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A b s t r a c t

In d e p e n d e n t  ch e c k p o in t in g  a llo w s m a x im u m  p ro ce s s  a u to n o m y  b u t  su ffers  fr o m  p o te n t ia l  d o m in o  

e ffe cts . C o o r d in a te d  ch e c k p o in t in g  e lim in ates  th e  d o m in o  e ffe ct  b y  sa cr ific in g  a  ce r ta in  d egree  o f  

p ro ce ss  a u to n o m y . In  th is  p a p e r , w e p r o p o s e  th e  te ch n iq u e  o f  la z y  ch e c k p o in t  c o o r d in a t io n  w h ich  

preserv es  p ro c e s s  a u to n o m y  w h ile  e jn p lo y in g  co m m u n ic a t io n -in d u c e d  ch e c k p o in t  c o o r d in a t io n  fo r  

b o u n d in g  ro llb a ck  p r o p a g a t io n . T h e  in tr o d u c t io n  o f  th e  n o t io n  o f  lazin ess a llow s  a  fle x ib le  tra d e 

o f f  b e tw e e n  th e  c o s t  fo r  ch e ck p o in t  c o o r d in a t io n  a n d  th e  a v e ra g e  ro llb a ck  d is ta n ce . W o r s t -ca s e  

o v e rh e a d  an a lys is  p ro v id e s  a  m ea n s  fo r  e s t im a tin g  th e  e x t r a  ch e ck p o in t  o v e rh e a d . C o m m u n ic a t io n  

t ra ce -d r iv e n  s im u la tio n  fo r  severa l pa ra lle l p ro g r a m s  is u sed  t o  e v a lu a te  th e  b e n e fits  o f  th e  p ro p o s e d  

sch e m e fo r  rea l a p p lica t io n s .
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1 I n t r o d u c t i o n

In d e p e n d e n t (o r  u n c o o r d in a te d )  ch e c k p o in t in g  [1 -3 ]  fo r  pa ra lle l a n d  d is tr ib u te d  sy s te m s  a llow s 

m a x im u m  p ro ce s s  a u to n o m y  a n d  in d e p e n d e n t design  o f  r e c o v e ry  ca p a b ility  fo r  e a ch  p ro c e s s . H o w 

ever, s in ce  th e  ro llb a ck  o f  a  m e ssa g e  sen d er req u ires th e  sym path etic  rollback  [4] o f  th e  re ce ive r, 

th e  d o m in o  e ffe ct  [5] is in  g e n e ra l p o s s ib le  un less ce rta in  m e ch a n ism s  are  in c o r p o r a te d  in to  th e  

ch e ck p o in tin g  a n d  re c o v e ry  p r o t o c o l  t o  g u a ra n te e  re c o v e ry  lin e [6] p ro g r e s s io n . E x is t in g  tech n iq u es  

fo r  a ch ie v in g  d o m in o -fr e e  ro llb a ck  re c o v e ry  ca n  b e  class ified  in to  tw o  p r im a ry  ca te g o r ie s  [7], T h e  

first c a te g o r y  ca n  b e  ca lle d  th e  m in im um  sym path etic  rollback approach  in  w h ich  e ith e r  th e  ro llb a ck  

o f  a  p ro c e s s  w ill n eve r u n d o  a n y  m essa ge s  sent o r  th e  re ce iv er  o f  an  u n d o n e  m e ssa g e  M  w ill t ry  t o  

ro ll b a c k  t o  th e  s ta te  im m ed iately before  re ce iv in g  M .  W u  a n d  F u ch s [8] in sert a  ch e ck p o in t  im m e 

d ia te ly  a fte r  e a ch  m e ssa g e  is sent so  th a t  n o  s y m p a th e t ic  ro llb a c k  is n e ce ssa ry  fo r  a n y  fa ilu re . K im  

et al. [9 ,1 0 ] a n d  V en k a te sh  e t  a l. [11] e m p lo y  d e p e n d e n c y  tra ck in g  a n d  in sert  e x t r a  ch e ck p o in ts  

b e fo re  p ro c e s s in g  a n y  m essa ge s  th a t  resu lt in  n ew  d e p e n d e n cy . T h e  s ta te -in te rv a l based approach  

[12- 21 ] m o d e ls  th e  p r o g r a m  e x e c u t io n  as co n s is t in g  o f  a  n u m b e r  o f  sta te  in terva ls , e a ch  s ta r te d  b y  

p ro ce ss in g  a  n ew  m e ssa g e . M e ssa g e  lo g g in g  in a d d it io n  t o  ch e c k p o in t in g  is e m p lo y e d  t o  e ffe ct iv e ly  

in sert an  “ ch e c k p o in t ”  ( in  th e  o p t im iz e d  fo r m  o f  a  m essa ge  lo g )  b e fo r e  e a ch  m e ssa g e  re ce ip t .

T h e  s e co n d  c a te g o r y  ca n  b e  ca lle d  th e  bounded rollback propaga tion  approach. C o r r e s p o n d in g  

ch e ck p o in ts  (b a s e d  o n  th e  o rd in a l n u m b e rs ) o n  d ifferen t  pro ce sse s  axe re q u ire d  t o  c o o r d in a te  w ith  

each  o th e r  in  o rd e r  t o  fo r m  a  r e c o v e ry  lin e  t o  b o u n d  th e  p o ss ib le  r o llb a c k  p r o p a g a t io n . U su a lly , 

w h en ev er  a  ch e ck p o in t  is in it ia te d  b y  o n e  p ro c e s s , all o th e r  p ro ce sse s  are  in fo r m e d  a n d  req u ire d  

to  ta k e  a p p ro p r ia te  ch e ck p o in ts  t o  g u a ra n te e  th e  resu lt in g  set o f  c h e c k p o in ts  is co n s is te n t  [2 2 -2 7 ]. 

T h e  n u m b e r  o f  p ro ce sse s  re q u ire d  t o  p a r t ic ip a te  in ea ch  ch e ck p o in t in g  sess ion  ca n  b e  re d u ce d  b y  

m o n ito r in g  th e  re cen t m e ssa g e  e x ch a n g in g  h is to ry  [28]. F or sy s te m s  w ith  c lo c k  s y n ch ro n iz a t io n  

a n d /o r  b o u n d e d  m essa ge  tra n sm iss io n  delay, th e  co s t  fo r  ch e ck p o in t  c o o r d in a t io n  ca n  b e  fu r th e r  

re d u ce d  [2 9 -3 2 ].

W e  w ill u se  th e  te rm  eager ch eckpoin t coord in a tion  fo r  th e  c o o r d in a t io n  a c t io n  p e r fo rm e d  w h en  

ch e ck p o in ts  are  in itia ted  (a s  d e scr ib e d  a b o v e ) .  In  c o n tr a s t , p ro ce sse s  in a s y s te m  w ith  lazy ch eck 

p o in t coordin ation  o n ly  c o o r d in a te  th e ir  co r re s p o n d in g  ch e ck p o in ts  w h en  th e  m e ssa g e  c o m m u n ic a -
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t io n  in d ica te s  a  v io la t io n  o f  ch e ck p o in t  c o n s is te n c y 2 . B r ia t ic o  e t  al. [35] fo r c e  th e  rece iv er o f  a 

m e ssa g e  M  t o  ta k e  a  c h e c k p o in t  b e fo re  p ro ce ss in g  M  i f  th e  s e n d e r ’ s ch e ck p o in t  o rd in a l n u m b er  

ta g g e d  o n  M  is g re a te r  th a n  th a t  o f  th e  rece iv er. C h e c k p o in ts  w ith  th e  sa m e  o rd in a l n u m bers 

are  th e re fo re  a lw a y s  g u a ra n te e d  t o  b e  co n s is te n t . H o w e v e r , th e  r u n -t im e  o v e rh e a d  m a y  b e  p r o 

h ib it iv e ly  h ig h  d u e  t o  th e  p o s s ib ly  e x ce ss iv e  n u m b e r  o f  e x t r a  in d u ce d  ch e c k p o in ts . In  th is  p a p e r , 

w e  ge n e ra lize  th e  c o n c e p t  o f  c o m m u n ic a t io n -in d u c e d  c h e c k p o in t  c o o r d in a t io n  b y  in tro d u c in g  th e  

n o t io n  o f  la zin ess  Z  as a  m e a su re  o f  th e  fr e q u e n c y  fo r  p e r fo r m in g  c o o r d in a t io n . O n ly  co r re s p o n d in g  

ch e c k p o in ts  w ith  o rd in a l n u m b e rs  n Z ,  w h e re  n  is a n  in te g e r , a re  re q u ire d  t o  b e  co n s is te n t  w ith  ea ch  

o th e r  a n d  fo r m  th e  r e c o v e r y  lin e  fo r  b o u n d in g  ro llb a ck  p r o p a g a t io n . O v e rh e a d  a n a ly sis  a n d  e x p e r 

im e n ta l e v a lu a t io n  s h o w  th a t  la z y  ch e ck p o in t  c o o r d in a t io n  ca n  s ig n ifica n tly  re d u ce  th e  n u m b e r  o f  

e x t r a  ch e c k p o in ts  a n d  o ffe r  a  fle x ib le  t r a d e -o f f  b e tw e e n  ru n -t im e  o v e rh e a d  versu s a v e ra g e  ro llb a ck  

d is ta n ce .

T h e  p a p e r  is o r g a n iz e d  as fo llo w s . S e c t io n  2 d e scr ib e s  th e  s y s te m  m o d e l  a n d  th e  ch e ck p o in t in g  

a n d  r e c o v e r y  p r o t o c o l ;  S e c t io n  3 g ives  th e  m o t iv a t io n  a n d  th e  a lg o r ith m  fo r  la zy  c h e c k p o in t  c o o r 

d in a t io n ; W o r s t -c a s e  o v e rh e a d  an a lysis  is p re se n te d  in  S e c t io n  4  an d  th e  t ra ce -d r iv e n  sim u la tio n  

resu lts  fo r  sev era l p a ra lle l p ro g r a m s  are  d is cu ssed  in  S e c t io n  5 .

2  C h e c k p o i n t i n g  a n d  R o l l b a c k  R e c o v e r y

T h e  sy s te m  co n s id e r e d  in  th is  p a p e r  co n s is ts  o f  a  n u m b e r  o f  c o n cu rre n t  p ro ce sse s  fo r  w h ich  

all p ro c e s s  c o m m u n ic a t io n  is th ro u g h  m e ssa g e  p a ss in g . P ro ce sse s  are a ssu m e d  t o  ru n  o n  fa il-s to p  

p ro c e s s o rs  [36] a n d  ea ch  p r o c e s s o r  is co n s id e re d  as an  in d iv id u a l reco v ery  unit [15]. W e  d o  n o t  

a ssu m e th e  p ie ce w ise  d e te rm in is t ic  e x e cu t io n  m o d e l  [20 ].

D u r in g  n o r m a l e x e c u t io n , th e  s ta te  o f  ea ch  p r o c e s s o r  is p e r io d ic a lly  sa ve d  as a  checkpoin t o n  

s ta b le  s to ra g e . L et C P {tk d e n o te  th e  Arth ch e ck p o in t  o f  p r o c e s s o r  pi w ith  k >  0 a n d  0 <  i <  N  — 1. 

w h ere  N  is th e  n u m b e r  o f  p ro ce sso rs . A  ch eckpoin t in terva l is de fin ed  to  b e  th e  t im e  b etw ee n  

tw o  co n s e c u t iv e  c h e c k p o in ts  o n  th e  sam e p ro c e s s o r  an d  th e  in te rv a l b e tw e e n  C P {ik a n d  C P i ( k+l)

2 T h e  b a s i c  i d e a  m o t i v a t i n g  t h e  la z y  c h e c k p o i n t  c o o r d i n a t i o n  is  s im ila r  t o  t h e  c o n c e p t s  b e h i n d  t h e  lazy release 

consistency in  d i s t r i b u t e d  s h a r e d  m e m o r y  [3 3 ]  a n d  t h e  lazy message cancellation in  o p t i m i s t i c  d i s t r i b u t e d  s i m u la t i o n  

s y s t e m s  [3 4 ] .
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is ca lle d  th e  kth. ch e ck p o in t  in te rv a l. E a ch  m essa ge  is ta g g e d  w ith  th e  cu rre n t c h e c k p o in t  o rd in a l 

n u m b e r  a n d  th e  p ro c e s s o r  n u m b e r  o f  th e  sen d er. E a ch  p r o c e s s o r  tak es its  ch e c k p o in t  in d e p e n d e n t ly  

an d  u p d a te s  th e  d irect d ep en d en cy  in form a tion  table ( o r  input table [2])  as fo llo w s : i f  a t least  on e  

m essa ge  fr o m  th e  m th  ch e ck p o in t  in te rv a l o f  p r o c e s s o r  p j  has b e e n  p ro c e s s e d  d u r in g  th e  p re v io u s  

ch e ck p o in t  in te rv a l, th e  pa ir  (ji, m )  is a d d e d  t o  th e  ta b le  e n try  fo r  th e  n e w  ch e c k p o in t .

A  ce n tra liz e d  garbage co llec tion  algorithm  [37] ca n  b e  p e r io d ic a lly  in v o k e d  b y  a n y  p ro c e s s o r . 

F irs t , th e  d e p e n d e n c y  in fo r m a t io n  fo r  a ll e x is t in g  ch e ck p o in ts  is c o lle c te d  t o  c o n s tr u c t  th e  ch eckpoin t 

graph  [1] (F ig .  1( b ) ) .  A ll  ch e ck p o in ts  c o r r e s p o n d in g  t o  th e  v e rt ice s  m a rk e d  “ X ”  in  F ig . 1 ( b )  are 

d e te rm in e d  t o  b e  g a rb a g e  b y  th e  a lg o r ith m  a n d  ca n  th e re fo re  b e  d is ca rd e d .

W h e n  p r o c e s s o r  pi in it ia te s  a  ro llb a c k , it sen ds o u t  a  rollbackJ n itia tin g  m e ssa g e  [2] t o  e v 

ery  o th e r  p r o c e s s o r  t o  req u e st th e  u p -t o -d a te  d e p e n d e n c y  in fo r m a t io n . E a ch  su rv iv in g  p r o c e s s o r  

takes a  virtual ch eckpoin t (r e p re se n te d  b y  th e  d o t t e d  v e r te x  in  F ig . 1 ( c ) )  u p o n  re ce iv in g  th e  roll 

ba ckJ nitia tin g  m e ssa g e . A fte r  re ce iv in g  th e  re sp o n se s , p t- c o n s tr u c ts  th e  ex ten d ed  ch eck po in t graph  

[1] a n d  e x e cu te s  th e  ro llb a ck  p r o p a g a t io n  a lg o r ith m  sh o w n  in  F ig . 2 t o  d e te rm in e  th e  r e c o v e ry  lin e 

(th e  sh a d e d  v e rt ice s  in  F ig . 1 ( c ) ) .  A  rollback-requ est m e ssa g e  is th e n  b r o a d c a s t  t o  ro ll  b a ck  ea ch  

p ro c e s s o r  a c c o r d in g  t o  th e  re c o v e ry  lin e  (F ig . 1 ( d ) ) .

T h e r e  are  tw o  p r im a ry  ch e ck p o in t  c o n s is te n cy  s itu a tio n s . In  F ig . 3 (a ) ,  th e  ch e ck p o in ts  C P i,k  

an d  C P j tTn a re  in co n s is te n t  b e ca u s e  o f  th e  orphan m essage  [31] M a. In  F ig . 3 ( b ) ,  C P i a n d  C P j,m 

can  b e c o m e  co n s is te n t  i f  th e  ch a n n el-sta te  m essage  [24] M\> is p r o p e r ly  r e c o r d e d . In  th is  p a p e r , w e 

a ssu m e e ith e r  e v e ry  m essa ge  is s y n ch r o n o u s ly  lo g g e d 3 [1 2 ,1 4 ] o r  an  e n d -to -e n d  tra n sm iss io n  p r o t o c o l  

ca n  g u a ra n te e  th e  re d e liv e ry  o f  th e  lo s t  ch a n n e l-s ta te  m essa ge s  [28]. T h e r e fo r e , c h e c k p o in ts  like 

C P i,k  a n d  C P j,m in  F ig . 3 (b )  are  co n s id e re d  co n s is te n t .

3  L a z y  C h e c k p o i n t  C o o r d i n a t i o n

3 .1  M o t i v a t i o n

W e w ill re fe r t o  th e  ch e ck p o in ts  in it ia te d  in d e p e n d e n tly  b y  ea ch  p r o c e s s o r  as basic ch eckpoin ts  an d  

th o se  tr ig g e re d  b y  th e  co m m u n ic a t io n  as induced checkpoin ts. F ig . 4 (a )  illu stra te s  th e  s itu a tio n

3 D is c u s s i o n s  o n  i n c o r p o r a t i n g  a n  a s y n c h r o n o u s  lo g g in g  p r o t o c o l  in t o  t h e  i n d e p e n d e n t  c h e c k p o i n t in g  s c h e m e  d e 

s c r ib e d  in  t h is  s e c t i o n  c a n  b e  f o u n d  in  [3 ] .
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(a) (b )

(c) (d)

F ig u re  1 : C h e c k p o in t in g  a n d  ro llb a ck  re c o v e ry  (a )  th e  ch e ck p o in t  a n d  c o m m u n ic a t io n  p a tte rn  (b )  

ch e c k p o in t  g ra p h  fo r  g a rb a g e  c o lle c t io n  ( c )  e x te n d e d  ch e ck p o in t  g ra p h  w h en  po  in it ia te s  th e  ro llb a ck  

( d )  ch e c k p o in t  g ra p h  a fte r  re co v e ry .

/ *  C P  sta n d s fo r  ch eck p o in t */

/ *  Initially, all th e  C P s  are unm arked */

In clu d e th e  la te s t  C P  o f  each p ro ce s so r  in th e  r o o t  s e t ;

M a rk  all C P s  s tr ic t ly  reach ab le  from  an y  C P  in th e  r o o t  s e t ;

W h ile  (a t  lea st o n e  C P  in th e  r o o t  s e t  is m a rk ed )  {

R ep la ce  each  m arked  C P  in th e  r o o t  s e t  b y  th e  la tes t  unm arked  C P  on  th e  sam e  

p r o ce s so r ;

M a rk  all C P s  s tr ic t ly  reach ab le from  an y  C P  in th e  r o o t  s e t ;

}

T h e  r o o t  s e t  is th e  r e co v e r y  line.

F ig u re  2 : T h e  ro llb a ck  p r o p a g a t io n  a lg o r ith m .
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C P
ijc

F ig u re  3 : C h e c k p o in t  c o n s is te n cy  (a )  o rp h a n  m e ssa g e  ( b )  ch a n n e l-s ta te  m e ssa g e .

w h e re  th e  co m m u n ic a t io n  p a tte rn  ren de rs  m o s t  o f  th e  b a s ic  c h e c k p o in ts  u seless fo r  r o llb a c k  re co v e ry  

an d  th e  o n ly  r e c o v e r y  lin e is a t th e  v e ry  b e g in n in g  o f  th e  e x e c u t io n . A  s tra ig h t fo rw a rd  w a y  o f  

a v o id in g  su ch  u n b o u n d e d  ro llb a ck  p r o p a g a t io n  is t o  p e r fo r m  e a g e r  ch e ck p o in t  c o o r d in a t io n  as sh o w n  

in F ig  4 ( b ) .  W h e n e v e r  a  p r o c e s s o r  in it ia te s  a  b a s ic  c h e c k p o in t , coord in a tion  m essa ges  (d o t t e d  

a rro w s ) are  b r o a d c a s t  t o  all o th e r  p ro ce s s o rs  t o  req u e st th e  c o o p e r a t io n  in  m a k in g  a  co n s is te n t  set 

o f  ch e c k p o in ts  [23]. L e t B  b e  th e  t o ta l  n u m b e r  o f  b a s ic  ch e ck p o in ts  a n d  I  b e  th e  t o ta l  n u m b e r  o f  

in d u ce d  ch e c k p o in ts . W e  defin e  th e  in d u ction  ratio 1Z as

( i )

w h ich  is a  m e a su re  o f  th e  o v e rh e a d  fo r  p e r fo rm in g  co m m u n ic a t io n -in d u c e d  ch e c k p o in t  c o o r d in a t io n . 

C lea rly , e a g e r  ch e ck p o in t  c o o r d in a t io n  has V, -  N  -  1 a n d  w ill resu lt in  la rg e  ru n -t im e  o v e rh e a d  

w h en  N  is la rg e . In  a d d it io n , th e  N  — 1 c o o r d in a t io n  m essa ge s  p e r  ch e ck p o in t  sess ion  co n s t itu te  

a n o th e r  o v e rh e a d .

T h e  la rg e  o v e rh e a d  o f  e a ge r ch e ck p o in t  c o o r d in a t io n  resu lts  fr o m  its  p e ss im is t ic  n a tu re . M o r e  

sp e cifica lly , w h en  p\ in  F ig  4 (b )  in it ia te s  its first b a s ic  ch e ck p o in t  & i,i4 , it “ p e s s im is t ic a lly ”  assu m es 

th a t m essa ge s  lik e M\ w ill e x is t  in th e  fu tu re  a n d  ca u se  &i(i t o  b e  in co n s is te n t  w ith  its  c o r re s p o n d in g  

ch e ck p o in t  &o,i o n  p o . In  o rd e r  t o  g u a ra n te e  b\ti b e lo n g s  t o  a  u sefu l r e c o v e ry  lin e , p\ “ e a g e r ly ”  

req u e sts  p o ’ s c o o p e r a t io n  at th e  t im e  6i ti is in it ia te d . In  c o n tr a s t , la z y  ch e ck p o in t  c o o r d in a t io n  

a d o p ts  an  o p t im is t ic  a p p ro a ch  b y  a ssu m in g  th a t 60,i w ill b e  co n s is te n t  w ith  61(1. I f  th e  a ssu m p tio n  

tu rn s  o u t  t o  b e  tru e , n o  e x p lic it  c o o r d in a t io n  is n ecessary . A n  e x tr a  ch e ck p o in t  w ill b e  in d u ce d  o n  p 0 

o n ly  w h en  th e  m e ssa g e  M\ in d ica te s  th a t  th e  a ssu m p tio n  has fa iled  (F ig  4 ( c ) ) .  F ro m  a n o th e r  p o in t  

o f  v ie w , su ch  a  s ch e m e  “ la z ily ”  de lay s th e  b ro a d ca s t  o f  th e  c o o r d in a t io n  m essag es  a n d  im p lic it ly

*bi,k d e n o t e s  t h e  kth b a s ic  c h e c k p o i n t  o f  p , a n d  CPi,k d e n o t e s  t h e  ifcth c h e c k p o i n t  o f  p , .
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+  B a sic  C heckpoint ©  In du ced  ch eck po in t

F ig u re  4 : C o m m u n ic a t io n -in d u c e d  ch e c k p o in t in g  (a )  th e  ch e ck p o in t  a n d  co m m u n ic a t io n  p a tte rn  (b )  

e a ge r ch e c k p o in t  c o o r d in a t io n  ( c )  la zy  ch e ck p o in t  c o o r d in a t io n  w ith  lazin ess =  1 ( d )  la z y  ch e ck p o in t  

c o o r d in a t io n  w ith  la zin ess =  2 .
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p ig g y b a ck s  th e m  o n  fu tu r e  n o r m a l m essa ge s . B o th  ch e ck p o in t  a n d  m e ssa g e  o v e rh e a d  ca n  th e re fo re  

be  re d u ce d .

H o w e v e r , g iv e n  a  b a s ic  ch e c k p o in t  p a t te r n , th e  n u m b e r  o f  in d u c e d  ch e ck p o in ts  in  th e  a b o v e  

sch em e  is d e te rm in e d  b y  th e  co m m u n ic a t io n  p a tte rn  a n d  is n o t  o th e rw is e  co n tr o lla b le . In  th e  w orst  

case , th e  in d u c t io n  r a t io  TZ ca n  still b e  N  — 1 as illu s tra te d  in  F ig  4 ( c ) .  In  o r d e r  t o  fu r th e r  re d u ce  

th e  o v e rh e a d , w e ca n  p e r fo r m  e v e n  “ la z ie r”  c o o r d in a t io n  b y  o n ly  e n fo r c in g  th e  co n s is te n cy  b e tw e e n  

ch e ck p o in ts  CPq^ z  a n d  C P \ ynz  w h e re  Z  is ca lled  th e  la zin ess  a n d  n  is an  in te g e r . F ig  4 (d )  sh o w s th e  

case w ith  Z  =  2 . N o  ch e c k p o in t  is in d u ce d  u n til th e  m e ssa g e  M 2 in d ica te s  th e  in co n s is te n cy  b e tw e e n  

&i)2 a n d  60,2* T h e  n u m b e r  o f  in d u ce d  ch e ck p o in t  ca n  b e  re d u ce d  fr o m  8 (F ig  4 ( c )  w ith  Z  — 1) t o  2 at 

th e  co s t  o f  p o te n t ia lly  laxger r o llb a c k  d is ta n ce . It b e c o m e s  c le a r th a t  la z y  ch e ck p o in t  c o o r d in a t io n  

can p ro v id e  a  t r a d e -o f f  b e tw e e n  th e  ch e ck p o in t in g  o v e rh e a d  a n d  a v e ra g e  r o llb a c k  d is ta n ce .

3 .2  T h e  P r o t o c o l

O u r a p p ro a ch  is t o  in c o r p o r a te  th e  la z y  ch e ck p o in t  c o o r d in a t io n  in to  th e  in d e p e n d e n t  c h e c k p o in t 

in g  sch em e as a  m e ch a n ism  fo r  b o u n d in g  ro llb a ck  p r o p a g a t io n . T h e r e fo r e , th e  ch e c k p o in t in g  a n d  

ro llb a ck  re c o v e ry  p r o t o c o l  ca n  b e  b u ilt  o n  t o p  o f  th e  o n e  d e s c r ib e d  in  S e c t io n  2 . D u rin g  n o r 

m a l e x e c u t io n , e a ch  p r o c e s s o r  still ta k es its  b a s ic  ch e ck p o in ts  in d e p e n d e n t ly . T h e  lazin ess Z  is a 

p re d e te r m in e d -d e te rm in e d  s y s te m  p a ra m e te r  k n o w n  t o  all p ro c e s s o rs . S u p p o s e  a  p r o c e s s o r  p j  w ith  

cu rren t  ch e ck p o in t  o rd in a l n u m b e r  ,r is a b o u t  t o  p ro ce ss  a  m e ssa g e  M  w ith  sen d er p,-’ s o rd in a l 

n u m b e r  s. I f  p j  d e te c ts  th e  fo llo w in g  c o n d it io n  t o  b e  tru e

l =  [s/Z\ >  [ r / Z j ,

it rea lizes th a t  C P i j z  a n d  C P j,iz  w ill b e  in co n s is te n t un less an  e x tr a  ch e c k p o in t  is in d u ce d  b e fo re  

M  is p ro c e s s e d . W e  d e s cr ib e  a  p o ss ib le  im p le m e n ta t io n  as fo llo w s . E a ch  p r o c e s s o r  p j  m a in ta in s  a 

va ria b le  V  w h ich  is in it ia lize d  t o  b e  Z  a n d  in cre m e n te d  b y  Z  e a ch  t im e  C P j>nz  is ta k e n . B e fo re  pj 

pro ce sse s  a  m e ssa g e  M  w ith  s > V ,  it  is fo r ce d  t o  ta k e  th e  ch e ck p o in t  C P j j z  a n d  u p d a te  its  o rd in a l 

n u m b e r  co u n te r  t o  IZ . In  o th e r  w o rd s , i f  M  w as sent a fte r  C P i j z  w as ta k e n , it m u st b e  p ro ce sse d  

b y  p j  a fte r C P j j z  is in d u ce d . N o t ice  th a t all ch e ck p o in ts  C P j>m w ith  r <  m  <  IZ  b e c o m e  dum m y  

checkpoin ts  w h ich  o v e r la p  w ith  C P j j z -

In  a d d it io n  t o  th e  ce n tra lize d  g a rb a g e  co lle c t io n  a lg o r ith m  [37], a  s im p le  d is tr ib u te d  a lg o r ith m
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ca n  a lso  b e  u se d  fo r  lo w -c o s t  g a rb a g e  co lle c t io n . T h e  b a s ic  id e a  is th a t  i f  th e  cu rre n t ch e ck p o in t  

o rd in a l n u m b e r  o f  e v e ry  p r o c e s s o r  has e x ce e d e d  n Z , a ll th e  ch e ck p o in ts  C P jim w ith  m  <  n Z  

b e c o m e s  o b s o le te  w ith  re sp e c t  t o  th e  re c o v e ry  lin e  co n s is t in g  o f  { C P i >nz  : 0 <  i <  N  — 1}  an d  

th e re fo re  ca n  b e  d is ca rd e d . E a ch  p ro c e s s o r  p j  n eed s t o  m a in ta in  an  a rra y  C P jp ro g ress [N ) w h ich  

re co rd s  th e  h ig h est o rd in a l n u m b e r  fo r  e v e ry  o th e r  p r o c e s s o r  k n o w n  t o  p j  b a se d  o n  th e  in fo r m a tio n  

in c lu d e d  in  e a ch  m e ssa g e . M o r e  e ffic ien t g a rb a g e  c o lle c t io n  ca n  b e  a ch ie v e d  b y  p ig g y b a c k in g  th e  

C P -p ro gress[N ]  a rra y  o n  th e  n o rm a l m essa ges  p e r io d ic a lly  in  o rd e r  t o  m a in ta in  th e  “ tra n s it iv e ”  

k n o w le d g e  o f  ch e c k p o in t in g  p ro g re ss  o f  ea ch  p r o c e s s o r  [38].

A lth o u g h  th e  set o f  c h e c k p o in ts  { C P i,nz  : 0 <  i <  N  — 1 }  a lw a ys  fo r m s  a  r e c o v e ry  line, th e  

tw o -p h a s e  r e c o v e r y  p r o c e d u r e  d e s c r ib e d  in  S e c t io n  2 sh o u ld  still b e  u se d  t o  sea rch  fo r  th e  m o st 

re ce n t  r e c o v e r y  lin e  in  o rd e r  t o  m in im iz e  th e  n u m b e r  o f  ro lle d -b a ck  p ro c e s s o rs  a n d  th e  ro llb ack  

d is ta n ce . O n e  p o s s ib le  o p t im iz a t io n  is th a t  th e  d e p e n d e n c y  in fo r m a t io n  c o r re s p o n d in g  to  th e  

g a rb a g e  ch e c k p o in ts  as d e te rm in e d  b a se d  o n  th e  C P .p rog ress [N ]  a rra y  n eed s n o t  b e  c o lle c te d , th u s 

re d u c in g  th e  size  o f  th e  re sp o n se s  t o  th e  rollback-in itia ting  m e ssa g e  a n d  th e  t im e  fo r  c o n s tr u c t in g  

th e  ch e ck p o in t  g ra p h .

4  O v e r h e a d  A n a l y s i s

S in ce  th e  ch e c k p o in t  o v e rh e a d  o f  th e  la zy  ch e ck p o in t  c o o r d in a t io n  sch e m e  d e p e n d s  o n  th e  ru n 

t im e  d y n a m ic  c o m m u n ic a t io n  p a tte r n , it  is im p o r ta n t  t o  a n a ly z e  a n d  e s t im a te  th e  p o te n t ia l  e x tra  

o v e rh e a d  re su ltin g  fr o m  th e  in d u ce d  ch e ck p o in ts . W e  w ill first sh o w  th a t , w ith o u t  an y  co n stra in ts  

o n  th e  re la t iv e  ch e c k p o in t in g  p ro g re ss  o f  ea ch  p ro c e s s o r , th e  w o rs t -c a s e  in d u c t io n  r a t io  is ( N  - 1) /Z. 

W h ile  u n d e r  ce r ta in  c o n d it io n s  w h ich  are  ty p ica lly  m e t b y  rea l a p p lica t io n s , th e  u p p e r  b o u n d  o n  

th e  in d u c t io n  r a t io  ca n  b e  sh o w n  t o  b e  in d e p e n d e n t o f  N .

4 .1  W o r s t - C a s e  A n a l y s i s

O u r a p p ro a ch  t o  w o rs t -c a s e  an a lys is  co n s is ts  o f  tw o  s tep s . F irs t , g iv en  a n y  fix e d  b a s ic  ch e ck p o in t  

p a tte rn , w e  co n s tr u c t  th e  w o rs t -c a s e  co m m u n ic a t io n  p a tte rn . S e co n d ly , g iv e n  a n y  sy s te m  w ith  N  

p ro c e s s o rs , w e d e r iv e  th e  w o rs t -c a s e  in d u c t io n  ra t io  as a  fu n c t io n  o f  N  an d  th e  lazin ess Z .
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V

In  th is  s e c t io n , w e assu m e e a ch  ch e c k p o in t  C P i }k is a s s o c ia te d  w ith  a  g lo b a l  t im e  s ta m p  

t (C P i,k )5- F or a n y  ch e ck p o in t  a n d  co m m u n ic a t io n  p a tte r n  V , de fin e  C P ^ nZ =  C P ? nZ6 i f  t ( C P f nZ) <  

t { C P f nZ) f o r  a ll 0 <  j  <  N  — 1 , i .e .,  C P + nZ d e n o te s  th e  ear lies t ch e ck p o in t  # n Z  a m o n g  all p r o 

ce ssors. G iv e n  a n y  b a s ic  ch e ck p o in t  p a t te r n  a n d  th e  la zin ess Z ,  w e  c o n s tr u c t  th e  c o m m u n ic a t io n  

p a tte rn  V o  as fo llo w s . S u p p o se  C P ^ Z =  C P f  *z . T h e n  pi sen d s a  m e ssa g e  t o  e v e ry  o th e r  p ro c e s s o r  

an d  in d u ce s  C P f t*z  w ith  t { C P j^ z ) *  t ( C P ^ z )  o n  p r o c e s s o r  p j .  F ig . 5 (a )  sh ow s  an  e x a m p le  o f  Vo  

w ith  Z  — 2 . W e  w ill ca ll th e  in terva l b e tw e e n  an<  ̂ ^ ^ P * ,n z )  in d u ction  s ess ion

# n  w h ich  in c lu d e s  a ll th e  in d u ce d  c h e c k p o in ts  C P j ° z . T h e  fo llo w in g  le m m a  w ill b e  u se d  t o  p ro v e  

Vq is th e  w o rs t -c a s e  co m m u n ic a t io n  p a tte rn  in  te rm s  o f  th e  in d u c t io n  ra t io .

L E M M A  1 G iven  a basic ch eckpoin t pa ttern , we have t ( C P ^ z ) < t ( C P ? nZ) f o r  a rbitrary com 

m u nication  p a ttern  V  and an y p os itiv e  in teg er  n .

P roo f.  T h e  p r o o f  is g ive n  b y  in d u c t io n  o n  n . S in ce  th e re  ca n  n o t  b e  a n y  in d u ce d  ch e ck p o in t  

b e fo re  t { C P ? z ) f o r  a n y  V , t ( C P ? z ) o n ly  d e p e n d s  o n  th e  p ro g re ss  o f  ta k in g  b a s ic  ch e ck p o in ts . 

T h e re fo r e , t ( C P ^ z ) =  t ( C P ? z ) a n d  th e  ca se  n  =  1 is tru e . F or th e  ca se  n — k ,  s u p p o s e  C P ^ kZ =  

C P fk Z '  A l l  th e  Z  ch e ck p o in ts  C P ^  w ith  (k  — 1 )Z  <  l <  k Z  m u st b e  b a s ic  ch e ck p o in ts  b e ca u se  th e y  

ca n  n o t  b e  in d u ce d  b e fo r e  t {C P ffkZ).  A ls o ,  t ( C P * ( k- i ) z )  <  t ( C P ^ k- i ) z )  ^  K C P * i)  <  * ( C P ^ Z ) 

b y  d e fin it io n . S u p p o s e  th e  ca se  n  =  k -  1 is tru e , i .e .,  t {C P ^ ° k- i ) z )  -  W e  ^ en  ^ ave

C P ^kZ ~  w h ere  q >  k Z  b e ca u se  t ( C P f f k- i ) Z ) w  b y  c o n s tr u c t io n  a n d  th e re  are

at least  Z  b a s ic  ch e ck p o in ts  o f  p,-, i .e .,  th e  C P f y  s , b e tw e e n  a n d  t ( C P ? kZ).  F in a lly ,

t ( C P % )  <  t ( C P % )  <  t ( C P % )  =  t ( C P ? k z ) =  t ( C p P k z ) 

an d  w e  h a ve  p r o v e d  t(C P ?°nZ) <  t ( C P ? nZ) fo r  all p o s it iv e  in te g e r  n. □

L E M M A  2 G iven  a basic ch eckpoin t pa ttern , Vo is the w orst-ca se  com m u n ica tion  pa ttern  resulting  

in the largest in d u ction  ratio.

5 T h i s  is  o n l y  fo r  t h e  p u r p o s e  o f  p r e s e n t a t i o n .

W e  w ill u s e  CP fk t o  d e n o t e  t h e  kth c h e c k p o i n t  o f  p , in  t h e  c h e c k p o i n t  a n d  c o m m u n i c a t i o n  p a t t e r n  V. W h e n  i t  is  

c le a r  f r o m  t h e  c o n t e x t  t h a t  t h e  b a s ic  c h e c k p o i n t  p a t t e r n  is  f i x e d , w e  a ls o  u s e  t h e  s a m e  n o t a t i o n  fo r  t h e  c o m m u n i c a t i o n  

p a t t e r n  V.
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k  Induction I Induction I Qp

session#! session#2 I

F ig u re  5 : (a )  W o r s t -c a s e  c o m m u n ic a t io n  p a tte rn  ( b )  w o rs t -c a s e  ch e ck p o in t  a n d  co m m u n ic a t io n  

p a tte rn .

Proo f.  L e t 1% d e n o te  th e  to ta l  n u m b e r  o f  in d u ce d  ch e ck p o in ts  w ith  .o rd in a l n u m b e r  n Z  fo r  

th e  co m m u n ic a t io n  p a tte r n  V ,  a n d  let  q =  m a x {n  : l £  ^  0 } .  b e  th e  m a x im u m  a m o n g  n ’s such  

th a t  1% 7̂  0 . C lea rly , <  N  — 1 . S in ce  t (C P ^ qZ) <  t ( C P ^ qZ) b y  L e m m a  1 , th e  ch e ck p o in t  an d  

co m m u n ic a t io n  p a tte r n  w ith  Vo  m u st co n s is t  o f  a t le a st q in d u c t io n  sess ion s . L et I v  d e n o te  th e  

to ta l  n u m b e r  o f  in d u ce d  ch e ck p o in ts  fo r  V , w e th en  h a ve

i v ° >  E  t f °  =  ? - ( i v - i ) >  E  4 P =  / * .

l < n < q r  1 <n<q

F in a lly , b e ca u s e  th e  n u m b e r  o f  b a s ic  ch e ck p o in ts  is fix e d  b y  th e  g iv en  b a s ic  ch e ck p o in t  p a tte rn , Vo 

has th e  la rg es t in d u c t io n  r a t io  a m o n g  all p o ss ib le  c o m m u n ic a t io n  p a tte rn s . □

L e m m a  2 s ta te s  th a t , fo r  w o rs t -ca se  an a lys is  o f  th e  in d u c t io n  ra tio , w e n eed  o n ly  co n s id e r  th e
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co m m u n ic a t io n  p a tte r n  Vq fo r  e a ch  b a s ic  ch e ck p o in t  p a t te r n . B e ca u se  th e  in d u c t io n  session s are 

w e ll-d efin ed  in  su ch  p a tte rn s  (a s  sh o w n  in F ig . 5 ) ,  th e  d e r iv a tio n s  ca n  b e  sim plified .

T H E O R E M  1 F or  an y sy s tem  with N  p rocesso rs  and laz in ess Z , the in d u ction  ratio

n  <
N  -  1 

Z  ’

P roo f.  F o r  a n y  b a s ic  ch e ck p o in t  p a t te r n  w ith  its  c o r r e s p o n d in g  V o  w h ich  resu lts  in  L  c o m p le te  

in d u c t io n  sess ion s , th e  n u m b e r  o f  in d u ce d  ch e ck p o in ts  is L  • ( N  — 1) .  L et  B n d e n o te  th e  n u m b e r  o f  

b a s ic  ch e ck p o in ts  w ith in  th e  in d u c t io n  session  # n ,  w e h a ve  B n >  Z  fo r  a ll 1 <  n  <  L  b e ca u se  th e  Z  

ch e ck p o in ts  C P j  w ith  (n  -  1 )Z  <  l <  n Z  ca n  n o t  b e  th e  in d u ce d  c h e c k p o in ts  i f  C P ^ nZ =  C P ? ° Z . 

T h e re fo r e , th e  in d u c t io n  r a t io

n _  L ' j N -  1 ) ¿ . ( I V — 1) N - l

E i < n< L 5 n  +  5 L +1 -  L - Z  Z  •

□

F ig . 5 (b )  sh ow s  an  e x a m p le  o f  th e  w o rs t  ca se  fo r  N  =  3 a n d  Z  — 2 . T h e  s ta ck e d  ch e ck p o in ts  

in d ica te  th e  fa c t  th a t  e a ch  d u m m y  ch e ck p o in t  C P ^ n - i  o v e r la p s  w ith  th e  in d u ce d  ch e ck p o in t  C P f^ n. 

S in ce  it tak es  e x a c t ly  Z  =  2 b a s ic  ch e ck p o in ts  t o  in d u ce  e v e ry  N  — 1 =  2 c h e c k p o in ts , th e  in d u c t io n  

r a t io  is ( N  — l )/ Z  =  1 .

4 .2  T h e  U p p e r  B o u n d  u n d e r  C o n s t r a i n t s

T h e  u p p e r  b o u n d  in  T h e o r e m  1 w as d erive d  u n d er n o  co n s tra in ts  o n  th e  p r o g r a m  b e h a v io r . S in ce  

it is o f  o rd e r  O ( i V ) ,  th e  in d u c t io n  ra t io  m a y  b e  u n a c c e p ta b ly  h igh  fo r  sy s te m s  w ith  la rg e  n u m b e r  

o f  p ro c e s s o rs . H o w e v e r , a  c lo se r  lo o k  a t th e  tw o  p a tte rn s  in F ig . 5 rev ea ls  th a t  th e  s itu a tio n  in  (b )  

w h ich  resu lts  in  th e  w o rs t -c a s e  in d u c t io n  ra t io  is less lik e ly  t o  h a p p e n  fo r  rea l a p p lica t io n s  w h ere  

th e  p ro c e s s o rs  ty p ic a lly  reg u la rize  th e ir  p a ce s  in  ta k in g  b a s ic  ch e c k p o in ts , as sh o w n  in  (a ) .  F or 

e x a m p le  in F ig . 5 ( b ) ,  it is v e ry  lik e ly  fo r  p0 t o  tak e  a t le a st o n e  b a s ic  ch e ck p o in t  b e tw e e n  C P + \  

a n d  C P ?°6 . W e  ca n  sh o w  th a t  u n d er th e  fo llo w in g  co n s tra in ts  w h ich  are u su a lly  sa tisfied  in  rea l 

a p p lica t io n s , th e  u p p e r  b o u n d  o n  th e  in d u c t io n  ra t io  is in d e p e n d e n t  o f  N .

C o n s t r a i n t  1 : L et Q  d e n o te  th e  ra t io  o f  th e  m a x im u m  to  th e  m in im u m  le n g th  o f  th e  b a s ic  ch e ck 

p o in t  in te rv a l. A lth o u g h  ea ch  p ro c e s s o r  is a llow ed  t o  ta k e  its  b a s ic  ch e ck p o in ts  a t its  o w n  p a ce ,
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Q  is ty p ic a lly  b o u n d e d  b y  a  sm a ll co n s ta n t  Q . F or e x a m p le , Q  is 2 o r  3 fo r  o u r  e x p e r im e n ts  

d e s c r ib e d  in  th e  n e x t  s e c t io n .

C o n s t r a in t  2 : O n ly  th e  cases w ith  Z  >  2 w ill b e  co n s id e re d  fo r  re fin ed  u p p e r  b o u n d s  b e ca u se  th e  

w o rs t  ca se  fo r  Z  =  1 is a lw a ys  a ch ie va b le  even  w h en  Q  is sm a ll (s e e  F ig . 4 ( c ) ) .

C o n s t r a in t  3 :  T h e  a p p lica t io n s  e m p lo y in g  ch e ck p o in t in g  a n d  ro llb a ck  r e c o v e ry  are  u su a lly  lo n g - 

ru n n in g  j o b s ,  w h ich  im p lie s  Z - L  is q u ite  la rg e . (R e c a ll  L  is th e  n u m b e r  o f  c o m p le te  in d u c t io n  

session s w ith  Vq.) In  p a r t icu la r , w e  a ssu m e Z  • L  >  \Q'|.

T H E O R E M  2 U nder the above con stra in ts, the in d u ction  ra tio 1Z < \Q~\.

P roo f.  A g a in  w e  o n ly  h a ve  t o  c o n s id e r  V o  fo r  ea ch  b a s ic  ch e c k p o in t  p a t te r n  fo r  th e  w o rs t  ca se . 

L e t M  d e n o te  th e  sm a lle st in te g e r  su ch  th a t  M  - ( Z  — 1 ) >  Q . S in ce  Z  >  2 b y  C o n s tra in t  2 , w e h a ve  

M  <  [ Q ] .  W e  de fin e  an  M -in d u c t io n  sess io n  as co n s is t in g  o f  M  c o n s e c u t iv e  in d u c t io n  session s. 

T h e r e  are  th e n  Lm  =  [L/M \  c o m p le te  i l f - in d u c t io n  sess ion s , e a ch  co n ta in in g  M  • ( N  — 1 ) in d u ce d  

ch e ck p o in ts . W e  co n s id e r  th e  fo llo w in g  tw o  cases.

( a )  N  <  M :  B y  T h e o r e m  1 ,

TZ <  < N - 1 < N < M <  [<51. (2 )
¿J

( b )  N  > M :  F irst  w e  co n s id e r  th e  n u m b e r  o f  in d u ce d  ch e ck p o in ts  I .  I f  Z  > Q  +  1 , th e n  M  — 1

a n d  I  =  L  • ( N  — 1) .  I f Z < Q  +  l ,  |"Q] in  C o n s tra in t  3 im p lie s  L  >  f Q~\. S in ce

M  <  \Q~\, w e  h a ve  L / M  >  1 a n d

I  =  Lm - M - { N -  1) +  J ]  h * L M - M - ( N - 1) .

L m ’M+\<k<.L

In  e ith e r  ca se , I  «  Lm  • M • (N — 1).

N o w  co n s id e r  th e  n u m b e r  o f  b a s ic  ch e ck p o in ts  B . F or ea ch  in d u c t io n  sess ion  # n ,  th e  p ro c e s s o r  

Pi w ith  C P ? £ Z =  C P ^ nZ m u st c o n tr ib u te  Z  b a s ic  ch e ck p o in ts  a n d  th e re fo re  th e  le n g th  o f  

ea ch  in d u c t io n  session  is a t least  Z  -  1 b a s ic  ch e ck p o in t  in terva ls . W ith in  ea ch  M - in d u c t io n  

sess io n , a t least  N  - M  p ro c e s s o rs  d o  n o t  h av e  C P j^ z  =  CP^°nZ fo r  an y  n. B y  th e  de fin it io n
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o f  Q ,  th e se  N  — M  p ro c e s s o rs  m u st ea ch  c o n tr ib u te  a t lea st ^  b a s ic  ch e ck p o in ts . 

T h e r e fo r e ,

B > Lm  ■ (M  ■ Z +  (JV -  M )  ■ )
Q

a n d

-4  <
M - ( i V - l )

B  ~  M  • Z  +  ( N  -  M )  • [ M i g z D j
(3)

S in ce  Z  >  1 a n d  ^  >  1 b y  d e fin it io n , w e h a ve

M  - { N  -  1 )

M  +  ( N  - M )
<  M  <  [ Q l . (4)

□

N o t ic e  th a t  E q s . ( 3 )  a n d  (4 )  are  still va lid  i f  w e re p la ce  M  w ith  a n y  m  su ch  th a t  M  <  m  <  [ Q l . 

B y  c o m b in in g  T h e o r e m  1, E q . ( 2 )  a n d  E q . ( 3 ) ,  w e th en  defin e  th e  re fin ed  u p p e r  b o u n d , ca lled  th e  

Q — bou n d , as fo llo w s .

Q ~ bound =  minM<m<ÏQ]{ ----- -— ..... ..... • }
-  m - Z +  [ N > m ] - ( ( N  - m ) -  [ ^ ' J )

(5 )

w h e re  [iV >  m ] =  1 i f  N  >  m  is tru e  a n d  0 o th e rw ise .

F ig . 6 ( a )  c o m p a re s  th e  w o rs t -c a s e  in d u c t io n  r a t io  w ith  th e  Q — boun d  w h e re  Q  =  2 fo r  N  =  8 ,1 6  

an d  32 . W h ile  th e  w o rs t -c a s e  r a t io  ( N  — 1 )/ Z  c le a r ly  g ro w s  w ith  iV , th e  Q  — boun d  is re la tiv e ly  

in sen s it iv e  t o  N . F ig . 6( b )  c o m p a re s  th e  w o rs t -c a s e  in d u c t io n  r a t io , w h ich  is e q u iva le n t  t o  th e  

Q  — boun d  w ith  Q  — o o , w ith  th e  Q  — bound  w h ere  Q  varies  fr o m  2 t o  5 . S in ce  o u r  p u rp o s e  o f  

in tro d u c in g  th e  Q  — bound  is t o  e s t im a te  th e  in d u c t io n  r a t io  fo r  rea l a p p lica t io n s  in  a d v a n ce , th e  

in se n s it iv ity  o f  th e  Q —bound  t o  th e  e x a c t  va lu e  o f  Q  su g g e sts  th a t  an  a p p r o x im a te  v a lu e  o f  Q  suffices 

fo r  th e  e s t im a tio n . F in a lly , n o t ice  th a t i f  Z  is ch osen  to  b e  a t least Q  +  1, w e  h a ve  1Z <  M  =  1 , 

i .e .,  th e  n u m b e r  o f  in d u ce d  ch e ck p o in ts  w ill n eve r e x ce e d  th e  n u m b e r  o f  b a s ic  ch e ck p o in ts .

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

F ou r  pa ra lle l p ro g r a m s  w r itte n  in th e  C hare K e r n e l  la n g u a g e  are  u sed  fo r  th e  c o m m u n ic a 

t io n  t ra ce -d r iv e n  s im u la tio n . T h e  C h a re  K ern el has b e e n  d e v e lo p e d  as a m e d iu m -g r a in , m a ch in e -
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Induction 32 
Ratio

9 10
Laziness

(b)

F ig u re  6 : ( a )  W o r s t -c a s e  in d u c t io n  ra t io  a n d  th e  Q  — bounds  ( Q = 2 )  fo r  va riou s  N  ( b )  w o rs t-ca se  

in d u c t io n  r a t io  ( N  =  3 2 ) a n d  th e  Q  — bounds  fo r  va riou s Q .



in d e p e n d e n t pa ra lle l la n g u a g e  [39]. P ro g ra m s  w r itte n  in th e  C h a re  K e rn e l la n g u a g e  ca n  ru n  u n 

ch a n g e d  o n  b o t h  s h a re d -m e m o r y  a n d  d is tr ib u te d -m e m o r y  m a ch in e s  su ch  as E n c o re  M u lt im a x , Se 

qu en t S y m m e try , In te l i P S C /2  a n d  i860  h y p e rcu b e s  a n d  a  n e tw o rk  o f  S u n w o rk s ta t io n s . P ro g ra m  

tra ce s  u sed  in  th is  p a p e r  are  c o l le c te d  fr o m  an  M u lt im a x  5 10 .

T h e  fo u r  p ro g r a m s  in c lu d e  tw o  n e w ly  d e v e lo p e d  C A D  a p p lica t io n s , T e s t g e n e ra t io n  a n d  L o g ic  

sy n th esis , a n d  tw o  sea rch  a p p lica t io n s , K n ig h t  to u r  a n d  N q u e e n . T h e  e x e c u t io n  t im e s  are  b e tw e e n  

25 a n d  45  m in u te s  (s e e  T a b le  1 ).  T h e  to ta l  n u m b e r  o f  m essa ge s  ra n ge s  fr o m  ten s  t o  h u n d red s  o f  

th o u sa n d s . O u r  s im u la tio n  uses th e  fo llo w in g  sch e m e  fo r  in se rt in g  ch e c k p o in ts . T h e  p re d e te rm in e d  

m in im u m  b a s ic  ch e c k p o in t  in terva l is ch o se n  t o  b e  2 m in u te s . A  v a r ia b le  N ex t .C P .T im e  is in it ia lize d  

t o  2 m in u te s . E a ch  p r o c e s s o r  ch eck s  its  lo c a l  c lo c k  a fte r  p ro c e s s in g  e v e ry  100 m e ssa g es . I f  th e  c lo c k  

t im e e x ce e d s  N e x t -C P .T im e , a  b a s ic  ch e ck p o in t  is in se rte d  a n d  N e x t .C P .T im e  is in cre m e n te d  b y  

2 m in u tes . T h e  re su ltin g  a v e ra g e  b a s ic  ch e ck p o in t  in terv a l (C P I )  fo r  ea ch  p r o g r a m  is lis te d  in  

T a b le  1. B e fo r e  p ro c e s s in g  e a ch  m e ssa g e , th e  p ro c e s s o r  a lso  ch eck s  i f  an  in d u ce d  ch e ck p o in t  a n d  

th e  c o r r e s p o n d in g  u p d a te  o f  th e  o rd in a l n u m b e r  co u n te r  are  n ece ssa ry , as d e s c r ib e d  in  S e ct io n  3. 

A ll r e p o r te d  n u m b e rs  are  a v e ra g e d  o v e r  five  ru n s.

T a b le  1 : E x e c u t io n  a n d  ch e ck p o in t  p a ra m e te rs  o f  th e  C h a re  K e rn e l p ro g r a m s .

P r o g r a m s T est

g e n e ra tio n

L o g ic

syn th es is

K n ig h t

to u r

N

qu een

N u m b e r  o f  p ro ce sso rs " 8 6 8 6

E x e c u t io n  t im e  (s e c ) 2 ,0 7 6 1 ,73 6 2 ,4 3 6 1 ,5 6 7

N u m b e r  o f  m essa ges 2 8 ,2 19 4 1 1 ,7 3 3 104,170* 2 5 ,8 8 0

A v e r a g e  n u m b e r  o f  b a s ic  

ch e ck p o in ts  p e r  p ro c e s s o r 12.6 11.8 18.0 10.5

A v e r a g e  b a s ic  C P I  (s e c ) 158 140 132 139

Q 2 .1 7 2 .4 8 1 .42 1 .55

U n d e r-2  p e rce n ta g e 9 9 .6 % 9 7 .0 % 100% 100%

W e  e x p e c t  th e  v a r ia tio n  o f  th e  b a s ic  ch e ck p o in t  in te rv a l to  b e  sm a ll b e ca u se  o f  th e  w ay  it is 

m a in ta in e d . In  p a rt icu la r , w e ch o o s e  Q -  2 t o  e s t im a te  th e  in d u c t io n  ra t io . T h e  e x a c t  va lue  o f  

Q fo r  ea ch  p r o g r a m  is listed  in  T a b le  1. A lth o u g h  Q  is s ligh tly  g re a te r  th a n  2 fo r  th e  first tw o  

p ro g r a m s , th e  n u m b e rs  lis te d  in  th e  ro w  o f  “ U n d e r -2 p e r c e n ta g e ”  sh ow s th a t  a  v e ry  h igh  p e rce n ta g e
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F ig u re  7: C h e c k p o in t  c o o r d in a t io n  o v e rh e a d  as a  fu n c t io n  o f  lazin ess ( a )  T est g e n e ra tio n  ( b )  L o g ic  

syn th es is  ( c )  K n ig h t  t o u r  ( d )  N qu een .
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F ig u re  8 : A v e r a g e  ro llb a ck  d is ta n ce  as a  fu n c t io n  o f  th e  la zin ess.

o f  th e  b a s ic  ch e c k p o in t  in terva ls  are  co v e r e d  b y  Q  =  2 . A ls o ,  s in ce  th e  Q — boun d  is in sen s it iv e  t o  

th e  e x a c t  va lu e  o f  Q , Q  =  2 sh o u ld  su ffice  fo r  o u r  p u rp o s e . F ig . 7 p lo ts  th e  Q  — bounds  a ga in st th e  

w o rs t -c a s e  a n d  th e  a c tu a l in d u c t io n  ra tio s  fo r  th e  fo u r  p ro g r a m s . It is sh o w n  th a t  th e  Q — bound  

p ro v id e s  a  g o o d  e s t im a tio n  o f  th e  in d u c t io n  ra t io  fo r  rea l a p p lica t io n s . T h e  la rg e  d iffe re n ce  in  th e  

ra t io  b e tw e e n  Z  — 1 a n d  Z  >  2 co n firm s  th a t  o u r  g e n e ra liza tio n  o f  th e  id e a  o f  c o m m u n ic a t io n - 

in d u ce d  ch e c k p o in t  c o o r d in a t io n  as d e scr ib e d  in  [35] ca n  s ig n ifica n tly  re d u ce  th e  e x t r a  ch e ck p o in t  

o v e rh e a d .

F ig . 8 g iv es  th e  a v era ge  ro llb a ck  d is ta n ce s  in  te rm s  o f  th e  n u m b e r  o f  a v e ra g e  b a s ic  C P Is . T h e  

a lm o st  lin ea r b e h a v io r  ca n  b e  e x p la in e d  as fo llo w s . E v e ry  N  b a s ic  ch e ck p o in ts  6^ ’s , 0 <  i <  N  — 1 , 

are ta k en  a t a p p r o x im a te ly  th e  sa m e t im e  tk. I f  an y  o n e  o f  th e m , say  6^ ,  is C P * <nz ,  th e n  e ith er 

is co n s is te n t  w ith  bjtk o r  C P itTlz  is in d u ce d  s h o rt ly  du e t o  th e  re la t iv e ly  la rg e  n u m b e r  o f  m essa ge s . 

H e n ce , a  r e c o v e ry  lin e  is fo r m e d  a ro u n d  tk. F or Z  — 1 , th a t  m ea n s  th e  a v e ra g e  ro llb a ck  d is ta n ce  is 

a t m o s t  0 .5  b a s ic  C P I  a n d  th e  e x a c t  va lue  w ill d e p e n d  o n  th e  o ffse t  b e tw e e n  6,-^’ s a t ru n -t im e . F or 

Z  >  2 , as lo n g  as s o m e  C P i,nz 's a re  in d u ce d  b e fo re  6, ^ ’ s are  in it ia te d , 6,-jfe’ s b e c o m e  C P {,nz + i ’ s a n d  

on e  o f  b^ k+ (z-\ )  s w ill b e c o m e  w h ich  m ea n s  a  n ew  re c o v e ry  line w ill v e ry  lik e ly  t o  ex is t

a ro u n d  t k + ( z - i ) -  T h e re fo r e , th e  av era ge  ro llb a ck  d is ta n ce  is a p p ro x im a te ly  ( Z  — l ) /2  b as ic  C P Is  

as sh ow n  b y  th e  cu rv e  n a m e d  “ E s t im a te d ”  in F ig . 8 . It b e c o m e s  clea r th a t F ig s . 7 a n d  8 p ro v id e  a
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fle x ib le  tra d e -o f f“ b e tw e e n  r u n -t im e  o v e rh e a d  a n d  r e c o v e ry  e ffic ien cy .

6  C o n c lu d i n g  R e m a r k s

W e  h a v e  p r o p o s e d  th e  te ch n iq u e  o f  la z y  ch e ck p o in t  c o o r d in a t io n  a n d  in c o r p o r a te d  it in to  th e  in 

d e p e n d e n t  ch e c k p o in t in g  p r o t o c o l  as a  m e ch a n ism  fo r  b o u n d in g  ro llb a ck  p r o p a g a t io n . T h e  re co v e ry  

lin e  is g u a ra n te e d  t o  m o v e  fo r w a r d  b y  p e r fo r m in g  co m m u n ic a t io n -in d u c e d  ch e c k p o in t  c o o r d in a t io n  

o n ly  w h e n  th e  p re d e te rm in e d  co n s is te n c y  c r ite r io n  is a b o u t  t o  b e  v io la te d . T h e  n o t io n  o f  lazin ess 

w as in t r o d u c e d  t o  p r o v id e  th e  t r a d e -o f f  b e tw e e n  e x tr a  ch e ck p o in t  o v e rh e a d  d u r in g  n o rm a l e x e cu t io n  

ve rsu s th e  a v e ra g e  ro llb a ck  d is ta n ce  fo r  re co v e ry . O v e rh e a d  an a ly sis  sh ow s th a t  th e  u p p e r  b o u n d  o n  

th e  in d u c t io n  r a t io , i .e .,  th e  n u m b e r  o f  in d u ce d  ch e ck p o in ts  d iv id e d  b y  th e  n u m b e r  o f  b a s ic  ch eck 

p o in ts , is re la te d  t o  th e  m a x im u m  r a t io  b e tw e e n  th e  b a s ic  ch e ck p o in t  in te rv a ls . C o m m u n ic a t io n  

tra ce -d r iv e n  s im u la tio n  resu lts  fo r  sev era l pa ra lle l p ro g r a m s  sh o w e d  th a t  o u r  an a lys is  ca n  p ro v id e  a 

g o o d  e s t im a t io n  fo r  th e  in d u c t io n  r a t io , a n d  la zy  ch e ck p o in t  c o o r d in a t io n  ca n  s ig n ifica n tly  re d u ce  

th e  e x t r a  ch e ck p o in t  o v e rh e a d  fo r  rea l a p p lica t io n s .
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