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ABSTRACT

This paper concerns query answering in rela-
tional databases. We assume a universe U of at-
tributes and a set of values associated with each
attribute. A database scheme is a given collection
R = {1,2,...,n} of subsets of U, called relation
schemes. A query in R is any subset of U. We call
"context" any joinable subset of R. An unambiguous
context is one in which a query receives the same '
answer independently of the subcontext used for the
computation. A formal treatment of unambiguous con-
texts is presented and it is shown that they pro-
vide a suitable basis for discussing the universal
relation assumption, the relationship uniqueness
assumption, maximal objects, and other related
concepts.

1. INTROGDUCTION

This paper concerns query ansgwering in rela-
tional databases. In the present section the basic
definitions and notation are introduced and the
motivations are discussed.

We assume a wntverse, i.e. a set U of attri-
butes, that we denote A,B,C,... . A set of values,
or a domatn, is associated with each attribute in
U. Following the usual practice, we denote subsets
of U by juxtaposition of attnbutes, e.g. BCD
denotes the subset {B,C,D} of U. A relation scheme
on U is any nonempty subset of W. A database scheme
on U is a specified set of relation schemes, say
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Account

R={1,2,...,n}, such that L.V 2,,.Un=p, Figuré 1
shows a database scheme R = {1,2,3,4} on the uni-
verse U = ABCL, where 1 = AB, 2 = BL, 3 = LC, 4 =AC.

Bank
Customer

Loan

Figure 1. A database scheme.

An i-tuple, i € R, is a function that as-
sociateg with each attribute in i a value in the
corresponding domain and an instance of i is a set
of i-tuples. Following the. usual abuse of notation
we let i denote both the relation scheme and its
current instance. . Usually it is clear from the
context what i really denotes. The current instance
of R is the set of cutrent instances of i's, where
i € R. Again we let R denote both the database
scheme and its current instance. We shall often
refer to the’ set of ctirrent instances of the rela-
tion schemes in R as the base relations. ‘

A query on U is any relation scheme on Uwhose
current instance (or current "answer") is computed
from the base relations using relational opera—
tions. We restrict our attention to two such opera-
tions: natural join and projection. Thig implies
that only joinable subsets of R can be used for °
computing the answers to queries. Such joinable
subsets of R will be called contexts.

DEFINITION 1. A subset ¢ of R is a context
iff for all i and j in ¢,

-either i Nj 4 ¢

-or, if i Nj = @ then there exist subsets c' and
c" of c such that c'N c" ¢ ¢, 1 €Ec', j E"
and c' and c¢" are contexts.

Subsets of a context c¢ that are themselves contexts
are called subcontexts. B

In Figure 1, the set ¢ = 123 ig a context,
whereas the set c' = 13 is not (we use juxtaposi-
tion of relation schemes to denote subsets of R).
In the remaining . of this paper we assume that the
whole database scheme R is a context. Given a con-.
text ¢, we use the symbol attr{c) to denote the set
of all attributes appearing in c. For example, in
Figure 1, if we take ¢ = 12 we have attr(c) = ABL.



DEFINITION 2. Let c be a context of R and let
q be a query. We say that q ig covered by e’ (¢ co-
vers q) iff q C attr(c). We denote C(q,c) the set
of all subcontexts of c covering q. M

To answer a query q we proceed as follows:
(1) select a context c covering q

(2) join the relations in c¢ and then project over
q, i.e. ﬂq(*c). Where "*c'" denotes the

natural join of the base relations in ¢, and
"nq" denotes projection over q.

Let us note that whereas the current answer
to q is computed from the base relationsin ¢, the
relation schemes in ¢ provide the interpretation
of that answer. For example, consider the query
q = BC in Figure 1. The context ¢ = 123 covers q
and therefore it can be used to answer q. The (cur-
rent) answer to q is the relation ﬂq(1t2t3),computed

from the base relations 1,2 and 3. The interpreta-
tion of the answer, provided by the relation
schemes 1,2 and 3, can be worded as follows: "list
of banks and customers, such that: each customer
hasat least one loan in the bapk and the bank has
at least one account".

A context may also be considered as a view,
i.e. as a subset of R used by a user as environment
for his queries. Under such an interpretation a
desirable property of contexts is unambiguity. That
is, once a context ¢ is fixed (by the user or by
the system) we would like to have unique answers
to all queries covered by c, independently of the
subcoritext used for computing the answer. Let us
see an example. In Figure 1, suppose that we fix .
the context ¢ = 124, The query q = CL is covered
by ¢ and receives as answer the relation LM (1%2%4),

Note that there is no proper subcontext of ¢c.co~
vering q. Consider next the. query q' = BC, This
query is covered by c and receives as answer the
relation m_,(1#2%4). But it is also covered bythe
context ¢''= 14, a subcontext of ¢, and receives
as answer the relat10n wq,(1*4) In the absence

of constraints on R, we may have that nq.(l*b) ¥
¢ ﬂ y(1%2%4) . That is the answer to q' depends on

the subcontext of ¢ used for. the computatibn. The~
refore, the context c is amblguous with respect
to q'.

In the next section a definition of unambi-
guous context is given and necessary and suffi-
cient conditions for unambiguity are provided.

2. UNAMBIGUOUS CONTEXTS

Unambiguous contexts play a éentral role in
our discussion. So we present first a formal de-
finition.

DEFINITION 3. A context c of a database
scheme R is wnambiguous w.r.t. query q, where
q € attr(c), iff for every c¢' in €(q,c) and for
every instance of R we have: nq(*c) = nq(*c').

A context c is weakly unambiguous iff there

exists q such that ¢ is unambiguous w.r.t. gq; other
wigse ¢ is ambiguous.

A context c is unambtguous iff is unambiguous
w.r.t. every q C attr(c).

An immediate consequence of this definition
is that all subcontexts of an unambiguous context
are also unambiguous. Also, if the database scheme
R is unambiguous, then every query q € U receives
a unique answer independently of the context used
for computing the answer. In other words the at-
tributes in q are in a "unique relationship"” ac-
cording to the terminology of [2].

First we will consider unambiguity in the
case of a scheme without integrity constraints. In
order to give a characterization of the set of
queries with respect to which the scheme is una-
mbiguous, we need the following definition:

DEFINITION 4. Let c be a context and qCattr(c);
we say that c¢ is a minimal context w.r.t. q iff
there exists no proper subcontext c' of c covering
q. &

THEOREM 1. Let ¢ be a context in a database
scheme R without integrity constraints and -

q € attr(c); c is unambiguous w.r.t. q iff c is
a minimal context for q.

.PROOF. The 7f part is trivial. In order to
prove the only if part we will show that if there
exists a proper subcontext c' of c covering q then
¢ is not unambiguous w.r.t. q (a contradiction).
Let us consider, without loss of generality, a
subcontext ¢' = ¢ - {i}; we will prove that there
exists an instance of R such that = (*c') 2# (*c).

In particular we def1ne an 1nstance s.t. W (*c')#¢
and "q(*¢) = @. Due to the fact that R is a data-

base scheme without integrity constraints an in-
stance of R exists s.t, *c' # @ and the base rela-
tion i is empty hence ﬂq(*c) =¢@. Q.E.D.

In Figure 1, the context ¢ = 123 is ambiguous
w.r.t. query BC but it is unambiguous w.r.t. query
ABC. Also, the whole of R is ambiguous w.r.t.
every query. The following corollaries are imme-
diate consequences of Theorem 1.

COROLLARY 1. Let ¢ be a context in database
scheme R without integrity constraints; c is
weakly unambiguous iff ¢ is a minimal context
w.r.t. attr(e).

CORQLLARY. 2. Let c be a context in a database
scheme R without integrity constraints; ¢ is |
unambiguous iff ¢ is a singleton. .

It follows from Corollary 1 that every non-
reduced context is ambiguous. (A context is re-
duced if it does not contain relation schemes i
and j such that i € j). It follows from Corollary
2 that database schemes without integrity con-
straints allow only intrarelational queries to be
answered unambiguously (i.e. queries whose context
is a single relation scheme of R).

We proceed now to see how our concept of
unambiguity is related to the concept of acyclicity.
The concept of acyclic database schemes has been
introduced in ' [4] and several properties of
such schemes have been studied in the literature.
In [3] and [ 6] properties of a ‘particular kind of
acyclicity the y-acyclicity, have been discussed.

We recall briefly the ‘definition. Let ¢ be a con-
text in a database scheme. We say that c is
y-cyelic iff there exists:

(1) a_subcontext c' of ¢ that contains a pair of
relation schemes i,j and



(2) a relation scheme k in ¢ not belonging to ¢'
that contains a pair A,B of attributes such
that:

- A is in i but in no other relation scheme
of ¢’

- B is in j but in no other telatlon scheme
of c'.

A context ;c is said y—acyelicif it is not y-cyclic.

For insg base A
Figure 2, the contexts 1245 and 135 are y-acyclic,
whereas the contexts 123 and 2345 are y-cyclic.

ingtance, in the database scheme of

5

Figure 2. database scheme with y-acyclic and
y-cyclic contexts.

THEOREM 2. Let ¢ be a y-acyclic context in a
database scheme without integrity comstraints; c¢
is weakly unambiguous iff c¢ is reduced.

PROOF. The only if part trivially follows from
Corollary 1. In order to prove the if part let us
suppose that c is reduced and.that it is not a
minimal context w.r.t. attr(c) [hence. |c| > 3].Then
there exists a relation scheme.i such that e-{i} is
a context w,r.t. attr(c). Since ¢ is reduced,there
is no j # i such that i C j. Hence there are at-
tributes A and B in i and relation schemes k and m
in ¢ such that:

A is in k and A is not inm

i)
ii) B is in m and B is not in k.

It folkows that ¢ is a y=-cyclic context, a con~
tradiction, and this completes the proof of the
theorem. Q.E.D.

Let us consider now unambiguity in a database
scheme with integrity constraints. The existence of
constraints may turn an ambiguous. context to an
unambiguous one. For instance, the context ¢ = 124
of Figure 1, is ambiguous w.r.t. query BC, when
there is no constraint. If we introduce the con-
straint wB(l) c nB(Z) then the context ¢ becomes

unambiguous w.r.t. query BC. In particular we are
interested in the following question: under what
condition a set of integrity constraints guara-
ntees the unambiguity of a given context.

A desirable property of a database instance
especially interesting with respect to query an—
swering is the global consigtency (¥*). In [1] an

(*) Global consistency was introduced in [11] in
order to characterize database instances R
enjoying the following. property; there exists a
"universal relation" such that all.relations in
R are obtained by projection from the universal
relation. :
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algorithm is described that provides a "minimal"
query weakly equivalent with a given query (that
is the answers to such queries are equal if they
are computed from a globallycons1stent1nstance)
However if we consider the global consistency as
a constraint, we can see that this constraint is
not sufficient to guarantee the unambiguity of a
scheme, as it is shown in the following example.

Let R = 1234 be a database scheme where
1 = ABC, 2 = ABD, 3 = BCE and 4 = DE. Suppose that
for every instance of R the set of relations
{1,2,3} is globally consistent. Then the instance
given in Figure 3 is a legal instance of R, but
C(1) # 7, .(2%3); so the context ¢ = 123 is not
unamblguous w.r.t. query AC.

!

A B C A B D B C-E D E
al bl c2 al bl dl bl cl el dl e2
a2 bl cl a2 bl dl bl c2 el

Figure 3.

We introduce now a stronger concept of con-
sistency and we prove that it provides a necessary
and sufficient condition for the unambiguity of a
context; then we will relate.this concept to the
global consistency and pairwise consistency(*®
concepts.

DEFINITION 5. A context ¢ is constistent w.r.t.
query q, where q € attr(c), iff for every i in ¢
and for every subcontext c¢' of c~{i}, such that c'
covers q and p 4 i Nattr(c') ¥ @, we have

np(*c') c wp(i) for every instance of R. A context

c is weakly consistent iff there exists a query q
such that ¢ is consistent w.r.t. q;.c is comsistent
iff ¢ is consistent w.r.t. every query q Cattr(c).m

LEMMA 1. Let ¢ be a context, consistent w.r.t.
query q, and let c' be a subcontext of c covering
q. Then:

1) ¢!
(2) wq(*c') = "q(*c)- a

is consistent w.r.t. q

PROOF. We shall prove the lemma assuming that
c' = ¢ -~ {i}, for some i in c¢. Then, in order to
prove the lemma for an arbitrary c', all we have
to do is to remove the members of c-c', one by one,
in a judicious way, so that what is left in each
step is a single context. For example, if ¢ = 12345

and c¢' = 23 (see Figure 4) then we shall remove
3
2 &
1 5
Figure 4.

the members of c-c' = 145, in one of the following
orderings: (1,5,4), (5,1,4), or (5,4,1)

(1) Let ¢' = ¢ - {i}. If |c']| = 1 then c' is con-

(*) A database instance R is pairwise consietent
iff for all pairs i,j in R we have: L n.j(i)=
L nj(J)-



sistent. Suppose then that |c'| > 1 and that c' is
not consistent w.r.t. q. It follows from Defini-
tion 5 that there exist j in ¢', a subcontext ¢

1
of ¢' - {j} covering q and an instance of R such
ahate o ko (), where p.=} N reetfo ) o
tnat: \‘!'(.1[ k w_A\J), wnere p=3t 8LLI\(.1}. AS

51 1

c is consistent w.r.t. q and ey is a subcontext

of ¢ - {j}, it follows that: LS (*cl) Ca_ (i)

P 1
Lman nevnarer temmadeaman ~& D PR, Srmmm IS e e ml .
LUL =V=Ly LUdLALILE UL RNy a uUllleuLcLLUl LHET
refore c¢' is consistent w.r.t. q.
2) It is enough to show that: (#c') =7 *
(2) g (*c') attr(c')( c)

for every instance of R. As ¢ is consistent
w.r.t. q, it follows that: for every i € ¢ and
for every subcontext c' of ¢ ~ {i} covering q and
such that p = i Nattr(c') ¥@, we have ﬂp(*c') c

c ﬂp(i) for every instance of R. Therefore,
(*c') = “attr(c')(*(c' Uil =n
every instance of R. Q.E.D.

attr(c')(*c)’ for

It follows from the corresponding definitions
that every context which is unambiguous w.r.t. a
given query q is also consistent w.r.t. q. It fol-
lows from Lemma 1 that the inverse also holds, i.e.
every context which is consistent w.r.t. a given
query q is also unambiguous w.r.t. q. Hence the
following theorem and corollaries state that con-
sistency is a necessary and sufficient condition
for a context to be unambiguous.

THEOREM 3. Let ¢ be a context and q a query
covered by c; ¢ is unambiguous w.r.t. q iff c¢ is
consistent w.r.t. q.

COROLLARY 3. A context c.is weakly unambi-
guous iff ¢ is weakly consistent.

COROLLARY 4. A context c¢ is unambiguous iff
c is consistent.

But te verify that a given context ¢ is una-
mbiguous, one has to consider all - queries
covered by ¢, i.e. all subsets of attr(c). In
what follows we show that there is a way toverify
unambiguity of c¢ by examining only a proper sub-
set of the set of queries covered by c.

THEOREM 4. Let c be a context; c is con-
sistent (hence unambiguous) igf for every i in
¢ and for every subcontext c¢' of e-{i}, such
that p 8 i Nattr(c') # @, we have = (*c')=ﬂ 1),
for every. instance of R.

PROOF. The Zf part is trivial.
Only if part. Since ¢ is consistent it follows
from Definition 5 that for every i € ¢ and for
every subcontext c¢' of ¢ - {i}, such that
pAiNattr(c') # ¢, we have:

a) "p(*c') c ﬂp(i) for every instance of R.
Furthermore, from Lemma 1 we know that for every
i € ¢ and for every subcontext c¢' of ¢-{i}, such
that p 8 i Nattr(c') # @, we have:

b) i=‘ni(*(c' U {i})), for every instance of R.

Since b) implies that 7 (i) S« (*c'), the theorem
is proved. Q.E.D. P

We will relate now the concept of unambiguity
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with the concept of pairwise and global consistency
of a relational database.

It follows from Theorem 4 that unambiguity of
a context implies global consistency of all its
instances. But the exampxe of rlgure 3 shows that
the reverse implication is not always true. In
fact, it is shown in [ 6] that y-acyclicity is a
necessary and sufficient condition for the fol~
lowing statement to be true: if a database in-
stance is globally consistent then it satisfies
the "relationship uniqueness assumption" [2]. A
mentioned earlier this assumption simply means
that the database scheme R is unambiguous. Further-
more, in [5] it is shown that global consistency
is equivalent to pairwise consistency if and only
if the database scheme is.acyclic'*/).
Therefore we can state the following proposition:

PROPOSITION 1. Let ¢ be a context. Then

i) ¢ is unambiguous * ¢ is globally consistent™=c
is pairwise consistent
ii) ¢ is acyclic iff: :

¢ is pairwise consistent **c is globally con-

sistent
iii) ¢ is y-acyclic iff:

c is globally consistent ™c is unambiguous.
where a context c is said pairwise (resp. globally
consigtent) iff every instance of ¢ is pairwise
consistent (resp. globally consistent).

3. ANSWERING QUERIES IN AMBIGUOUS CONTEXTS

In this section we discuss query answering in
ambiguous contexts. For instance, how do we answer
query BC in the context ¢ = 1234 of Figure 1. A:
possible approach is that the system or the de-
signer provides a unique "interpretation", i.e. a
unique context, for the query. Osborn in [10} sug-
gests that when different answers can be obtained
by different join sequences (i.e. by different sub-
contexts), then the union of all valid answers be
given as the unique answer. Following this sug-
gestion, query BC in Figure 1 receives as unique
answer all pairs of banks and customers such that
the customer has either a loan or an account in
the bank.

Maier and Ullman in [ 9] use functional and
multivalued dependencies in order to identify a
set of contexts that they call "maximal objects".
Using these maximal objects they answer & query q
as follows. One answer to q is computed from each
maximal object covering q. The union of the answers
thus computed is the answer to q. The problem is
that, in the absence of constraints, this method
may not produce an apswer at all! Indeed, in our
previous example of query BC (without integrity
constraints) the method produces four maximal ob-
jects, namely the four relations themselves. As BC
is not contained in any of these maximal objects,
there is no way to answer BC!

(*) Let us recall that a context ¢ is acyelic iff
c can. bg reduced to.the empty set by a sequence
of the following operations:
(i) delete an attribute if it belongs to only
one relation scheme
(ii) delete a relation scheme i if i is empty
or if there exists another relation scheme

containing i.
Other equivalent definitions can be found in[5].



Another approach is to assume that the answer
to a query q is always obtained by means of pro-
jection over q of the join of all database rela-
tions [ 8] . Unfortunately it may be necessary to
compute the join of all relations {1], evenif we
_assume the "universal instance assumption" {7]
possibly with null values. In fact, as it has been
shown in the previous section, this assumption
guarantees that for every query q and every con-
text c covering q, the expression m,(#c) provides
always the same answer only if the scheme is
y-acyclic. Thus only in this case minimal con-
texts can be used to answer the query.

All the above -approaches to the ambiguity
problem assume that there is only one meaningful
interpretation of the query. This is oot the
general case! In fact a query may have more than
one meaning. For instance, in Figure 1, the query
q = C ("list the customers") may have the fol-
lowing meanings (among others):

(1) "list the customers", having a loan [answer:

Trc(3)]

(2) "list the customers", having an account [an-
swer: (4)]

(3) "list the customers", having a loan and an ac-
count [ answer: L5 (3%4)]

(4) "list the customers » having a loan and an ac-

count both in the same bank [ answer:
L (1%#2%3%4)] .

In order to 1ntroduce our approach let us
consider the set C(q,R) of all contexts in R co~
vering q (see Definition 2). Define ¢ g c', for

in C(q,R), iff ﬂq(*c) - wq(*c').That

is, ¢ is equivalent to ¢' w.r.t. ¢ iff q receives
the same answer in c and c'. This equivalence rela-
tion partitions C(q,R) into equivalence classes.
Every equivalence class may be partially ordered
with respect to set inclusion. This gives rise to
maximal and minimal objects.

DEFINITION 6. Let q be a query on the scheme
R. We say that a context c in C(q,R) is a maximal
object [ resp. minimal objectl w.r.t. q in R iff
there exists no c ME c [resp. c' g c] such that
c' 2 ¢. We denote Max(q,R) the set of all max-
imal objects w.r.t. q in R [resp., Min(q,R) for
the set of all minimal objects].m

all c and c'

As the database scheme R is assumed to be a
context we have the following proposition.

PROPOSITION 2.

(i) The database scheme R belongs to Max(q,R),
and every minimal context of q belongs to
) Min(q,R)
(ii) If R is unambiguous w.r.t. q then

Min(q,R) coincides with the set of min-
imal contexts w.r.t. q (iii general the
reverse implication is not true)

(iii) R is unambiguous w.r.t.q iff Max(q,R) = {R}.

Minimal and maximal objects can be used by
the system during the process of query answering in
an ambiguous context, in the following way:

1. First, the set of maximal oﬁjects‘w,r.f. query
q is proposed to the user (possibly giving also
equivalences among them).
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2, Once a maximal object is selected (by the user
or by the system), the system computes the an-
swer to query q using one of the minimal ob-
jects equivalent to the selected maximal ob-
ject. (The use of minimal objects is done for
economy in computation).

4. CONCLUSIONS

We have introduced the concept of a context
for query answering. A context determines both an
interpretation for the query and a value (i.e. an
answer). If this answer is independent of the sub-
context used for the computation then the context
is unambiguous. Assuming unambiguity of the data-
base scheme itself is equivalent to the rela-

tionship uniqueness assumption.

For contexts which are ambiguous w.r.t. a
query, we have proposed a systematic way for clas-
sifying the unambiguous subcontexts into equiva-
lence classes. Selecting a maximal context of an
equivalence class is tantamount to imposing an
interpretation to the query. Once the interpreta=.
tion is fixed, a minimal context of the class can

be used for the "economical" computation of the
answer.
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