← , ,

1

2

, , ,

1

2

+

+

Abstract

{ }

→

→

→

LD L

Cause Effect

1 In tro duction

, ,

, , , , , , , ,

, , , ,

, ,

E. Ber tino B. Ca t ania G. Guerrini D. Montesi

T ransaction Optimization in Rule Databases

bertino,catania,guerrini @disi.unige.it

                                                                                cause effect
query update

update query

update update

query
query

B

1

B

n

H

B

1

B

n

INS

1

INS

k

DEL

k 1

DEL

t

H

INS

1

INS

k

DEL

k 1

DEL

t

B

1

B

n

H B

1

B

n

In the tradition of declarative rules (which we will follow)

the ab ove rule is represen ted as . . . .

A first version of the language has b een implemented as

part of a pro ject at the University of Genov a.

This p ap er pr op oses an appr o ach to tr ansaction op-

timization in rule datab ases. It is b ase d on a new

te chnique to expr ess up dates in rule languages b ase d

on a non-imme diate up date exe cution. This te ch-

nique is use d to static al ly char acterize some pr op-

erties of the rules and tr ansactions. Those pr op er-

ties ar e use d at run-time to dete ct and r emove r e dun-

dant/c omplementary up dates which ar e useless, henc e

incr e asing the efficiency of tr ansaction exe cution.

queries up dates

Dipartimento di Scienze dell’Informazione, Universit` a di Milano

Via Comelico, 39 20133 Milano, Italy

The use of rule-based languages in the context of data

and knowledge bases has b een a primary fo cus on re-

search in the past decade in the area of deductive

database systems and in the current decade in the

area of active database systems. The motiv ation for

using rule-based languages in database systems are

twofold. On one side they are easy to learn and un-

derstand. They are also more user-friendly and higher

level than traditional programming and database lan-

guages. On the other side they extend the prop erties

of relational domain calculus into a rule-based lan-

guage, adding to relational-based languages inferential

and reactive features. Many adv anced database sys-

tems [9, 10, 12, 14, 15, 16] are based on rule languages.

Moreover, current extensions to relational DBMS and

ob ject-oriented DBMS also provide some rule capa-

bilities. Indeed, rules represent a p owerful and sim-

ple language to relate two situations: the cause and

the effect. A rule can b e seen as .

This rule should b e read as follow: if there is a cause,

then do the effect. The causes and the effects can

v ary over a broad sp ectrum. In the database area,

we are basically interested to query and up date large

amounts of information, hence the main causes and

effects are and (where with up dates

we mean deletions, insertions and mo difications). In

the following table we provide a p ossible classification

of rules w.r.t. which are the causes and the effects.

The first row denotes the pattern of active rules

(i.e. rules with side-effects ). The second one denotes

a query dep ending from an action. The third row rep-

resents the most pro cedural typ e of rule. It denotes

an action dep ending from another action (triggers are

rules of this form). The last one is a classical deductive

rule, that is, . . . . As it can b e seen from

the ab ove table, up dates are very often present in rules

(either as causes or as effects, or b oth). However, the

semantics of rules containing up dates is difficult to de-

fine. Indeed, in most prop osals of rule languages with

up dates, the semantics of rules is dep endent on the

ev aluation order of the rules. Therefore, those lan-

guages are not fully declarative.

A recent prop osal of a rule language [5] overcomes

the ab ove problem . This language provides up dates

in rules by providing at the same time a declarative

semantics. In this language a rule has the form

. . . . . . . . .

In the ab ove rule . . . and . . .

represent conjunctions of insertions and dele-

tions resp ect ively

. They are also in conjunction with

deductive atoms . . . . Such rules allow an ex-

ecution mo del where insertions and deletions have a

non-imm ediate semantics, that is, they are not exe-

cuted as so on as they are ev aluated. Rather the inser-

tions and deletions are collected and executed, if they

are consistent, only at the end of the ev aluation of the

query

. The ab ove typ e of rule is an integration of the

second and last rows in the table. Indeed, such rules

may contain up dates in the b o dies as well as queries;

queries in the b o dies are used to pass “parameters”

to the up dates. The heads of such rules only contain

queries. Note that even if from a syntactical p oint

of view, our rule language may lo ok similar to other

rule languages with up dates in the b o dies, like

′ ′ ′

LD L

AD

−

←

−

−

−

2 Rule language

1 1 1

1

1

1

1

1

1

1 1 1

1

1 i

k s t

t

s

k

t

k

s

k s t

i j h

t

t

Definition 2.1

Definition 2.2

Definition 2.3

C LP

E D B

E D B , i , , n

I D B

H b , , b , u , , u , B , , B .

H B , , B

u , , u

b , , b

B , , B

b , , b

u , , u H

X bob, X tom

X Y , Y bob

p X , p X

p Y , p X

X tom, Y bob

X tom, Y tom p Y , p X

b , , b , u , , u , B , , B

B s, u s b s

B , , B

B , , B b ase r ela-

tions rules ab orte d

(Extensional datab ase) An exten-

sional datab ase, or , is a (p ossibly empty)

set of gr ound (i.e., without variables) facts.

(Intensional datab ase) The

is a set of rules of the form

wher e is a de ductive atom, (as in Data-

lo g) is the query p art, is the up date p art and

is the binding p art. The up date and query

p arts c annot b e b oth empty.

(T r ansaction) A (or sim-

ple tr ansaction) is a rule with no he ad of the form

wher e and ar e as in Definition 2.2 and

c annot b e empty.

[14] and DLP [13], with resp ec t to these languages our

language has a fully declarative semantics which is in-

dep endent from the ev aluation order of atoms (b oth

query and up date atoms) in the rules.

The main concern of this pap er is related to the

efficient execution of this kind of rules. In particular,

studying efficient metho ds for transaction execution in

this context is an imp ortant issue. The semantics of

our language makes it p ossible, among other things, to

statically characterize some prop erties of rule sets and

of transactions. Such characterizations, intro duced in

[4], give information ab out errors that may arise such

as ab orts, inconsistencies and failures. F rom these

characterizations, related to a set of rules or to a trans-

action, it is p ossible to statically find information on

useless up dates, generated during the execution of a

transaction and, therefore, to remove them. When er-

rors are prevented, and useless up dates are removed,

transactions are executed more efficiently

. The aim of

this pap er is to present the techniques used to p erform

transaction optimization in rule databases and the ar-

chitecture of the optimizer. Note that in the previous

literature, as far as we know, there are no satisfactory

techniques for this kind of problem. In particular, a

general framework to optimize transaction has b een

prop osed in [2] for relational databases. In the con-

text of rule-based languages the presence of not fully

declarative semantics for up dates has not allowed the

development of such kind of optimization. The opti-

mization we prop ose may b e regarded as a “semantic

up date optimization” and in this sense it is in some

way related to semantic query optimization [7].

The structure of the pap er is the following. Section

2 intro duces the rule language and sketches its seman-

tics. Section 3, which contains the original contribu-

tion of this pap er, describ es the optimization archi-

tecture and discusses the several optimization phases.

Due to space limitations, we intro duce no formal no-

tion, but we only discuss our techniques and illustrate

them by an example. Section 4 presents some conclu-

sions and outlines future work.

A Datalog program [6] consists of a set of

(EDB) and a set (IDB). Many extensions

to Datalog have b een prop osed to express up dates (see

[1] for a survey). In the following we summarize a new

approach based on non-imm ediate up date semantics.

Up date-Datalog (U-Datalog) is a rule language

which allows declarative sp ecification of up dates in

program rules. The execution mo del of U-Datalog

consists of two phases, the marking phase and the

up date phase. The first phase collects the up dates

found during the ev aluation pro cess, without, how-

ever, executing them. During the up date phase they

are executed altogether only if they are ground and consistent. If the set is not consistent, or if it con-

tains non-ground up dates, the transaction is

and no up date in the set is p erformed. The notion of

consistency is an imp ortant one, in that it prevents a

set of up dates containing b oth an insertion and a dele-

tion of the same fact to b e executed. By contrast in

DLP and , up dates are executed as so on as they

are ev aluated, that is, they are executed as side effect

of the deriv ation pro cess. W e recall now some basic

notions on U-Datalog. It is defined by means of an in-

stance of constraint logic programming schema (CLP)

[11] called ( ) [5]. In the following we will as-

sume the reader familiar with logic programming [3]

and with CLP .

Up dates in U-Datalog are in rule b o dies. In addi-

tion we consider also bindings in rule b o dies which

are defined by means of a set of equations (this is

related to the fact that U-Datalog is an instance of

CLP). Up dates to base predicates are expressed as a

set of sp ecial atoms prefixed by + (insertions) or

(deletions). The predicates can b e either extensional

or intensional. Our language allows only up dates to

extensional predicates.

state

In the following we denote with = 1 . . . ,

the p ossible extensional databases.

inten-

sional database

. . . . . . . . .

. . .

. . .

. . .

The intuitive meaning of a rule is: “if . . .

is true, the bindings . . . and the up dates

. . . are consistent, then is true”. Note that

we do not consider up date in rule heads. The notion of

consistency is given informally

. Intuitively

, the bind-

ings = = are not consistent, while the

bindings = = are consistent. Similarly

, the

up dates + ( ) ( ), i.e. complementary up dates,

are not consistent. The up dates + ( ) ( ) could

b e consistent if the related bindings were for example

= = . By contrast with the bindings

= = , + ( ) ( ) are not consistent.

transaction

. . . . . . . . .

. . .

Note that a transaction has a query comp onent,

i.e. it provides a set of bindings. The condition that

. . . cannot b e empty is due to the fact that the

up date phase must always follow the marking phase.

Therefore, b efore up dating a database, it must b e

queried in order to compute the bindings for the v ari-

{ e e

e

e

∗

B B

′ ′

B

B

1

1

+1

2

+1

+1 3

+1

+2

4

4

5

+2

+2

+1

+1

+1 n

i

i

i

i

i

i

i

i

i

i j j j j

i

i

U

i i

U

i i

I D B

I D B i i

i j j j i

Definition 2.4

Example 2.1

Example 2.2

Definition 2.5

Definition 2.6

∪

← −

←

←

∪

−

∪

∪

−

−

⋄

N F

N F ← −

← −

← ⋄

∪ {⟨ ⟩ | − → ⟨ ⟩ }

∪

× →

\{ | − ∈ }

∪{ | ∈ }

∪

S

− →

S

⟨{ | ⟨ ⟩ ∈ }

T

T T

D B I D B E D B

E D B

I D B

E D B q b

I D B p X q X , q X .

r X t X , p X .

s X t X .

T r X E D B I D B

X b

q b , t b

E D B t b

E D B T s X

E D B I D B X b

E D B T

q X , s X E D B I D B

X b q b

E D B t b , q b

T q X , p X

X b q b , q b

T

T X a, q X , s X

t a E D B

E D B

I D B

I D B p X q X , q X .

r X t X , q X , q X .

s X t X .

S et T , I D B E D B b , u T b , u

T

T

I D B E D B

E D B

u

E D B

E D B , u E D B p t p t u

p t p t u

C ommit Abor t

u

u

O S S

T

I D B

D B I D B E D B

T

O S S T b, u, G

T E D B

O ss

AbO ss other w ise

O ss b b , u S et T , D B , c omplex tr ansaction

(U-Datalo g) An

with up dates (or datab ase) c on-

sists of the extensional datab ase and of the in-

tensional datab ase .

Consider and

The tr ansaction evaluate d in

c omputes the binding and c ol le cts the up dates

. Informal ly the new extensional datab ase

is the r esult of the applic ation of these

up dates to . The tr ansaction evalu-

ate d in c omputes the binding

and do es not c ompute any up date, thus the new exten-

sional datab ase is stil l . The tr ansaction

evaluate d in c omputes

the binding and c ol le cts the up date , thus

the new extensional datab ase is .

The tr ansaction c omputes the

binding , and c ol le cts the up dates .

They ar e not c onsistent and ther efor e ab orts. The

tr ansaction fails, b e c ause

is not in , and so no up date is p erforme d.

The r esulting EDB is .

Consider IDB of the Example 2.1. The

normal form is

L et b e the curr ent datab ase

state and is the c onsistent set of gr ound up dates.

Then the new datab ase is c ompute d by me ans

of the function as fol lows:

wher e is the set of p ossible datab ase states and

is the set of p ossible up dates.

al l or nothing

observable pr op erty

the set of answers, the datab ase state the r esult of

the tr ansaction

(Semantics of a tr ansaction) L et

b e the datab ase. The

of a tr ansaction is denote d by the function

. If a tr ansaction has the form ,

then

if OK

wher e ables of the language. F ollowing the tradition in the

examples we prefix a transaction with the symb ol ‘?’.

A is a sequence of transaction

; . . . ; .

U-Datalog program

=

= ( )

= ( ) ( ) ( )

( ) + ( ) ( )

( ) ( )

=? ( )

=

( ) + ( )

= ( )

=? ( )

=

=

? + ( ) ( )

= + ( )

= ( ) ( )

=? + ( ) ( )

= + ( ) ( )

=? = ( ) ( )

( )

The semantics of an U-Datalog program is given in

four steps. The first step mo dels the extensional and

intensional comp onents of the database as two sepa-

rate comp onents. Indeed due to the evolving nature

of the EDB, the semantics of the database must b e

given in a comp ositional way

, that is, in terms of the

semantics of the IDB and EDB. The comp ositional se-

mantics is based on the notion of op en programs. An

op en program is a program in which information on a

sp ecified set of predicates is not defined. The inten-

sional database of Example 2.1 is an op en program.

Indeed, the information concerning to the extensional

predicate symb ols are not defined. This step of the

semantics is related to normal form for rules simi-

larly to the notion of linear normal form intro duced in

[8]. W e denote this normal form as ( ). F or

non-recursive programs the normal form of a program

lo oks very much like its unfolding, i.e. in each rule in-

tensional atoms in the b o dy are replaced by appropri-

ate conjunctions of extensional atoms, thus obtaining

rules with only extensional atoms in their b o dy .

( ) = ( ) ( ) ( )

( ) + ( ) ( ) ( )

( ) ( )

Due to space limitation we don’t discuss here the

normal form for recursive programs [4].

The second step semantics considers a database (extensional plus intensional parts) as a single comp o-

nent. Indeed, when querying a database (from a logi-

cal p oint of view) the distinction b etween extensional

and intensional predicates is not relev ant any more.

This is the semantics of the marking phase. W e note

that database systems use as default a set-oriented

semantics, that is, the query-answering pro cess com-

putes a set of answers. Therefore

( ) =

~

~

denotes the set of pairs (bindings and up dates) com-

puted as the consistent answers of the transaction

. Such answers can b e computed in a top-down or

b ottom-up style. This semantics do es not include the

execution of the collected up dates neither consider the

transactional b ehavior. In order to mo del these fea-

tures we define the semantics of a transaction with

resp ect to a database . Before we define

a function that p erforms the up dates.

Δ : 2 2 2

Δ( ) = ( (

~

) (

~

) )

(

~

) + (

~

)

2 2

The third step provides the transactional b ehavior,

mo deling the up date phase; the hyp othetical up dates

computed by the marking phase are executed with a

transactional mechanism, i.e. an style.

As of a transaction we consider

and

itself, which can b e o .

W e consider the set of up dates collected by the mark-

ing phase, to which the bindings have b een applied.

The set ¯ is obtained as the union of all the up dates

gathered by the different solutions, appropriately in-

stantiated. It can b e a ground consistent set of up-

dates. If so, the result of the marking phase is a set

of bindings and a set of hyp othetical up dates. If the

collected up dates are consistent and ground, the new

database state is computed and the transaction com-

mits. If ¯ is not ground or it is inconsistent, the trans-

action ab orts. Note that in such a way we mo del a

set-oriented transactional b ehavior. The set of all the

p ossible observ able prop erties is . In the follow-

ing we define the semantics of a transaction with

resp ect to the intensional database as a function

from extensional database to observ able.

= semantics

( ) :

2

~

~

~

( )( ) =

= ( )

⋃

{

Definition 2.7

Example 2.3

+1 +1

1 2

1 2

1 2

1 2

+2

+2 2 +1 +1

1

1

2 +1

1

+1

+1

+1

+1

3 Arc hitecture of the transac-

tion optimizer i i

i i

j j j

j j

j

j

i

i

I D B

I D B i i

i I D B i i

I D B i

i

I D B i

I D B i

i

i

i i

i

i

i

i

⟩

⟨∅ ⟩

∪

S − →

S

S

S

⟨∅ ⟩

S

S

← −

← −

←

{ }

∪

{ } { − }

{ } { − }

{ − }

\ { } ∪ { } { }

{ }

∪

{

} ∅ ∅

{ } ⋄

C

E D B C ommit E D B

E D B , u AbO ss , E D B , Abor t

O K u

u b

u b

u

b

D B I D B

E D B T T

T T

T T O S S O S S

T T O ss

O ss

AbO ss other w ise

O ss T O ss O ss

T O ss

T AbO ss

, O ss . , Abor t O K

T O ss . C ommit

T O ss . C ommit

I D B

I D B p X q X , q X .

r X q X , q Y , h X , q Y .

s X t X .

E D B q b , q a , h b , t c

r X s X r X

E D B I D B

< X b, Y a , q b , q a >

< X b , q b , q b >

E D B E D B , q b , q a

E D B q a q b q b , h b , t c .

r X

< X b , E D B , C ommit >

s X E D B I D B

< X

c , >

s X

< X c , E D B , C ommit >

I D B

, , is c ompute d by me ans

of and . The

c ondition expr esses the fact that the set

is c onsistent, that is, ther e ar e no c omplemen-

tary gr ound up dates. denotes the gr ound up dates

obtaine d by substituting the variables in with the

gr ound terms asso ciate d with the variables in .

(Se quenc e) L et

b e the datab ase and b e a tr ansaction.

The semantics of is denote d by the function

.

if OK

wher e .

r epr esents the observable of the

datab ase after the tr ansaction ,

and expr esses the c ondi-

tion that and

.

Consider the fol lowing intensional

datab ase :

Consider and the

tr ansaction . The tr ansaction is

evaluate d in . The marking phase r eturns

the solution .

Note that the solution

is not r eturne d by the marking phase b e c ause it is not

c onsistent. The up date phase exe cutes al l up dates gen-

er ate d by the marking phase, b e c ause they ar e gr ound

and c onsistent and ther efor e no ab ort c ondition arises.

The fol lowing extensional datab ase is c ompute d:

The exe cution of gener ates the observable pr op-

erty . Now c onsider

the tr ansaction , evaluate d in .

The marking phase gener ates the solution

wher e denotes the empty set. No up date is

gener ate d and ther efor e no up date is exe cute d. The ob-

servable pr op erty r eturne d by , and by the tr ans-

action, is .

char acterization

Δ( ¯) =

¯ =

The four step semantics is related to complex trans-

actions i.e., sequence s of transactions.

=

;

;

( ; ) :

( ; )( ) =

= ( )( ) =

( )( )

=

2

( )( ) 3 =

( )( ) 3 =

Therefore, according to the ab ove definition, the

ab ort of a simple transaction in a sequence results

in the ab ort of the entire sequence . This semantics

induces an interesting equiv alence b etween (complex)

transactions. This is very imp ortant b ecause we can

transform a (complex) transaction into a semantically

equiv alent one which is computationally less exp en-

sive. Two transactions are semantically equiv alent if

they are observ ationally equiv alent.

= ( ) ( ) ( )

( ) + ( ) ( ) ( ) ( )

( ) ( )

= ( ) ( ) ( ) ( )

? ( ); ? ( ) ? ( )

= = + ( ) ( )

= + ( ) ( )

= Δ( + ( ) ( ) ) =

( ( ) ) ( ) = ( ) ( ) ( )

? ( )

=

? ( )

=

? ( )

=

In the framework of U-Datalog, which provides an ex-

ecution mo del in which up date execution is decoupled

from the deduction pro cess, optimization techniques

can b e develop ed whose goal is to reduce the up date

cost of transactions, i.e. to minimize the numb er of

generated up dates. Our transaction optimizer aims

at transforming a transaction in an equiv alent one,

which is more efficient to execute with resp ect to the

p erformed up dates. Note that the transactional equiv-

alence b etween the original transaction and the opti-

mized one must b e preserved , that is the execution of

the optimized transaction must generate the same ob-

serv able as the execution of the original transaction.

F or this reason we do not consider only state inv ari-

ance, but also result and answer inv ariance for trans-

actions. State inv ariance ensures that the database

state obtained from the execution of the optimized

transaction is the same state that would b e obtained if

the original transaction had b een executed. Result in-

v ariance ensures that the original transaction and the

optimized one have the same transactional b ehavior

(commit/ab ort) while answer inv ariance ensures that

the set of answers provided by the execution of the

optimized transaction coincides with the one provided

by the original transaction.

The overall scheme of the optimization pro cess is

shown in Figure 1. The optimization pro cess can b e

divided into eight steps. Steps 1 to 4 are analysis

steps. Steps 1 and 2 are a static analysis of the IDB,

and are indep endent b oth from the database state and

from the sp ecific transaction. Therefore steps 1 and 2

are not executed for each transaction; rather they are

only executed when the IDB is defined. In Step 1 the

normal form is generated for the IDB.

In Step 2 from the normal form of the intensional

database we obtain some prop erties related to the

structure of the IDB, that hold for any EDB and trans-

action we consider. W e refer to these prop erties as

a of the IDB, denoted as ( ).

The characterization identifies which rules may cause

inconsistency

, ab ort or failure conditions during the

marking phase of arbitrary transactions. Therefore,

the characterization of an intensional database pro-

vides information ab out intensional predicates that,

when invoked as part of the refutation pro cess, may

give rise to error conditions.

Steps 3 and 4 p erform a static analysis of the trans-

action; therefore these steps are executed for each

transaction which is submitted. Such analysis is first

develop ed indep endently from the database state (step

3) and then refined keeping into account information

on the EDB expressed in the form of state constraints.

A state constraint is a prop erty related to the contents

of the database state. These prop erties lead to iden-

tify some relationships among extensional predicates.

normal form intensional database characterization transaction state independent characterization transaction state dependent characterization abort detection simple optimization complex optimization evaluation

(run time)

STATIC IDB ANALYSIS

STATIC

TRASACTION

ANALYSIS

OPTIMIZATION IDB

NF(IDB) NF(IDB)

T C(IDB)

C(T,IDB) SC

C(T,IDB,SC)

Yes No Obs

SC

T’

T’’ IDB EDB EDB Ans Res

1

2

3

4

5

6

7

8