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A b stra ct- A n  a p p roa ch  to  th e  d es ig n  o f  r e co n fig u ra b le  tree  a rch ite c tu re s  is p re se n te d  in  w h ic h  

spare p ro ce s s o rs  are a llo c a te d  a t  th e  le a v es . T h e  a p p roa ch  is u n iq u e  in  th a t  sp a res  are a s so cia ted  

w ith  s u b tree s  a n d  sh a rin g  o f  sp a res  b e tw e e n  th ese  s u b tree s  ca n  o c c u r .  T h e  S u b tre e  O rien te d  F a u lt  

T o le ra n ce  (S O F T )  a p p ro a ch  is m o r e  re lia b le  th a n  p r e v io u s  a p p roa ch es  ca p a b le  o f  to le ra t in g  lin k  a n d  

s w it c h  fa i lu r e s  f o r  b o th  s in g le  ch ip  a n d  m u lt i -c h ip  tree  im p le m e n ta t io n s  w h i le  re d u cin g  

re d u n d a n cy  in  te rm s  o f  b o th  sp a re  p r o ce s s o rs  a n d  lin k s . V L S I la y o u t  is O (n )  f o r  b in a r y  trees  a n d  is 

d ir e c t ly  e x te n s ib le  to  N - a r y  trees  a n d  fa u l t  to le ra n ce  th ro u g h  p e r fo r m a n c e  d e g ra d a t io n .

T h is  r e s e a r ch  w a s  s u p p o r t e d  in  p a r t  b y  th e  M ic r o e le c t r o n i c s  a n d  C o m p u t e r  T e c h n o lo g y  C o r p o r a t i o n  ( M C C )  u n d e r  a 

V L S I /C A D  g T a n t, b y  th e  N a t io n a l  A e r o n a u t i c s  a n d  S p a ce  A d m in is t r a t io n  ( N A S A )  u n d e r  C o n t r a c t  N A S A  N A G  1 -6 1 3  a n d  b y  

a  f e l l o w s h i p  f r o m  th e  A .T .& T .  B e l l L a b o r a t o r ie s .
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I. INTRODUCTION

A  c o n t in u a l ly  r is in g  d e m a n d  f o r  h igh  p e r fo r m a n c e  co m p u ta t io n  h as c re a te d  a n eed  f o r  h ig h ly  

c o n c u rr e n t  c o m p u te r  a rch itec tu re s . O n e a rch ite c tu re  w h ic h  h as re c e iv e d  s ig n ifica n t  a tte n t io n  is  th e  

tree t o p o lo g y  [ l ,  2 ,  3 , 4 ] . T re e  a rch ite c tu re s  h a v e  an  in h e re n t  a b i l i t y  t o  c o m p u te  c o n c u r r e n t ly  w it h  

ty p ic a l c o m m u n ic a t io n  t im e s  b e tw e e n  th e  n  p r o ce s s o rs  b e in g  O C logn ) . H o w e v e r ,  as th e  n u m b e r  o f  

p ro ces s or  n o d e s  a n d  co m m u n ic a t io n  lin k s  in creases, th e  p r o b a b i l i t y  o f  s in g le  o r  m u lt ip le  fa ilu r e s  

w ith in  s tr u c tu r e d  co n c u r re n t  a rch ite c tu re s  b e co m e s  u n a c c e p ta b ly  la rge . C o n s e q u e n t ly ,  r e ce n t  

in terest has ar isen  in  d es ig n in g  th e  a b i l i t y  to  re co n fig u re  c o n c u r re n t  a r ch ite c tu re s  w it h  o n e  o r  m o r e  

fa u lt s .  R e c o n fig u ra b i lity ,  w h ic h  is o n e  a sp ect o f  f a u l t  to le ra n ce , is e s p e c ia lly  s ig n ifica n t  in  t ig h t ly  

c o u p le d  tree  a r ch ite c tu re s  w h e r e  th e  fa i lu r e  o f  a s in g le  l in k  o r  p ro ce s s o r  ca n  r e s u lt  in  th e  

s u b s eq u e n t  lo s s  o f  a l l  c o m m u n ic a t io n  w it h  p ro ce s s o rs  in  th e  s u b tre e  b e lo w  th e  f a u l t y  e le m en t .

O ne o f  th e  in it ia l r e co n fig u ra b le  b in a r y  tree  p r o p o s a l  w a s  m a d e  b y  H a y e s , w h o  d e v e lo p e d  a 

p ro ce d u re  f o r  c o n s tr u c t in g  ’o p t im a l ' 1 - fa u lt  to le ra n t  trees  [5 ] , w h ic h  h as s in ce  b een  e x te n d e d  b y  

K w a n  a n d  T o id a  [6 ]. R a gh a v en d ra , A v iz ie n is , a n d  E rc e g o v a c  (R A E )  [7 ], im p r o v e d  o n  th ese  

p rop o s a ls  b y  a d d in g  su ffic ien t  re d u n d a n t  lin es  in  o rd e r  to  to le r a te  m u lt ip le  fa ilu r e s .  L in k  

r e d u n d a n c y  f o r  b in a r y  trees  in  th e  R A E  a p p roa ch  is as h ig h  as 2 0 0 % , a n d  V L S I la y o u t  m a y  re q u ire  

0 ( /z  lo g n  )  area [8 ]. H assan  a n d  A g a r w a l  [8 ] , r e c e n t ly  p re se n te d  a m o d u la r  te ch n iq u e  w h ic h  

a llo ca te s  o n e  sp a re  to  m u lt i le v e l  g ro u p s  o f  p ro ces s ors . T h is  s ch em e  is c o n c e p tu a l ly  s im ila r  to  th e  

R A E  a p p roa ch  in  th a t  it d ed ica tes  e v e r y  spa re  to  o n e  sp e cific  g ro u p  o f  p ro ce s s o rs , b u t  h as th e  

a d va n tag e  o f  0 ( n  )  la y o u t  a n d  m o d u la r it y  f o r  m u lt ic h ip  a rch ite ctu res . A n o th e r  p r o p o s a l f o r  

re co n fig u ra t io n  w h ic h  is a p p lica b le  to  tree  a rch itec tu res  h as been  p r o p o s e d  b y  R os en b erg  [9 , 1 0 ]. 

T h e  a p p roa ch  re q u ire s  a co ll in e a r  la y o u t  w ith  each  n o d e  re q u ir in g  a ccess  to  a lo g n  b u s . 

R e d u n d a n cy  in te rm s  o f  s w it c h in g  tra n s is to rs  is 0 ( l o g n  )  f o r  each  n o d e . T h e  s w it c h in g  s tru c tu r e  

p ro v id e s  f o r  e fficien t u t i liz a t io n  o f  spa re  p roces s ors . H o w e v e r ,  f a u l t  to le ra n ce  f o r  th e  

co m m u n ica t io n  lin e s  a n d  th e  s w it ch in g  tra n s is to rs  is n o t  co n s id e red .
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O n e o f  th e  im p o r ta n t  o b je c t iv e s  in  d es ig n in g  f o r  re co n fig u ra t io n  is e ffic ien t u t il iz a t io n  o f  

spares. I f  th e  a r ch ite c tu re  has k  sp a re  p r o ce s s o rs  th e n  th e  o b je c t iv e  is to  b e  a b le  to  to le ra te  a n y  

c o m b in a t io n  o f  k  p ro ce s s o r  fa i lu r e s  th r o u g h  reco n fig u ra tion . T h is  s h o u ld  b e  a c co m p lis h e d  w it h  a 

re as on a b le  in crease  in  in te rc o n n e c t , m a n a g ea b le  la y o u t  c o m p le x it y  f o r  la rge  n u m b e r s  o f  p roce s s o rs , 

a n d  a b o u n d e d  n u m b e r  o f  p in s  p er  ch ip . In  a d d it io n , fa i lu r e s  in  in te rc o n n e c t  a n d  s w it ch in g  

s tru c tu re s  s h o u ld  a lso  b e  to le ra b le  th r o u g h  re co n fig u ra tion .

A  s tra te g y  f o r  s a t is fy in g  th ese  o b je c t iv e s  f o r  b in a ry  tree  a rch ite c tu re s  is p re se n te d  in  th is  

p ap er. T h e  a p p roa ch  p la ces  s pa re  p r o ce s s o rs  a t th e  lea v es  o f  th e  tree  a n d  p r o v id e s  f o r  co n s id e ra b le  

f le x ib il it y  in  re co n fig u ra t io n  th ro u g h  sh a r in g  o f  spares b e tw e e n  a d ja ce n t  s u b trees . T h is  s tra te g y , 

w h ic h  is r e fe r r e d  to  as S u b tree  O r ie n te d  F a u lt  T o le ra n ce  (S O F T ),  u t iliz e s  a v ir t u a l  d isp la ce m e n t  

tech n iq u e  to  re co n fig u re  a spa re  p r o ce s s o r  in to  th e  tree . T h e  c a p a b il ity  o f  sh a r in g  sp a re  p roce s s o rs  

b e tw e en  s u b trees  p r o v id e s  th e  S O F T  a p p ro a ch  w it h  s ig n ific a n t ly  h ig h er  r e l ia b i l i t y  th a n  p r e v io u s  

te ch n iq u e s  a l lo w in g  f o r  s w it c h  a n d  l in k  fa u l t  fa ilu r e s ,  w h e re  r e l ia b il it y  is th e  p r o b a b i l i t y  th a t  th e  

tree is fu n c t io n a l  at a t im e  t , g iv e n  th a t  it  w a s  fa u lt  fr e e  a t t im e  0 . In  c o n tr a s t  to  o th e r  p ro p o s a ls , 

S O F T  is a b le  to  to le r a te  lin k  a n d  s w it c h  fa ilu r e s  w h ile  re d u cin g  th e  n u m b e r  o f  r e d u n d a n t  lin k s  

b e tw e en  p ro ces s ors . F o r  b in a ry  trees , th e  a p p roa ch  is s h o w n  to  y ie ld  0 ( n  )  la y o u t .  T h e  a rch ite c tu re  

can  be  p a r t it io n e d  o n  s ep a ra te  ch ip s  f o r  a r b it r a r i ly  la rge  trees, w h ile  p r o v id in g  fa u l t  to le ra n ce  f o r  

b o th  o n  a n d  o f f - c h ip  co n n e c t io n s . F a u lt  to le ra n ce  th ro u g h  p e r fo rm a n ce  d e g ra d a t io n  is a ls o  p o s s ib le  

w ith  a S O F T  d esign , as w e l l  as a p p lica t io n  to  N  - a r y  trees.

In  S e ct ion  II o f  th is  p a p er , th e  S O F T  a rch ite c tu re  is p resen ted  f o r  b in a r y  trees. C on s id e ra t io n s  

f o r  im p lem en tin g  a S O F T  b in a r y  tree  are  d iscu s s ed , in c lu d in g  th e  p la ce m e n t  o f  sp a re  p ro ce s s o rs  a n d  

co m m u n ica t io n  lin k s . S e c tio n  III p r o v id e s  a fo r m a l  a n a ly s is  o f  r e c o n fig u r a b il it y  in  S O F T  b in a r y  

trees in  th e  p resen ce  o f  p ro ce s s o r , s w it c h , a n d  l in k  fa ilu re s . In  S ec tion  I V , c o m p a r is o n s  b e tw e e n  th e  

re lia b il it y  o f  S O F T  a n d  p a st re co n fig u ra b le  design s  are p resen ted . F in a lly , S ec t io n  V  e x te n d s  th e  

S O F T  co n c e p t  to  N  - a r y  trees.
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II. THE SOFT DESIGN FOR BINARY TREES

T h e  S O F T  a p p ro a ch  to  re co n fig u ra b le  tree  a rch itec tu res  e m p lo y s  b o th  sp a re  p r o ce s s o rs  a t th e  

lea v es  o f  th e  tree  a n d  a d d it io n a l  lin k s  b e tw e e n  p ro ce s s o rs  t o  m a in ta in  a c o m p le te  tree  t o p o lo g y  in  

th e  p resen ce  o f  m u lt ip le  f a u l t y  p r o ce s s o rs  a n d  lin k s . A n  e x a m p le  o f  S O F T  a r ch ite c tu re  is 

illu s tra te d  in  F ig u re  1. A t  le v e ls  h ig h  in  th e  tree , fa i lu r e  o f  a n o d e  re s u lts  in  b y p a s s in g  th e  n o d e , 

th e r e b y  a l lo w in g  in fo r m a t io n  to  f lo w  d ir e c t ly  b e tw e e n  th e  f a u l t y  n o d e ’ s fa th e r  a n d  o n e  o f  its  s on s . 

T h u s , th e  f a u l t y  n o d e ’s  s on  a s su m es  th e  task s  a llo c a te d  to  its  fa i le d  fa th e r . S in ce  th e  s o n  is 

p e r fo r m in g  th e  ta s k s  o f  its  fa th e r ,  a n o th e r  p ro ce s s o r  m u s t  b e  f o u n d  to  a s su m e  th e  s o n 's  ta sk s . In  a 

s im ila r  fa s h io n , o n e  o f  th e  s o n ’s s on s  a ssu m es  its  r e sp o n s ib ilit ie s . T h is  ’ lo g ic a l  d is p la c e m e n t ’ 

c o n t in u e s  u n t il  a sp a re  is  c o n fig u re d  in  a t th e  lea v es . A  d e ta ile d  d is cu s s io n  a n d  an  e x a m p le  o f  S O F T  

re co n fig u ra tio n  are  p re se n te d  in  S e c tio n  III.

A . Terminology fo r  Binary Trees

A l l  trees  are s a id  to  h a v e  i + 1  le v e ls . T h e  r o o t  is a t  le v e l  0  a n d  th e  lea v es  are o n  le v e l  i . T h e  

term  ’u p p e r  le v e ls ' r e fe r s  to  le v e ls  0  th ro u g h  i —1. T h e  r o o t  is la b e le d  1, th e  l e f t  c h i ld  o f  a n y  n o d e  

n  is la b e led  2 n  a n d  th e  r ig h t  c h i ld  is la b e le d  2n  + 1 .  T w o  n o d e s  are  a d ja cen t i f  th e y  are  co n n e c te d  

b y  a n o n re d u n d a n t  o r  re d u n d a n t  c o m m u n ic a t io n  lin k . T h e  fa th er  o f  a n o d e  n  o n  le v e l  k  ( f  n )  is 

the a d ja ce n t  n o d e  o n  le v e l  k — 1. S im ila r ly ,  th e  s o n  o f  a n o d e  n  is son n . f t a n d  sont r ep res en t  th e  

fa th e r  a n d  s o n  n od e s  o f  l in k  l , r e s p e c t iv e ly . T h e  broth er  o f  a n o d e  n  ([bn )  is  th e  s in g le  n o d e  h a v in g  

the sam e f n . bl r e fe r s  to  e ith er  n o d e  co n n e c te d  to  a re d u n d a n t  lin k  l . T h e  left-m ost d escen d an t o f  

a s u b tree  is th e  n o d e  w h ic h  ca n  b e  f o u n d  b y  f o l l o w in g  o n ly  l e f t  d e sce n d a n ts  o f  th e  r o o t  o f  th e  

s u b tree . R ig h t -m o s t  d es ce n d a n ts  are d e fin ed  s im ila r ly .  T h e  cousin  o f  a n o d e  n  ( cousn )  is the 

le f t ( r ig h t ) -m o s t  n o d e  o n  th e  sa m e le v e l  i f  n  is th e  r ig h t ( le f t ) -m o s t  s o n  o f  th e  r o o t .  F o r  a ll  o th e r  n  , 

cousn is n  —( + ) 1  i f  n  is a le f t ( r ig h t )  s o n  o f  its  fa th e r . T h e  a n cestor  o f  a n o d e  n  o n  a le v e l  q ( A ? )  

is the s in g le  n o d e  o n  le v e l  q w h ic h  co n ta in s  n  in  its  s u b tree .
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B . Allocation o f Redundant Nodes and Links

T h e  n u m b e r  o f  sp a re  p r o ce s s o rs  s u p p o r te d  b y  th e  S O F T  a r ch ite c tu re  is 2 C , w h e r e  c  is  an 

in teger: O ^ c  — 1. A lg o r ith m  1 is an  a lg o r ith m  f o r  p o s it io n in g  th ese  spa res . T h e  re d u n d a n t  lin k s

re q u ire d  b y  th e  S O F T  a r ch ite c tu re  are  a llo c a te d  as d e s cr ib e d  b y  A lg o r ith m  2 . T h e  S O F T  b in a ry  tree  

o f  F ig u re  1 w a s  g e n era ted  b y  A lg o r ith m s  1 a n d  2  w it h  i = 4  a n d  c  = 2 .  A  s u b tre e  w it h  le av es  

x + k 2 'SST to  x  + (&  + l ) 2 ' 55r—1, w h e r e  x  is th e  le f t -m o s t  le a f  o f  th e  r o o t  a n d  0 ^ £ < 2 C — 1, is 

r e fe r re d  to  as a S pare S u b T re e , o r  SST . E ach  SST  has an  a ssocia ted  sp are  w h ic h  is a d ja ce n t  to  its  

r ig h t -m o s t  le a f . T h e  sp a re  a d ja ce n t  to  an  S S T ’s le f t -m o s t  le a f  is r e fe r r e d  t o  as its  nonassocia ted  

spare. In  co n tra s t  to  X -t r e e  o r  H y p e r -t r e e  s tru c tu re s  [ 1 1 ,1 2 ,  1 3 ], th e  S O F T  t o p o lo g y  is  n o t  a h a l f -  

r in g  s tru c tu re  in  w h ic h  ea ch  le v e l  c o n ta in s  co u s in  co n n e c t io n s  in s tea d  o f  th e  n  to  bn c o n n e c t io n s  

u t iliz e d  b y  S O F T .

ALGORITHM 1: Placement of Spares.

B egin

h s r :==* ~ c  • {h e ig h t  o f  spa re  s u b tree }

f o r  k  :=  1 t o  2 1 lsST d o  b eg in  

x  >  le f t -m o s t  le a f  o f  r o o t ; 

n  :=  x  + k  2*55r—1

a d d  sp a re  a n d  co n n e c t  as r ig h t  s o n  to  n  ; {a ss oc ia ted  sp a re  o f  SST  k } 

co n n e c t  spare  to  cousn ; 

en d  

en d .
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ALGORITHM 2: Placement of Redundant Links.

P ro ce d u re  B r o th e r _ c o n n e c t  ( n  : n o d e )  

b eg in

co n n e c t  n  to  bn ;

i f  l e v e l (n  )  <  i {n  is n o t  a le a f }  

th e n  b eg in

B roth er__con n ect(Z e /£  son  o f  n  ) ;  

B r o th e r _ c o n n e c t (Z e /i  son  o f  bn ) ;  

en d  

e lse

i f  n o t ( a d ja c e n t _ t o _ s p a r e ( / i ) )  

th en  co n n e c t  n  to  cousn :

en d

b eg in

B ro th e r_ co n n e c t  { le ft  son  o f  root ) ;

en d .

C. Redundancy Calculations

T h e  ca lc u la t io n s  f o r  p erce n ta g e  o f  spa re  r e d u n d a n c y  are s tr a ig h t fo r w a r d :

2 C

2 i+1—l  '
%  n o d e  re d u n d a n c y  =
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T h e  n u m b e r  o f  r e d u n d a n t  lin k s  is

re d u n d a n t  lin k s  =
*==¡-2

Z  28
g=0

+  V  +  2 C +  1

T h u s , th e  p ercen ta g e  o f  r e d u n d a n c y  f o r  lin k s  is

%  lin k  r e d u n d a n c y  = ----- - - -- - - -- - - -- - - -- -
2 *+1—1

F o r large  i , th is  is a p p r o x im a te ly  .5  +  .2 5  +  (  %  r e d u n d a n c y  o f  s p a re s ). T a b le  1 en u m era tes  th e  

p o ss ib le  p ercen ta g e  n o d e  re d u n d a n cie s  f o r  la rge  i a n d  th e  c o r re s p o n d in g  p ercen ta g e  o f  lin k  

re d u n d a n cy .

D . Implementing SOFT Architectures

Im p le m e n tin g  S O F T  a rch ite c tu re s  in v o lv e s  th e  f o l l o w in g  a s su m p tion s .

A s s u m p t i o n  1: I n p u t /o u t p u t  th ro u g h  th e  lea v es  is n o t  re q u ire d . □

T h is  is n o t  a d e f ic ie n c y  in  th e  S O F T  p h ilo s o p h y  b u t  a co n v e n ie n ce  in  d e s cr ib in g  th e  

a rch ite ctu re . T h e  a s s u m p tio n  is n o t  u n rea s on a b le  s in ce  m a n y  o f  th e  a lg o r ith m s  a p p ro p ria te  f o r  tree  

a rch itec tu re s  d o  n o t  re q u ire  s u ch  I /O  [ 1 , 2 , 4 ] .  In  fa c t ,  th e  c la s s ica l H -tr e e  la y o u t  ca n n o t  

a cc o m m o d a te  I /O  th r o u g h  th e  le a v es  f o r  la rge  trees.

T a b le  1. S O F T  R e d u n d a n cy .

%  N o d e %  L in k

R e d u n d a n c y R e d u n d a n cy

= 2 5 .0 % = 1 0 0 %

=  1 2 .5 % = 8 7 .5 %

= 6 .2 5 % = 8 1 .2 5 %

1

2 i+1—1
= 7 5 %
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A s s u m p t i o n  2 : A l l  p r o ce s s o rs  in  th e  tree  are id e n t ica l. □

T h e  n e c e s s ity  o f  th is  a s s u m p tio n  is c le a r  in  lig h t  o f  th e  m a n n e r  in  w h ic h  re co n fig u r a t io n  

p ro ce ed s . T h e  a s s u m p t io n  m a y  be  re la x e d  s o m e w h a t  s in ce  each  p ro ce s s o r  o n  le v e l  l w i l l  o n ly  b e  

a sked  t o  s e rv e  as a re p la ce m e n t  f o r  a p ro ce s s o r  o n  le v e l  l — 1 . M o s t  w e l l -k n o w n  a lg o r ith m s  f o r  tree  

a rch itec tu re s  u t il iz e  id e n t ica l p r o ce s s o rs  [ l ,  2 ,  4 ] .

1 ) S w itching Schem e

T h e  v ir t u a l  p r o ce s s o r  d isp la ce m e n t  c o n ce p t  o f  S O F T  re co n fig u ra t io n  ca n  b e  im p le m e n te d  w it h  

the  s w it ch in g  s ch em e  o f  F igu re  2 . S in ce  a l l  s w it c h in g  d u e  to  re co n fig u ra t io n  is p e r fo r m e d  b y  th ese  

s w itch e s , d e sig n  o f  th e  p ro ce s s in g  e lem e n ts  is in d e p e n d e n t  o f  th e  re co n fig u ra t io n  sch e m e .

2 ) M ultich ip  T rees

I f  an  e n t ire  tre e  ca n n o t  f it  o n to  a s in g le  ch ip  o r  w a fe r ,  th e n  th e  tree  m u s t  b e  p a r t it io n e d  f o r  

ch ip  a l lo ca t io n .  T h e  m a jo r  co n s id e ra t io n  o n  d iv id in g  a tree  in to  s u b p ie ces  is im p o s e d  b y  p in  

lim ita t io n s . P a r t it io n in g  a S O F T  tree  is s tr a ig h t fo r w a r d . F ro m  F ig u re  1, it  ca n  be  seen  th a t  a t m o s t  

on e  a d d it io n a l lin k  p er  ch ip  is r e q u ire d  f o r  ch ip s  co n ta in in g  n o  le a f  p ro ces s ors . A t  le v e l  i . m o r e  

than  on e  lin k  m u s t  be  a d d e d  p er  ch ip . H o w e v e r ,  b y  o b s e r v in g  th a t  th ere  are t w o  re d u n d a n t  lin k s  

per n o d e  a t th e  le a v es , w h ic h  eq u a tes  to  th e  t w o  fa t h e r - t o - s o n  lin k s  o f  n o d es  a t u p p e r  le v e ls , it  is 

e v id e n t  th a t  th e  n u m b e r  o f  p in s  p er  ch ip  a t th e  lo w e r  le v e ls  w i l l  b e  less  f o r  ch ip s  co n ta in in g  le a f

b r o th e r fa th e r

PE spare

le a f

a. u p p e r  le v e l  s w it ch in g .
b . le a f  s w it ch in g c. S pare s w it ch in g .

F igu re  2 . S O F T  s w it ch in g  in  b in a r y  trees.
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p roces s ors . W h ile  th e  im p lica t io n  is th a t a S O F T  tree  w i l l  r e q u ire  a t lea st  t w o  d iffe r e n t  k in d s  o f  

ch ip s , th e  sam e m a y  be  tru e  f o r  m o d u la r  s pa rin g  a p p roa ch es  s u ch  as [7 , 8 ] , o r  e v e n  n o n re d u n d a n t  

trees  i f  th e  tree  h as an  o d d  n u m b e r  o f  le v e ls .

3 ) V L S I L ayout o f  SO FT T rees

T o  e ffic ie n t ly  la y  o u t  a S O F T  b in a r y  tree  in  V L S I , an  a d ju s tm e n t  in  th e  g en era l a r ch ite c tu re  is 

m a d e  in  o r d e r  to  e m p lo y  a v a r ia t io n  o f  th e  o p t im a l O ( n )  H -tre e  la y o u t  [ 1 4 ,1 5 ]  in  w h ic h  th e  

lea v es  are  n o t  f u l l y  co n n e c te d . V L S I  la y o u t  f o r  a tree  o f  i ^ 4  f o l l o w s  th e  la y o u t  o f  F ig u re  3a . 

T h e  lo ca t io n  o f  spa res  d ep en d s  u p o n  th e  p ercen ta g e  o f  spa res  a l lo c a t e d  t o  th e  tree . A s  in  A lg o r ith m  

1, th e  spa res  are lo c a te d  o n  th e  n o n b ro th e r  re d u n d a n t  lin k s . F o r  trees  w it h  i > 4  th e  la y o u t  

a lg o r ith m  p rese n ted  b e lo w  re s u lts  in  o p t im a l area  o f  0 ( n  ) .  T h e  re s u lt  o f  A lg o r ith m  3 w ith  i = 7  is 

d e p icte d  in  F igu re  3 b . T h e  e llip se s  rep res en t  th e  5 - le v e l  s u b trees  co n s tr u c te d  in  th e  firs t ’ f o r  l o o p ’ 

o f  th e  a lg o r ith m .

F igu re  3 . V L S I L a y o u t  o f  S O F T  A rc h ite c tu r e
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THEOREM 1: T h e  S O F T  la y o u t ,  as d e s cr ib e d  in  A lg o r ith m  3 , f o r  a b in a r y  tre e  o f  n  lea v es , has 

O ( n )  area.

PROOF: It  is w e l l  k n o w n  th a t  th e  a rea  o f  an  H -tr e e  is 0 ( n  )  [1 5 ]. T h e  la y o u t  ca n  b e  th o u g h t  o f  

as h a v in g  O  (V /T  )  r o w s  a n d  c o lu m n s . T h e  la y o u t  p r o d u ce d  b y  A lg o r ith m  3 (a s  in  F ig u re  3 )  h as at 

m os t o n e  re d u n d a n t  lin k  (a d d it io n a l  r o w  o r  c o lu m n )  p a ra lle l to  ea ch  r o w  o r  c o lu m n  o f  th e  O (n  )  

H -tree  la y o u t .  S in ce  ea ch  sp a re  ca n  b e  th o u g h t  o f  as ly in g  in  a re d u n d a n t  lin k , th e  edge  o f  th e  

sq u a re  co r re s p o n d in g  to  th e  la y o u t  o f  a S O F T  tree  is a t m o s t  O  ( k  \fn ) .  w h e r e  k  is a co n s ta n t  

w h ich , in  th e  w o r s t  case  is b e tw e e n  2  a n d  3 . S in ce  th is  is s t i l l  O(VaT ) ,  th e  area  o f  th e  S O F T  la y o u t  

is 0 ( n  ) .  □

T h e  m o d ifica t io n  t o  th e  g e n era l S O F T  a p p roa ch  n e ce s sa ry  f o r  V L S I la y o u t  has th e  f o l l o w in g  

im p lica t io n s :

( l )  W h ile  th e  m a x im u m  n u m b e r  o f  spa res  is ==2 5 % , th e  m in im u m  is in crea s ed  f r o m  an 

a r b it r a r ily  s m a ll  p e rce n ta g e  ( l  p er  tr e e ) to  ^ 3 %  (1  p er  5  le v e l  s u b t re e ).

A L G O R I T H M  3 : V L S I  L a y o u t  o f  T r e e s  w i t h  i > 4 .  

b eg in

f o r  k  :=  1 to  2 i - 4  d o

z ( k )  >  a 5 - le v e l  S O F T  tree  c o n s tr u c te d  b y  A lg o r ith m s  1 a n d  2 ; 

f o r  k  :=  1 to  2*-5  d o

c o n n e c t  r o o t ( z ( 2 * k ) )  to  r o o t ( 2 * k - l ) ) ;  

c o n s tr u c t  m a in  tree  ( m )  as an  i —5  le v e l  n o n r e d u n d a n t  b in a r y  tree: 

a p p ly  A lg o r ith m  2  to  m  o m it t in g  a l l  c o u s in  co n n e c t io n s : 

f o r  k  :== 1 to  2*-5

x  :=  le f t -m o s t  le a f  o f  r o o t :  

m o v e  to  x  + k  —1 

co n n e c t  z (2 * k )  as l e f t  s on : 

c o n n e c t  z ( 2 * k - l )  as r ig h t  s on : 

en d  

en d .
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( 2 )  S in ce  th e  5  le v e l  s u b tree s  d o  n o t  sh are  a n y  co n n e c t io n s  a m on g  spa res , S S T s ca n n o t  ‘b o r r o w ’ 

spa res  f r o m  n e ig h b o rs  n o t  w ith in  th a t  s u b tree . T h is  d o e s  n o t , h o w e v e r ,  a ffe c t  th e  r e l ia b il it y  

a n a ly s is  p re se n te d  in  S e c tio n  IV , w h ic h  s h o w s  s ig n ifica n t  r e l ia b i l i t y  e n h a n cem en t is ga in ed  

w it h  th e  S O F T  s tra te g y .
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III. FAULT TOLERANCE IN SOFT

N e ces sa ry  a n d  su ffic ien t  c o n d it io n s  are  p resen ted  f o r  re c o n fig u r a b il ity  in  S O F T  a rch ite ctu res . 

R e con fig u ra t io n  f o r  f a u l t y  p ro ce s s o rs  is c o n s id e re d  in  S ec tion  A .  f o l l o w e d  b y  an  a n a ly s is -  o f  

r e co n fig u ra t ion  f o r  lin k  fa i lu r e s  a n d  s w it c h  fa ilu r e s  in  S ec t io n  B. T h e  fa u l t  m o d e l  f o r  PEs a n d  

lin k s  is fu n c t io n a l  in  n a tu re  a n d  in c lu d e s  a n y  fa u lt  a ffe c t in g  th e  c o r r e c t  o p e ra t io n  o f  th e  p ro ce s s o r  

o r  the  lin k  u n d e r  co n s id e ra t io n . T h e  fa u lt  m o d e l  f o r  s w it c h e s  co n s is ts  o f  s tu c k -o p e n  o r  s t u c k -  

c lo s e d  fa u lt s .  A lg o r ith m s  f o r  d y n a m ic  re co n fig u ra t io n  are  p re se n te d  in  S e c t ion  C . F in a lly ,  s ta tic  

r e co n fig u ra t io n  is d iscu s s e d  in  S e c tio n  D .

A . Tolerance o f Processor Failures

In  S e ct ion  1, b a s ic  p ro p e r t ie s  o f  S O F T  re co n fig u ra t io n  are  p re se n te d . B ased  o n  th ese  p rop e r t ie s , 

n e ce ssa ry  a n d  s u ffic ien t  c o n d it io n s  f o r  r e c o n f ig u r a b il ity  are  d e r iv e d  in  S ec t io n  2 .

A s  d is cu s s ed  in  S e c tio n  II. fa i lu r e  o f  a n o d e  in  an  u p p e r  le v e l  r e s u lts  in  a series  o f  

d isp la cem e n ts  u n t i l  a sp a re  is  c o n fig u re d  in . I f  a le a f  n o d e  n  f a i ls  a n d  it  is a d ja ce n t  to  its  S S T ’s 

spare, n  is s im p ly  b y p a s s e d  a n d  re p la ce d  b y  th e  spa re . I f  n  is r e p la c in g  f n , n  tak es  bn as o n e  s o n  

an d  th e  spa re  as its  o th e r  s on . I f  n  is n o t  a d ja ce n t  to  th e  S S T ’s a s so c ia te d  sp a re , it  m u s t  be  re p la ce d  

b y  o r  ta k e  as its  s e co n d  s o n  th e  n o n -b r o th e r  le a f  a d ja ce n t  to  it . an . I f  a s o n  o f  is a d ja ce n t  to  a 

spare . /  ̂  m a y  u se  th a t  sp a re  as a s e con d  s o n . o th e r w is e  it  ta k es  a le a f  a d ja ce n t  to  on e  o f  its  s on s . 

T h is  d isp la ce m e n t  co n t in u e s  a lo n g  le v e l  i u n t i l  a spa re  is c o n fig u re d  in . B y  co n v e n tio n , i f  a fa i lu r e  

o c cu rs  in  an S S T . it d is p la ce s  t o w a r d  its  a s soc ia ted  spa re  i f  p o ss ib le . I f  th e re  are  t w o  fa ilu r e s  in  th e  

S S T . it m u s t  co n fig u re  in  th e  n o n a ss o cia te d  spa re . I f  th e  n o n a ss o cia te d  spa re  h a d  b een  co n fig u re d  in  

to its  a s soc ia ted  SST , th en  th is  S S T  m u s t  ta k e  its  n o n a ss o cia te d  spa re . T h is  co n t in u e s  u n t il  an 

u n u sed  spare  is c o n fig u re d  in. In  F igu re  4 ,  an  e x a m p le  o f  r e co n fig u ra t io n  w ith  4 fa u lt s  a n d  4  spa res  

is p resen ted .

In  a n a ly z in g  th e  r e l ia b il it y  o f  a re co n fig u ra t io n  sch e m e , it is n e ce ss a ry  to  d e te rm in e  b o th  w h a t  

f ixed  fa u lt  s u b s ets  (a  set o f  p r o ce s s o rs  in  th e  tree  d esign a ted  as h a v in g  fa i le d )  are re co n fig u ra b le
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F igu re  4 . R e con fig u ra tio n  in  an  i= 4 , c= 2  tree  w ith  4  fa u lt s .

( i .e ., s ta tic  r e co n f ig u r a t io n ) , a n d  f o r  a n  ex ist in g  m a ch in e  w ith  fa i lu r e s , w h e th e r  th e  fa i lu r e  o f  an  

a d d it io n a l sp ec ific  p ro ce s s o r  ca n  b e  to le r a te d  ( i .e .,  d y n a m ic  re co n fig u r a t io n ) . F o r  S O F T  d y n a m ic  

re co n fig u ra t io n , th e  o r d e r  in  w h ic h  fa u lt s  o c c u r  d o es  n o t  a ffe c t  th e  a b i l i t y  o f  th e  a rch ite c tu re  to  

recon fig u re . A s  a re s u lt ,  i f  it  is k n o w n  e x a c t ly  w h a t  sets  o f  fa u lt s  ca n  b e  re co n fig u re d , th e n  a fa u lt  

w h ic h  o c c u r s  a t t im e  t  can  b e  re co n fig u re d  i f  a n d  o n ly  i f  th e  n e w  fa u l t  s u b s et  is r eco n fig u ra b le . 

S im ila r ly ,  i f  it  is k n o w n  e x a c t ly  w h a t  fa ilu r e s  ca n  b e  re co n fig u re d  g iv e n  a set o f  fa u lt s ,  th en  a l l  

sets o f  r e co n fig u ra b le  fa u lt s  ca n  b e  in d u c t iv e ly  d e term in e d . C o n s e q u e n t ly , th e  re c o n fig u r a b ili ty  

a n a ly s is  o f  th is  s e c t io n  is a p p lica b le  to  b o th  scen a rios .

1 ) P rop erties o f  SO FT R econ figuration

DEFINITION 1: D isp lacem en t is th e  lo g ica l m o v e m e n t  o f  a n o d e  n  to  th e  p h y s ic a l p o s it io n  

co r re s p on d in g  t o  f  n in  o rd e r  to  rep la ce  f  n d u e  to  e ith er  th e  fa i lu r e  o r  d isp la ce m e n t  o f  / „  . A t  

the lea v es , d is p la ce m e n t  in c lu d e s  th e  lo g ica l m o v e m e n t  o f  a le a f  to  th e  l e f t  o r  r ig h t  in  o rd e r  to  

rep la ce  bn o r  cousn . D isp la ce m e n t  th ro u g h  n o d e  n  r e fe rs  to  th e  a ct  o f  d isp la c in g  n  . □

DEFINITION 2 : D ouble d isplacem ent r e fe r s  to  an  a tte m p t  to  d isp la ce  a n o d e  tw ic e . F o r e x 

a m p le , i f  n  is d is p la ce d , it is a s su m in g  f n ’s task s . I f  d isp la ce m e n t  w e re  to  o c c u r  th ro u g h  n  

again , n  w o u ld  a ssu m e gn 's  ta sk s . □
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T h e  f o l l o w in g  L em m a s  p rese n t  b a s ic  a s p e cts  o f  r e c o n fig u r a b il it y  w h ic h  e n a b le  d e r iv a t io n  o f  

the  n e ces sa ry  a n d  s u ffic ien t  co n d it io n s  p res en ted  in  S ec t io n  2 .

Le mma  Is D o u b le  d isp la ce m e n t  o c c u rs  a t u p p e r  le v e ls  i f  a n d  o n ly  i f  d is p la c e m e n t  is  a tte m p te d  

th ro u g h  a f a u l t y  n o d e .

P R O O F :  D is p la ce m e n t  o n ly  o c c u r s  in  d es ce n d a n ts  o f  f a u l t y  n od es . T h e  le m m a  is n o t  c o n c e rn e d  

w it h  d is p la ce m e n t  o f  le a v es  so  n o  d o u b le  d isp la ce m e n t  o c c u rs  d u e  to  u n a v a i la b i l i ty  o f  spa res . F o r  

tw o  d is p la ce m e n ts  to  in te rs ec t  a t o n e  n o d e  (d o u b le  d isp la ce m e n t , b y  D e fin it io n  2 ) ,  th e  d is p la c e m e n t  

d u e  to  a fa i lu r e  h ig h er  in  th e  tree  m u s t  in te rs ec t  a p r e v io u s ly  d is p la ce d  n o d e . B u t  it  is n e ce s s a ry  to  

pass th r o u g h  a fa th e r  in  o rd e r  to  rea ch  o n e  o f  its  d escen d a n ts . □

Le mma  2x S O F T  trees  ca n  n o t  re co n fig u re  u s in g  d o u b le  d is p la ce m e n t .

P R O O F :  B y  D e fin it ion  3 . a t u p p e r  le v e ls  s o m e  n o d e  n  is a s su m in g  gn ’s tas k s . B u t n  is  n o t  

a d ja cen t  to  bf n . T h u s  co m m u n ic a t io n  w it h  bfn w o u ld  b e  lo s t , a n d  it  w o u ld  n o t  b e  p o s s ib le  t o  

m a in ta in  th e  r ig id  tree  t o p o lo g y  i f  d o u b le  d is p la ce m e n t  o c c u r re d . A t  le v e l  i , th e  fa th e r  o f  th e  

d o u b le  d is p la c e d  n o d e  w o u ld  b e  a d ja cen t to  o n ly  o n e  le a f  p ro ce s s o r . □

Le mma  3: A t  m o s t  o n e  o f  n  a n d  bn ca n  be  d is p la ce d .

P r o o f :  D isp la ce m e n t  o f  b o th  w o u ld  im p ly  th a t e ith er  f n has b een  d is p la c e d  tw ic e ,  w h ic h  is 

n o t p o s s ib le  b y  L e m m a  2 , o r  th ere  is a d is p la ce m e n t  th r o u g h  f n a n d  f n h as fa i le d ,  w h ic h  is a lso  

im p o ss ib le  b y  L em m a s  1 a n d  2 . □

Le mma  4: T w o  fa i lu r e s  w ith in  an  S S T , o r  d isp la ce m e n t  o f  th e  r o o t  o f  th e  S S T , a n d  a fa ilu r e  

w ith in  th e  S S T . are  re co n fig u ra b le  i f  a n d  o n ly  i f  b o t h  spa res  a d ja ce n t  to  th e  S S T  ca n  b e  re co n fig u re d  

in  as s on s  o f  lea v es  in  th e  SST.

P r o o f : D is p la ce m e n t  o f  th e  r o o t  o f  th e  SST  is th e  sam e as fa i lu r e  o f  th e  r o o t  o f  th e  SST  in 

term s o f  r e co n fig u ra t io n  b e lo w  th a t  le v e l.  C o n s e q u e n t ly , o n ly  fa i lu r e s  w ith in  th e  S S T  n eed  be 

co n s id e red . I f  o n ly  on e  a d ja cen t  spa re  ca n  b e  co n fig u re d  in to  th e  SST , a n d  th e re  are  t w o  fa i lu r e s  in 

the S S T . th en  re co n fig u ra t io n  is n o t  p o s s ib le  b y  L em m a  2 . I f  b o th  a d ja ce n t  spa res  ca n  b e  u s ed , th en
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re co n fig u ra t io n  th r o u g h  fa u l t  fr e e  n o d e s  is c le a r ly  p o s s ib le , i .e ., a f a u lt  s u b s e t s u ch  as F igu re  5a

In  p r e v io u s  a p p ro a ch e s , u n re co n fig u ra b le  m u lt ip le  fa i lu r e s  c o r re s p o n d  to  m o r e  th a n  on e  fa u l t

fa ilu r e s  in  th e  S O F T  a p p roa ch , reg a rd les s  o f  th e  n u m b e r  a n d  lo ca t io n  o f  s pa res , c o r re s p o n d  to  

fa u lt s  w h ic h  f o r c e  d o u b le  d isp la ce m e n t . F o r  e x a m p le , c o n s id e r  th e  fa i lu r e  o f  a n o d e  n . 

D is p la ce m e n t  m u s t  o c c u r  th r o u g h  a son n . C o n s e q u e n t ly , th e  p resen ce  o f  a f a u lt  s u b s e t  as d e p ic te d  

in  F igu re  5 a  is n o t  re con fig u ra b le . I f  le ft  son n h as fa i le d , th e n  d is p la cem e n t  m u s t  o c c u r  th r o u g h  

rig h t sonn w h ic h  im p lie s  th a t  on e  o f  rig h t sonn *s s on s  m u s t  b e  fa u lt  f r e e  f o r  re co n fig u ra t io n  to  

o c cu r . T h e  fa i lu r e  o f  le ft  sonn ca n  b e  th o u g h t  o f  as fo r c in g  th e  re co n fig u ra t io n  in to  th e  s u b tre e  

w ith  rig h t son n as its  r o o t .  T h u s , F igu res  5 b  a n d  5 c  are  n o t  re co n fig u ra b le  s in ce  th e re  is n o  p a th  

f r o m  th e  h ig h e st  f a u l t y  n o d e  t o  th e  lea v es  th r o u g h  o n ly  g o o d  n od es .

In  o r d e r  to  d e te rm in e  w h a t  fa u lt  s cen a r io s  are re con fig u ra b le . spa re  s u ffic ie n cy  ( 5 5  )  is  d efin ed . 

5 5  is a b o o le a n  v a lu e  a s so cia ted  w ith  each  n o d e  o f  th e  tree .

ca n n o t  e x is t  w it h  o n ly  t w o  fa ilu re s . □

2 ) A n a lysis o f  R econ figurability

in  a g r o u p  o f  n o d e s  w h ic h  h a v e  b een  a l lo c a t e d  a s in g le  spa re  [7 , 8 ]. U n re co n fig u r a b le  m u lt ip le

F igu re  5a.
F igu re  5 b .

F ig u re  5 c .

F igu re  5 . U n re co n fig u ra b le  fa u lt s  a t u p p e r  lev e ls .
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De f in it io n  3: T h e  SS o f  a s pa re  s  is 1 i f  a n d  o n ly  i f  s  is f a u l t  fr e e  a n d  n o t  co n fig u re d  

in to  th e  a rr a y ,  o r , th e  n o n a s so cia ted  sp a re  o f  th e  SST  has SS o f  1 a n d  is n o t  co n fig u re d  in to  th e  

a rra y  as a s o n  o f  s ’ s a s so c ia ted  S S T , o r  s  is f a u l t y ,  a n d  th e  SST  f o r  w h ic h  s  is n o t  a sso cia ted  

has SS o f  1. T h e  SS o f  a n o d e  w ith in  an  SST  is e q u a l to  th e  SS v a lu e  o f  its  a s so c ia te d  spa re .

T h e  SS o f  a n o d e  n  in  a le v e l  a b o v e  th e  SS T s is 1 i f  a n d  o n ly  i f  S S ile ft sonn ) o r  

SS 0righ t sonn )  is 1 a n d  n  is f a u l t  f r e e ,  w h e re  SS ( n  )  d e n o tes  th e  sp a re  s u ffic ie n cy  o f  n  . □

In  a d d it io n , th e  sh ifta b ility  o f  a d is p la c e d  n o d e  n  , d e n o te d  as s  (ji  ) ,  is f o r m a l ly  d e fin ed  as:

i (n ) = ss a>„ )+ ' _1£  1 ss (*,.)
q =level (n  ) —1

A ?'

0
— i

good  ( A  * )1 -1
l =level (n ) —1

( 1 )

w h e re  good  (n  )  is 1 o n ly  i f  n o d e  n  is  f a u l t  fr e e .

T h e o re m  2  d escr ib e s  re c o n fig u r a b il ity  a t  th e  S S T  le v e l.  C o r o l la r ie s  1 -3  p r o v id e  n ece s s a ry  a n d  

su ffic ien t c o n d it io n s  f o r  re co n fig u ra t io n  o f  a fa i lu r e  a n y w h e re  in  a S O F T  tree . T h e o re m  3 d es cr ib e s  

the c la ss  o f  fa u l t  s u b s ets  w h ic h  a re  re co n fig u ra b le  in  S O F T  a rch itec tu re s .

Th e o r e m 2: T h e  fa i lu r e  o f  a n y  n o d e  n  w ith in  an  SST  w h o s e  r o o t  is n o t  d is p la ce d  is 

r e co n fig u ra b le  i f  a n d  o n ly  i f  SS in  )  is 1.

PROOF: F ro m  D e fin it ion  3 , f o r  a n o d e  in  SST  S  to  h a v e  SS o f  1 . e ith er  ( A )  its  a s soc ia ted  sp a re  

is a v a ila b le , o r  (B )  th e  a s soc ia ted  sp a re  o f  S is f a u l t y  a n d  its  n o n a ss o cia te d  S S T  has SS o f  1 , o r  ( C )  

th ere  e x is ts  an  SST  w h o s e  sp a re  is a v a ila b le  s u ch  th a t  a l l  SSTs ’ l e f t ’ o f  S a n d  ’ r ig h t ’ o f  th e  

a v a ila b le  sp a re  h a v e  e ith er  f a u l t y  sp a res  o r  spa res  co n fig u re d  in  to  th e ir  a s soc ia ted  SST s. I f  ( A )  is 

tru e , th en  th e  fa i lu r e  is r e co n fig u ra b le  (se e  L e m m a  4 ) .  I f  ( A )  is n o t  tr u e  b u t  (B )  is tru e , th en  e ith er  

re con fig u ra tion  is p o ss ib le  th r o u g h  th e  fa i le d  spa re  in to  its  n on a ss o cia te d  SST , b y  th e  a b o v e  a n a ly s is  

an d  D efin it ion  3 , o r  ( C )  is tru e . I f  ( C )  is tru e  (b u t  ( A )  a n d  (B )  are n o t  t r u e ) ,  th e n  th e  

n o n a ss ocia ted  spa re  o f  S m u s t  b e  co n fig u re d  in to  S . I f  th e  SS o f  S is 1 th en  a t m o s t  o n e  fa u lt  has 

o c cu rre d  in  S p r io r  to  th is  fa i lu r e ,  b y  D e fin it ion  3. L em m a  4  in d ica tes  th a t  co n fig u r a t io n  o f  th e  

n o n a ss ocia ted  spare  is p o ss ib le . I f  th e  n o n a ss o cia te d  spa re  w a s  n o t  b e in g  u s ed , th en  th e  

re co n fig u ra tio n  is fin ish ed . O th e rw is e , th e  n on a ss o cia te d  spare  h a d  been  co n fig u re d  in  as a s on  o f  its  

a ssocia ted  SST. I f  th e  n o n a s so cia ted  spa re  h a s  fa i le d  th en  re co n fig u ra t io n  p ro ce e d s  b y  b y p a s s in g  th e
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spa re , as th o u g h  th e  S S T  w e re  larger  (u s in g  th e  s w it ch e s  o f  F ig u re  2 c ) .  S in ce  SS o f  th is  spare  w a s  

1, r e co n fig u ra t io n  can  p r o ce e d  t o w a r d  its  n o n a s so cia te d  sp a re , b y  th e  sa m e a n a ly s is . T h is  co n t in u e s  

u n t il  th e  a v a ila b le  spa re  is c o n fig u re d  in to  th e  a r ra y . T h e  a lg o r ith m s  o f  S ec tion  C  g u a ra n tee  th a t  a 

n on a ss oc ia ted  sp a re  is c o n fig u re d  in  o n ly  i f  th e re  is n o  co n fig u ra t io n  s u ch  th a t  o n ly  a s soc ia ted  

spares are  co n fig u re d  in . A s  a re s u lt ,  i f  a spa re  is c o n fig u re d  in  to  its  n o n a s so cia te d  SST , th e n  

fu r th e r  re co n fig u ra t io n  ca n n o t  p r o ce e d  in  th is  d ir e c t io n  w ith o u t  d o u b le  d is p la ce m e n t , th u s  

s a t is fy in g  th e  n e ces sa ry  c o n d it io n .  □

C O R O L L A R Y  1: F a ilu re  o f  n o d e  n  , a b o v e  th e  S S T  le v e l ,  is r e co n fig u ra b le  i f  a n d  o n ly  i f  th e  n o d e  

is u n d is p la ce d  a n d  SS ( j i )  is 1, o r ,  th e  n o d e  is d is p la ce d  a n d  s  in  )  is 1.

P r o o f :  T h e  p r o o f  c o n s id e rs  th e  d is p la ce d  a n d  u n d is p la ce d  co n d it io n s  s e p a ra te ly . I f  an  

u n d is p la ce d  n o d e  n  a b o v e  th e  S S T  le v e l  fa i ls ,  th e n  it  r e co n fig u re s  t o w a r d  th e  r o o t  o f  an  SST. I f  

S S ( n )  is 1 th e n  th ere  is a p a th  th r o u g h  fa u lt  f r e e  n o d e s  to  an  SST  w h ic h  h as SS o f  1, w h ic h  

f o l l o w s  f r o m  D e fin itio n  3 . S in ce  fa i lu r e  o f  th e  r o o t  o f  an  S S T  a n d  its  d isp la ce m e n t  are  e q u iv a le n t  

b e lo w  th e  SST  le v e l ,  th is  is r e co n fig u ra b le  b y  T h e o re m  2 . I f  SS (n  )  is 0  th e n  e ith er  th e re  is n o  p a th  

th ro u g h  fa u lt  f r e e  n o d e s  to  th e  S S T  le v e l,  in  w h ic h  case th e  fa i lu r e  is n o t  re co n fig u ra b le  b y  L e m m a s  

1 a n d  2 , o r  s u ch  a p a th  ex is ts  o n ly  to  th e  r o o t  o f  an  SST  w it h  SS o f  0  w h ic h  is n o t  re co n fig u ra b le  b y  

T h e o re m  2 . I f  n  is d is p la ce d , th e  fa i lu r e  o f  n  is to le ra b le  i f  th e  d isp la ce m e n t  ca n  b e  m o v e d  in to  

a n o th er  s u b -tre e .  W h e n  n  fa i ls ,  i f  bn ca n  a ssu m e f n ‘s p o s it io n , th en  n ’ s  d is p la ce m e n t  ca n  be  

s h i fte d  in to  th e  bn s u b -tre e . B y  L e m m a  3 , bn ca n  n o t  a lr e a d y  be  d is p la ce d . A s  a b o v e ,  bn ca n  

assu m e its  fa t h e r ’s lo g ica l p o s it io n  i f  a n d  o n ly  i f  SS 0>n )  is 1. S h ift in g  th e  d isp la ce m e n t  to  bn is th e  

o n ly  a lte rn a t iv e  i f  f  n is the  fa i lu r e  crea t in g  n ’ s  d is p la cem e n t . I f  / „  h as n o t  fa i le d ,  th en  an  

a lte rn a t iv e  is to  s h i f t  th e  d is p la ce m e n t  in to  b f n. T h is  can  o c c u r  i f  a n d  o n ly  i f  SSijbf )  is 1. 

S im ila r ly , i f  n e ith e r  f n n o r  f h as fa i le d , th e  d is p la ce m e n t  ca n  be  s h ift e d  to  th e  b r o th e r  o f  f  /n. 

C o n s e q u e n tly , the  d is p la ce m e n t  ca n  b e  s h ift e d  to  th e  b r o th e r  o f  a n y  a n ces tor , A  , i f  a n d  o n ly  i f  bA 

has SS o f  1 (a s  a b o v e )  and  a ll  a n ces to rs  o f  n  w h ic h  are o n  le v e l  b e lo w  A  are  fa u lt  fr e e . □
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C O R O L L A R Y  2 : F a ilu re  o f  a n o n -r e d u n d a n t  n o d e  n  w ith in  S S T  S ca n  b e  to le r a te d  i f  a n d  o n ly  

i f  e ith er  SS  (n  )  is 1 , o r  th e  r o o t  o f  S , r  , is d is p la ce d  a n d  s  ( r  )  is 1.

P R O O F :  W h e n  a fa i lu r e  in  an  SST  is d e te cte d , th ere  are  th ree  p o s s ib ilit ie s  f o r  re co n fig u ra t io n . I f  

a n d  o n ly  i f  SS ( j i )  is 1 , r e co n fig u ra t io n  ca n  p ro ce e d  t o w a r d  e ith er  th e  a s so c ia te d  o r  th e  

n on a ss ocia ted  sp a re , f r o m  T h e o r e m  2 . I f  r  h as been  d is p la ce d , th e n  th e  th ir d  a lte rn a t iv e  is t o  s h i f t  

r ' s  d is p la ce m e n t  in to  a n o th e r  S S T , a n d  u se  S ’s  a sso cia ted  spa re  to  re co n fig u re  f o r  n ’ s  fa i lu r e .  F r o m  

C o r o l la r y  1. th is  is p o s s ib le  i f  a n d  o n ly  i f  s  ( r  )  is 1. □

C O R O L L A R Y  3 :  T h e  fa i lu r e  o f  a sp a re  n  is to le ra b le  i f  a n d  o n ly  i f  th e  fa i lu r e  o f  a n o n -  

re d u n d a n t  n o d e  in  e ith e r  th e  a s so c ia te d  o r  u n a ss oc ia ted  S S T  is to le ra b le .

P R O O F :  I f  th e  sp a re  is  n o t  co n fig u re d  in to  th e  a r ra y ,  th e n  its  fa i lu r e  is to le r a b le . A  fa i lu r e  in  

e ith er S S T  a d ja ce n t  t o  th e  S S T  is a lso  to le ra b le . I f  th e  spa re  h as b een  co n fig u re d  in to  th e  a r ra y , th e n  

th ere  are t w o  p o s s ib i lit ie s  f o r  re co n fig u ra t io n . T h e  firs t is to  u n d o  th e  d is p la ce m e n t  ca u s in g  th e  

spare to  be  co n fig u re d  in to  th e  a r ra y . T h e  s e co n d  is to  b y p a s s  th e  sp a re  a n d  u s e  th e  n e ig h b o r in g  

SSTs o th e r  a d ja ce n t  spa re . T o  d o  th e  firs t , it  is n e ce ss a ry  a n d  s u ffic ien t  th a t th e  sp a re  h a d  been  

co n fig u re d  in to  its  a ssoc ia ted  S S T  ( i f  th e  spa re  is c o n fig u re d  in to  its  u n a s so cia te d  S S T , th e n  th e  

d is p la ce m en t  ca n n o t  b e  s h ift e d  o u t  o f  th a t  S S T ) a n d  a fa i lu r e  w ith in  th e  S S T  is to le ra b le  ( th is  

f o l l o w s  f r o m  L e m m a  4  a n d  C o r o l la r y  2 ) .  I f  th e  spa re  is to  b e  b y p a s s e d , th e n  it  is n e ce s sa ry  a n d  

su ffic ien t th a t  a fa i lu r e  in  th e  n e ig h b o r in g  S S T  be  to le ra b le , a lso  b y  L e m m a  4  a n d  C o r o l la r y  2 . □

T h e o r e m  3 : A  S O F T  tree  is p r o p e r ly  re co n fig u re d  i f  a n d  o n ly  i f  ea ch  f a u l t y  n o d e  a b o v e  th e  

SST le v e l h as a p a th  th ro u g h  f a u l t - f r e e  n o d es  to  th e  i th le v e l  ( i .e .,  n o  s u b s e ts  s u ch  as in  F ig u re  5 ) ,  

and  th ere  are  n o  m o r e  th a n  a :  + 1  fa u lt s  o r  d is p la ce m e n ts  o f  th e  r o o t  o f  an  S S T  in  a n y  x  a d ja ce n t  

SSTs, a n d  th e re  are a t lea st x  + 1  spa res  in  th e  tree.

P r o o f :  I f  th ere  is n o  fa i lu r e  s u ch  th a t  th ere  is n o  p a th  th r o u g h  f a u l t - f r e e  n od e s  to  th e  r o o ts  

o f  the  SST s, th e n  re co n fig u ra t io n  a b o v e  th e  SS T s can  p ro ce e d  th r o u g h  fa u lt  f r e e  n od e s  in to  th e  ro o ts  

o f  th e  SST s ( f r o m  C o r o l la r y  1 ) . T h e  q u e s t io n  o f  r e c o n fig u r a b il it y  th en  co n ce rn s  o n ly  th e  

a v a i la b i lit y  o f  spa res  at th e  S S T  le v e l . I f  th ere  are  x  + 1  fa u lt s  in  x  SS T s, th ere  are e x a c t ly  x  + 1
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spares a v a ila b le . A t  m o s t  t w o  fa i lu r e s  o r  a fa i lu r e  a n d  a d is p la ce m e n t  o f  th e  r o o t  ca n  o c c u r  w ith in  

an SST , o t h e r w is e  th e  c o n d it io n  o f  th e  C o r o l la r y  is v io la te d  f o r  x —1. L e m m a  4  in d ica te s  th a t  a n y  

t w o  fa ilu r e s  w ith in  an  S S T  can  b e  to le r a te d  as lo n g  as th e  n on a s s o c ia te d  a d ja ce n t  sp a re  ca n  be  

re con fig u re d  in . S in ce  th e re  are  x + 1  spa res  a v a ila b le , th e  f a u l t y  PEs a re  re co n fig u ra b le . □

B . T oleran ce o f  S w itch  and  L in k  F a ilu res

In  th is  s e c t io n , a S O F T  a rch ite c tu re  is s h o w n  to  be  ca p a b le  o f  t o le r a t in g  fu n c t io n a l  fa i lu r e s  in  

c o m m u n ic a t io n  lin k s  a n d  s tu c k -o p e n  a n d  c lo s e d  fa u lt s  in  th e  s w it c h e s  o f  F ig u re  2 . T h e  f o l l o w in g  

a b b re v ia t io n s  are  u s e d  in  d e s cr ib in g  each  n o d e : P F F  d e n ote s  th e  p r o ce s s o r  o f  a n o d e  as b e in g  fa u lt  

fr e e , SF F  re p re sen ts  th e  s w it ch e s  a s soc ia ted  w it h  a n o d e  as b e in g  fa u l t  f r e e , a n d  L F F  in d ica tes  th e  

lin k s  co n n e c te d  to  a n o d e  are  fa u l t  fr e e .

1 ) F ailu re o f  L in k s

DEFINITION 4 :  A  n o d e  o f  a tree  is replaceable  i f  a n d  o n ly  i f  it  is P F F , a n d , in  th e  g iv e n  

fa u lt  s ce n a r io , th e  fa i lu r e  o f  th a t  p ro ce s s o r  is r e con fig u ra b le . □

T h e  d iffe re n c e  b e tw e e n  r e p la c e a b il ity  a n d  SS is  th a t r e p la c e a b il it y  a ssu m es  th a t th e re  are n o  

l in k /s w it c h  fa i lu r e s  t o  p r e v e n t  re co n fig u ra tio n . S im ila r ly ,  r e p la c e a b il it y  is s u b s t itu te d  f o r  spare  

s u ffic ie n cy  in  th e  d e fin it io n  o f  s h i f t a b i l i t y ,  s  ( / i  ) .

D E F I N I T I O N  5 : A  nonredundant lin k  l ( l in k  b e tw e e n  n  a n d  f n )  is isola ted  i f :  A )  f  t , 

le ft sonf l , a n d  rig h t son f l  are  SF F  a n d  L F F  (e x c e p t  f o r  th e  fa i le d  l in k ) ,  a n d  B )  bsoril is r ep la ce 

a b le . □

Le mma  5 :  I f  a f a u l t y  n o n re d u n d a n t  l in k  is  is o la te d , th e n  th e  tree  ca n  be  re co n fig u re d  a ro u n d  

th a t lin k .

P R O O F :  T h e  s w it ch in g  s ch em e  o f  F igu re  2  a l lo w s  th e  f a u l t y  l in k  to  b e  r e m o v e d  f r o m  th e  tree  

i f  ¿ion, ca n  be d is p la ce d . T h e  re s tr ic t io n  o f  D e fin it ion  5  (B )  gu a ra n tees  th a t bsoni ca n  b e  d isp la ced . 

P art A  o f  D e fin it io n  5  gu a ra n tees  th a t  th e  s w it ch in g  a r o u n d  th e  fa i le d  lin k  w i l l  a l lo w  th is
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re co n fig u ra t io n  to  o c c u r .  □

I f  n o  a n ce s to r  h as fa i le d , th en  th e  l in k  fa i lu r e  is c o n s id e re d  as a fa i lu r e  o f  / 1 . I f  an  a n ce s to r  

has fa i le d ,  th e n  its  d is p la ce m e n t  is s h ift e d  th r o u g h  / *  th e r e b y  fre e in g  a sp a re  in  a n o th e r  S S T  f o r  

use in  case o f  a n o th e r  fa ilu r e .

De f in it io n  6 : A  re d u n d a n t  l in k  l , in  an  u p p e r  le v e l ,  is is o la te d  i f :  A )  f  bl is P F F , SF F , 

an d  L F F , a n d  b o th  b r o th e rs  are SF F , a n d  B ) s  ( f bi)  is 1. □

Le mma  6 :  I f  a re d u n d a n t  lin k , a t  u p p er  le v e ls , is  is o la te d  th e n  its  fa i lu r e  is r e co n fig u ra b le .

Pr o o f : T h e  re s tr ic t io n s  o f  th e  d e fin it io n , a n d  C o r o l la r y  2 . g u a ra n tee  th a t  th e  d is p la ce m e n t  

w h ic h  n eces sita tes  th e  u se  o f  th e  re d u n d a n t  lin k  ca n  b e  s h ift e d  in to  a n oth er  s u b tree . T h u s , th e  

fa u l t y  re d u n d a n t  lin k  is n o  lo n g er  co n fig u re d  in to  th e  tree . □

De f in it io n  7: A  re d u n d a n t  lin k  l in  le v e l  i is is o la te d  i f  e ith er : A )  th e  d is p la c e m e n t  is to  

the l e f t  ( r ig h t )  a n d  th e  l e f t  ( r ig h t )  b r o th e r  is r e p la ce a b le , o r  B )  th e  d isp la ce m e n t  is f r o m  a b o v e  

an d  f  bl is  P F F , SFF a n d  L F F , a n d  s  ( / 6j)  is 1. □

C o n s e q u e n t ly ,  i f  /  bl has fa i le d  th en  th e  d is p la ce m e n t  is n o t  s h ifta b le .

Le mma  7 :  I f  a n y  re d u n d a n t  lin k  is is o la te d  th e n  its  fa i lu r e  is r eco n fig u ra b le .

Pr o o f : A t  u p p e r  le v e ls  th is  is tru e  b y  L e m m a  6 . A t  le v e l  i , D e fin itio n  7 a p p lies . I f  th e  

d isp la ce m e n t  is to  th e  l e f t  o r  r ig h t  (D e fin it io n  7 A ) ,  a n d  i f  th a t le a f  is r e p la ce a b le , th e  d is p la ce m e n t  

w h ich  ca u s e d  th e  u se  o f  th is  re d u n d a n t  l in k  ca n  be  re v e rs e d  to  co n figu re  in  a d i ffe re n t  sp a re . T h u s , 

the re d u n d a n t  lin k  o n ce  again  b e com e s  is o la te d  f r o m  th e  tree . I f  th e  re co n fig u ra t io n  in v o lv in g  th e  

re d u n d a n t  lin k  is a r e s u lt  o f  a d is p la ce m e n t  o f  th e  fa t h e r , th en  th e  d is p la ce m e n t  o f  th e  fa th e r  m u s t  

be s h if t e d  in to  a n oth e r  s u b tre e , and  r e co n fig u ra t io n  in  le v e l  i m u s t  be in  th e  d ir e c t io n  a w a y  f r o m  

the f a u l t y  lin k , o th e r w is e  th e  f a u l t y  lin k  w i l l  n o t  be  co n fig u re d  o u t  o f  th e  tree  (B ) .  T h is  is p o s s ib le  

u n d er  th e  c o n d it io n  o f  p a r t B o f  D efin it ion  7 b y  C o r o l la r y  2 . □
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Th e o r e m 4 : Iso la te d  lin k  fa i lu r e s  ca n  b e  to le ra te d  in  S O F T  a rch itec tu re s .

P R O O F :  F r o m  L e m m a s  5  a n d  7 , a l l  in te r -p ro ce s s o r  is o la te d  lin k  fa i lu r e s  ca n  b e  to le ra te d . A  

fa u lt  in  a lin k  co n n e c te d  d ir e c t ly  to  a p ro ce s s o r  ( i .e .,  l in k s  A  a n d  B in  F ig u re  2 a )  ca n  b e  m o d e le d  as 

a fa ilu r e  o f  th e  p ro ce s s o r  it s e l f .  In  th is  case , th e  l in k  fa u lt  is r e co n fig u ra b le  i f  th e  p ro ce s s o r  is 

r e p la cea b le . F a ilu re  o f  l in k  C  in  F ig u re  2 a  o n ly  p re v e n ts  d isp la ce m e n t  t o  th e  l e f t  i f  th e  PE h as 

fa ile d  (d is p la ce m e n t  to  th e  r ig h t  is  p o s s ib le ) ,  o r  d isp la ce m e n t  to  th e  r ig h t  i f  th e  PE h as n o t  fa ile d  

(d is p la c e m e n t  to  th e  l e f t  is s t i l l  p o s s ib le ) . In  F ig u re  2 b ,  fa i lu r e  o f  lin k  C  p r e v e n ts  d is p la ce m e n t  o f  

th e  n o d e  to  th e  l e f t  o r  r ig h t  i f  th e  n o d e  is  n o t  f a u l t y ,  a n d  to  th e  l e f t  o n ly  i f  n o d e  h a s  fa i le d . □

2 ) F ailu re o f  S w itches

D E F I N I T I O N  8 :  A n y  sw itch  in  a nonspare node  is d e fin ed  to  be  isola ted  i f  it  is in  a n od e  

w h ic h  is  P F F , SF F  (e x c e p t  f o r  th e  f a u l t y  s w it c h ) ,  L F F , a n d  th e  n o d e  is r ep la ce a b le . A n y  sw itch  

in a spare node  is d e fin ed  to  be isola ted  i f  th e  sp a re  is SF F  (e x c e p t  f o r  th e  f a u l t y  s w it c h ) ,  L F F , 

a n d  th e  r e p la c e a b il it y  o f  th e  SS T s a d ja ce n t  to  th e  spa re  are  1. •* □

Th e o r e m 5 :  I f  a s w it c h  is  is o la ted , th e n  its  fa i lu r e  is r e con fig u ra b le .

Pr o o f : B y  s y m m e tr y ,  th e  o n ly  s w it ch e s  w h ic h  n eed  to  be  co n s id e re d  are  s w it c h e s  1 -  5  in  

F ig u res  2 a  a n d  2 b  a n d  th e  s w it ch e s  o f  2 c . S in ce  th e  n o d e  is PF F, SFF , a n d  L F F  p r io r  t o  th e  s w it c h  

fa ilu r e , th e  n o d e  ca n  s u p p o r t  a n y  re co n fig u ra t io n  f o r  w h ic h  e ith er  th e  f a u l t y  s w it c h  is n o t  

n e ces sa ry  (s t u c k -o p e n  fa u l t ) ,  o r  th e  s w it c h  s h o u ld  b e  c lo s e d , o r  th e  c lo s in g  o f  th e  s w it c h  h as n o  

e ffec t . T h e  f a c t  th a t  th e  n o d e  is r e p la ce a b le  in d ica tes  th a t th e  fa i lu r e  o f  th is  n o d e  is  t o le r a b le .  A s  a 

re su lt, i f  th e  n o d e  is d is p la ce d  it ca n  be  re tu rn e d  to  th e  u n d is p la ce d  sta te . T h is  ca n  be  d o n e  at u p p e r  

le v e ls  b y  s h ift in g  th e  d isp la ce m e n t  in to  a n o th e r  s u b tree . A t  th e  lea v es , th e  re co n fig u ra t io n  is 

s h ifta b le  s in ce  th e  fa i lu r e  o f  th is  le a f  is r e co n fig u ra b le . F a ilu re  o f  th e  s w it ch e s  o f  F ig u res  2 a  a n d  

2 b  are to le r a b le  b y  th e  f o l l o w in g  a n a ly s is :

( 1 )  Sw itch 1 : A  s tu ck -o p e n  fa u lt  is r e co n fig u ra b le  as a fa i lu r e  o f  th e  p ro ce s s o r . R e con fig u ra t io n  o f

s tu c k -c lo s e d  is n o t  re q u ire d  s in ce  th e  n o d e  is PFF.
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( 2 )  S w itches 2 ,3 ,4 ,5 : S tu c k -o p e n  fa u l t  is r e co n fig u ra b le  b y  p la c in g  th e  n o d e  in  th e  u n d is p la c e d

sta te . S tu c k -c lo s e d  ca n  a lso  be  p r o p e r ly  co n fig u re d  in  th e  u n d is p la ce d  sta te .

In spa re  s w it c h in g  (F ig u re  2 c ) ,  f o r  th e  case o f  s tu c k -c lo s e d  fa u lt s ,  th e  sp a re  is n o t  co n fig u re d  in  

u n less  it  is n e ed ed . C o n s e q u e n t ly , s tu c k -c lo s e d  fa u lt s  h a v e  n o  e ffe c t . F o r  s tu c k -o p e n  fa u lt s ,  i f  th e  

spare is n o t  co n fig u re d  in , th en  th e  r e p la c e b il ity  in  b o th  S S T s is  c e r ta in ly  1 , a n d  fa i lu r e  o f  a n y  

s w it c h  is to le ra b le . I f  th e  spa re  is c o n fig u re d  in , th e n  a s tu c k -o p e n  fa u l t  is  to le ra b le  s in ce  e ith e r  S S T  

can  re co n fig u re  a d i ffe re n t  sp a re  in , w h ic h  m ea n s  th a t th e re  is  a co n fig u r a t io n  w h ic h  d o e s  n o t  

e m p lo y  th ese  s w itc h e s . □

C. Reconfiguration Algorithm s

In  th e  firs t s e c t io n , th e  re co n fig u ra t io n  a lg o r ith m s  are  p resen ted  a s su m in g  th a t  th e  lin k s  a n d  

re co n fig u ra t io n  m e ch a n is m  are fa u lt - f r e e .  In  S ec t io n  2 , th e  a lg o r ith m s  p re se n te d  in  th is  s e c t io n  are  

e x ten d ed  to  in c lu d e  lin k  a n d  s w it c h  fa u l t  to le ra n ce . F in a lly ,  fa i lu r e  o f  th e  c o n t r o l  m e ch a n is m  is 

co n s id e red  in  S e c tio n  3.

1) R econfiguration  o f  N od e F ailu res.

T h e  re co n fig u ra t io n  a lg o r ith m  f o r  h ig h -le v e l  n od e s  is p res en ted  firs t. T h is  c o r re s p o n d s  to  a l l  

p ro ce ss in g  e le m e n ts  a b o v e  th e  S S T  le v e l.  I f  th e  S O F T  tree  has been  a l lo c a t e d  on e  sp a re  p er  le a f , o r  

= 5 0 %  spa res , th en  a l l  n od e s  e x ce p t  f o r  th e  le av es  a n d  sp a res  f o l l o w  th is  a lg o r ith m . R eco n fig u ra t io n  

a lg o r ith m s  f o r  S S T  n o d e s , lea v es , a n d  spares are  p resen ted  n e x t. T h e  a lg o r ith m s  are a p p ro p r ia te  f o r  

SST s o f  a r b it r a r y  size .

T h e  fiv e  b a s ic c o n fig u ra t io n s  f o r  u p p e r  le v e l  n od es  are  s h o w n  in  F ig u re  6 . F ig u re  6a  s h o w s  th e  

n o r m a l o r  s ta rt in g  co n f ig u ra t io n  o f  a l l  n od es . F ig u re  6 b  d e p ic ts  a n o d e  w h ic h  h as been  d is p la ce d . In  

th is  s e ct io n , th e  co n fig u ra t io n  f o r  a d isp la ce d  n o d e  is th e  sa m e, in d e p e n d e n t  o f  w h ic h  s o n  is 

d is p la ce d . D e te rm in a tio n  o f  w h ic h  s on  is d isp la ce d  (a n d  th e  s u b s e q u e n t  s w it c h  s e tt in g s ) is d o n e  

w it h in  th e  a lg o r ith m s . F igu re  6 c  s h o w s  a n o d e  w h o s e  b r o th e r  has b een  d is p la ce d . B y  L e m m a  3,
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a. b . c . d . e.

F ig u re  6 . S w itc h  co n fig u ra t io n s  f o r  u p p e r  le v e l  n od es .

o n ly  o n e  o f  t w o  b ro th e r s  ca n  b e  d is p la ce d  a t a n y  o n e  p o in t  in  tim e . F ig u res  6 d  a n d  6 e  re p re se n t  

fa ile d  n o d e s  w h o s e  b r o th e r  is a n d  is n o t  d is p la ce d , r e s p e c t iv e ly .

A  s im p le  te ch n iq u e  f o r  c o n t r o l l in g  th e  co n fig u ra t io n  o f  th e  s w it ch e s  is t o  a s soc ia te  th ree  s ta te  

v a r ia b le s  w it h  ea ch  n o d e : good , d isp , a n d  fa th erd isp . T h e  v a r ia b le s  are  d e fin ed  as f o l l o w s :

good  : T r u e  i f  a n d  o n ly  i f  th e  n o d e  is  fu n c t io n in g  p r o p e r ly .

disp  : T r u e  i f  a n d  o n ly  i f  th e  n o d e  is d isp la ce d  (see  D e fin it ion  2 ) .

fa th erd isp  : T r u e  i f  a n d  o n ly  i f  th e  n o d e 's  b ro th e r  has been  d isp la ce d .

T h e  n o d e ’s c o n f ig u ra t io n  is  b a s ed  o n  B o o lea n  e x p res sion s  in v o lv in g  th ese  th re e  v a r ia b le s . T a b le  

2  g iv e s  th e  co n fig u ra t io n s  f r o m  F ig u re  6  a n d  th e  co n d it io n s  u n d e r  w h ic h  each  co n fig u r a t io n  o c cu rs .

T h e  c o n t r o l  o f  th e  in te rn a l s ta te  v a r ia b le s  req u ires  s om e  f o r m  o f  c o m m u n ic a t io n  b e tw e e n  

n od es . F o r  th is  p u r p o s e , th ree  s ig n a ls  are  d e fin ed : recon , b rorecon , a n d  u nrecon .

r e c o n : R econ  is issu ed  f r o m  a d is p la ce d  o r  fa i le d  fa th e r  to  th e  s o n  w h ic h  is to  a ssu m e th e

id e n t ity  o f  th e  fa th e r  in  th e  reco n fig u re d  a rra y .

T a b le  2 . C o n fig u ra t io n  v e rs u s  E x p res s ion  f o r  H ig h - le v e l  N o d es .

F igu re E x p ress ion

6a. good ■disp  •fa th erd isp

6 b . good  •disp

6 c . good  •fa th erd isp

6 d . good  •fa th erd isp

6e. good -fa th erd isp
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u n recon : U nrecon  is  issu ed  f r o m  a s o n  to  its  fa th e r  a n d  b r o th e r  to  in d ica te  th a t  th e  fa th e r

s h o u ld  n o  lo n g e r  b e  d is p la ce d .

brorecon  : B rorecon  is issu ed  f r o m  th e  b r o th e r  o r  fa th e r  o f  a n o d e  to  in d ica te  th a t  its  b r o th e r  has

b een  d is p la ce d .

A d d it io n a l ly ,  a s ig n a l ( f a i l )  w h ic h  is in te rn a l to  th e  n o d e  is r e q u ire d  w h ic h  in d ica te s  th a t  th e  

fa ilu r e  o f  th e  n o d e  h as ju s t  been  d e te cte d .

T w o  g lo b a l  v a r ia b le s  are u s e d  to  g o v e r n  th e  d ir e c t io n  o f  r e co n fig u ra t io n : sp a re  s u ffic ie n c y  ( SS )  

an d  p a th . SS in  th ese  a lg o r ith m s  is  d e fin ed  b e lo w ,  a n d  is n o t  id e n t ica l to  th e  SS d e fin e d  in  S ec t io n  

A ,  a lth o u g h  th e  in tu it iv e  m ea n in g s  are  s im ila r . SS a n d  path  are  r e c u r s iv e ly  d e fin e d  as f o l l o w s .

S S : SS o f  a le a f  is 1 i f  a n d  o n ly  i f  th e  p ro ce s s o r  is f a u l t - f r e e  and  its  a s s oc ia te d  sp a re  is

b o th  f a u l t - f r e e  a n d  n o t  co n fig u re d  in to  th e  a rra y . SS o f  n od e s  in  le v e ls  0  t o  i — 1 a re  1 

i f  a n d  o n ly  i f  SS o f  th e  n o d e ’s  l e f t  o r  r ig h t  s o n  is 1 and  th e  n o d e  is f a u l t - f r e e .

path  : T h e  path  o f  a le a f  is on e  i f  th e  le a f  is fa u lt - f r e e .  T h e  path  o f  a l l  o th e r  n o d e s  is  o n e  i f

a n d  o n ly  i f  th e  n o d e  is f a u l t - f r e e  a n d  th e  path  o f  its  l e f t  o r  r ig h t  s o n  is  on e .

W it h  th ese  p a ra m e te rs , a re co n fig u ra t io n  a lg o r ith m  f o r  u p p e r  le v e l  n o d e s  h as b een  d e r iv e d , 

an d  is p re se n te d  as A lg o r ith m  4 . A  s u b s cr ip t  s u ch  as SSright d en o te s  th e  sp a re  s u ff ic ie n c y  o f  th e  

r ig h t  s o n  o f  a g iv e n  n o d e . T h e  fu n c t io n  o f  th e  a lg o r ith m  is to  w a it  f o r  a s ig n a l a n d  th e n  re s p o n d  

(re c o n f ig u re ) a p p r o p r ia te ly . E ach  o f  th e  fiv e  i f  s ta te m e n ts  co r re s p o n d s  to  s ign a ls . F o r  in s ta n ce , i f  a 

n od e  re ce iv e s  a recon  s ig n a l, th en  it s ets  its  o w n  s w it ch e s  a n d  issues a recon  to  o n e  o f  its  s on s  o n  

th e  basis  o f  its  in tern a l a n d  g lo b a l  v a r ia b le s .

F o r  A lg o r ith m s  4  a n d  5 , th e  d e fin it ion s  o f  path  a n d  SS assign  th e  leaves  v a lu e s  o n  th e  b a s is  o f  

th e ir in tern a l v a r ia b le s , a n d  th e  u p p e r  le v e l  n o d e s  fo r m u la te  th e ir  v a lu e s  f o r  th ese  v a r ia b le s  b y  

O R in g  th e ir  s o n s ’ v a lu e s . I f  SST s h a v e  m o r e  th a n  o n e  n o d e , th e n  th e  r o o t  o f  th e  S S T  ta k es  th e  p la ce  

o f  lea v e s  in  th o s e  d e fin it io n s . T h u s , o n ly  n o d e s  in  le v e ls  a b o v e  th e  SST s f o l l o w  A lg o r ith m  4 .
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ALGORITHM 4: 50% SPARING.

W h i l e  t r u e  d o  

i f  recon

th e n  i f  good  th e n  * tre e  fa i ls *  

s e t  disp  ; is su e  brorecon
i f  SS¡¿ft +  SSfight'pOthiefy

t h e n  is su e  recon  t o  l e f t  s o n  

e ls e  is s u e  recon  t o  r ig h t  s o n

i f  brorecon

t h e n  s e t  fa th erd isp

i f  u nrecon

t h e n  i f  signed is from  broth er  

t h e n  c le a r  fa th erd isp  

e ls e  c le a r  disp  

i f  good

t h e n  is su e  unrecon  

e ls e  s e t  fa il

i f  fa il  •disp

t h e n  c le a r  good ; c le a r  disp  ; is s u e  unrecon

i f  fa il  •disp
t h e n  c le a r  flood

i f  SS left +SS right •path  ̂
t h e n  is su e  recon  t o  l e f t  s o n  

e ls e  is s u e  recon  t o  r ig h t  s o n

e n d .

R eco n fig u ra t io n  o f  n o n le a f  n od e s  w ith in  SS T s is s im ila r  to  th e  re co n fig u r a t io n  ju s t  d e scr ib e d . 

In A lg o r ith m  4 , r e co n fig u ra t io n  p ro ce e d s  in  th e  d ir e c t io n  o f  th e  l e f t  s o n  w h e r e  p o s s ib le .  F o r  S S T  

n o d e s , th e  o p p o s ite  is th e  case. T h e  path  v a r ia b le  is re d e fin ed , a n d  spa re  a v a i la b i l i t y  (S A  )  ta k es  th e  

p la ce  o f  S S .

p a th : path  f o r  a le a f  n o d e  is d e fin ed  as on e  i f  a n d  o n ly  i f  th e  le a f  is f a u l t - f r e e  and  it  is n o t

d is p la ce d  ( t o  th e  le f t ,  r ig h t , o r  u p ) ,  path  o f  a l l  o th e r  SST  n o d e s  is h ig h  i f  th e  path  o f  

its  l e f t  o r  r ig h t  s o n  is h igh  a n d  th e  n o d e  is  fa u lt - f r e e .

SA : SA  is h ig h  i f  a n d  o n ly  i f  th e  S S T ’s a s soc ia ted  sp a re  is f a u l t - f r e e  and  n o t  in  use.

rootd isp  : rootd isp  is tru e  i f  a n d  o n ly  i f  th e  r o o t  o f  th e  SST  has been  d isp la ce d .

W h ile  b o t h  SA  a n d  rootd isp  d ep e n d  o n ly  o n  th e  s ta tu s  o f  on e  n o d e , th is  d o es  n o t  im p ly  th a t  

separate  lin es  n eed  to  be r u n  b e tw e e n  th e  sp a re  o r  th e  r o o t  a n d  a l l  n od e s  w ith in  th e  SST. 

A lt e r n a t iv e ly ,  th e  s ign a ls  c o u ld  be  p a ssed  b e tw e e n  n o d es  in  th e  sam e m a n n e r  as SS a n d  path  . T h e
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re co n fig u ra t io n  p r o ce d u r e  f o r  n o n le a f  SST  n od e s  is p res en ted  in  A lg o r ith m  5 .

T h e  a lg o r ith m  f o r  le a f  n o d e s  is p rese n ted  f o r  th e  gen era l case. T h e  a lg o r ith m  is a p p r o p r ia te  f o r  

a r b it r a r ily  large  SS T s. S im p lifica t io n s  e x is t f o r  s m a ll  S S T s (2 5  -  5 0 %  s p a r in g ) . W it h  2 5 -5 0 %  

spa rin g , th e  le a f  a lg o r ith m  b e com e s  s im ila r  to  th e  S S T  a lg o r ith m .

T h e  p o s s ib le  lin e  co n fig u ra t io n s  f o r  le a f  n od e s  are  s h o w n  in  F ig u re  7. S in ce  th e  p o s s ib le  

s w it c h  co n f ig u r a t io n s  are  u n iq u e  f r o m  th os e  at u p p e r  le v e ls , a n e w  se t  o f  in te rn a l s ta te  v a r ia b le s  is 

d e fin ed .

ALGORITHM 5: SST NODES.

W h ile  t r u e  d o

i f  recon

t h e n  i f  good  t h e n  ‘ tr e e  fa i ls *  

s e t  d isp  ;  is su e  brorecon  

i f  SA  4 -p a th left+ rootd isp

t h e n  is s u e  recon  t o  r ig h t  s o n  

e ls e  is s u e  recon  t o  l e f t  s o n

i f  brorecon

t h e n  s e t  fa th erd isp

i f  u nrecon
t h e n  i f  sign a l is  from  broth er  

t h e n  c le a r  fa th erd isp  

e ls e  c le a r  disp  

i f  good
t h e n  is su e  unrecon  

e ls e  s e t  fa il

i f  fa il ■d isp

t h e n  c le a r  good  ; c le a r  disp  ; is s u e  unrecon

i f  fa il  •d isp
t h e n  c le a r  good

i f  SA + p a th  Uft+ rootd isp

t h e n  is s u e  recon  t o  r ig h t  s o n  

e ls e  is s u e  recon  t o  l e f t  s o n

e n d .

a. b .

F igu re  7. S w itc h  co n fig u ra t io n s  f o r  le a f  n od es .
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dispright- d isp right in d ica tes  th a t  th e  le a f  is in  th e  d isp la ce d  s ta te  to  th e  r ig h t , i. e ., it  is a ssu m in g

th e  id e n t ity  o f  its  r ig h t  n e ig h b or .

disp left- as a b o v e  to  th e  le f t .

W h e n  d isp right a n d  d isp Uft are  b o th  h ig h , th is  in d ica tes  th a t  th e  n o d e  is d is p la c e d  t o  le v e l  i —1. 

g o o d : as b e fo r e .

T h e  le a f  n o d e ’s c o n f ig u ra t io n  is b a sed  o n  B oo lea n  ex p re s s ion s  o f  th ese  th re e  v a r ia b le s . T a b le  3 

en u m erates  th e  co n fig u ra t io n s  o f  F ig u re  7 a n d  th e  co n d it io n s  f o r  th e ir  use.

S im ila r ly , th e  in te rn o d e  s ig n a ls  n eed  to  b e  red e fin ed .

recon dir : recon dir is as re co n , in  th e  d ir e c t io n  ( l e f t ,  r ig h t , o r  u p )  in d ica te d  b y  d ir ,  i. e ., recon  up is

a re q u es t , f r o m  fa th e r  t o  le a f , to  d isp la ce  th e  n o d e  in  o rd e r  to  re p la ce  its  fa th e r .

u n reco n : u nrecon  h as th e  sam e fu n c t io n ;  h o w e v e r ,  it  is issu ed  o n ly  b y  lea v es  w h ic h  are  r ig h t

s o n s  a n d  is sen t  to  b o th  th e  n o d e 's  fa th e r  a n d  b ro th e r .

brorecon  : as b e fo r e .

f a i l : as b e fo r e .

U sin g  th ese  p a ra m eters, A lg o r ith m  6 , o n  page  2 8 , w a s  d e r iv e d . A s  in  th e  p r e v io u s  a lg o r ith m s , 

s ign a ls  co r re s p o n d in g  to  th e  i f  s ta te m en ts  are in p u t  to  th e  n o d e , a n d  th e  n o d e ’ s c o n fig u r a t io n  a n d  

o u tp u t  s ig n a ls  rea ct  o n  th e  ba s is  o f  th ese .

T a b le  3 . C on fig u ra t io n  v e rs u s  E x p res s ion  f o r  L e a f  N o d es .

F igu re E x p res s ion

7a.

7b .

7c.

7d .

7e.

diSp r i g h t  'disp i e f t

dispieft'd isp r i g h t  

d ^ p  ieft d isp  r i g h t

good 'd isp r i g h t ’ d i s p ^ f t  

good -disp r i g h t 'disp le f t



2 7

F ig u re  8 d e p ic ts  th e  p o s s ib le  sp a re  co n fig u ra t io n s , a n d  T a b le  4  in d ica tes  th e  e x p re s s io n s  w h ic h  

m u s t  b e  tru e  f o r  each  co n f ig u ra t io n  to  be  re a lize d . A lg o r ith m  7 p resen ts  th e  c o n t r o l  s tr a te g y  f o r  

spare re co n fig u ra t io n  (S ee  p . 2 8 .) .

T h e  re co n fig u ra t io n  a lg o r ith m s  re q u ire  co m m u n ic a t io n  b e tw e e n  a d ja ce n t  n o d es . T h is  in c lu d e s  

b o th  u p d a tin g  v a lu e s  s u ch  as SS a n d  path  as w e l l  as issu in g  s ig n a ls  s u ch  as recon  a n d  u n reco n . 

W h ile  sep a ra te  lin e s  c o u ld  be  a llo ca te d  f o r  th ese  s ig n a ls , it  is a lso  p o s s ib le  to  a llo c a te  th e  d a ta  lin es  

f o r  th ese  p u rp o se s .

A  s im ila r  issu e  is w h e th e r  to  a l lo ca te  sep a ra te  h a r d w a r e  f o r  re co n fig u ra t io n  o r  t o  im p le m e n t  

th e  a lg o r ith m s  in  s o f t / f i r m w a r e .  Im p le m e n tin g  th e  a lg o r ith m s  in  h a rd w a re  is s t r a ig h t fo r w a r d . T o  

im p le m e n t  th e  a lg o r ith m s  (a n d  d ia g n o s is )  in  s o ft w a r e ,  h o w e v e r ,  r e q u ire s  th a t  a f a i le d  n o d e  n e v e r  

p e r fo r m  d ia g n os is  o r  re co n fig u ra t io n . T h is  ca n  b e  a cc o m p lis h e d  b y  h a v in g  th e  fa th e r  p e r fo r m  

d ia g n o sis  a n d  re co n fig u ra t io n  f o r  b o th  o f  its  s on s . T h u s , th e  s on s  w o u ld  h a v e  reg isters  f o r  th e ir  

s w it c h  co n fig u ra t io n s  a n d  n o  o th e r  h a r d w a r e  to  d e te rm in e  its  s w it c h  co n fig u ra t io n . W h e n  a n o d e  

fa ilu re  o n  le v e l  i h as been  d is c o v e re d , th e  fa i l in g  n o d e 's  fa th e r , o n  le v e l  ¿ — 1, re co n fig u re s  th e  

n o d e 's  s w it c h e s  a n d  th en  p e r fo r m s  re co n fig u ra t io n  f o r  its  n e w  s o n  o n  le v e l i + 1 .  T h is  re q u ire s  m ild  

m o d ifica t io n  o f  th e  p re ce d in g  a lg o r ith m s , b u t  is  s tr a ig h t fo r w a r d .



ALGORITHM 6: LEAF NODES.

W h i le  t r u e  d o

i f  recon  right _ _ _ _ _
th e n  i f  Knot ad jacent to spare J+displep 

t h e n  s e t  disp right;  is su e  recon right 

e ls e  is s u e  unrecon ; c le a r  disp lep
i f  brorecon

t h e n  i f  node is a left son
t h e n  i f  disp risht t h e n  is s u e  recon ̂  

i f  good
t h e n  s e t  disp  lef t; c le a r  d isp  right 

e ls e  c le a r  disp  right; c le a r  d isp  Up  

e ls e  s e t  d isp right

i f  good  t h e n  c le a r  d isp  lep ; c le a r  disp  ri ht
i f  recon

t h e n  i f  good  •disp ¡¿g

t h e n  i f  node is a rig h t son

t h e n  i f  d isp  right t h e n  is s u e  recon  right 
e ls e  issue recon  1̂

s e t  disp  right; s e t  d isp  ¡¿p; is su e  brorecon  

e ls e  * tre e  fa i ls *

i f  recon  Up

t h e n  if d isp right-d isp Uft

t h e n  c le a r  disp right\ is s u e  recon  ¡¿p 

i f  good

t h e n  c le a r  disp iep 

e ls e  s e t  disp up

i f  d isp  right 'disp left+ d ispZ ft-d isp  right 'good  

t h e n  ’ tr e e  fa i ls *  

i f  d isp  Uft -d isp  right

i f  node is  a rig h t son

th e n  c le a r  disp right; c le a r  disp tep 

is su e  unrecon
______ e ls e * tre e  f a ils*

i f  disp right ’disp Uft -good
t h e n  s e t  disp ̂ p; is su e  recon ĵ p 

if unrecon ( im p l ie s  n o d e  is a  l e f t  s o n )  

th e n  i f  good
th e n  c le a r  disp ¿ep 

e ls e  s e t  disp up 

i f  foil 'dispright-dispUft
th e n  is s u e  recon up', c le a r  good 

i f  fail -disp¡¿p'disp fightt h e n  * tre e  fa i ls *  

if fail -dispUp-dispright 
i f  node is a right son

t h e n  is su e  u n r e c o n ;  c le a r  disp ¡¿p; c le a r  good 

e ls e  * tr ee  fa i ls *  

i f  foil 'disp up-disprigM 
th e n  i f  SA +rootctisp

th e n  is su e  recon  right ;  s e t  recon  right; c le a r  good  

e ls e  is s u e  recon  Up  ;  s e t  recon  Up ; c le a r  good
e n d .
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T a b le  4 . C o n fig u r a t io n  v e rs u s  E x p res s ion  f o r  S p are  N o d e s .

F ig u re E x p res s ion

8a. good 'disp right'disp left

8 b . good 'disp ,-igto

8 c. good  •d isp Uft

8 d . good

F ig u re  8 . S w it c h  co n fig u ra t io n s  f o r  sp a re  p ro ce s s o rs .

ALGORITHM 7: SPARES.

W h i le  t r u e  d o

i f  recon  ri ht 
t h e n  i f  good

t h e n  s e t  disp right 
e ls e  is s u e  recon  right 

i f  recon  lê
t h e n  s e t  disp

i f  disp righl+ good
t h e n  is s u e  recon  c le a r  disp right

i f  fa il  -disp ¿¿fi

t h e n  is su e  recon  c le a r  good  

i f  fa il -disp right 

t h e n  c le a r  good

i f  SA right+ ro o td isp right 
t h e n  is su e  recon  right 
e ls e  is s u e  recon  c le a r  disp right

e n d .

2) Reconfiguration f o r  L in k  and Sw itch Failures

A s  w ith  p ro ce s s in g  e lem en ts , th e  fa u l t  m o d e l  e m p lo y e d  f o r  lin k s  a n d  s w it c h e s  is a fu n c t io n a l 

fa u lt  m o d e l . S tu c k -a t  fa u lt s  a n d  s h o r t in g  o f  lin es  h a v e  been  co n s id e re d . T h e  fa u l t  m o d e l f o r  

s w itch e s  con s ists  o f  s tu c k -o p e n  a n d  s tu c k -c lo s e d . S u ch  a fa u lt  m o d e l  a p p lies  to  f a u l t y  in p u t  a t  the  

s w it c h  c o n t r o l  as w e l l  as to  fa i lu r e  o f  th e  s w it c h .

In  F ig u res  6 b ,  6 d , a n d  6 e , a d is p la c e d  o r  b y p a s se d  n o d e  is s h o w n  as co n fig u r in g  th e  s w itch e s  

su ch  th a t  th e  s o n  o r  b y p a s s  d a ta  a re  p a ssed  o n  to  b o th  son s . N a tu r a lly ,  th is  is u n a cce p ta b le  i f  l in k
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fa u lt  to le ra n ce  is  to  be  p r o v id e d  (a lth o u g h  it  a l lo w s  th e  th ree  in tern a l s ta te  v a r ia b le s  to  b e  se t  

m n e m o n ic a lly ) .  In stea d , th e  s w it ch e s  m u s t  be  set b a s ed  o n  th e  d ir e c t io n  o f  r e co n fig u ra t io n . T h u s , 

th e  n u m b e r  o f  p o s s ib le  s w it c h  co n fig u ra tio n s  g r o w s  f r o m  fiv e  to  e igh t. T h re e  in tern a l s ta te  

v a ria b le s  are. th e r e fo r e ,  s t i l l  su ffic ien t. A  s w it c h in g  s ch em e  w h ic h  a l lo w s  f o r  to le ra n ce  o f  lin k  

fa i lu r e s  w a s  p re se n te d  in  F ig u re  2 .  T h e  co r re s p o n d in g  m o d ifica t io n s  to  A lg o r ith m s  4  a n d  5  co n s is t  

o n ly  o f  s e ttin g  th e  in te rn a l s ta te  v a r ia b le s  t o  d is t in g u is h  th e  d ir e c t io n  o f  r e co n fig u ra t io n .

R e co n fig u ra t io n  a r o u n d  a fa i le d  lin k  l ca n  b e  im p le m e n te d  b y :

1. C lea r  path  a n d  SS o f  th e  s o n  o f  th e  lin k .

2 . S et fa i l  o f  fa th e r  o f  th e  lin k .

I f  an  a n ce sto r  o f  f t h as fa i le d ,  th e n  th e  co r re s p o n d in g  d isp la ce m e n t  ca n  be  s h ift e d  th r o u g h  f t , 

th e r e b y  a v o id in g  th e  u s e  o f  an  ex tra  spare . A s s u m in g  lin k  fa ilu r e s  o c c u r  w it h  r e la t iv e ly  l o w  

p r o b a b il it y ,  h o w e v e r ,  th is  m a y  n o t  b e  w o r t h  th e  o v e rh e a d . A lth o u g h  b o th  th e  b r o th e r  a n d  fa th e r  

lin k s  o f  a n o d e  ca n n o t  f a i l  w ith o u t  th e  tree  fa il in g ,  it  s h o u ld  b e  n o te d  th a t  e v e n  i f  th ese  t w o  lin es  

are s h o r te d  to g e th e r  th e  tre e  ca n  s t i l l  fu n c t io n . In  th is  case , s e ttin g  fa il  o f  th e  s o n /b r o t h e r  o f  th e  

s h o r te d  lin k s  re s u lts  in  c o r r e c t  reco n fig u ra tio n .

F a ilu re  o f  a re d u n d a n t  lin k  im p lie s  th a t  it  is e ith er  in  u se  o r  a tte m p te d  use. R e co n fig u ra t io n  

f o r  fa ilu r e  o f  a re d u n d a n t  lin k  ca n  b e  im p le m e n te d  as f o l l o w s :

1. C lea r  path  a n d  SS o f  b o th  n o d es  a d ja ce n t  t o  th e  lin k .

2 . Set fa il  o f  th e  d is p la c e d  n o d e .

I f  th e  spa re  w h ic h  is c o n fig u re d  in  to  rep la ce  th e  n o d e  is n eed ed , th en  an  im recon  s ig n a l w i l l  t r a v e l  

f r o m  th e  le a v es  u p  to  th e  n o d e  w h o s e  b ro th e r  l in k  h as fa i le d . A t  th is  p o in t , the  n o d e  ca n  be  

re con fig u re d  b a c k  in to  th e  a rra y .

F a ilu re  o f  th e  lin e s  w ith in  th e  n od e s  m u s t  a lso  b e  co n s id e re d . F a ilu re  o f  lin es  s u ch  as A  a n d  B 

o f  F ig u re  2 a  ca n  c le a r ly  be  m o d e le d  as fa i lu r e  o f  th e  PE it s e l f .  F a ilu re  o f  C  is h a n d le d  in  th e
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fo l lo w in g  m a n n er :

1. C lea r  p a th right.

2 . Set fa il  o f  th e  PE.

T h ese  m o d ifica t io n s  a p p ly  to  th e  s w it c h in g  s ch em e  o f  u p p e r  le v e l  n o d es . T h e  m o d ifica t io n s  f o r  

lea v es  a n d  sp a res  are  s im ila r  b u t  w ith  less  c o m p le x i t y  d u e  to  th e ir  s im p le r  s w it c h in g  s tr u c tu re .

In  th e  s tu c k  m o d e l o f  s w it c h  fa i lu r e ,  th e  s im p le s t  w a y  to  d e a l w i t h  a s tu c k -o p e n  fa u l t  o f  a 

s w it c h  is to  h a n d le  it  as a b re a k  in  th e  in te rn o d e  lin e . F o r  th e  case o f  s tu c k -c lo s e d  fa u lt s ,  th e  o n ly  

t im e  a s tu c k -c lo s e d  fa u l t  r eq u ires  an  a ltern a te  re co n fig u ra t io n  s tr a te g y  is w h e n  th e  s w it c h  is c lo s e d  

b u t  th e  c u r re n t  s w it c h  co n fig u ra t io n  re q u ire s  th e  s w it c h  to  b e  o p e n . T a k in g  a d v a n ta g e  o f  

s y m m e tr y ,  s w it c h e s  1 th ro u g h  5  o f  F igu re  2 a  w i l l  b e  co n s id e re d . I f  s w it c h  1 is s tu c k -c lo s e d ,  th is  is 

o n ly  an  issu e  i f  th e  PE has fa i le d . T h is  im p lie s  th a t  th e  lin e  to  th e  l e f t  s o n  is  n o  lo n g e r  re lia b le . 

T h u s , th e  s te p s  to  to le ra te  th is  fa i lu r e  a re  th e  sam e as th e  l in k  fa i lu r e .  I f  s w it c h  2  is s tu c k -c lo s e d , 

th en  it , t o o ,  ca n  b e  m o d e le d  as a fa i lu r e  o f  th e  lin e  t o  th e  l e f t  s o n . S ig n ifica n t ly , th is  is o n ly  an  issu e  

i f  d is p la ce m e n t  to  th e  l e f t  o r  b r o r e c o n  is a tte m p te d . S im ila r ly ,  s w it c h  3 b e in g  s tu c k -c lo s e d  ca n  be  

h a n d le d  b y  co n s id e r in g  th e  PE to  h a v e  fa i le d  d is p la c in g  th ro u g h  th e  r ig h t  s o n  (s e t  p a th ^  a n d  

SSUft t o  z e r o ) .  S w itc h  4  b e in g  s tu c k -c lo s e d  ca n  be  h a n d le d  b y  trea t in g  th e  PE as fa u l t y .  S im ila r ly ,  

s w it ch  5  ca n  b e  h a n d le d  b y  co n s id e r in g  th e  PE t o  h a v e  fa i le d . S im ila r  re s u lts  h a v e  b een  o b ta in e d  

f o r  le a f  s w it ch in g .

3) R econfiguration  f o r  Control Failures

T h e  fin a l area  o f  s w it c h  a n d  l in k  fa i lu r e  to  be  co n s id e re d  co n ce rn s  fa i lu r e  in  th e  

re co n fig u ra t io n  c o n t r o l  h a rd w a re . I f  a s o f t / f i r m w a r e  a p p roa ch  is u s e d , th is  is n o t  as m u c h  o f  an  

issue, s in ce  o n ly  g o o d  p roce s s ors  p e r fo r m  th e  re co n fig u ra t io n  a lg o r ith m s . T h e  a s s u m p tio n  th a t  

s w it c h  a n d  lin k  fa i lu r e  is is o la te d  in  its in c id e n ce  is e x te n d e d  to  c o n t r o l  fa i lu r e  as w e l l .  F o r  

instan ce , i f  a n o d e 's  good  v a r ia b le  is s tu c k -a t -o n e , th e n  th ere  is l i t t le  th a t  can  be  d o n e  i f  th e  n o d e  

fa ils . T h is  c o r re s p o n d s  to  an u n d e te c te d  fa u lt ,  w h ic h  ca n n o t  be  to le ra te d .
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T h e  fa u l t  m o d e l  e m p lo y e d  f o r  c o n t r o l  fa i lu r e  is a lso  a fu n c t io n a l  f a u lt  m o d e l .  It  c o n s id e rs  th e  

case w h e r e  a v a lu e  o r  s ig n a l is on e  o r  z e ro  w h e n  it  s h o u ld  n o t  be. T h e  te ch n iq u e  f o r  h a n d lin g  good  

s tu c k -a t -z e r o  is s e l f -e v id e n t .

I f  disp  is s tu c k -a t -o n e  th en  th e  resp on s e  s h o u ld  b e  to  c lea r  g o o d . I f  disp  is  s tu c k -a t -z e r o ,  

th en  its  path  a n d  SS s h o u ld  b e  se t  to  z e ro . I f  fa th e r d is p  is s tu ck  h ig h , th e n  th is  can  b e  m o d e le d  as 

fa ilu r e  o f  th e  fa th e r . I f  it  is s tu c k -a t -z e r o ,  th e n  th e  p a th  a n d  SS o f  its  b r o th e r  s h o u ld  b e  se t  to  ze ro .

I f  a g lo b a l v a r ia b le  is z e ro  w h e n  it  s h o u ld  b e  on e , th en  re co n fig u ra t io n  w i l l  n o t  p ro ce e d  in  th a t  

d ire c t io n . T h is  is n o t  s ign ifica n t , s in ce  th e  w o r s t  s itu a t io n  is th e  n o d e  fa i l in g , in  w h ic h  case 

re co n fig u ra t io n  ca n n o t  p ro ce e d  in  th a t  d ir e c t io n  a n y w a y .  I f  a v a r ia b le  is s tu c k -a t -o n e  th en , u n d e r  

th e  a s s u m p tio n  th a t  s w it c h  a n d  lin k  fa i lu r e  are is o la te d  in  o c cu rre n ce , th e  s e co n d  v a r ia b le  is v a l id ,  

i.e ., i f  SS is s tu c k -a t -o n e  th e n , i f  r e co n fig u ra t io n  ca n n o t  p ro ce e d  in  th is  d ir e c t io n ,  p a th  w i l l  s t i l l  be  

ze ro . C o n s e q u e n t ly , b o th  SS a n d  path  m u s t  b e  ch eck e d  b e fo r e  se lect in g  a s o n  f o r  d is p la cem e n t .

F in a lly , r e co n fig u ra t io n  f o r  s ig n a l fa i lu r e s  (e .g .. recon  , brorecon  , . . . )  are  co n s id e re d . S in ce  each  

(u p p e r  le v e l )  n o d e  h as t w o  recon  s ig n a ls , on e  to  each  s o n . i f  o n e  recon  is s tu c k  lo w ,  th e n  

re co n fig u ra t ion  s im p ly  ca n n o t  p ro ce e d  in  th a t  d ir e c t io n  (i .e ..  SS a n d  path  are  z e r o ) .  I f  a recon  is 

s tu ck  h ig h , th en  th e  n o d e  s h o u ld  b e  se t  as f a u l t y .  T h u s , th e  re co n  s ig n a l ca n  b e  ig n o re d  a fte r  th a t . 

S im ila r ly , i f  unrecon  is s tu c k  h ig h , th e n  th e  n o d e  ca n  b e  set f a u l t y ,  fu r th e r  unrecon  s ig n a ls  th en  

bein g  in v a lid . I f  unrecon  is s tu c k  lo w ,  th e n  th e  n o d e  ca n  be  set f a u l t y ,  th e r e b y  a s su rin g  th a t  th e  

unrecon  n eed  n e v e r  b e  u s ed . I f  brorecon  is s tu ck  lo w ,  th en  p a th  a n d  SS o f  th e  n o d e  m u s t  be  set to  

zero . I f  it  is s tu ck  h ig h , th en  th is  ca n  b e  m o d e le d  as a fa i lu r e  o f  th e  fa th e r , w i t h  re co n fig u ra t io n  

p ro ce e d in g  in  th e  d ir e c t io n  o f  th e  n o d e .

D . Analysis fo r  Static Reconfiguration

T h e  a lg o r ith m s  p res en ted  in  S e c tio n  C  are a p p ro p ria te  f o r  d y n a m ic  re co n fig u ra t io n  o f  fa ilu re s . 

S ta tic  r e co n fig u ra t io n , w h e re  a tree  h as a f ix ed  s u b s et  o f  n od es  w h ic h  are f a u l t y ,  r eq u ires  

re con fig u ra tion  a n d  a n a ly s is  o f  r e c o n fig u r a b il it y  f o r  th e  en t ire  s tru c tu re  g iv e n  a s u b s e t  o f  f a u l t y
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n od es . A n  a lg o r ith m  h as b een  d e v e lo p e d  w h ic h  d e te rm in es  i f  an  in p u t  fa u l t  s u b s e t  is 

r econ fig u ra b le . T h e  a lg o r ith m  has b een  im p le m e n te d  in  P asca l.

In p u t  t o  th e  a lg o r ith m  is as f o l l o w s .  F irs t, th e  f a u l t y  n o d e s  in  le v e ls  a b o v e  a n d  in c lu d in g  th e  

r o o t  o f  th e  S S T s are sp ec ified . N e x t , th e  a ssocia ted  sp a re  o f  each  S S T  is  s p e c ified  as b e in g  f a u l t y  o r  

fa u lt - f r e e .  F in a lly ,  th e  n u m b e r  o f  n on s p a re  fa u lt s  in  each  SST  is in p u t  t o  th e  a lg o r ith m .

N in e  B o o lea n  v a r ia b le s  are  a s soca ted  w it h  each  n o d e  a t a n d  a b o v e  th e  le v e l  o f  th e  r o o t s  o f  th e  

SSTs. T h e  a lg o r ith m  b eg in s  b y  d e te rm in in g  th e  r e c o n f ig u r a b il ity  o f  th e  tree  a t th e  SST  le v e l  a lo n e . 

T h is  is d o n e  b y  in it ia liz in g  th e  B o o le a n  v a lu e s  f o r  th e  r o o t  o f  ea ch  S S T , o n  th e  basis  o f  th e  s ta tu s  o f  

th e  S S T ’s r o o t ,  a n d  th e  n u m b e r  o f  fa u lt s  w ith in  th e  SST. T h ese  v a lu e s  are  th e n  a lte re d  b a s ed  o n  

the  B o o le a n  v a lu e s  o f  th e  n o d e ’s n e ig h b o rs  (b r o th e rs  a n d  c o u s in s )  o n  th e  sa m e le v e l.  I f  th e  tree  has 

n o t  been  d e te rm in e d  t o  b e  u n re co n fig u ra b le . th e n  th e  n od e s  o n  th e  le v e l  a b o v e  th e  S S T  le v e l are 

co n s id e re d . T h e  B o o le a n  v a lu e s  o f  a n y  n o d e  a b o v e  th e  S S T  le v e l  a re  set o n  th e  ba s is  o f  its  s o n ’s 

B oo lea n  v a lu e s . T h ese  v a lu e s  are th e n  a lte red  o n  th e  basis  o f  th e  B o o le a n  v a lu e s  o f  th e  o th e r  n o d e s  

o n  th e  sa m e le v e l.

S in ce  th e  r e c o n fig u r a b il ity  o f  th e  tree  ca n  b e  d e te rm in e d  a t ea ch  le v e l ,  b a s ed  o n ly  o n  th e  

B oo lea n  v a lu e s  f r o m  th e  le v e l  b e lo w ,  a n d  th e  s ta tu s  o f  n o d es  o n  th a t  le v e l ,  th e  a lg o r ith m  ru n s  in  

tim e d ir e c t ly  p r o p o r t io n a l  t o  th e  n u m b e r  o f  n o d es  a b o v e  th e  S pare  S u b T re e  le v e l.  S in ce  th e  s ize  o f  

the tree  a b o v e  th e  S S T s e q u a ls  th e  n u m b e r  o f  spa res  less  on e , th e  a lg o r ith m  is 0 ( n  )  f o r  a f ix e d  

p ercen ta ge  o f  spa res , w h e r e  n  is th e  n u m b e r  o f  n od e s  in  th e  tree . F o r  a f ix e d  n u m b e r  o f  spa res , th e  

a lg o r ith m  ru n s  in  o r d e r  co n s ta n t  t im e . I f  th e  tree  h as been  d e te rm in e d  to  b e  re co n fig u ra b le , th en  a 

p ro p e r  re co n fig u ra t io n  f o r  th e  tre e  ca n  b e  d e te rm in e d  o n  th e  basis  o f  th e  B o o le a n  v a lu e s  a s soc ia ted

w it h  each  n o d e .
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IV. RELIABILITY ANALYSIS

In  th is  s e c t io n  it is s h o w n  th a t  th e  r e l ia b il it y  o f  a S O F T  b in a r y  tree , e v e n  w it h  th e  re s tr ic t io n s  

im p o se d  b y  V L S I la y o u t ,  is a lw a y s  s u p e r io r  t o  a tree  im p le m e n te d  u s in g  th e  c la s s  o f  a p p roa ch es  

e m p lo y e d  b y  [7 , 8 ] . T h is  is d e m o n s tra te d  b y  firs t es ta b lish in g  an  u p p e r  b o u n d  o n  th e  r e l ia b i l i t y  o f  

th e  p r e v io u s  a p p roa ch es , in d e p en d e n t  o f  th e  a c tu a l im p le m e n ta t io n , i .e .. th e ir  o p t im a l r e l ia b il it y ,  

a n d  co m p a r in g  it  t o  a lo w e r  b o u n d  f o r  S O F T  trees. E x a c t  r e l ia b i l i t y  ca lc u la t io n s  o f  s o m e  sp e cific  

S O F T  im p le m e n ta t io n s  a re  a ls o  d e r iv e d  a n d  co m p a re d .

A . Reliability o f Other Approaches

It is a s su m e d  th a t  th e  i + 1  le v e l  tree  is a llo c a te d  k  spa res . A  M odular Sparing A pproach  

(M S A )  to  f a u l t  to le r a n c e  in  b in a r y  trees  is a n y  a p p roa ch  to  re co n fig u ra b le  d es ig n  w h ic h  p a r t it io n s  a 

tree  in to  k  g ro u p s  o f  p r o ce s s o rs  a n d  a llo ca te s  each  g r o u p  o f  p ro ce s s o rs  o n e  sp a re  to  b e  u s e d  

e x c lu s iv e ly  b y  th a t  g ro u p . T h e  w o r k  o f  R a g h a v en d ra . e t  a l. (R A E )  a n d  H assan  a n d  A g a r w a l  ( M -  

tree s) ca n  b o th  b e  c la s sified  as M S A . S ig n ifica n t ly , S O F T  trees  are  n o t  in c lu d e d  in  th is  ca te g o ry . It  

s h o u ld  be  n o te d  th a t  th e  s tr a te g y  o f  R os en b erg  [9 ] is n o t  M S A . H o w e v e r ,  R o s e n b e rg ’s s tr a te g y  d o e s  

n o t  a l lo w  f o r  in te rco n n e c t  o r  s w it c h  fa i lu r e .  W it h  an  M S A . ea ch  m o d u le  m u s t  b e  fu n c t io n in g  in  

o rd e r  f o r  th e  tree  to  b e  fu n c t io n in g . T h u s , th e  r e l ia b il it y  ca n  b e  e x p res se d  as th e  p r o d u c t  o f  th e  

re lia b il it y  o f  a l l  o f  th e  m o d u le s .  In  g en era l th is  is:

^ « = n x . (2 )
m =1

w h e re  Rm is th e  r e l ia b i l i t y  o f  th e  m th m o d u le . A lth o u g h  s o m e  M S A  s ch em es  m a y  to le ra te  

in te rco n n ec t  fa i lu r e ,  th e  f o l l o w in g  r e l ia b il it y  a n a ly s is  co n s id e rs  o n ly  p ro ce s s o r  fa i lu r e s ,  f o r  sake o f  

s im p lic it y .  S in ce  th e  s pa re  ca n  b e  co n fig u re d  in to  th e  m o d u le  in  case  o f  a n y  s in g le  fa i lu r e ,  th e  

re lia b il it y  o f  each  m o d u le  can  b e  ex p re sse d  as:

RmoduU =  R * + q R * - K l - R )
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w h e re  R  is th e  r e l ia b i l i t y  o f  each  in d iv id u a l  p r o ce s s o r  a n d  q is th e  n u m b e r  o f  p r o ce s s o rs  in  th e  

m o d u le ,  in c lu d in g  th e  spa re . T h e  r e l ia b i l i t y  f o r  a ll  p r o ce s s o rs  is a s su m e d  t o  b e  e q u a l a n d  

e x p o n e n tia lly  d is t r ib u te d  (i .e . , R —e ^ X  A lt h o u g h  th is  a s s u m p tio n  is n o t  a ccu ra te  f o r  m a n y  

e n v iro n m e n ts , it  d o es  p r o v id e  an  in it ia l p o in t  o f  c o m p a r is o n  a n d  is  a c o m m o n  a s s u m p tio n  in  

r e lia b il it y  a n a ly s is  [7 , 8 ,1 6 ] .  F o r  s im p lic i t y ,  th e  fa i lu r e  ra te  o f  spa res , fi, is a s su m e d  to  b e  e q u a l to  

th e  fa i lu r e  ra te  o f  n o n re d u n d a n t  p ro ces s ors . \ . In  th e  f o l l o w in g  d is cu s s io n , it  is  a s su m e d  th a t  th e  

trees ca n  b e  d iv id e d  e v e n ly  in to  m o d u le s  o f  s ize  q , a lth o u g h  th e  th e o re m  d o e s  n o t  r e ly  o n  th is  

a s su m p tio n .

Th e o r e m 6 : O p tim a l r e l ia b il it y  in  an  M S A  tree  c o r re s p o n d s  to  w h e n  th e  tree  is d iv id e d  in to  

m o d u le s  o f  e q u a l s ize : q = ( 2 ‘ +1— 1 +  k  )/k .

PROOF: C o n s id e r  a tree  w it h  e q u a l m o d u le  s ize . T h e  f o l l o w in g  in e q u a l it y  in d ica te s  th a t  e v e r y  

t im e  a s in g le  n o d e  is m o v e d  f r o m  a m o d u le  o f  s ize  q to  a n o th er  m o d u le  o f  s ize  q , th e r e b y  c re a t in g  

m o d u le s  o f  s ize  q + 1  a n d  q —1, R ^  decrea ses :

L R f+ ^ -K l-iO ]2 > [iZi^+Cg+DiZid-ieMUZff^+Cg-D^i-ad-iZ)]

A d d it io n a l ly ,  th e  f o l l o w in g  in e q u a l ity  in d ica tes  th a t  m o v in g  n o d e s  f r o m  m o d u le s  o f  s m a lle r  s ize  

in to  m o d u le s  o f  la rge r s ize  w i l l  d ecrea se  re l ia b il ity :

[R i+ e+ d q  + c  ) £ * - * ~K  1 - R  ) ] [R * " * + ( ?  - k  ) R * ~k ~ K l - R  ) ]  >

[R r +*+ i + ( g  + c  +  i )R  r +« ( I - *  )][R  i  ~k ~l + {q  - k  - 1 ) R  r "*  " 2(  1 ~ R  ) ]

f o r  a n y  O ^ c  , a n d  O ^ k  < q  . □

I t  h as been  s h o w n  th a t  th e  r e l ia b il it y  v e rs u s  spa res  c u r v e  o f  M -tr e e s  is g rea ter  th a n  th a t  o f  

R A E  [8 ]. T h e  rea son  f o r  th is  is th a t  th e  R A E  s ch em e  a llo c a te s  an  en t ire  spa re  to  th e  r o o t ,  w h e rea s  

M -tr e e s  ca n  ’s p rea d ' th e  spare o u t  in to  le v e l  1 ( o r  m o r e )  n od es . A t  lo w e r  le v e ls , h o w e v e r ,  th e  

n u m b e r  o f  n o n re d u n d a n t  n od es  p er  spare  are th e  sam e. C o n s e q u e n t ly , as i a n d /o r  k  in crea ses , th e  

re lia b ilit ie s  o f  b o th  sch em es  co n v e rg e . In  co n tra s t , th e  n e x t  s e ct io n  d e m o n s tra te s  th a t th e  S O F T
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a p p ro a ch  alw ays  r e s u lts  in  s u p e r io r  r e l ia b i l i t y  o v e r  M S A  design s.

B . Reliability o f SOFT Trees

T h e  r e l ia b i l i t y  o f  a re d u n d a n t  s y s te m  co m p o s e d  o f  n od e s  w ith  e q u a l r e l ia b i l i t y  R , w h ic h  is 

n o t  s u b je c t  to  d eg ra d e d  p e r fo r m a n c e , ca n  b e  th o u g h t  o f  as a p o ly n o m ia l  o f  d eg ree  (2 * +1— 1 +  k  )  

w h e re  th ere  a re  ( 2 ,+1— 1 +  k  )  n od e s  in  th e  s y s te m . T h e  p o ly n o m ia l  ca n  b e  ex p res se d  as:

= aaR o '+1-  »+* )+a iJ?<2'+1- 1+*  > -1(1-5 )+  • • • 5 <2'+I- 1+1 y-J ( 1 - 5  y  +  • • •

w h e r e  R  is th e  r e l ia b il it y  o f  in d iv id u a l  co m p o n e n ts , a n d  aij is th e  n u m b e r  o f  w a y s  in  w h ic h  j  

r e co n fig u ra b le  fa u lt s  ca n  o c c u r  in  th e  tree  (.otj = 0  f o r  j  > & ) .  F o r  co m p a r is o n  o f  a ,  a n  oij f r o m  a 

S O F T  r e l ia b i l i t y  e q u a tio n  is d e n o te d  as a Js, w h ere a s , <xJm is  a s so c ia ted  w it h  th e  o p t im a l M S A  

r e lia b ili ty .

In  o r d e r  to  a n a ly z e  S O F T  r e l ia b i l i t y ,  it  is  n e ces sa ry  to  ca lcu la te  th e  n u m b e r  o f  p o ss ib le  

p roce s s o r  lo ca t io n s  f o r  th e  j th f a u l t y  p ro ce s s o r  to  o c c u r  g iv e n  th a t  j —1 f a u lt s  h a v e  a lr e a d y  been  

s u c c e s s fu l ly  re con fig u re d . T h is  is d e p e n d e n t  o n  th e  s pecific  S O F T  im p le m e n ta t io n , h o w e v e r ,  u s in g  

the  f o l l o w in g  id e n t ity ,  a lo w e r  b o u n d  o n  th e  n u m b e r  o f  p o ss ib le  lo ca t io n s  f o r  th e  j th f a u l t  is 

d e r iv e d  in  T h e o r e m  7.

N u m b e r  o f  n o d e s  p er  S S T  ( in c lu d in g  th e  sp a re )
2 »+ t

k

I f  a g iv e n  S O F T  o r  M S A  tree  co n ta in s  j  —1 sp e cific  fa u lt s ,  a n d  th e  tree  has n o t  fa i le d ,  th en  th e  

lo ca t io n  o f  th e  f a u l t y  p ro ce s s o rs  ( f a u l t  s u b s e t )  is r e fe r re d  to  as an  a j . ,  o r  a , _ i  s cen a r io , 

r e s p e c t iv e ly . In  S O F T , i f  j  —1 fa u lt s  h a v e  b een  re co n fig u re d , th is  im p lie s  th a t  th e  a s soc ia ted  spa res  

. / ” 1 SST s are co n fig u re d  in  ( o r  f a i l e d ) ,  a n d  k —j  + 1  SSTs h a v e  a s soc ia ted  sp a res  w h ic h  are  n o t

u sed .
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Th e o r e m 7: (k - j  + 1 ) is a lo w e r  b o u n d  o n  th e  n u m b e r  o f  r e co n fig u r a b le  fa u lt s

f r o m  an  s cen a rio . •

Pr o o f : In  ea ch  o f  th e  k—j  + 1  SST s w h ic h  has its  a sso cia ted  spa re  u n u s e d , a t lea st
2* + i 

k

p o s it io n s  f o r  th e  j th f a u l t  e x is t , w h ic h  ca n  b e  re con fig u re d . I f  in  ctj-i th e  fa th e r  o f  o n e  o f  th e

k —j  + 1  SS T s h a s  n o t  y e t  fa i le d , th e n  th e  fa i lu r e  o f  th e  fa th e r  can  b e  to le r a te d  a n d  1 ca n  b e  a d d e d  

2  i + i

to  —_  as th e  n u m b e r  o f  lo ca t io n s  f o r  k — j  + 1  o f  th e  SST s. I f  th e  fa th e r  has fa i le d , h o w e v e r ,  th en

it m u s t  h a v e  b een  re co n fig u re d  in to  a n e ig h b or in g  SST , w h ic h  m ea n s  th a t  a fa u l t  in  th a t  n e ig h b o r in g  

SST can  b e  to le r a te d  a n d  th e  / s s r ’s r e co n fig u ra t ion  s h ift e d  in to  th e  S S T  w it h  th e  fr e e  spa re . T h e  

lo w e r  b o u n d , th e r e fo r e ,  rem a in s  v a l id .  I f  t w o  o f  th e  k—j  + 1  SS T s a re  a d ja ce n t  to  th e  s am e  fa th e r ,  

th en  fa th e r  h as b een  co u n te d  t w ic e  in  th e  lo w e r  b o u n d . I f  th e  fa t h e r , /  , h as n o t  y e t  fa i le d ,  

h o w e v e r ,  th en  th e  fa i lu r e  o f  f  f is  a lso  to le ra b le , a n d  b y  th e  sa m e a n a ly s is , th e  lo w e r  b o u n d  

rem a in s  v a lid .  □

Th e o r e m 8: T h e  r e l ia b i l i t y  o f  a S O F T  tree  is a lw a y s  g rea ter  th a n  th e  r e l ia b i l i t y  o f  an  

e q u iv a le n t  M S A  tre e  f o r  k ( th e  n u m b e r  o f  s p a res ) >  1.

PROOF: I f  it ca n  b e  s h o w n  th a t  f o r  a t lea st  o n e  j , <xJs > aJu, a n d  aJs ^ aJm f o r  a l l  o th e r  j  , th e n  

^ sy*soFT> ^sysMsA (a s s u m in g  th a t  th e  r e l ia b il it y  o f  in d iv id u a l  p r o ce s s o rs  is th e  sa m e  f o r  b o th  

a r ch ite c tu re s ). S in ce  <*<>„, =<*0j = 1  a n d  a lm = o q t = (2 *  +1-  1 +  k ) ,  R ^  w it h  k = 0  o r  k = 1  is id e n t ic a l

f o r  b o th  sch em e s. C o n s id e r , h o w e v e r .  a 2- M S A  ca n  to le ra te  o n ly  o n e  fa i lu r e  p er  m o d u le . A s  a 

resu lt:

« 2 m =

( 2 i+1— 1 + * ) '  

2
- k

( 2* + 1 —  1 + k ) / k  

2

n

kl(n-k  ) !
w h e re
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« 2 ,

(2 * +1— 1 +  * )  

2
- k

2 i+1/k 

2

N o w  co n s id e r  a j  . S in ce  a 2j it  w i l l  b e  s h o w n  b y  c o n tr a d ic t io n  th a t  otj > o iJm g iv e n  th a t

a j - i s >ocj - i m- F ro m  th e  d e fin it io n  o f  a ,  it  is  e v id e n t  th a t  i f  a t le a s t  o n e  fa u l t

co n fig u ra t io n  co r re s p o n d in g  to  a s u c c e s s fu l  r e co n fig u ra t io n  o f  j — 1 fa u lt s  in  M S A  (d e n o te d  as a 

fa u lt  c o n f ig u ra t io n  in  a  j )  m u s t  h a v e  m o r e  p o s s ib le  lo ca t io n s  f o r  s u c c e s s fu l  r e co n fig u ra t io n  o f

th e  } th f a u l t  than  th e  p o s s ib le  lo c a t io n s  f o r  th e  j th f a u l t  in  an  a j - i s c o n fig u r a t io n .

D e r iv a t io n  o f  th e  n u m b e r  o f  ’ ch o ic e s ’ f o r  th e  j th f a u l t  to  o c c u r  f o r  ea ch  otj in  o p t im a l M S A  

trees is s t r a ig h t fo r w a r d  a n d  is less  th a n  th e  lo w e r  b o u n d  o f  T h e o re m  7.

p la ces  f o r  j  p er  & j-\ m — (k  —j  + 1 )
( 2 i+1- l  + k )

□

D u e  to  th e  a n a ly t ic a l  c o m p le x i t y  o f  a g lo b a l r e co n fig u ra t io n  s tr a te g y  a n d  th e  v a r ie ty  o f  

p o ss ib le  S O F T  im p le m e n ta t io n s , a c lo s e d  f o r m  e x p re ss io n  f o r  r e l ia b i l i t y  h as n o t  b een  f o u n d  f o r  

a r b itr a r y  size  trees  w it h  a r b it r a r y  n u m b e r s  o f  spa res . H o w e v e r ,  th e  a n a ly s is  p re s e n te d  in  S ec t io n  

III is s u ffic ie n t  to  d e te rm in e  th e  r e l ia b i l i t y  o f  a n y  sp ec ific  S O F T  tree . T h e  f o l l o w in g  s e c t io n  p resen ts  

s o m e  e x a ct  r e l ia b i l i t y  ca lc u la t io n s  f o r  e x a m p le  S O F T  im p le m e n ta t io n s .

C. Reliability Examples

T h e  re lia b ilit ie s  o f  f o u r  le v e l  trees , im p le m e n te d  b y  M -t r e e , R A E , a n d  S O F T  as a fu n c t io n  o f  

the  n u m b e r  o f  spa res , f o r  R  =  e ~ u , t * .5 .  a n d  t - 1 .0 .  are  s h o w n  in  T a b le  5 .  It  s h o u ld  b e  n o te d  th a t  

th e  S O F T  r e l ia b il it y  is s u p e r io r  e v e n  w h e n  th e  m o d u la r  s ch em es  are a l lo c a t e d  m o r e  spa res . T h e  

d ata  f o r  t * 1 .0  is  g r a p h ic a l ly  d is p la y e d  in  F igu re  9 . In  T a b le  6  a n d  F ig u re  1 0 , th e  re lia b ilit ie s  v e rs u s  

t im e  c u r v e s  o f  a tree  w i t h  n o  re d u n d a n c y ,  d u p lica te d  f o u r  le v e l  trees, a n d  f o u r  le v e l  trees  w ith  

f o u r  spa res  e m p lo y in g  an  o p t im a l M S A , a S O F T  a p p roa ch , a n d  a tree  w it h  o p t im a l r e l ia b i l i t y  are  

p resen ted . A  s ch em e  w ith  o p t im a l r e l ia b il it y  gu aran tees  re co n fig u ra t ion  f o r  a n y  n u m b e r  o f  fa u lt s
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T a b le  5 . R e lia b il ity  f o r  a f o u r - l e v e l  tree  b y  n u m b e r  o f  spa res .

n u m b e r  

o f  spa res

RRAE Rm - ,M  —tree,

0 .5 0

0 .9 5 0 4

0 .9 2 8 1

0 .9 0 3 3

0 .9 3 5 0

0 .8 4 9 9

0 .8 1 7 9

R opt —MSA R s o f t

0 .9 5 1 2

0 .9 3 5 0

0 .9 2 4 8

0 .8 8 1 1

0 .8 1 7 9

0 .9 9 7 4

0 .9 5 2 8

0 .8 1 7 9

1.00

8

5

4

2

1

0 .8 2 7 4

0 .7 6 5 5

0 .7 0 7 3

0 .7 8 3 2

0 .6 1 9 4

0 .5 4 1 6

0 .8 2 9 8

0 .7 8 3 2

0 .7 5 6 3

0 .6 5 5 3

0 .5 4 1 6

0 .9 6 6 5

0 .7 8 4 1

0 .5 4 1 6

R e lia b il ity

F igu re  9 . R e lia b ilit ie s  o f  f o u r - l e v e l  trees  a t t= 1 .0 .

less th a n  o r  e q u a l to  th e  n u m b e r  o f  spares. T a b le  6  in c lu d e s  ca lc u la t io n s  f o r  an  R A E  tree  w it h  4 

spares a n d  an  M -t r e e  w it h  5  spares. T h e  M -t r e e  a p p roa ch  w a s  a llo c a te d  fiv e  spa res  d u e  to  its  

in a b ili ty  to  s u p p o r t  fo u r .
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D . Increasing SOFT Reliability

T h ere  are  s e v e r a l p o s s ib ilit ie s  f o r  en h a n c in g  th e  r e l ia b il it y  o f  a S O F T  a rch ite c tu re . I f  a 

d esig n er  is n o t  c o n c e rn e d  w it h  V L S I la y o u t  issu es  o r  is w i l l in g  to  p a y  0 ( n  lo g n  )  area , th e  S O F T  

tree  ca n  b e  im p le m e n te d  s u c h  th a t  th e  lea v es  are  f u l l y  co n n e c te d  a n d  th e  f u l l  s h a r in g  o f  in ter -S S T  

spa res  is p ra c t ic a l.  A s  an  a lte rn a t iv e , sh a rin g  o f  sp a res  b e tw e e n  th e  i = 4  le a f  s u b tre e s  is  p o s s ib le  

u s in g  th e  p r o c e d u r e  o f  H o r o w it z  a n d  Z o r a t  [ l l ] .  A  s e co n d  o p t io n  is th e  a d d it io n  o f  r e d u n d a n t  lin es

T a b le  6 . R e lia b il it y  f o r  X = . l

t

■p
-cvno red.

0  spa res

Dup Rr ae  

4  spa res

—tree

5  spa res

%MSA -opt

4 spa res

Rso f t  
4  sp a res

R-OFr 

4  spa res

0 .0 0 1 .0 0 0 1 .0 0 0 1 .0 0 0 1 .0 0 0 1 .0 0 0 1 .0 0 0 1 .0 0 0

0 .2 5 0 .6 8 7 0 .9 0 2 0 .9 7 2 0 .9 8 2 0 .9 7 9 1 .0 0 0 1 .0 0 0

0 .5 0 0 .4 7 2 0 .7 2 1 0 .9 0 3 0 .9 3 5 0 .9 2 5 0 .9 9 7 0 .9 9 8

0 .7 5 0 .3 2 5 0 .5 4 4 0 .8 1 0 0 .8 6 6 0 .8 4 7 0 .9 8 7 0 .9 9 0

1 .0 0 0 .2 2 3 0 .3 9 6 0 .7 0 7 0 .7 8 3 0 .7 5 6 0 .9 6 5 0 .9 7 1

1 .2 5 0 .1 5 3 0 .2 8 3 0 .6 0 4 0 .6 9 4 0 .6 6 1 0 .9 2 7 0 .9 3 6

1 .5 0 0 .1 0 5 0 .2 0 0 0 .5 0 5 0 .6 0 4 0 .5 6 6 0 .8 7 3 0 .8 8 6

1 .75 0 .0 7 2 0 .1 4 0 0 .4 1 7 0 .5 1 7 0 .4 4 7 0 .8 0 7 0 .8 2 2

2 .0 0 0 .0 5 0 0 .0 9 7 0 .3 3 9 0 .4 3 7 0 .3 9 6 0 .7 3 1 0 .7 4 7

R e lia b il ity

F igu re  10 . R e lia b il it y  v e rs u s  t im e  f o r  a f o u r - le v e l  tree  a n d  f o u r  spa res .
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b etw ee n  le a v e s  w h ic h  are a d ja ce n t  to  th e  sa m e  spa re . T h is  a l lo w s  re co n fig u ra t io n  o f  S S T s w ith  

n u m e ro u s  fa u lt s ,  a s su m in g  th a t  th e  spa res  are  a v a ila b le  in  n e ig h b or in g  SST s. T h e  c o s t  o f  a d d in g  

these lin e s  is an  a d d it io n a l k  l in es  (w h e r e  k  is th e  n u m b e r  o f  s p a res ). F in a l ly ,  f o r  a p p lica t io n s  

su ch  as y ie ld  e n h a n cem e n t , w h e r e  p ro ce s s o r  y ie ld  m a y  b e  q u ite  l o w .  ^ 5 0 %  s pa rin g  is  p o s s ib le . In 

SO F T  im p le m e n ta t io n s  w ith  5 0 %  s pa rin g , spa re  a n d  lin k  p la cem e n t  is th e  sa m e as in  A lg o r ith m s  1 

and  2 , w it h  th e  e x ce p t io n  th a t  ea ch  sp a re  is a s so c ia te d  w it h  a s in g le  le a f  a n d  th e re  a re  n o  co u s in  

co n n e c t io n s  b e tw e e n  lea v es .

E . SOFT Performance Degradation

T h e  S O F T  a p p roa ch , as w it h  th e  R A E  te ch n iq u e , a l lo w s  f o r  g r a c e fu l  d e g ra d a t io n  in  

p e r fo rm a n c e . N o  re d u n d a n t  spa res  are a llo c a te d  f o r  g r a c e fu l  d e g ra d a t io n , h o w e v e r  re d u n d a n t  lin es  

are lo c a te d  as d e s cr ib e d  b y  A lg o r ith m  2 . F o r  S O F T  a rch ite c tu re s  a sp a re  a t  th e  r o o t  is  u n n e ce s s a ry , 

in  co n tr a s t  to  p r e v io u s  g r a c e fu l  d e g ra d a t io n  a p p ro a ch es  [7 ]. S in ce  fa i lu r e s  are p a s sed  to  th e  le a v e s , 

the o n ly  n o d e s  w h ic h  m u s t  a ssu m e th e  fu n c t io n s  o f  th e ir  b ro th e r s  a re  th e  lea v es . A ls o ,  as n o t e d  

b e fo re , th e  r e d u n d a n c y  in  te rm s  o f  lin k s  is r e d u c e d  a n d  th e  r e l ia b i l i t y  is en h a n ced . T h e  o n ly  

fa ilu r e s  w h ic h  d is a b le  th e  tree  are lo n g  ru n s  o f  fa i lu r e s  a lon g  th e  lea v es  a n d  a fa i lu r e  o f  a n o d e  f o r  

w h ich  n o  p a th  o f  g o o d  n od e s  in to  th e  le a v es  e x is t , i .e ., th e  c la ss  o f  fa i lu r e s  d e p ic te d  in  F ig u re  5 .
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V . SOFT N -A R Y  TREES

i V - a r y  trees , in  w h ic h  each  n o n le a f  n o d e  h a s  N  s o n s , are m o re  s u ita b le  f o r  ce r ta in  ta sk s  th a n  

c la s s ica l b in a r y  trees. F o r  e x a m p le , 4 - a r y  (q u a d )  tree  a rch ite ctu res  h a v e  b een  p ro p o s e d  f o r  

im p le m e n tin g  s e v e ra l c lasses  o f  a r t if ic ia l in te llig e n ce  re la te d  a lg o r ith m s  [1 7 ]. T h e  f o l l o w in g  b r ie f  

d is cu s s io n  s u m m a r iz e s  h o w  th e  S O F T  a p p ro a ch  is a p p lica b le  to  N  - a r y  trees.

A . Construction, o f Reconfigurable N -ary Trees

1 ) Loca tion  o f  Redundant L in es

A  l in k  a l lo c a t io n  a p p roa ch  w h ic h  is a p p lica b le  t o  a r b it r a r i ly  la rge  N  is  t o  re s tr ic t  

r e co n fig u ra t io n  to  d isp la ce m e n t  o f  th e  o u ts id e  t w o  ch ild re n  o f  each  n o n - le a f  n o d e . R e d u n d a n t  

lin k s  to  ea ch  o f  a n o d e ’s  b r o th e rs  are  a d d e d  o n ly  to  th e  t w o  o u ts id e  b r o th e rs . T h e  lin k  re d u n d a n c y

2 N  —3
at u p p e r  le v e ls  is a p p r o x im a te ly  — — — % , w h ic h  is 0 ( 1 )  in stea d  o f  0 ( N  ) .

2) Loca tion  o f  Redundant P rocessors

A llo c a t io n  o f  u p  to  o n e  a s soc ia ted  sp a re  p er  g ro u p  o f  N  b r o th e rs  is a l lo w e d .  T h e  spares are  

p la ced  b e tw e e n  SS T s w it h  co n n e c t io n s  f r o m  a sp a re  to  b o th  its  a s soc ia ted  S S T  a n d  a n e ig h b o rin g  

SST. R e d u n d a n c y  is th e r e fo re :

%  lin k  re d u n d a n c y  =  3 +  1+iVC

%  n o d e  re d u n d a n c y  =

w h ere  N c is th e  n u m b e r  o f  spa res  a llo ca te d  to  th e  tree , w ith  l ^ c  —1.
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B . Reconfiguration

R e co n fig u ra t io n  is fu n d a m e n t a l ly  th e  sa m e  as in  b in a r y  trees. A  s a m p le  

re co n fig u ra t io n  f o r  f o u r  fa i lu r e s  in  a 5 - a r y  tree  is  il lu s tra te d  in  F ig u re  11 .

F ig u re  11 . R e con fig u ra tio n  in  a 5 - a r y  tree .
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VL CONCLUSIONS

A  u n iq u e  a p p ro a ch  to  th e  d esign  o f  r e co n fig u ra b le  tree  a rch ite c tu re s  h as b een  p re sen ted . T h e  

d esig n  a llo ca te s  sp a res  a t th e  le a v es  o f  trees  a n d  a l lo w s  sh a rin g  o f  sp a res  b e tw e e n  s u b trees . T h e  

a rch ite c tu re  h as 0 ( n  )  V L S I  la y o u t  f o r  b in a r y  trees  a n d  is d ir e c t ly  e x te n s ib le  t o  N  - a r y  trees. A  

lo w e r  b o u n d  o n  r e l ia b i l i t y  f o r  a S O F T  tree  w a s  s h o w n  to  b e  m o r e  re lia b le  th a n  a l l  m o d u la r  sp a rin g  

a p p roa ch e s, w it h  s ig n i fica n t ly  less  re d u n d a n c y .  T h e  S O F T  a rch ite c tu re  is th e  o n l y  k n o w n  a p p ro a ch  

to  re co n fig u ra b le  trees  w h ic h  to le ra te s  b o th  lin k  a n d  s w it c h  fa ilu r e s .  T h e  v ir t u a l  d isp la ce m e n t  

co n c e p t  w it h  sh a rin g  o f  spa res  b e tw e e n  c lu s te rs  o f  p ro ce s s o rs  is a lso  a p p lica b le  to  o th e r  c o n c u rr e n t  

a rch ite ctu re s . T h e  d esign  s tra te g y  p resen ted  in  th is  p a p er  m a k es  tree  a r ch ite c tu re s  a tt ra c t iv e  f o r  

e n v iro n m e n ts  w h e re  h ig h  r e l ia b i l i t y  is r e q u ired .
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