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1 Introduction

This paper is devoted to the problem of view updates in deductive databases. In this context, derived or
intenstonal predicates correspond to the views of traditional relational databases. The view update problem
is thus the problem of accomplishing the update of an intensional predicate by modifying appropriately the
underlying relations in the extensional part of the database.

In the case of purely definite deductive databases, it 1s sometimes hard to see how the extensional relations
should be modified to accomplish certain view updates. As an example, consider the simple database

P(z) — A(x)

P(z) — B(x),
where P 1s an intensional predicate, and A and B are extensional. Suppose we want to update this database
with the information that P(c). If we are restricted to definite clauses, there are only three plausible ways to do
this: add A(e), add B(c), or add both A(c¢) and B(c). Each of the first two options seems arbitrary; the third
results in an update that is too strong. If we allow disjunctive information into the database, however, we can
accomplish the update by adding A(c¢) V B(c); and this option appears intuitively to be correct.

We define here general algorithms for accomplishing view updates (both insertions and deletions) in dis-
junctive deductive databases; and we provide a semantic justification of the updates accomplished by these
algorithms, making precise a sense in which they represent “minimal modifications” of the underlying database.
We consider two kinds of updates: those involving the insertion or deletion of information into and from a
disjunctive deductive database, and those involving the insertion or deletion of information into and from a
stratified normal disjunctive database. Insertions into normal deductive databases may require the insertion of
negative information. (Of course, a database cannot contain negative information explicitly; but it can yield
such information through nonmonotonic reasoning techniques, such as closed world reasoning [7, 6].)

There has recently been a good deal of work devoted to the view update problem in deductive databases.
Fagin et al. [2] provide a semantic characterization of correctness that forms the basis of our own. That paper
works with a fully expressive logical language, however, and so it cannot contain algorithms for computing the
appropriate updates; in addition, it does not deal with negative information concluded through closed world
reasoning. More recently, the problem has been investigated by Guessoum and Lloyd [4, 5]; but they limit their
treatment to definite databases, and so the algorithms they provide do not agree with the semantics of [2]. They
also allow changes in the intensional database.

The work that is closest to our own is that of Rossi and Naqvi [8]. This work does deal with disjunctive
information, and it provides algorithms; however, unlike the approach presented here, it does not insert the

disjunctive information directly into the extensional database (which is supposed to remain definite), but keeps



it aside in a filter that is then to be used in the process of query evaluation.

2 The language

A deductive database DB is divided into an intensional component Ipp and an extensional component EFpg. L
is the background language of the database, the predicates occurring in L are partitioned into two sets: the L;
predicates are intensional and the Lg predicates are extensional. Those predicates occurring in Epp belong to
Lg; the predicates occurring in the heads of Ipp rules belong to Ly. For simplicity, constants are substituted
for variables in the database, so we can deal with ground atoms rather than predicates; these atoms are said to
be intensional or extensional depending on the kind of predicate they contain. There are no denials or integrity
constraints.

Updates must involve modifications of the extensional database only; the rules are not modified. Hence we
assume, without further elaboration, that a view update to DB does not change Ipp. We also assume that
Epp does not contain redundant information, such as A «— and AV B —. Hence we include a subsumption
elimination step in our algorithms. This is not a crucial point, however, and subsumption elimination may be
omitted in all cases. Since in our case there are no variables or function symbols, subsumption checking involves
only checking for substrings.

In Section 3 we focus on a special kind of disjunctive database: the intensional part consists of definite rules
and the extensional part consist of positive clauses which may be disjunctive. The definition is given below. In

Section 4 we extend Definition 2.1 to obtain stratified disjunctive databases.

Definition 2.1 Let L be a function-free first order language. Let DB be a first order theory in L. Then DB is

called a disjunctive database iff
1. DB=FEpgUlIpp and EpgNipg =0
2. C € FEpp off C 1s a positive ground clause.
3. C € lpp iff C' 1s a clause of the form A — By,..., By, with A, By, ..., By, ground atoms and m > 0.

4. The predicate symbols occurring in Epp do not appear in the head of any rule in Ipp.

3 Updating disjunctive databases

This section describes techniques for updating disjunctive databases. Here, the algorithms for insertion and

deletion are described in terms of proof trees constructed with SLD-derivations.



3.1 Insertions
We first define a special kind of SLD-tree, as follows.

Definition 3.1 Let L be a function-free first order language. Let DB be a disjunctive database in L. Let P be
an atom (in this case, P is ground) such that P is intensional. Assume R to be a computation rule that only

selects atoms from Ly. A restricted SLD-tree for the goal G =— P given DB s a tree satisfying the following

conditions:
1. The root of the tree s G.
2. Each node in the tree is a (possibly empty) goal.

3. A goal v is a child of a node A if v can be SLD-derwved from A via R.

A restricted SLD-tree may contain infinite branches. However, since variables are not included in the goals,

it 1s possible to check for repeated ancestors of a selected literal before expanding it.

Example 3.1 Let DB be the disjunctive database:

P—AB

P—F

P—Q,C

Q—AD

AVBYV(C —
Let {A, B, C, D, E} be the sel of extensional atoms and {P, Q} be the sel of intensional atoms. The restricled
SLD-tree for — P in DB 1s the following:

— P
— A B — F —Q,C

— A DC

A statement P is a logical consequence of DB if any of the conjunctions of atoms in the leaves in a restricted
SLD-tree for the goal G =« P is true in DB. Take, for example the leftmost leaf in Example 3.1. If A and B
are true in DB, then P is also true in DB. Since it is desirable to “minimize” the changes to DB, the insertion
algorithm needs to consider the weakest formula that achieves the insertion. In the example, this formula is

given by the digjunction of these leaves : (A A B)V (E)V (AADAC).



Since we are limited to modifying only the extensional part of the disjunctive database, there are some

updates that are not possible.

Example 3.2 Let DB be the disjunctive database:

P—Q,C
Let {C} be the set of extensional atoms and {P, Q} the set of intensional atoms. The insertion of P into DB
requires the insertion of Q). The only possible modification to the extensional part of DB is to insert C. There

15 no way to msert Q.

Definition 3.2 Let DB be a disjunctive database such that DBt/ P. An insertion of an atom P is a possible
insertion into DB iff there exists a disjunctive database DB’ such that DB + P.

Algorithm 1 (Tnsertion of an intensional atom P into a disjunctive database - Insertion 1)
Given an atom P and a disjunctive database DB such that DBt/ P, the algorithm computes a database DB’
such that DB' + DB A P whenever the insertion is possible.

1. Let DB’ = DB.
2. Construct a restricted SLD-tree for — P from DB.

3. Let — Fy,...,— F, be the leaf nodes containing only conjunctions of extensional atoms. If n = 0 the
wsertion fails. Otherwise, construct the conjunctive normal form of F1V-- -V F,, writing it as C1 A+ -ANChpy,

where subsumed clauses are omitted from the conjunctive normal form.
4. For each C;, 1 <1< m, insert C; nto DB'.
4. Delete all subsumed clauses from DB’ .

Example 3.3 From the restricted SLD-tree of Example 3.1 we obtain F1 = ANB, Fo = F and F5= AANDANC.
Then, DB F P of DB F1V FyV F5. The conjunctive normal form of F1 V FyV F5 is C1y A Cy A C3, where
Ci=AVE,Co=BVDVE,Cs=BVCVE. Then, the updated database DB’ is:

P—AB

P—F

P—Q,C

Q—AD

AVBYV(C —

AV E —



BVCVE —
BVDVE —

In order to justify this algorithm, we must show first that it actually accomplishes the desired insertion.

Lemma 3.1 Let DB be a disjunctive database in L. Let P be an atom in L; and assume that the insertion
of P into DB is possible, and DBt/ P. Then, if DB’ is the deductive database constructed by Algorithm 1,
DB FDBAP.

Proof: DB’ + DB follows from Steps 1, 4, and 5. Now, let M be a model of DB'. By construction, each Cj,
1 < ¢ < m, as developed by Algorithm 1, is true in M. Hence F; V ---V F, is true in M. By the soundness of

SLD-derivations and the intensional parts of rules of DBI, P is truein M. a

But of course, this is not enough; in addition, we must require that the insertion should modify the original

database as little as possible, where this can be defined as follows.

Definition 3.3 Let DB be a disjunctive database in L. Let P be an atom in Ly and assume DB t/ P. A
minimal insertion of P into DB s a minimal DB’ such that DB' + DBAP. That 15, there is no database DB"
such that DB'+ DB" = DBA P and DB" # DB'.

As the following lemma shows, Algorithm 1 does in fact produce a minimal insertion.

Lemma 3.2 Let DB be a disjunctive database in L. Let P be an atom in Ly and assume that the insertion of
P into DB is possible, and DBV P. Let DB’ be the deductive database that is obtained from Algorithm 1 after
inserting P. If DB'+ DB" v DB and DB" V/ DB’ then DB" t/ P.

Proof: By construction, DB = DB U{C; € {C1,...,Cpn} | DB I/ C;}, where the Cj are obtained in step 4
of Algorithm 1. Therefore, since DB" e DB' and DB" + DB, 3i, 1 < i < m, such that DB" t/ C;. Hence,
DB" WY Fy V.-V F,. Hence, DB" I/ P. 0

Unfortunately, however, the minimality condition alone does not imply uniqueness, and so it cannot be used
as a criterion to justify the insertion algorithm. This should be obvious already from the example used in the
introduction; there, the addition of either A(e) or B(e) yields a minimal modification of the database. In order
to force a unique result, we require not only that the update should be minimal, but also that it must yield the

weakest modification of the database, in the following sense.



Definition 3.4 Let DBy and DB, be disjunctive databases. DBy is weaker than DBs iff DBy &+ DBy. Let DB
be a set of disjunctive databases. DB 1is the weakest disjunctive database in DB iff for any other disjunctive
database DB’ in DB, DB s weaker than DB'.

The following theorem shows that Algorithm 1 constructs the weakest of the minimal disjunctive databases

that accomplish the desired update.

Theorem 3.3 Let DB be a disjunctive database in L. Let P be an atom in Ly and assume that the insertion
of P into DB is possible, and DB/ P. Let DB’ be the disjunctive database that is obtained from Algorithm 1
after inserting P. Then, DB’ is the weakest disjunctive database DB" such that DB" - DB A P.

Proof: Let DB + DB AP. If F '€ DB then DB" + F . Now suppose that F' € (DB — DB). Then F = Cj,
for some i, 1 < ¢ < m, where C; is a clause formed by Algorithm 1. Since DB" + P, by the construction of the
C;s, and the completeness of SLD-resolution, DB" + (. a

Another interesting characterization of the weakest minimal insertion is given by the disjunction of all minimal

insertions.

Definition 3.5 Let DBy, -+, DB, be disjunctive databases with identical intensional portion Ipg. Then

\/ DB;={CiV--VC, | C;€Epp,,1<i<n}Ulpp.

i=1
Theorem 3.4 Let DB be a disjunctive database in L. Let P be an atom in Ly and assume that the insertion
of P into DB is possible, and DB/ P. Let DB’ be the disjunctive database that is obtained from Algorithm 1
after inserting P. Let DBy, ..., DB, be all the minimal updates that insert P into DB. Then DB’ is logically
equivalent to \/;_, DB;.

Proof: Since DB’ is the weakest insertion, DB; DBI, therefore, \/?:1 DB; + DB'. Conversely, since DB’ is
a minimal insertion, DB' is one of the DB;. Therefore, DB+ Vi, DB;. a

This final characterization of the appropriate result of insertion updates can be derived easily from that of
Fagin et al. [2]; Theorem 3.3 thus shows how the characterization can be reached through a slightly different

route.

3.2 Deletions

We now present the algorithm for updating disjunctive databases by deleting information from the database.

We note that in a definite database when an intensional atom P is deleted, =P becomes true in the updated



database. The reason for this is that a definite database has a unique minimal model where either P or =P is
true. However, a digjunctive database may have several minimal models. The deletion of P may be accomplished
by deleting P from some but not all of the minimal models. Hence the deletion of P does not necessarily make

=P true.

Definition 3.6 Let DB be a disjunctive database such that DB & P. A deletion of an atom P from DB resulis
in a disjunctive database DB’ such that DB’ P.

Note that the deletion of an atom, unlike insertion, is always possible.

Algorithm 2 (Deletion of an intensional atom P from a disjunctive database - Deletion 1)
Given an atom P and a disjunctive database DB such that DB & P. The algorithm computes a database DB"
such that DB" ¥/ P.

1. Construct a restricted SLD — tree for — P from DB.

2. Let — Fy, ..., — F, be the leaf nodes containing only conjunctions of extensional atoms. Construct the
conjunctive normal form of FyV -- -V F,, writing it as Cy A\ -+ AN Cy,, where subsumed clauses are omitied

i the conjunctive normal form.

3. Let S; be the sets of clauses in DB which subsume C;, 1 < i < m. For each j, 1 < j < m such that there
isno i, 1# jand 1 <i<m, such that S; C S;, obtain DB; = (DB — S;). Without loss of generality
assume that the remaining DB; are DBy, ..., DDBy.

" =k
. Let DB” be \F=¥ DB, .

j=1

4. Delete all subsumed clauses from DB".

Example 3.4 Let DB be the disjunctive database:
P—AB
P—F
P—Q,C
Q—AD
A —
BVD —
BVE —
Ipp s the same as wn Example 3.1. Hence the restricted SLD-tree for — P 1is the same, so C1 = AV FE,



Co=BVDVE C3=BVCVE. Hence, Sy = {A},So ={BVD,BVE}, S3={BVE}. Since Sz C 52,5
is eliminated, leaving S1 and Ss. From step 3 we oblain the disjunctive databases DBy = Ipp U{BV D, BV E}
and DBs = Ipg U{A, BV D}. Then, DB is:

Ipp U

{BVD —

AV BV E —}.

The following lemma shows that Algorithm 2 accomplishes the desired deletion.

Lemma 3.5 Let DB be a deductive database in L. Let P be an atom tn Ly and assume DB + P. Then the
deductive database DB’ constructed by Algorithm 2 does not imply P. That s, DB" P.

Proof: By construction and the soundness and completeness of SLD-resolution for all ¢, 1 < i < m, (DB —.5;) i/
C;, where Cj is obtained from Algorithm 2. Therefore (DB — S;) i/ P. Hence DB HP. ]

In the previous case of inserting information, we required that the update should modify the original database
as little as possible; this led us to present in Definition 3.3 the concept of a minimal insertion. In the case of
deletions, the counterpart idea of a minimal modification can be defined as a maximal subset of the original

database that accomplishes the desired deletion.

Definition 3.7 Let DB be a disjunclive database in L. Let P be an atom in Ly and assume DB + P. A
minimal deletion of P from DB s a mazimal subset DB; of DB that does not imply P. That is, DB; C DB,
DB; t/ P and for any other disjunctive database DB’ C DB such that DB; C DBI, DB+ P.

Again, however, there may be several such minimal deletions; and so, in accordance with the views of Fagin
et al.[2], it seems that a semantically correct algorithm should yield a result equivalent to their disjunction. The

following theorem shows that Algorithm 2 is correct in this sense.

Theorem 3.6 Let DB be a disjunctive database in L. Let P be an atom wn Ly and assume that DB - P. Let
DB" be the disjunctive database that s obtained from Algorithm 2 by deleting P. Let DBy, ..., DB, be all the
minimal updates that delete P from DB. Then DB" is logically equivalent to \/!_, DB;.

Proof: The proof follows from the observation that the minimal deletions of P are precisely the (DB — ;)
obtained in step 3 of Algorithm 2. i



As it turns out, there is an interesting asymmetry between insertion and deletion. In the case of insertion,
the disjunction of minimal insertions is actually equivalent to a particular one of the minimal insertions; but in
the case of deletion, the disjunction of minimal deletions need not itself lie among the minimal deletions.

A peculiar property of the deletion algorithm is that logically equivalent databases that are syntactically
different can be transformed into non-equivalent databases after the deletion of an atom from the database.
Consider, for example the disjunctive database DB in Example 3.4. Extend DB with the extensional fact AV B.
The new disjunctive database is equivalent to DB since A subsumes AV B. The deletion of P from this new

database using Algorithm 2 results in the disjunctive database:

DB =Ipp U
{BV D;
AV B}.

DB" from Example 3.4 is weaker than this database. The minimality condition does not guarantee the preser-
vation of equivalence after updating equivalent databases. In the case of insertion, in addition to minimality,
the weakness condition was used to select the best update. The weakest insertion was the insertion selected. A

similar condition can be imposed on deletion. We call it the strongness condition.

Definition 3.8 Let DBy and DBy be disjunctive deductive databases. DBy is stronger than DBs iff DBy
DBy. Let DB be a set of disjunctive databases. DB 1s the strongest disjunctive database in DB ff for any other
disjunctive deductive database DB in DB, DB is stronger than DB'.

In general, there is no strongest disjunctive database that does not imply an atom P and is weaker than DB.
Moreover, there is not a direct correspondence between minimal and strong deletions. The following algorithm
non-deterministically selects a disjunctive database DB’ that 1) accomplishes the deletion, 2) is weaker than

DB and 3) is stronger or incomparable to any other disjunctive database containing Ipp that does not imply P.

Algorithm 3 (Deletion of an intensional atom P from a disjunctive database - Deletion 2)
Given an atom P and a disjunctive database DB such that DB &= P. The algorithm computes a database DB’
such that DBt P.

1. Construct a restricted SLD — tree for — P from DB.

2. Let — Fy, ..., — F, be the leaf nodes containing only conjunctions of extensional atoms. Construct the

conjunctive normal form of FyV -- -V F,, writing it as Cy A\ -+ - A Cy, where subsumed clauses are omatted.

3. Let S; be the sets of clauses in DB which subsume C;, 1 <i < m. Choose j, 1 < j < m such that there is
not, i#£jand 1l <i<m, S CSY;. Delele the set S; from DB.



4. For each clause C' € S;, form all disjunctions C'V Q where Q) is an extensional atom that does not appear

wm C.
5. Add to DB all clauses C'V Q which do not subsume C;. Call the resulting database DB'.

Example 3.5 Using the same disjunctive deductive database as in Example 3.4, there are two answers for the
deletion of P using Algorithm 3 depending on the choice of Sy or Sz (see Example 3.4). These are (omitting the

intensional part which is the same in all cases):

1) {AV B; 2) {A;
AV C; BV D}.
AV D;
BV D;
BV E} O

The following lemma shows that Algorithm 3 accomplishes the deletion.

Lemma 3.7 Let DB be a disjunctive deductive database in L. Let P be an intensional atom in Ly. Assume that

DBF P. Then, the deductive database DBI, constructed by Algorithm 3 does not imply P. That is, DB’ P.

Proof: By construction, DB’ t/ C;, where C; is derived in Algorithm 3. Therefore, DB’ HCi A - ANCyy and
hence DB’ P. O

Theorem 3.8 shows that there is no stronger deductive database than DB' that deletes P.

Theorem 3.8 Let DB be a disjunctive deductive database in L. Let P be an intensional atom in Ly. Assume
DBV P. Let DB' be the deductive database that is obtained from Algorithm 3 after deleting P. Then, there is
no deductive database DB' stronger than DB and weaker than DB such that DB P.

Proof: Since the clauses added to the database in step b are logically implied by DB, DB F DB'. Now suppose
that DB + DB" + DB’ and assume DB’ e DB". Let Cy A -+ ACy, be the conjunctive formula obtained in
step 2 of Algorithm 3. Let S; be the set selected in step 3 for deletion. Since for all ¢, ¢ £ j, DB+ C;, then
DB" + C;, where C is derived in Algorithm 3. But since DB F DB" and DB’ e DB”, by the construction,
DB F Gy, 50 DB" + P. 0

If we prefer to have a unique disjunctive database after a deletion as in the case of Algorithm 2, we can take

the disjunction of all possible disjunctive databases obtained with Algorithm 3. This database is stronger than

10



the disjunction of the minimal updated databases. A disadvantage of strong databases over minimal databases is
that they are language dependent. In step 4, new disjunctions are formed to be included in the updated database,
one disjunction for each extensional atom in the underlying language of the database. So the algorithm produces

from two logical equivalent databases over different languages non-equivalent databases.

4 Updating stratified disjunctive databases

4.1 Normal insertions

In this section we present an algorithm to insert information into a subclass of normal disjunctive databases.
A normal disjunctive database DB is a disjunctive database in which the clauses in the Ipp can be of the
form A — Li,..., Ly with A a ground atom, Ly, ..., Ly ground literals (i.e. atoms and negated atoms) and
m > 0. We consider insertions into normal databases that are stratified. The definitions of stratified databases,
stratification, and the stratum of an atom are as defined in [1].

The insertion of an atom into a normal disjunctive database may require the “insertion” of negative infor-
mation into the database. Consider, for example, a database DB with Ipp = {P(x) — —A(x)}. Assume that
A is an extensional predicate. The insertion of P(a) into DB must modify DB into a new database DB’ such
that the new database implies = A(a). Also, because of this duality between the insertion of atoms and negated
atoms into a normal disjunctive database, the algorithm below can be used for both kinds of insertions, positive
and negative.

Negative information can be derived from databases using nonmonotonic reasoning techniques, such as closed
world reasoning. Because we are working with disjunctive databases, we use the generalized closed world assump-
tion (GCWA), devised by Minker [6]. According to this rule, a ground formula —F is derivable from a disjunctive
database DB if F' is false in all minimal models of that database. In that case, we say GCWA(DB) F —F.

For the insertion algorithm into stratified databases we need to extend the definition of restricted SLD-trees
to cover negation. The new trees will be called restricted stratified SLD-trees. We use normal goals where literals
of the form not(C) may appear. Restricted stratified SLD-trees are defined inductively on the stratum of the

atom associated with the tree.

Definition 4.1 Let DB be a stratified disjunctive database in L. Let P be an atom (in this case, P is ground)
such that P is intensional. Assume R to be a computation rule that only selects literals with atoms from Ly. A
restricted stratified SLD-tree for the goal G =— P given DB is a restricted SLD-tree for — P if the stratum of

P s 1. Otheruise, assume all restricted stratified SLD-trees for atoms in a stratum less than n are defined and

11



let the stratum of P be n. A restricted stratified SLD-tree for — P s a tree satisfying the following conditions:
1. The root of the tree s G.
2. Each node in the tree is a (possibly empty) goal.
3. Let L; be the selected literal in the node A =«— Ly, ..., Li_1,Li, Liy1, ..., L.

(a) If L; is positive, a normal goal y is a child of A if v is SLD-derived from A via R.

(b) If Ly = =Q is negative, let — Fy,...,— F, be the leaf nodes in the restricted stratified SLD-tree for
— . Construct the conjunctive normal form of FyV - -V F,, writing it as C1 A---ANCp. A normal
goal — Ly, ... Li—1,%, Liv1,..., Ly 1s a child of A iff v is the conjunctlion of literals obtained from

=y, from some C;, 1 <1< m.

Example 4.1 Let DB be the stratified disjunctive database:
Q— A —-R
R—B,C
R—AS
S—B,D
AV (O
AV D —
The conjunctive normal form obtained from the restricted stratified SLD-tree for — R (in this case just restricted

SLD-tree) is BA(CV A)A(C'V D). Therefore, the restricted stratified SLD-tree for — @ is:

—@Q
%A’ﬁR
— A -B — A -C, -4 — A -C, =D

Algorithm 4 (Tnsertion of an intensional atom P into a stratified disjunctive database - Insertion 2)
Suppose that P is an intensional atom, and let DB be a stratified disjunctive database such that GCWA(DB) tf
P. The algorithm computes a database DB’ such that GC’WA(DBI) FP.

1. Let M be the minimal models of Epp, the extensional component of DB.

2. Construct a restricted stratified SLD — tree for — P from DB.

12



3. Let — Fy,...,— Fy, be the leaf nodes containing only conjunctions of (possibly negated) extensional atoms.

If n = 0 the insertion fails. Otherwise, construct the conjunctive normal form of Fy V ---V Fy, writing it

as C'=C1 A ANCyy, where subsumed clauses are omitied from the conjunctive normal form.

4. If EpgU{C'} is consistent then order C by placing positive clauses first and negative clauses last. For each

C;, 1<j<m, do

(a)

(b)

(c)

If C; s a positive clause, C; = A1V ---V A; then:

For each M € M such that for all A;; 1 < i <1, A; & M let M; = MU{A;}, 1 <i<|, and lel
M= (M= {MYUIM; | 1<i<l).

Eliminate from M every M for which there exists M € M, such that M' C M.

If C; s @ mized clause, C; = Ay V- VA VaE V.-V FE, then:

For each M € M such that for all A;; 1 < i<, Ay @ M and for al By, 1 <k <s, E, € M let
Mi=MU{4}, 1<i<l andlet M=(M—-{MHU{M,;| 1 <i<I}.

Eliminate from M every M for which there exists M € M, such that M C M.

This step must be repeated until there is a complete pass through all the mixed clauses which causes
no change to M.

If C; s a negative clause, C; = =FE V-V E) then:

For each M € M such that for all E;, 1 < i<, E; € M eliminate M from M.

5. Build DB’ from the new M.

(Comment: If the DB is represented by using model trees as discussed in [3], it is not necessary to recon-

struct all the clauses in Epg ).

6. Else (Epp U{C} is inconsistent)

(a)

()

Construct all DB; such that each Epp, is ¢ mazimal subset of Cn(Epp) (the set of positive logical
consequences of Epp )} with the property that Epp, U{C'} is consistent. (This can be done by a process
where first single elements of Cn(Epp) are omitted to obtain Epp, and the consistency of Epp, U{C'}
is checked; when the latter is inconsistent, the process is iterated with Epp, substituted for Cn(Epp);
the marimal sels Epp, obtained this way are retained. The consistency of Epp, U{C?} can be checked
by doing all possible resolutions using the elements of Epp, and C; [the clauses in CJ; the emply
clause indicates inconsistency.) At the end, subsumed clauses are omitted from DB;. Assume without

loss of generality that these are DBy, ..., DBy

For each DB;, 1 <i <k, apply steps 4 and b to obtain DBZI».

13



(¢) Let DB = \/I_, DB;.
The next example illustrates the case where DB’ is obtained using Steps 4 and 5.

Example 4.2 Let DB be the stratified disjunctive database:

P—-ACR

P —-D,R

R~ B

R—F

AV B —

AV D —

CVvD—

CVE—

The clauses obtained by step 3 after the construction of the restricted stratified SLD-tree for — P are (7 :
—“Av-aD,Cy:CV=aD, Cs:BVE.

The minimal models of the extensional database of DB are MM (FEpp) = {{A,C}, {A, D, EY}, {B,D, E},
{B,C,D}}. In this case Epp is consistent with the C;s. The algorithm first modifies MM (Epp) to make Cs true.
This produces the new sel of minimal models {{A,B,C}, {A,C,E}, {A,D,E}, {B,D,E}, {B,C,D}}. Neat,
the sel of minimal models is modified to make Cy, true. The algorithm produces the set {{A, B,C}, {A,C, E},
{A,C, D, EY, {B,C,D E}, {B,C,D}}. The models {A,C,D,E} and {B,C, D, E} are removed since they are
not minimal. Finally, C 1s true in the three remaining models. Then, the minimal models of the new extensional
database are MM(Epp) = {{4,B,C}, {A,C,E}, {B,C,D}}. Building the extensional database from these
models we obtain:

AV B —

AV D —

C —

BVE —

The following example illustrates the case where step 6 must be used, that is, where EpgU{C'} is inconsistent.

Example 4.3 Let DB be the stratified disjunctive database:
P—R-C =D
P— A =B —-D
P— B -C,-A
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R—A

R—B

S—B,D

AV B —

AvC —

D —
The conjunction of clauses obtained by step 3 after the construction of the restricted stratified SLD-tree for — P
is (AV B)A(=BV-C)A(mAV —D). This conjunct is inconsistent with Epp. Fpp has two minimal models
{A, D} and {B,C, D}. There are three mazimal subsets of Cn(Epp) consistent with the conjunction CyANC2ACl:
Epp, ={AVB, AvC, AVD, BVD}, Epp, ={ AVB, AVC, AvD, CVvD} and Epp, = { AVB, D}. Applying
the insertion to each of these databases we obtain EIDB1 = {4, B}, EIDB2 ={A,C} and EIDB3 = {B,D}. The
disjunction of these three new databases together with the rules produces DB =1IpgU {AVB AV D BvVC(C}.

The simple characterization of minimality from the treatment of positive updates does not apply directly to
this more complicated context, where nonmonotonic reasoning is involved and insertions and deletions from and
into the extensional database may be needed to accomplish the insertion of an intensional atom. However, there
is a sense in which the insertion defined by Algorithm 4 is minimal. The new database first minimizes the deletion
of positive conclusions from the original database and then, subject to that constraint, minimizes the addition
of new positive conclusions. That is, insertions are preferred over deletions. As it turns out, this condition is
enough to guarantee uniqueness. The following theorems characterize this property. The first theorem shows

the minimality of DB’ with respect to DB and C.

Theorem 4.1 Let C be the conjunction of the clauses obtained wn step 3 of Algorithm 4 and assume that
Epp U{CY} is consistent. Then, for any posilive clause D, DB'F D iff DBU {C}F D, where DB’ is obtained
wn step 5 of Algorithm 4.

Proof: Since by the construction of DB’ every (minimal) model of DB' is a model of DB U {C1}, it follows
that DB U {C} F D implies that D is true in every model of DB'. Therefore DB + D. To prove the other
direction by the contrapositive, let DB U {C'} i/ D. Then, there must be a minimal model of DB U {C'}, say
M = {A1,..., A} where D is false. Let D be Agiq V-V A,. M must be a model of DB. Since M is also
a model of C', by the construction of DBI, if M is a minimal model of DB then M remains a minimal model
for DB'. Hence, DB’ /' D. Otherwise M is a non-minimal model of DB. Therefore, there is M C M, say
M’ ={A;y,..., A;} such that M  is minimal model of DB. M is not model of DB U {C} because it is a proper
subset of a minimal model of DB U {C'}. Consider what happens to M in step 4 of Algorithm 4. For any Cj,
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part of C', that is true in M’ the algorithm does nothing. Consider now some Cj; false in M. If C; is positive
or mixed, then M is expanded in a minimal way to satisfy ;. The expansion, M C M, since M is a minimal
model of DB. Hence M cannot be a model of D. In the case of negative Cj, since M is a model of Cj, M
must already be a model of C;. Therefore M (or a subset of M) is a minimal model in M from which DB’ is
built. Hence, DBt D. O

Theorem 4.1 suggests an alternative approach to obtaining the result of Step 4 since the algorithm obtains
the logical consequences of Epg U {C}: Do all possible resolutions using elements of Epg and C;, 1 < i < m.
Obtain the set of all positive clauses at the bottom of the resolution trees and omit subsumed clauses from the
set. The result is £,p/. This result shows an interesting connection between resolution and minimal model
manipulation.

The following lemma is a technical result needed later to characterize the minimal models of \/f:1 DB;.

Lemma 4.2 Let DB = \/f:1 DB;, M the set of minimal models of DB, and M; the set of minimal models of
DB;, 1 <i<k. Then M € M ff M € M; for some ¢, 1 <1 < k, and there is no M e M; for some j,
1< 5 <k, such that M' C M.

Proof:

(<) Suppose that M € M; for some i, 1 < i < k, and there is no M e M; for some j, 1 < j < k, such that
M c M. Clearly M i1s a model of DB. If M is not a minimal model of DB then there is M' C M a model of
DB which is minimal. This would require that M € M for some j, 1 < j <k contradicting the hypothesis.
(=) We show the contrapositive. Suppose that M ¢ M, for any i. If M is a superset of any M € M;, then
M is not minimal since M is a model of DB. On the other hand if for any set M € M;, either M C M
or MﬂMI + M’ then there must exist a clause D; in each DB; such that M does not model D;. Then,
Dy V-V Dy 1s not modeled by M hence M 1s not a model of DB. O

Theorem 4.3 Let DB be a stratified deductive database in L. Let P be an atom in Ly and assume DBV P.
Then the deductive database DBI, constructed by Algorithm | implies P. That is, DB + P. Moreover, DB =
VADB"|DB" F P and BDB" + P, such that Cn(Ep )\ Cn(Epg) C Cn(Epgn)(Cn(Epg)}.

Proof: Assume first that EpgU{C4,...,Cp} is consistent. Since, by Theorem 4.1 DB'is equivalent to Cn(DBU
{C1,...,Cp}) it follows that DB' + P. Now, since Epg U {C4,...,Cn} is consistent, again from Theorem 4.1
Cn(Epgp) 2 Cn(Epp). Therefore, EDBI” F P, such that Cn(Epg ) Cn(Epp) C Cn(Epp)(Cn(Epp).
Assume that there exists another DB such that DB” + P and ,BDBI” F P, such that Cn(E, ) (Cn(Epg) C
Cn(Eppm)(\Cn(Epg). Then it is also true that Cn(E, 5 ) DO Cn(Epg); otherwise we can choose DB as DB"”
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and show that Cn(E,p/ ) Cn(Epr) C Cn(Epp»)(Cn(Epg). Let M be a model of DB". Then M is also
a model of DB and a model of {C,...,Cy}t. But by Theorem 4.1, DB’ contains all the possible positive
resolvents of DB with {C,...,Cy,}. Therefore, by the soundness and completeness of resolution, M is also a
model of DB’ . Therefore, DB" + DB'. Hence, the disjunction of all DB”, V DB" is equivalent to DB'.

If FEpp U{Cy,...,Cn} is inconsistent, consider a DB; as constructed in step 6a. By the argument above,
for each 7, 1 <7 < k, DBZI» F P. That is, in every minimal model of each DBZI», 1<i<k each (5,1 <j<m,
is true. By Lemma 4.2 and step 6b the same is true for DB'. Also, the constructions of the DBZI» assume that
they play the role of DB" in the statement of the theorem. Hence the result follows from the first part. a

4.2 Normal deletions

Algorithm 5 (Deletion of an intensional atom from a stratified disjunctive database - Deletion 3)
Suppose that P is an intensional atom, and let DB be a stratified disjunctive database such that GCWA(DB)
P. The algorithm computes a database DB’ such that GC’WA(DB)I P.

1. Let M be the set of minimal models of Epp, the extensional component of DB.
2. Construct a restricted stratified SLD — tree for — P from DB.

3. Let Py, ..., Fy be the leaf nodes containing only conjunctions of (possibly negated) extensional atoms. Con-
struct the conjunctive normal form of F1 V ---V F,, writing it as C1 A -+ A Cy,, where subsumed clauses

are omitted from the conjunctive normal form.

4. Select a disjunction C;, 1 < j < m. The selection is made giving preference to C; which satisfies step 5 or
the first part of step 7-if possible to minimize deletions.

5. If C; 15 a negative clause, C; = =E1 V-V L] then:
For each M € M, let e(M) be the number of atoms in M from {E1,..., Ei}. Let m = max{e(M)} for all
M € M. Select M € M such that e(M)=m. Let M' = MU{Ey,...,E}. Let M = (M —{M})U{M'}.
Eliminate from M any proper subset of M.

6. If C; is a positive clause, C; = Ay V ---V Ap then:
Let M' = HBp,, — {Ay,..., A1}, If M =0 let M = 0; otherwise let M = M U{M'}. Eliminate from
M any proper superset of M.

7. If C; 1s @ mized clause, C; = A1V --- VA VaE V.-V aE, then:
If there exists a model in M that contains no A;, 1 < i@ < I, then, for each M € M, let e(M) be the
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number of atoms in M from {Fy,..., Es}. Let m = max{e(M)} for all M € M. Select M € M such that
e(M)=m. Let M' = MU{E;y,... B} Lt M= (M —{M})U{M'}.

Eliminate from M any proper subset of M.

Otherwise, let M' = HBpp — {Ay, ..., A1}, Let M = M U{M'}. Eliminate from M any proper supersel
of M.

8. Build DB’ from the new M.

Example 4.4 Let DB be the stratified disjunctive database:

P —Q

Q —~C,-D

Q— AR

R—B,C

R—A-D

Av O —

BVD —

CVD«—
Three conjuncts are obtained from the restricted SLD-tree for — P: C1 = CV D, Cy = =AV =BV =(C, and
Cs=—-AV D. The minimal models of the extensional part of the database are: M = {{A, D}, {B,C},{C,D}}.

Assume now that we want to delete P from the database. Suppose we select C'y for the deletion. The algorithm
changes the model {B,C} to {A,B,C}. Now M = {{A, D}, {A,B,C},{C,D}}. The effect on DB is to add
Av D.

Alternatively, if Cy is selected, the new minimal model {A, B} is added. The new M = {{A, B}, {A, D},
{B,C}, {C,D}}. The effect on DB is to delele C'V D. Selecting Cs has the same effect as selecting Cs. a

The following lemma shows that Algorithm 5 accomplishes the desired deletion.

Lemma 4.4 Let DB be a stratified deductive database in L. Let P be an atom in Ly and assume DB F P.
Then the deductive database DBI, constructed by Algorithm & does not imply P. That is, DB’ P.

Proof: The construction creates a database with a minimal model where the clause C; selected in step 4 is not

irue. (]

The next result shows in what sense the deletion is minimal. First of all, minimality is defined with respect

to the C}; that is chosen in step 4. Observe that if step 5 or the first part in step 7 is the step executed to obtain
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DB’ then FEpp F Epp. Hence, if insertions are preferred over deletions, a C; should be chosen for which step 5
or the first part of step 7 is applicable. Under these considerations there is no database Ep, g+ that does not

imply the chosen C} that is weaker than Epp but stronger than Ep g .

Theorem 4.5

1) There does not exist DB", such that DB" t/ C; and Cn(Epp ) (1Cn(Epp) C Cn(Eppi) () Cn(Epp).

2) There does not exists DB”, such that DB V C;, Cn(Epp ) Cu(Epr) = Ca(Eppr)(\Cu(Epr), Epp t
Epgr, Eppr i/ Epg-

Proof:

Case 1. C; is negative, =E7 V --- V =Ey. In this case E,p (| Eps = Epg, hence statement 1 is satisfied
automatically. For statement 2, the existence of such an Ep 5z would require some atom missing from a

minimal model of £,z which is impossible by the way the algorithm constructs Epp/.

Case 2. C} is mixed, ~Ey V .-V 2E, VAL V-V A;. There are two possibilities. First, if there exists a
minimal model that contains no A;, 1 < j <[, then the proof is similar to case 1. Second, if originally
Epp F A V.-V A, then A1 V- -V A; now must be deleted. The algorithm replaces A; V ---V A; by
AL V-V Ap v B, for all possible ground atoms B not in the digjunction. Clearly this is minimal (see

Deletion 2 algorithm) and conditions 1 and 2 are satisfied.

Case 3. ( is positive. Same argument as for the second part of case 2. a

5 Conclusion

We have developed algorithms for the insertion and deletion of intensional atoms into and from stratified dis-
junctive databases. We have also shown in what sense these algorithms are optimal. There are a variety of
ways 1n which this work can be extended. For example, it would be useful to consider Skolem constants as in
[8] to apply this approach to programs with variables; and it may be possible to use the tree representation of
the minimal models of a disjunctive database described in [3] to implement the insertion of information into the
stratified database. Such algorithms are currently under investigation. The most technically challenging project,
however, would be to extend the algorithms developed here to a richer class of disjunctive databases which are

not stratified, and also rules that contain disjunctions in their heads.
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