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A bstractIn the classical approach to transaction processing, a concurrent execution is considered to be correct if it is equivalent to a non-concurrent schedule. This notion of correctness is called serializabiliiy. Serial­izability has proven to be a highly useful concept for transaction systems for data-processing style applica­tions. Recent interest in applying database concepts to applications in computer-aided design, office in­formation systems, etc. has resulted in transactions of relatively long duration. For such transactions, there are serious consequences to requiring serializ­ability as the notion of correctness. Specifically, such systems either impose long-duration waits or require the abortion of long transactions. In this paper, we define a transaction model that allows for several, al­ternative notions of correctness without the require­ment of serializability. After introducing the model, we investigate classes of schedules for transactions. We show that these classes are richer than analogous classes under the classical model. Finally, we show the potential practicality of our model by describing protocols that permit a transaction manager to allow correct non-serializable executions.
1. IntroductionThe classical approach to the theory of database concurrency control is based on an uninterpreted con­sistency constraint. Transactions are required to map consistent states of the database to consistent.states. A concurrent execution of a set of transactions (a
schedule) is correct if it is equivalent to a serial (non- 
concurrent) execution. This notion of correctness is 
called serializability. Since no explicit use is made of the database consistency constraint except for the assumption that transactions preserve consistency, serializability is necessary if one is to prove that a schedule preserves consistency. The formal theory of 
serializability is well-developed and appears in [Bern­
stein et al. 1987, Papadimitriou 1986] as well as else­
where.The class of serializable schedules is too rich for a practical transaction management systems for sev­eral reasons including the following:

•  testing for serializability is NP-complete [Papa­
dimitriou 1979]

•  included among the serializable schedules are schedules that present several obstacles to crash 
recovery (allowance of cascading rollbacks and
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non-recoverable schedules).
On the other hand, the class of serializable sched­ules turns out to be too restrictive for long dura­tion transactions. This follows from a theorem, of Yannakakis[1982] which implies that if transaction 
systems have no special structure then two phase locking is necessary to ensure serializability, unless non-lock-based techniques are used. Two phase lock­ing imposes the constraint that a transaction may not issue a lock request after its first unlock request. Thus locks must be held in general for a substantial fraction of the duration of a transaction. For long- duration transactions, this leads to long duration waiting for locks. Alternative techniques for ensur­ing serializability use transaction aborts. However, aborts of long duration transactions are highly un­desirable since large amounts of work done by users can be lost.Researchers and developers of database systems for CAD, office information systems, software de­velopment environments, etc. have dealt with this problem by implementing ad-hoc concurrency con­trol mechanisms modeled after human behavior in collaborative projects. These methods [Kim et al.
1984, Lorie and Plouffe 1983] provide tools to as­
sist users in minimizing the adverse effects of con­currency. However, they do not allow a complete mathematical characterization of correctness. Al­though schemes of this sort have met the needs of several practical systems, a formal notion of correct schedules that meets the requirements of CAD and CAD-like applications is desirable. It is exactly such a model that we propose in this paper.
2. A n Introduction to the M odelSerializability requires that the schedule of oper­ations performed by concurrently executing transac­tions is equivalent to a serial execution of these trans­
actions [Eswaran et al. 1976], Serializable schedules 
have many qualities which are “good” in some sense. If all of the transactions preserve the consistency of the database, then serializable schedules also keep the database consistent. Users of systems which en­force serializability know their tasks will see a consis­tent database and their tasks will execute such that if the tasks finish, they will have been unaffected by other concurrent transactions. This also means the amount of help one user can give another, as in the case of cooperating transactions where two designers work together to complete a project, is very limited. 
Although this is acceptable in traditional database systems, long duration transactions need to be able 
to interact in order to complete their tasks. There­
fore, the goal of a long duration transaction system  should be to allow schedules which permit interac­
tion among transactions while still maintaining con­sistency.

Our model includes three features for enhanc­ing concurrency that are not part of the traditional
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model:o versions
o nested transactions•  explicit consistency predicates

We introduce each of these features informally in this section and define our model formally in the next section.
2 .1  M u ltip le  V ersion s

One method for improving concurrency is the use o f multiple versions for concurrency control. When­ever a transaction attempts to perform a read oper­ation, an algorithm called the “version function” as­signs one of the values of the data item to the trans­action. Whenever a transaction attempts to write a data item, the system creates a new version of the data item with the new value. The set of multiversion serializable schedules is a proper superset of the set 
of serializable schedules [Papadimitriou and Kanel- 
lakis 1982]. Since versions must be supported in a 
design environment anyway, it is desirable to take advantage of them to enhance concurrency.
2 .2  N e s te d  T ran saction sA second technique for improvements in model­ing long duration transaction systems is nested trans­
actions [Moss 1985, Beeri et al. 1986, Fekete et al. 
1987, Lynch 1986, Liskov et al. 1987, Moss et al. 1986, Bancilhon et al. 1985, Korth et al. 1988, Wei- 
kum and Schek 1984]. W ith nested transactions, 
some transactions contain only primitive operations such as reads and writes, but others contain complex operations which contain multiple primitive opera­tions themselves. These complex operations can be 
viewed as subtransactions to.the transaction which contains.it. This subtransaction becomes a child of its creating transaction. If we extend this concept, we allow subtransactions to contain subtransactions of their own, thereby creating trees of transactions. Therefore, nested transactions are frequently repre­
sented as a tree.Nested transactions provide a mechanism to al­low needed interaction for long duration transactions 
[Bancilhon et al. 1985]. The subtransactions cre­
ated by the root, called top-level transactions, are distinct design operations which require only mini­mal interaction, but which maintain database con­sistency. The tree structure of nested transactions allows designers to operate in a hierarchy which re­
sembles the design process. A user can request work from another user by creating a new subtransaction 
for that user. That work then becomes part of the re­questing user’s transaction, so it can be easily incor­porated into the user’s design. Finally, greater con­currency can be achieved with nested transactions by allowing subtransactions to execute in parallel and by allowing schedules which are non-serializable at one level but are equivalent to some serial schedule 
at a higher level [Beeri et al. 1986].
2 .3  E x p lic it  C o n sis ten cy  P red ica tes

The third .additional element o*- this model is explicit semantics of database systems. Such seman­tics can increase the concurrency of the system by 
redefining the notion of conflict. It must be assumed 
that any two operations conflict if there is no in­formation indicating otherwise. The most common example of using semantics is defining accesses to be

either a read or a write of a data item, but other 
examples can be found in [Korth 1983]. Our goal in 
this paper is the use of explicit consistency predicates for increasing concurrency.

An earlier use of consistency predicates is [Ban­
cilhon et at 1985], whose model defines an invariant 
for a transaction such that if the transaction oper­ates correctly, then the consistency constraint for the entire database is still correct. We generalize that no­tion from an invariant to a precondition and a post­condition. The precondition defines a database state 
which is needed for the transaction to execute cor­rectly, while the postcondition describes the state of the database after the transaction has executed, as­
suming the transaction is run by itself.
3. F orm al P r esen ta tio n  o f  th e  M od elOur formal model is based on the concept of rep­resenting transactions as mappings from one data­base state to another, with schedules becoming com­positions of mappings. This allows us to capture ad­ditional semantics and, by appropriate restrictions, to represent other transaction models as well. Un­fortunately, this technique emphasizes concurrency control over recovery. Our model has a notion of re­coverability, but for now, we focus on concurrency issues.Let E  denote the set of all entities in the data­base, and Ve <E E,  let d om (e) denote the domain 
of entity e. In the standard database model, each entity is assigned one value from its domain. The 
collection of all such values determines the state of the database.
D efin itio n  : A unique state, S u , is a one-to-one 
mapping with a domain E and range eU ,d o m (e)  
such that Ve,Su (e) 6 dom (e).

Transactions in the standard model change the database from one unique state to another. Thus, transactions can be modeled as functions on unique 
states. Let D u represent the set of all unique states. 
D efin itio n  : A standard transaction is a mapping 
from D u to D u .Although this definition of a transaction is very general, it does require some constraints on the ac­tions performed by a transaction. For example, a transaction cannot update an entity to an element 
not in the domain of the entity, as there can be no 
unique state S u which can perform that mapping. Note also that this definition of a transaction does not require the preservation of any kind of consis­tency constraint. The notion of a database consis­tency constraint is useful, but before it can be de­fined, the concept of a predicate on a set of unique states must be established.D efin itio n  : If P  is a predicate on unique states, we 
extend P  to a set of unique states, denoted P(S), 
where P(S )  =  { S U\SU G S  A P ( S U)}.  Clearly, 
P(S )  C D u .

We shall assume all of our predicates are formed from atoms and clauses. An atom is a comparison x6y,  where 9 is a comparison operator, and x and y are either entities or constants. A disjunctive-clause 
is a disjunction (or) of atoms. We consider only pred­
icates in conjunctive normal form, that is a conjunc­tion of disjunctive clauses.
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D efin itio n  : A predicate P  is in conjunctive normaln - 1 to —1
form if P  — A  Ci where each Ci — V  Li  where ¿=o j =o 3each Lj  is an atom.

It is easy to show that all predicates can be ex­pressed in conjunctive normal form. We now intro­duce a term for the sets of data items which appear in disjunctive clauses of a predicate.
n — 1

D efin itio n  : Let P  — A  C,-. Let x; denote the set
t = 0of data items mentioned in an atom in C i . Each such Xi is an object. The set of all objects in a predicate,

{xo, * i , . . .  ,x „ _ i}  is denoted by P.
We represent database consistency constraints as predicates on database states and define what it means for a transaction to maintain the database consistency constraint.

D efin it io n  : If C  is the database consistency con­straint, then a standard transaction maintains con­
sistency if  it is a mapping from C ( D U) to C ( D U).

Thus a standard transaction can be thought of 
as a program t , which guarantees that if C ( S U) holds 
when the transaction begins then C ( t ( S u )) holds 
when the transaction terminates. This is the basic assumption of standard database models. Transac­tions executing in a serial order maintain C.

We represent multiple versions by allowing a set of unique states to form a database state.
D éfin it io n  : A database state S  is a set of unique 
states S y . The set of all database states S' is D.

Although this captures all possible versions of a given data item, it does not represent all possible 
combinations of versions which a transaction might access. That is represented by the version state which 
is associated with each database state.D efin it io n  : The version state of the database is the set of all versions which can be generated from a database state S,  and is denoted V$, where V5 =
{ /  : E  -*  e"E d om (e)|V e(/(e) € d o m  (e) A 3g e  
S  (g(e) =  / ( e ) ) ) } .  V  denotes the set of all possible 
version states, that is, Vp.

Vs is a collection of value assignments to data­base entities such that some unique state in S  makes the same assignment. However, the assignments made to a version state can be drawn from different unique 
states. Note that if v G Vs, then v(e)  returns a value 
of some version of e, and that all v satisfy the defini­
tion of a unique state. Note also that if |S | =  1 and 
S u  G S, then Vs =  {S'17}. The presence of versions 
changes the definition of a transaction.
D efin it io n  : A transaction, t, is a mapping from D  
to D u , such that 3v  G Vs such that t({«}) =  t (S).
The result of a transaction, t, applied to state S  is 
the state S  U t(S).

In other words, transactions are equivalent to a mapping from a version state to a unique state.
The second concept added to the standard model concerns pre- and post- conditions of transactions. A transaction can be viewed as a program which will 

leave the database in a certain state given that it is not interleaved with other transactions, and if the database is in a certain state when it begins. These predicates are the specification of the transaction.
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D efin itio n  : A specification for a transaction t  is a 
pair (It ,Ot)  where It and Ot are predicates on D.  
Every entity read by t  must appear in It . (It, Ot ) is 
satisfied by t  if VS G I t ( D ) , t ( S )  G Ot (D).

The third extension involves nested transactions. Nested transactions can be thought of as a lower-level implementation of their parent.D efin it io n  : An implementation of a transaction t 
is a pair (T , P ) where T  is a set of transactions or 
operations and P  is a partial order on T.

Thus for all ti £ . T , t  is the parent of / .  Any part of t  which cannot be divided into subtransactions is a basic operation of the system. Basic operations are usually read and write, but can include other 
operations such as increment and decrement [Korth 
1983] or complex design update [Kim et al. 1984], 
Frequently, we shall give both a specification (It ,Ot)  
and an implementation ( T , P )  for i  in a four-tuple 
( T , P , I u Ot).We define three sets of data items related to a transaction: the input set, the update set and the 
fixed-point set. The fixed-point set is simply the set of all data items which the transaction does not up­date. We also define the object set of a transaction, which is based on the specification of a transaction. 
D efin itio n  : Let t be (T , P , I t ,O t )■  The input set, 
Nt  is the set of data items in appearing in It. The 
fixed-point set, Ft =  {e\e G E  AWSU G D u , S u (e) =  
( t ( {5 i / }))(e)}. The update set, Ut =  E  — Ft . Then— 1
object set, i  =  U  (O iJ  where {to, t i ,  ■ ■ ■ , t n- i }  are
the subtransactions of t.It is now possible to define an execution of a transaction. Such an execution must include a rela­tion on the subtransactions which is consistent with P,  the partial order. Although the semantics for in­cluding a relationship between subtransactions are not yet defined, it may be helpful intuitively to think of this relation as representing a “reads from” graph. 
Also needed in the execution is some notion of the state of the database before a transaction begins to execute. This is required to check that transactions fulfill their specifications.D efin itio n  : An execution of a transaction t, where 
t  — (T , P , I t , O t ), is a pair ( R , X )  where R  C T  x T  
is a relation on T  such that ( t i , t j )  G P + => (t j ,U)  
R + , where P + and R + are the transitive closure of P  and R  respectively, and X  is a mapping from T  
to a version state v €  Vs. If i* G T,  then X(tic) is 
called the input state of tj,.This definition places no restrictions on X  and only a proscriptive constraint on R.  We add seman­tics to our initial definition of execution by requiring 
that R  encode “dependencies” among the X (i,)  and 
that each state X ( t i )  “depend” upon X ( t) ,  the input 
state of the parent transaction.
D efin itio n  : A parent-based execution (R, X )  of t  =  
(T, P, It, O t) is an execution such that for each ti G T,  
with an execution ( R i , X ¿),Ve G E,  either

• (Xi( t i ) ) (e )  =  (X( t ) ) (e)
•3 t j  G T,  with execution ( R j , X j ) such that
(*,'.*«) G R  and (A,-(if))(e) =  (tj(X j(A )))(e)-
Note that (t i , t j ) or ( t j , ti) is not required for R + 

even if Nti fl Utj /  0. This allows for independent



executions which can happen in multiple version sys­tems. The final state of an execution can be defined as the state of the database after every transaction has executed. By using a pseudo-transaction, t j , the 
final state can be defined as follows:D efin itio n  : The final state of an execution is X ( t j )
where Vt; G T , ( t i , t j ) G R + A E  =  Ni } .

Likewise, we can define a pseudo-transaction to 
which creates the initial state of the database. How­ever, the initial state should only apply to the root transaction, while the final state can apply to any transaction.D efin it io n  : The initial state of an execution can be denoted as t 0(S)  where Vi; G T, (<o,i;) G R + A E  — 
Ut0A parent(parent(fo)) =nil.

Correctness can now be defined for executions of transactions.D efin it io n  : An execution (R, X )  of a transaction 
t =  (T , P , I t ,O t) is correct if Vi; G T, I t i (X( t i ) )  A

In other words an execution is correct if every 
subtransaction can access a database state which sat­isfies its input condition and the result of all of the subtransactions satisfies the output condition of the 
transaction. We can extend this notion of correct­ness to both the ancestors and descendants of a given 
transaction, thus producing multi-level correctness criteria. More importantly, this correctness criteria can be applied to the root transaction, thus ensuring that the entire database system executes correctly.

It is not hard to show that determining if a given 
execution is correct is an NP-complete problem. This is analogous to determining if a given schedule is seri­alizable in traditional database models, which is also 
NP-complete [Papadimitriou 1979]. This motivates 
us to consider in Section 4 subsets of the set of cor­rect executions that have efficient protocols, yet offer a high degree of concurrency.
4 . C o rrectn ess  C lassesClassical concurrency control theory has devel­
oped a number of classes of correct executions for transaction systems. These classes include view seri- alizability, conflict serializability, multiversion serial- 
izability and others [Bernstein et al. 1987, Papadim­
itriou 1986]. Since these classes are too restrictive for 
use in long duration transaction systems, we present broader correctness classes. The broadest class we propose, is the set of all schedules which are correct executions. A protocol which allows a subset of such schedules is presented in the next section. This class contains a large number of schedules, including the set of all view serializable schedules.There are obviously many schedules which are correct executions, but which are not view serializ­able, since the set of correct executions allows mul­tiple versions and partial orders, which are not part of the standard model. We can apply restrictions to the set of correct executions so that we allow only standard-model, view serializable executions.
4 .1  V iew  S er ia liza b ility

The standard model consists of a root (T, P, I, O ) 
where T  =  { to , t i ,  ■ ■ ■ , t n , t f}> P  is the empty order 
and both I  and O  are the database consistency con­
straint C. For each t j  & T,  t j  =  (cij, p j , i j , Oj) where 
aj {read,  wr i te}  x E, Pj is a total order on a j ,

and both ij and Oj are the database consistency con­
straint C. Note that aj  represents the smallest op­
erations in the standard model, and therefore can­not be broken down into subtransactions. Note also that t j  is as we defined earlier. The database is also 
restricted such that the database state is always a 
unique state, so |S | =  1. This is accomplished in 
the standard model by having every write operation overwrite the previous value of the entity.

In order to formalize the concept of serializabil­ity in our model, some representation of the total 
order of the transactions is needed.. This total or­der must be consistent with the partial order defined 
in R, and is the basis for the reads performed by a transaction. In what follows, this order is denoted by the function / .

An execution ( R , X )  is view serializable if all of 
the following hold:

1) the database system conforms to the standard 
model;

2) Vi; G T, 3s 7̂  i; such that (i;, s) G R  and 3r ^  /; 
such that (r , t {) G R\

3) 3 a 1-1, onto mapping /  : T  —* { 0 , . . . ,  |T| — 1} 
such that / ( i ; )  <  f ( t j )  => ( tj , t { )  £  R\

4) m  = m + i *  xiu) = tj(x(tj)).
Such an execution is view equivalent to a serial sched­ule executing in increasing value of /:

e Both schedules must contain the same transac­tions - true by part 2.
•  Each transaction reads the same values in both schedules - true by parts 3 and 4.
•  The database is in the final state after both schedules - since the final state is X ( t j ) ,  true 

by parts 3 and 4.
Executions with these properties are view serializ­
able since any interleaving of operations which satis­
fies these properties is acceptable. For example, the 
database never has to be the state t j ( X ( t j ) )  so long 
as X ( t i )  can see the equivalent of that state. Thus, 
updates can be performed on data items not in N ti 
and X(t{ )  can still see t j (X ( t j ) ) .
4 .2  E x ten sio n s to  V iew  S eria lizab ility

Although view serializable schedules are a basis for correctness in standard database systems, other classes also exist. These classes are derived by adding semantics, whereby more schedules can be considered correct by the concurrency control algorithms.
Multiple Versions

Multiple versions are very easy to represent in our model. Everything remains the same except that 
we relax the requirement |S| =  1. Obviously, this 
new class, MVSR, allows more schedules than SR, since we can restrict MVSR to SR by the previous condition on S, and the following schedule is not al­lowed in SR, but is in MVSR:

h-  R(x) W (x) R(y)W (y)
t 2: R(x ) R(y) W(y)

E x am p le  1
Intuitively, this schedule is not equivalent to t i , t 2 since 11 reads y from t 2 and it is not equivalent to t 2, t i  since 12 reads x from t \ .  However, X  maps
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the version state v =  to(S)  to i 2 and the version 
state v =  i 2(X (t2)) to t i ,  thus allowing multi-version 
serializability.
Partial Order Serializability

Partial order serializability, -<SR, results from 
allowing the operations of transactions to happen in a partial order instead of a total order. A scenario 
can exist where an item required by a transaction is 
locked, thus causing a standard transaction to wait. However, if partial orders are used, the transaction can access a different, available data item.

Also, partial order serializability enables us to extend the notion of serializability to multiple levels. Top-level transactions must remain serializable, but 
lower-level operations must execute consistent with the partial order of its parent. When these lower level operations are actually transactions, non-serializable schedules can be generated. This is similar to the 
work of [Beeri et al. 1986]. Partial order serializ­
ability is represented in our model by changing the standard model as follow:The model consists of a root (T, P, I,  O ) where 
T  =  {<o,tii P  is the empty order and both
I  and O  are the database consistency constraint C. 
For each t j  G T, t j  =  (a j , p j , i j , O j ) where aj C 
{read, wr i te}  x  E  or ay =  { t j0, t j 1, . . . ,  t j } } where 
each t j k is defined similarly to t j , pj is a partial order 
on ay, and both iy and oy are the database consis­
tency constraint C.
Predicatewise Serializability

Predicatewise serializability, PWSR, is derived from a protocol called predicatewise two-phase lock­
ing, presented in [Korth et al. 1988]. The basic idea 
is that if the database consistency constraint is in conjunctive normal form, we can maintain the con­sistency constraint by enforcing serializability only with respect to data items which share a disjunctive clause. The increased concurrency for this class is 
derived from.the fact the serializable schedules for each disjunctive clause do not have to agree.

Predicatewise serializable schedules can be rep­
resented in this model as follows.The database consistency constraint C, is writ­ten as a predicate P , by our definition of a predicate. The standard model is used to represent the data­
base. Then, Vx,- G P  where Xj is an object, we use the following definitions.
D efin it io n  : For a transaction t  =  (T, P,
the set of subtransactions which mention x,- is T Xi =
{<t | f , € T A x i n ( A t i U t / i i ) ^ 0 } .
D efin itio n  : For an execution (R, X )  of a transac­
tion t, the restriction of a partial order R  by an object 
x,- is R Xi =  { (r ,s) |(r , s) G R + A r  G T Xi A s  G T**}. 
D efin itio n  : An execution (R , X ) is predicatewise 
serializable if

1: the database system conforms to the standard model;
2: W,- G T, 3 s  ^  U such that (t»,s) G R  and 

3r ^  t( such that (r,t,-) G R ;
3: Vx,- G P ,3  a 1-1, onto mapping /  : T Xi —* 

{0, . . . ,  IT** | -  1} such that f (U )  <  f ( t j )  => ( t j , U) £

4: f (U)  =  f ( t j )  +  1 => Ve G x,-, (X(U))(e)  =
( f y ( X ( i y ) ) ) ( e ) .

We define the class P W SR c  as the schedules al­lowed under PW SR for a given predicate C. Clearly, for all predicates, any schedule which is in SR is in P W SR c, since the projection of a serializable sched­ule on to a subset of the entities in the database is serializable. Likewise, there exist conjuncts such that 
a schedule is in P W SR c, but not in SR. For exam­ple, assume a two item database where one conjunct 
contains atoms which are only over the data item x, and another conjunct contains atoms which are only over the data item y. Then the following schedule is 
in P W SR c, but not in SR.

it: R(x) W (x) R (y)W (y)
t 2: R(x ) R(y) W (y)

E x a m p le  2.
This is the same schedule that we showed in exam­ple 1 not to be in SR. P W SR c  can decompose this schedule into the two following schedules based on the conjuncts presented here.

h :  R(x) W (x)
i 2: R(x)

E x a m p le  3 .a
ii:  R(y)W (y)
t 2: R (y)W (y)

E x a m p le  3 .b
Both of these are clearly serializable, since they are in fact, serial schedules.
Predicate CorrectPredicate correct, denoted PC, is the class ob­tained by combining all of the extensions to serial­izability presented in this section. A system which is predicatewise correct allows multiple versions of data items, multiple levels with partial orders, and predicatewise serializability for its correctness crite­ria. This class is very broad, encompassing all of the others, yet it still represents a restriction pf correct executions.D efin itio n  : An execution ( R , X )  is predicatewise 
correct if

1: the database system  conforms to the model of Section 4;
2: Vij G T, 3 s ^  ti such that (t,-,s) G R  and 

3r ^  ti such that (r,t,-) G R;
3: Vxj G P ,3  a 1-1, onto mapping /  ; T*' —* 

{0, . .  -, |T** | -  1} such that /(<,-) ~< f ( t j )  => ( t j , U) £ 
R Xi ■

’4: f (U )  =  f ( t j )  +  1 =►  Ve G Xi,(X(U))(e)  =  
( t j (X( t j ) ) ) ( e ) .
Due to the partial order, schedules can be predicate- wise correct but not in PW SR or MVSR. Likewise, the use of multiple versions increases the choices avail­
able to transactions and the use of predicates reduces 
the conflicts between transactions to allow schedules not in -<SR.The unfortunate consequence of predicatewise 
correct, is that determining if a schedule is in PC is NP-complete. It is obvious that determining if a schedule is view seriabzable is a subproblem to this
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one, with the reductions applied to this class be­ing the expansions used to gain MVSR, -<SR, and 
PW SR. However, just as SR can be reduced to an efficient class, conflict serializability, we can reduce PC to an efficient class, conflict predicate correct.
4 .3  C on flict P r e d ic a te  C orrectCPC can be built by using the same extensions which we applied to the class SR by applying them  to the class conflict serializability, denoted CSR. A schedule is conflict serializable if it conflict equiva­lent to any serial schedule. Two schedules are con­flict equivalent if their conflicting steps are in the same order. Under the standard model, two steps 
conflict if they are on the same data item and at 
least one of them is a write. The class MVCSR is defined as all schedules which can be considered to be conflict serializable given that we can use multi­ple versions of data items. The only conflicts which 
exist in MVCSR are reads before writes on the same data item [Papadimitriou 1986]. The class PWCSR 
simply enforces conflict serializability on each con­junct of the database constraint, and -<CSR allows conflict serializable schedules but permits operations to be placed in a partial order within a transaction.

If we combine all of the properties of MVCSR, PW CSR, and -<CSR, we achieve the class CPC. An important property of CPC is that determining if a schedule is CPC can be done efficiently. The only conflicts which still exist in CPC are a read of a data item followed by a write on that data item, just as in MVCSR. However, in CPC, if two data items are in different conjuncts, then the execution order of the transactions does not have to be the same, for the transactions. Thus, the techniques in [Papadimitriou
1986] for showing a schedule to be in MVCSR can be 
repeated for each conjunct. This technique creates a graph where each node is a transaction, and an arc is drawn from A to B if A performs a read step and B performs a write step on the same entity. In this case, each graph corresponds to a single conjunct, and the arc is drawn only if the data item accessed by A and B is in the conjunct. A schedule is MVCSR iff the graph is acyclic, and consequently, a schedule is CPC iff all of the graphs are acyclic. Since testing for acyclicity is efficient for 1 graph, it remains efficient 
for n graphs, where n is unrelated to the number of nodes or edges, as it is here.

In order to get a better understanding of the classes involved in CPC, Figure 1 presents the rela­tionships between all of the various subclasses. Ex­amples of schedules are given for each non-empty re­gion of the diagram.
1. N o n -C P C<i: R(x) W (x)

t 2: R(x) W (x)
Intuitively, this schedule is not in CPC because 

none o f its decompositions by conjuncts (which are 
exactly this schedule) can be serialized by a version 
function. This is because either t \  should read from t 2 or t 2 should read from 11 in a serial schedule, and this does not happen here.
2. C P C  -  (P W C S R U M V C S R U  -<CSR U SR )

U: R(y) W (x) W(y)
t 2: R(x) W (x)W(y)
This schedule is not in PW CSR since the decom­positions lead to nonserializable schedule. Likewise,

F igu re  1: C lasses o f  S ch ed ules

it is not in MVCSR because the read of y done by t \  conflicts with the write of y done by t 2 and simi­larly, t 2 conflicts with t \  on x. However, the schedule 
could be in CPC if the database consistency con­straint placed x and y in different conjuncts. The restricted schedules are in MVCSR.3. P W C S R -  (M V C SR U  x C S R U S R )

*i: R(x)W (x) R(y)W (y)
t 2: R(x) W (x)R(y)W (y)
This schedule is in PW CSR if x and y are in dif­ferent conjuncts. The schedule is clearly not in SR or MVCSR since either serial schedule would cause a transaction to read a data item from the other trans­action, which it did not in this schedule.

4. (P W C SR  n M V C SR ) -  SR
h :  R(x) W (x) R(y)W (y)
t 2: R(x ) R(y) W(y)
This is the example schedule given in the pre­vious section. The arguments for it being in MVSIt and PW SR hold for MVCSR and PWCSR.5. SR  -  PW C SRii:  R(x) W (x)
t 2: W(x)
t 3: W(x)
This schedule is equivalent to the serial schedule t i , t 2, 3̂, however, it is not conflict serializable and cannot be decomposed by any non-empty predicate.6. SR  -  M V C SR
<i: R(x) W(y)
*2: W(y)
t 3: R(y)W (x) W(y)
This schedule is view equivalent to the serial schedule t i , t 2, t 3, but a conflict exists between trans­actions fi and t3 on both x and y, keeping this sched­ule out of MVCSR.7. M V C SR  -  PW C SRti: R(x) W(x)
t 2: W(x)
Clearly, this schedule remains unserializable for all non-empty predicates, since t 2 cannot be “moved” to before or after 11 by flipping operations. However, if the final read is of the version created by i 2, then this schedule is equivalent to the serial schedule 11, t 2.

8. (SR  n M VCSR) -  CSR
h :  R(x) W (x) W(y)
t 2: R(x) W(y)
t3: W(x)
This schedule is multi-version conflict serializ­able to the schedule t \ , t 2,t3, by having the final read
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of y be the version created by ¿2- It is also serializ­able to the schedule t 2, t i , t 3. However, this sched­ule is not conflict serializable since no exchanges can 
move <2 to either before or after t \ .9. CSRh :  R (x)W (x) R (y)W (y)

t 2: R(x) R (y)W (y)
Note that all conflicts are resolved in the same order for both x and y in this example schedule.

5. Transaction M anagem ent
Given a model for long duration transactions and correctness classes for it, the next step is to de­velop protocols to allow schedules in the classes. We present a protocol which allows only correct execu­tions in this section. Other protocols including vir­tual timestamps and predicatewise two-phase locking 

[Korth et al. 1988] have been re-defined to fit within 
our model, but will be described in a future paper.

Long duration transactions in our protocol can be thought of as consisting of four parts. The first phase, called transaction definition, occurs when an active transaction defines a subtransaction. The sys­
tem obtains the input constraint, output condition, and place in the partial order, of the defined transac­tion. The second phase is the transaction validation 
phase. This phase is concerned with assigning appro­priate versions to the previously defined transaction. The third phase is called the transaction execution phase. During this phase, a transaction performs all of its operations. The fourth phase deals with the end of all transactions, commit, abort or whatever else is needed, and is the transaction termination phase. Correctness, defined as correct executions, must be maintained throughout all of these phases.

During the transaction validation phase, the sys­tem finds versions of data items which satisfy the in­put constraint of the transaction. For each data item  in the input constraint, the transaction places a R» 
(read for validation) lock on the data item in order 
to protect the transaction from updates performed by other transactions during this phase. The system  then performs a two-part process in order to assign correct versions to the transaction. The first part de­termines the set of versions for each data item which can be read without causing partial order invalida­tion. To do this, a set of transactions, Di is associ­ated with each data item d,- in the input constraint of 
the transaction being validated, for simplicity, called 
ti. A transaction tj is in D, if parent (f,) =parent(fj)
unless:1. ( t i , t j )  <E P + , or

2. di £  Ut j , or
3. 3 tk such that (d; G Utk) A ( { ( t j , t k), ( tk,U)} Ç

P+) .
Basically, every sibling is considered to be in the set unless the transaction is a successor to the transac­tion being verified, it does not write the data item  which corresponds to the set, or there exists another 
transaction which comes between this transaction and the transaction being verified and that trans­
action writes a version of the data item. Note that transactions which might yet write the data item are 
not considered in the set Di.  By not considering the transactions which might later write a version of the data item, the protocol is making the optimistic as­sumption that such transactions will not write a new

version which the transaction must read.After the sets of transactions have been deter­mined, each element in the set is checked to see if it is a predecessor of the transaction being verified. If one of the transactions is a predecessor, then the rest of 
the transactions are removed from the set, and the version written by the predecessor is the only one 
allowed to the transaction. Otherwise, any of the versions written by any member of the set, or the version assigned to the parent, can be assigned to 
the transaction.Once the set of allowable versions has been de­termined for every entity in the input set of the trans­action, the system must select a single version for each entity such that the input constraint is satis­fied. Since multiple versions exist for each entity, an exhaustive search of all possible combinations would take exponential time. Instead, a heuristic based scheme should be used for selecting versions. Even if substantial effort is expended in version selection, the avoidance of one long duration wait is likely to 
justify this overhead.

During the transaction execution phase, the trans­actions issue read and write requests which the con­currency control protocol augments to ensure safe concurrent execution. A read request requires up­grading a h^-lock to a iî-lock. If the transaction does 
not have a R„-lock on the data item, then the read is rejected. The lock compatibility matrix is then consulted for granting R-lock requests, so a transac­tion can either be granted the lock, or temporarily blocked on some writing transaction. After the lock is granted, the transaction can read from the version assigned to it. A write request from a transaction does not require a transaction to hold a read lock, 
and therefore, can never fail (although it is possi­
ble for a transaction to abort due to its read lock on a data item it is writing). As soon as the write 
is completed, the write lock is released. Once the write lock is released, all read-lock requests which were blocked by the write are allowed to continue into the re-evaluation process. A write creates a new version of the data item, which is immediately avail­able to all siblings of the writing transaction.

We can now construct a lock compatibility ma­trix for this model. Note that all locks are placed on the entity, not on a version of the entity. Let W  represent a write lock request, R v represent a read 
for validation lock, R  represent a read lock.

Rvrequested R  W

heldRv R Wtrue true falsetrue true false
re-eval re-eval true

Figure 2. Lock C om patibility M atrix
A “true” entry in the table means the lock can be granted. As expected in multiple version systems, this result occurs except when a read operation con­
flicts with a write. A “false” entry in the table means the lock cannot be granted and the transaction be­
comes blocked on this data item. The blocking time 
involved here is small, because write locks are held only for the duration of the write operation, not for the duration of the entire transaction. Once a trans­action becomes unblocked on a data item, the re-
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evaluation routine is called, as if the matrix result had been “re-eval” . A “re-eval” result on the table means the transaction should be interrupted and its input constraint should be re-evaluated based on the new version written by one of its predecessors.
The purpose of the re-evaluation procedure is to correct problems which might occur due to the opti­

mistic nature of our protocol. The re-evaluation pro­cedure checks to see if a transaction with a read lock on an entity should have read the version most re­cently created instead of the one previously assigned to it. Although a transaction holding a read lock will have to be aborted, the protocol can try to salvage a transaction which holds a fi^-lock by changing the versions which have been assigned to it. This sal­vaging occurs in a procedure called re-assign, which may change any version assignment as long as the transaction has not read the data item. The goal of this procedure is to re-establish both the partial or­der and the input constraint, and is similar to actions taken during the validation phase.
During the transaction termination phase, the concurrency control protocol operates just as if the transaction were still in the execution phase. Other protocols for handling commits and aborts interact 

with the transaction at this point, but until the trans­action commits, it can be aborted by the concurrency control protocol. However, any such abort will be the result of another transaction, as a transaction in the termination phase cannot perform any operations other than a commit or an abort.To show that all executions legal under this pro­
tocol are correct executions, we provide the following proof sketch. A legal schedule under the protocol is 
correct if for the transaction t  =  (T, P, It, Ot),  where 
parent(t)=nil, 3 ( R , X ) ,  such that Vi,- €  T , I ti( X ( t i ))A 
O t (X ( t f ) ) .  Initially, the input constraint condition 
is preserved by the version assignment function. No transaction is allowed to execute unless its input con­straint is satisfied. If a transaction is assigned new 
versions during the re-evaluation process, then it must also wait until the input constraint is satisfied. The 
output condition requirement is met by the termina­tion phase of the protocol, since no transaction can commit if its output condition is not satisfied.
6. ConclusionsWe have presented an extension to the classi­cal transaction model design to support the require­ments of long-duration, interactive transactions. By showing how to represent both the classical model 
and the model of Bancilhon, et al. [1985] using the 
notation of our model, we demonstrated that our model is compatible with existing transaction theory. 
The features we have added to the classical model in­clude pre- and post- conditions that describe trans­action behavior to the transaction manager, a partial interpretation of these conditions based on the notion 
of objects that allows for efficient protocols, direct 
support for multiple versions, and the integration of our predicate-based notions of correctness with the 
nested transaction theory of Moss [1985] and Beeri, 
et al. [1986].

Our model allows a much richer class of sched­ules than the classical model. We defined classes of schedules in our model and compared these classes with those that exist under the classical model.

To show that our model has potential as a prac­tical scheme for transaction management, we gave a new protocol that imposes moderate overhead but of­fers a high degree of potential concurrency for trans­actions in a cooperative processing environment as might exist in CAD.
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