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tpr: a:=1; tpy: if(a >0) then c:=b
if(c >0) then b:=1

Let IC = (¢ >0 — b > 0)Ac>0. The conjuncts are defined over disjoint sets of data items.
Transaction programs ¢p; and tpy do not have fixed-structure. Consider the following schedule

resulting from the execution of ¢p; and ¢p; from database state {(a,—1),(b,—1),(c,1)}.
S:owi(a,1) ro(a, 1) ra(b,—1) we(e,—1) ri(e,—1)

The database state resulting from the execution of the above schedule is {(a,1),(b,—1),(c,—1)}.
which is inconsistent. Thus, PWSR schedules, resulting from the execution of transaction programs
that do not have fixed-structure may not preserve integrity constraints even if conjuncts are dis-

joint. O

4 Conclusion

We have developed a theory of non-serializable executions. Qur approach exploits the knowledge of
the set of data items over which the integrity constraints are defined in order to preserve database
consistency in spite of sacrificing serializability. Our proof 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 serializability is too 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 models being used. The transaction model we
develop in this paper is suited for dealing with non-serializable executions. It differs from other
standard transaction models in that operations belonging to transactions have values associated
with them in addition to action and entity attributes. This new model allows us to provide a formal

basis for proving that non-serializable executions preserve database consistency.
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Case 1 (p ¢ t): Trivially by IH, read(before(t,p,5)) is consistent.

Case 2 (p € t): Let entity(p) € dy, for some k = 1,2,...,l. Since S is PWSR, S% is seri-
alizable. Let a serialization order of transactions in S% be #;,1,,. N 770 N 7 NR TR 13
Aspet,pégt, foral i =1,2,...,5. Thus, by case 1 of the induction step above,
read(be fore(t;,p,5)) is consistent, for all ¢ = 1,2,...,j. Hence, since transaction pro-
grams have fixed-structure, from Lemma 4, state(t,V S(t,p,dg, 5), 5, DS) is consistent.
By Lemma 3, RS(before(t®,p,S)) C VS(t,p,dy,S). Thus, read(before(t, p,S)) is
consistent. By IH, read(be fore(tP?=% p,S)) is consistent. Since d. Nd; =0, e # f, by
Lemma 1, read(be fore(t,p,S)) is consistent. O

Theorem 1: Let IC' = Ci ACy AL ACy, where IC, C, are defined over data items in D, d.
respectively such that d. Nd; =0, e # f. Let S be a schedule consisting of transactions resulting
from the execution of transaction programs with fixed-structure. If 5 is a PWSR schedule, then it
is strongly correct.

Proof: Let DS be a consistent database state such that legal(DSy,5). Let {DS1}5{DS;}.
By Lemma 5, for all ¢ € 7, read(t) is consistent (Choose p to be the last operation in the schedule).
We now show that DS;II“, for any £ = 1,2,...,1 is consistent. Let t1,%5,...,¢, be a serialization
order of transactions in S%. Since DSf’“ is consistent, and d. Ndy = 0, e # f, by Lemma 4,
state(t,,,dx, DSy, 9) is consistent (Choose p to be the last operation in the schedule). DS;’“ can be
shown to be consistent by a simple application of Lemma 2. Thus, by Lemma 1, D55 is consistent,

and hence, 5 is strongly correct. O

If transaction programs do not have fixed-structure or if the conjuncts are not defined over
disjoint set of data items, PWSR may not preserve database consistency as is shown in Example 5

and Example 6 below.

Example 5: Consider a database containing data items D = {a,b,c} and the following trans-

action programs tp; and tp;.

tpr: bi=c—5 tpy : temp :=b;
a = temp + b;
c:=tlemp

Let IC' = a > bA a > c¢. The conjuncts are not disjoint and share a data item a. Transaction
programs tp; and tp, have fixed-structure. Consider the following schedule resulting from the
execution of tp; and tpy from database state {(a,30),(b,10),(¢,25)}.

S:ori(e,25) ra(b,10) wala,15) wa(c,10) wq(b,20)

The database state resulting from the execution of the above schedule is {(«, 15),(,20), (¢, 10)},
which is inconsistent. Thus, if conjuncts are defined over sets of data items which are not disjoint,

PWSR schedules may not preserve integrity constraints. O

Example 6: Consider a database containing data items D = {a,b,c} and the following trans-

action programs tp; and tp;.



Proof: RS(before(td,p,5)) C d=VS(t,p,d,5). Thus, the result holds for ¢;. To show that
the result holds for any ¢;, i = 2,3,...,n, we will show that if ' € d, and d' & VS(¢;,p,d,9).
then d' ¢ RS(before(td,p,5)). From the definition of the view-set of a transaction, we have the
following property about data items which do not belong to a transaction’s view-set. If d’ € d, and
d ¢ VS(t;,p,d,S), then for some j < i,d" € WS(after(t;l,p, S))and forall k, k=j5+1,...,i—1,
d ¢ WS(ti). Since S% is serializable and t; is serialized before ¢;, if ¢; reads d’, then t; must read
the value of d’ written by ¢;. Thus, before p, t; cannot read d’; that is, d’ ¢ RS(before(t?,p,5)). O

We now use Lemma 2 and Lemma 3 to develop assertions about the database state during the
execution of fixed-structure transaction programs.

Lemma 4: Let IC = C; AUy A ---C), where IC, C, are defined over data items in D, d.
respectively such that d. Ndy = 0, e # f. Let S be a schedule resulting from the execution of
transaction programs with fixed-structure such that for some k, k = 1,2,...,1, S% is serializable
with serialization order ty,t5,...,t,. Let p be an operation in § and DS be a database state such
that legal(DS,5), and DS% is consistent. If for all j = 1,2,...,i — 1, read(before(t;,p,5)) is
consistent, then state(t;,V.S(t;,p,dg, 5),5,DS) is consistent, ¢ = 1,2,...,n.

Proof: The proof is by induction on the number of transactions.

Basis (i = 1): Trivial, as state(ty,dy, S, DS) = DS% which is given to be consistent.
Induction: Assume true for ¢ = m, that is, if for all j = 1,2,...,m — 1, read(be fore(t;,p,5)),
is consistent, then state(t,,,VS(tm,p,dr,5),5,DS) is consistent. We need to show the above
to be true for ¢ = m + 1. By IH, we know that state(t,,,VS(tm,p,di, 5),5,DS) is consis-
tent. By Lemma 3, RS(before(t¥, p,S)) C VS(tm,p,di,S). Since d. Nd; = 0, e # f, and
read(be fore(t,,,p,9)) is given to be consistent, by Lemma 1, state(t,,,VS(tm,p,di, 5),5, DS)U
read(be fore(t,,,p,9)) is consistent. As transaction program p,, has fixed-structure, by Lemma 2,
state(tmy1, VS (tm, p,dy, S) U WS(before(tis p, 5), 5, DS) —WS(after(tix p,5),5,DS) is con-
sistent. As VS(tmat1,p,di, S) = VS(tm,p,dy, S) UWS(before(tds, p, S)) —WS(after(tl, p,5)),
state(ty41, VS (tmt1, p,di, ), 5, DS) is consistent. O

Lemma 5: Let IC = Cy ACy A --- A (), where IC, C, are defined over data items in D, d.
respectively such that d. Nd; =0, e # f. Let S be a schedule consisting of transactions resulting
from the execution of transaction programs with fixed-structure and p be an arbitrary operation in
S. If S is a PWSR schedule, then for all transactions t € 9, read(before(t,p,5)) is consistent.

Proof: Let DS be a consistent database state such that legal( DS, 5). The proof is by induction
on depth(p).

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

Case 1 (p & t): read(before(t,p,5)) = 0, which is consistent.
Case 2 (p € t): Since depth(p) = 0, read(be fore(t,p,5)) C DS, which is consistent.

Induction: Assume for depth(p) = m, for all transactions t € 5, read(be fore(t,p, 5)) is consistent.
We need to show for depth(p) = m+1, for all transactions t € S, read(be fore(t, p,5)) is consistent.

Consider two cases.



and the lemma has been proven. O

We next associate the notion of a “state” with a transaction. The state associated with the
transaction is a possible database state the transaction may have seen. The state seen by the

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

Definition 4: Let S be a schedule and d C D such that S¢ is serializable. Let t1,%s,...,1,
be a serialization order of transactions in S and DS be a database state such that legal( DS, 5).
The state of the database before the execution of each transaction with respect to data items in d
is defined as follows.
DSse, ifi=1

state(li, d, S, DS) = { state(ti_y,d — WS(tL ), 5, DS)U write(t? ), if i > 1 O

state(t;,d, S, DS) is the state of the database with respect to data items in d as seen by ¢;. The
state of a transaction depends on the initial state and the serialization order chosen and thus, may
not be unique. Note that, read(t?) C state(t;,d, S, DS)?. In Example 4, S is serializable with
serialization orders ¢;,t; or ¢;,¢;. With serialization order ¢;,1;,

state(t;,{a,b,c},5,D5) = {(a,0),(b,5),(c,5)}.
However, with serialization order ¢;,1;,
state(t;,{a,b,c},5,DS) = {(a,0),(b,10),(c,5)}.

We now introduce the notion of the view-set of a transaction. The view set of a transaction is

defined with respect to a set of data items, and an operation in the schedule.

Definition 5: Let S be a schedule and d C D such that S¢ is serializable. Let t1,%s,...,1,
be a serialization order of transactions in ¢ and p be an operation in 5. The view-set of each

transaction t;, before operation p, with respect to data items in d is defined as follows.

d, ifi=1
V30009 = | V0 0500 0ol ) WS a3, 1151

The view-set of a transaction denotes the set of data items the transaction can read before an
operation p in a schedule §. In the following lemma, we show that in a schedule § such that 5¢
is serializable, if a transaction ¢ reads a data item d’ € d before operation p, then d’ € V.S(¢,p,d, 9).

Lemma 3: Let S be a schedule and d C D such that S% is serializable. Let ¢1,%s,...,t, be a
serialization order of transactions in 5¢ and p be an operation in a schedule §. Foralli = 1,2,...,n,

RS (before(td,p, 8)) C VS(t;,p,d,S).

2This may not be true if ¢ is final-state serializable (FSR) but not view serializable [8], however it is true if S¢
is view serializable, as we assume here.



o for all consistent database states DSy, if {DS1}5{DS3}, then DS; is consistent, and

o for all transactions t € 7, read(t) is consistent. O

Every serializable! 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 integrity constraints are of a restricted nature. In the remainder of the

paper we assume that all transaction programs and transactions are correct.

3 Predicatewise Serializability

The notion of predicatewise serializability (PWSR) was introduced as an alternative 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. Formally, PWSR is defined as follows.

Definition 3: Let IC = C; ACy A ---ACp, where IC, C. are defined over data items in D, d.
respectively. A schedule § is is said to be PWSR if for all e, e = 1,2,...,1, 5% is serializable. O

In order to prove that a PWSR schedule is strongly correct, we first develop conditions under
which database consistency is preserved during the execution of transactions and schedules. For
an arbitrary transaction, it is difficult to make any assertion about the consistency of the database
state during the execution, since all we know about a transaction is that, as an atomic unit, it is cor-
rect. However, if we restrict transactions to those resulting from the execution of fixed-structured
transaction programs, we can make assertions about the states which exist during its execution.
In the following lemma, we state an important property of transactions resulting from execution of
fixed-structured transaction programs.

Lemma 2: Let S be a schedule consisting of a transaction ¢ which results from the execution
of a fixed-structure transaction program ¢p (note that S = t). Let p be an operation belonging to

schedule S and DSy be a database state such that {DS,}t{DS,}. If DS{ Uread(be fore(t,p,5)) is
duW S(before(t,p,S))—WS(after(t,p,S))

consistent, then D.S, is consistent.

Proof: Let DS3 be a consistent database state such that DS;URS(befOW(t’p’S)) = DS{ U
read(be fore(t,p,5)). Let {DS3}tp{DS4}. Let ' be the transaction and S’ be the schedule re-
sulting from the execution of ¢p from DSs5 (note that S = ¢'). Since tp has fixed-structure,
struct(t’) = struct(t). Thus, there exists an operation p’ in 5’ such that RS(before(t,p,5)) =
RS (before(t',p', ")) and WS(after(t,p,5)) = WS(after(t',p’,5")). Since DSfS(befOTe(t’p’S)) =
read(be fore(t,p,5)) and struct(t’) = struct(t), read(before(t,p,5)) = read(before(t’,p’,S")).
Since writes are a function of the reads before them, ¢ and ' result from the execution of the

same transaction program tp and struct(t') = struct(t), DSZUWS(befOTe(t P8 =W S(after(t'r.57) -

DSguws(befwe(t’p’s))_Ws(afteT(t’p’S)). Since tp is a correct transaction program, DSy is consistent,

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



2.3 Schedules

A schedule is a sequence of operations resulting from the concurrent execution of a set of transaction
programs. A schedule S = (7,<g) is a finite set 7 of transactions, together with a total order, <g,
on all operations of the transactions. Also, if for two operations 01,02 in S and some transaction
t € T we have 01 <; 09, then 01 <g 0. In order to develop properties of schedules we shall need to
consider projections of schedules on sets of data items. Let d C D. We denote by 5¢ the projection
of 5 on data items in d.

Let seq be a subsequence of schedule S and p be an operation in 5.

o We denote the subsequence of seq consisting of all the operations that precede p in 5, by
be fore(seq,p,S). If p belongs to seq, then before(seq,p,S) includes p.

e We denote the subsequence of seq consisting of all operations not in before(seq,p,S), by

¢ The number of operations preceding operation p (but not including p) in schedule S is denoted
by depth(p, 5).

Example 4: Consider the following transaction programs tp; and tp;.

tp;: if(a>0) then b:=c¢ tp; 1 d:=a
else c:=d

Consider the schedule S below resulting from the execution of tp; and ?p; from database state

DS = {(a,0),(b,10),(¢,5),(d, 10)}.
St ori(a,0) 7(a,0) w;i(d,0) rie,5) wi(b,b)
Note that DS is a legal database state for S, thus legal(DJS,5). The restriction of S to {a,c},
Slect = ri(a,0) ri(a,0) ric,5)
If p=w;(d,0), then

before(t;,p,5)= r;(a,0) w;(d,0
after(t;,p,5) = ri(c,5) wi(b,5)
depth(p,S) =2

~~
~—r

2.4 Strong Correctness

In the traditional model, transaction programs, when executed in isolation, are assumed to be
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 integrity constraints does not necessarily pre-
vent transactions from “seeing” inconsistent database states. To overcome this, we define the notion
of strong correctness, which requires that transactions in a schedule read consistent data values, in
addition to the requirement that schedules preserve database integrity constraints.

Definition 2: A schedule S = (7, <g) is strongly correct iff



WS (seq) denotes the set of data items written by operations in seq.
WS(seq) = {y: o€ seq ANy = entity(o) A action(o) = w}
write(seq) denotes the effects that the write operations in seq have on the database.
write(seq) = {(y,z) : 0 € seq Ay = entity(o) A z = value(o) A action(o) = w}

seq? denotes the subsequence of seq consisting of all operations o such that entity(o) € d.

For the remainder of the paper, we shall use t; to denote the transaction resulting from the
execution of the transaction program ¢p;. Operations belonging to transaction ¢; will be subscripted
by ¢. Thus, a read operation on data item a belonging to transaction ¢; will be denoted by r1(a, v).
where v is the value returned by the read.

Example 2: Consider the transaction program tp;.

tpr: if(a=0) then b:=0
else ¢:=0

The execution of tp; from database state D.S; = {(«,0),(b,5),(¢,3)} results in the following trans-

action ty.
t1: ri(a,0) wy(b,0)

The execution of ¢1 from DSy results in a database state DSy = {(«,0),(,0),(¢,3)}. The following
assertions can be made about transaction ¢;.

RS(t1) = {a} WS(t1) = {b}

read(t1) = {(a,0)} write(ty) = {(b,0)}
legal(DSl,tl) {DSl}tl{DSQ}

tib} . wi(b,0) struct(ty) : ri(a) wi(b)

Note that the execution of {p; from database state, say DS3 = {(«a,10),(b,12),(c,15)} results in a
different transaction .

t o ri(a,10) wi(e,0)
The execution of ¢} from D S5 results in a database state, DSy = {(a,10),(b,12),(c,0)}. O
Definition 1: Transaction program tp has fized-structure if for all pairs (DS, D.S3) of database
states, struct(ty) = struct(ty), where ¢; and t; are transactions resulting from the execution of ¢p
from DSy and D55 respectively. O

Example 3: Consider the following transaction programs ¢p; and ¢ps.

tpr: if(z >5) then y:=3 tpg : if(z >5) then y:=3
else y:=5 else z:=5

Transaction program tp; has fixed-structure, while transaction program ¢py does not. O



observation has serious implications when dealing with non-serializable executions as will become
evident later in the paper.

Formally, a transaction ¢t = (O, <), where O = {01, 02, ...,0,} is a set of operations and <; is a
total order on O. An operation o; is a 3-tuple (action(o;), entity(o;), value(o;)). action(o;) denotes
an operation type, which is either a read (r) or write (w) operation. entity(o;) is the data item
on which the operation is performed. If the operation is a read operation, value(o;) is the value
returned by the read operation for the data item read. For a write operation, value(o;) is the value
assigned to the data item by the write operation. We 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 definition differs from the way they are traditionally defined in the literature
(see for example [2], [8]). We include, along with every operation, a value attribute, in addition
to action and entity attributes. Since we relax the requirement of serializability as the correctness
criterion, we need to deal with certain non-serializable executions. The value attribute helps us in
proving that such non-serializable executions preserve database consistency.

We use the notation {DS1} tp {DS3} to denote the fact that when transaction program p
executes from a database state D5y, it results in a database state DS5. Similar notation is used
to denote execution of operations, transactions and schedules (the intended meaning will be clear
from the context). Since operations have values associated with them, execution of operations is
possible only from certain database states. A database state DS is legal with respect to operation
0;, denoted by legal(DJS,0;), if it is possible to execute o; from DS. Thus, legal( DS, 0;) if

e either action(o;) = w,
e orif action(o;) = r, then (entity(o;), value(o;)) € DS.

A database state DS is legal with respect to a sequence of operations 0103 .. .0, if it is possible to
execute 010z ...0, from DS; that is, legal(DS, 0105 .. .0,) if:

e legal(DS,01), and
o if p> 1, then legal(DS’,04...0,), where {DS} 04 {DS'}.

Execution of a sequence of operations 0105 ...0, from a database state which is not legal with
respect to 0103 ...0, is undefined.

Every transaction ¢ has a structure associated with it denoted by struct(t), which is derived from
t by ignoring the values associated with the operations in ¢. Thus every operation o; in struct(t)
is a 2-tuple (action(o;), entity(o;)). In order to discuss properties of transaction executions, we
associate the following notation with a sequence seq of operations. RS(seq) denotes the set of data
items read by operations in seq.

RS(seq) = {y: 0 € seq Ny = entity(o) A action(o) = r}
read(seq) denotes the database state “seen” as a result of the read operations in seq.

read(seq) = {(y,z) : 0 € seq Ay = entity(o) A z = value(o) A action(o) = r}



The terms and well-formed formulae are defined as in [1]. Let I be the standard interpretation
for numerical and string constants, function symbols, and comparison operators. Since a database
state maps data items (variables) to values it can be viewed as a variable assignment[1]. A database
state DS is consistent iff I |=pg IC. The restriction of DS to data items in d C D, DS? s con-
sistent iff there exists a consistent database state DSy such that DS{ = DS?. In the remainder of
the paper, DS |= IC shall denote I =pg IC.

Example 1: Consider a database consisting of data items a and b and IC = (a = b). A
database state DS = {(a,5), (b,6)} is not consistent. However, DS{*} = {(a,5)} is consistent, and
DS = {(b,6)} is consistent. O

We need to establish the relation between the consistency of database states and consistency of
its subsets. This is done in the following lemma.

Lemma 1: Let IC = Ci ACy A --- A (), where IC, C, are defined over data items in D, d.
respectively such that d.Ndy = 0 for all e # f. Let d. C d. and DS be a database state. Ulezl Dgde
is consistent iff for all e = 1,2,...,, DS% is consistent.

Proof:
<~:

If Ulezl DS is consistent, then for all e = 1,2,...,1, DS% is consistent . This follows directly
from the definition of database consistency.

=

We now prove that if for all e = 1,2,...,1, DS% is consistent, then Ulezl DS is consistent.
Since DS% are consistent, there exist consistent database states, DS., such that DS;IIe = DS,
e =1,2,...,1. Let DSy be a database state such that Dsge = DS% e =1,2,...,1 (such a DS
exists since d. Ndy = 0,e # f). Since DS, |= C., Dsge = DS5%, and C. is defined only over data
items in d., DSy |= Ce, e = 1,2,...,1. Thus, DSo = C1y ACy A ---AC). Also, UL_, D§% C DS,.
Thus, there exists a consistent database state DSy such that Ule:1 DS% C DSy. Hence, by defini-

tion of database consistency, [JL_, DS% is consistent. O

Note that it is essential for the data items, over which conjuncts are defined, to be disjoint if
Lemma 1 is to hold. For example, let IC' = ((a =5 — b =5)A(¢c =5 — b = 6)). Consider
" = {a} and djy = {¢}. Let DS = {(a,5)} and DS% = {(¢,5)}. Thus, even though DS% and
DS% are consistent, DS% U DS is inconsistent. Since dy Ndy # 0, database state DSy in the
above proof does not exist.

2.2 Transactions

A transaction is a sequence of operations resulting from the execution of a transaction program.
A transaction program is usually written in a high level programming language with assignments,
loops, conditional statements and other complex control structures. Thus, execution of a trans-
action program starting at different database states may result in different transactions. This



knowledge of the structure of the integrity constraints and the set of data items over which they
are defined in order to prove that certain non-serializable executions preserve database consistency.
We also develop a transaction model 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 proof techniques are, however, more general
and can be used to prove various other non-serializable executions preserve database consistency
(see e.g., [6], [7])-

The remainder of the paper is organized as follows. In Section 2, we develop a transaction
model 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 offered in Section 4.

2 The Transaction Model

In this section, we develop a new transaction model, that allows us to reason about non-serializable
executions. We also develop a new notion of correctness as a requirement on schedules which
requires more than just preservation of database consistency.

2.1 Database Consistency

In order to develop a theory of non-serializable executions, we must explicitly define what constitutes
a consistent database state; which for our purpose is done in terms of integrity constraints.

A database consists of a countable set, D, of data items. For each data item d’ € D, Dom(d")
denotes the domain of d’. A database state maps every data item d’ to a value v/, where v’ €
Dom(d"). Thus, a database state, denoted by DS, can be expressed as a set of ordered pairs of

data items in D and their values,
DS =A{(d',v"):d € D and v' € Dom(d")}.

DS has the property that if (d',v]) € DS and (d',v}) € DS, then v| = v}. The restriction of DS
to data items in d C D, is denoted by DS?. Thus, DS? = {(d',v') : d' € d and (d',v') € DS}.
Let dy C D, dy C D, and DSy, DS, be database states. The union of DSf1 and DS;I2 is denoted
by DSf1 U DS;I?. The U operation is similar to the one traditionally defined for sets, except that
DS{ U DSE is undefined if (d',v}) € DST, (d',vh) € DSE2, and v} # v,

Integrity constraints, denoted by IC', distinguish inconsistent database states from consistent
ones. Traditionally, integrity constraints are defined as a subset of all the possible database states,

and a database state is consistent if it belongs to that subset [8]. In our model, integrity constraints

are quantifier-free formulae over a first order language consisting of:
e Numerical and string constants (e.g., 5, 100, ‘Jim’),
¢ [unctions over numeric and string constants (e.g., +, max),
¢ Comparison operators (e.g., >, =), and

o Set of variables (data items in D).
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1 Introduction

In the standard transaction model [8], a consistent database state is implicitly defined 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 be
serializable; that is, equivalent 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 advantages of simplicity since it does not require the users to state explicitly
what constitutes a consistent database state.

Serializability, however, may be too strong a correctness criterion for many applications. For ex-
ample, in applications such as computer-aided design, transactions are of a long duration, implying
that the serializability requirement may result in a low degree of concurrency and poor perfor-
mance. Also, in a heterogeneous distributed database system environment, ensuring serializability
is a difficult task due to the desire of preserving the local autonomy of the various sites [6].

One way to eliminate these difficulties is to relax the serializability requirement and allow
non-serializable schedules that preserve database consistency. The predicate-wise serializability
(PWSR) correctness criterion introduced 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 possible schedule, the projection on the set of data items
in every conjunct is serializable.

In this paper, we continue our work on PWSR schedules. We first develop a theory of non-
serializable executions that preserve database consistency. The cornerstone of our theory is the
notion of integrity constraints, in terms of which database consistency is defined. We exploit the

*Work partially supported by NSF grants TRI-8805215, TRI-9003341, by grants from the IBM corporation, and
the NEC corporation.
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