[5] H.F. Korth and G.D. Sp eegle, \F ormal Mo del of Correctness Without Serializabilit y", ACM-

SIGMOD International Conference on Management of Data, Chicago, Illinois, June, 1988.

[6] S. Mehrotra, R. Rastogi, H. F. Korth and A. Silb erschatz, \Maintaining Database Consis-

tency in Heterogeneous Distributed Database Systems," UT Department of Computer Sci-

ences, T echnical Rep ort, TR-91-04, 1991.

[7] S. Mehrotra, R. Rastogi, H. F. Korth and A. Silb erschatz, \Proving Correctness of Non-

serializable Executions," In preparation.

[8] C. Papadimitriou, \The Theory of Database Concurrency Control", Computer Science Press,

1986.

12 tp

1

: a := 1; tp

2

: if (a > 0) then c := b

if (c > 0) then b := 1

Let I C = (a > 0 ! b > 0) ^ c > 0. The conjuncts are de�ned over disjoint sets of data items.

T ransaction programs tp

1 and tp

2 do not have �xed-structure. Consider the follo wing schedule

resulting from the execution of tp

1 and tp

2 from database state f(a; �1); (b; �1); (c; 1)g.

S : w

1

(a; 1) r

2

(a; 1) r

2

(b; �1) w

2

(c; �1) r

1

(c; �1)

The database state resulting from the execution of the ab ove schedule is f(a; 1); (b; �1); (c; �1)g,

which is inconsistent. Thus, PWSR schedules, resulting from the execution of transaction programs

that do not have �xed-structure may not preserve integrity constraints even if conjuncts are dis-

joint. 2

4 Conclusion

W e have develop ed a theory of non-serializable executions. Our approach exploits the knowledge of

the set of data items over which the integrit y constraints are de�ned in order to preserve database

consistency in spite of sacri�cing serializabilit y . Our pro of techniques were used to show that

PWSR schedules, under appropriate restrictions, preserve the integrity constraints. Our results

are applicable to a wide range of applications including computer-aided design and manufacturing,

and heterogeneous database systems, where serializabilit y is to o strict a correctness criterion and

a weaker notion of correctness based on non-serializable executions is required.

Most of the previous work on non-serializable executions resorts to informal reasoning. This

is mainly due to the limitation of the transaction mo dels b eing used. The transaction mo del we

develop in this pap er is suited for dealing with non-serializable executions. It di�ers from other

standard transaction mo dels in that op erations b elonging to transactions have v alues asso ciated

with them in addition to action and entity attributes. This new mo del allows us to provide a formal

basis for proving that non-serializable executions preserve database consistency .

References

[1] K. R. Apt, \Intro duction to Logic Programming", Handb o ok of Theoretical Computer Science,

(J. v an Leeuwen, Managing Editor), North Holland.

[2] P

. Bernstein, V. Hadzilacos and N. Go o dman, \Concurrency Control and Recovery in Database

Systems", Addison- W esley Publishing Co., 1987.

[3] W. Du, A. Elmagarmid, \Quasi Serializabilit y: a Correctness Criterion for Global Database

Consistency in Interbase", Pro ceedings of the International Conference on V ery Large

Databases (VLDB), 1989.

[4] H.F. Korth, W. Kim and F. Bancilhon, \On Long-Duration CAD T ransactions", Information

Sciences 46, 1988.

11

Case 1 (p 62 t): T rivially by IH, r ead(bef or e(t; p; S )) is consistent.

Case 2 (p 2 t): Let entity (p) 2 d

k

, for some k = 1; 2; : : : ; l . Since S is PWSR, S d

k

is seri-

alizable. Let a serialization order of transactions in S d

k

b e t

1

; t

2

; : : : ; t

j

; t; t

j +1

; : : : ; t

l

.

As p 2 t, p 62 t

i

, for all i = 1; 2; : : : ; j . Thus, by case 1 of the induction step ab ove,

r ead(bef or e(t

i

; p; S )) is consistent, for all i = 1; 2; : : : ; j . Hence, since transaction pro-

grams have �xed-structure, from Lemma 4, state(t; V S (t; p; d

k

; S ); S; D S ) is consistent.

By Lemma 3, RS (bef or e(t d

k

; p; S )) � V S (t; p; d

k

; S ). Thus, r ead(bef or e(t d

k

; p; S )) is

consistent. By IH, r ead(bef or e(t

D �d

k

; p; S )) is consistent. Since d

e

\ d

f

= ;, e 6= f , by

Lemma 1, r ead(bef or e(t; p; S )) is consistent. 2

Theorem 1: Let I C = C

1

^ C

2

^ : : : ^ C

l

, where I C , C

e are de�ned over data items in D , d

e

resp ectively such that d

e

\ d

f

= ;, e 6= f . Let S b e a schedule consisting of transactions resulting

from the execution of transaction programs with �xed-structure. If S is a PWSR schedule, then it

is strongly correct.

Pro of: Let D S

1 b e a consistent database state such that l eg al (D S

1

; S ). Let fD S

1 gS fD S

2 g.

By Lemma 5, for all t 2 � , r ead(t) is consistent (Cho ose p to b e the last op eration in the schedule).

W e now show that D S d

k

2

, for any k = 1; 2; : : : ; l is consistent. Let t

1

; t

2

; : : : ; t

n b e a serialization

order of transactions in S d

k

. Since D S d

k

1 is consistent, and d

e

\ d

f

= ;, e 6= f , by Lemma 4,

state(t

n

; d

k

; D S

1

; S ) is consistent (Cho ose p to b e the last op eration in the schedule). D S d

k

2 can b e

shown to b e consistent by a simple application of Lemma 2. Thus, by Lemma 1, D S

2 is consistent,

and hence, S is strongly correct. 2

If transaction programs do not have �xed-structure or if the conjuncts are not de�ned over

disjoint set of data items, PWSR may not preserve database consistency as is shown in Example 5

and Example 6 b elow.

Example 5: Consider a database containing data items D = fa; b; cg and the following trans-

action programs tp

1 and tp

2

.

tp

1

: b := c � 5 tp

2

: temp := b;

a := temp + 5;

c := temp

Let I C = a > b ^ a > c. The conjuncts are not disjoint and share a data item a. T ransaction

programs tp

1 and tp

2 have �xed-structure. Consider the following schedule resulting from the

execution of tp

1 and tp

2 from database state f(a; 30); (b; 10); (c; 25)g.

S : r

1

(c; 25) r

2

(b; 10) w

2

(a; 15) w

2

(c; 10) w

1

(b; 20)

The database state resulting from the execution of the ab ove schedule is f(a; 15); (b; 20); (c; 10)g,

which is inconsistent. Thus, if conjuncts are de�ned over sets of data items which are not disjoint,

PWSR schedules may not preserve integrit y constraints. 2

Example 6: Consider a database containing data items D = fa; b; cg and the following trans-

action programs tp

1 and tp

2

.

10

Pro of: RS (bef or e(t d

1

; p; S )) � d = V S (t

1

; p; d; S ). Thus, the result holds for t

1

. T o show that

the result holds for any t

i

, i = 2; 3; : : : ; n, we will show that if d

0

2 d, and d

0

62 V S (t

i

; p; d; S ),

then d

0

62 RS (bef or e(t d

i

; p; S )). F rom the de�nition of the view-set of a transaction, we have the

following prop erty ab out data items which do not b elong to a transaction’s view-set. If d

0

2 d, and

d

0

62 V S (t

i

; p; d; S ), then for some j < i, d

0

2 W S (af ter (t d

j

; p; S )) and for all k , k = j + 1; : : : ; i � 1,

d

0

62 W S (t d

k

). Since S d

is serializable and t

j is serialized b efore t

i

, if t

i reads d

0

, then t

i must read

the v alue of d

0

written by t

j

. Thus, b efore p, t

i cannot read d

0

; that is, d

0

62 RS (bef or e(t d

i

; p; S )). 2

W e now use Lemma 2 and Lemma 3 to develop assertions ab out the database state during the

execution of �xed-structure transaction programs.

Lemma 4: Let I C = C

1

^ C

2

^ � � � C

l

, where I C , C

e are de�ned over data items in D , d

e

resp ectively such that d

e

\ d

f

= ;, e 6= f . Let S b e a schedule resulting from the execution of

transaction programs with �xed-structure such that for some k , k = 1; 2; : : : ; l , S d

k

is serializable

with serialization order t

1

; t

2

; : : : ; t

n

. Let p b e an op eration in S and D S b e a database state such

that l eg al (D S; S ), and D S d

k

is consistent. If for all j = 1; 2; : : : ; i � 1, r ead(bef or e(t

j

; p; S )) is

consistent, then state(t

i

; V S (t

i

; p; d

k

; S ); S; D S ) is consistent, i = 1; 2; : : : ; n.

Pro of: The pro of is by induction on the numb er of transactions.

Basis (i = 1): T rivial, as state(t

1

; d

k

; S; D S ) = D S d

k

, which is given to b e consistent.

Induction: Assume true for i = m, that is, if for all j = 1; 2; : : : ; m � 1, r ead(bef or e(t

j

; p; S )),

is consistent, then state(t

m

; V S (t

m

; p; d

k

; S ); S; D S ) is consistent. W e need to show the ab ove

to b e true for i = m + 1. By IH, we know that state(t

m

; V S (t

m

; p; d

k

; S ); S; DS ) is consis-

tent. By Lemma 3, RS (bef or e(t d

k

m

; p; S )) � V S (t

m

; p; d

k

; S ). Since d

e

\ d

f

= ;, e 6= f , and

r ead(bef or e(t

m

; p; S )) is given to b e consistent, by Lemma 1, state(t

m

; V S (t

m

; p; d

k

; S ); S; DS ) [

r ead(bef or e(t

m

; p; S )) is consistent. As transaction program tp

m has �xed-structure, by Lemma 2,

state(t

m+ 1

; V S (t

m

; p; d

k

; S ) [ W S (bef or e(t d

k

m

; p; S ); S; DS ) �W S (af ter (t d

k

m

; p; S ); S; D S ) is con-

sistent. As V S (t

m+1

; p; d

k

; S ) = V S (t

m

; p; d

k

; S ) [W S (bef or e(t d

k

m

; p; S )) �W S (af ter (t d

k

m

; p; S )),

state(t

m+ 1

; V S (t

m+1

; p; d

k

; S ); S; D S ) is consistent. 2

Lemma 5: Let I C = C

1

^ C

2

^ � � � ^ C

l

, where I C , C

e are de�ned over data items in D , d

e

resp ectively such that d

e

\ d

f

= ;, e 6= f . Let S b e a schedule consisting of transactions resulting

from the execution of transaction programs with �xed-structure and p b e an arbitrary op eration in

S . If S is a PWSR schedule, then for all transactions t 2 S , r ead(bef or e(t; p; S )) is consistent.

Pro of: Let D S b e a consistent database state such that l eg al (D S; S ). The pro of is by induction

on depth(p).

Basis (depth(p) = 0): There are two cases:

Case 1 (p 62 t): r ead(bef or e(t; p; S )) = ;, which is consistent.

Case 2 (p 2 t): Since depth(p) = 0, r ead(bef or e(t; p; S )) � D S , which is consistent.

Induction: Assume for depth(p) = m, for all transactions t 2 S , r ead(bef or e(t; p; S )) is consistent.

W e need to show for depth(p) = m + 1, for all transactions t 2 S , r ead(bef or e(t; p; S )) is consistent.

Consider two cases.

9 and the lemma has b een proven. 2

W e next asso ciate the notion of a \state" with a transaction. The state asso ciated with the

transaction is a p ossible database state the transaction may have seen. The state seen by the

transaction is an abstract notion and may never have b een physically realized in a schedule.

De�nition 4: Let S b e a schedule and d � D such that S d

is serializable. Let t

1

; t

2

; : : : ; t

n

b e a serialization order of transactions in S d

and D S b e a database state such that l eg al (DS; S ).

The state of the database b efore the execution of each transaction with resp ect to data items in d

is de�ned as follows.

state(t

i

; d; S; D S ) =

(

D S d

; if i = 1

state(t

i�1

; d � W S (t d

i�1

); S; D S ) [ w r ite(t d

i�1

); if i > 1 2

state(t

i

; d; S; D S ) is the state of the database with resp ect to data items in d as seen by t

i

. The

state of a transaction dep end s on the initial state and the serialization order chosen and thus, may

not b e unique. Note that, r ead(t d

i

) � state(t

i

; d; S; D S )

2

. In Example 4, S is serializable with

serialization orders t

i

; t

j or t

j

; t

i

. With serialization order t

i

; t

j

,

state(t

j

; fa; b; cg; S; D S ) = f(a; 0); (b; 5); (c; 5)g.

However, with serialization order t

j

; t

i

,

state(t

j

; fa; b; cg; S; DS ) = f(a; 0); (b; 10); (c; 5)g.

W e now intro duce the notion of the view-set of a transaction. The view set of a transaction is

de�ned with resp ect to a set of data items, and an op eration in the schedule.

De�nition 5: Let S b e a schedule and d � D such that S d

is serializable. Let t

1

; t

2

; : : : ; t

n

b e a serialization order of transactions in S d

and p b e an op eration in S . The view-set of each

transaction t

i

, b efore op eration p, with resp ect to data items in d is de�ned as follows.

V S (t

i

; p; d; S ) =

(

d; if i = 1

V S (t

i�1

; p; d; S ) [ W S (bef or e(t d

i�1

; p; S )) � W S (af ter (t d

i�1

; p; S )); if i > 1 2

The view-set of a transaction denotes the set of data items the transaction can read b efore an

op eration p in a schedule S . In the follo wing lemma, we show that in a schedule S such that S d

is serializable, if a transaction t reads a data item d

0

2 d b efore op eration p, then d

0

2 V S (t; p; d; S ).

Lemma 3: Let S b e a schedule and d � D such that S d

is serializable. Let t

1

; t

2

; : : : ; t

n b e a

serialization order of transactions in S d

and p b e an op eration in a schedule S . F or all i = 1; 2; : : : ; n,

RS (bef or e(t d

i

; p; S )) � V S (t

i

; p; d; S ).

2

This may not b e true if S d

is �nal-state serializable (FSR) but not view serializable [8], however it is true if S d

is view serializable, as we assume here.

8

� for all consistent database states D S

1

, if fD S

1 gS fD S

2 g, then D S

2 is consistent, and

� for all transactions t 2 � , r ead(t) is consistent. 2

Every serializable

1

schedule is strongly correct, but there are strongly correct schedules that

are not serializable. In the next section, we show that PWSR schedules are strongly correct if

transaction programs and integrit y constraints are of a restricted nature. In the remainder of the

pap er we assume that all transaction programs and transactions are correct.

3 Predicatewise Serializabilit y

The notion of predicatewise serializability (PWSR) was intro duced as an alternativ e consistency cri-

terion to serializability for applications with long-duration transactions, CAD/CAM applications,

etc. [4]. In this section, we identify a set of restrictions on integrity constraints and transactions

which ensure that a PWSR schedule is strongly correct. F ormally

, PWSR is de�ned as follows.

De�nition 3: Let I C = C

1

^ C

2

^ � � � ^ C

l

, where I C , C

e are de�ned over data items in D , d

e

resp ectively

. A schedule S is is said to b e PWSR if for all e, e = 1; 2; : : : ; l , S d

e

is serializable. 2

In order to prove that a PWSR schedule is strongly correct, we �rst develop conditions under

which database consistency is preserved during the execution of transactions and schedules. F or

an arbitrary transaction, it is di�cult to make any assertion ab out the consistency of the database

state during the execution, since all we know ab out a transaction is that, as an atomic unit, it is cor-

rect. However, if we restrict transactions to those resulting from the execution of �xed-structured

transaction programs, we can make assertions ab out the states which exist during its execution.

In the following lemma, we state an imp ortant prop erty of transactions resulting from execution of

�xed-structured transaction programs.

Lemma 2: Let S b e a schedule consisting of a transaction t which results from the execution

of a �xed-structure transaction program tp (note that S = t). Let p b e an op eration b elonging to

schedule S and D S

1 b e a database state such that fD S

1 gtfD S

2 g. If D S d

1

[ r ead(bef or e(t; p; S )) is

consistent, then D S d[W S (bef or e(t;p;S ))�W S (af ter (t;p;S ))

2 is consistent.

Pro of: Let D S

3 b e a consistent database state such that D S d[RS (bef or e(t;p;S ))

3

= D S d

1

[

r ead(bef or e(t; p; S )). Let fD S

3 gtpfD S

4 g. Let t

0

b e the transaction and S

0

b e the schedule re-

sulting from the execution of tp from D S

3

(note that S

0

= t

0

). Since tp has �xed-structure,

str uct(t

0

) = str uct(t). Thus, there exists an op eration p

0

in S

0

such that RS (bef or e(t; p; S )) =

RS (bef or e(t

0

; p

0

; S

0

)) and W S (af ter (t; p; S )) = W S (af ter (t

0

; p

0

; S

0

)). Since D S

RS (bef or e(t;p;S ))

3

=

r ead(bef or e(t; p; S )) and str uct(t

0

) = str uct(t), r ead(bef or e(t; p; S )) = r ead(bef or e(t

0

; p

0

; S

0

)).

Since writes are a function of the reads b efore them, t and t

0

result from the execution of the

same transaction program tp and str uct(t

0

) = str uct(t), D S d[W S (bef or e(t

0

;p

0

;S

0

))�W S (af ter (t

0

;p

0

;S

0

))

4

=

D S d[W S (bef or e(t;p;S ))�W S (af ter (t;p;S ))

2

: Since tp is a correct transaction program, D S

4 is consistent,

1

In this pap er, unless stated otherwise, by serializability we refer to view serializability (VSR) [8].

7

2.3 Sc hedules

A schedule is a sequence of op erations resulting from the concurrent execution of a set of transaction

programs. A schedule S = (� ; �

S

) is a �nite set � of transactions, together with a total order, �

S

,

on all op erations of the transactions. Also, if for two op erations o

1

; o

2 in S and some transaction

t 2 � we have o

1

�

t o

2

, then o

1

�

S o

2

. In order to develop prop erties of schedules we shall need to

consider pro jections of schedules on sets of data items. Let d � D . W e denote by S d

the pro jection

of S on data items in d.

Let seq b e a subsequence of schedule S and p b e an op eration in S .

� W e denote the subsequence of seq consisting of all the op erations that precede p in S , by

bef or e(seq ; p; S ). If p b elongs to seq , then bef or e(seq ; p; S ) includes p.

� W e denote the subsequence of seq consisting of all op erations not in bef or e(seq ; p; S ), by

af ter (seq ; p; S ).

� The numb er of op erations preceding op eration p (but not including p) in schedule S is denoted

by depth(p; S ).

Example 4: Consider the following transaction programs tp

i and tp

j

.

tp

i

: if (a � 0) then b := c tp

j

: d := a

else c := d

Consider the schedule S b elow resulting from the execution of tp

i and tp

j from database state

D S = f(a; 0); (b; 10); (c; 5); (d; 10)g.

S : r

j

(a; 0) r

i

(a; 0) w

j

(d; 0) r

i

(c; 5) w

i

(b; 5)

Note that D S is a legal database state for S , thus l eg al (D S; S ). The restriction of S to fa; cg,

S fa;cg

= r

j

(a; 0) r

i

(a; 0) r

i

(c; 5)

If p = w

j

(d; 0), then

bef or e(t

j

; p; S ) = r

j

(a; 0) w

j

(d; 0)

af ter (t

i

; p; S ) = r

i

(c; 5) w

i

(b; 5)

depth(p; S ) = 2 2

2.4 Strong Correctness

In the traditional mo del, transaction programs, when executed in isolation, are assumed to b e

correct; that is, transactions preserve the integrity constraints of the database. The task of the

concurrency control scheme is to ensure that schedules resulting from the concurrent execution of

the transaction programs preserve database consistency

. However, a concurrency control scheme

which ensures that schedules preserve the database integrit y constraints do es not necessarily pre-

vent transactions from \seeing" inconsistent database states. T o overcome this, we de�ne the notion

of str ong c orr e ctness, which requires that transactions in a schedule read consistent data v alues, in

addition to the requirement that schedules preserve database integrity constraints.

De�nition 2: A schedule S = (� ; �

S

) is strongly correct i�

6

W S (seq ) denotes the set of data items written by op erations in seq .

W S (seq ) = fy : o 2 seq ^ y = entity (o) ^ action(o) = w g

w r ite(seq ) denotes the e�ects that the write op erations in seq have on the database.

w r ite(seq ) = f(y ; z ) : o 2 seq ^ y = entity (o) ^ z = v al ue(o) ^ action(o) = w g

seq d

denotes the subsequence of seq consisting of all op erations o such that entity (o) 2 d.

F or the remainder of the pap er, we shall use t

i to denote the transaction resulting from the

execution of the transaction program tp

i

. Op erations b elonging to transaction t

i will b e subscripted

by i. Thus, a read op eration on data item a b elonging to transaction t

1 will b e denoted by r

1

(a; v ),

where v is the v alue returned by the read.

Example 2: Consider the transaction program tp

1

.

tp

1

: if (a = 0) then b := 0

else c := 0

The execution of tp

1 from database state D S

1

= f(a; 0); (b; 5); (c; 3)g results in the following trans-

action t

1

.

t

1

: r

1

(a; 0) w

1

(b; 0)

The execution of t

1 from D S

1 results in a database state D S

2

= f(a; 0); (b; 0); (c; 3)g. The following

assertions can b e made ab out transaction t

1

.

RS (t

1

) = fag W S (t

1

) = fbg

r ead(t

1

) = f(a; 0)g w r ite(t

1

) = f(b; 0)g

l eg al (D S

1

; t

1

) fD S

1 gt

1 fD S

2 g

t fbg

1

: w

1

(b; 0) str uct(t

1

) : r

1

(a) w

1

(b)

Note that the execution of tp

1 from database state, say D S

3

= f(a; 10); (b; 12); (c; 15)g results in a

di�erent transaction t

0

1

.

t

0

1

: r

0

1

(a; 10) w

0

1

(c; 0)

The execution of t

0

1 from D S

3 results in a database state, D S

4

= f(a; 10); (b; 12); (c; 0)g. 2

De�nition 1: T ransaction program tp has �xe d-structur e if for all pairs (D S

1

; D S

2

) of database

states, str uct(t

1

) = str uct(t

2

), where t

1 and t

2 are transactions resulting from the execution of tp

from D S

1 and D S

2 resp ectively . 2

Example 3: Consider the following transaction programs tp

1 and tp

2

.

tp

1

: if (x > 5) then y := 3 tp

2

: if (x > 5) then y := 3

else y := 5 else z := 5

T ransaction program tp

1 has �xed-structure, while transaction program tp

2 do es not. 2

5 observ ation has serious implications when dealing with non-serializable executions as will b ecome

evident later in the pap er.

F ormally

, a transaction t = (O ; �

t

), where O = fo

1

; o

2

; : : : ; o

n g is a set of op erations and �

t is a

total order on O . An op eration o

i is a 3-tuple (action(o

i

); entity (o

i

); v alue(o

i

)). action(o

i

) denotes

an op eration typ e, which is either a read (r ) or write (w ) op eration. entity (o

i

) is the data item

on which the op eration is p erformed. If the op eration is a read op eration, v al ue(o

i

) is the v alue

returned by the read op eration for the data item read. F or a write op eration, v al ue(o

i

) is the v alue

assigned to the data item by the write op eration. W e assume, that for each transaction, a database

item is read at most once and written at most once, and that no database item is read after it is

written.

Our transaction de�nition di�ers from the way they are traditionally de�ned in the literature

(see for example [2], [8]). W e include, along with every op eration, a v alue attribute, in addition

to action and entity attributes. Since we relax the requirement of serializabilit y as the correctness

criterion, we need to deal with certain non-serializable executions. The v alue attribute helps us in

proving that such non-serializable executions preserve database consistency .

W e use the notation fD S

1 g tp fD S

2 g to denote the fact that when transaction program tp

executes from a database state D S

1

, it results in a database state D S

2

. Similar notation is used

to denote execution of op erations, transactions and schedules (the intended meaning will b e clear

from the context). Since op erations have v alues asso ciated with them, execution of op erations is

p ossible only from certain database states. A database state D S is le gal with resp ect to op eration

o

i

, denoted by l eg al (D S; o

i

), if it is p ossible to execute o

i from D S . Thus, l eg al (D S; o

i

) if

� either action(o

i

) = w ,

� or if action(o

i

) = r , then (entity (o

i

); v alue(o

i

)) 2 D S .

A database state D S is le gal with resp ect to a sequence of op erations o

1 o

2

: : : o

p if it is p ossible to

execute o

1 o

2

: : : o

p from D S ; that is, l eg al (DS; o

1 o

2

: : : o

p

) if:

� l eg al (D S; o

1

), and

� if p > 1, then l eg al (D S

0

; o

2

: : : o

p

), where fD S g o

1 fD S

0

g.

Execution of a sequence of op erations o

1 o

2

: : : o

p from a database state which is not legal with

resp ect to o

1 o

2

: : : o

p is unde�ned.

Every transaction t has a structure asso ciated with it denoted by str uct(t), which is derived from

t by ignoring the v alues asso ciated with the op erations in t. Thus every op eration o

i in str uct(t)

is a 2-tuple (action(o

i

); entity (o

i

)). In order to discuss prop erties of transaction executions, we

asso ciate the follo wing notation with a sequence seq of op erations. RS (seq ) denotes the set of data

items read by op erations in seq .

RS (seq ) = fy : o 2 seq ^ y = entity (o) ^ action(o) = r g

r ead(seq ) denotes the database state \seen" as a result of the read op erations in seq .

r ead(seq ) = f(y ; z ) : o 2 seq ^ y = entity (o) ^ z = v al ue(o) ^ action(o) = r g

4

The terms and well-formed formulae are de�ned as in [1]. Let I b e the standard interpretation

for numerical and string constants, function symb ols, and comparison op erators. Since a database

state maps data items (v ariables) to v alues it can b e viewed as a variable assignment [1]. A database

state D S is consistent i� I j =

D S

I C . The restriction of D S to data items in d � D , D S d

is con-

sistent i� there exists a consistent database state D S

1 such that D S d

1

= D S d

. In the remainder of

the pap er, D S j

= I C shall denote I j =

D S

I C .

Example 1: Consider a database consisting of data items a and b and I C = (a = b). A

database state D S = f(a; 5); (b; 6)g is not consistent. However, D S fag

= f(a; 5)g is consistent, and

D S fbg

= f(b; 6)g is consistent. 2

W e need to establish the relation b etween the consistency of database states and consistency of

its subsets. This is done in the following lemma.

Lemma 1: Let I C = C

1

^ C

2

^ � � � ^ C

l

, where I C , C

e are de�ned over data items in D , d

e

resp ectively such that d

e

\ d

f

= ; for all e 6= f . Let d

0

e

� d

e and D S b e a database state.

S

l

e=1

D S d

0

e

is consistent i� for all e = 1; 2; : : : ; l , D S d

0

e

is consistent.

Pro of:

(:

If

S

l

e=1

D S d

0

e

is consistent, then for all e = 1; 2; : : : ; l , D S d

0

e

is consistent . This follows directly

from the de�nition of database consistency .

):

W e now prove that if for all e = 1; 2; : : : ; l , D S d

0

e

is consistent, then

S

l

e=1

D S d

0

e

is consistent.

Since D S d

0

e

are consistent, there exist consistent database states, D S

e

, such that D S d

0

e

e

= D S d

0

e

,

e = 1; 2; : : : ; l . Let D S

0 b e a database state such that D S d

e

0

= D S d

e

e

, e = 1; 2; : : : ; l (such a D S

0

exists since d

e

\ d

f

= ;; e 6= f ). Since D S

e j = C

e

, D S d

e

0

= D S d

e

e

, and C

e is de�ned only over data

items in d

e

, D S

0 j = C

e

, e = 1; 2; : : : ; l . Thus, D S

0 j = C

1

^ C

2

^ � � � ^ C

l

. Also,

S

l

e=1

D S d

0

e

� D S

0

.

Thus, there exists a consistent database state D S

0 such that

S

l

e=1

D S d

0

e

� D S

0

. Hence, by de�ni-

tion of database consistency ,

S

l

e=1

D S d

0

e

is consistent. 2

Note that it is essential for the data items, over which conjuncts are de�ned, to b e disjoint if

Lemma 1 is to hold. F or example, let I C = ((a = 5 ! b = 5) ^ (c = 5 ! b = 6)). Consider

d

0

1

= fag and d

0

2

= fcg. Let D S d

0

1

= f(a; 5)g and D S d

0

2

= f(c; 5)g. Thus, even though D S d

0

1

and

D S d

0

2

are consistent, D S d

0

1

[ D S d

0

2

is inconsistent. Since d

1

\ d

2

6= ;, database state D S

0 in the

ab ove pro of do es not exist.

2.2 T ransactions

A transaction is a sequence of op erations resulting from the execution of a tr ansaction pr o gr am.

A transaction program is usually written in a high level programming language with assignments,

lo ops, conditional statements and other complex control structures. Thus, execution of a trans-

action program starting at di�erent database states may result in di�erent transactions. This

3 knowledge of the structure of the integrit y constraints and the set of data items over which they

are de�ned in order to prove that certain non-serializable executions preserve database consistency .

W e also develop a transaction mo del suited for dealing with non-serializable executions. Using this

theory we show that PWSR schedules preserve database consistency if transaction programs and

integrity constraints are of a restricted nature. Our pro of techniques are, however, more general

and can b e used to prove v arious other non-serializable executions preserve database consistency

(see e.g., [6], [7]).

The remainder of the pap er is organized as follows. In Section 2, we develop a transaction

mo del that is suited for dealing with non-serializable executions. In Section 3, we prove that

PWSR schedules preserve the database integrity constraints under certain restrictions. Concluding

remarks are o�ered in Section 4.

2 The T ransaction Mo del

In this section, we develop a new transaction mo del, that allows us to reason ab out non-serializable

executions. W e also develop a new notion of correctness as a requirement on schedules which

requires more than just preserv ation of database consistency .

2.1 Database Consistency

In order to develop a theory of non-serializable executions, we must explicitly de�ne what constitutes

a consistent database state; which for our purp ose is done in terms of inte grity c onstr aints.

A database consists of a countable set, D , of data items. F or each data item d

0

2 D , D om(d

0

)

denotes the domain of d

0

. A datab ase state maps every data item d

0

to a v alue v

0

, where v

0

2

D om(d

0

). Thus, a database state, denoted by D S , can b e expressed as a set of ordered pairs of

data items in D and their v alues,

D S = f(d

0

; v

0

) : d

0

2 D and v

0

2 D om(d

0

)g.

D S has the prop erty that if (d

0

; v

0

1

) 2 D S and (d

0

; v

0

2

) 2 D S , then v

0

1

= v

0

2

. The restriction of D S

to data items in d � D , is denoted by D S d

. Thus, D S d

= f(d

0

; v

0

) : d

0

2 d and (d

0

; v

0

) 2 D S g.

Let d

1

� D , d

2

� D , and D S

1

, D S

2 b e database states. The union of D S d

1

1 and D S d

2

2 is denoted

by D S d

1

1

[ D S d

2

2

. The [ op eration is similar to the one traditionally de�ned for sets, except that

D S d

1

1

[ D S d

2

2 is unde�ned if (d

0

; v

0

1

) 2 D S d

1

1

, (d

0

; v

0

2

) 2 D S d

2

2

, and v

0

1

6= v

0

2

.

Integrity constraints, denoted by I C , distinguish inconsistent database states from consistent

ones. T raditionally

, integrit y constraints are de�ned as a subset of all the p ossible database states,

and a database state is consistent if it b elongs to that subset [8]. In our mo del, integrity constraints

are quanti�er-free formulae over a �rst order language consisting of:

� Numerical and string constants (e.g., 5, 100, ‘Jim’),

� F unctions over numeric and string constants (e.g., +, max),

� Comparison op erators (e.g., >, =), and

� Set of v ariables (data items in D ).

2

On Correctness of Non-serializable Executions

�

Sharad Mehrotra

Ra jeev Rastogi

Henry F. Korth

Avi Silb erschatz

Department of Computer Sciences

University of T exas at Austin

Austin, TX 78712- 11 88 USA

1 In tro duction

In the standard transaction mo del [8], a consistent database state is implicitly de�ned by assuming

that each transaction, when executed in isolation, maps a consistent database state to another

consistent database state. In the case of concurrent transaction executions, database consistency is

ensured by requiring that the schedule resulting from the concurrent executions of transactions b e

serializable; that is, equiv alent to a serial schedule [8]. Since each transaction, when executed alone,

is assumed to preserve database consistency

, a serializable execution preserves database consistency .

This approach has the adv antages of simplicity since it do es not require the users to state explicitly

what constitutes a consistent database state.

Serializabilit y , however, may b e to o strong a correctness criterion for many applications. F or ex-

ample, in applications such as computer-aided design, transactions are of a long duration, implying

that the serializabilit y requirement may result in a low degree of concurrency and p o or p erfor-

mance. Also, in a heterogeneous distributed database system environment, ensuring serializabilit y

is a di�cult task due to the desire of preserving the lo c al autonomy of the v arious sites [6].

One way to eliminate these di�culties is to relax the serializability requirement and allow

non-serializable schedules that preserve database consistency

. The pr e dic ate-wise serializability

(PWSR) correctness criterion intro duced in [4] is a relaxation of the serializability requirement

that is applicable to environments in which transactions are of a long duration. In the nutshell,

the PWSR correctness criterion states that if the database consistency constraint is expressed as a

conjunction of predicates, then for each p ossible schedule, the pro jection on the set of data items

in every conjunct is serializable.

In this pap er, we continue our work on PWSR schedules. W e �rst develop a theory of non-

serializable executions that preserve database consistency

. The cornerstone of our theory is the

notion of inte grity c onstr aints, in terms of which database consistency is de�ned. W e exploit the

�

W ork partially supp orted by NSF grants IRI-8805215, IRI-9003341, by grants from the IBM corp oration, and

the NEC corp oration.

1

ON CORRECTNESS OF NON-SERIALIZABLE EXECUTIONS

Sharad Mehrotra

Ra jeev Rastogi

Henry F. Korth

Avi Silb erschatz

Department of Computer Sciences

University of T exas at Austin

Austin, T exas 7871 2-1 188

TR-92-0 6 F ebruary 1992

�

DEP AR TMENT OF COMPUTER SCIENCES

THE UNIVERSITY OF TEXAS A

T AUSTIN

austin, texas 78712