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ABSTRACT

S y n ch ro n iza tio n  i s s u e s  in  d is t r ib u t e d  d a ta  b a se s  were h e a v i ly  in v e s te d  

n r e c e n t  l i t e r a t u r e  and many sy n c h r o n iz a t io n  p r o to c o ls  have been d e s ig n e d .

However much work i s  s t i l l  to  be done in  th e  a r e a s  o f  ROBUSTNESS and 

ECOVERY, FORMAL PERFORMANCE ANALYSIS, FORMAL SPECIFICATION AND VALIDATION, 

IGOROUS UNIFORMIZATION.

T h is paper i s  a c o n tr ib u t io n  to  the two l a t t e r  p o i n t s î we p rop ose  a 

ormai approach based on a b s tr a c t  d ata  ty p es  (a lg e b r a ic  m ethodology) and 

e v e lo p  a uniform  r ig o r o u s  framework in  which th e  sy n c h r o n iz a t io n  p r o to c o ls  

an be s p e c i f ie d  and v a l id a t e d .

We i l l u s t r a t e  our approach on a b a s ic  p r o to c o l  w hich i s  r e p r e s e n t a t iv e  

f  a m ajor c la s s  o f  s o lu t i o n s .

EY-WORDS: p r o to co l fo r m a liz a t io n  ( s p e c i f i c a t i o n  and v a l id a t io n ) ,

sy n c h r o n iz a t io n  p r o to c o l ,  d i s t r ib u t e d  d a ta  b a s e s , d u p lic a te d  

d a ta , a b s tr a c t  d a ta  ty p e s .

 ̂ T h is r e sea rch  i s  sp on sored  by INRIA-ADI (SIRIUS p r o j e c t )  under c o n tr a c t  
Ц 80003 . '
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1. INTRODUCTION

Many r e s e a r c h e r s  have r e c e n t ly  p r e se n te d  s o lu t io n s  to  con cu rren cy  con­

t r o l  fo r  d i s t r ib u t e d  data  sy s te m s . These s o lu t io n s  take form o f  synchro­

n iz a t io n  p r o to c o ls  which have been  d e s ig n ed  to  c o o r d in a te  th e  rem ote p roc­

e s s e s  in  charge o f  lo c a l  d a ta  ( c a l le d  " c o n tr o l le r s " )  d u r in g  an update s e s ­

s io n .

Very few p r o p o sa ls  have b een  made to  fo r m a lly  s p e c i f y  and v a l id a t e  

(" fo rm a lize" ) th e s e  p r o t o c o ls .

This paper i s  p r im a r ily  concerned w ith  t h is  c r u c ia l  a s p e c t;  we in tr o ­

duce a form al m ethodology based  on a l g e b r a i c a l l y - s p e c i f i e d  d a ta  ty p es  to  

fo rm a liz e  e x i s t i n g  p r o t o c o ls .

This a r t i c l e  encom passes two major s e c t io n s :

-  the f i r s t  one p r e se n ts  a c le a r  d e f i n i t i o n  o f  m utual i n t e g r i t y  which  

turns o u t to  be the b a s ic  req u irem en t which must be v e r i f i e d  by a 

s y n c h r o n iz a t io n  p r o to c o l  and in tr o d u c e s  our form alism .

This c o n c e p t  i s  t r a n s la te d  in  term s o f  our model through m u tu a l- in ­

t e g r i t y  theorem s which are r e c a l le d .

-  the secon d  s e c t io n  i l l u s t r a t e s  our approach w ith  a sy n c h r o n iz a t io n  

p r o to c o l ( fo r  d u p lic a te d  e n t i t i e s )  which has been  la r g e ly  r e f e r ­

enced in  th e  l i t e r a t u r e  (namely THOMAS' o n e ) .

2. INTEGRITY CONCEPTS

We s h a l l  in  turn  exam ine the i n t e g r i t y  concept in  c e n t r a l iz e d  and 

d is tr ib u te d  d a ta  b ase  management sy stem s (DBMS).

2 .1  INTEGRITY IN A CENTRALIZED DBMS

A data b a se  can be v iew ed  as a c o l l e c t i o n  o f  e n t i t i e s  and c o n s tr a in t s  

whose v a lu e s  d e f in e  VALID s t a t e s  o f the d a ta  b a se . The c o n cep t o f  in t e g r i t y  

( c o n s is te n c y )  o f  a DBMS i s  tw o fo ld  (MIRA80-b):
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-  in te r n a l  i n t e g r i t y .

-  e x te r n a l i n t e g r i t y .

I n te r n a l i n t e g r i t y  i s  a s s o c ia te d  w ith  i n t e g r i t y  c o n s tr a in t s  d e f in e d  on 

d ata  to  meet r e a l-w o r ld  r e s t r i c i t o n s .

The con cep t o f t r a n s a c t io n  (GRAY78) has been in tro d u ced  in  c e n t r a l iz e d  DBMS 

(and n a tu r a lly  exten d ed  to  d is t r ib u t e d  DBMS (GRAY79)) to  r e p r e s e n t  th e  atom­

ic  in t e r a c t io n  o f  th e  u se r  w ith  the d ata  base w hich p r e se r v e s  in t e r n a l  in ­

t e g r i t y .

E x tern a l i n t e g r i t y  corresp on d s to  the c o n tr o l  o f  co n cu rren t tr a n sa c ­

t io n s  which may c o n f l i c t  in  sh a r in g  common d a ta  (problem s o f  " lo s t  update" , 

" d ir ty  read" , . . . )  A s e r i a l i z a t i o n  mechanism ( lo c k in g  i s  the one which has 

been  a lm ost e x c lu s iv e ly  e le c t e d )  must be d e f in e d  to  ensure e x te r n a l  in ­

t e g r i t y .

2 .2  INTEGRITY IN A DISTRIBUTED DBMS

I n te r n a l in t e g r i t y  in  a d is t r ib u t e d  DBMS i s  c a l l e d  MUTUAL INTEGRITY 

when rem ote e n t i t i e s  are  in v o lv e d  in  a (g lo b a l)  t r a n s a c t io n ;  i d e n t i t y  i s  a 

p a r t ic u la r  ca se  o f  an in t e g r i t y  c o n s tr a in t  w hich le a d s  to  the w e l l - s t u d ie d  

problem  o f  d u p lic a te d  e n t i t i e s .  There on, we s h a l l  m ain ly  c o n s id e r  th e  

l a t t e r  a s p e c t .

We say th a t a sy n c h r o n iz a t io n  p r o to c o l e n su r e s  MUTUAL INTEGRITY when 

th e  m anip ulated  e n t i t i e s  con verge to  the same s t a t e  should  update a c t i v i t y  

c e a s e .  (THOM75)...

A d i s t i n c t i o n  betw een STRONG and WEAK m utual in t e g r i t y  has been  pro­

posed by s e v e r a l au th ors (SEGU78), (L E L A 79)...

However t h is  d i s t i n c t i o n  has been r a th er  vague or in c o r r e c t  s in c e  the  

u n d e r ly in g  concept was i t s e l f  vague or in c o r r e c t ;  fo r  example in  (LELA79) 

or (SEGU78) the d i s t i n c t i o n  i s  based  upon the SIMULTANEITY co n cep t among 

rem ote s t a t e s  and t h is  tu rn s ou t to  be d e l ic a t e  s in c e  no s i t e  can e v e r  know 

th e  s t a t e  o f  the e n t ir e  d is t r ib u t e d  system  (MONT73), (GRAY79), . . .
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We propose a d i s t i n c t i o n  b ased  on th e  AVAILABILITY c o n c e p t;  an e n t i t y  

i s  s a id  to  be a v a i la b le  when i t  i s  s ta b le  (no m o d if ic a t io n  in  p r o g r e ss )  and 

open to  a r e t r i e v a l  a c c e s s .

Mutual i n t e g r i t y  i s  s a id  to  be WEAK w henever a sy n c h r o n iz a t io n  p r o to co l  

e n a b le s  to have two TEMPORARILY d i f f e r e n t  a v a i la b le  v e r s io n s  o f  the same 

copy a t  a g iv en  tim e (a t r a n s a c t io n  may r e t r ie v e  c o n s is t e n t  e n t i t i e s  which 

are n ot the m ost c u r r e n t) ;  i t  i s  s a id  to  be STRONG o th e rw ise  ( th e  r e tr ie v e d  

d a ta  are the m ost c u r r e n t) .

We can make a p a r a l le l  betw een  t h is  d e f i n i t i o n  o f  m utual in t e g r i t y  

( s tr o n g  and weak) and the l e v e l s  o f  c o n s is t e n c y  d e fin e d  in  c e n tr a l iz e d  DBMS 

l i k e  SYSTEM-R (GRAY75); in  t h i s  l a t t e r  c a s e ,  s tr o n g  in t e g r i t y  correspond  to  

th e  th ir d  l e v e l ,  weak i n t e g r i t y  to  the secon d  l e v e l  w h ile  th e  f i r s t  l e v e l  

o f  c o n s is te n c y  ca n  be c o n s id e r e d  as a "weaker" form o f  i n t e g r i t y  (a c c e s s  to  

d ir t y  data i s  p o s s ib le  a t th a t  l e v e l ) .  Our d e f in i t i o n  o f  a v a i l a b i l i t y  p re­

c lu d e s  th is  l a t t e r  type o f c o n s is t e n c y .

E xternal i n t e g r i t y  r e f e r s  to  the c o n tr o l  o f  con cu rren t c o n f l i c i t i n g  

tr a n sa c t io n s  w h ich  can be i n i t i a t e d  anywhere in  the u n d e r ly in g  netw ork.

In  c e n t r a l iz e d  system s th e r e  e x i s t s  a c o n tr o l  lo cu s  where shared  

COMMON memory i s  used  for  c o o r d in a t in g  co n cu rren t c o n f l i c t i n g  tr a n s a c t io n s .

Let us c o n s id e r  the typ e  o f  c o n tr o l we may have in  d is t r ib u t e d  data  

s y s te m s .

In a d i s t r ib u t e d  system , w hich can be d e f in e d  as a c o l l e c t i o n  o f p roc­

e s s e s  com m unicating only through  m e ssa g e -p a ss in g , th ree  ty p e s  o f  CONTROL 

LOCI have been ch o sen  fo r  s y n c h r o n iz a t io n  p r o to c o ls :

( i )  WITHIN A SITE; th e  con cu rren cy  c o n tr o l  i s  s a id  to  be CENTRALIZED

(or VERTICAL) by a n a lo g y  w ith  l o c a l  system s (MENA77), (GARC79). . .
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( i i )  WITHIN A PROCESS ; th e r e  i s  no p r iv i le g e d  s i t e .  Each s i t e  i s  fu n c -  

t io n n a ly  hom ogeneous. There e x i s t s  a g iv e n  p r o c e ss  (w hich we c a l l  

MASTER CONTROLLER) r e s p o n s ib le  fo r  the w hole sy n c h r o n iz a t io n  

s e s s io n .

The c o n tr o l i s  s a id  to  be "PARTIALLY DECENTRALIZED"; th e  p ro to ­

c o ls  o f  ELLIS (E L L I77). .  . ,  LE LANN (LELA76). . . ,  BUSTA (BUST78), 

РОРЕК/ MI RANDA(POPE 7 9) . . .  are o f  t h is  ty p e .

( i i i )  WITHIN A MESSAGE ; th e  i n i t i a t o r  o f  the sy n c h r o n iz a t io n  s e s s io n  

and the i n i t i a t o r  o f  the g lo b a l update are ( g e n e r a l ly )  d i f f e r e n t  

c o n t r o l l e r s .  A s p e c ia l  sy n c h r o n iz a t io n  m essage p rop agates  c o n t­

r o l  d ata  from c o n t r o l l e r  to  c o n t r o l le r  ( l i k e  OK v o te s  in  THOMAS' 

p r o to c o l  (THOM75)) .

The c o n tr o l i s  sa id  to  be "FULLY DECENTRALIZED".

In  th e  l a s t  two c a s e s ,  the c o n tr o l  i s  s a id  to  be HORIZONTAL; from  

p o in t ( i )  to  p o in t  ( i i i ) ,  the ten d en cy  i s  towards a r e d u c tio n  o f  the time 

fo r  which a h o s t  has c o n tr o l over  the p ro g r e ss  o f  a p r o t o c o l .

A "primary update token" th a t  moves around the netw ork and sy m b o lizes  

c o n tr o l i s  a p a r t ic u la r  case  o f  c e n t r a l iz e d  c o n tr o l tech n iq u e  ( " c ir c u la t in g  

c e n tr a l iz e d  c o n tr o l" )  which has been  proposed by s e v e r a l  au thors (WILM79-b),

The p r o to c o l  we fo rm a liz e  in  t h i s  paper p r e se n ts  the fo llo w in g  charac­

t e r i s t i c s  :

PROTOCOL

INTEGRITY THOMAS'

Mutual in t e g r i t y WEAK

E x tern a l in t e g r i t y  

(ty p e  o f  c o n tr o l)

F u l ly -d e c e n t r a l iz e d

c o n tr o l

(ty p e  o f  co n sen su s) (m a jo r ity )

F igu re 1.

Major c h a r a c t e r i s t i c s  o f  THOMAS's p r o t o c o l .
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3 - ABSTRACT DATA TYPES

3 .1  ABSTRACT-DATA TYPE CONCEPT

A data  a b s t r a c t io n  i s  a b e h a v io u r a l r e p r e s e n t a t io n - fr e e  d e s c r ip t io n  

o fte n  u s in g  form al n o ta t io n  o f  a d ata  o b je c t  and the o p e r a tio n s  upon i t .

Data a b s t r a c t io n s  are r e a l i z e d  in  programming lan gu ages by a b s tr a c t  

data  types (ADT) which i s o l a t e  th e  r e p r e s e n ta t io n a l  d e t a i l  from o th er  prog­

rams u n i t s .

Although th e  ADT co n cep t has la r g e ly  been  adopted by language d e s ig ­

n ers (WULF76), (TARD77), (GUTT78), . . .  the co n cep t i s  r e a l l y  la n g u a g e -in d e ­

pendent and can  v e r y  n a t u r a lly  be c a r r ie d  over  in  la y e r e d  system s (op era ­

t in g  sy stem s, d a ta  base management s y s t e m s , . . . ) .

There are  two p r o p e r t ie s  o f  ADT which appear to  be a p p ea lin g  fo r  d i s ­

tr ib u te d  sy s te m s:

( i )  e n c lo s u r e  and im p lem en ta tion  h id in g  (d ata  in d ep endence; u ser  

tr a n s p a r e n c y ) .

( i i )  a b s t r a c t io n a l  power ( s e p a r a b i l i t y  o f  fu n c t io n s ;  f l e x i b i l i t y ) .

Two f a m i l i e s  o f  o b j e c t - o r ie n t e d  lan gu ages (en com passin g  ADT's) have 

been p rop osed , th e  p r o p o s i t io n a l  one (MILN71), (HOAR72), (WULF76) and the  

a lg e b r a ic  one (BURST77), (GOGU78), (GUTT78).

We e le c te d  th e  a lg e b r a ic  approach which seem s to  be more adequate to  com­

p le x  s tr u c tu r e  fo r m a liz a t io n  (PAOL77), (LOCK78), (M E L K 78),...

3 .2  ALGEBRAIC APPROACH (GOGU76), (TARD77), (GUTT78).

We b r i e f l y  r e c a l l  the m ajor fe a tu r e s  o f  the a lg e b r a ic  approach fo r  

ADT's as p r e s e n te d  in  (GOGU76).

An ADT can be d e f in e d  as a MANY-SORTED ALGEBRA:
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-  an a lg eb ra  o f  ONE SORT i s  rou gh ly  speak ing a s e t  o f  o b j e c t s  and a 

fa m ily  o f  o p e r a to r s  on the s e t ;  the s e t  i s  c a l l e d  the c a r r ie r  o f  the 

a lg e b r a .

-  MANY-SORTED ALGEBRA ex ten d s  t h i s  d e f in i t io n  by a llo w in g  th e  c a r r ie r  

o f  th e  a lg eb ra  to  c o n s is t  o f  s e v e r a l  d i s j o i n t  s e t s ;  each o f  th e se  

s e t s  i s  sa id  to  have a SORT; th e  op era to rs  are  so r te d  and typed  but 

must be c lo s e d  w ith  r e s p e c t  to  the c a r r ie r .

Two b a s ic  k inds o f  s o r t s  are in v o lv e d  in  an ADT s p e c i f i c a t io n :  the s o r t  

b e in g  d e f in e d  and any number o f  s o r t s  assumed p r e v io u s ly  d e f in e d  in  a s im i­

la r  fa s h io n  ( i . e .  th e  B oolean  s o r t  in c lu d e s  the u s u a ls  c o n s ta n ts  T and F, 

and i s  assumed to  have been d e f in e d  in  i t s  own r ig h t  w ith  the same method­

o lo g y ;  o th e r  b u i l t - i n  ADT's we may u se  are INTEGER, Q U EU E,...)

*
O perators o f  the a lg e b r a  are in d exed  by p a ir s  (w ,s )  where w£S ( s o r t  o f  

the operand),and sGS ( s o r t  o f  the r e s u l t s ) ;  the symbol Ew,s w i l l  be used fo r  

the s e t  o f  a l l  o p e r a tio n s  w ith  in d ex  ( w ,s ) ;  L i s  u sed  fo r  the u n ion  o f  a l l  

the s e t s  Ew,s and i s  c a l l e d  the " s ig n a tu r e "  o f the a lg e b r a .

A E -a lg eb ra  A i s  a fa m ily  o f  s e t s  (A s ) , s€S , c a l l e d  CARRIERS o f  A which 

i s  d eterm in ed  by a t r i p l e  <S, E, E> w here:

S i s  the s e t  o f  " s o r ts " , S : { s i ,  s 2 , . . . s i , . . .s n }  d en o tin g  the

v a r io u s  ty p es o f  o b je c t s  which are req u ired  fo r  th a t d e f i n i t i o n .

E i s  the s e t  o f  o p e r a tio n s  E = { E ,w ,s } , whose operands and r e s u l t s  

are o b je c ts  making up the s o r t s  in  S (SYNTAX d e s c r ip t io n )

E i s  the s e t  o f  e q u a tio n s  which d e sc r ib e  th e  sem an tics  o f  each  Ew,s 

o f  E; each a lg e b r a ic  eq u a tio n  (o r  axiom) d e f in e s  the r e s u l t s  o f  

v a r io u s  com b in ation s o f  o p e r a to r s  a p p lied  upon v a r io u s  op eran d s.

*
For every  (w,s)6ES x S and every  t£Ew, s the fu n c t io n  xA : As 1 x As2 x 

XAsn As w ith  w = s l , s 2 , . . . s n  i s  c a l l e d  "А-o p e r a t io n  named by t"
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Two m an y-sorted  a lg e b r a s  are c a l le d  E -a lg e b r a s  i f  th ey  have the same 

s ig n a tu r e .

A very  im p ortan t con cep t i s  the one o f  E-homomorphism; D e f in i t io n : g iv e n  

two E -a lgeb ras A and B, a E-homomorphism, h:A -*■ B, i s  a fa m ily  o f fu n c t io n s  

< hs:A s -*■ B s, sGS > mapping each  c a r r ie r  in  A in to  the corresp o n d in g  c a r r ie r  

in  В w h ile  p r e s e r v in g  th e  o p e r a t io n s ,  i . e .

Vt£Ew, s w ith  w = s l , s 2 , . . .s n  and ( a l , . . . a n )  GAsl x As2 x . .Asn we have  

h s (т (a 1 , . . .a n ) ) = т h s 1( a l ) , . . .h s n (a n ) ) ;  t h i s  can be v i s u a l i z e d  by theA jD
fo llo w in g  diagram  com m utation:

Aw rA ->As

hw
V

Bw----- tB

hs
' )

■»Bs

We s h a l l  u se  the Z-homomorphism con cep t to  e x p r e ss :

( i )  p a r a l le l i s m  among rem ote o p e r a to r s  (E-homomorphism)

( i i )  la y e r e d  a b s t r a c t io n s  betw een th e  d is t r ib u t e d  d a ta  b ase  and the  

u n d e r ly in g  tr a n sm iss io n  f a c i l i t y  on one hand; betw een  the d i s t r i ­

buted  d a ta  b ase  and th e  lo c a l  DBMS on the o th e r  hand.

I t  i s  im p ortan t to  n o te  th a t  the ADT d e f in i t io n s  o f  a p a r t ic u la r  typ e  

i s  not unique; how ever, i t  sh ou ld  meet th e  fo l lo w in g  g o a ls :

(1) The o p e r a to r s  sh ou ld  n o t be redundan t.

(2) The e q u a t io n s  must n o t be c o n tr a d ic to r y .

(3) The o p e r a to r s  and axiom s should  be as sim p le  as p o s s ib le .

(4) The e q u a t io n s  sh ou ld  be c o n s tr u c te d  in  such a way th a t  lea d s  

f o r c ib ly  to  unique r e d u c tio n .

(5) We s h a l l  u se a form alism  c lo s e  to  OBJ-O (TARD77), (GOGU78), 

(GOGU76), (TARD79).

Which r e p r e s e n ts  one o f  the b a s ic  language encom passing a lg e b r a i­

c a l l y - s p e c i f i e d  d a ta  ty p e s ;  G u tta g ' system s fo r  sym b olic  e x e c u t io n



81

o f  ADT's seem s to  s u f f e r  some in a d e q u a c ie s  m ain ly  a t  th e  s in t a c t i c  

l e v e l  (TARD79).

3 .3  OBJ-O

OBJ-O i s  an o b j e c t - o r ie n t e d  language d e f in e d  by GOGUEN(GOGU76) and 

im plem ented by TARDO (TARD77); t h i s  language i s  very  c lo s e  to  NPL lan gu age, 

now c a l l e d  HOPE d e f in e d  in  (BURS77-b). In OBJ-O, an a lg eb ra  i s  a 4 - tu p le :

< SORTS, OPS, VARS, SPECS > where

SORTS, OPS, SPECS corresp on d  r e s p e c t iv e ly  to  S ,E ,E  and VARS in c lu d e s  the 

d e f in i t io n  o f  the w orking v a r ia b le s  used in  th e  axiom s.

The e r r o r -o p e r a to r s  ("ERROR-OPS") and t h e ir  sem a n tics  ("ERROR-SPECS") 

may be n a tu r a lly  d e f in e d  in  t h is  language; an e x te n s iv e  d is c u s s io n  o f  "er­

ror a lg eb ra s"  i s  p r e se n te d  in  (GOGU77).

The g en era l sy n ta x  o f  an o p era to r  i s  g iv e n  by:

OP
_■>

O perator name 

(under bars are  

u sed  fo r  p la c e ­

h o ld e r s )

S 1 .S 2 ................................SN---------------------------- ? Sp
1 N ------- -------- J V -V—.........'

Operand s o r ts  r e s u l t s  so r t

(N: a r i t y  o f  the OP 

o p e r a to r )

P r e f ix ,  i n f i x ,  p o s t f i x ,  d i s t r i b u t e d - f ix  d e c la r a t io n s  are p o s s ib le  in  

OBJ-O.

Each s o r t  has an e q u a l i t y  r e la t io n  which i s  b u i l t - i n  w ith  sy n ta x :

- : =  -  : S S----------->S

Hidden o p e r a to r s  may be d e c la r e d  w ith  the key-w ord "HIDDEN" p la ced  a f ­

t e r  th e  r e s u l t  s o r t .
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We s h a l l  o f t e n  use c o n d it io n a l  e q u a tio n s  in  the a lg e b r a ic  s p e c i f i c a t io n ;  

a form al th eory  o f  c o n d it io n a l  e q u a tio n s  in  ADT's i s  d eve lop ed  in  (THAT76).

In the s p e c i f i c a t io n s  o f  a sy n c h r o n iz a t io n  c o n t r o l le r  u s in g  ADT's, we 

s h a l l  n e ith e r  u se  p la c e -h o ld e r s  in  OPS nor c o n s id e r  ERROR o p e r a to r s .

4 .  f i m i J M  OF A SYflCHRQNiZATJQN PROTOCOL

The co n cep t o f  ADT sh ou ld  be the lo w e st  common denomin a to r  which m axi­

m izes  every o n e 's  n a tu r a ln e ss  a t  some l e v e l  o f  e x p r e s s io n . In  th e  area  o f  

s y c n h r o n iz a t io n  p r o t o c o ls ,  th e  th r e e  b a s ic  o p e r a to r s  (framework fo r  u n ifo r -  

m iz a t io n /a b s t r a c t io n )  which may r e c e iv e  a g e n e r a l c o n se n su s , a re :

-  PREPAREG; t h i s  op era to r  co rresp o n d s;

( i )  to  th e  lo c a l  i n i t i a l i z a t i o n  w hich c o n s is t s  o f  a l l  th e  a c t io n s  

needed  fo r  the t r a n s a c t io n  to  s t a r t  c o n s is te n c y  en forcem en t:  

tim e-stam p  a c q u i s i t io n  (TH0M75), n ew -value com p utation  (THOM75), 

t i c k e t  a l lo c a t io n  (LELA78), p r i o r i t y  d e f in i t i o n  (ELLI77), 

(BUST78), (POPE79), . .  .

( i i )  to  th e  g lo b a l i n i t i a l i z a t i o n  which in c lu d e s  the s t r a t e g y  to  r e ­

s o lv e  c o n f l i c t s :  f i r s t  r e v o lu t io n  in  the v ir t u a l  r in g  (ELLI77), 

f i r s t  s te p  o f sy n c h r o n iz a t io n  (POPE79), . . . ,  to  check s e c u r it y  

(POPE79), to  perform  temporary update (LELA78), (POPE79), . . . .

-  SETG; t h i s  op era to r  c o n s is t s  o f  th e  p ro p a g a tio n  or b r o a d c a s tin g

o f  th e  (perm anent) u p d a te .

-  UNSETG; t h i s  o p era tor  con cern s th e  (r o b u s t)  commitment phase ( lo g

sy n c h r o n iz a t io n  (POPE79), . . . )

The work on r e l i a b i l i t y  i s  much l e s s  d ev e lo p ed  than th a t  on e x te r n a l  

c o n s is te n c y  and in  many p r o p o s a ls ,  UNSETG i s  embedded in  SETG, as in  

(THOM75)... T h is correspond s to  th e  f a c t  th a t  th ere  e x i s t s  a c le a r  dichotom y  

betw een  p erfo rm a n ce-o r ien ted  and r o b u s tn e s s -o r ie n te d  p r o t o c o ls .
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The above o p e r a to r s  apply  to  a " g lo b a l v ir t u a l  o b je c t" ;  th e  g lo b a l  

v ir t u a l  o b je c t  c o n s i s t s  o f  each lo c a l  o b je c t  s e m a n t ic a lly  t ie d  d u r in g  a ma­

n ip u la t io n .  A d u p lic a te d  e n t i t y  may be seen  as a l o g i c a l  e n t i t y  ( th e  g lo b a l  

v ir t u a l  o b je c t )  p h y s ic a l ly  s to r e d  in  s e v e r a l  rem ote s i t e s .

T h is " lo c a l i t y "  con cep t r e c e iv e s  a form al developm ent in  (B IL L 79).

The g lo b a l v i r t u a l  o b je c t  i s  c h a r a c te r iz e d  by a s e t  o f  ( g lo b a l )  s t a t e s  

in  each p a r t ic ip a t in g  c o n t r o l l e r .  Each o p era to r  maps an in p u t g lo b a l  s t a t e  

and a s e t  o f  in p u t m essages in to  an ou tp u t s t a t e  and a s e t  o f  o u tp u t mes­

sages .

P r o to c o ls  are s a id  to  be m essa g e -d r iv en : r e c e p t io n  o f  a sy n c h r o n iz a t io n  

m essage c a u se s  a s e r i e s  o f  a c t io n s  (and e v e n tu a lly  a m essage tr a n sm iss io n )  

to  be e x e c u te d .

T his con cep t o f  ( g lo b a l)  STATE e n a b le s  us to  e x p r e ss  the se m a n tics  o f  

the a tta c h e d  m a n ip u la tio n  o p era to rs  in  a s im p le  way. A change o f  s t a t e  i s  

the r e s u l t  o f  the e x e c u t io n  o f  an o p era to r  bound to  the occu ren ce o f  an 

e v en t (h ere  a s y n c h r o n iz a t io n -m e ssa g e ) .

These s t a t e s  en a b le  us to  s p e c if y  the d i f f e r e n t  p r o to c o l s t e p s ;  they  

a llo w :

( i )  The s im p l i f i c a t io n  o f  o p era to r  se m a n tic s .

( i i )  The s im p l i f i c a t io n  o f  the v a l id a t io n  p r o c e ss .

( i i i )  The s e t t i n g  o f c le a r  r e -e n tr y  p o in ts  fo r  the reco v ery  

p ro ced u re .

( iv )  The e x p r e s s io n  o f  p a r a l le l i s m  among rem ote c o n t r o l l e r s  by 

u sin g  homomorphisms among rem ote s t a t e s .

Our model e n c a p su la te s  the fu n c tio n n in g  o f  a c o n t r o l le r  w ith  a E -a l-  

geb ra , c a l l e d  SYNCH, whose c a r r ie r  i s  the g lo b a l - e n t i t y  s t a t e  and o p e r a to r s ,  

(PREPAREG, SETG, UNSETG), a reduced s e t  o f  p r im it iv e s  a tta ch ed  to  p a r t ic u la r  

m essage r e c e p t io n s .



84

A s y n c h r o n iz a t io n  p r o to c o l i s  d e p ic te d  as a s e t  o f  E-homomorphism 

ALGEBRAS.

This approach o f f e r s  the same advan tages as P e t r i - n e t s  (r e p r e s e n ta t io n  

in d e p e n d e n c e .. .)  w ith  a d d it io n a l  ones such a s :

-  sim ple r ig o r o u s  form alism  fo r  in f e r r in g  p ro o fs  o f  c o r r e c tn e s s .

-  sem antic framework from  which c o r r e c t  im p lem en tation s can be d e r iv e d  

(a u to m a t ic a l ly )  (GUTT78), (TARD77), (N O U R 79),...

-  ROBUSTNESS in te g r a t io n  in  a n a tu r a l way ( in  (POPE7 9 ) , we d e f in e  the  

sem an tics o f  a m essage r e c e p t io n  in d ic a t in g  the f a i lu r e  o f  a coope­

r a tin g  c o n t r o l l e r ) .

4 .1  GLOBAL ENTITY STATES

For each o f  th e  th ree  g e n e r ic  o p e r a to r s  in d ic a te d  p r e v io u s ly  we a t ta c h  

an input and an ou tp u t (g lo b a l)  s t a t e .  Among th e se  s t a t e s  two o f  them appear 

to  be im portant;

-  the a v a i la b le  s t a t e , n o ted  F, b e fo r e  th e  a c tu a l m o d if ic a t io n  ( i n i t i ­

a l s t a t e )  an F' a f t e r  ( f i n a l  s t a t e ) ;  the lo c a l  e n t i t y  (cop y) can be 

r e t r ie v e d .

F r e p r e s e n ts  the in p u t s t a t e  o f  PREPAREG and F* the ou tp u t s t a t e  o f  

UNSETG.

-  the u n s ta b le  (u n a v a ila b le )  s t a t e  n o ted  U which corresp on d s to  a 

cu rren t m o d if ic a t io n  o f  the lo c a l  e n t i t y  which cannot be r e t r ie v e d .

4 .2  CANONICAL REDUCTION; SERIALIZATION

Every seq u en ce  o f o p e r a to r s  o f SYNC i s  reduced to  a sequence  

(PREPAREG)-(SETG)-(UNSETG), c a l l e d  c a n o n ic a l r e d u c tio n .

A t r a n s a c t io n  i s  sa id  to  be ATOMIC i f  c a n o n ic a l r e d u c tio n s  o f  t h is  

tr a n sa c t io n  a r e  id e n t ic a l  in  each c o n t r o l l e r  in v o lv e d  in  the sy n c h r o n iz a t io n

s e s s io n .
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Two c o n f l i c i t i n g  tr a n s a c t io n s  are sa id  to  be SERIALIZED i f  t h e ir  

r e s p e c t iv e  c a n o n ic a l r e d u c tio n s  do n ot in t e r f e r e  in  the m o d if ic a t io n  phase  

(SETG).

4 .3  MUTUAL-INTEGRITY THEOREMS

B efore  r e c a l l i n g  th e  two m u tu a l- in te g r ity  theorem s (whose p r o o fs  are  

g iv en  in  (MIRA79)), l e t  us g iv e  an e x te n s io n  o f  the E-homomorphism d e f i n i ­

t io n ;  we say  we have a TOTAL E-homomorphism in  a sy n c h r o n iz a t io n  p r o to c o l  

whose each c o n t r o l l e r  i s  s p e c i f ie d  by a E -a lg eb ra  SYNC i f :

V i, Vj SYNCi and SYNCj are E-homomorphic, i , j £ ( l , n )  w ith  n number o f  

d u p lic a te d  e n t i t i e s .

THEOREM 1 : S trong-m utual in t e g r i t y  theorem

A sy n c h r o n iz a t io n  p r o to c o l  en su res  stron g-m u tu a l in t e g r i t y  i f :

( i )  t r a n s a c t io n s  are atom ic and th ere  e x i s t s  a TOTAL E-homomorphism 

(on output s t a t e s ) .

( i i )  c o n f l i c t i n g  tr a n s a c t io n s  are s e r i a l i z e d .

THEOREM 2 : Weak-mutual in t e g r i t y  theorem

A sy n c h r o n isa t io n  p r o to c o l  en su res weak-m utual i n t e g r i t y  i f :

( i )  t r a n s a c t io n s  are atom ic and th ere  e x i s t s  a PARTIAL E-homomorphism  

(on in p u t s t a t e s ) .

( i i )  fo r  every  u n s ta b le  s t a t e ,  th e re  i s  a t r a n s i t io n  U---- >F' on each

c o n t r o l l e r .

( i i i )  fo r  the E -a lg e b r a s  SYNC w hich are n o t E-homomorphic th e r e  e x i s t s  

a morphism cps en su r in g  the fo llo w in g  diagram  com m utation.
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ith Controller: (F ) i

j th  c o n t r o l l e r :  (F )j

* ( U ) i  [v  ( F ) i ]

* ( U ) i  [v  (F) j ]

r e j e c t io n  c a se

( iv )  c o n f l i c t i n g  tr a n s a c t io n s  are s e r i a l i z e d

NOTE : A morphism (ps betw een two g lo b a l - e n t i t y  s t a t e s  r e p r e s e n ts  a

FUNCTIONAL CORRESPONDENCE (n o t n e c e s s a r i ly  a s im u lta n e ity )  betw een the ope­

r a to r s  g e n e r a tin g  th e se  s t a t e s ;  as a m a tter  o f  f a c t ,  the morphism i s  a s s o ­

c ia te d  w ith th e  sy n c h r o n iz a t io n  m essage s e n t  during the g e n e r a tio n  o f  the  

con sid ered  s t a t e .  The s u c c e s s iv e  morphisms r e p r e se n t  an e v e n t-se q u e n c in g  

schem e.

5. FM \UZAIi.QN P f, .THOMAS '. PROTOCOL

I n te r e s te d  rea d ers  are urged to  g e t  a look  a t  the quoted  r e fe r e n c e s  

concern ing t h i s  p r o to c o l s in c e  we s h a l l  o n ly  sum up t h e ir  b a s ic  p r o p e r t ie s .

5 .1  PRINCIPLE OF THOMAS* SOLUTION (THOM75), (THOM77)

THOMAS' p r o to c o l  i s  based  on a MAJORITY CONSENSUS m echanism . Each Data 

Base Manager P r o c e ss  (DBMP) -  th ere  i s  one DBMP in  ev ery  s i t e  -  VOTES on the  

a c c e p ta b i l i t y  o f  update r e q u e s ts .  For a r e q u e s t  to  be a c c ep te d  and a p p lie d  

to  a l l  data  b a se  c o p ie s ,  o n ly  a m a jo r ity  o f  DBMP's need to  aprove i t .  The 

req u est i s  s a id  to  be RESOLVED when a m a jo r ity  o f  DBMP's a ccep ted  or r e j e c ­

ted  i t .

The i n i t i c a l  s te p  o f  t h i s  p r o to c o l con cern s the a c q u is i t io n  o f  the  

BASE-VARIABLE S (BV' s ) by th e  o r ig in a to r  o f  the req u est ( c a l l e d  a p p l ic a t io n  

program or A .P .)  from any DBMP (JINTIŒQ_mesj3aj>e2_. The DBMP r e p l i e s  to  the  

AP _(BVTS m essa g e) by sen d in g  i t  the BV v a lu e s  a lon g  w ith  th e  a tta c h e d  t im e-  

stamps (a tim e-stam p  r e p r e s e n ts  th e  l a s t  m o d if ic a t io n  d a te  o f  a g iv e n  BV).

The AP c a lc u l a t e s  the new v a lu e s  o f  the BV c a l l e d  the UPDATE-VARIABLES 

(U V 's).
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The g lo b a l  update s e s s io n  i s  i n i t i a l i z e d  by the send ing  o f  th e  update  

r e q u e st  (M^REQ_mess_age^_ which encom passes b oth  th e  s e t  o f  BV's w ith  t h e ir  

tim e-stam ps and the s e t  o f  UV 's.

The i n i t i a l  v e r s io n  o f  t h is  p r o to c o l (THOM75) used a DAISY-CHAIN d uring  

the r e s o lu t io n  p h ase: each  DBMP v o te s  when r e c e iv in g  an EXTREQ, and forw ards  

the r e q u e st  a lo n g  w ith  th e  accum ulated v o te s  to  an oth er  DBMP th a t  h a s n 't  

v o ted  y e t  i f  a co n sen su s i s  not rea ch ed . T his procedure c o n tin u e s  u n t i l  the  

r e q u e st  i s  r e so lv e d  (a  r e q u e s t  i s  s a id  to  be "pending" t i l l  t h i s  r e s o l u t io n ) .  

The v o t in g  r u le s  b a s i c a l l y  amount to  v o t in g :

0 (OK): Each BV i s  cu rren t and th e re  i s  no c o n f l i c t ;

I f  a m a jo r ity  con sen su s i s  a t ta in e d  (on  OK v o te s )  th e  re q u e st  

i s  g lo b a l ly  a c c e p te d ; th e  a c c e p ta t io n  i s  n o t i f i e d  to  each  DBMP 

by th e  se n d in g  o f  the UPD m essa g e .

R (R e je c te d ) : There i s  an o b s o le te  BV. The r e j e c t io n  i s  n o t i f i e d  to  each  

DBMP w ith  th e  REJ m essage (one r e j e c t  v o te  i s  enough to  

g lo b a l ly  r e j e c t  a r e q u e st  which c o u ld  be la te r  r e su b m it te d ) .

A weak form o f  r e j e c t io n  n ot c o n s id e r e d  h e r e ,  i s  proposed in  (THOM77).

P (p a s s ) :  Each BV i s  c u rren t but th e re  e x i s t s  a c o n f l i c t  w ith  a h ig h e r

p r io r i t y  pending r e q u est (w hich r e c e iv e d  an OK v o t e ) .

A c o n f l i c t  betw een Ti and Tj corresp on d  to  (B V 's )i  П (U V 's)j^ 0 .

I f  a m a jo r ity  con sen su s i s  o b ta in ed  on PASS v o te s  th e  r e q u e s t  

i s  g lo b a l ly  r e j e c t e d .

D ( d e fe r ) :  d e fe r  v o t in g  when:

-  e i t h e r  each  BV i s  c u r r en t b ut th e r e  e x i s t s  a c o n f l i c t  w ith  a 

lo w e r -p r o r ity  pending r e q u e s t .
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-  or  request-B V  tim e-stam p s are  more cu rren t than the lo c a l  

o n es which are o b s o le t e  (a  p r e v io u s  update was n o t y e t  

p er fo rm ed ).

T h is  ca se  corresp on d s to  th e  weak in t e g r i t y  f e a t u r e .

T hese d e fer r e d  r e q u e s t  are queued ( in  Q ).

5 .2  THOMAS' PROTOCOL FORMALIZATION

A c o n t r o l l e r  i s  fo rm a liz e d  by an ADT named SYNC whose s ig n a tu r e  i s  

in d ic a te d  in  th e  fo llo w in g  f ig u r e .

OBJECT OPERATORS COMMENTS

Global e n t i t y  (GE) PREPAREG (M, GES); 

SETG (M, GES);

UNSETG (GES);

ID (GES);

M : M essages

GES: G lobal e n t i t y  
s t a t e

ID: I d e n t i t y  o p e r a to r

F ig . 2 .

SYNC S ig n a tu r e
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OBJECTS OPERATORS COMMENTS

M essage (M) TRANSMIT (M, PR.DBMPL, I , J ) ; DBMPL: L i s t  o f  c o n tr o l­
l e r s  which v o ted

MG (EXTREQ, UPD, 
REJ)

BROADCAST (M, PR, LIST); I J :  co u n te rs  
LIST: i d e n t i f i c a t io n  o f  
r e c e iv in g  c o n t r o l le r s  
(may be "ALL")

RECEIVE (M,PR,DBMPL,I,J, 
GES, PR);

GES,PR: lo c a l  parame­
t e r s
PR: p r io r i t y

WAIT (M ,PR); we in d ic a t e  the para­
m eters o f  im portance in  
a m essage tr a n sm iss io n /  
r e c e p t io n

Copy s ta t u s  (CS) 

CS (STB.USTB)

ID (CS)

G lobal R equest 
S ta tu s  (GRS) ID(GRS) A : none

GRSG(A,P,A,R) P : pending  

A : a ccep ted  

R : r e je c te d

L ocal R equest 
S ta tu s  (LRS)

LRSG (OK,D,PS,RJ)

ID (LRS) OK : OK v o te  

D : d e fe r r e d  

PS : pass  

RJ : r e je c te d

L ocal e n t i t y  (LE) PREPAREL (LE); SETL (LE); 
UNSETL (LE);

TRANSACTION (T) PROCESS (T)

F i g . 3 .

S ig n a tu r es  o f  o th er  in v o lv e d  ty p es
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Other b a s i c  o p era tors u se d  in  the s p e c i f i c a t io n s  are  th o se  a tta ch ed  to

-  INT, BOOL, l ik e  TEST ( A ,B ) : = IF A = В THEN TRUE ELSE FALSE

SUP ( A ,B ) : = IF A > В THEN TRUE ELSE FALSE

-  LIST (L) l ik e  APPEND ( i , L ) , . . .

-  QUEUE (Q) l ik e  ENQ,DEQ,EMPTY?,. . .

A g lo b a l e n t i t y  s t a t e  (GES) i s  a 3 - tu p le  CCS, GRS, LRS> which may tak e  

4 b a s ic  form s:

(STB,A, - ) ,  (S T B ,P ,- ) ,  (ST B ,R ,-)> (U ST B .A ,-) 

where " -  " r e p r e s e n ts  a n o n - s p e c if ie d  lo c a l  param eter (OK,RJ,D, or P S ).

The s p e c i f i c a t io n s  o f  SYNC fo r  THOMAS' p r o to c o l are g iv e n  in  Annex 1. 

P a r a lle l is m

We want to  exp ress th e  p a r a l le l i s m  betw een two p a r t ic ip a t in g  c o n t­

r o l l e r s  nam ely SYNCi and SYNCj ; p a r a l le l i s m  betw een c o n t r o l l e r s  i  and j 

w i l l  be d e p ic te d  by a E-homomorphism betw een SYNCi and SYNCj.

In ord er to  do so we in tr o d u c e  the fo l lo w in g  morphism ф a s s o c ia te d  

w ith  sy n c h r o n iz a t io n  m essages which d e f in e s  a corresp on d an ce between rem ote  

g lo b a l s t a t e s :
#•

(STB ,Л , - ) --------- фЕПОПе -̂---------K S T B .A ,-)

( s t b , p , - ) ----------^ lJ x-TREQ J------ ->(s t b , p , - )

(USTB ,A , - ) -------- i£[UPDj------------t>(USTB,A,~)

A s se r tio n  1 : In  an environm ent w ith ou t con cu rren cy  c o n f l i c t s ,  the p r o to c o l  

en su res weak m utual c o n s is t e n c y

The v e r i f i c a t i o n  o f  theorem  2 i s  s tr a ig h t - fo r w a r d  w ith  (ST B ,A ,-) = F 

and (USTB,A,-) = U. As a m a tte r  o f  f a c t  we g e t  the fo l lo w in g  diagram com­

m utations (a tta c h e d  to a g iv e n  tr a n sa c t io n )  by making u se  o f  the E -a lg eb ra s  

e q u a t io n s .
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NOTE: We r e p r e se n t  th e  th ree  ty p e s  o f  c o n t r o l l e r s  which may e x i s t  in  the  

d is t r ib u t e d  sy stem .

i t h

C o n t r o l l e r  
which v o ted  
w ith o u t o b t a i ­
n in g  th e  con -  
sen su s>

j t h

C o n t r o l l e r  
where the  
con sen su s i s  
obtain ed >

kth

(STB,At - ) - FREPAR£g > (STB,P,OK)— --> { (S T B ,A ,- )}  ^ ^ (USTB.A,-)

Ф (p(EXTREQ)

(MJ

cp(UPD)

(S T B ,A ,-)- -  — -  »(STB;p ,OK) ГеасЬе^Ь тВ ,А ,О К )} SET£ (USTB,A,-)

(p(UPD)

( S T B ,A ,- ) ----------------- (S- -) ( (S T B ,A ,-)}  SET(k uSTB,A,-)

C o n t r o l l e r  
which d id  n ot  
vote>

n o ta t io n :  [M] : r e c e p t io n  o f  m essage M

In th e  fo llo w in g  diagram s, we s h a l l  n o t r e p r e se n t  the in te r m e d ia te  

s t a t e s  (betw een { } )  to  a l l e v i a t e  the r e p r e s e n t a t io n s .

NOTE: I f  we in te g r a t e  in t e r n a l - i n t e g r i t y  v i o la t io n  in  t h is  scheme we g e t  the  

fo llo w in g  com m utation which en su res  th a t  th e  f in a l  g lo b a l  s t a t e  ( a v a i la b le  

fo r  r e t r ie v a l /u p d a t e )  i s  id e n t ic a l  to  th e  i n i t i a l  one.

We in tro d u ce  the fo l lo w in g  morphism (S T B ,R ,-) cp(REJ)
X S T B .R ,- )
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Ф

i t h  (ST B ,Л,-У
( c o n tr o l le r  
w hich  voted  
OK; the con­
sen su s  i s  not  
reach ed )

PREPAREG (STB p t0K)^ EÇT_ (STOtR>_ ) .,ÜHSE_TG. _ (STB>At_ )

j t h (S T B .A ,-)
( c o n tr o l le r  
w hich voted  
REJ)

[EXTREQ]

ф[ЕХТКЕ()]

* ( S T B ,P , - )

BV
v i o l a t i o n

Ф (REJ)

4STB,R,R J)
UNSETG -►(STB,A,-)

k th  (S T B ,A ,-)  n o ta t io n  [m] : r e c e p t io n  o f  m essage M
( c o n tr o l le r
w hich did
n o t  vo te)

No SETG h a s  been perform ed; t h e r e f o r e ,  th e  f in a l  s t a t e s  corresp on d  to  

th e  i n i t i a l  o n e s  (b e fo r e  th e  sy n c h r o n iz a t io n  s e s s i o n ) .  The m utual c o n s is ­

ten cy  i s  th en  v e r i f i e d .

A sse r tio n  2:

The p r o to co l e n su r e s  weak m utual c o n s is t e n c y  when th ere  i s  a f i n i t e  s e t  o f  

con current c o n f l i c t i n g  t r a n s a c t io n s  

P roof :

The p r o o f  o f  t h is  a s s e r t io n  may be reduced  to  two co n cu rren t tr a n sa c ­

t io n  Ti and Tj (w ith  PRi > PRj) s in c e  th e r e  i s  a t o t a l  o r d e r in g  o f  tr a n sa c ­

t io n s  .

Two m ajor c a se s  may occu r  depending on the f a c t  th a t:

( i )  The low er p r i o r i t y  t r a n s a c t io n  (T j) g e ts  the m a jo r ity  con sen su s  

on OK b efo re  T i .

( i i )  Tj g e t s  the m a jo r ity  con sen su s on PASS v o te s  and i s  r e j e c t e d .

We w i l l  u se  the in d ic e s  i  and j fo r  ф to  in d ic a te  the b e lo n g in g  o f  a 

correspond en ce to  the i t h  or j th  s e s s io n .  In  ANNEX 2 F igu re  4 ( r e j e c t io n  o f  T 

and F igure 5 ( r e j e c t io n  o f  Tj) d e p ic t  th e  m ost g e n e r a l s i t u a t io n s  w hich can 

a r is e  and show the weak m utual c o n s is t e n c y .
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6 - CONCLUSI ON

The d if f e r e n c e  betw een t h is  model and the o th e r s  are a r e f l e c t i o n  o f  

d i f f e r e n t  g o a ls ;  our model i s  an a ttem pt to  p r o v id e :

( i )  a m in im iz a tio n  o f  th e  p r im it iv e  c o n c e p ts :  a framework f o r  p r o to ­

c o l u n ifo r m iz a t io n /a b s tr a c t io n  le a d in g  to  th e  concept o f  

sy n c h r o n iz a t io n -p r o to c o l tran sp aren cy  ( t h i s  in tro d u ces  a new 

degree o f  tran sp aren cy  to  the fo u r  ty p es  o f  tran sp aren cy  p r e sen ­

ted  in  (TRA I79). W hatever the sy n c h r o n iz a t io n  p r o to co l i s ,  we 

p o in ted  ou t th r ee  g e n e r ic  p r im it iv e  o p e r a to r s  which r e p r e s e n t  

the on ly  know ledge o f  the in n er  and o u te r  la y e r s  where th e  pro­

to c o l  i s  u sed ; the op era to r  sem a n tics  (d ep en d in g  on th e  p r o to c o l)  

i s  hidden and can be sw itch ed  a cco rd in g  to  th e  s u i t a b i l i t y  (s tr o n g  

or weak-m utual i n t e g r i t y , . . . )  o f  the ch osen  p r o to c o l.

( i i )  a way to  e x p r e ss  sy n c h r o n iz a t io n  p r o to c o ls  c l e a r ly  such th a t  the  

e f f e c t s  o f  f a i l u r e s  are fo rm a lly  s p e c i f i e d  (POPE79).

( i i i )  a b a s is  from which SIMPLE ( v i s u a l i s a b l e )  and RIGOROUS p r o o fs  o f  

c o r r e c tn e s s  can be in fe r r e d .

( i v )  a g lo b a l a r c h it e c t u r e  fo r  a d is tr ib u t e d -d a t a - b a s e  i n t e g r i t y  

system ; a s y n c h r o n iz a t io n  p r o to c o l corresp on d s to  a fu n c t io n a l  

la y e r  w ith  a c le a r  mapping to  a lo c a l  DBMS and to  an END-to-END 

com m unication p r o t o c o l .

The form alism  i s  e x te n d a b le  to  the f u n c t io n a l - la y e r  s p e c i f i c a t io n  

o f  a data-base-m anagem ent system  (m odels and m an ip u la tion  la n ­

guages) and a com puter network ( e n t i t i e s  and p r o t o c o ls ) ;  our 

form alism  i s  n o t c o n s tr a in e d  to  sy n c h r o n iz a t io n  p r o to c o ls .

This r e p r e s e n ts  a s a l i e n t  fe a tu r e  o f  the ADT-based approach.

(v )  the e x p r e ss io n  o f  b a s ic  i n t e g r i t y  c o n c e p ts  (m utual in t e g r i t y  

theorem s; s e r i a l i z a t i o n ;  a t o m i c i t y , . . . ) .



94

Those p o in t s  are not ad d resed  in  th e  o th er  e x i s t in g  p ro p o sa l made by 

ELLIS (E L L l77-b) ; ELLIS p ro p o ses  a form alism  based on L-SYSTEM fo r  h is  

p r o to co l ( in  a f a i l - s a f e  environm ent o n ly ) ;  the s p e c i f i c a t io n s  are v i s u a l -  

iz a b le  and s im p le ;  however th e  p r o o fs  are  very  com plex and dependent on the  

s i z e  o f  the netw ork (sm a ll p r e f e r a b ly ) .

There i s  an o th er  p r o p o sa l made by WILMS (WILM79-a) w ith  a form alism  

based on NUTT's networks b u t o n ly  con cern ed  w ith  the s p e c i f i c a t io n  a s p e c t .  

This a r t i c l e  p r e s e n ts  a new a p p l ic a t io n  o f  a b s tr a c t  d a ta  ty p e s ;  i t  aims a t  

d em on stra tin g  th a t  the ADT c o n cep t can be a p p lied  w ith  a good p r o f i t  to  a 

t y p ic a l  d is t r ib u t e d -d a t a - b a s e  problem .
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ANNEX 1

OBJECT

SORTS

OPS

VARS

SPECS

<EXTREQ

RECEIVE

S p e c i f i c a t i o n s  o f  THOMAS* p r o t o c o l  in  an OBJ- c l o s e  language

SYNC ( i t h  C o n t r o l l e r )

GES,LE,INT,BOOL,T,M, PR,LIST,QUEUE,GRS,LRS,CS

PREPAREG
SETG
UNSETG
ID

II X GES------------ i> GES
M X GES------------>GES
GES------------------- VGES
GES--------------------> GES

PR : INT < p r i o r i t y  (P R ,i)  w i l l  be n oted  Pi>  

i  : INT < c o n t r o l l e r  number>

STB: CS ; USTB : CS ;

P : GRS;A : GRS; R : GRS; : GRS;

OK : LRS;D : LRS; PS : LRS; RJ : LRS;

EXTREQ : M < the EXTREQ i s  b u i l t  by the  AP w ith  th e  BVTS

message>

UPD : M < the updata message i s  b r o a d c a s te d  to  each DBMP>

REJ : M < the REJECTION message>

We do n o t  c o n s id e r  the  m essages exchanged w ith  the AP 

PS# : INT Ccounter o f  pass  v o te s>

OK# : INT <counter  o f  Ok v o te s>

MJ : INT < m ajor ity  number>

DMPL : LIST < l i s t  o f  DBMPs which voted >

Q : QUEUE <queue o f  d e fer r e d  c o n f l i c t i n g  r e q u e s ts>

r e ce p t io n >

(EXTREQ, PRk, DBMPL, PS # ,  OK#,; (S T B ,A ,- ) , - ) :=ID(GRS)=P;ID(GES) = (S T B ,P ,-)

IF <curren t  base v a r ia b le s >

THEN PREPAREG( (EXTREQ, PRk, PS#,OK#), (STB, P , - ) ) ;

ELSE BROADCAST (REJ,PRk,DBMPL) ;

ID(LRS)=RJ; ID(GRS)=R; ID(GES)=(STB,R,RJ); 

UNSETG (REJ,PRk; (ST B ,R ,R J));
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RECEIVE (EXTREQ, PRk, DBMPL, P S / , ОК/; (S T B ,P ,-)  ,PRj) :=ID(GRS)=P;ID(GES) = (S T B ,P ,-)  ; 

IF < c u r r e n t  base v a r ia b le s >

THEN IF < c o n f l i c t i n g  updates>; < (B V 's)k  П ( U V 's ) j /0 >

THEN IF SUP (PRk,PRj) = TRUE

THEN ID(LRS) = D; ID(GES) = (STB,P,D);

ENQ (Q, (EXTREQ,PRk));

TRANSMIT (EXTREQ,PRk,DBMPL,PS/,OK/) ; WAIT (EXTREQyUPDyREJ,PRk);

ELSE IF TEST (PRk,PRj) = TRUE r e v o te

THEN PREPAREG ( (ESTREQ,PRk,-,OK/) , (STB,P , - )  ) ;

ELSE ID(LRS) = PS; INCR(PS/); APPEND (i,DBMPL);

IF TEST (PS/,M J) = TRUE

THEN ID(GRS) = R; ID(GES) = (STB,R,PS);

BROADCAST (REJ,PRk,DBMPL);

UNSETG ( (EXTREQ,PRk), (ST B ,R ,P S));

ELSE TRANSMIT (EXTREQ,PR,DBMPL, P S / ,O K /) ,

ENQ(Q,(EXTREQ,PRk)); WAIT (UPDvREJ,PRk);

ELSE PREPAREG((EXTREQ,PRk,PS/,OK/), ( S T B ,P , - ) ) ;

ELSE ID (LRS) = RJ; ID(GRS) = R; ID(GES) = (S T B ,R ,R j) ;

BROADCAST (REJ, PRk, DBMPL);

UNSETG ((EXTREQ, PRk), (STB, R ,R J));

RECEIVE (EXTREQ,PRk,DBMPL,PS/,OK/); (STBvUSTAB.A,-),PRJ):=ID(LRS)=RJ;

ID(GES)=(STBvUST,R,-) ID(GRS)=R;

BROADCAST (REJ,PRk,DBMPL) ;

UNSETG((EXTREQ,PRk); (STBvUSTB,R,RJ)) ;

<UPD r e c e p t io n >

RECEIVE ( U P D , P R k , ( S T B , A v P , - ) , P R j ) : =

IF TEST (GRS,A) = TRUE

THEN PREPAREL(LE) ; <the DBMP d id  n o t  p a r t i c i p a t e  in  the v o t in g >  

ELSE (DEQ(Q,(EXTREQ,PRk)); IF T est  (PRj, PRk)=FALSE THEN (ID(GRS)=R;

UNSETG( (EXTREQ, PRj) , ( STB, R, - ) ) ) ;



ID (GRS) = A; ID(GES) = (S T B ,A ,- );

SETG(UPD,(STB,A,-)) ;)

LOOP WHILE EMPTY ? (Q) = FALSE

DEQ (Q, (EXTREQ,PRi) ) ; ID(GRS)=R; ID(GES) = (STB,R,’~) ;

UNSETG( (EXTREQ,PRi) , ( S T B ,R , - ) ) ; < a l l  c o n f l i c t i n g  t r a n s a c t io n s
are r e je c te d >

ENDLOOP

<REJ r e c e p t io n >

RECEIVE ( R E J , P R k , ( S T B , P , - ) , P R k )  : =

ID(GRS) = R; ID(GES) = ( S T B ,R , - ) ;

UNSETG (R E J,PR k;(STB,R ,-)) ;

IF EMPTY? (Q) = FALSE

THEN WAIT (EXTREQ,PRj) ;  < fo r  r ev o te>

<This s e t  o f  o p e r a t io n s  w i l l  be r e fe r r e d  in  the diagrams as  

REJECT>

PREPAREG( (EXTREQ,PRk,PS?4, ОК?£) , ( S T B ,P , - ) ) :=INCR(OK?í) ;ID(LRS)=OK;APPEND(i,DBMPL)

ID(GRS) = P; PREPAREL(LE);

IF TEST (OK?4, Mi) = TRUE

THEN ID(GRS) = A; ID(GES) = (STB,A,OK);

BROADCAST(UPD,PRk,ALL);

SETG (UPD,PRk;(STB,A,OK)) ;

ELSE TRANSMIT (EXTREQ, PRk, DBMPL, PS?4, OK?4) ;

ENQ(Q,(EXTREQ,PRk); WAIT (UPDvREJ,PRk);

SETG(UPD,PRk,(STB,-,-):= SETL(LE<PROCESS(T), . . . > ;  ID(CS)=USTB; ID(GRS)=A;

ID(GES) = (U S T B ,A ,-);

UNSETG( - , - , ; (U ST B,A ,-)) ;

UNSETG(,- , - ; ( - , - ) )  : = UNSETL(LE); ID(CS) = STB; ID(GRS)=A; ID(GES)=(STB,A, - ) ;
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TCEJBO

N otes:  ( i )  r e c e iv e d  m essages  are ign ored  in  o th e r  c o n f ig u r a t io n s

( i n  f a c t  th ey  c o u ld  be t r e a t e d  l i k e  e r r o r  c o n d i t io n s )

( i i )  We do not c o n s id e r  l o c a l  t e s t s  made on c u r r e n t  BVs b e fo r e  

l o c a l  update i s  perform ed; th e se  t e s t s  are  r e la t e d  to  

r o b u s t n e s s .

( i i i )  BROADCAST i s  h e r e  e q u iv a le n t  to  TRANSMIT [ ( n - i )  m essages]  

The REj m essage i s  b road casted  to  the DBMP's which v o ted  

(whose i d e n t i f i c a t i o n  i s  in  DBMPL) w h ile  the  UPD message  

i s  broadcasted  to  ev ery  concerned DBMP.



Note : [Mi] : m essage a t ta c h e d  to  t r a n s a c t io n  Ti

j*"*1 ( c o n t r o l l e r  
which v o ted  
OK on Tj (OKj) 
w ith o u t  o b ta in ­
in g  the consen­
sus

к1"'1 ( c o n t r o l l e r  
which v o te d  OK 
on Tj w ith ou t  
o b ta in in g  the  
con sen su s  and 
r e c e iv e d  
EXTREQ (T j))

1 ( c o n t r o l l e r  
which v o ted  OK 
on Tj and 
obt a i n s t  the  
con sen su s)

n ^  ( c o n tr o l  1er  
which v o ted  OK 
on Ti (OKi) and 
r e c e iv e d  
EXTREQ(Tj))

nt 1̂( c o n t r o l l e r  
which d id  not  
v o te  y e t )

(STB ,A ,-)  ™ pAg g g i *(STB,P,OKj) SETGj y(USTB,A,j) Ш5ЕТ^  »(STB ,A ,-)

F i g . 4 .  Diagram commutations c o rresp o n d in g  to  the c a s e s  where T.
g e t s  a m a jo r ity  c on sen su s  on OKj ( v o te s  OK a s s c i a t e d  J 
w ith  Tj)

Note : Ti i s  r e j e c t e d  when 
Tj i s  accep ted

ANNEX 
2; 

A
n

alysis 
of 

com
m

utations 
for 

THOM
AS' 

p
rotocol 

in
 a con

cu
rren

cy 
co

n
flict 

environm
ent



STB, P, D i ) . . . ( О

j t h ( c o n t r o l l e r  which  
v o te d  OK in  Tj (OKj) 
w ith o u t  o b ta in in g  
the  con sen su s  and 
r e c e iv e d  EXTREQi) ( S U M , - )  PREPAREGj -

k t h ( c o n t r o l l e r )  
which v o ted  
OK on Ti (OKi) 
and r e c e iv e d  
EXTREQi)

1 t h ( c o n t r o l l e r )  
which vo ted  
OK on Ti (OKi) and 
r e c e iv e d  EXTREQj 
w ith  a consensus  
on PASS v o t e s )

mth ( c o n t r o l l e r  
which v o ted  OK on 
Ti (OKi))

[EXTREQi]

-X  STB, p  ̂OKj ) REJE(:Tj---- K ST B ,R ,-)- UNSETGj

«0 Ф1
(STB ,P ,PSj) REJECTj---- >(STB,R,-)----- Ш5ЕТС^

[EXTREQj]

(STB,A,-)'~J£8SE£££Si*XSTB,P,0Ki) . . .  (1 ) <PJ

Ф1

Ф
n t h ( c o n t r o l 1er  
which d id  not v o te  (STB, Л, - ) . . . ( 1 )  
y e t

-*(ST B,A ,j)  

->(STB,A, j )

(ST B ,P ,P Sj)-  PS -̂--- ^ —>(STB,R,Rj) — SETGJ--------- >(STB ,A ,j)

Notes : (1) As soon as m a jo r i ty  con sen su s  i s  o b ta in ed  on OK v o t e s  f o r  T i ,  we s h a l l  g e t  the  
same diagram commutations as in  the a s s e r t i o n  1.

(2) Here we in trod u ced  the morphism: ( S T B ,R , - ) - ^ i ^ iL - ( S T B ,R , - )  corresp on d in g  to  the  
REJ m essage .

F igure  5 .  Diagram commutations c o rresp o n d in g  to  the  c a se  where Tj g e t s  a m a jo r i ty  consensus  
on PSj (Pass v o t e s  a s s o c i a t e d  w ith  Tj ) .
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összefoglalás

Az irodalom kiteijedten foglalkozik osztott adatbázisok szinkronizációs problémáival 

és sok szinkronizációs protokolt terveztek már. A cikkben absztrakt adattípusokon (algeb­

rai módszeren) alapuló formális megközelítést mutatunk be és kidolgozunk egy egységes 

módszert a szinkronizációs protokolok leírására és ellenőrzésére. Az eredményeinket egy 

alapvető protokolon mutatjuk be, amely a megoldások egy széles osztályát reprezentálja.

Р Е З Ю М Е

Ф о р м а л ь н о е  о п и с а н и е  с и н х р о н и з а ц и и  р а з д е л ь н ы х  б а з  д а н н ы х

В л и т е р а т у р е  обш ирн о и з л а г а ю т с я  с и н х р о н и з а ц и о н н ы е  з а д а ч и  

р а з д е л е н н ы х  б а з  д а н н ы х .  М н о г о ч и с л е н н ы е  п р о т о к о л ы  были п р о е к т и ­

р о в а н ы . В н а с т о я щ е й  р а б о т е  п р е д л а г а е т с я  формальны й п о д х о д ,  

о с н о в а н н ы й  на  а б с т р а к т н ы х  т и п а х  д а н н ы х  / н а  а л г е б р а и ч е с к о м  м е ­

т о д е /  и р а з р а б а т ы в а е т с я  едины й м е т о д  д л я  о п и с а н и я  и п р о в е р к и  

с и н х р о н и з а ц и о н н ы х  п р о т о к о л о в .  Р е з у л ь т а т ы  и л л ю с т р и р у ю т с я  о с н о в ­

ным п р о т о к о л о м ,  п р е д с т а в л я ю щ и м  ш ирокий к л а с с  р е ш е н и й .
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