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Abstract

Change computation is an essential component in
several capabilities of a deductive database, such as
integrity constraints checking, materialized view
maintenance and condition monitoring. In this paper, we
present a general method for change computation, which
is based on the use of transition and internal events rules.
These rules explicitly define the insertions, deletions and
modifications induced by a database update. Standard
SLDNEF resolution can be used to compute the induced
changes, but other procedures could be used as well. Our
method generalizes and extends previous work on change
computation methods, and in some cases computes
changes in a more efficient way.

1 Introduction

Deductive databases generalize relational databases by
including not only base predicates (or relations), but also
derived predicates (or views). A derived predicate is
defined by means of one or more deductive rules.

In a deductive database, an update to base predicates
may induce changes on one or more derived predicates.
Change computation refers to the process of computing
the changes induced by an update. The obvious way to
compute changes would be to evaluate derived predicates
in the states before and after the update, and to compute
the differences between the two states. However, this can
be very inefficient in most cases.

Efficient change computation is essential in several
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capabilities of a deductive database, such as integrity
constraints checking [BMMO90], view maintenance
[CeW91] and condition or situation monitoring
[RCB+89], and several methods have been proposed in
the past years. Some methods are specific for a particular
problem, but others are more general. Methods for
change computation can be analyzed in terms of: (1)
What kind of changes are defined?; (2) When are changes
computed?; and (3) How are changes computed?. Some
methods make a distinction between "potential" changes
and "real"” changes induced by an update [Kiic91], but we
are only interested here in the computation of real
changes, representing the net effect of an update.

Most of the methods have been developed as part of
methods for integrity constraints checking. We can only
mention two of them here, and refer to [(BMM90] for a
state-of-the-art survey. The method described in
[BDM88,BrD88] defines insertion and deletion changes.
An insertion occurs when a fact is true in the updated
state and false before, while a deletion occurs when a fact
is false in the updated state and true before. Thus, only
"real” or "net" changes are computed, and the
computation is performed before the database is updated.
Changes are computed using expressions derived from an
analysis of deductive rules. A similar method is given in
[O1i91], where in some cases the derived expressions are
more simplified.

Incremental methods for view maintenance also
compute changes induced by an update on some
materialized view. A method where views are specified
using a standard query language, and considering
arbitrary database updates, is given in [CeW91]. The
method defines insertion and deletion changes of a
materialized view as before, but changes are computed
once base relations have been updated. Changes are
computed by production rules [WiF90,WCL91] derived
from an analysis of the view definition. Key constraints
of base relations are also taken into account. As an
example of a more specialized work, we mention
[BCL89] where a method is presented to determine
irrelevant updates (cannot change a view) and
autonomously computable updates (the view can be
updated using the view itself and the update).
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Change computation has also been used for situation
monitoring in active databases. {[BuC79] is one of the
earlier works in this field, describing a method for
detecting that a change in base relations cannot induce a
change on an alerter. [RCB+89] presents a method
developed as part of the HIPAC DBMS [CBB+89]. They
consider not only insertion and deletions changes, as
before, but also modification changes. Each tuple of a
relation (base or derived) has an attribute that provides a
unique immutable identifier, so that a tuple is modified if
some of its attributes change. The method derives
expressions for computing induced changes, again from
an analysis of the definition of the derived predicate.

We present here a general method for change
computation that can be applied in all database
capabilities discussed above. The method takes into
account key constraints of base and derived predicates.
This allows us to define insertion, deletion and
modification changes of derived predicates, where
modification is defined as a change in some non-key
argument of a predicate. The method computes the
changes once the database has been updated. The changes
are computed using expressions that are more simplified
than those obtained in the previous methods, thus
providing more efficient ways of change computation.
The expressions are derived at compilation time, and
evaluated when the database is updated.

The paper is organized as follows. Next Section defines
basic concepts of deductive databases. In Section 3 we
present the concept of internal event, a key concept of
our method. Internal events capture in a natural way the
notion of change. We also present the transition and
internal events rules. Transition rules relate the old
database state with the new state and the events that have
occurred in a transition. Internal events rules define the
conditions upon which an internal event happens. These
rules are a particular application of the rules that we
developed for the design of information systems [Oli89].
In Section 4 we show how internal events rules can be
simplified. We give a set of simplifications that allow us
to obtain simplified expressions for change computation.
Then, in Section 5 we present our method for change
computation, which can be based on the use of standard
SLDNEF resolution. We also point out some optimization
techniques that can be applied. Our method is compared
with some of the previous work in Section 6. Finally,
we give in Section 7 the conclusions and point out future
research.

2 Deductive Databases

A deductive database D consists of three finite sets: a set
F of facts, a set R of deductive rules, and a set I of
integrity constraints. A fact is a ground atom. The set of
facts is called the Extensional Database (EDB), and the
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set of deductive rules is called the Intensional Database
(IDB).

We assume that database predicates are either base or
derived. A base predicate appears only in the extensional
database and (eventually) in the body of the deductive
rules. A derived predicate appears only in the intensional
database. Every database can be defined in this form [BaR
86].

We also assume that each database predicate (base or
derived) has a non-null vector of arguments, Kk, that form
a key for the predicate. We have then two types of
predicates: those, P(k,x), with key and non-key
arguments and those, P(k), with only key arguments,
where both k and x are vectors.

2.1 Deductive Rules
A deductive rule is a formula of the form:

A«LAan .. AL withnzl

where A is an atom denoting the conclusion, and L, ...,
L, are literals representing conditions. Each L; is either
an atom or a negated atom. Any variables in A, L, ..,
L, are assumed to be universally quantified over the
whole formula. We also assume that the terms in the
conclusion must be distinct variables, and the terms in
the conditions must be variables or constants.

Condition predicates may be ordinary or evaluable. The
former are base or derived predicates, while the latter are
predicates, such as the comparison or arithmetic
predicates, that can be evaluated without accessing the
database.

As usual, we require that the database before and after
any update is allowed [Llo 87], that is any variable that
occurs in a deductive rule has an occurrence in a positive
condition of an ordinary predicate. This ensures that all
negative conditions can be fully instantiated before they
are evaluated by the "negation as failure” rule.

In this paper we deal with stratified databases [ABW
88]. A database is stratified if the set of its predicate
symbols can be partitioned into a finite set of classes,
say Sg,...,S, such that for every deductive rule P «
Conditions, with P € S;

(i) if Q € §, is the predicate symbol of a
positive condition of P, then i < j, and

(ii) if Q € S, is the predicate symbol of a
negative condition of P, then i < j.

2.2 Integrity Constraints

An integrity constraint is a closed first-order formula
that the database is required to satisfy. We deal with
constraints that have the form of a denial:

«La .. AL withn2l



where the L, are literals, and variables are assumed to be
universally quantified over the whole formula. More
general constraints can be transformed into this form as
described in [LIT 84]. For the sake of uniformity, we (as
in [DaW 89, Kow 78]) associate to each integrity
constraint an inconsistency predicate Icn and thus it has
the same form as the deductive rule. We call them
integrity rules.

To enforce the concept of key we assume that associated
to each P(k,x) there is a key integrity constraint that we
define as:

Ienk) « P(k,x) A Pkx)A x #x'

For example, if the EDB has the predicate
Employee(emp,dept), the key integrity rule stating that
emp forms a key for the predicate would be:

Icl(emp) «~ Employee(emp,dept) A
Employee(emp,dept) A dept # dept’

Note that, for clarity, we underline the key arguments
of each predicate.

Keys of derived predicates can be deduced from the
deductive rules of these predicates, using a procedure
similar to that presented in [Dat90, chapters 19,20]

3 Transition and Internal Events Rules

In this section we define the events, a key concept in our
method. We also explain how to derive the transition and
internal events rules for a given database. These rules
depend only on the deductive rules. They are independent
from the base facts stored in the database. In a later
section we will discuss the use of these rules for change
computation.

We extend here the work reported in [Oli 91] in three
directions. First, we define not only insertions and
deletions, but also modifications of base and derived
predicates. Usually, modifications are handled as deletions
followed by insertions, but handling them as a base
concept allows to improve efficiency. Second, we change
the definition of transition rules to deal with the case
where induced changes must be computed once base
predicates have been updated. And third, we take into
account key information.

3.1 Events

Let D° be a database, U an update and D the updated
database. We say that U induces a transition from D° (the
old state) to D (the new state). We assume for the
moment that U consists of an unspecified set of base
facts that have been inserted, deleted and/or modified.

Due to the deductive rules, U may induce other updates
on some derived predicates. Let P be a derived predicate,
and let P° and P denote the evaluation of P in D° and D,
respectively. Assuming that P°(K,X) holds in D°,
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where K and X are vectors of constants, three cases are
possible:

a.l P(K,X) also holds in D

a.2 =3y such that P(K,y) holds in D

a.3. 3x', such as X', for which P(K,X") and X#X"
holds in D

and assuming that P(K,X) holds in D, three cases are
also possible:

b.1 P°(K,X) also holds in D°

b.2 =3y such that P°(K,y) holds in D°

b.3. 3x’, such as X°, for which P°(K,X") and X#X"'
holds in D°

In case a.2 we say that a deletion internal event occurs
in the transition, and we denote it by SP(K,X). In case
b.2 we say that an insertion internal events occurs in the
transition, and we denote it by tP(K,X). In cases a.3 and
b.3 we say that a modification internal event occurs in
the transition, and we denote it by pUP(K,X,X') and
WP(K,X",X), respectively.

Formally, we associate to each derived predicate P an
insertion and a deletion internal event predicate defined as:

(1) Vk,x (iP(k,x) & P(k,x) A — 3yP°(k,y))
2) Vk,x (8P(k,x) <> P°(k,x) A - 3yP(k,y))

where k and x are vectors of variables.

Furthermore, we associate to each derived predicate P
with non-key arguments, a modification internal event
predicate defined as:

(B)WVk,x,x' (UPk,x,x") & P°(k,x) A P(k,x') A x#x")

We handle the modification of a key as a deletion
OP(k,x) and an insertion tP(k',x).
From the above, we then have the equivalences:

4) Vk,x P°(k,x) &
(Pk,x)A = 1P(k,x) A = HP(k,X",X))
v 8P(k,x)
v uP(k,x,x"))

(5) Vk,x (—P°(k,x) &
(—P(k,x)A— 8P(k,x)A— pP(k,x,x"))
v 1P(k,x)
v uP(k,x",x))

which relate the old state with the new state and the
internal events induced in the transition.

We also use definition (1), (2) and (3) above for base
predicates. In this case, 1P, SP and P facts represent the
external events (given by the update) corresponding to
insertion, deletion and modifications of base facts,
respectively. Therefore, we assume from now on that U
consists of an unspecified set of insertion and/or deletion
and/or modification external events. Notice that by (1),
(2) and (3) we require:



6) Vk,x (1Pk,x) > —3yP°(k,y)) and
(7) VKk,x (8P(k,x) — P°(k,x)) and
(8) VK,x,x" (WP(k,x,x') = P°(k,x) A x £X")

also to hold for base predicates. Again, the PP predicate

is defined inv if P has non-key arguments. Due to this

similar definition, we use sometimes the term "event" to
denote either an internal or external event.

Example 1
Consider the following database D:

Base Facts
Person(John,19), Person(Ann,15),
Person(Tom,20), Works(Tom)

Deductive ryles
(E.1) Young(p,a) <« Person(p,a) A a<20
(E.2) Student(p,2) « Young(p,a) A —Works(p)

Let the update be the set of external events U = {
tPerson(Mary,15),uPerson(John,19,20),
MUPerson(Ann,15,16) }. The internal events induced by U
on Young are: 1Young(Mary,15), §Young(John,19) and
1Young(Ann,15,16) and the internal events induced on
Student are: 1Student(Mary,15), &Student(John,19) and
uStudent{Ann,15,16).

3.2 Transition Rules

Let P be a derived predicate of the database. The definition
of P consists of the rules in the database having P in the
conclusion. Assume that there are m (m=>1) such rules.

For our purposes, we require to rename the predicate
symbol in the conclusions of the m rules by P, ...P_ and
add the set of clauses:

P« P, i=1.m

Consider now one of the rules Pi(k,x) <~ L, A ... A
L,,- When the rule is to be evaluated in the old state its
form is P°(k,x) ¢« L° A ..AL° wherel® (r=
1...n) is obtained by replacing the predicate Q of L, by
Q°. Now, if we replace each literal in the body by its
equivalent definition given in (4) or (5), we get a new
rule, called a transition rule, which defines predicate P° ;
(old state) in terms of new state predicates and events.

More precisely, if L°, is an ordinary positive literal
Q°,(k,,x,) we apply (4) and replace it by:

(Qr(kr’xr) A= ‘-Q;(kr’xr) A LLQ,(kr,X'.-,X r))
v 8Q,(k,x,)
v ,J'Qr(kr!x r’x 'r)
and if L°_ is an ordinary negative literal —=Q°.(k,x ) we
apply (5) and replace it by:

(_Qr(kraxr) A 8Qr(kr’xr) A= uQr(k,,X,,X',))
v 1Q,(KsX,)
vuQk,x",,x,)

If L°, is an evaluable predicate, we just replace L°,
(positive or negative) by its new state version L,.

It will be easier to refer to the resulting expression if
we denote it by:

A O(k X'rsxr)
= Q% (k,x,)
=—|Qr(kr’xr) A _‘BQ (kr’x )A_‘uQ'(kr,xr’x'r)
if L° 2 —Q°(kyx.)

UL )=Q(k ,x ) A _0( \
S v/ ~Xr\rpitps ~pi\T

= r’/

=L, if L°, is evaluable
D(L°)) = 8Q.(k,,x,) , = Q% (k,x,)
=1Q(kpX,) if ° =~ Q (k,px,)

M(Lor) = l‘lQr(kr’ XX ' r)
= HQ,(kr,X ! X r)

Notice that all variables x'_
before.

UL°,), D(L°,) and M(L°,) express condition for which
Le, is true. U(L°,) corresponds to the case in which L°,
is Unchanged in the transition. D(L° ) corresponds to the
case in which L°_ is Deleted, while M(L°,) corresponds
to the case when L°, is Modified.

With this notation we then have:

if Lo, = Q°,(K,x,)
if L°, =—-.Q°r(kr,xr)

are new, that is, not used

=0
O)P°k.x) & A [UL)V DLV ML?) UL ]

where the first option is taken if L°  is an ordinary
literal and the second one if L°, is evaluable. After
distributing A over v, we get an equivalent set of
transition rules, each of them with the general form:

r=n
(10) P?; j(k,x) « A (U@ DL IMA) ]
j=1.
(1) Pei(k,x) « P°;i(k,x) j=1.

with o = 30K * 210, where nk; is the number of
ordinary literals with non-key arguments, and k; is the
number of ordinary literals with only key arguments.

In the above set of rules (10) it will be useful to
assume that the rule corresponding to j = 1 is:

12)  P° (k,x) « UL A ... A UL?,)

Example 2

The transition rules corresponding to derived predicates
Young and Student defined in Example 1 are:

(E.3) Young® ;(p.a) « Person(p,a) A —1Person(p,a)
A — Person(p,a’,a) A a<20

(E4) Young® ,(p.a) « SPerson(p,a) A a<20

(E.5) Young® ;(p,a) « pPerson(p,aa’) A a<20

with:

(E.6..8)Young® (p.a) « Young®, (p,a) j=1..3

(E.9) Young®(p,a) « Young® (p.a)
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(E.10) Student®;(p,a) « Young(p.a) A —1Young(p,a)
A — pYoung(p,a,a) A —Works(p) A — SWorks(p)
Student®; ,(p.a) « Young(p,a) A ~1Young(p,a)
A — WYoung(p,a',a) A LWorks(p)
Student®; 5(p,a) « &Young(p,a) A —Works(p)
A — OWorks(p)
Student®, ,(p.a) < &Young(p.a) A 1Works(p)
Student® 153 « K Young(p,a,a’) A —Works(p)
’ A SWOTkS(D)
Student®; (p.a) « 1Young(p.a,a)y A 1Works(p)

(E.11)
(E.12)

(E.13)
(E.14)

(E.15)
with:
(E.16...21)Student® (p,a) < Student®; J(n,a) j=1.6
(E.22) Student®(p,a) « Student®(p,a)

Some transition and internal events rules are not
allowed, due to the presence of some negative literals in
their bodies. This could be solved with a minor
transformation. For example, in rule E.3 replace
—pPerson(p,a’,a) by —Aux(p,a) and add the rule:
Aux(p,a) « MPerson(p,a’,a).

3.3 Insertion Internal Events Rules

Let P be a derived predicate. Insertion internal events of P
were defined in (1) as:

Vk,x 1Pk,x) < Pk,x) A — JyP°(k,y))
If there are m rules for predicate P, we have:

(13) 1P(k,x) « P(k,x) A—3JyP° (k,y)A ... A
- 3JyP°k,y) A.a=TyPe (k,y) i=l..m

Notice that P,(k,x) A —3yP°,(k,y) represent insertion
events of predicate P,. Thus, we have:

(14) Pk,x) « WPk,x) A = 3yP° (k,y) An
—3yP° (k,¥) A = 3yP%, (k,y) A
—3JyP°(k,y) i=1l...m

(15) P(k,x) « P,(k,x) A = 3yP°(k,y) i=l.m

Rules (14) and (15) are called insertion internal events
rules of predicate P and P, respectively. They allow us to
deduce which 1P and 1P, facts (induced insertions) happen
in a transition.

In section 4.3 we show how rules (15) can be
simplified.

3.4 Deletion Internal Events Rules

Let P be a derived predicate. Deletion internal events for
P were defined in (2) as:

Vk,x (8P(k,x) & P°(k,x) A - JyP(k,y))

If there are m rules for predicate P, we then have:

(16) dP(k,x) «P°,(k,x) A = JyP(k,y) A ..A
- 3yPk,y) A...A = 3yP (k,y) i=l.m

Note that P°(k,x) A —dyP,(k,y) represent deletion
events of predicate P,. Therefore, we have:

(17) 3P(k,x) « OP,(k,x) A = 3yP,(k,y) A...A
- 3yP,_;(k,¥y) A = 3yP_;(K,y) A...A
—3yP,(k,y) i=1..m

(18) 8P(k,x) « P°,(k,x) A = JyP,(k,y) i=1..m

Rules (17) and (18) are called deletion internal events
rules of predicate P and P, respectively. They allow us to
deduce which 8P and 3P, facts (induced deletions) happen
in a trapsition,

In section 4.1 we show how rules (18) can be
simplified.

3.5 Modification Internal Events Rules

Let P be a derived predicate. Modification internal events
for P were defined in (3) as:

Vk,x,x' (UP(k,x,x") & P°(k,x) A P(k,x') A x #X")
If there are m rules for predicate P we then have:

(20) pPk,x,x") < P°(k,x) A Pk,x") A x 2 X'
i,h=1..m

Notice that P°(k,x) A Py(k,x') A x # X' represent
modifications events of predicate P;. Therefore, we have:

(21) pPk,x,x") « P°(k,x) AP (k,x") Ax #x'
i=1..m, h=1...m except i
(22) uPk,x,x') « pP,(k,x,x") i=1l..m
(23) pP;(k,x,x") « P°(k,x) A Pi(k,x") A X zx'
i=1..m

Rules (21)-(22) and (23) are called modification
internal events rules of predicate P and P ;, respectively.
They allow us to deduce which pP and pP, facts (induced
modifications) happen in a transition. Notice that rules
(21) are defined only when m>1.

We show in section 4.2 how rules (21) and (23) can be
simplified.

Example 3

The insertion, deletion and modification internal events
rules corresponding to predicate Young defined in
Example 1 are (the rules for Student are similar):

(E.23) tYoung(p,a) < Young(p,a) A — JyYoung®(p,y)
(E.24) 8 Young(p,a) « Young®(p,a) A — JyYoung(p,y)
(E.25) uYoung(p,a,a’) « Young®(p,a)aYoung(p,a)a a=a’

with the transition rules for Young®(p,a) given in
Example 2.
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4 Simplification of Internal Events Rules

In this section we introduce the simplifications that can
be applied to the deletion, insertion and modification
internal events rules. As mentioned in section 3, we can
often simplify and even remove some of these rules.
Applying these simplifications, we obtain a set of rules
semantically equivalent to the former but with a smaller
evaluation cost. In fact, we will see in section 6 that the
application of our simplifications produces expressions
that are more optimized that those obtained by other
methods.

We need to introduce first some terminology. If P is a
predicate defined with a single rule, we denote by B(P)
the body of its defining rule. B(P) is a conjunction of one
o more literals. We also denote by A\B A without B (trye
if A=B).

4.1 Simplification of Deletion Internal
Events Rules

Deletion internal events rules for predicate P; were defined
in (18) as:

OP,(k,x) « P°,(k,x) A—3yPi(k,y) i=1..m

replacing P°,(k,x) by its equivalent definition given in
(11) we get:

(24) dP(k,x) « P°id-(k,x) A= 3JyPik,y)
i=l.mj=1..0a

We can remove from (24) the rules corresponding to j =
1, which have the form given in (12}, since Pe,(k,x)
— P,(k,x). We can then reduce the set (24) to:

(25) &P (k,x) <-—P°id(k,x)A—-13yPi(k,y)
i=l.mj=2..a

which can be rewritten as:

(26) oP,(k,x) « BE°;) A 3yBP)o
i=l.mj=2..0a

where ¢ is the substitution {y/x, z'/z}, z is the set of
variables in B(P;) except k and x; and z' are new
variables.

There are several simplifications that can be applied to
rules (26) above. All of them are based on the analysis of
the relationship between a literal Ly (ky,up) in B(P°; )
and the corresponding literal in B(P,)o. The result of this
simplification can be either a reduced form of the
expression -3y B(P,)o or a removal of the rule.

Deletion of a positive literal

If 8Q,(ky,uy) is a literal in B(P°;;) and Qy(ky,v,,) is the
corresponding literal in B(P)c, dlen the expression —
3yB(P,)o can be removed from (26). Notice that uy,vy

can be null.
Proof: By (2), 8Q,(ky,uy) — — Iy Qy(ky, ¥) and thus
Q,(Ky,v,,) is false. ®

Insertion of a negative literal

If 1Q,(k,) is a literal in B(P°iJ) and —Q,(k,) is the
corresponding literal in B(P;)G, then the expression
—dyB(P,)s can be removed from (26).

If 1Q,(kp,uy,) is a literal in B(P®, ) and L = —Q;(ky, vy,)
is the corresponding literal in B(P;)c, then the expression
—3JyB(P,)6 can be simplified to —Jy (BP)AL A u, #
Vi)

Proof: By (1), 1Q,(k,) = Q(k) and thus —Q, (k) is
false. Also by (1), 1Q,(ky,u,) = Q,(ky,uy). Given that
k, is a key for Q,, then —Q, (k,,v,) is true only when
u, #v,. @

Modification of a literal

If uQ,ky,u,,u’y) (resp., pQ, (ky,u'y,uy)) is a literal in
B(P°i,j) and L = Q(k,,v,) (resp., L = =Q,(k,, v)) is the
corresponding literal in B(P;)o, then the expression
—dyB(P,)o can be simplified to =3y (B(P)O\L A u'y=v,)
(resp., =y (B(P,)0\L A u,#v,)).

Proof: We give the proof for the modification of a
positive literal. By (3), HQ,(ky,,up,u’y) =  Qulkp,u’y).
Given that k, is a key for Q,, then Q,(k,,vy) is true
only when u'y = v,. We prove similarly the
modification of a negative literal. @

Unchanged positive literal
If Q,(ky,uy) is a literal in B(P®, ) and L = Q,(ky,v,) is
the corresponding literal in B(P,)o, then the expression
—3JyB(P,)o can be simplified to ~3y(BP)o\L A u,, =
v). Notice that u,,v, can be null.

Proof: Similar to the previous one. @

Unchanged negative literal
If —Qy(ky) is a literal in B(P°; ) and L = —Qy(k,) is the
corresponding literal in B(P,)o, then the expression —
3yB(P,)o can be simplified to — Iy (B(P)A\L).

Proof: Straightforward.®

Auxiliary simplifications

Some of the simplifications insert comparison literals in
the expression —3yB(P,)o. A simple analysis of such
literals produce further simplifications. For example:

a) If a literal has the form u = u, then it can be removed.

b) If a literal has the form u # u, then ~ 3yB(P,)o
becomes true.

¢) If a literal L has the form u,, = v, where u, (resp.,
v,) is free (resp., bound) in — 3y B(P,)c, then we
remove the literal and replace the expression by

(—=3yB@E)o\LHuy/v,}-

230



Example 4

Applying the above simplifications to the rules
corresponding to 8 Young(p,a) and 4 Student(p,a) given in
Example 3, we get:

(E.26)
(E.27)
(E.28)

8 Young(p,a) « SPerson(p,a) A a<20
8 Young(p,a) « pPerson(p,a,a)Aaa<20 A —a'<20
8 Student(p,a) < Young(p,a) A — tYoung(p,a)

A — pYoung(p,a',a) A tWorks(p)
5Student(p,a) « & Young(p,a) A —Works(p)

A = SWOI'kS(p_)
S Student(p,a) « &Young(p,a) A 1Works(p)
5Student(p,a) « K Young(p,a,a’) A tWorks(p)

(E.29)

(E.30)
(E.31)

4.2 Simplification of Modification

Internal Events Rules

Modification internal events rules for predicate P; were
defined in section 3.5 as:

(21) pPk,x,x"') « P°(k,x) A P(k,x") A x =X’
i=1l..m, h=1...m except i
(22) uP(k,x,x") « pP(k,x,x") i=l.m
(23) WP;(k,x,x') « P%(k,x) A Pk, x"yAx #x'
i=1l.m

We first show that (21) can simplified to:

27) PP(k,x,x') « P;(k,x) A P (k,x") AXx #X'

i=1...m, h=1...m except i

We give the proof in the Appendix. The main idea is
that, due to the key integrity constraint, P,(k,x) must not
hold and that the only way to get P°.(k,x) true, being
P,(k,x) false, is that OP;(k,x) holds. Also due to the key
integrity constraint, P°,(k,x') must not hold and the
only way to get P° (k,x") false, being P, (k,x") true, is
that 1P, (k,x") holds.

Now, we show how to simplify rules (23). Replacing
in them P°(k,x) by its equivalent definition given in
(11) we get:

(28) YP(k,x,x") ¢ P°id-(k,x) APk ) A x =X
i=1.mj=1.qa

We can remove from (28) the rules corresponding to
j=1, which have the form given in (12), since P°,, (k,x)
— P,(k,x) and, due the key integrity constraint, P(k,x)
— -3x'P(k,x') A x #x'. We can then reduce the set
(28) to:

(29) YP,(k,x,x") « P°].‘j(k,x) AP Kk,x") A X #X'
i=1l.mj=2..x
which can be rewritten as:

(30) pP,(k,x,x') « B(P°i,j) ABEP)o A x X'
i=1l.mj=2..a
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where o is the substitution {x'/x, z'/z}, z is the set of
variables in B(P,) except k and x; and z' are new
variables.

As in the deletion case, there are several simplifications
that can be applied to rules (29) above. All of them are
based on the analysis of the relationship between a literal
Ly(ky,up) in B(P°;)) and the corresponding literal in
B(P,)o. The result of this simplification can be either a
reduced form of the expression B(P,)c or a removal of the
rule.

Deletion of a positive literal
If 8Q, (k,,u,) is a literal in B(P°i,j) and Q, (k,,v,) is the
corresponding literal in B(P,)s, then this rule can be
removed. Notice that up, v, can be null.

Proof: By (2), 8Q/k,,u,) = —JyQ,(k,,y) and thus
Qy(k,,v,)is false. @

Insertion of a negative literal

If 1Q,(k,) is a literal in B(P°id.) and —Q,(k;) is the
corresponding literal in B(P,)5, then this rule can be
removed.

If 1Q,(ky,u,) is a literal in B(P°id.) andL = —-Q(k;,v,)
is the corresponding literal in B(P,)c, then the expression
B(P;)o can be simplified to (B(P)O\L A u, #v,).

Proof: By (1),1Q,(k,) — Q,(k,) and thus —Q,(k, ) is
false. Also by (1), 1Q,(k,,up,) = Q,(ky,u,). Given that
k, is akey for Q,, then —Q,(k,,v,) is true only when
u, #v,.

Modification of a literal

If pQ,(ky,uy,u'y) (resp., uQ, (ky,u'p,up)) is a literal in
B(P°i'j) and L = Q,(k,,v,) (tesp., L = —=Q,(k,,v,)) is the
corresponding literal in B(P,)s, then the expression
B(P,)o can be simplified to (B(P)c\L A u'y=v,) (resp.,
(B(P)O\L A u2v,)).

Proof: We give the proof for the modification of a
positive literal. By (3), pQ,(k,,up,u’y) = Qulk,,u’p).
Given that k, is a key for Q,, then Q,(k,v,) is true
only when u'y v,. We prove similarly the
modification of a negative literal. @

Unchanged positive literal
If Q,(k,,u,) is a literal in B(P°id.) and L=Q, (k,,v,) is
the corresponding literal in B(P,)o, then the expression
B(P;)o can be simplified to (B(P)o\L A u,=v,). Notice
that u,,v,can be null.

Proof: Similar to the previous one. @

Unchanged negative literal
If —Q,(k,,) is a literal in B(P°id.) and L = —Q,(k,} is the
corresponding literal in B(P,)o, then the expression
B(P,)o can be simplified to (B(P,)c\L).

Proof: Straightforward. @



Example S

Applying the above simplifications to the rules
corresponding to uYoung(p,a,a’) and pStudent(p,a,a’)
given in Example 3, we get:

(E.32) MYoung(p,a,a') « pPerson(p,a,a’) Aa<20A a'<20
(E.33) uStudent(p,a,a’) « W Young(p,a,a') A —Works(p)
A 5Works(p_)

4.3 Simplification of Insertion Internal
Events Rules

Insertion internal events rules of predicate P; were defined
in (15) as:

1P(k,x) « Pik,x) A—3TyP°(k,y) i=1l.m

replacing P°,(k,y) by its equivalent definition given in
(11) we get:

(31) Pi(k,x) « P(k,x) A —=3yP°; 1(k,y)/\
—3yP° 4 (k,y) i= 1 ..M

which can be rewritten as:

(32) 1Pi(k,x) « BFP)A - E]y(B(P°i,1)G) Al A
- Ey(B(P"i'a)o) i=1..m

where @ is the substitution {y/x, z'/z}, z is the set of
variables in B(P°;,) except k and x; and z' are new
variables.

Assume B(P,) has n ordinary literals, and let L, =
[Q,(kyup) | =Qu(k,,u,)] be one of them. It is not
difficult to see that in (32) an 1P, fact can only be induced
by an insertion, deletion or modification event of some
L,. In fact, we prove in [Urp91a] that each rule (32) is
equivalent to the set of rules:

(33) Py(k,x) « BP)\L,
A [lQ,(kh,uh) ISQh(khsuh)]
A -3y (B(P°i’1 JO)A A = 3y(B(P°i’a)c)

i=1.mh=1.n

(34) 1Pi(k,x) « B(P\L,
A [“'Qh(kh’u'h’uh) | UQh(kh,uhyu'h)]
A = 3y(BE° o) A ... A =3y (BF°4)0)

i=1.mh=1..n

As in the previous case, there are several
simplifications that can be applied to rules (33) and (34)
above. Again, these simplifications are based on the
analysis of the relationship between a literal in B(P,\Ly,
or 1Q, 8Q,, nQ, literals and the corresponding literal in
each B(P°, )c where j = l..a. The result of this
sxmphﬁcauon can be either a reduced form of the
expressions —3 yB(P° o or the removal of whole rule.

Insertion of a positive literal

If 1Q(ky,u,,) is a literal in (33) and the key of the
corresponding literals of some B(P°; )G is k,, then the
expression — Jy(B(P, J)c) can be removed from (33).
Notice that u,, can be null.

Proof: The corresponding literals of 1Q,(ky,u,) in
B(P° o have one of the form Q,(k,,v,) A —1Qy(k;,v)
A ——.p.Qh(kh,v wVor 8Q(k,,vp)or HQk,,vi,v'y).
Assume the first form. Then, by (1), 1Q k;,u,) —
Qu(ky,uy). Given that k;, is a key for Q,, then Q,(ky,v,)
is true only when w,=v,. But in this case, ~1Q,(k;,v})
is false.

For the orther two forms, we have 1Q(k,,u,) —
—3JyoQ,(ky,y) and 1Q,(k,,u,) — —Ty,y ' uQ, (ky, ¥,¥").
@

Deletion of a negative literal

If 8Qh(kh) is a literal in (33) and ﬁQh(kh) A = 0Q,(k,) or
1Q, (k) is the corresponding literal in some B(P° )c,
then the expression — Jy (B(P°, )6) can be removed from
(33).

If 8Q,(k,,u,) is a literal in (33) and 1Q,(k,v,) or
HQ, (ky,v'psvy) 1is the corresponding literal in some
B(P°, )o', then the expression — 3y(B(P°i’j)0) can be
removed from (33).

If 8Q,(ky,u,) is a literal in (33) and L= —Q, (k;,v,) A
- 8Q,(ky, V) A = uQy(k,, vy, V') is the corresponding
literal in some B(P°.)o, then the expression
—dy(BP®; J)G) can be simplified to — 3y (B(P°, J)o\L A
u, #£Vp).

Proof: By (2), §Q.(k,,u,) = —3yQ.k,,y). Given
that k,, is a key for Q, then — 8Q,(k,,v,) is true only
when w, #v,. Finally, 8Q,(k,,u,)— — 3y1Q(k,,y)
and th(kh’uh) - - BYsy'th(kh’ YY) @

Modification of a positive literal

If pQ, (ky,u'y,u,) is a literal in (34) and Q,(ky,v,) A
—1Q,(kp, V) A uQu (kv vy or 3Qu(k,,vy) is
the corresponding literal in some B(P®,.)o, then the
expression — Jy (B(P°, jo)can be removed il rom (34).

If pQ,k,,u'y,uy) is a literal in (34) and L =
puQ, (kp, vy, v'y) is the corresponding literal in some
B(P°, )0' then the expression -3 y(B(P°; ;O can be
sunphﬁed 0 — 3y (B(P?, JOL A u'y=v, A uh_v ")

Proof: By (3), th(kh,u wlp) = Q(ky,uy). Given
that k,, is a key for Q,, then Q,(k;,v,) is true only when
u,=v,. But in this case, = pQ,(k,,v',,v,) is false.
Furthermore, pQ, (k,,u'y,u,) = — 3ydQ,(k;,y).

On the other hand, given that k, is a key for Q,, then
pQ, (kp, vy, v'y) is true only when u'p=v, A u=v',. @

Modification of a negative literal

If pQ, (ky,uy,u'’y) is a literal in (34) and 1Q, (ky,v,) is
the corresponding literal in some B(P°)o, then the
expression — 3y (B(P° .Jo) can be removed grom (34).
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If pQ(ky,up,u’y) is a literal in (34) and L =
ﬁQh(kmvh) A= SQh(kh’Vh) A l,LQh(kh,Vh,V'h) (resp.,
L = pQ,(k,,v'p, vy,)) is the corresponding literal in some
B(P°, J)c, then the expression — 3y(B(P°id.)c) can be
simplified to — Jy(B@°;)\L A u'y#v, A upvy)
(resp., = Iy(BP°; )AL A up=v'y, A u'y=vy).

Proof: Similar to previous one. @

Unchanged positive literal

If Qu(ky,uy,) is a literal in (33) (or (34)) and 8Q, (ky, v},)
is the corresponding literal in some B(P°;;)c, then the
expression — Jy(B(P° J-)c) can be removed from (33)
(from (34)).

If Qy(k,,u,) is a literal in (33) (or (34)) and L=
Qulkp,vip) A = 1QK, V) A = QK V', V) (Tesp.,
L=pQ,(k,,v,,v",)) is the corresponding literal in some
B(P°, J)cs, then the expression — 3y(B(P°i’j)0') can be
simplified to — 3y(B(P°i_j)c\L A Up=v,)  (resp.,
—dy (B(®°; ;)0 A u,=v',). Notice that u,, v, can be null.

Proof: We prove the first case. By the sake of a
contradiction, if 8Q,(k,,v,) was true, then, by (2),
—3yQ,(kp,¥). But, since Q,(k,,u,) is a literal in (33)
(or (34)), we have a contradiction. ®

Unchanged negative literal

If ~Q,(k,) is a literal in (33) (or (34)) and 1Q, (k) is the
corresponding literal in some B(P°;.)o, then the
expression — Jy(B(P°;;)o) can be removed from (33)
(from (34)).

If —-Q,(k,,) is a literal in (33) (or (34)) and L = —Q, (k,)
A — 8Qyk,) is the corresponding literal in some
B(P°i,j)c, then the expression ﬂEly(B(P°i‘j)c) can be
simplified to — 3y (B(P°; )o\L).

Proof: Similar to the previous one. @

Example 6

Applying the above simplifications to the rules
corresponding to 1Young(p,a) and 1Student(p,a) given in
Example 3, we obtain:

(E.34)
(E.39)
(E.36)
(E.37)

1Young(p,a) « wPerson(p,a) A a<20

tYoung(p,a) « pPerson(p,a’,a) A a<20 A —a'<20
LStudent(p,a) « tYoung(p,a) A —Works(p)
LStudent(p,a) « Young(p,a) A 6Works(p)

S Change Computation

We present in this Section a method for the definition and
computation of changes in deductive databases. Efficient
change computation is essential in a wide range of
applications in deductive databases, including integrity
constraints checking, view materialization and condition
monitoring., The common pattern in all these
applications consists of:
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a) The definition of one or more changes to be
monitored.

b) The computation of the changes induced by a
database update.

¢) The execution of some action when some of the
defined changes has been induced.

We will show first that our internal event concept can
be used to define the changes to be monitored. Assume
that Ic is an inconsistency predicate, such as, for
example:

Ic(e,c) « Works(e,c) A —~Company(c)

meaning that employees must work in companies. Then,
insertion internal events Ic will represent violations of
the corresponding integrity constraint. If an update to
base predicates induces some lc fact then the update must
be rejected. Deletion and modification internal events are
not defined for inconsistency predicates, since we assume
that the database is consistent before the update and,
therefore, predicate Ic is false.

Now, assume that Em is a derived predicate
corresponding to a materialized view, such as, for
example:

Em(emp,manager)<— Ed(emp,dept) A Dm(dept,manager)

In this case, internal events tEm, 8Em and HEm
correspond to the insertion, deletion or modification of
facts in the extension of Em. Thus, for instance, if the
update induces an {Em(E,M) fact, then Em(E,M) will be
inserted into the extension of the materialized view Em.

General conditions can also be represented as insertion,
deletion or modification internal events of a derived
predicate. Assume, for example, that we want to monitor
changes of employees earning more than 1000. We may
define a predicate C:

C(emp,salary) < Sal(emp,salary) A salary > 1000

and then 1C(e,s) can be used to define a change meaning
that e is an employee earning more than 1000 after the
update, but not before; 3C(e,s) for a change meaning that
employee e ceases to earn more than 1000; and pC(e,s,s")
for a change meaning that the salary of employee e has
been modified from s to s', both greater than 1000.
Appropriate actions could be associated to each, or some,
of the above changes.

Thus, we see that the single concept of internal event
may serve for defining relevant changes in a variety of
applications in deductive databases.

5.1 OQur Method

We now describe our method for change computation.
The method can be entirely based on the use of standard
SLDNEF resolution. Let D be a deductive database and let



us to denote by A(D) the augmented database consisting
of the database D and its transition and events rules. Let
T be a transaction consisting of a set of external events.
If T induces a change in a derived predicate P(k,x), then
some of the 1P(k,x), dP(k,x) or uP(k,x,x") facts will
be true in the transition. Using the SLDNF proof
procedure, T induces an internal event LP (or 8P or PP} if
the goal «- LP{k,Xx) succeeds from input set A(D) v T. If
every branch of the SLDNF search space for AD) v Ty
{<1P(k,x)} is a failure branch, then T does not induce
an 1P fact.

Example 7

Assume the database given in Example 1, and let the
transaction be T = {pPerson(Ann,15,16)}, that is, we
change Ann's age from 15 to 16. The following
refutation shows that T induces pLStudent(Ann,15,16):

 [Student(pa.a’)

(E.33)

« Woung(pa,a’) A—~Works@) A ~dWorks()
(E.32)

< UPerson( p.a,a’) na<20 A3'Q0 A ~Worksg) A ~dWorks()

(T,p/Ann, a/15, a716)
— I5<20 A 16 <20 A —~Works(Ann) A —3Works(Ann)
(15<20 A 16<20)

— —Works(Ann) n —8Works(Ann)

« Works(Ann) fails
 —Works(Ann)

« SWorks(Ann) fails

{1

It can be shown that all derivations with root goals { «
1Student(p,a)} and {« &Student(p,a)} fail finitely and,
thus, T does not induce any 1Student or 8Student fact.

A number of optimization techniques can be naturally
incorporated into our method. The most important is the
partial evaluation [L1S91] of the transition rules, internal
events rules and a given transaction with respect to the
relevant internal events. Partial evaluation produces, at
compilation time, a set of equivalent rules which which
can be evaluated more efficiently at execution time.

Exampl

In our example, partial evaluation of the transition rules
and internal events rules and transaction T
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{uPerson(P,A,A"}, where P, A and A' are parameters,
with respect to literals «1Student(p,a), «6Student(p,a)
and «—pStudent(p,a,a’), produces the program:

(E.38) pStudent(PA,AY) < A<20 AA'<20 A —Works(P)
(E.39) 1Student(PA) « A'<20 A —A<20 A —Works(P)
(E.40) O6Student(PA) « A<20 A —A'<20 A —Works(P)

which can be evaluated efficiently at execution time, with
a single access to the database (Works(P)).

We can also take into account some details of a given
application of change computation. Thus, in view
materialization we have available the old state of the
view, or in integrity constraints checking we know that
the old state is consistent. In such cases, we can easily
adapt our rules to take advantage of this knowledge.

6 Comparison with other Methods

In this section we compare our method for change
computation in deductive databases with some of the
methods mentioned in the introduction. We discuss the
method proposed by Rosenthal, Chakravarthy, Blaustein
and Blakeley [RCB+89] for condition monitoring, and
the method proposed by Ceri and Widom [CeW91] for
incremental view maintenance. See [Oli91] for a
comparison of a variant of our method with integrity
checking methods.

6.1 Rosenthal et al.’s Method

One of the problems addressed in the HiPAC project
[CBB+89] is condition monitoring in active database
systems [RCB+89]. Rosenthal, Chakravarthy, Blaustein
and Blakeley study the expression and evaluation of a
single situation. A situation describes a logical condition
to be evaluated when one or more set of pre-defined
events occur. The condition part of a situation is defined
using a relational expression.

They consider not only insertion and deletions changes
of a monitored condition, but also modification changes.
Each tuple of a relation has a special attribute that
provides a unique immutable identifier, so that a tuple is
modified if some of its attributes changes. The method
derives an algebraic expression for computing induced
changes.

In general, when the expression that defines the view is
a select, project, join or an arbitrary expression with a
unary operator as a root of the expression, we obtain
similar results. However, the main advantage of our
method is that it allows more expressiveness in the
definition of derived predicates that can be handled in
incremental form: we can apply our method to more
general derived predicates. As an example, we can have
derived predicates defined with the negation operator and



with more than one rule (with the binary union operator
as a root of the expression).

Furthermore, our rules incorporate the knowledge of
keys of predicates. This allow us to obtain a more
simplified set of rules that fit to each particular situation.
As an example, consider the derived predicate Young(p,a),
defined in the example 1 as: Young(p,a) ¢« Person(p,a)
A a<20. We have shown that rules E.26, E.27, E.32,
E.34 and E.36 compute changes to that predicate in
incremental form. Assuming now that our knowledge of
keys changes: Young(p.a) ¢« Person(pa) A a<20,
applying our method we obtain the following simple
events rules:

LtYoung(p,a) « Person(p.a) A a<20
& Young(p.a) « SPerson(p.a) A a<20

For a more detailed comparison see [Urp91b].

6.2 Ceri and Widom's Method

This method derives automatically production rules for
incremental maintenance of materialized views. The rules
are executable using the rule language of the Starburst
database system [WCLO91]. Views are specified using a
standard query language, and arbitrary database updates
(insertions, deletions and/or modifications) are considered.
The method defines insertion and deletion changes of a
materialized view. These changes are computed once base
relations have been updated. Using the definition of a
view and information about keys of the view's base
tables, the method determines whether efficient view
maintenance production rules [WiF90, WCL91] for
updates on each base table can be generated.

If a base table reference in a view definition is sqfe
[CeW91], incremental view maintenance rules can be
generated. However, if a base table reference is wnsafe,
some of the updates on this table cannot be handled in
incremental form and a rule that rematerializes the view
In such cases is defined.

Once the rules have been generated, they must be
ordered using a precede clause so that all rules performing
deletions precede all rules performing insertions. The
rematerialization rule of a view (if exists) has precedence
over all rules of that view.

In general, using our method, we obtain similar results
when a base table reference is safe. But there are two
main differences. The first is that we can induce not only
insertion and deletion changes of a materialized view, but
also modification changes. To see the importance of this
extension consider the derived predicate Young(p,a) given
in the Example 1 and assume that Young is a
materialized view. Using our method, we get the
following simplified events rules that handle
modifications events of base predicate Person:

(E27) dYoung(p,a) < LPerson(p,a,a’} A a<20 A —a'<20
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(E.32) pYoung(p,a,a’) «Person(p,a,a’) Aa<20 A a'<20
(E.35) 1Young(p,a) «~ uPerson(p,a’,a) A a<20 A —a'<20

The first rule can induce deletion changes of predicate
young; the second one, modification changes and the
third one, insertion changes. Instead, rules generated
using Ceri and Widom's method handle case E.32 in a
more inefficient way: as deletions of tuples Young(p,a)
followed by insertions of tuples Young(p,a').

A second difference is that rules generated using Ceri
and Widom's method do unnecessary work when the base
table attributes that are irrelevant to the view definition
are modified. As an example, consider the derived
predicate Employee(e), defined as Employee(e) «
Works(e,c). Applying our method we get the simplified
events rules:

tEmployee(e) « 1Works(e,c)
SEmployee(e) « 8Works(e,c)

Notice that, since a modification of the company in
which an employee works cannot induce insertion or
deletion changes on Employee, our rules do not take
those modifications into account. However, rules
generated using Ceri and Widom's method do unnecessary
work since such modifications will be handled as a
deletion of tuple Employee(e) followed by an insertion of
the same tuple.

As we mentioned previously, using Ceri and Widom’s
method, when a base table reference in a view definition
is unsafe, some of the updates on that table cannot be
supported efficiently. In this case, the main advantage of
our method relies on the fact that we can handle those
updates in incremental form. As an example, consider the
derived predicate Tenant(p,h), defined as Tenant(p,h) «
Lives(p,h) A Owns(c,h). Since Owns(g,h) is unsafe, if a
tuple is modified or deleted from this table, the view
Tenant(p,h) will be rematerialized. Instead, applying our
method we get the following set of simplified rules that
handle deletions from Owns(c,h) in incremental form:

STenant(p,h) « Lives(p,h) A — Wives(p,h)
A — WLives(p,h',h) A 8Owns(¢,h)
A —Owns(c',h)

STenant(p,h) <« SLives(p,h) A §Owns(g,h)

STenant(p,h) « pLives(p,h,h’) A 8Owns(c,h)
A —Owns(c,h")

pTenant(p,h,h’) « pLives(p,h,h") A dOwns(c,h)

A Owns(¢',h)

Similar rules are obtained for modifications of
Owns(c,h).

Finally, we point out that our rules are generated using
a simple procedure, while Ceri and Widom's rules are
generated using a complex procedure, that needs to take
into account the potentially complex syntactic structure
of the view definition.



7 Conclusions

In this paper, we have presented a formal method to
derive a set of transition and internal events rules for a
deductive database. Given an update, the transition rules
relate the old state to the new state and the events induced
by the update. The internal events rules define explicitly
the changes (insertions, deletions and modifications)
induced by the update on the derived predicates.

We have then presented a method that use the above
rules for computing the changes induced by an update in
a deductive database. The method deals with allowed,
stratified databases. Updates considered are sets of
insertions, deletions and/or modifications of base facts.
Our method is based on the use of the standard SLDNF
procedure and, in this way, it can be implemented directly
in Prolog. However, other proof procedures could be used
as well. Some optimization techniques, including partial
evaluation, can be easily incorporated into our method.

We have also compared our method with some other
well-known methods, and we have shown how we
improve their efficiency.

We plan to further simplify our transition and internal
events rules by taking into account the complete set of
integrity constraints of the database, including alternate
keys.

Acknowledgements

We would like to thank D. Costal, E. Mayol, J.A.
Pastor, C. Quer, M.R. Sancho, J.Sistac and E. Teniente
for many useful comments and discussions.

This work has been partially supported by the CICYT
PRONTIC program project TIC 680.

Appendix

Proof of (27): We prove this simplification in two
steps. Firstly, we prove that, due to the key integrity
constraint, P,(k,x) must not hold and that the only way
to get P°(k,x) true, being Py(k,x) false, is that
8P,(k,x) holds. Secondly, we prove that, due to the key
integrity constraint, P°,(k,x"') must not hold and the
only way to get P°, (k,x') false, being P, (k,x") true, is
that vP,(k,x") holds.

First step.
Replacing P°,(k,x) by its definition given in (4) we
rewrite (21) into the set of rules:
(P.1) UP(k,x,x ") « Pi(k,x) A =1P(k,Xx)
A = P(k,x",x) A Pyk,x') A x #X°
(P.2) UPk,x,x") « OP(k,x) A Py(k,x') A x #x'

(P.3) uP(k,x,x') « pP,(k,x,x") A Py (k,x") A x #X'
where i=1..m, h=1_..mexcepti.
Rules (P.1) above can be removed since that, by the
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key integrity constraint, P;(k,x) — —3x'Py(k,x") A x
#Xx'.

Since, by (3), uP;(k,x,x") — P,(k,x") and given that
k is a key for P, then x" = x' and thus rules (P.3) above
can be removed since they are subsumed by (22).

Second step.

Let us consider rules (P.2). Since we assume that key
integrity constraints hold before and after the update, we
can rewrite rules (P.2) as:

(P4) pP(k,x,x') < OP,(k,x) A Py(k,x") A x #X'

A =Pk, x) A PPk, x") Ax #X")
and given that, by (2), OP,(k,x) — P"(k,x), we can
rewrite (P4) as:

P.5) pPk,x,x') « dP,(k,x) A P, (k,x") A x #x'

A =P (k,x").

Replacing —P°, (k,x') by its definition given in (5) we
transform (P.5) into the set of rules:

(P.6) yP(k,x,x") « 8P,(k,x) A P,(k,x') A x#x'

A =P, (k,x") A = 8P, (k,x") A — PP, (k,x",x")

(P.7) pP(k,x,x") « 8P,(k,x) A P (k,x") A x #X'

A Pyk,x")
(P.8) MP(k,x,x') « 8P,(k,x) A Py(k,x") A x #x'
A WP (k,x",x")
where i=1..m,h=1..mexcepti.

Rules (P.6) above can be removed since P, (k,x') A
—P,(k,x") can not hold.

Given that, by (1), WP,(k,x') - Pk,x') we
transform rules (P.7) in (30).
Since, by (2), &Pik,x)-P°k,x), by (3),

uP, (k,x",x")—P° (k,x" ) and given that k is key for P,
then x=x" and thus rules (P.8) can also be removed
since they are subsumed by (22). @
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