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An Improved Multi-Version Scheme For $ontrolling - - a 

Concurrent ~cce~ses -- To A Database: System 

, Abstract 

/' 

In many database system applications user transactions . ,  

access the database concurrently. Since the operations of these 

transact ionT may ifit FrlS5ve in any o?&r--t&efe mSt 6e-sceekihh& 

of coordination to ensure database consistency. This thesis 

introduces B new scheme for controlling concurrent accesses to a' 

database sys tem. "Read" operations are always granted and each 
/ 

"read" operation returns an appropriate version without causing 

inconsistency. A "write" operation creates an appropriate version 
- 

provided it does not cause-inconsistency. An efficient algorittnn 

for selecting the appropriate version is also introduced. 

Unlike previously introduced schemes, a "wri$e" operation 

h .  
may be allowed to create an "earlier" version. It is %lso shown 

how this new concept will enlarge the set of executions to be 

accepted by this scheme. A simple solution is proposed for the 

cyclic restart problem. 
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1.1 'Concurrency contr 'bl - and consistency probl& - . 
, '*, 

e I - .  
6 I? 

A dattabase i s  s a i d  t o  be i n  a  cons i s t en t  s t a t e  i f  a l l  t he  
";_ , ' 

'dat8. ob jec t s  s a t i s f y  a Y s e t  of e s t ab l i shed  a i s e r t i o n s  o r  i n r e g r i t +  . 
< 

eons t r a i n t s .  A database sub jec t  t o  ' m u l t i p l e  accesses r equ i res  . . 
access t o  i t  be properly cpordinated i n  order  t o - p r e s e r v e  

- *  - - -- - - - -- - - - 

# f 

cons,istgncy. * 

In  many database system app l i ca t ions  i t  i s  d e s i r a b l e  t h a t  

the  database system be shared by a s e t  of user  t ransa,ct ions.  In 

such a system s t e p s  of t r ansac t ions  may occur i n  any in te r l eaved  

o rde r .  - - 

a 

0 

3 

Even i f  each t r ansac t ion  i s  c o r r e c t  i n  the  sense t h a t  i t  , 

preserves the consistency of the  database vhen executed by 

i t s e l f ,  t he  concurrent execution of co r rec t  t r ansac t ions  i n  an 

in ter leaved order  may transform the  database from a cons i s t en t  

s t a t e  i n t o  an incons i s t en t  s t a t e .  '1 



' I  

- - -- L - .- -- 

I 

-Example 1 (Lo& update) L. 
,--  

6 

Suppose w e .  have two t ransact ions  Tl-and T2 accessing the  
n t 

same ds& object  X, incrementing,X by 1 a n d  wri t ing .  the? new 
I? - 

value cd X. In the  labsence of' Eoncurrency con t ro l ,  these  two 

t ransact ions  may in te r l eave .  i n  an un&&table ' h e r ,  s o  t h a t  <he 
e 

* $  
2 

ne t  e f f e c t  i s  incor rec t  as+s&wn i n  f igure  1. .(Note t h a t  R l ( X X -  
*I t 

means a read request  from* t ransact ion T1 f o r  the  d a t a  i t e m  X. I 

! 
3 . 

J ?. 

- -dZ~&%ary-  W l ( X ) - r a e a f ~ s - a = = = & e  reqtxe-se-f-rtm eran-os=!F&:fa++he ------- - - - --- 
daga item X ) . f  L 



e 

that the init ial .value of X=5. Then the f inal  value Suppose 
t 

the datadase ref lects  only one of the bm updates. 

1. Concurrent execution of T1 and T2 Figure 



0 

S e r i a l i z a b i l i t y  s t i l l  remains t h e  most popular approach f o r  

a r e  intended t o  be ensuring database consistency. Databases 

f a i t h f u l  models of some p a r t s  of the  i e a l  world and the user  * 6 

t r ansac t ions  represent  instantaneous>changes i n  t h e  world. Since $ ,  - 

t h e  user  t ransact ions  may i n t e r l e a v e  i n  any o rder ,  t h e  only 

acceptable  in te r l eav ings  a r e  those t h a t  a r e  "equivalent" t o  some 

sequent ia l  execution of these  t rarkact ions .  
~- -- - -- -- -- - - -  - -  ~- - - ~  - ~ ~ - 

> It i s  the '  t a s k  o f  the  concurrency con t ro l  scheme ' t o  

safeguard the database consistency by properly grant ing o r  

r e jec t ing  requests.  A 

I 

Concurrency con t ro l  h a s  been ac-tively h v e s t i g a t e d  f o r  t h e  

pas t  severa l  years  and severa l  schemes have been proposed. These. 

schemes can be broadly c l a s s i f i e d  i n t o  two c lasses .  The f i r s t  

c l a s s  *contains a l l  t h e  s i n g l e  vers ion schemes while the  second 

c l a s s  y n t a i n s  a l l  the  multi-version schemes. 
* 

- , 

I n  t h i s  t h e s i s  we  introduce a new multi-version scheme, o r  a 

new memben i n  t h e  second c lass .  
----A 
-4 

The - i d e a  of using mul t ip le  vers ions  of 'data items i n  a 

database system was f i r s t  formalized by Stearns,  e t  a l .  

[STEA-761. In t h e i r  model a t r ansac t ion  - T i  must read a da ta  it,= 

i n  order t o  update it. 
4 



Bayer, e t  a l .  [BAYE-801 and Kessels [KESS-801 took o t i c e  of P, 
the  f a c t  t h a t  most database systems maintain two vers ions ,  t h e  

old and the  new vers ions ,  of each ob jec t  f o r  recovery.reasons 

% 

while a t r ansac t ion  i s  modifying it. In  t h e  concurrency con t ro l  

scheme of [BAYE-801, a ,read operaBion reads e i t h e r  the  o ld  o r  the  

new vers ion ,  depending on t h e  s t a t e  of the  ob jec t  w i t  P-respect-to 
updating. This c l e a r l y  inc reases  oncurrency. 

f? 
... 

Reed [REED-791 h a s - a l s o  proposed a multi-version concurrency 

con t ro l  scheme f o r  d i s t r i b u t e d  database . systems based on( 
i 

Y 
4 

timestamping. 

-- 
.+ 

In  dectio-n 2 ,  we desc r ibe  t h e  database system model used i n  
2 .  . - -~ * 

t h i s  thesis .-  It f s  s i m i i a r  t o  the  model used by Muro, e t  a l .  
/' 

[MURO-81, MUROT82], but  w e  may a l h y - a  w r i t e  opera t ion  t o  c r e a t e  

an e a r l i e r  version. 

In  sec t ion  3 ,  we in t roduce  two important graphs, the  - flow 

graph and the  a c t i v e  flow graph. The l a t t e r  i s  used i n  def in ing 

multi-version equivalence of two executions. 

In  s e c t i o n  4 ,  we in t roduce  a useful  t o o l  c a l l e d  the  

dependency graph [ESWA-761 used f o r  recognizing the  IMVSR - 
- - - - - - - -- - - - - - 

executions. W e  a l s o  show how the new concept of allowing a w r i t e B  

- 

opera t ion  to c r e a t e  an e a r l i e r  v e r s i ~ n . ( ~ r o v i d e d  i t  does not  

cause incongistency) enlarges  t h e q  f ixpo in t  set ( s e t  of a l l  

executions accepted by t h e  scheduler a ~ t h o u t  abort ing o r  delaying 
< 

C - 



any opera t ion)  of t h e  ZMVSR-scheduler without increas ing 

overhead . .? ;- 

In  s e c t i o n  -5, we desc r ibe  the  new concurrency c o n t r o l  

algorithm (IMVSR-scheduler). In t h i s  sec t ion  we show how the  

scheduler  processes read and w r i t e  operat ions.  

In sec t ion  6 ,  we expla in  - t h e  "cycl ic  r e s t a r t  problem" 

[STEA-761 and introd&& a simple so lu t ion  t o  t h i s  problem. 



< I  * 

' The main c o n t r i b u t i o n s  of t h i s  t h e s i s  a r e .  

.I- In t roducing  a  

concurren t  accesses  
. > 

I 
new mul t i -vers ion  scheme f o r  c o d t r o ~ l i n ~  

t o  a da tabase  system. 
1 

2- Proving t h a t  read r e q u e s t s  can always be  granted .  

3- Devising ,an e ' f f i c i e n t  a lgor i thm f o r  s e l e c t i n g , t h e  a p p r o p r i a t e  

b 

v e r s i o n  t o  Ee read o r  t o  be c rea t ed .  

4- Proving t h a t  t h e  f i x p o i n t  s e t  of ou r  scheme con ta ins  t h e  

f i x p o i n t  s e t s  of p rev ious ly  in t rodu led  mult i -version schemes 
s ', 

[STEA-76, REED-79, MURO-81, MURO-82, PAPA-821. 

5- Proposing a  simple s o l u t i o n  f o r  t h e  "cyc l i c  r e s t a r t  problem". 



2. Database system model and execut ion  -- 
2.1 Database system model 

Our database system model c o n s i s t s  of a  s e t  E of d a t a  items, ---- 
a s e t  of t r a n s a c t i o n s  T={Tl,T2,. . . ,Tn),  and a  scheduler .  

b .. 
, ..: 

L-- , . -7 

We cons ider  a  t r a n s a c t i o n  a s  a  sequence of s t eps .  Each s t e p  

i s  e i t h e r  read(X) o r  wr i t e (X) ,  where X i s  a  d a t a  i tem i n  E. A . 
d 

read ope ra t ion  Ri(X) by a  t r a n s g c t i o n  Ti r e t u r n s  an appropr i a t e  

ve r s ion  of X. A w r i t e  ope ra t ion  Wi(X) by a  t r a n s a c t i o n  Ti c r e a t e s  

a  new ve r s ion  of X. Each d a t a  i t q a  i s  accessed by a t  most one 

read and one w r i t e  o p e r a t i o n , o f  each t r ansac t ion .  

For each d a t a  item X,  we main ta in  mul t ip l e  ve r s ions  of X, 

each of 'which corresponds t o  a  w r i t e  operatiori. Associated wi th  
4 \ 

each ve r s ion  of X i s  a v e r s i o n  number w h i c h ~ r e p r e s e n t s  a  proper  

J'~ 

o r d e r  f o r  t h i s  ve r s ion  among t h e  o t h e r  v e r s i o n s  of X which 

a l r eady  e x i s t  i n  t h e  system. For each d a t a  item X, i t s  i n i t i a l  

va lue  i s  def ined  t o  be XO (ve r s ion  0 of X). Assuming we had n  
- /' 

v e r s i o n s  of X (XO,Xl, . . . . ,Xn-  11, when t h e  scheduler  received a  , -  
I 

read reques t  f o r  X, R i ( X ) ,  t h e  scheduler  would a s s i g n  an 

appropr i a t e  v e r s i o n  of X t o  t h e  read reques t  ( n o t  n e c e s s a r i l y  t h e  

- l a t e s t  ve r s ion  Xn-1) . 
, + 

4 

If t h e  scheduler  r ece ives  a  w r i t e  opera t ion  , Wi(X), a  new 

v e r s i o n  w i l l  be c r ea t ed  ( t h i s  ve r s ion  w i l l  be assigned a  number 



no t  n e c e s s a r i l y  l a r g e r  than  o t h e r  numbers ass igned  t o  t h e  
.~- - 
'E 

v e r s i o n s  c r ea t ed  be fo re ) .  When a  t r a n s a c t i o n  Ti  c r e a t e s  a  v e r s i o n  

o f 7  X and t r a n s a c t i o n  Tj reads t h i s  ve r s ion  we say  t h a t  

*ransacti&*. T j  reads X from ~ i :  When a t ransackion  Tj  reads a  

d a t a  i tem from a  t r a n s a c t i o n  Ti then  t r a n s a c t i o n  Tj  i s  s a i d  t o  be 

s t r o n g l y  dependent on Ti. Other t r a n s a c t i o n s  which read a  d a t a  

i tem from- T j  a r e  a l s o  s t r o n g l y  dependent on Ti.  The dependency 

r e l a t i o n  among. t ransac t ions  w i l l  be s tud ied  i n  d e t a i l  i n  s e c t i o n  

A t s ansac ion  Ti i s  s a i d  t o  be a  read only  t r a n s a c t i o n  f o r  X -- 
I 

i f  i t  reads Xwi thou t  updating it. S imi l a r ly ,  i f  Ti updates  X 

without  reading i t ,  we say  t h a t  Ti i s  a  w r i t e  on ly  t r a n s a c t i o n  -- 
f o r  X. However, i f  Ti reads  and updates  X, we say  t h a t  Ti i s  a  

read-write- t r a n s a c t i o n  f o r  X. 



2.2 E x e c u t i o n  

An e x e c u t i 9  i s  a t r i p l e  e=,(O (T)  ,F1 ,F2) , where O(T) is the 

set  of o p e r a t i o n s  .of t h e  t r a n s a c t i o n s  i n  T ,  P1 i s  a m a p p i n g  from 

O (T) t o  the set of p o s i t i v e  i n t e g e r s  [1,2,3,,,- ,,. . - 3 ,  a n d  P 2  is 

a mapping from 0 (T) t o  t h e  set of n o n n e g a t i v e  real n u m b e r s .  

2.2.1 S i c r n i f  i c a n c e -  of f& e o  f u n c t i o n s  fl g@ 

T h e  f u n c t i o n  F 1  r e p r e s e n t s  a permutation cm t h e  set of 

o p e r a t i o n s  0 ( T ) .  I f  P i  ( o i )  is less t h a n  Fl (oj) w e  say t h a t  o i  

p r e c e d e s  oj. I f  t h e r e  i s  no  o p e r a t i o n  b e t w e e n  o i  a n d  o j ,  i-e,, i f  

F l  (oj) = F l  ( o i )  + I  ue say '  t h a t  oi i m m e d i a t e l v  precedes o j, 

For each  r e a d  o p e r a t i o n ,  F2 d e t e r m i n e s  the version t o  b e  

r e t u r n e d  t y  this o p e r a t i o n .  I f  P2 (R i (X)  ) = I  for  e x a m p l e ,  we s a y  

t h a t  R i ( X )  r e t u i n s  v e r s i o n  1 o f  X ,  i-e,, XI, I f  F2 ( W j  ( X ) )  - 2 ,  we 
3 

say t h a t  W j ( X )  creates v e r s i o n  2 of X. D i f f e r e n t  r e a d  o p e r a t i o n s  

w h i c h  access t h e  same d a t a  item map r e t u r n  t h e  same v e r s i o n  w h i l e  

d i f f e r e n t  write o p e r a t i o n s  a l w a y s  c r e a t e  d i f f e r e n t  v e r s i o n s ,  

I f  F 2 ( R i  ( X )  ) =F2 (W j ( X )  ) , t h e n  t r a n s a c t i o n  T i  

t r a n s a c t i o n  T j. ieads ' "On 

u r  s c h e m e ,  each read ope ratio^ a c c e s s i n g  a d a t a  item X 

a n  a p p r o p r i a t e  v e r s i o n  of X c r e a t e d  before, n o t  

n e c e s s a r i l y  t h e  l a t e s t  v e r s i o n  o f  X. T h i s  m e a n s  t h a t  



i f  F ~ ( R I ( x ) ) = F ~ ( W ~ ( X ) )  then Fl(Wj(X))<Fl(Ri(X)) # ,  

.I 
" ,  

A w r i t e  ope ra t ion  c r e a t e s  a  new ve r s ion  of X. Th i s ' ve r s ion  

w i l l  be a  s i g  ed a  number no t  n e c e s s a r i l y  l a r g e r  than  o t h e r  
d 

numbers assigned t o  t h e  ve r s ions  c r ea t ed  before.  

The way we a s s i g n  a  ve r s ion  number t o  r ep re sen t  a  v e r s i o n  

c rea t ed  by a  w r i t e  r eques t  ( o r  t o  be s e l e c t e d  by a$ read r eques t )  

depends maknly on the  r e l a t i o n  between t h e  t r a n s a c t i o n s  a s  we 
,. 

e x p l a i n  l a t e r .  



v' 
Example - 2: 

\ 

Let  e=(O(T),Fl ,F2) ,  where 

We s h a l l  a l s o  w r i t e  e  i n  a  compact form a s  fol lows.  

-- 

The o rde r  of appearance of each  ope ra t ion  r e p r e s e n t s  t h e  

func t ion  F1 and t h e  number a s soc i a t ed  wi th  each d a t a  i tem 

rep resen t s  t h e  func t ion  F2. For example, t h e  ope ra t ion  Wl(X) i s  

t h e  t h i r d  ope ra t ion  and c r e a t e s  ve r s ion  1 of X. 



v 

2.2-2 Late  ope ra t ions  

Suppose t h a t  t h e  scheduler  has  received a read ope ra t ion  
h 

from a t r a n s a c t i o n  Ti f o r  t h e  d a t a  i tem X, and suppose t h a t  t h e  

s e l e c t e d  ve r s ion  of X i s  k ,  i . e . ,  t h e  read ope ra t ion  r e t u r n s  Xk. 

Then i f  k i s  t h e  l a r g e s t  v e r s i o n  number of X, we say  t h a t  t h e  

read ope ra t ion  came i n  t ime and i f  k i s  n o t  t he  l a r g e s t  v e r s i o n  -- 
number of X we say t h a t  t h i s  read ope ra t ion  came l a t e .  

,% - 1 

Simi lary ,  i f  t h e  w r i t e  ope ra t ion  Wi(X) may c r e a t e  a  new 

, . . 
v e r s i o n  of X w i th  a  number l a r g e r  than  any ve r s ion  number c r ea t ed  

be fo re ,  we say  t h a t  t h e  m i t e  ope ra t ion  came i n  time and i f  i t  

e must c r e a t e  a  new v e r s i o n  with a  number l e s s  than  some ve r s ion  

- number c r ea t ed  before  we say  t h a t  t h e  ope ra t ion  came l a t e .  For 

example, i n  t h e  follow.ing execut ion t h e  l a s t  two ope ra t ions  Rl(Y) 

and Wl(Y) came l a t e .  

Here Y0.5 i s  a  new v e r s i o n  of Y w i t h  ve r s ion  number 0.5. 

2.2.3 A normalized execut ion  - 

, 
An execut ion  i s  sa id  t o  be normalized [MURO-811 i f  t he  

fol lowing two cond i t i ons  a r e  s a t i s f i e d  

a- I f  F l ( W i ( x ) ) < ~ l ( W j ( x ) )  then F2(Wi(X))<F2(wj(X)). 

b- If Fl(Wi(X))(Fl(Rj(X)) then F2(Wi(X))<F2(Rj(X)). - 



C o n d i t i o n  a s e a n s  t h a t  i f  Wi(X) p r e c e d e s  U j ( X )  t h e n  E l j ( X )  

- c r e a t e s  a v e r s i o n  of X w i t h  v e r s i o n  number  l a r g e r  t h a n  t h a t  , of 
1 , 

- t h e  v e r s i o n  c r e a t e d  by Y i  (X), 

\ 

1 C o n d i t i o n  b means  t h a t  e a c h  r e a d  o p e r a t i o n  Ri(X)  i n  a 

normalized e x e c i t i o n  r e t u r n s  t h e  1 a t e s . t  vgcsion c r e a t e d  b e f o r e  , 

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

I t  is n o t  d i f f i c u l t  t o  see t h a t  an  e x e c u t i o n  i n  t h e  

c o n v e n t i o n a l  * s i n  g l e - v e r s i o n "  d a t a b a s e  is a c t o a l l y  a s p e c i a l  case 
9, 

o f  a n  e x e c u t i o n  i n  t h e  m u l t i - v e r s i o n  database (we r e f e r  t o  it a s  
* 

a normalized e i e c u t i o n ) .  

F 
An e x e c u t i o n  is s a i d  t o  b e  s e r i a l  kf it is n o r m a l i z e d  a n d  

a l l  t h e .  o p e r a t i o n s  of each t r a n s a c t i o n  a p p e a r  c o n s e c u t i v e l y  

(wiwt i n t e r l e l v i n g  w i t h  t h e  o p e r a t i o n s  of t h e  o t h e r  

t r a n s a c t i o n s ) ,  F o r  e x a m p l e ,  t h e  f o l l o w i n g  e x e c u t i o n  es i s  s e r i a l .  
4 

es=Z 1 ( X l ) R 2  [ X l )  R2 (YO) W2 fX2) R3IX2) = T I T 2 T 3 ,  

2 . 2 . 5  Tuo f i c t i t i o u s  t r a n s a c t i o n s  

.- 
T n i  t i a l  t r a n s a c t i o n  To a- - -  -- 

T h i s  is a write o n l y  t r a n s a c t i o n ,  which  writes t h e  i n i t i a l  
r, i 

v e r s i o n  of each  d a t a  item. 

b- F i n a l  t r a n s a c t i o n  zf h 

T h i s  is a r e a d  o n l y  t r a n s a c t i o n  wh ich  r e a d s  the f i n a l  

v e r s i o n  of e a c h  d a t a  item ( i . e , ,  t h e  f i n a l  r e s u l t  3f t h e  



execution of all transactions). 

2.2.6 ~ugmeited execbtion (ae) 

An augmented execution ae consists of the ,execution e 

concatenated with the initial transaction TO=WO(X)WO(Y)... at the 

beginning and the final transaction ~ f = ~ f  ( x ) R ~  (Y) .+ . at the-end. 7 



3. Flow graph and a c t i v e  flow graph --- -- 
. , -  - 4 

3 .1  Flow graph ' 

. - 
We *cons t ruc t  f o r  a n  execut ion  ~ = ( o ( T ) , F ~ , F ~ ) ' ,  a  d i r e c t e d  

4 . 
graph c a l l e d  the  f low graph. TheGse t  of nodes ' o f  t h i s  d i r e c t e d  Y 

-- 
graph i s  t h e  s e t  of o p e r a t i o n s  i n  O(T) toge the r  w i t h k h e  

- ope ra t ions  of t h e  two f i c t i t i o u s  t r a n s a c t i o n s  To and Tf. The a r c s  

of t h i s  graph a r e  g iven  a s  fol lows {PAPA-82 I. 
c. 

1- ( w ~ ( x )  , M ( X ) )  i s  an  a r c  i f f  F2(Ri(X))=F2(vj(X)),  i .e . ,  Ri(X) 
Q 

r e t u r n s  t h e  v e r s i o n  c rea t ed  by Wj(X). 

2- ( R i ( Y )  ,Wi(X)) i s  an  a r c  i f f  Z&Ri(Y))<Fl(Wi(X)) ,' i.e.,  Ri(Y) 

and Wi(X) belong t o  t r a n s a c t i o n  Ti a'hd Eti(Y) precedes Wi(X). 

I 

We can simply c o n s t r u c t  t h e  flow graph FG(e) f o r  an 

- execut ion  e  a s  fol lows.  Represent each ope ra t ion  0 6 0 ( ~ ' ) ' b y  a  

node(where T'=TU{To,Tf)). Jo in  each read node Ri(X) wi th  a  w r i t e  , 
4 

nod;? Wj(X) i f  ' Ft i (X)  r e t u r n s  t h e  ve r s ion  c rea t ed 'by  Wi(X). J o i n  

each w r i t e  node Wi(X) wi th  a l l  ' t he  read ope ra t ions  which belong 

t o  t r a n s a c t i o n  Ti and precede t h e  w r i t e  opera t ion .  

I n t u i t i v e l y ,  an a r c  of type 1 r e p r e s e n t s  a  read from -- 

r e l a t i o n  [PAPA-79, PAPA-821, i . e . ,  i f  t h e r e  i s  an a r c  from Wj(X) 

t o  Ft i (X)  i n  FG(e) then  t r ansac ion  Ti reads  X from t r a n s a c t i o n  Tj2 

A n  a r c  of type 2 i n d i c a t e s  t h a t  t h e  va lue  t o  be c rea t ed  by a  

w r i t e  ope ra t ion  Wi(X) presumably depends on t h e  va lues  re turned  

by t h e  previous read ope ra t ions  which precede Wi(X) i n  T i .  



3.1.1 Live o p e r a t i o n s  [PAPA-82 j 

The l i v e  ope ra t ions  a r e  def ined  as fol lows 

a- a l l  t h e  ( r ead )  ope ra t ions  of t h e  f i n a l  t r a n s a c t i o n  Tf a r e  l i v e  

ope ra t ions  1- 

b- a  w r i t e  ope ra t ion  Wi(X) i s  l i v e  i f  t h e r e  i s  an  a r c  

(Wi(X),Rj(X)) where Rj(X) is  a  l i v e  read. 

c- a  read ope ra t ion  R ~ ( Y )  is  l i v e  i f  t h e r e  i s  an a r c  

(Ri(Y) ,Wi(X)) where Wi(X) is  a l i v e  m i t e .  

An ope ra t ion  i s  s a i d  t o  be dead i f  i t  i s  n o t  ' l i v e .  

I n t u i t i v e l y  a l l  t h e  dead ope ra t ions  have no e f f e c t  op t h e  f i n a l  

va lues  of t h e  d a t a  items ( t h e  va lues  read by t h e  f i n a l  

t r a n s a c t i o n  Tf ) . 

3.2 ' ~ u l t i - v e r s i o n  s e r i a l i z a b i l i t y  equivalence -- and t h e  a c t i v e  flow 

graph r9 

- W e  c a l l  t he  subgraph of t h e  flow graph def ined  by t h e  nodes 

corresponding t o  t h e  l i v e  ope ra t ions  a c t i v e  f low graph AFG(e). 

6 

Two execut ions  el=(O(T) ,F l ,F2)  and e 2 = ( 0 ( ~ )  ,F1' , ~ 2 ' )  a r e  

s a i d  t o  be mult i -versfon e q u i v a l e n t  (MV-equivalent, for s h o r t )  if 

t h e i r  active f lew graphs s e  ide&&cal IPARA-€U), QBvbusLp this 

-9 
d e f i n i t i o n  means t h a t  t h e  two execut ions  have t h e  same s e t  of 

l i v e  ope ra t ions  and each l i v e  read i n  e l  r e t u r n s  t h e  same va lue  

a s  t h e  corresponding read i n  e2. 



An execution e i s  sa id  t o  be multi-version s e r i a l i z a b l e  

(MVSR f o r  shor t )  i f  i t  i s  MV-equivalent t o  a s e r i a l  

We def ine  t h e  s e t  MVSR t o  be the  s e t  of a l l  

s e r i a l i z a b l e  W t i o n s  and the  s e t  SR t o  be t h e  

( s i n g l e  version) s e r i a l i z a b I e  executions [PAPA-82 1. 

multi-version 

s e t  of a l l  



Example - 4 

We cons t ruc t  t h e  flow graph f o r  th;! fol lowing execut ion  and 

determine the  l i v e  o p e r a t i o n s  and t h e  dead opera t ions .  

Figure 3.  Flow graph f o r  e 
3 

%% 



The l i v e  ope ra t ions  a r e  

The dead o p e r a t i o n s  a r e  

(Note t h a t  we d i d  not  mention t h e  ope ra t ions  of t h e  f i c t i t i o u s  

t r a n s a c t i o n s ) .  

It is  c l e a r  t h a t  t h e  execut ion  e - i n  t h i s  example i s  a  

mult i -version s e r i a l i z a b l e  execut ign  s ince  i t s  a c t i v e  f low graph 

i s  t h e  same a s  t h e  a c t i v e  f low graph of t he  s e r i a l  execut ion  e s ,  

where 

es=~1~2~3=~1(~1)W1(Y1)R2(X1)W2(X2)R2(Y1)W2(Y2)W3(Y3). 



Example 4 
We c o n s t r u c t  t he  f low graph f o r  t h e  fol lowing execut ion  and 

show t h a t  i t  i s  an  MVSR-execution. 

Figure 3. Flow graph f o r  e l  

It i s  c l e a r  t h a t  a l l  t he  ope ra t ions  of e  a r e  l i v e  

u p e r a t i o n s . J t  i s  a l s o  no t  d i f f i c u l t  t o  s ee  t h a t  t he  flow graph 
8 

of the s e r i a l  execut ion  eszT3T5T2TlT4  is i d e n t i c a l  to the flow 

graph of e .  This means t h a t  e i s  an MVSR-execution. 



f--k 
3.3.1 The f i x p o i n t  s e t  - - 

- 
Associated wi th  each scheduler  S i s  a  f i x p o i n t  s e t  [KUNG-791 - 

F(S).. An execut ion  e  belongs t o  th; f i x p o i n t  s e t  F(S) of t he  

scheduler  S i f  i t  can be accepted without  de lay ing ,  o r  r e j e c t i n g  

any ope ra t ion  of e .  

A scheduler  S may-be viewed a s  a  mapping o r  a  t ransformat ion  

which r ece ives  as input  any execut ion  e ,  and prbduces a s  output  

an execut ion '  e '6F(S).  However i f  t h e  scheduler  S i s  fed  by a  

member of F(S) i t  w i l l  l e ave  i t  i n t a c t .  

Obviously t h e  l a r g e r  t h e  f i x p o i n t  s e t  t h e  b e t t e r  i s  t h e  scheduler  

i n  some sense. One would want t o  h a v e a  scheduler  S wi th  t h e  

f i x p o i n t  s e t  F(S) a s  l a r g e  a s  t h e  s e t  MVSR. 

It shas  been proved t h a t  s e r i a l i z a b i l i t y  t e s t  (and t h e r e f o r e  

multi-ver.sion s e r i a l i z a b i l i t y  t e s t )  is NP-complete ( s e e  [PAPA-79, 

PAPA-82]), which imp l i e s  t h a t  t h e  implementation of t h e  

MVSR-scheduler i l . , a scheduler  which recognizes  any 

MVSR-execution) i s  imprac t i ca l .  I n  f a c t ,  a l l  t h e  sched'ulers 

prev ious ly  introduced (based on s i n g l e  ve r s ion  o r  mult i -version)  

[STEA-76, REED779, PAPA-79, BAYE-80, MURO-81, BERN-81, MURO-82, 

PAPA-821 which can be implemented i n  polynomial time recognize 
4,. 

only a  subse t  of t h e  s e t  MVSR f o r  t h e  mult i -version case  o r  t h e  

s e t  SR f o r  t h e  s i n g l e  v e r s i o n  case.  



7- 

We a r e  in t roduc ing  ' a n  improved mult i -version concprrency 

c o n t r o l  scheme (IMVSR-scheduler) which can  be implemented i n  

polynomial time and i t s  f i x p o i n t  s e t  F(S) con ta ins  t h e  f i x p o i n t , .  

* s e t s  of prev ious ly  in t roduced  mult i -version schemes [STEA-76, 

#TERF8l, BERN-81, MURO-82 1. 

In  g e n e r a l ,  a  concurrency c o n t r o l  scheme (scheduler )  is s a i d  

t o  be e f f i c i e n t . i f  i t  can  be implemented i n  polynomial t i m e .  



4. IMVSR-executions and t h e  Dependency Graph -- 

I n  t h i s  s e c t i o n  we d e f i n e  a  new c l a s s  ( o r  a  s e t )  of 

execut ions  c a l l e d  t h e  IMVSR-executions and show t h a t  t h i s  c l a s s  . 

r e p r e s e n t s  a  subse t  of t h e  set MVSR. We a l s o  in t roduce  a  u s e f u l  

t o o l  c a l l e d  the  dependkncy graph used i n  recognizing t h e  

3.1 The dependency graph - 
.+ 

We say  t h a t  a  t r a n s a c t i o n  Ti c o n f l i c t s  wi th  a  t r a n s a c t i o n  Tj  

i f  bo th  t r a n s a c t i o n s  acces s  t h e  same d a t a  item X and a t  l e a s t  one 

of them c r e a t e s  a  new v e r s i o n  of X. \ 

We const 'yuct f o r  an execut ion  e ,  a  d i r e c t e d  graph c a l l e d  the  
8 

dependency graph DG(e) which r e p r e s e n t s  t h e  "dependencet' r e l a t i o n  

among t h e  t r a n s a c t i o n s  [ESWA-761. The s e t  of nodes of t h i s  cgraph  

i s  t h e  s e t  of t r a n s a c t i o n s  T={Tl,T2,.:..,Tn) and the  s e t  of a r c s  

a r e  def ined  a s  fol lows.  

- 
An a r c  i s  d i r e c t e d  from Ti  t o  Tj  ( i % j  ) i f  any of  t he  fol lowing 

cond i t i ons  ho lds  f o r  some X6V, where V i s  t h e  s e t  of d a t a  i tems 

accessed by t h e  the  s e t  of ope ra t ions  i n  O(T). 

a- m e r e  e x i s t  two ope ra t ions  Wi(X) and Rj(X) i n  O(T) such t h a t  

F ~ ( W ~ ( X ) ) < F ~ ( R ~ ( X ) )  - 

b- There e x i s t  two ope ra t ions  Wi(X) and Wj(X) i n  O(T) such t h a t  

F2(Wi(X))<F2(Wj(X)) 



1 

c- There e x i s t  two ope ra t ions  Ri(X) and Wj(X) i n  O(T) such t .hat 

I f  t h e r e  i s  a n  a r c  f r p  Ti t o  Tj then we say  t h a t  T j  i s  

dependent - on Ti. Other t r ansac t iong  reachable  i n  DG(e) from Tj 

a r e  a l s o  sa id  t o  be dependent on Ti.  

An a r c  from Ti t o  Tj  which e x i s t s  because 

F2(Rj(X))=F2(Wi(X)) is  c a l l e d  a  primary a r c  [MURO-821. It may 

a l s o  s a t i s f y  cond i t i ons  b and/or c  i n  a d d i t i o n  t o  a. I f  t h e r e  i s  
# 

a primary a r c  from Ti t o  Tj  we say  t h a t  T j  i s  s t r o n g l y  dependent 

on Ti .  

We d e f i n e  s t rong  dependence t o  be t r a n s i t i v e .  I n t u i t i v e l y ,  
0 

i f  T j  is s t r o n g l y  dependent on T i ,  then  some informat ion  i s  

a c t u a l l y  t r a n s f e r e d  from Ti t o  Tj. 

In  g e n e r a l ,  an execut ion  e  i s  s a i d  t o  be an  IMVSR-execution 

i f  i t s  dependency graph i s  acyc l i c .  

Note t h a t  an a r c  from Ti t o  Tj  due t o  cond i t i on  b i n  t h e  

scheme introduced by Muro, e t  a l .  [MURO-81, MURO-821 o r  by tw 

Papadimitr iou,  e t  a l .  [PAPA-821 impl ies  t h a t  Wi(X) a r r i v e d  before  

Wj(X). This i s  no t  t h e  case  i n  our scheme s i n c e  we may a l low a 

w r i t e  ope ra t ion  t o  c r e a t e  an  e a r l i e r  versioh.  



*. 
Example - 6 , 

a . 
We const ruct  the  dependency graphs f o r  the  following 

executions. e 

e l=Rl(XO)R3(XO)Wl(Xl)W2(Y l)W2(X2)Rl(YO) 

e2=Wl(Xl)WZ(X2>W2(Yl)W1(Y.5) 



4.1.1 The dependency graph  f o r  a  s e r i a l  execut ion - --- 
. 3  

In  a  s e r i a l  execut ion  a l l  t h e  opera t ions  of  each t r a n s a c t i o n  

appear consecut ively.  Suppose t h a t  e  i s  a  s e r i a l  execut ion  and 

without  l o s s  of  g e n e r a l i t y  suppose f u r t h e r  t h a t  

e=TlT2...TiTi+l...Tn ( i . e . ,  t h e  ope ra t ions  of T1 f i r s t  and then 
3 

t he  ope ra t ions  of T2 and so  on).  I f  t r ansac t - ion  Ti and 

t r a n s a c t i o n  Tj c o n f l i c t  and t r a n s a c t i o n  T i  appea is  'before 
4 '  

b 

t r a n s a c t i o n  Tj  ( i . e . ,  a171 t h e  ope ra t ions  of  T i  appeaf bqfore  a l l  
$ - 

t he  ope ra t ions  of T j )  then an a r c  w i l l  be d i r e c t e d ' f i o m  Ti t o  T j  

i n  t h e  dependency graph. This means t h a t  a l l  t he  a r q  >f DG(e) 

w i l l  be d i r e c t e d  from l e f t  t o  r i g h t  i f  t h e  nodes a r e  arranged 

from l e f t  t o  r i g h t  i n  t he  order.Tl,T2,. . . ,Tn. It fol lows t h a t  

DG(e) cannot have a  cyc l e  i f  e  i s  s e r i a l . '  

Lemma 1  -- 

Any IMVSR-execution i s  a l s o  a n  MVSR-execution. 

Proof 

Suppose t h a t  e  i s  an IMVSR-execution. Then by d e f i n i t i o n  

DG(e) i s  a c y c l i c ,  and t h e r e f o r e  any topo log ica l  s o r t  of t h e  s e t  

of nodes {Tl,T2,. . ,Tn) y i e l d s  a  s e r i a l  execut ion es .  In  o rde r  t o  

prove t h i s  lemma we w i l l  show t h a t  FG(e)=FG(es) , i . e . ,  thTe a r c s  

of type 1 and those of type 2  a r e  t he  same f o r  both flow graphs 

FG(e) and FG(es) ( r e f e r  t o  s e c t i o n  3.1). 

C 



Suppose t h a t  t h e r e  i s  an a r c  (Wi(X) ,Rj(X)) i n  FG(e). Then 

t h e r e  must be an  a r c  (T i ,T j )  i n  DG(e). To 'prove t h a t  t h e r e  must 

be t h e  corresponding a r c  ( w ~ ( x ) , R ~ ( x ) )  i n  FG(es) we need- only  

prove t h a t  t h e r e  cannot be any o t h e r  t r a n s a c t i o n ,  s ay  Tk, where 

Wk(X)GTk between Ti and T j  (Ti.. Tk.. T j )  i n  t h e  previous s o r t .  In 

o r d e r  t o  prove t h i s  c la im,  assume t h e  ex i s t ence  of such a  

t r ansac t ion .  This means t h a t  t h e r e  i s  a  pa th  i n  DG(e) from Ti t o  

Tk and a  pa th  from Tk t o  Tj. I f  t h e  ve r s ion  number of t h e  v e r s i o n  

of X c rea ted  by Tk is l a r g e r  than  t h a t  of t h e  v e r s i o n  c rea t ed  by 

must e x i s t  from Tj  t o  Tk (due t o  cond i t i on  c  on page 

24) ,  and t h e r e f o r e ,  a  cyc l e  e x i s t s  s i n c e  t h e r e  i s  another  pa th  
* 

from Tk t o  Tj. If i t  i s  s m a l l e r ,  on t h e  o the r  hand, then  a  pa th  

must e x i s t  from Tk t o  T i ,  and t h e r e f o r e ,  a  cyc l e  e x i s t s  s i n c e  

C t h e r e  i s  another  path. from Ti t o  Tk. In e i t h e r  case  a  cyc l e  

e x i s t s  i n  DG(e), which c o n t r a d i c t s  our  assumption t h a t  DG(e) is  

acyc l i c .  Then such a  t r angac t ion  Tk cannot e x i s t  and t h e r e f o r e  Tj 

reads X from Ti i n  e s ,  i.e., an  a r c  (Wi(X) ,Rj(X)) i s  i n  FG(es) . 
- Since t h e  two execut ions  have t h e  same s e t  of read ope ra t ions ,  

t h e  a r c s  of type  1  a r e  t h e  same f o r  FG(e) and FG(es). 

Moreover, s i n c e  t h e  o rde r  of ope ra t ions  of t h e  ''same. 

t r a n s a c t i o n  does no t  change ( i . . ,  i f  01 and 02 a r e  two 

ope ra t ions  belonging t o  t r a n s a c t i o n  Ti and 01 precedes 02 i n  e  
C 

then 01 a l s o  preeedes 0 2  i~ es) a r c s  o f  type 2 a r e  a l s o  t h e  same 

f o r  FG(e) and FG(es) . This means t h a t  t he  two flow graphs a r e  

i d e n t i c a l  and t h e r e f o r e  e  i s  MV-equivalent t o  a s e r i a l  e  



0 

e s .  It fol lows t h a t  e  i s  a n  MVSR-execution. (Q.E. D.) 

Corol la ry  - 1 

Checking whether a n  execut ion  e=(O(T),Fl,F2) is  an 

IMVSR-execution can be done i n  0 ( i~ i*n**2)  time, where V i s  t h e  

s e t  of d a t a  items accessed by t h e  s e t  of ope ra t ions  i n  O(T), and 

n .  i s  the'  number of t r ansac t ions .  

Proof 

Given an  execut ion  e ,  we want t o  t e s t  i f  DG(e) is  a c y c l i c .  

In orde? t o  c o n s t r u c t  DG(e), w e  check i f  t h e  cond i t i on  a,b, o r  c  

i s  s a t i s f i e d  f a r  each X6V. For each X6V, t h e s e  cond i t i ons  can be 

t e s t e d  i n  O(n**2) time. Therefore a l t o g e t h e r ,  DG(e) can be 

eons t ruc ted  i n  0 ( i ~ l * n * * 2 )  time. Test  f o r  a c y c l i c i t y  can  be 

performed i n  t ime l i n e a r  i n  t h e  number .of v e r t i c e s  and a r c s  i n  

t h e  dependency graph. (Q. E. D. ) 



I n  o r d e r  t o  show t h a t  IMVSR i s  a proper subse t  of t h e  s e t  . . 
MVSR w e  s h a l l  g i v e  some execut ion  which belongs t o  t h e  s e t  MVSR 

L 

but  does n o t  belong t o  t h e  s e t  IMVSR. 

Example 7 - 

We c o n s t r u c t  t h e  dependency graph f o r  t h e  fol lowing 

execut ion 1 

Figure  4. D e p F c y  graph f o r  e .  

Since t h e  dependency graph f o r  e i s  c y c l i c ,  e is  no t  an 

IMVSR-execution, i .e., ~ $ I M v s R .  

Note t h a t  we have a l r eady  proved i n  s e c t i o n  2 ( ~ x a m p l e .  . ? )  

t h a t  e i s  a mul t i -vers ion  s e r i a l i z a b l e  execut ion ,  i . e . ,  e6MVSR. 



- - 

$ 

I n  t he  fol lowing two theorems (Theorem 1 and Theorem 2 ) ,  we 

assume t h a t  we have a s e t  of v e r s i o n s  of t h e  d a t a  i t e m  X ,  say  

X O , X l , , - 1  c r e a t e d  by a s e t  of t r a n s a c t i o n s  

D={dO,dl,..,dk-1,dk) where d i  (O<i<k) denotes  t h e  t r a n s a c t i o n  - - 
which c rea t ed  v e r s i o n  Xi.  We w i l l  r e f e r  t o  t h e  s e t  D a s  t h e  

d e s t i n a t i o n  s e t .  - 

Theorem - 1 [MURO-811 

Read o p e r a t i o n s  can  always be  granted wi thout  c r e a t i n g  a 

cyc l e  i n  t h e  dependency graph. 
B 
Proof 

' The fol lowing s e t  of a r c s ,  among o t h e r s ,  e x i s t  be fo re  f 

rece iv ing  t h e  read r eques t  E ( X )  

( d l  , d2 ) ,  (d2 ,d3) ,  . . . , ( d i  , d i + l )  , . . , (dk-1 ,dk) . 
a 

I f  t h e r e  is  no pa th  from Ti t o  node d j  o r  from d j  t o  T i  f o r  

a l l  j ( l < j < k ) ,  - - then Ri(X) can be assigned any v e r s i o n  of X 

without  c r e a t i n g  a cyc le  i n  t h e  dependency graph. T 

I Otherwise, l e t  j be t h e  l e a s t  ve r s ion  number of X such t h a t  

t h e r e  i s  a pa th  from Ti t o  d i  and l e t  j' be t h e  l a r g e s t  ve r s ion  

number of x such t h e r e  i s  a pa th  from d j '  t o  Ti.  We have j r < j Y  

s i n c e " o t h e 6 s e  t h e r e  w u l d  be a cycfe.Then R i ( X )  can be ass igned  

any version X1 ( j ' C l < j )  - w & t b u t  ' cresing a c y c l e  i n  &he 

dependedcy graph. (Q. E. D. ) 



According t o  Theorem 1, i f  t h e r e  is  a path from T i  t o  each ' 

node d i .  (.i.e*, if j=l )  then R i ( X )  can be assigned XO. However, i f  

there  i s  a path from each d i - t o  T i  ( i . e . , i f  j'=k) then R i ( X )  can 

be assigned Xk. 



s. 4.3 Se lec t ing  - an a p p r o p r i a t e  v e r s i o n  t Q 

Although Theorem 1 ensures  t h a t  read ope ra t ions  can  always 

be granted  without  c r e a t i n g  a  c y c l e  i n  t h e  dependency graph,  i t  

does n o t  s p e c i f y  how we can o b t a i n  t h e  boundaries j and j' ( r e f e r  

t o  Theorem 1).  

In  t h i s  subsec t ion  we in t roduce  an e f f i c i e n t  a lgor i thm f o r  

determining these  boundaries  by modifying depth f i r s t  search.  We 

only show how we can determine j ,  i . e . ,  t h e  l e a s t  ve r s ion  nMber  

of X such t h a t  t h e r e  i s  a  pa th  from Ti t o  d j ,  where d j  i s  t h e  

t r a n s a c t i o n  which c r e a t e d  X j  o f  X. I n  o rde r  t o  determine j' we 

can apply  t h e  same a lgor i thm f o r  t h e  converse graph. (Note t h a t  

th'e converse graph of a d i r e c t e d  graph G=(V, E) can be obtained by 

only  revers ing  t h e  d i r e c t i o n  of t h e  a r c s  of E, i . e . ,  ( a , b )  i s  an 

arc i n  t h e  converse graph i f f  ( b , a )  is an  a r c  i n  G.). 

Suppose t h a t  we  have k+l vers5ons of X {XO,Xl,X2,; ... . ,Xi) 
a t  t h e  t ime a  read r eques t  f o r  X i s  received and suppose t h e s e  

v e r s i o n s  were c rea t ed  by a  s e t  of t r a n s a c t i o n s  D ( t he  d e s t i n a t i o n  
2 

set)={dO,dl ,d2, . . .  . , dk ) ,  where d i  ( i=0 ,1 ,2 ,  ..., k)  r e f e r s  t o  t h e  

t r a n s a c t i o n  which c rea t ed  t h e  v e r s i o n  i of X. We c a l l  t he  node of 

t he  t r a n s a c t i o n  which i s sued  t h e  read reques t  t h e  o r i g i n  node - 
( 0 ) .  

We perform depth f i r s t  search  of DG s t a r t i n g  a t  t h e  o r i g i n  

node ( 9 ) )  with  t h e  fol lowing modif icat ion.  Each t ime a  node i s  

v i s i t e d ,  t h i s  node i s  t e s t e d  t o  s e e  i f  it i s  a  d e s t i n a t i o n  node. 



I f  s o ,  then  we r eco rd  t h i s  node and immediately backt rack  without  

searching  through i t  ( i t  cannot l e a d  us  t o  another  node which 

c rea t ed  a sma l l e r  ve r s ion ) .  

The sea rch  a lgor i thm can be descr ibed  p r e c i s e l y  by t h e  

fol lowing r e c u r s i v e  algori thm. 

Algorithm SEARCH(0) . 
* 

1- For each node v i  ad j acen t  t o  0 do t h e  fol lowing.  

2- Check t o  s e e  i f v i  i s  marked. 

3- If v i  i s  marked, then  s e l e c t  another  node ad jacen t  t o  0. 

4- I f  v i  i s  no t  marked, then mark i t  and check t o  s e e  i f  i t  i s  a 
, 

d e s t i n a t i o n  node. . . 
5- I f  v i  i s  a d e s t i n a t i o n  node, then  add i t  t o  t h e  output  s e t  and 

go t o - s t e p  1. 

6- I f  v i  i s  not  a d e s t i n a t i o n  node, then  c a l l  SEARCH(vi). 

. The above sea rch  f i n i s h e s  when a l l  t he  pa ths  s t a r t i n g  from 0 

a r e  explored. Each time a d e s t i n a t i o n  node is  found we add i t  t o  

t h e  output  s e t .  Suppose t h a t  t h e  s ea rch  i s  f i n i s h e d  and the  

output  s e t  i s ,  

where i l < i 2 < i 3 < .  . , Let j be a s  def ined  i n  t h e  proof of  Theorem 1. 

Then j=il  and t h e r e f o r e  t h e  read ope ra t ion  R I ( X )  can retarn any 

v e r s i o n  of X w i th  v e r s i o n  number between j' and i l ,  where j ' i s  

t h e  o t h e r  boundary t o  be obtained from t h e  converse graph ( r e f e r  



t o  Theorem 1). + 

If t h e  sea rch  i s  f i n i s h e d  without  g e t t i n g  any d e s t i n a t i o n  

then  R i ( X )  can r e t u r n  any ve r s ion  of X w i th  v e r s i o n  number 

between j' and k. Obviously, i n  t h e  previous a lgor i thm i f  t h e  

d e s t i n a t i o n  s e t  D con ta ins  only  one node, i . e . ,  c o n t a i n s  do ,  we 

do no t  need t o  s ea rch  us ing  t h e  previous a l g o r i t h .  We simply 

s e l e c t  do,  i . e . ,  t h e  read ope ra t ion  r e t u r n s  v e r s i o n  XO. This 

c l e a r l y  does n o t  c r e a t e  a c y c l e  i n  t h e  dependency graph. 

Lemma 2 -- 

Se lec t ing  t h e  app ropr i a t e  v e r s i o n  can be done i n  t ime l i n e a r  

i n  t h e  number of a r c s  i n  t h e  cu r r en t  dependency graph. 

Proof 

Since i n  t h e  previous sea rch  algori thm we do not  s ea rch  

through each node more than  once then  t h i s  a lgor i thm works i n  

time l i n e a r  i n  t h e  number of a r c s  i n  t h e  dependency graph. 

(Q. E. D. ) 



The a lgor i thm f o r  determining the  app ropr i a t e  v e r s i o n  number 

f o r  a  new ve r s ion  t o  be c rea t ed  by a  w r i t e  ope ra t ion  Wi(X)Yis 
i 

q u i t e  s i m i l a r  t o  t h e  a lgor i thm used f o r  t h e  read opera t ion .  I f  Ti 

i s  a  w r i t e  only t r a n s a c t i o n  f o r  X then  we can determine j and j' 

a s  descr ibed  previously.  Otherwise, i f  Ti i s  a  read-write 

t r a n s a c t i o n  f o r  X and R i ( X )  re turned  a  ve r s ion  of X, s ay  Xn, 

before  t h e  w r i t e  ope ra t ion  Wi(X), then  t h e r e  must be an a r c  from 

each node d l  ( l < n )  - t o  node Ti and from node Ti t o  each node d l '  

, . ( l ' > n )  according t o  r u l e s  a  and c  mentioned on page 25. This 

a c t u a l l y  means t h a t  n  i s  t h e  l a r g e s t  vers ion  number of X such 

t h a t  t h e r e  i s  a  pa th  from dn t o  Ti and n+l i s  t h e  l e a s t  ve r s ion  

number of X such t h a t  t h e r e  i s  a  pa th  from Ti t o  dn+l where dn 

and dn+l a r e  t h e  t r a n s a c t i o n s  which c rea t ed  ve r s ions  Xn and Xn+l, 

r e spec t ive ly .  In  t h i s  ca se  j '=n  and j=n+l. 

In  e i t h e r  ca se ,  Wi(X) would c r e a t e  a  v e r s i o n  of X w i t h  

ve r s ion  number between j' and j. The fol lowing theorem (Theorem 

2 )  shows the  cases  i n  which t h e , c r e a t i o n  of such t r a n s a c t i o n  w i l l  

( o r  w i l l  no t )  c r e a t e  a  cyc l e  i n  t h e  dependency graph. 

Theorem 2 - 

Let  X j  be t h e  v e r s i o n  of X w i th  t h e  l e a s t  ve r s ion  number 

such t h a t  t h e r e  i s  a pa th  from Ti t o  d j  and t h e r e  i s  no pa th  from 

T i  to  any other t r a n s a c t i o n ,  if any, t h a t  read X j - 1  and l e t  X j '  

be t h e  ve r s ion  of X*with t h e  l a r g e s t  ve r s ion  number such t h a t  

t h e r e  i s  a  pa th  from d j '  t o  T i ,  where d j  and d j '  r e f e r  t o  t he  

b 



t r a n s a t t i o n s  which c rea t ed  ve r s ions  X j  and X j ' ,  r e spec t ive ly .  

A l a t e  w r i t e  ope ra t ion  Wi(X) c r e a t i n g  an e a r l i e r  ve r s ion  of 

X, s ay  X i ' ,  d i r e c t l y  be fo re  Xm (and a f t e r  Xm-1) does n o t  c r e a t e  a  

cyc l e  i f f  dm i s  a  w r i t e  only t r a n s a c t i o n  f o r  X where jt<i<m<j. - 

Proof 

Suppose t h a t  dm is  a  w r i t e  on ly  t r a n s a c t i o n  f o r  X. Then 

c r e a t i n g  X i '  w i l l  in t roduce  new a r c s  i n  t h e  dependency graph a s  

fol lows (provided t h a t  those a r c s  do not  a l r eady  e x i s t ) .  

1- An a r c  i s  introduced from each node d l  t o  node Ti where d l  i s  

a  t r a n s a c t i o n  which c rea t ed  ( o r  r e tu rned )  a  v e r s i o n  o f .  X w i th  

ve r s ion  number l e s s  than  o r  equal  t o  m-1. 

2- An-arc  i s  introduced from node Ti t o  each node d l '  where dl-'  

i s  a  t r a n s a c t i o n  which c rea t ed  ( o r  re turned)  ve r s ion  of X w i t h  

v e r s i o n  number g r e a t e r  than o r  equal  t o  m. 

The newly introduced a r c s  r ep re sen t  a path from each node d l  

t o  a  node d l '  through T i ,  where d l  and d l '  a r e  def ined  a s  above. 

But s i n c e  t h e r e  was no path from node Ti t o  any node d l  o r  from 

/ " any node d l '  t o  node Ti and t h e r e  was a l r eady  a  path from each 

node d l  t o  each node d l '  before  t h e  w r i t e  ope ra t ion  Wi(X) then  

t h e  newly introduced a r c s  do not  c r e a t e  a  cyc l e  i n  t h e  dependency 

graph. 



E 
Suppose t h a t  c r e a t i n g  X i '  (j'<i'<m<j) - does n o t '  c r e a t e  a 

cyc le ,  i .e . ,  t h e  newly in t roduced  a r c s  due t o  t he  w r i t e  ope ra t ion  

do not  c r e a t e  a cycle .  I n  o rde r  t o  prove t h a t  dm must be a  w r i t e  

only t r a n s a c t i o n  f o r  X we w i l l  assume f i rs t  t h a t  dm i s  a  

read-write t r a n s a c t i o n  f o r  X. Since dm re turned  a  v e r s i o n  of X 

0, 
wi th  v e r s i o n  number less than i ' ,  t h e r e f o r e  t h e r e  must be an  a r c  

4 L 

from dm t o  T i .  But s i n c e  Ti c r ea t ed  a  ve r s ion  of X w i t h  ve r s ion  

number l e s s  than  t h e  v e r s i o n  number of the ve r s ion -  c r ea t ed  by dm, 

t h e r e f o r e  t h e r e  must be ano the r  a r c  from Ti t o  dm, i . e . ,  t h e  

newly introduced a r c s  c r e a t e  a  cyc l e  i n  t h e  dependency graph 

which c o n t r a d i c t s  our  initial assumption t h a t  t h e  newly 

introduced a r c s  do n o t  c r e a t e  a  cyc l e  i n  t h e  dependency graph. 

(Q. E. D. ) 

The above theorem impl i e s  t h a t  t h e  s e t  IMVSR con ta ins  a l l  

t h e  schedules  (execut ions)  which can be accepted by previously 

introduced mult i -version s c h p e s  [STEA-76, MURO-81, MURO-821. 

In t h e  mul t i -vers ion  scheme introduced by S tea rns ,  e t  a l .  

[STEA-761, a t r a n s a c t i o n  Ti must read a  d a t a  item X i n  o rde r  t o  

update i t .  We have removed t h i s  r e s t r i c t i o n  and proved t h a t  t he  

removal of t h i s  r e s t r i c t i o n  can lead  t o  accept ing  a  c l a s s  of 

w r i t e  ope ra t ions  which would o therwise  not  be accepted. 

In  t h e  mulEi-version scheme introduced by Muro, e t  a l .  

[MURO-81, MURO-821, t h e  w r i t e  ope ra t ions  c r e a t e  ve r s ion  numbers 

according t o  t h e  a r r i v a l  t ime, i . e . ,  i f  Wi(X) precedes Wj(X) then 



F2(Wi(X))<F2(Wj(X)). It is easy  t o  s e e  t h a t  a l l  t h e  l a t e  w r i t e  

ope ra t ions  would be r e j e c t e d  and any execut ion  which can be 

accepted by t h e i r  scheme can a l s o  be accepted by our  scheme. - 
F 

Papadimitr iou,  e t  a l .  [PAPA-821 de f ines  a s e t  DMVSR of - 
mult i -version schedules  i n  terms of  a polynomial time a lgor i thm 

f o r  t e s t i n g  memebership i n  i t .  Since t h e  input  t o  t h e  a lgor i thm 
I .  

is  an execut ion without  t h e  func t ion  F2, we cannot use  t h e i r  

a l g o r i  -scheduling algori thm. Here we s h a l l  'show t h a t  

t h e r e  is  an execut ion e i n  IMVSR which i s  n o t  i n  DMVSR i f  F2 i s  

remov d from e. Consider ,  f o r  example, t h e  fol lowing execut ion  i 
e s s  i t  without  t he  func t ion  F2) 

W2(X)Rl(X)Wl(X). 

There would be a cyc l e  due t o  a r c s  from TI t o  T2 ( s ince  T2 
I - 

c r e a t e s  t he  next  ve r s ion  of Y a f t e r  T1) and from T2 t o  T1 ( s ince  

T1 r e t u r n s  t h e  v e r s i o n  of X c r ea t ed  by T2). However, t h i s  

execut ion  can be accepted i n  our  scheme i n  t h i s  way 

e=Wl(Yl)W2(Y2)W2(Xl)Rl(XO)Wl(X.5). 

I f  we cons t ruc ted  

would be a c y c l i c  (only  

the  dependency graph f o r  t h i s ,  execut ion  i t  

1 
one a r c  from T1 t o  T2), 



I n  t h i s  s e c t i o n ,  we d e s c r i b e  the  IMVSR-scheduler and exp la in  

t h e  scHeduler responds t o  each inpu t  reques t .  We w i l l  modify 

t h e  t r a n s a c t i o n  model g iven  i n  s e c t i o n  2 t o  i nc lude  two 

a d d i t i o n a l  opera t ions .  

1- Begin t r a n s a c t i o n ,  B(T). . 

2- Commit t r a n s a c t i o n ,  C(T). 

In  t h e  new model each t r a n s a c t i o n  T i  begins wi th  B(Ti) and ends -- J 
with  C(Ti) . 

The inpu t  t o  t h e  IMVSR-Scheduler i s  the  sequence of a r r i v i n g  

r eques t s  from use r  t r a n s a c t i o n s  inc luding  the  begin and the  

commit opera t ions .  

5.1 Processing t h e  begin ope ra t ion  -- - 

Processing t h e  begin ope ra t ion  i s  t r i v i a l .  The begin 

ope ra t ion  i n d i c a t e s  t he  a r r i v a l  of a new t r a n s a c t i b n .  In  response 

t h e  each begin ope ra t ion  B(Ti) the  scheduler  c r e a t e s  a  new node 

f o r  t r a n s a c t i o n  Ti. 



0 

5.2 Processing t h e  read o p e r a t i o n  -- 

The read o p e r a t i o n s  i n  ou r  scheme a r e  always gran ted  and 

each read o p e r a t i o n  r e t u r n s  an  a p p r o p r i a t e  v e r s i o n  without  

caus ing  incons i s t ency  ( c r e a t i n g  a  c y c l e  i n  t h e  dependency graph) .  

I n  response t o  each read r e q u e s t ,  R i ( X ) ,  t h e  s chedu le r  s ea rches  

t h e  v e r s i o n s  o f  X c u r r e n t l y  maintained i n  t h e  system and s e l e c t s  

t h e  app rop r i a t e  v e r s i o n  which can  be assigned t o  R i ( X )  wi thout  

c r e a t i n g  a  c y c l e  i n -  t h e  dependency graph  ( r e f e r  t o  Theorem 1). 



5.3 Processing t h e  w r i t e  operat. ion -- 

P r o c e s s i p ~  a  w r i t e  ope ra t ion  i s  q u i t e  s i m i l a r  t o  processing 

a  read ope ra t ion ,  bu t  i n s t e a d  of choosing t h e  app ropr i a t e  v e r s i o n  

t h e  scheduler  f i n d s  t h e  v e r s i o n  number of t h e  new v e r s i o n  t o  be 

c rea t ed  by t h e  w r i t e  opera t ion .  

The new concept  we a r e  using i n  processing a  w r i t e  ope ra t ion  

i s  t h a t  ve r s ion  numbers do not  correspond t o  t he  o rde r  of t he  

a r r i v a l  times. Ins tead  we may a l low a  l a t e  w r i t e  Wi(X) t o  c r e a t e  
.,:A 

an e a r l i e r  ve r s ion  of X provided i t  does not  c r e a t e  a  cyc l e  i n  

t h e  dependency graph. 

When t h e  scheduler  r e c e i v e s  a wr i t e  r eques t  W ~ ( X ) ,  i t  

updates  i t s  dependency graph a s  i f  i t  granted t h e  w r i t e  

opera t ion .  I f  t h e  newly in t roduced  a r c s  do not  c r e a t e  a  cyc l e  i n  

t h e  dependency graph,  then  t h e  scheduler  o f f i c i a l l y  g r a n t s  t h i s  

ope ra t ion  and c r e a t e s  a  new v e r s i o n  of X. And i f  t h e  new a r c s  

cause a  cyc l e  t o  be c rea t ed  then  t h e  p a r t i a l  execut ion received 

so f a r  i s  no t  an IMVSR-execution i f  Wi(X) i s  a c t u a l l y  appended t o  

it.  In t h i s  c a s e  the  scheduler  r e j e c t s  t h e  w r i t e  ope ra t ion  and 

i n i t i a t e s  t h e  abo r t ion  process  ( abor t ing  t r a n s a c t i o n  Ti which 

i ssued  Wi(X) and a l l  t r a n s a c t i o n s  s t r o n g l y  dependent on Ti ). The 

abor t ion  process  may: propagate t o  inc lude  many o t h e r  
! 

t r ansac t ions .  



5.4 Processing - t h e  c & i t  ope ra t ion  

The commit ope ra t ion  i s  t h e  l a s t  ope ra t ion  of each 

t r ansac t ion .  If t h e  scheduler  g r a n t s  a  commit r eques t  by a  

t r a n s a c t i o n  T i ,  we say  t h a t  Ti &s been c o m a t e d ,  which means - 
t h a t  a l l  the  ope ra t ions  of  Ti have been s u c c e s s f u l l y  processed,  

Ti w i l l  not  be abor ted  i n  t h e  f u t u r e ,  and the  e f f e c t s  of  Ti w i l l  

be made permanent. However, t h e r e  i s  an important cond i t i on  which 
4 

must be s a t i s f i e d  by any t r a n s a c t i o n  t o  be de l e t ed  from t h e  

dependency graph. When t h e  scheduler  r ece ives  a commit reques t  

from a  t r a n s a c t i o n  T i ,  i t  checks t o  s ee  i f  Ti s a t i s f i e s  t h i s  

condi t ion .  I f  t he , cond i t i on  i s  n o t  s a t i s f i e d  then  Ti must wai t  

i 
- (add it  t o  a  wai t  l i s t )  u n t i l  t h e  condit ion.  i s  s a t i s f i e d .  I f  the  -- 
- 

condi t ion  i s  s a t i s f i e d  then t h e  scheduler  d e l e t e s  Tk from t h e  

dependency graph toge the r  wi th  a l l  t he  a r c s  d i r e c t e d  from i t  

(outgoing a r c s ) .  However, a  t r a n s a c t i o n  niay be committed before  

i t  i s  de l e t ed .  

A source node - 

We c a l l ,  a  node v  of a  d i r e c t e d  graph a  source - node i f  i t n h a s  

no incoming a r c s ,  i . e . ,  t h e r e  i s  no a r c  d i r e c t e d  from any o t h e r  

node t o  v .  

Obviously from t h e  previous d e f i n i t i o n  i f  a  node Tk i s  a  

source node i n  t h e  dependency graph then t r a n s a c t i o n  Tk i s  no t  

dependent on any o t h e r  t r a n s a c t i o n  i n  t h e  system. , 



5.4.1 The d e l e t i o n  cond i t i on  - 

a f t e r  

i n  t h e  

t r a n s a c t i o n  Tk i s  s a i d  t o  s a t i s f y  t h e  d e l e t i o n  cond i t i on  

Commit(Tk) has been rece ived  by t h e  scheduler  i f  i t s  node 

dependency graph i s  a  source node. 

Commit r eques t  by a  t r a n s a c t i o n  Tk may be granted  i f  i t  is  a  

source node wi th  r e s p e c t  t o  t h e  primary a r c s ,  be fo re  i t  is 

d e l e t e d .  
d 

J- 
Aborting o r  d e l e t i n g  a  t r a n s a c t i o n  Tk may make another  

t r a n s a c t i o n  T j  s a t i s f y  t h e  d e l e t i o n  condi t ion .  In  our  scheme, 

a f t e r  a  d e l e t i o n  o r  abo r t ion  t h e  scheduler  checks t h e  wai t  l i s t  

t o  see  i f  any t r a n s a c t i o n  ( o r  a  s e t  of t r a n s a c t i o n s )  s a t i s f i e s  

t he  de le t . ion  condi t ion .  - 

Clea r ly ,  a  source node in , t he  dependency graph cannot  be 

involved i n  a  cyc l e  s i n c e  i t  haseon ly  outgoing a rc s .  Moreover, i f  

a  t r a n s a c t i o n  Tk s a t i s f i e s  t h e  d e l e t i o n  cond i t i on  ( i . e . ,  i t s  node h 

i n  t h e  dependency graph i s  a  source  node and Commit(Tk) has been 

received by t h e  scheduler )  i t s  node i n  t h e  dependency graph w i l l  

remain a source node s i n c e  i t  w i l l  no t  i s s u e  any new reques t .  

Thus, t h e  d e l e t i o n  of t r a n s a c t i o n  Tk s a t i f y i n g  the  d e l e t i o n  

cond i t i on  w i l l  n o t  cause any problem i n  t h e  f u t u r e  e  Tk 

cannot g e t  involved i n  a  cyc l e ) .  

When we d e l e t e  a  t r a n s a c t i o n  Tk we d e l e t e  i t s  node i n  t h e  

dependency graph and a l l  a r c s  going out  of t h i s  node. If 

\ I 
% 



t r a n s a c t i o n  Tk c r e a t e d  a  v e r s i o n  of a  d a t a  item X,  s ay  Xk' ,  we 

a l s o  d e l e t e  any v e r s i o n  of X w i t h  number l e s s  than  k' .  Obviously 

t h e r e  w i l l  be only one v e r s i o n  of X w i t h  number l e s s  than  k' 

(otherwise t h e  node Tk would not  be a  source node). This  ve r s ion  

may have been c rea t ed  by t h e  f i c t i t i o u s  t r a n s a c t i o n  TO o r  any 

o t h e r  previously committed t r a n s a c t i o n .  

Theorem 1 was proved with t h e  i m p l i c i t  assumption t h a t  a l l  

ve r s ions  a r e  kep t  and t h e  dependency graph c o n t a i n s  a l l  

t r ansac t ions .  Let Ti and d j  be a s  def ined  i n  t h e  proof ofaTheorem 

1. Since . only sou rce  nodes a r e  d e l e t e d ,  i f  t h e r e  i s  ' a  pa th  from 

Ti t o  d j  i n  the complete dependency graph,. then  t h e  same pa th  

must be i n  t h e  cu r r en t  (pruned) '  dependency graph. Therefore t h e  

ve r s ion  X j  i n  t h e  proof o f  Theorem 1 can be found using t h e  

cu r r en t  dependency-graph. We show h e r e  fur thermore t h a t  each read 

reques t  can be granted  a  v e r s i o n  t h a t  i s  s t i l l  kept  by t h e  

system. 

Let Tk and Xk' be a s  def ined  above ( i . . ,  t r a n s a c t i o n  Tk 

s a t i s f i e s  t h e  d e l e t i o n  cond i t i on  and c rea t ed  ve r s ion  Xk' of X) 

and l e t  Xkl' be a  ve r s ion  of X c rea t ed  by a previous ly  d e l e t e d  

t r a n s a c t i o n ,  i . e . ,  k l ' < k l .  I f  a  read ope ra t ion  can be assigned 

Xkl' without c r e a t i n g  a c y c l e  i n  t h e  (complete unpruned) 

dependency graph,  then  k l *  must s a t i s f y  t h e  boundary c o n s t r a i n t s  

of Theorem 1, i .e . ,  j ' < k l ' < j ,  - where j and j' a r e  def ined  a s  i n  
> 

the  proof of Theorem 1 .  But s i n c e  Tk i s  a  source  node i n  t h e  

cu r r en t  dependency graph ,  t h e r e  can be no path from Ti t o  Tk. 
,' 



This  imp l i e s  k t < .  W e  t hus  have j'(klf<k'<j, i .e . ,  k '  a l s o  - 
s a t i s f i e s  t h e  t h e  c o n s t r a i n t s  o f  Theorem 1. This  imp l i e s  t h a t  a  

read ope ra t ion  which could be ass igned  a  de l e t ed  v e r s i o n  without  

c r e a t i n g  a  c y c l e  i n  t h e  dependency graph can a l s o  be assigned Xk' 

v i t h o u t  c r e a t i n g  a c y c l e  i n  t h e  dependency graph. 



6. Cycl ic  r e s t a r t  and long t r a n s a c t i o n s  - 

Suppose t h a t  we have two t r d a c t i o n s  execut ing concur ren t ly  

as shown i n  f i g u r e  5, and a l s o  t h a t  t h e  two t ransac ' t ions  acces s  

t h e  d a t a  i tems X and Y according t o  t he  timing pa t t e rn .  

Consider t h e  d a t a  item X. Ti reads  XO and w r i t e s  XI .  Tj , on 

t h e  o t h e r  hand, r e a d 9 0  and t r i e s  t o  w r i t e  a  new v e r s i o n  of X a t  

t ime t=tl. Since g r a n t i n g  Wj(X) w i l l  c r e a t e  a  c y c l e  involv ing  Ti  

and T j ,  t h e  scheduler  w i l l  a b o r t  Tj. Assuming t h a t  t h e  r e s t a r t  

f o r  T j  beginsoapproximately a t  . t ime t=tl ,  a t  time t = t 2  t h e  

scheduler  w i l l -  abo r t  T i ,  and subsequent ly a t  time t = t 3  t h e  

scheduler  w i l l ' a b o r t  T j  again. The a b o r t i o n  of Ti and Tj  may 

r e p e a t  i t s e l f  f o r e v e r  without  T i  o r  Tj  being committed. This i s  

an  example of t h e  " c y c l i c  r e s t a r t  problem" [STEA-761. 

S t ea rns ,  e t  a l .  have observed t h a t  minor changes i n  t ime may 

not  prevent  c y c l i c  r e s t a r t .  - 



Figure  5. A c y c l i c  r e s t a r t  

(Note t h a t  * as soc ia t ed  wi th  a  w r i t e  ope ra t ion  means r e j e c t e d  

ope ra t ion  and a dashed l i n e  i s  drawn beginning a t  t h e  s t a r t  of a  

t r ansac t ion . )  



A c y c l i c  r e s t a r t  may take  severa l  forms. For example, a  

t r ansac t ion  Ti may be involved i n  a c y c l i c  r e s t a r t  wi th  two o r  more 
Q 

d i f f e r e n t  t r ansac t ions  ind iv idua l ly  a s  shown i n  f i g u r e  6 .  



t l t 2  t 3  t 4 t 5  

F igure  6. T i  i s  involved wi th  T j  i n  a  c y c l i c  r e s t a r t  

and wi th  Tk i n  another  c y c l i c  r e s t a r t .  



It is a l s o  p o s s i b l e  f o r  a  c y c l i c  r e s t a r t  t o  involve  a l a r g e  number 

of t r ansac t ions .  For example t h e  t h r e e  t r a n s a c t i o n s  T i ,T j ,  and Tk a r e  

#- 
involved i n  a  c y c l i c  r e s t a r t  i n  fig,ure 7. 



RJ (YO)  Wj (Y 1) 

Figure 7. A cyclic r e s t a r t  involving 

t h ree  transactions Ti, TJ ,  and Tk. " 



A cyclic restart does not necessarily mean aborting one 

transaction at a time. In some cases two or m w e  transactions may 

be involved in a cyclic restart in such a way that all the 

transactions may be aborted at the same time. For example, in 

figure 8 transaction Ti and transaction Tj are involved in a 

cyclic restart in which the two transactions will be aborted 

simultaneously at time t=t1,2t1,3tl,... (Note that when the 

scheduler aborts Ti &t ' also aborts Tj sifice Tj is strongly 

dependent on Ti). 



...*..............*.................*..............*....... time 

Figure 8. Transaction Ti and transaction Tj are involved 
t 

in a cyclic restart in which the two transactions will be 

aborted simultaneously at time t=t1,2t1,3tl, ..... 
The bottom part of this figure will be used later. 



From t h e  above examples we conclude t h a t  a  t r a n s a c t i o n  T i  

may be involved i n  one o r  more t a r t s  s imultaneously.  I f  

a  t ransac t icm i s  involved i n  a  c y c l i c  r e s t a r t  then i t  may s t a y  i n  

t h e  system fo reve r .  

We may a l s o  a sk  whether i t  i s  guaranteed f o r  each 

t r a n s a c t i o n  t o  commit i f  i t  i s  no t  involved i n  a  c y c l i c  r e s t a r t .  

Unfortunately,  t h e  answer i s  no. For example. a  t r a n s a c t i o n  Ti 

(most l i k e l y ,  a  long t r a n s a c t i o n )  may s t a y  i n  t he  system forevGr 

without  being involved i n  a  c y c l i c  r e s t a r t  because i t  c o n f l i c t s  

wi th  d i f f e r e n t  t r a n s a c t i o n s  each time [KLlNG-811. Ti may be 

abor ted  r epea t ed ly  without  eve r  f i n i s h i n g .  A t  t h e  same t ime t h e  

ex i s t ence  of such a  t r a n s a c t i o n  may cause s e v e r a l  t r a n s a c t i o n s  t o .  

be abor ted .  

Therefore t h e  ex i s t ence  of a  t r a n s a c t i o n  which c o n t i n u a l l y  

g e t s  aborted does n o t  n e c e s s a r i l y  imply a  c y c l i c  r e s t a r t .  This 

f a c t  impl ies  t h a t  t he  d e t e c t i o n  of a  c y c l i c  r e s t a r t  may be very 

d i f f i c u l t ,  i f  n o t  impossible .  We thus  must c u r e  a "desease" 

without  knowing t h a t  i t  i s  the re .  



6.1 Detect ing a  c y c l i c  r e s t a r t  - 

Since a  c y c l i c  r e s t a r t  may take  many d i f f e r e n t  forms, 

d e t e c t i n g  a  c y c l i c  r e s t a r t  may n o t . b e  an  easy  t a s k .  We s h a l l  g i v e  

some examples t o  show t h a t  d e t e c t i n g  a  c y c l i c  r e s t a r t  i s  indeed 

very d i f f i c u l t  . 
Transact ion Ti  and t r a n s a c t i o n  Tj  may be abor ted  due t o  

c o n f l i c t s  

subsequent1 

wi th  each o t h e r  one o r  more t imes and they  may 

.y proceed t o  completion a s  i n  f i g u r e  9. 

F igure  9. ~ r a k s a c t i o n  Ti and t r a n s a c t i o n  T j  a r e  aborted 1 
/ 

due t o  c o n f l i c t  wi th  each o t h e r  and they subsequent ly . . 
proceed t o  completion. 

a 



Transaction Ti may be aborted due to conflict with more than 

one transaction as shown in figure 10. 

A long transaction may also be aborted due to conflict with one - 
or more transactions and may cause other transactions to be, 

aborted and still this case may not be a cyclic restart. 

Figure 10. Transaction Ti is aborted because of 

transaction Tj and transaction Tk. 



How can  we prevent  a  c y c l i c  r e s t a r t  from repea t ing  i t s e l f  -'. 
f o r e v e r  and guarantee  long t r a n s a c t i o n s  to.commit? 

r The major d i f f i c u l t y  i n  coping wi th  c y c l i c  r e s t a r t  i s  ou r  

i n a b i l i t y  t o  determine t h e  cause of an a b o r t i o n  a s  c y c l i c  

r e s t a r t ,  a s  t h e  above 

d i r e c t l y  d e a l  wi th  

_ n e c e s s i t y ,  i n d i r e c t .  

One approach t o  

examples i l l u s t r a t e .  Therefore 

c y c l i c  r e s t a r t s .  Our approach 

we cannot 

w i l l  be ,  o f  

so lv ing  t h i s  problem is  t o  a s s i g n  d i f f e r e n t  

p r i o r i t i e s  t o  d i f f e r e n t  t r a n s a c t i o n s  (Be rns t e in ,  e t  a l .  

[BERN-811, t h i s  method was proposed f o r  so lv ing  c y c l i c  r e s t a r t s  
1 

due t o  deadlock) and t o  t e s t  p r i o r i t y  t o  dec ide  which of - t he  
A 

c o n f l i c t i n g  t r a n s a c t i o n s  t o ' a b o r t .  For example, we would a b o r t  Ti 

f o r  Tj only i f  Tj had a  h ighe r  p r i o r i t y  than  Ti ( i . e . ,  
" 

P(Ti)<P(Tj)  , where P(Ti) i s  t h e  p r i o r i t y  assigned t o  T i ) .  

One problem wi th  t h i s  technique i s  t h a t  some unfor tuna te  

t r a n s a c t i o n  (most l i k e l y  long t r a n s a c t h n )  may s t a y  i n  t h e  system 

fo reve r  because i t  c o n f l i c t s  wi th  a d i f f e r e n t  t r a n s a c t i o n  each 

time. 
, t 

Another problem may a r i s e  when a  t r a n s a c t i o n  Ti i s  involved 

i n  a  c y c l i c  r e s t a r t  wi th  two t r a n s a c t i o n s  T j  and Tk where 

P(Tj)<P(Ti)<P(Tk).  I n  this case  we cannot easily apply the 

previous po l i cy  f o r  deciding which t r a n s a c t i o n  t o  abo r t .  This i s  
0 

because i f  Tj and Tk a r e  s t r o n g l y  dependent on T i ,  t h e  scheduler  



w i l l  abo r t  t h e  t h r e e  t r ansac t ions .  Note t h a t  s e l e c t i n g  T j  f o r  
- > 

abor t ion  may l ead  t o  abo r t ing  Tk, which has a  h ighe r  p r i o r i t y  

t ha  T i ,  i f  Tk i s  s t r o n g l y  dependent on Tj. 4 'I 

Another approach i s  t o  use  timestamp ( c f  [STEA-761). In  t h i s  

approach each t r a n s a c t i o n  i s  g iven  a  unique timestamp when i t  

a r r i v e s .  This timestamp is  g r e a t e r  than  any timestamp g iven  t o  

prev ious ly  rece ived  t r ansac t ion .  I f  two t r a n s a c t i o n s  Ti  and Tj  

c o n f l i c t ,  t h e  o rde r  of time stamps between Ti and Tj  is  b r e d  t o  

determine whether Ti  o r  Tj  should be r e s t a r t e d .  

This techinque i s  q u i t e  s i m i l a r  t o  t h e  p r i o r i t y  technique 

except  t h a t  we a r e  ass igning  a timestamp ins t ead  of a  p r i o r i t y  
t 

( n o t e ,  i n  t h e  previous technique a  new t r a n s a c t i o n  may be g i v e n . a  

h ighe r  ' p r i o r i t y  than  an o l d  t r a n s a c t i o n  'which a r r i v e d  e a r l i e r ) .  

-* 
A s  a  r e s u l t ;  i t  has  t h e  same disadvantages except  t h a t  long - 

t r a n s a c t i o n s  a r e  guaranteed t o  commit. 

Another p o s s i b i l i t y  f o r  dsolving t h e  c y c l i c  ' r & a r t  - problem 

might be t o  use a  random time de lay .  Whenever a t r a n s a c t i o n  Ti i s  

aborted we randomly de lay  t h i s  t r a n s a c t i o n  in s t ead  of r e s t a r t i n g  . 
i t  immediately. Obviously i n  t h i s  method i f  Ti and Tj a r e  

-- - 

involved i n  a ' cyc l ic  r e s t a r t  i t  i s  no t  guaranteed t o  break t h i s  
k 

- - 

cyc le  a f t e r  t h e  first d e l a y  a d  perhaps we may a b o r t  (and 

randomly de l ay )  Ti  and Tj  many times before  breaking t h e  cyc le .  
\ 



I n  some cases  t h i s  method may even f a i l  t o  prevent the  

d 
c y c l i c  r e s t a r t  from repeating i t s e l f  forever.  For example, i n  the  

c y c l i c  r e s t a r t  shown i n  f i g u r e  8, Ti and T j  w i l l  be aborted (and 

randomly delayed) a t  the  same time. If  the  difference-between the  

time delays  of  Ti and Tj  is  such t h a t  Wi(X) precedes Rj(X) and 

Wj(Y) precedes R i ( Y )  the  two t r ansac t ions  may s t a y  forever  ( r e f e r  

t o  f i g u r e  8). That i s  because the  same c o n f l i c t s  between T i  and 

Tj w i l l  occur again. 

- W e  may a l s o  delay t r ansac t ions  unnecessari ly even i f  the  

abor t ion  i s  not  due t o  a  c y c l i c  r e s t a r t .  Another problem with 

t h i s  scheme i s  t h a t  long t r ansac t ions  may s t a y  i n  t h e  system 

forever.  

A simple s o l u t i o n  f o r  .the previous problems ( a  c y c l i c  

r e s t a r t  and long' t r ansac t ions )  is  t o  a s s ign  each t r ansac t ion  

counter (abortaion counter) which i n d i c a t e s  t h e  number of times , 
? 

t h i s  t r ansac t ion  ha's been aborted. When. t h i s  count exceeds a 

s p e c i f i c  l i m i t ,  i t  w i l l  no t  be r e s t a r t e d  again. This t r ansac t ion  

w i l l  w a i t u n t ~ i  a l l  o the r  t r ansac t ions  aboted before (presumably 

because they c o n f l i c t  with t h i s  t r ansac t ion)  w i l l  be executed f o r  

completion. After  t h a t  t h i s  t r ansac t ion  w i l l  be executed without 

abort ion.  IF during the  t i m e  thf s t r ansac t ion  wai ts  one of those 

transactions exceeds t h e  limit. it-- m t  r e s t a r t e d  -4, 

but wi-11 be executed a f t e r  the  execution of t h i s  t ransact ion .  The 

scheduler w i l l  no t  al low two ( o r  more) t r ansac t ions  which 

bor t ion  l i m i t  t o  execute together  (otherwise they 

exceed* t? 



may c o n f l i c t  wi th  each o t h e r ) .  Executing t h i s  t r a n s a c t i o n  without  

a b o r t i o n  does n o t  mean execut ing i t  alone. It simply means t h a t  

when t h i s  t r a n s a c t i o n  i s  executed,  t h e  scheduler  w i l l  abo r t  any 

o t h e r  t r a n s a c t i o n  t h a t  c o n f l i c t s  wi th  it.  

This s o l u t i o n  i s  no t  t oo  r e s t r i c t i v e  compared t o  some o the r  

methods of  c o n t r o l .  For example, i n  some v a r i a t i o n s  o f  two-phase 

locking a t r a n s a c t i o n  may hold a l l  locks  u n t i l  t e rmina t ion  ( s e e  

Berns t e in ,  e t  a l .  [BERN-8b .  

It i s  c l e a r  t h a t  t h i s  s o l u t i o n  prevents  c y c l i c  r e s t a r t  and 

guarantees  long t r a n s a c t i o n s  t o  commit. It: can a l s o  d e a l  wi th  a11 

t h e  d i f f e r e n t i f o r m s  of c y c l i c  r e s t a r t  mentioned before.  A long 

t r a n s a c t i o n  Ti  involved wi th  one o r  more t r a n s a c t i o n s  i n  a  c y c l i c  

r e s t a r t  i s  executed l a t e r  ( i t  i s  most l i k e l y  f o r  Ti t o  exceed the  

l i m i t  before  t h e  o t h e r  t r a n s a c t i o n s ) .  

Kung, e t  a l .  [KUNG-811 have introduced a  s o l u t i o n  f o r  a  

s i m i l a r  

t r a n s a c t  

bu t  d i f f e r e n t  problem, i . e . ,  " s ta rv ing"  long 

% 
i o n s ,  based,on keeping t r a c k  of  t h e  nirmber of t imes a  

t r a n s a c t i o n  i s  r e s t a r t e d .  When t h i s  count exceeds a  l i m i t ,  t h e  

corresponding t r a n s a c t i o n  g e t s  t h e  h ighes t  p r i o r i t y  and i s  

executed a lone  whi le  a l l  o t h e r  t r a n s a c t i o n s  wS&t f o r  i t s  

cmiplet ion.  Obviously, t h e i r  s o l u t i o n  is  t h e  oppos i te  of ours .  

Our j u s t i f i c a t i o n  is ba  b ed on t h e  i d e a  of i s o l a t i n g  t h e  cause of 

t h e  problem (presumably t h e  long t r a n s a c t i o n  which exceeded t h e  

l i m i t ) .  S ta ted  another  way, i t  i s  b e t t e r  t o  make only  one 



t r a n s a c t i o n  wai t  and t o  achieve  a s  much concurrency a s  poss ib le .  
0, 

Unlike t h e i r  method, we l e t  a  t r a n s a c t i o n  which exceeds t h e  

l i m i t  execute  wi th  o t h e r  t r a n s a c t i o n s .  
* 

The d isadvantage  of ou r  s o l u t i o n  i s  t h a t  c o n f l i c t i n g  

t r a n s a c t i o n s  may be r e s t a r t e d  s e v e r a l  t imes be fo re  they  proceed 

t o  completion. But s i n c e  d e t e c t i n g  c y c l i c  r e s t a r t s  is  very 
F% 

d i f f i c u l t  a s  we have shown, t h i s  problem may a r i s e  i n  most of  t h e  

o t h e r  so lu t ions .  

There i s  probably no s i n g l e  b e s t  method f o r  r e so lv ing  c y c l i c  

r e s t a r t  and s t a r v i n g  t r ansac t ions .  The performance of each method - 
w i l l  depend on c h a r a c t e r i s t i c s ,  such a s  l eng ths  o r  frequency of 

t h e  w r i t e  ope ra t ions  of  t h e  t r ansac t ions .  A p o s s i b l e  f u r t h e r  

r e sea rch  would be t o  compare t h e  d i f f e r e n t  methods mentioned 

above f o r  va r ious  s e t s  of t r ansac t ions .  
Jc 



7. Conclusions 

We have presented a  new mult i -version scheme f o r  c o n t r o l l i n g  

concurrent  acces ses  t o  a  da tabase  system. Mul t ip le  v e r s i o n s  of 

each d a t a  i tem a r e  maintained.  When t h e  scheduler  r e c e i v e s  a  read 

ope ra t ion  f o r  a  d a t a  i tem X, R i ( X ) ,  it searches  t h e  v e r s i o n s  of X 

c u r r e n t l y  maintained i n  t h e  system and s e l e c t s  t h e  app ropr i a t e  

v e r s i o n  which can be assigned t o  R i ( X )  without c r e a t i n g  a  cyc l e  

i n  t h e  dependency graph. 

* 

Processing a  w r i t e  ope ra t ion  is q u i t e  s i m i l a r  t o  processing 

a  read ope ra t ion  bu t  i n s t ead  of s e l e c t i n g  the  a p p r o p r i a t e  ve r s ion  

t h e  scheduler  f i n d s  an  appropr i a t e  v e r s i o n  number f o r  ' t h e  new , 

ve r s ion  t o  be c rea t ed  ( r e f e r  t o  Theorem 2) .  L 
Unlike previous ly  in t roduced  mult i -version schemes [STEA-76, 

MURO-81, MURO-821, a  w r i t e  ope ra t ion  may be allowed t o  c r e a t e  an 

e a r l i e r  vers ion .  I f  t he  w r i t e  ope ra t ion  comes i n  t ime i t  c r e a t e s  

a  new v e r s i o n  wi th  t h e  l a r g e s t  ve r s ion  number. However, i f  i t  

canes l a t e  i t  c r e a t e s  an " e a r l i e r "  ver ,s ion,  provided i t  does not  

c r e a t e  a  cyc l e ;  o therwise  t h e  i s s u i n g  t r a n s a c t i o n  i s  aborted.  The 

abor t ion  process  may propagate t o  inc lude  some o the r  

t r ansac t ions .  

An e f f i c i e n t  a lgor i thm f o r  s e l e c t i n g  the  app ropr i a t e  ve r s ion  

t o  be read o r  t o  be c rea ted  was introduced.  This a lgori thm works 

- i n  t ime l i n e a r  i n  tlie number of a r c s  i n  t h e  dependency graph. 



We have proved t h a t  t h e  f i x p o i n t  s e t  of ou r  scheduler  

con ta ins  t hose  of t he  o t h e r  schemes and t h e r e f o r e  our  scheme 

achieves  more concurrency. 

We have a l s o  analyzed t h e  c y c l i c  r e s t a r t  problem [STEA-761 

and introduced a  s imple s o l u t i o n .  
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