Concurrency Con trol Based on Order Constraints

in Adv anced Database Systems

Haiyan Xu y

T etsuya F uruk aw a z

Yihua Shi yy

y

Dept. Electronics, F ukuok a Institute of T ec hnology

z

Dept. Economic Engineering, Kyushu University

yy

F ukuok a Junior College of T echnology

Abstract

It is widely r e c o gnize d that the serializability c or-

r e ctness criterion of c oncurr ency c ontr ol in typi-

c al database systems, is unacc eptable for c o op er a-

tive datab ase applic ations. By asso ciating status with

e ach data, in this p ap er, we show the c onsistency in-

formation of advanc e d datab ase applic ations can b e

expr esse d de clar atively by logic al formula. Utilizing

the c onsistency information of datab ases, we intr o-

duc e a new c orr e ctness criterion c al le d e quivalent-

indep endent, which is mor e generous than serializabil-

ity. A subclass of e quivalent-indep endent sche dules,

which is a superset of serializable sche dules, includes

many non-serializable schedules re quir e d by c o op er a-

tive datab ase applic ations.

1 Intro duction

In database systems, transactions are exp ected to b e

consisten t units. If executed alone, a transaction

tak es the database from a consistent state to another.

When a set of transactions are executed concurrently ,

the execution also has to keep the consistency of the

database and each transaction observes a consistent

database.

There are two approaches to assure the database

consistency

. The �rst one assumes the correctness of

individual transactions. In this approach, each trans-

action is supp osed to result in a consistent database if

executed alone in a consistent database. The second

one requires the database to v alidate that no transac-

tion violates the consistency of the database. In tradi-

tional databases, the �rst approach has b een used b e-

cause it is accepted that the consistency information is

unkno wn. The consistency problem is reduced to the

problem of testing serializability of executions. An ex-

ecution of concurrent transactions is called serializable

if it is equiv alen t to a serial execution. The consistency

of a database without information ab out application

sp eci�c consistency is guaranteed by allowing only se-

rializable executions of concurrent transactions.

In these days, adv anced databases hav e b een used

in such new areas as computer-aided design and manu-

facturing (CAD/CAM), o�ce automation, computer-

aided software engineering, and so on. These new ap-

plications require long duration, interactiv e transactions, and co op eration among users. The serializabil-

ity correctness is to o restrictive to satisfy these new

requirements [2]. These problems are widely recog-

nized. Current research on dealing with co op erative

database applications can fall into the following three

basic categories.

� Supp orting user control [6].

� Extending serializability-based techniques or re-

laxing serializability by extending transaction

mo del [4].

� Using the semantics de�ned by each transaction

[1, 5].

The problem of the �rst category is that users are

not adept at managing concurrent activity

. Although

users know their work, they need not understand the

implication of their concurrent activities. The second

one is still based on serializability so that it cannot set-

tle the problems of serializability completely

. The last

one is still in research level and also has the problem

of the burden of users.

In this pap er, we show that the consistency in-

formation of applications can b e expressed declara-

tively by intro ducing status of each data. Using the

consistency information of databases represented by

logical formula, we prop ose a new correctness crite-

rion called equiv alent-independence. A sub class of the

equiv alent-independent class, which treats the most

p opular consistency information, is introduced. The

sub class is more generous than serializable class and

allows non-serializable executions by relaxing the re-

striction on read op erations.

2 Preliminaries

An adv anced database D B hO ; Ri is a pair of a set of

ob jects O and a set of relationships R . Each ob ject

o 2 O has two parts, an entit y part e(o) and a sta-

tus part at

1

(o); at

2

(o); � � � ; at

m

(o). The v alue e(o) is

the data of o. Status at

k

(o) (1 � k � m) has truth

v alue expressing the information of o such as whether

o has passed the k -th test, whether o satis�es the k -th

constraint condition, and so on. e(o) and at

k

(o) are

data items, which are the units of database access.

D B is the set of all data items in the database. I (d) denotes the v alue of data item d. F or a set of data

items D � D B , I (D ) = fI (d) j d 2 D g.

R is a set of relationship r (o

i

; o

j

) which expresses

the relationship of type r b etween ob jects o

i and o

j

.

Although we assume that the relationships in this pa-

p er are binary relationships for the simplicity

, the re-

sults of this pap er can b e extended to n-ary relation-

ships easily .

An execution of user’s work is abstracted as a

transaction. A transaction T is a set of read and

write op erations on data items with a total order <,

T = fR (x); W (x) j x 2 D B g. W e assume that x 6= y

if R (x); R (y ) 2 T or W (x), W (y ) 2 T .

A concurrent execution of a set of transactions is

mo deled as a schedule. Let T = fT

1

; T

2

; � � � ; T

n g b e

a set of transactions. A schedule H ov er T is the

set op erations of T

i

,

S

n

i=1

T

i

, with a total order <

H

�

S

n

i=1

<

i where <

i is the total order of T

i

.

De�nition 1 Let T b e a set of transactions. F or

a schedule H over T , D

R

(T

i

) = fx j R

i

(x) 2 T

i g

and D

W

(T

i

) = fx j W

i

(x) 2 T

i g are the sets of data

items read and written by T

i

, resp ectively

. D (T

i

) =

D

R

(T

i

) [ D

W

(T

i

) is the set of data items accessed by

T

i

. Let I (R

i

(x)) and I (W

i

(x)) b e the v alue of x read

and written by T

i

, resp ectively

. Then I (D

R

(T

i

)) =

fI (R

i

(x)) j R

i

(x) 2 T

i g and I (D

W

(T

i

)) = fI (W

i

(x)) j

W

i

(x) 2 T

i g. The resulting v alue of T

i is I (D (T

i

)) =

fI (R

i

(x)) j R

i

(x) 2 T

i

; W

i

(x) 62 T

i g [fI (W

i

(x)) j

W

i

(x) 2 T

i g. 2

Let T b e a set of transactions. Schedules H and

H

0

over T is equiv alen t (denoted by H � H

0

) if

I (D

R

(T

i

)) of H is equal to I (D

R

(T

i

)) of H

0

(1 �

i � n) and I (D

R

(T

f

)) of W

0

(D B )H R

f

(D B ) is equal

to I (D

R

(T

f

)) of W

0

(D B )H

0

R

f

(D B ) for any T

0

=

W

0

(D B ). If H is equiv alent to a serial schedule H

0

, H

is called serializable.

Theorem 1

[3]

A schedule H is serializable if its se-

rialization graph is acyclic. The serialization graph of

H , denoted by S R (H ), is the directed graph whose

no des corresp onds to the transactions in T and whose

edges are T

i

! T

j

(i 6= j ) such that one of T

i

’s op-

erations precedes and con icts with one of T

j

’s op er-

ations, that is W

i

(x) <

H

R

j

(x), R

i

(x) <

H

W

j

(x), or

W

i

(x) <

H

W

j

(x). 2

3 Consistency of Databases

A large pro ject is often divided into a collection of

smaller tasks. Some tasks must b e op erated step by

step according to certain sp eci�ed orders while some

tasks can b e op erated in parallel. Utilizing status of

data, sp eci�c order among tasks can b e expressed nat-

urally by directed acyclic graphs of status.

Example 1 Let D B

1 hO

1

; R

1 i b e such a database as

O

1

=fo

1

; o

2

; o

3 g and R

1

=fcomp(o

1

; o

2

), comp(o

1

; o

3

)g,

where comp(x; y ) is the relationship that y is a com-

p onent of x. Supp ose the ob jects hav e to pass T ests

1, 2, and 3 which are ordered as follows.

1. T est 3 of an ob ject requires that the ob ject has

already passed T ests 1 and 2.

at

2

(o

2

)

at

1

(o

2

)

at

1

(o

3

)

at

2

(o

3

)

H

H j

�

� *

H

H j

�

� * at

3

(o

2

)

at

3

(o

3

) at

1

(o

1

)

at

2

(o

1

)

-

�

�

�

�

� 1

at

3

(o

1

)

H

H j

�

� *

Figure 1: Sp eci�c orders among tasks.

2. T est 1 of an ob ject requires the test of its comp o-

nents as a pretask.

The sp eci�c orders among the nine tasks can b e ex-

pressed by the order of at

k

(o

i

) (i = 1; 2; 3; k = 1; 2; 3)

changing its v alue from f al se to tr ue as illustrated in

Figure 1. 2

Since status takes truth v alue, each edge at

k

(o

i

) !

at

l

(o

j

) can b e expressed by horn clause at

k

(o

i

)

at

l

(o

j

) (� at

k

(o

i

) _ :at

l

(o

j

)). Using �rst order logic

v ariables to represent o 2 O , we can express the orders

of the tasks formally .

De�nition 2 The order constraints of a database are

the following kinds of rules represented by horn clauses

where v ariables x and y are universally quanti�ed.

1. Status constraints, which require the consistency

of status of ob jects:

at

i

(x) at

j

(x).

at

i

(x) at

i

(y ); r (x; y ).

2. Entity constrains, which require the consistency

b etween the entit y and the status of an ob ject:

p(x; at

i

(x)) at

i

(x).

p is a predicate and p(x; at

i

(x)) is supp osed to

change its v alue only when e(x) is mo di�ed. 2

Example 2 The orders among tasks of the pro ject

with database D B

1 can b e represented by the follow-

ing order constraints declaratively .

at

1

(x) at

3

(x):

at

2

(x) at

3

(x):

at

1

(x) at

1

(y ); comp(x; y ): 2

T o discuss whether I (D B ) satis�es the constraints,

we use the ground extension of the constraints.

De�nition 3 F or a database D B hO ; R i, the ground

extension of a set of constraints C by a set of data item

D (D � D B ), denoted by G(C ; D ), is the following

set of ground clauses, where C ’ is the set of ground

clauses obtained by substituting an element of O for

each v ariable of C .

G(C ; D ) = fp q j p 2 D _ q 2 D ; p q 2 C

0

g[

�

p q

�

�

�

� p 2 D _ q 2 D ; r (o

i

; o

j

) 2 R;

p q ; r (o

i

; o

j

) 2 C

0

�

[

�

p(o; at

i

(o)) at

i

(o)

�

�

�

� e(o) 2 D _ at

i

(o) 2 D ;

p(o; at

i

(o)) at

i

(o) 2 C

0

�

2

F or a database D B , we say that I (D B ) satis�es C if

every ground clause of C is true on I (D B ). Database

D B is consistent if I (D B ) satis�es C .

F or a set of data items D � D B , how ever, the truth

v alue of a ground clause of G(C ; D ) may not b e de-

termined by I (D ) when at

k

(o

i

) in the ground clause

is not in D . W e say that I (D ) is satis�able if every

clause of G(C ; D ) is satis�able. It is evident that I (D )

(D � D B ) is satis�able if I (D B ) satis�es C .

4 Equiv alen t-Indep endence

When the av ailable information for concurrency con-

trol is only syntactic one of transactions, the serial-

izabilit y must b e the correctness criterion of concur-

rency control for the database consistency

. If we can

sp ecify the database consistency as constraints, the

consistency problem can b e dealt with in another way .

De�nition 4 F or a database with a set of constraints

C , a schedule H ov er T is indep endent if every T

i

2 T

satis�es the following three prop erties.

1. Logical unit: Execution of T

i is not interrupted

by other transactions. Data items accessed by

T

i will not b e up dated by any other transaction

T

j

2T (j 6= i) until T

i

�nishes.

2. View consistency unit: T

i views a consistent

database. F or each u 2 T

i

, there is an I (D u

V

(T

i

))

satis�able for C , where

D u

V

(T

i

) = fx j R

i

(x) <

i ug and

I (D u

V

(T

i

)) =

�

I (x)

�

�

�

� x 2 D u

V

(T

i

); I (x) = I (R

i

(x)) or

I (W

i

(x)) (W

i

(x) <

i u)

�

.

3. Result consistency unit: T

i keeps the consis-

tency of the database if executed alone. Since

G(C ; D

W

(T

i

)) includes all of the ground clause

a�ected by T

i

, it can b e translated to that ev-

ery ground clause of G(C ; D

W

(T

i

)) is true on

I (D (T

i

)).

A schedule H is equiv alent-independent (EI for short)

if there is an indep endent schedule H

0

which is equiv-

alen t to H . 2

F or a data item x b oth read, wrote by T

i

, the v alue

of x in I (D u

V

(T

i

)) can b e selected from I (R

i

(X )) or

I (W

i

(x)). The concept of view consistency unit is

more generous than the concept that T

i retrieves a

consisten t database (i.e. I (D

R

(T

i

)) is satis�able), b e-

cause fI (R

i

(x)) j R

i

(x) <

i ug is no more than one of

the choices of I (D u

V

(T

i

)).

Theorem 2 The execution of an EI schedule pre-

serv es the consistency of the database. 2

Pr o of: F or an EI schedule H , there is an indep en-

den t schedule H

0

such that H � H

0

. Supp ose the

resulting database of execution of H is not consistent,

that is the resulting database do es not satisfy the con-

strain ts. There is a ground clause of C which is false

on the database I (D B ). According to the de�nition of

equiv alence of schedules, the ground clause is also false

after execution of H

0

. Since each T

i

2 T is a logical

unit in H

0

, there must b e a T

i

2 T which is not a re-

sult consistency unit, that is H

0

is not an indep endent.

Q.E.D.

Theorem 3

[8]

F or a schedule H over a set of trans-

actions T , there is a schedule H

0

equiv alen t to H such

that each T

i

2 T is a logical unit in H

0

if and only

if the decision graph D G(H ) of H is acyclic. The de-

cision graph D G(H ) of H is a directed graph, whose

no des corresp onds to the op erations of T

i

2 T and

whose edges are constructed as follows.

� If u <

i v (u; v 2 T

i

), there is an edge u ! v .

� If W

i

(x) <

H

R

j

(x) (i 6= j ), there is an edge

W

i

(x) ! R

j

(x).

� If R

i

(x) <

H

W

j

(x) or W

i

(x) <

H

W

j

(x) (i 6= j ),

there are edges from all of the op erations of T

i to

W

j

(x). 2

Pro of: (if ) Since D G(H ) is acyclic, it can b e top o-

logically sorted. W e claim that any top ological sort of

D G(H ) is equiv alent to H and there is a top ological

sort H

0

2 EL, in which each T

i

2 T is a logical unit.

(only if ) Let H

0

b e a schedule in which each T

i

2 T

is a logical unit. Then D G(H

0

) is acyclic. Supp ose

H is equiv alent to H

0

. F or any con ict op erations p

i

of T

i and q

j of T

j

, p

i

<

H q

j assures p

i

<

H

0 q

j

. Then

D G(H ) = D G(H

0

). Q.E.D.

In this pap er, we use EL class to refer to the set of

schedules whose decision graph D G(H ) are acyclic.

Example 3 Let us consider the following two co op-

erative schedules.

View interme diate status H

1

:

W

1

(d

1

)R

2

(d

1

)R

2

(d

2

)W

1

(d

2

)

Coop er ative exe cution H

2

:

W

3

(d

2

)R

4

(d

2

)R

4

(d

3

)W

4

(d

3

)R

3

(d

3

)W

3

(d

1

)

The decision graph D G(H

1

) is acyclic, b ecause the

edges b etw een op erations in di�erent transactions are

W

1

(d

1

) ! R

2

(d

1

) and R

2

(d

2

) ! W

1

(d

2

). The serial-

ization graph S R (H

1

) of H

1

, how ever, is cyclic due to

W

1

(d

1

) <

H

1

R

2

(d

1

) and R

2

(d

2

) <

H

1

W

1

(d

2

). In the

same wa y , the decision graph D G(H

2

) is acyclic and

the serialization graph S R(H

2

) is cyclic. Thus, b oth

H

1 and H

2 are non-serializable but b elong to the EL

class. 2

The non-serializable schedules such as H

1 and H

2

should b e accepted in co op erative database applica-

tions [2, 4]. Schedule H

1 was the motiv ating example

in the survey [2] to show the necessity of relaxing se-

rializability correctness criterion.

F or a given schedule H , the serialization graph

S G(H ) is acyclic if and only if the resulting graph

after app ending the following edges to the decision

graph D G(H ) is acyclic [8]. The appende d edges ar e

the e dges from al l of the op er ations of T

i to R

j

(x) if

W

i

(x) <

H

R

j

(x) (i 6= j ). That is, H b elongs to the

EL class if it is serializable. The conv erse, howev er, is

not true as shown in Example 3. In a summary

, the

EL class is more generous than the serializable class

by relaxing the restriction made on read op erations.

5 Prop erties of EI Sc hedules

Let I S b e the set of relationships b etween status,

I S =

�

(p; q )

�

�

�

� p q 2 G(C ; D B );

p; q 2 fat

k

(o) j at

k

(o) 2 D B g

�

;

and I S

�

b e the transitive closure of I S . In a consistent

database, I (p) is true if I (q ) is true and I (q ) is false if

I (p) is false ((p; q ) 2 I S

�

). This fact indicates that a

write op eration W

i

(at

k

(o)) determines what the other

write op erations have to do since transaction T

i is a

result consistency unit for status constraints.

� Supp ose W

i

(at

k

(o)) writes tr ue to at

k

(o). F or

data item p ((p; at

i

(o)) 2 I S

�

), there hav e to b e

W

i

(p) in T

i which writes tr ue if R

i

(p) reads f al se.

� Supp ose W

i

(at

k

(o)) writes f al se to at

k

(o). F or

data item p ((at

i

(o); p) 2 I S

�

), there hav e to b e

W

i

(p) in T

i which writes f al se if R

i

(p) reads tr ue.

Let T u

i b e such subset of T

i as fq j u 2 T

i

; q <

i

ug. T u

i is a result consistency unit if the following

conditions are satis�ed.

� Supp ose W

i

(p) 2 T

i

(R

i

(p) 2 T

i

) writes (reads)

tr ue on data item p. F or data item q ((p; q ) 2

I S

�

), W

i

(p) (R

i

(p), resp ectively) <

i

W

i

(q ) if

W

i

(q ) (2 T

i

) writes tr ue on q .

� Supp ose W

i

(p) 2 T

i

(R

i

(p) 2 T

i

) writes (reads)

f al se on data item p. F or data item q ((q ; p) 2

I S

�

), W

i

(p) (R

i

(p), resp ectively) <

i

W

i

(q ) if

W

i

(q ) (2 T

i

) writes f al se on q .

F or entity constraints, every T u

i

= fq j u 2

T

i

; q <

i ug is assured of b eing a result consistency

unit by the following way

. Supp ose W

i

(e(x)) requires

that v alues of at

k 1

(x), at

k 2

(x), � � � ; at

k l

(x) hav e to b e

c hanged to satisfy the entit y constraints. W

i

(at

k 1

(x)),

W

i

(at

k 2

(x)), � � � ; W

i

(at

k l

(x)) may need the change on

at

h1

(x

1

), at

h2

(x

2

), � � �, b ecause of status constraints.

If we put the write op erations of the status into sin-

gle op eration W

i

(fe(x), at

k 1

(x), at

k 2

(x), � � �, at

k l

(x),

at

h1

(x

1

), at

h2

(x

2

), � � � g), T u

i is a result consistency

unit.

De�nition 5 Let H b e a schedule ov er T . In a

database with constraints C , the schedule H is or-

dered equiv alent-independent (O-EI for short) if H 2

EL and each T

i

2 T is a view consistency unit and a

result consistency unit, where the view of T

i is de�ned

as follows.

I (D u

V

(T

i

)) =

8

>

>

<

>

>

:

I (x)

�

�

�

�

�

�

�

�

I (x) = I (R

i

(x)) (if W

i

(x) 6<

i u _

T

W

i

(x)

i is not a r esul t consistency unit)

or I (x) = I (W

i

(x)) (if W

i

(x) <

i u;

T

W

i

(x)

i is a r esul t consistency unit)

9

>

>

=

>

>

;

.

2

Note that I (D u

V

(T

i

)) in the O-EI schedule def-

inition is uniquely determined while I (D u

V

(T

i

)) in

the EI schedule de�nition has several choices. If

R

i

(x); W

i

(x) 2 T

i and T

W

i

(x)

i is a result consistency

unit, I (x) = I (W

i

(x)) must b e used in the I (D u

V

(T

i

))

after W

i

(x) is carried out. Obviously

, an O-EI sched-

ule is also an EI schedule.

Theorem 4 F or a schedule H ov er T , T

i

2 T is a

view consistency unit, that is, H is an O-EI schedule

if H 2 EL and each T u

i

(T

i

2 T ; u 2 T

i

) is a result

consistency unit. 2

Pro of: Since H 2 EL and each T u

i

(T

i

2 T ; u 2 T

i

)

is a result consistency unit, each R

i

(x)(R

i

(x) 2 T

i

)

retrieves a consistent database by Theorem 2. If there

is a T

i

2 T which is not a view consistency unit, there

must b e W

j

(x)(R

i

(x) <

H

W

j

(x)) such that T

i also

reads the data items which are consistent with the re-

sult of W

j

(x). How ever, it contradicts the assumption

H 2 EL if i 6= j . If i = j , W

i

(x) do es not destroy

view consistency itself. Hence each T

j

2 T is a view

consistency unit. Q.E.D.

As the result, an EL schedule is also an O-EI one if

the transactions are well de�ned. Since EL class has

the pretty feature for co op erative work, the result is a

very desirable.

6 Conclusions

Since serializability is unnecessarily strong for co op-

erative database applications, in this pap er, we pro-

p osed a new criterion of schedules called equiv alent-

indep endence by using the semantics of adv anced

database applications. Using one of its sub class, we

hav e shown the features of the new criterion: if users

work according to the orders of tasks, it allows non-

serializable executions by relaxing the restriction on

read op erations.

References

[1] Agraw al, D. et al.: Consistency and Orderabil-

ity: Semantics-Based Correctness Criteria for

Databases, ACM T r ans. Datab ase Syst., V ol. 18,

No. 3 pp. 460{486 (1993).

[2] Barghouti, N. S. and Kaiser, G. E.: Concurrency

Control in Adv anced Database Applications, ACM

Comput. Surv., V ol. 23, No. 3, pp. 269{317 (1991).

[3] Bernstein, P

. A. et al.: Concurr ency Contr ol and

Re c overy in Datab ase Systems, Addison-W esley

Publishing Company (1987).

[4] Elmagarmid, A. K.: Datab ase T r ansaction Mo d-

els for A dvanc e d Applic ations, Morgan Kaufmann

(1992).

[5] F rrg, A. A. et al.: Using Semantic Knowledge

of T ransactions to Increase Concurrency

, ACM

T r ans. Datab ase Syst., V ol. 14, No. 4 (1989).

[6] Kim, W. et al.: A T ransaction Mechanism for En-

gineering Design Database, Pr o c. 10-th Int. Conf.

on V ery L ar ge Data Bases, pp. 355{362 (1984).

[7] Xu, H., F uruk aw a, T. and Shi, Y.: Database Con-

currency Control Utilizing Consistency Knowledge

(in Japanese), T r ans. IPS Jap an, V ol. 35, No. 12,

pp. 2752{2761 (1994).

[8] Xu, H., F uruk aw a, T. and Shi, Y.: Comparing

Equiv alent-independent and Serializable Classes

by Concurrency Control proto cols (in Japanese),

T r ans. IPS Jap an, V ol. 37, No. 8, pp. 1600{1609

(1996).