w h ich  is e fficien t in  

term s  o f  b o t h  tim e  a n d  sp ace . W e  fo cu s  o n  d iscu ssin g  th e  co n s tr u c t io n  p h a se o f  th is im p li-

1



ca t io n  en g in e , w h ich  c a n  b e  v iew ed  as a  s ta tic  learn in g  p ro ce d u re . C o m p a re d  w ith  d y n a m ic  

learn ing , s ta t ic  lea rn in g  h a s sev era l a d v a n ta g es . D y n a m ic  learn ing  is ty p ic a lly  a p p lied  in  th e  

c o n te x t  o f  a n  A T P G , o r  o th e r  a n a lys is  a lg or ith m , d u rin g  b ra n ch in g  step s . Im p lica t ion s  fo u n d  

in  d y n a m ic  lea rn in g  a re  o n ly  v a lid  u n d er  a  sp ecific  s itu a t io n  o f  assignm ents, w h ich  lim its  th e  

s co p e  o f  d is co v e re d  im p lic a t io n s  a n d  cau ses co m m o n  im p lica tio n s  t o  b e  re -learn ed  in  a n o th er  

s itu a t ion . In  co n tra s t , im p lic a tio n s  fo u n d  th ro u g h  sta t ic  learn ing  are  v a lid  in  a ll b ra n ch ­

in g  s itu a t ion s . B y  u s in g  s ta t ica lly  lea rn ed  im p lica tion s , a  b ra n ch -a n d -b o u n d  a lg o r ith m  w ill 

sp e n d  co n s id e r a b ly  less t im e  b a ck tra ck in g  fro m  in c o rr ec t  decision s. M oreov er , it is u su a lly  

ex p en siv e  t o  d is co v e r  in d ir e c t  im p lic a tio n s  d u rin g  d y n a m ic  learn ing, w h erea s m a n y  in d ire c t  

im p lica tion s , e s p e c ia lly  th o s e  u n ila te ra l in d ir e c t  im p l ica t io n s [2], ca n  b e  ea sily  fou n d  in  s ta t ic  

learn in g  . S in ce  in d ir e c t  im p lic a tio n s  p la y  a  cr itica l ro le  in  m a ny  p rocesses , it is o f  u tm o s t  

im p o r ta n c e  t o  p e r fo r m  s ta t ic  lea rn in g  as a  p re p roce ss in g  p h a se  in m a n y  a p p lica tion s .

O u r a p p r o a c h  d ist in g u ish es  fro m  p re v io u s  a p p roa ch es  in  several a sp ects . F irst, fe w  p re ­

v iou s  p a p er s  d iscu ss  seq u e n tia l in d ire ct  im p lic a tio n  th a t  m a y  involve  m u ltip le  tim e  fra m es. 

E ven  th o u g h  so m e  o f  th e  im p lic a t io n  a lg or ith m s p ro p o s e d  b e fo re  m a y  b e  a p p lied  t o  seq u e n ­

t ia l c ir cu its , th e  im p lic a t io n  en g in es u sed  are m a in ly  co m b in a tio n a l a n d  seq uen tia l in d ire c t  

im p lica tion s  th a t  sp a n  m u lt ip le  t im e  fra m es are n o t ta rg eted . T h e  rea son  fo r  th is m a y  lie  in  

th e  p ro h ib it iv e  t im e  a n d  sp a ce  co sts . T h e  im p lic a tio n  a lg o r ith m  p ro p o s e d  here fu lly  s u p p o r ts  

seq u en tia l in d ir e c t  im p lic a t io n  as w ell as co m b in a tio n a l in d irect im p lica t ion s . E x p e rim e n ta l 

resu lts sh ow  th a t  th e  e x e c u t io n  tim e  sp e n t b y  ou r  a lg o r ith m  is w ith in  rea son a b le  b o u n d . A  

se con d  ch a ra cte r is t ic  o f  o u r  im p lic a t io n  a lg or ith m  is th e  sm all m e m or y  sp a ce  req u irem en t, 

con s id e r in g  th e  h u ge  n u m b e r o f  in d irect im p lica tion s  fo u n d . U sually, in d irect im p lic a tio n s  

are e ith er  p u t  in  e x ter n a l d a ta  s tru ctu res  o r  in c lu d ed  in to  th e  im p lica tio n  engines. N e ith er  

o f  th e  tw o  w a ys  o u tp e r fo r m s  th e  o th e r  in  sa v in g  stora g e  sp a ce  for in d ire ct  im p lica tion s . O u r 

ex p er im en ts  s h o w  th a t  a n  e x tre m e ly  la rg e n u m b er o f  seq u en tia l in d irect im p lica tion s  ca n  b e  

d er iv ed  in  s ta t ic  lea rn in g , w h ich  cau ses s to ra g e  sp a ce  issue if  n o  ex p lic it  m easures are ta k en
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fo r  sp a ce  r e d u c t io n . O u r a lg or ith m  ov e rco m e s  th is  issue b y  in c o r p o r a t in g  a  g ra p h  re d u c t io n  

p ro ce d u re  in to  th e  con s tr u ct io n  p roce ss  o f  th e  im p lic a tio n  en g in e . T h is  g r a p h  r e d u c t io n  a p ­

p ro a ch  s ig n ifica n t ly  red u ces  the sp a ce  co n s u m p tio n , m a k in g  seq u en tia l im p lic a t io n  a  fea s ib le  

a n d  a ttra ct iv e  t o o l  t o  a p p ly  in m a n y  a p p lica tion s .

In d irect im p lic a tio n s  are v ery  usefu l in  m a n y  p rocesses , su ch  as lo g ic  o p t im iz a t io n [10], 

lo g ic  v e r if ic a t io n [17], A T P G [2 ] , a nd  re d u n d a n cy  id e n tifica t io n  [5], [6], [7], [18]. In  th e  la ter 

p a r t  o f  th is  p a p e r , w e present an  a p p lica t io n  o f  ou r im p lic a t io n  a lg o r ith m  t o  seq u en tia l C - 

c y c le  re d u n d a n cy  id en t ifica tion  using th e  F IR E S  a lg o r ith m  p r o p o s e d  b y  Iy er  e t al. [6]. W e  a lso  

p ro p o s e  a n  e ffic ien t p roced u re  ca lled  S T E M .A N A L Y S E , t o  d o  th e  u n o b s e r v a b il ity  v a lid a tio n  

o n  stem s, w h ich  is a  cr it ic a l step  in  F IR E S . A p p ly in g  th e  resu lts  o f  o u r  im p lic a t io n  a lg or ith m , 

w e  a ch iev ed  b e t te r  resu lts in sequ en tia l r e d u n d a n cy  id e n tifica t io n  th a n  th e  o r ig in a l F IR E S  

d id .

T h e  rest o f  th e  p a p er  is o rg a n ized  as fo llow s . S e ct io n  II d iscu sses th e  b a s ic  co n c e p ts  a n d  

d a ta  s tru ctu res  s u p p o r t in g  the im p lica tio n  a lg or ith m , S e c t io n  III  p re sen ts  th e  im p lic a t io n  

a lg or ith m , S e c t io n  I V  describes an  a p p lica t io n  o f  th e  im p lic a to n  a lg o r ith m  —  C -c y c le  re ­

d u n d a n cy  id en tifica tion , S ection  V  g ives th e  e x p er im en ta l resu lts, a n d  S e c t io n  V I  co n c lu d e s  

th e  p ap er.

I I  B a s i c  C o n c e p t s  a n d  D a t a  S t r u c t u r e s  

A B a s i c  t e r m s  a n d  c o n c e p t s

W e first d efin e  a  fe w  term s th a t w ill b e  u sed  freq u e n tly  th r o u g h o u t  th e  a lg o r ith m  d es cr ip t io n .

1. [N , v , t]: assign  lo g ic  value v  t o  n o d e  N  in  tim e  fra m e  t\

(In  c o m b in a t io n a l circu its, t  is ig n ored . T h e  d e fa u lt v a lu e fo r  t  is 0 .)

2. [M , w ] —> [N j v , t ] : assignn ing va lu e  w  t o  n o d e  M  in  th e  cu rren t t im e  fra m e  (t im e  fra m e  

0 ) im p lies  a n oth er  assignm ent: v a lu e  v  o n  n o d e  N  in  t im e  fra m e  t .
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3. i m p l [ N , v , t ]: set o f  im p lica tion s  re su lt in g  fro m  se tt in g  n o d e  N  in  t im e  fra m e  t  t o  v a lu e 

v . In  ca se  t  is n o t  sp ecified , im p l [N ,  rep resen ts th e  set o f  im p lica tion s  resu ltin g  fro m  

se tt in g  n o d e  N  in  th e  cu rren t t im e  fra m e  t o  va lu e  v .

T im e  fra m es are  b o u n d e d  b y  D  flip -flo p s  a n d  th e  c u r r e n t  t i m e  f r a m e  is a lw a ys tim e  fra m e

0. W h e n  im p lic a t io n  is p ro p a g a te d  a cro ss  a  D  flip -flo p , th e  t im e  fram e w ill b e  in crem en ted  

or d e cre m en ted  corre sp o n d in g ly . F or d e s c r ip t io n  con v en ien ce , fo r co m b in a t io n a l c ircu its , th e  

tim e  fra m e p a r t  is o m it te d  in  a ss ign m en t rep re sen ta tion . F or ex a m p le , a ssig n n in g  va lu e  0 t o  

n o d e  A  in  a  c o m b in a t io n a l c ir cu it  is rep re se n te d  as [A , 0] in stea d  o f  [A , 0 ,0 ] .

F or seq u en tia l c ircu its , s ta tic  im p lic a t io n  p ro ce d u re  is p e rfo rm e d  o n  a ll a ss ig nm en ts  in  

th e  c u r re n t  t im e  fr a m e  (t im e  fra m e 0 ).

T h e  fo llo w in g  law s are used  in  th e  im p lic a t io n  g e n era t ion  p rocess :

1. D er iv in g  im p lic a t io n  set fo r an  a ss ig n m e n t in  tim e  fra m e  t  (n o n -cu rr en t  tim e  fra m e) 

im p l [N , v ,  t] =  { [ M ,  w , t '  + 1] | [M , w ,t'\  E i m p l [ N ,v } } ]

2. F orw ard  im p lic a t io n : I f  a ll th e  in p u t  v a lu es  o f  a  g a te  are k n ow n  or o n e  o f  th e  in p u ts  is 

a t th e  c o n tro llin g  va lu e  o f  th e  g a te , th e n  th e  o u tp u t  v a lu e  o f  th is g a te  ca n  b e  u n iq u e ly  

d e te rm in e d  fro m  its in p u t v alu es. F or  ex a m p le , fo r  an  A N D  g ate , i f  o n e  o f  th e  in p u ts  

is set t o  0, th e n  th e  o u tp u t  is 0; i f  a ll o f  th e  in p u ts  are set t o  1, th e n  th e  o u tp u t  is 1.

3. B a ck w a rd  im p lic a t io n : S u p p os e  w e  a re  g en e ra t in g  im p lica tion s  o f  [AT, a]. L et G  b e  

an  u n ju st ified  g a te  in  tim e  fra m e  t  w ith  m  u n sp ecified  in p u t n o d es  Si a n d  a  sp ecified  

o u tp u t  n o d e  Y .

i f  G  is a n  A N D  g a te :

if  [7 ,0 ]  E i m p l [ N , a], i m p l [ N , a] =  i m p l [ N , a] U ( f l ^ i  im p l [S i , 0, i] )

if  [y, 1] E im p l [N , a], i m p l [ N , a] =  i m p l [ N , a] U (U£Li im p l [S i , 1, t ] )

I f  y  =  1, th e n  a ll g a te  in p u ts  are  1, a n d  w e  ca n  a d d  th e  im p lica tio n s  o f  se ttin g  th ese

in p u ts  t o  1 t o  o u r  list o f  im p lic a tio n s . I f  Y  =  0, w e fin d  im p lica tio n s  resu lting  fro m
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s e tt in g  ea ch  in p u t  t o  0, a n d  s in ce  at least on e  in p u t m u st b e  0, w e  a d d  th e  c o m m o n  

im p lic a t io n s  fo u n d , i m p l [5», 0 /1 ,  t] ca n  b e  derived  u s in g  th e  first  b a s ic  la w  d e s c r ib e d  

a b o v e .

if  G  is an  O R  g a te :

i f  [y , 1] G im p l [N , a], im p l [N ,  a] =  im p l [N , a] U (f|™ i im p l[S i ,  1, t } )  

i f  [y , 0] G im p l [N ,  a], im p l [N ,  a] =  im p l [N , a] U (U£Li im p l [S i , 0, t ])

4. E x te n d e d  b a ck w a rd  im p lic a t io n : F or g a te  G  in tim e  fra m e  t  w ith  m  u n sp e c ifie d  in p u t  

n o d e s  Si a n d  a  sp ecified  o u tp u t  n o d e  Y ,

i f  G  is an  A N D  g a te :

i f  [Y, 0] G im p l [N ,  a] a n d  [Y , 0] is u n ju stified  b y  g a te  in p u ts  5 », th e n  

im p l [N ,  a] =  i m p l [ N , a] U ( f l £ i  F o r w a r d  J m p l y ( i m p l [ N ,  a] U im p l [S i: 0 , t ] ) )

F o r w a r d J m p l y  is a  p ro ce d u re  p erform in g  forw a rd  im p lic a tio n s  o n  a  set o f  n o d e  as ­

s ig n m en ts .

i f  G  is an  O R  g a te :

i f  [K, 1] G im p l[N ,a \  a n d  [y , 1] is u n ju stified  b y  g a te  in p u ts  S i, th e n  

im p l [N ,  a] =  im p l [N ,  a] U F o r w a r d J m p l y { i m p l { N , a] U im p l [S i ,  1, t } ) )

5. T ra n s itiv e  la w : I f  [M ,w ]  —> [ iV ,u ,i i ]  A N D  [N ,v ]  —> [L ,y ,t< i\ , th e n  [M ,w \  —> [ L ,y , t \  +  

t 2\. In  set n o ta t io n , if [N , v ,t i\  G im p l [M , w] an d  [ L , y , t 2] G im p l [N ,v \ ,  th e n  [ L , y , t i  +  

t 2\ G im p l [M , w ].

6. C o n tr a p o s it iv e  law : I f [ M ,w ]  —> [ N ,v , t ] ,  then  [N ,v ]  ->  [ M , w , —t]. In  set n o ta t io n , if  

[ N , v , t ]  G im p l [M , w ], th e n  [ M ,w ,  — t] G im p l[N ,v \ .  T h is  law  en a b les  th e  a lg o r ith m  t o  

d is co v er  u n ila tera l in d irect im p lica tion s  [2].
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7. C on flict in g  a ss ig n m en ts : I f  [M ,w \  —* [N , v , t ]  A N D  [M , w ] [iV, U, t ] , th e n  [M ,w ]  is 

an  im p o ss ib le  se ttin g . In  o th e r  w ord s , M  w ill p e rm a n e n t ly  h o ld  th e  v a lu e  w . T h is  

law  en a b les th e  a lg or ith m  to  d e te c t  th o se  n o d e s  w ith  co n s ta n t  va lues. O u r a lg o r ith m  

in clu d es  c o n flic t  ch eck in g . I f  c o n flic ts  are n o t  ch eck e d , th e  fa lse  v a lu es w ill crea te  

m an y  useless n ew  im p lica tion s  d u rin g  e x e cu t io n  o f  th e  a lg o r ith m , th u s a ffe ct in g  th e  

p erform a n ce .

T h e  co n tra p o s it iv e  law  d iscov ers  a t t r iv ia l c o s t  m a n y  in d ire ct  im p lic a tio n s  th a t  w o u ld  

co s t  a t least o n e  recu rs ion  d e p th  t o  b e  d isco v e red  u s in g  recu rs iv e  lea rn in g  a p p ro a ch  [15]. 

F ig ure  1 sh ow s tw o  ex a m p les  o f  th is  a dv a n ta g e .

[ d ,  1 ] — * ~ [ f ,  0 ]  d i r e c t  i m p l i c a t i o n  [ a ,  0 ] ------ ►  [ b , 0 ]  d i r e c t  i m p l i c a t i o n

J J , b y  c o n t r a p o s i t i v e  l a w  ,JJ, b y  c o n t r a p o s i t i v e  l a w

[ f ,  1 ]  — [ d ,  0 ]  i n d i r e c t  i m p l i c a t i o n  [ b ,  1 ] ----- - * -  [ a ,  1 ]  i n d i r e c t  i m p l i c a t i o n

( a )  ( b )

F ig u re  1: Contra positive implication example.

E x te n d ed  b a ck w a rd  im p lic a tio n  fu rth er  d iscov ers  s o m e  in d irec t im p lic a tio n s  th a t  ca n n o t  

b e  d iscov ered  b y  s im p ly  a p p ly in g  th e  tra n sitiv e  a nd  co n tr a p o s it iv e  law s.

B  D a t a  s t r u c t u r e  —  i m p l i c a t i o n  g r a p h

a . G r a p h  r e p r e s e n t a t i o n

A  d ire cted  g ra p h  is used  t o  rep resen t th e  im p lic a t io n  re la tio n s h ip  in  th e  c ir cu it . W e  ca ll  

th is  g ra ph  im p lic a tio n  graph. E a ch  g ra p h  n o d e  co r r e s p o n d s  t o  a  c ir cu it  n o d e  a ssign m en t. 

E ach  d ire cte d  ed g e  rep resents an  im p lic a tio n . In  im p lic a t io n  g ra p h s  o f  seq u en tia l c ir cu its ,
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each  ed g e  has a  w e ig h t  th a t  in d ica tes  th e  tim e  d is ta n ce  (i.e . th e  n u m b er o f  t im e  fra m es) th a t  

th is im p lic a t io n  sp a n s . F ig u re  2 sh ow s an  e x a m p le  o f  th e  im p lica tio n  g ra p h  o f  a  seq u en tia l 

c ir cu it .

F ig u re  2: An implication graph example.

T h e  w e ig h t o f  e d g e  is an  in teger. Its ra n g e  d e p e n d s  o n  th e  tim e  fra m e co n s tr a in t  o f  

th e  im p lic a t io n  p r o c e d u r e . In  ou r im p lem en ta t ion , w e restr ict  th e  im p lic a tio n  p r o p a g a t io n  

w ith in  21 fra m es  (1 0  b a ck w a rd  t im e  fram es, 10 fo rw a rd  tim e  fram es, a n d  th e  cu rren t t im e  

fra m e). S o  th e  e d g e  w e ig h t ran ges from  -1 0  t o  10.

T h e  t r a n s it iv ity  n a tu re  o f  the  im p lic a tio n  re la t ion sh ip  is a lso re flected  in  th e  im p lic a t io n  

g ra ph . F or e x a m p le , in  F ig u re  2, s in ce  [A O ] - »  [ 5 ,  1 ,2 ] a n d  [ 5 ,1 ]  [ 5 , 1 , 7 ] ,  im p lic a t io n

[A, 0] —> [ 5 , 1 , 9 ]  ca n  b e  d er iv ed  b y  tran sitiv e  law . T h e re fo re  w e d efin e  th e  im p lic a t io n  

re la t ion sh ip  in  a n  im p lic a t io n  g ra p h  as follow s:

D e f i n i t i o n  1 G ra p h  n o d e  A  im p lie s  graph  n o d e  B  w ith  t im e  d is ta n ce  t  i f  th e r e  e x is ts  a p a th  

o f  len g th  t  f r o m  A  to  B  in  th e  im p lica tio n  graph .

N o te  th a t  th e  le n g th  o f  a  p a th  c o u ld  b e  n ega tiv e ,

b .  G r a p h  r e d u c t i o n

B y  tra n sit iv e  la w  th e  im p lica tio n s  o f  a  c ir cu it  n o d e  a ssign m en t (i.e . a  g ra p h  n o d e )  ca n  b e  

co lle c te d  b y  tra v ers in g  from  th e  co rr e sp o n d in g  g ra p h  n o d e , in o th er  w ord , th e  im p lic a tio n s
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are con ta in ed  in  th e  tran sitiv e  c losu re  o f  th e  g ra p h  n o d e . T h e r e fo r e , th is  g ra p h  re p rese n ta t ion  

has g reat p o te n t ia l  in  red u c in g  th e  s tora g e  sp a ce  fo r im p lic a tio n s , b y  d e r iv in g  th e  s im p lest 

v ersion  o f  th e  im p lic a t io n  g ra ph  w ith ou t  ch a n g in g  th e  tra n sit iv e  c lo s u re  o f  th e  g ra p h . T h is  

p ro ce d u re  is k n o w n  as tra n sit iv e  r ed u c tio n  [19] a n d  d e fin ed  as fo llo w s :

D e f i n i t i o n  2  A  tra n s it iv e  r ed u c tio n  o f  a d ire cted  gra p h  G  =  (V ,  E )  is  d e fin ed  to  be a n y  

gra ph  G ’ =  (V ,  E ’)  w ith  as f e w  ed g es  as p o ss ib le , su ch  th a t th e  t r a n s i t iv e  c lo su re  o f  G ’ is 

equal to  th e  tra n s it iv e  c lo su re  o f  G.

T ra n sitiv e  r e d u c t io n  can  b e  d o n e  in  a  m uch  easier w a y  i f  th e  g ra p h  is a c y c lic . H ow ev er, 

th is  is n o t  th e  ca se  fo r  th e  im p lica tion  g ra ph  d iscu ssed  h ere , in  w h ic h  th e re  m a y  ex ist m a n y  

cy c les  o r s tr o n g ly  co n n e c te d  co m p o n e n ts . A  stro n g ly  co n n e c te d  c o m p o n e n t  a c tu a lly  fo rm s 

an  equ iva len ce  c lass, in  w h ich  all n o d e s  are m u tu a lly  im p lie d  a n d  th e re fo re  eq u iv a len t in  

th e  sense o f  lo g ic  im p lica tion . S o  w e first id e n t ify  th o s e  s tr o n g ly  c o n n e c te d  c o m p o n e n ts , 

m erg e th em  in to  sin g le  n od es , a nd  th en  p e rfor m  th e  tra n sit iv e  r e d u c t io n  p r o c e d u r e  o n  th e  

g ra ph . A s  an  ex a m p le , F ig u re  3 sh ow s h ow  th e  im p lic a t io n  g ra p h  in  F ig u re  2 is re d u ce d  t o  

its s im p lest v ers ion .

A lg or ith m s in v lov ed  in th is 3 -s tep  re d u ct io n  p ro ce d u re  w ill b e  d iscu ssed  in  d e ta il in  a  

sep era te  s e c t io n  la ter.

c .  G r a p h  t r a v e r s a l

T h e  im p lic a tio n s  o f  a  n od e  assign m en t reside in  th e  tra n sit iv e  c lo s u re  o f  th e  c o rr e s p o n d in g  

g ra p h  n o d e  a n d  a re  co lle c te d  b y  tra versing  fro m  th e  g ra p h  n o d e . T h e r e fo r e , g ra p h  trav ersa l 

is a  key  s tep  in  th e  im p lica tion  p roced u re . T h e re  are tw o  m a jo r  w ay s  t o  tra v erse  a  g ra ph : 

d ep th  first sea rch  (D F S ) an d  b re a d th  first search  (B F S ). In  th is w ork , d e p th  first  search  is 

u sed  in  traversa l.

d .  G r a p h  i n i t i a l i z a t i o n  G ra p h  in itia liza tion  is p e r fo rm e d  at th e  b e g in n in g  o f  th e  s ta t ic  

im p lica tion  p ro ce d u re . It is a  p ro ce d u re  th a t  m a p s th e  fu n c tio n s  o f  th e  c ir cu it  e lem en ts  t o
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a g ra ph  rep re se n ta tio n . T h e r e  are  tw o  m a jo r  th in g s  d o n e  in  th is  p ro ce d u re  

. C re a te  th e  g ra p h  n o d e s . E a ch  n o d e  represents a  c ir cu it  n o d e  assignm ent.

. A d d  th e  d ire ct  im p lic a t io n s  lo c a l  t o  th e  g a tes  in  th e  c ir cu it .

S in ce  th e  p u r p o s e  o f  th e  g ra p h  a p p ro a ch  is t o  red u ce  m e m o r y  sp a ce  co n s u m p tio n , tra n si ­

t iv e ly  im p lie d  ed g e s  sh ou ld  b e  a v o id e d  as ea rly  as in  th e  in it ia liz a tio n  phase. F ig u re  4 sh ow s 

an ex a m p le  o f  g ra p h  in it ia liz a t io n . T h e  orig in a l c ir cu it  is sh ow n  in  F ig u re  4 (a ) , a nd  th e  in itia l 

version  o f  th e  im p lic a t io n  g ra p h , u s in g  o n ly  lo c a l im p lica tio n s , is sh ow n  in  F ig u re  4 (b ) .

e . I m p l i c a t i o n  g e n e r a t i o n

T h e  im p lic a t io n  en g in e  sea rch es  fo r  n ew  im p lica tio n s  b y  ite ra tiv e ly  p e rfo rm in g  fo rw a rd  

an d  b a ck w a rd  im p lic a tio n s . F o rw a rd  im p lic a tio n  is in c o r p o r a te d  w ith in  th e  g ra p h  trav ersa l 

p roced u re . F ig u re  5 sh ow s a n  e x a m p le  o f  h o w  fo rw a rd  im p lic a t io n  is p e rfo rm ed  in  g ra p h

9



( a )  (b)

F ig u re  4: A graph initialization example.

tra versa l. In  F ig u re  5 (b ) ,  im p lic a tio n  is cu rren tly  p e rfo rm e d  o n  [d, 1]. T h e  cu rren t im ­

p lic a t io n  se t o f  [d, 1], { [d , 1 ,0 ], [5 ,1 ,0 ] , [6 ,1 ,1 ] , [a, 1 ,0 ] , [e, 1 ,0 ] , [ / ,  0 ,0 ] } ,  is c o n ta in e d  in  th e  

tra n sitiv e  c los u re  o f  [d, 1]. [d, 1 ,0 ] a nd  [e, 1 ,0 ] are b o t h  p resen t in  th e  cu rren t im p lic a t io n  

se t. T h e r e fo r e  [ / ,  0 ,0 ]  is learned  b y  ev a lu a tin g  th e  N A N D  g a te  in  th e  c ir cu it . In  o u r  im p le ­

m e n ta tio n , th e  ev a lu a tion  p ro ce d u re  is ev en t-dr iven , i.e . ev a lu a tion  o n  a  g a te  is p e r fo r m e d  

w h en  th e  n u m b er  o f  in p u ts  w ith  k n ow n  values reaches th e  th re sh o ld  v a lu e th a t  m a k e  th e  g a te  

r e a d y  fo r  ev a lu a tion . F or c o m m o n  g a te  ty p es , su ch  as A N D  a n d  O R , th e  th re s h o ld  v a lu e  is 

th e  n u m b e r  o f  g a te  in p u ts  in stea d  o f  1, s in ce  co n tro llin g  va lu e p r o p a g a t io n  is re fle cte d  in  th e  

in itia liz ed  g ra p h .

T h e  fo rw a rd  im p lic a tio n  p ro ce d u re  b a s ica lly  d o es  g ra p h  trav ersa l w h ile  k eep in g  a n  ey e o n  

c ir cu it  n o d e s  re a d y  fo r  ev a lu ation  a nd  a d d in g  n ew  im p lica tio n s  t o  th e  g ra p h  c o n d it io n a lly . 

A ls o , th e  co n tr a p o s t iv e  law  is a p p lie d  w h en ev er a  n ew  im p lic a tio n  is a d d e d  t o  th e  g ra p h . 

M a n y  in d ir e c t  im p lica tion s  are d iscov ered  th ro u g h  th is  w a y at t r iv ia l t im e  co s t . G r a p h  

trav ersa l c o m b in e d  w ith  fo rw a rd  im p lica tio n  ca n  also b e  v iew ed  as a n  in d e p e n d e n t  d y n a m ic  

lea rn in g  p ro ce d u re .
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b

(a ) circu it

F ig u re  5: A forward implication example.

I l l  T h e  A l g o r i t h m s

In  th is s ec t io n  w e p resen t severa l p ro ce d u re s  in v o lv ed  in  th is  g ra p h -b a s e d  sta tic  im p lic a tio n  

a lg or ith m . T h e  a lg o r ith m  is ca lle d  G R A P H  S I M P .

F igu re  6 sh ow s th e  ou t lin e  o f  th e  m a in  fu n c tio n . In  ea ch  m ain  ite ra tion , g ra p h  re d u ct io n  

is first p e r fo rm e d  a nd  th e n  im p lic a t io n  g en e ra tio n .

G R A P H _ S I M P ( )

G r a p h _ I n i t i a l i z e ( )  ; / / I m p l i c a t i o n  g r a p h  in i t i a l i z a t i o n

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

'  G r a p h _ R e d u c e ( ) ; / /  g r a p h  r e d u c t io n

F o r  e a c h  c i r c u i t  n o d e  N

r I m p l y  ( N , 0 ) ;  

L L l m p l y ( N , l ) ;

/ /  im p l i c a t io n  g e n e r a t io n

F ig u re  6: Main function G R A P H  S I M P .

F igu re  7 sh ow s th e  ou tlin e  o f  th e  im p lic a t io n  g e n e ra tio n  p ro c e d u r e  —  I m p l y .  T h e  

A d d N ew  p ro ce d u re  (F ig u re  8 ) a d d s  n ew  im p lic a tio n s  a n d  a p p lies co n tra p o s it iv e  la w  as well. 

P ro ce d u re  F o r w a r d J m p l y ,  w h ich  is a lso  fre q u e n t ly  ca lle d  d u rin g  e x te n d e d  b a ck w a rd  im pli ­

ca tion , is sh ow n  in  F ig u re  9. T h e  e x te n d e d  b a ck w a rd  im p lic a t io n  is d es cr ib e d  in  th e  fou rth
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b a sic  la w  in  S e c t io n  II.

Im p ly (N : n o d e ; V : lo g ic -v a lu e )

If [N ,V ]  o r  [N ,V ]  is a con sta n t 

return ; 

else

F o r w a r d _ Im p ly (N , V ) ;

A d d N e w () ;

For e a ch  u n ju st ifie d  im p lic a tio n  [M ,w ,t ]  

'  E x te n d e d _ B a c k w a r d _ Im p ly (M ,w ,t ) ;

. L A d d N e w Q ;

F ig u re  7: Procedure I m p ly .

AddNew( )

For ev e ry  n ew  im p lica tio n  [x,a ,t] fo u n d  

-  im p l[N ,v ] =  im p l[N ,v ] U { [X ,a ,t ] } ; 

im p l[X ,a ]  =  im p l[X ,a ]  U [N ,v ,-t]

If [X ,a ,t]  a lso  b e lo n g s  to  im p l[N ,v ]

r  Then m ark  [N ,v ] as im p oss ib le ; 

L  return;

F ig u re  8: A ddN ew .

F ig u re  10 s h o w s th e  ou t lin e  o f  th e  p ro ce d u re  G r a p h -R e d u c e .

P r o c e d u r e  G r a p h - R e d u c e  con s ists  o f  tw o  m a jo r  steps: s tron g ly  c o n n e c te d  c o m p o n e n t  

id en tifica t io n  a n d  m erg in g  (T h e  m erg ed  n o d e  is con s id ered  as a  sin gle n o d e  th e r e a fte r .) , 

an d  re m ov a l o f  t ra n sit iv e ly  im p lied  edges. P ro ce d u r e  F in d .C y c le [2 0 \ ,  w h ich  id en tifie s th e  

s tro n g ly  c o n n e c te d  c o m p o n e n ts , is sh ow n  in  F ig u re  11.

In ou r  im p le m e n ta t io n , in  m erg in g  a  s tro n g ly  co n n ec te d  c o m p o n e n t , o n e  n o d e  in  th e  

co m p o n e n t  is s e le c te d  as th e  rep resen ta tiv e  o f  th e  co m p o n e n t , a nd  all in c o m in g  a n d  o u tg o in g  

edges o f  th e  n o d e s  in  th e  c o m p o n e n t  are h o o k e d  t o  th is represen tative . T h e  o r ig in a l n o d e s  

w ith in  th e  c o m p o n e n t  are th en  k ep t in  a  sep era te  reco rd . D u rin g  g ra p h  trav ersa l, i f  a  m e rg e d
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Forw ard_Im ply(N : node; V ilo g ic -v a lu e )

//An evaluation  qu eu e is m aintained to  h old  g a tes  rea d y  f o r  

//evaluation. E ach  even t in qu eu e has the fo rm  [N , T], indicating  

//that circu it n od e N  in t im efra m e T  is rea d y f o r  eva lu a tion

While there are untraversed outgoing edges from  [N ,V ]

Traverse-W atch(); // T raverse f r o m  th ese u n traversed  ed ges, 

// k eep  w atch in g  f o r  g a tes  that b e co m e  

// rea d y  f o r  eva lua tion  and add  them  

//to the eva luation  queue.

For each event [N ,T ] in the evaluation queue

r Evaluate(N ,T); //E valuate g a te  N  in t im e fra m e  T;

- 1-AddNewQ;

F ig u re  9: Procedure F o r w a r d J m p l y .

G raph_R educe()

F in d _ C y cle ();/7  Iden tify  s tron g ly  c o n n ec ted  co m p on en ts  and  

//m erge them  into s in g le n od es

R em ov e_Im p lied _E dg e (); // R em o v e transitively  im p lied  ed g es .

F ig u re  10: Procedure G r a p h - R e d u c t .

F in d _C ycle ()

//This p roc ed u re  con sists o f  tw o rounds o f  d ep th -firs t-s ea rch ’s  (D F S ).

D epth_First_Search(); //First d ep th -first-sea rch

//In this round, the fin ish in g  o rd er  

// o f  sea rch  is record ed .

Inverse_D epth_First_Search();

// S eco n d  depth  f ir s t -s e a r c h  

//In this round, sea rch  is :

// 1. p e  f o r m e d  on  the n od es  in d ec r ea s in g  

// fin ish in g  o r d e r  in the f ir s t  D F S .

// 2. a lon g  the r ev e r s e  d irection s  o f  the ed ges . 

//Each tree  fo r m e d  in this tra versa l c o r r esp on d s  

//to a  stron g ly  c o n n ec ted  com p on en t,

M erg e_C y cles (); //M erge the stron gly  c o n n ec ted  com p on en ts  iden tified  

// in the s e co n d  D F S  into sin g le  nodes.

F ig u re  11: Procedure F i n d .C y c l e [ 20].
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n od e  is rea ch ed , th e  o r ig in a l n o d e s  in  th e  co m p o n e n t  are v is ite d  first an d  th e n  trav ersa l 

p roce ed s  fro m  th e  re p rese n ta t iv e  n od e .

T o  s im p lify  th e  p ro b le m , o n ly  th e  c o m b in a t io n a l s t ro n g ly  c o n n e c te d  co m p o n e n ts  , i.e . 

th ose  s tr o n g ly  c o n n e c te d  c o m p o n e n ts  in  w h ich  th ere  is a  p a th  o f  len g th  0 b e tw een  ea ch  p a ir  

o f  n od es , are id en tifie d  a n d  m erg ed .

I V  S e q u e n t i a l  R e d u n d a n c y  I d e n t i f i c a t i o n  U s i n g  S e q u e n ­

t i a l  I m p l i c a t i o n s

O n e u sefu l a p p lic a t io n  o f  seq u e n tia l im p lic a tio n  is seq uen tia l re d u n d a n t  fau lt id en t ifica tion . 

O u r p rev io u s  w o r k  [21] illu stra te d  th a t  a p p ly in g  o u r  a lg o r ith m  S IM P  (a  co m b in a tio n a l im ­

p lica tion  a lg o r ith m ) t o  F I R E [5] , (a  co m b in a tio n a l re d u n d a n cy  id en tifier ) finds m ore  c o m ­

b in a tion a l re d u n d a n cie s  th a n  r e p o r te d  in  [5]. In  th is section , w e b r ie fly  rev iew  F IR E S , a 

sequ en tia l c - c y c l e  r ed u n d a n c y  id en tifier , d e v e lo p e d  b y  Iyer et al. [6]. A  c -c y c le  red u n d a n t 

fault, is a  fa u lt  fo r  w h ich  n o  te st  seq u en ce  ex ists a fter p ow e rin g  u p  th e  fa u lty  c ir cu it  a n d  

a p p ly in g  c  c lo c k  c y c le s  [6].

T h e  F IR E S  a lg o r ith m  p r o p o s e d  in  [6] is a  fa u lt-in d ep en d e n t re d u n d a n cy  id en tifica tion  

a lg or ith m  for  seq u e n tia l c ir cu its . It iden tifies fau lts w h ich  requ ire  a  co n flic t  o n  a  s te m  (a  

gate  w ith  tw o  o r  m o re  fa n o u ts ) as a  n ecessa ry  c o n d it io n  fo r d e te c t io n . S in ce  a  n o d e  in  a  

circu it  ca n  o n ly  a ch iev e  o n e  v a lu e  a t a  tim e , these  fa u lts are red u n d a n t. T h e  a lg or ith m  w ork s  

b y  first a p p ly in g  a  ‘ O’ t o  a  s te m  a n d  co lle c tin g  fau lts w h ich  are e ith er  n o t a c tiv a ted  o r  n o t  

p rop a g a ted . U n a c t iv a te d  fa u lts  a re  fo u n d  th ro u g h  im p lic a tio n  an a ly sis. U n p ro p a g a ted  fau lts 

are fo u n d  b y  fin d in g  u n o b s e rv a b le  lines ca u sed  b y  co n tro llin g  v alu es. T h e n  th e  a lg o r ith m  

applies a  ‘ 1 ’ t o  th e  s te m  a n d  d eterm in e s  fau lts w h ich  are n ot a ct iv a te d  or  n o t p ro p a g a te d  

in the  sa m e m a n n er . C o m m o n  fa u lts  b e tw een  th e  tw o  tests are th e  red u n d a n t fau lts . T h e  

ou tlin e  o f  th e  F IR E S  a lg o r ith m  is sh ow n  in  F ig u re  12.

W e  a p p lie d  o u r  im p lic a t io n  resu lts t o  F IR E S . O n e  im p o r ta n t  issue in v o lv ed  in  fa u lt
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F IR E S ()

S untestable =  e m P t y >

F o r  e a c h  c i r c u i t  n o d e  N  

S e q u e n t ia l ly  i m p l y  o n  N = 0

S  o  =  a l l  l i n e s  t h a t  b e c o m e  u n c o n t r o l l a b l e  o r  u n o b s e r v a b l e  

u n d e r  a s s i g n m e n t  N = 0 ;

S e q u e n t ia l ly  i m p l y  o n  N = 1

S  i =  a l l  l i n e s  t h a t  b e c o m e  u n c o n t r o l l a b l e  o r  u n o b s e r v a b l e  

u n d e r  a s s i g n m e n t  N = l ;

*- S untestable =  $ untestable U (S q H ^ l)*

F ig u re  12: FIRES procedure.

c o lle c t io n  in  F IR E S  is u n o b e rv a b ility  v a lid a tio n  fo r  th o se  stem s th a t  have a ll fa n o u ts  m a rk ed  

u n ob serv a b le  d u r in g  th e  fa u lt  co lle c tio n . A s  w e k n ow , a  s tem  m a y b e  o b se rv a b le  ev en  i f  a ll 

its  fa n o u ts  are u n ob s erv a b le  d u e  t o  th e  fa c t th a t  th e  fa u lty  e ffects m a y  b e  p r o p a g a te d  o n to  

m u ltip le  fa n o u t  b ra n ch es  a n d  th en  recon verge , m a k in g  th e  fau lt o n  th e  s tem  o b s e rv a b le . 

T h is  is a lso  k n ow n  as m u ltip le  p a th  sen s itiza tion  issue a n d  o fte n  h a p p e n s  o n  re co n v e rg e n t  

gates.

In F IR E S , th e  u n ob s erv a b ility  p rop a g a te s  o n to  a  s tem  s l (th e  c o p y  o f  lin e  1 a t t im e  i) if

1. T h e  fa n o u ts  o f  s l are m arked  as u n ob serv a b le  a t t im e  i.

2. F or ev e ry  fa n o u t  f l o f  s\  th ere  ex ists at least on e  set o f  lines { p 1} ,  su ch  th a t

. /*  is u n ob s erv a b le  b eca u se  o f  u n co n tro lla b ility  in d ica to rs  o n  ev e ry  lin e  in  { p * }; 

a nd

. th ere  is n o  sequ en tia l p a th  fro m  s k , i <  k  <  j ,  t o  a n y  line in  { p 1} .

S tem  u n ob s erv a b ility  v a lid a t ion  in  F IR E S  a im s t o  v e r ify  th ere  is n o  seq u en tia l p a th  fro m  

s k, i  <  k  <  j ,  t o  a ny  line in  { p 1} -  T h e  orig in a l p a p e r  d id n ’t  g iv e  th e  c o n c r e te  im p le m e n ta t io n  

o f  th is v a lid a t io n  step . A s  w e th in k  th is  v a lid a tio n  step  p la ys a  cr itic a l ro le  in  th e  fa u lt
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co lle c tio n  —  it  d e term in es  w h eth er  th e  u n o b s e rv a b il ity  ca n  b e  p ro g a p a te d  fu rth er b a ck w a rd , 

w e present ou r  a p p ro a ch  here. W e  so lv e  th is  p r o b le m  in  a  con se rv a tiv e  w ay. O u r m e th o d  

filters ou t  th os e  s tem s th a t  have g re a te r -th a n -z e ro  ch a n ce  t o  b e  ob serv ed . T h is  a p p ro a ch  

g uarantees th a t  a fter  filte r in g  th e  rem a in in g  stem s are u n ob s erv a b le . T h e  co m b in a t io n a l 

stem  analysis w e u sed  in  im p lem en tin g  F I R E  [5] (c o m b in a t io n a l re d u n d a n cy  id e n t ifica t io n ) is 

sh ow n  in  F ig u re  13. O u r seq u en tia l s tem  a n a lys is  p r o c e d u r e  is b a sed  o n  th e  s im ila r w ork in g  

p rin cip le . It m arks s k ( i  <  k )  a nd  th e ir  fa n o u ts  as “ a ffe cte d ” a n d  p ro ce e d s  th e  ana lysis 

in  in creasing  ord er  o f  c ir cu it  level a n d  t im e  fra m e . It a lso  d is tin g u ish es  b e tw een  th e  n od es  

a ffected  b y  s l a n d  th e  n od e s  a ffe cted  b y  s te m s  s k ( k  >  i )  in  su bseq u en t tim e  fra m es  so  as t o  

te rm in a te  th e  p ro ce d u re  w h en  th e  fa u lty  e ffe ct  o n  s l c a n n o t  b e  p ro p a g a te d  fu rther .

S T E M _ A N A L Y  S E (S )

// A  q u e u e  is m a in ta in ed  f o r  e a c h  l e v e l  in th e  c i r c u it  

M a rk  S and all its fa n ou ts  as " a ffe c te d " ;

Insert the s u cce ss o rs  o f  S in to  q u eu e s  co rr e s p o n d in g  to  their le v e ls

G o  th rou g h  e a ch  q u eu e  Q  in  in cre a s in g  le v e l  o rd er  

W h ile  Q  is n o t em p ty

T a k e  a n o d e  A  fr o m  the h ead  o f  Q

I f  A  is a p rim a ry  ou tpu t

R e t u m (O B S E R V A B L E ) ; // T h e  fa u l t y  e f f e c t  c o u ld  p o s s ib ly  

e j se // a f f e c t  p r im a r y  o u tp u t A

‘  I f  e v e ry  in pu t o f  A  is e ither m a rk ed  "a ffe c te d "  o r  

at n o n -c o n tr o ll in g  v a lu es

I" M a rk  A  and  its fa n ou ts as "a ffe c te d " ;

. L L Insert the su c ce s s o r s  o f  A  in to  co r r e s p o n d in g  q u eu es ;

R e t u m (U N O B S E R V A B L E ) ; / /S tem  S  h a s  p a s s e d  ex a m in a tio n

// a n d  is g u a r a n te e d  u n o b s er v a b le .

F ig u re  13: Combinational stem unobservability validation procedure

W e also a p p lied  o u r  im p lic a tio n  resu lts t o  F U N T E S T [2 2 ], a  seq uen tia l u n tes ta b le  fa u lt
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identifie r b a s e d  o n  th e  s in gle fa u lt  A T P G  th eo rem  p ro v id e d  in [23]. F U N T E S T  is s im lia r 

t o  F IR E S  in  s tru c tu re . T h e  m ain  d iffe ren ce  b e tw een  th e m  is th a t  F U N T E S T  d o e s n ’t  cross  

the  t im e  b o u n d a r ie s  in  fa u lt  c o lle c t io n  w h erea s F IR E S  d o es . W e  a lso  a ch iev ed  b e t te r  resu lts  

th a n  r e p o r te d  in  [22].

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

T h is  s e c t io n  p resen ts  th e  ex p e rim e n ta l resu lts  for IS C A S 8 9  seq uen tia l b en ch m a rk  c ir cu its . 

B o th  th e  p r o p o s e d  seq u en tia l c ir cu it  im p lic a tio n  a lg o r ith m  a n d  th e  seq u en tia l r e d u n a n c y  

id en tif ic a t io n  p r o c e d u r e  w ere  im p lem en ted  in  C + + .  E x p erim en ts  w ere run  o n  an  H P  9000  

w or k s ta tion .

T a b le  1 sh ow s th e  resu lts  o f  ou r s ta tic  seq uen tia l im p lic a tio n  a lg o r ith m  G R A P H _ S IM P . 

For ea ch  c ir c u it , th e  t o ta l  n u m b er o f  im p lica tion s  th a t  ca n  b e  d er iv ed  fro m  th e  g e n era ted  

im p lic a t io n  g ra p h  ( # i m p l . ) , th e  a c tu a l n u m b er  o f  edeges in  th e  g ra p h  ( # e d g e ) ,  th e  m a x ­

im u m  ed g e  w e igh t in  th e  g ra p h  ( m a x  | ed g e  weight] ) ,  th e  n u m b er  o f  g ra p h  n o d e s  in  th e  

or ig in a l g r a p h  r ig h t a fter  in itia liz a t ion  ( # n o d e s (o r ig in a l ) ) ,  th e  n u m b er  o f  g ra p h  n o d e s  a fter 

eq u iv a len ce  m erg in g  ( # n o d e s ( a f t e r  m er g in g )) ,  th e  n u m b er o f  co n s ta n ts  ( # C o n s .) id e n ti ­

fied, a n d  th e  C P U  t im e  are  sh ow n . C o n sta n ts  are n o t  co u n te d  as im p lica tio n s  in  th ese  

resu lts. W e  d o  n o t  d iscr im in a te  b e tw een  stem s a nd  fa n o u t  b ra n ch es; th ere fore , th e y  are 

con s id er ed  t o  b e  th e  sa m e  n o d e . C om p a re d  w ith  ou r  p re v iou s  w o rk  w h ich  stores  th e  

im p lic a tio n s  fo r  ea ch  n o d e  in  a  sep era te  set, th e  m e m o ry  co n s u m p tio n  is v e ry  lo w  for

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

(#im pf+#nodes(oH ginaj))--^^edge+#nodes(Q /term ergm g))  ̂ ^  ^  e x p e r i m e n t )  t h e  p e r c e n t a g e  r e d u C -

t i o n  r a n g e s  f r o m  9 2 .3 %  t o  9 9 .6 % .

m a x  | ed g e  w eigh t] in d ica tes  th e  m a x im u m  tim e  o ffse t o f  th e  im p lica tio n s  sh ow n  in  th e  

g ra p h  ( n o t  in c lu d in g  th os e  im p lied  ed g es). In  ou r im p lem e n ta t ion , w e restr ict  th e  im p lic a t io n  

p r o p a g a t io n  w ith in  10 b a ck w a rd  a n d  10 fo rw a rd  tim e  fram es. It is in terestin g  t o  see th a t
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q u ite  a  fe w  c ircu its  have m a x im u m  ed g e  w e ig h t o f  10 e v e n  a f t e r  tr a n s i t iv e  r ed u c tio n . T h e  

m a xim u m  ed g e  w eigh t fo r these  c ir cu its  m a y  g o  ev en  b e y o n d  10 i f  w e  set th e  t im e  o ffse t 

con tra in t larger.

T a b le  1: G ra p h -b a se d  s ta t ic  im p lic a tio n  resu lts o n  IS C A S 8 9  c ir cu its

C k t # i m p l . # e d g e

m a x

|edge w e ig h t  |

# n o d e s

(o r ig in a l )

# n o d e s  

(a f t e r  m e r g in g ) # C o n s . t im e

s208 39588 1227 10 246 158 0 13.6s

s298 19238 891 8 284 158 3 17.1s

s344 14682 947 4 390 236 5 1.8s

s349 14682 947 4 392 236 6 1.9s

s382 53085 1875 10 376 226 0 137.3s

s386 32574 1255 3 358 234 3 12.0s

s400 58799 1977 10 388 234 1 150.2s

s420 262565 3618 10 506 334 0 99.6s

s444 74353 2419 10 422 254 2 252.3s

s510 44916 2932 4 486 408 0 31.3s

s526 50054 2122 10 446 286 1 83.4s

s641 64866 1576 10 914 310 0 1.0s

s713 66432 1726 10 940 310 16 1.6s

s820 62058 3040 3 662 472 0 43.3s

s838 1310185 8569 10 1026 686 0 695.3s

s953 244118 5061 4 926 706 0 87.3s

s l l9 6 73562 5141 1 1150 836 0 10.2s

sl238 74764 5745 1 1108 912 0 12.6s

sl423 143198 4851 10 1506 1072 0 67.4s

sl488 154286 10066 2 1372 1076 0 146.4s

sl49 4 154550 10049 2 1360 1090 0 162.8s

s5378 2899860 11476 10 6084 1711 404 1347.4s

s9234 4531017 25229 10 11766 3818 26 5.5h

S13207.1 8146713 41780 10 17748 5509 296 3.7h

S15850.1 15604841 50208 10 21092 7486 76 2.Oh

s35932 10866538 98047 3 36296 26846 0 3.8h

s38417 29811195 106218 10 48334 19339 131 7.5h

s38584 54544728 165901 10 42350 23739 254 7.5h

T a b le  2 co m p a re s  th e  resu lts o f  a p p ly in g  ou r  s ta tic  im p lic a t io n  resu lts  t o  F IR E S  a n d  the  

resu lts o f  th e  orig in a l F IR E S  im p lem en ta t ion . T h e  n u m b er o f  c - c y c le  re d u n d a n c ies  id en tified
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b y  ea ch  p r o c e d u r e , th e  n u m b e r  o f  0 -c y c le  red u n d an cies , a n d  th e  m a x im u m  c, are  sh o w n  in  

th e  ta b le  fo r  ea ch  c ir cu it . A g a in , th e  large n u m b er o f  im p lica tion s  fo u n d  b y  ou r im p lic a t io n  

a lg or ith m  lea d s  t o  th e  su p e rio r  p e rfo rm a n ce  over th e  org in a l F IR E S .

T a b le  2: R e su lts  o f  c -c y c le  re d u n d a n cy  id en t ifica tion

C ir c u i t

F I R E S  [6] w /  G R A P H _ S I M P

R e d . (s e c ) 0 - c y c le M a x .  c R e d . (s e c ) 0 - c y c le M a x .  c

s298 - - - - 3 0.2 2 1

s344 - - - - 5 0.2 4 1

s349 2 0.3 2 0 7 0.2 4 1

s382 - - - - 4 0.4 3 1

s386 27 0.6 0 2 60 0.4 60 0

s400 1 1.2 0 2 8 0.5 8 0

s444 11 1.5 11 0 16 0.6 13 1

s526 - - - - 6 0.5 5 1

s713 32 0.8 32 0 32 0.6 32 0

s953 - - - - 5 2.2 5 0

s l2 3 8 6 2.8 6 0 12 1.3 12 0

sl4 2 3 5 1.5 5 0 9 1.5 9 0

s l4 9 4 1 1.7 1 0 1 2.0 1 0

s5378 366 69.3 48 11 796 151.2 224 3

s9234 270 142.8 165 6 911 209.2 892 1

S13207.1 - - - - 391 171.4 232 1

S15850.1 - - - - 320 471.1 290 1

s35932 3984 684.8 3984 0 3984 986.3 3984 0

s38417 147 386.2 115 1 343 577.8 333 1

s38584 1437 272.0 1052 3 1460 2505.1 1145 1

T a b le  3 co m p a r e s  th e  resu lts  o f  a p p ly in g  ou r s ta tic  im p lica tio n  resu lts t o  th e  F U N T E S T  

p ro ce d u re  a n d  th e  resu lts o f  th e  or ig in a l F U N T E S T  im p lem en ta tion . T h e  n u m b er o f  u n tes ta b le  

fau lts id en t ified  b y  ea ch  p r o c e d u r e  is sh ow n  in  th e  ta b le  fo r  ea ch  c ir cu it . represents ’’ d a ta  

n ot a v a ila b le ” , i.e . resu lt  fo r  th e  co rr e sp o n d in g  c ircu it  w as n ot  re p o rte d  in  [22]. A g a in , th e  

large n u m b er  o f  im p lic a t io n s  fo u n d  in  th e  s ta tic  learn in g  p h a se  leads t o  th e  su p e rio r  p e r fo r ­

m a n ce  ov er th e  o rg in a l F U N T E S T .
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su its  o f  untesta b le  fau lt iden tifica t ion  u sin g

C ir c u it

F U N T E S T  [22] w /  S I M  P

U n t . ( s e c ) U n t . ( s e c )

s298 - - 3 1.2

s344 - - 3 1.0

s349 2 0.2 5 1.0

s382 - - 4 3.4

s386 27 0.5 60 2.6

s400 1 0.6 8 3.8

s444 8 0.5 16 5.0

s526 - - 2 3.9

s713 32 0.3 32 4.0

s953 - - 5 17.7

sl238 6 3.0 12 7.1

sl423 5 0.7 9 9.74

sl49 4 1 1.8 1 13.4

s5378 210 25.6 772 421.9

s9234 277 126.1 923 697.8

S13207.1 - - 376 992.5

S15850.1 - - 317 2385

s35932 3984 340.6 3984 2939

s38417 125 66.9 332 2601

F U N T E S T

V I  C o n c l u s i o n

T h is  p a p e r  has p resen ted  a  n ew  g ra ph -trav ersa l b a sed  fra m ew ork  o f  seq u e n tia l im p lic a t io n  

fo r  use in  m a n y  a p p lica tio n s  such  as c -c y c le  re d u n d a n cy  id en tifica tion . B y  ite ra t iv e  m e th o d , 

co n tr a p o s it iv e  law , a n d  ex te n d e d  b a ckw ard  im p lica tio n , ou r  im p lic a t io n  p r o c e d u r e  d is co v e rs  

at low  c o s t  a  la rg e  n u m b er o f  in d irect im p lica tion s . T o  p reven t th e  s to ra g e  s p a c e  req u ire m e n t 

fo r  th e  la rg e  n u m b er o f  in d irect im p lica t io n s  fo u n d  fro m  b e c o m in g  th e  b o t t le n e c k  o f  th is  

im p lic a t io n  a lg o r ith m , a  g ra p h  re d u c tion  step , w h ich  con s ists  o f  eq u iv a len ce  cla ss  m e rg in g  

a n d  tra n s it iv e  red u ct io n , is in co rp o ra te d  in to  th e  im p lic a tio n  g e n e ra tio n  p ro ce s s .

T o  sh ow  th e  e ffic ien cy  o f  th is  a lg or ith m , th e  s ta tic  im p lic a tio n  resu lts  w ere  a p p lie d  t o  

seq u en tia l c -c y c le  re d u n d a n cy  id en tifica tion . In co rp o ra t in g  th e  im p lic a t io n  a lg o r ith m  p r o -
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p o se d  here  in  th e  c -c y c le  re d u n d a n t  fa u lt  id e n tif ic a t io n  a ch iev ed  b e tte r  resu lts  th a n  p re v iou s  

w ork  [6].

T h e  im p lic a t io n  fra m ew ork  p r o p o s e d  in  th is  p a p e r  ca n  a lso  b e  a p p lied  t o  c ir cu its  w ith  tr i ­

s ta te  e lem en ts. T h e  flex ib le  s t ru c tu re  o f  th is  fra m ew ork  a llow s easy  ex te n s io n  t o  c ircu its  w ith  

n ew  g a te  ty p es  a n d  m u lt ip le -v a lu e  lo g ic . O u r im p lic a tio n  a lg o r ith m  ca n  b e  e ffic ien tly  a p p lied  

t o  m a n y  o th e r  p ro ce ss es  as w e ll as re d u n d a n cy  id en tifica t ion . In ou r  fu tu re  w ork , w e w ill 

in v estig ate  th e  e ffe cts  o f  in c lu d in g  th is  im p lic a t io n  en gin e  in to  A T P G  a nd  lo g ic  v er ifica tion .
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