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ABSTRACT
A lot of work has been done recently on optimizing
queries in the presence of materialized views. However
the majority of the research assumes set-theoretic semantics while SQL queries have bag-theoretic semantics (duplicates are not eliminated unless explicitly requested). This paper presents results on designing views
to answer queries in relational databases under set, bag
and bag-set semantics. The results can be used in finding sound and complete algorithms for designing views
and rewriting queries under each of the three assumptions.

1.

INTRODUCTION

A lot of work has been done recently on optimizing queries in the presence of materialized views. In
this context, problems such as definition of views, composition of views, maintenance of views have been researched. However the majority of the research assumes
set semantics while SQL queries have bag semantics (duplicates are not eliminated unless explicitly requested).
∗This material is based upon work supported by the
National Science Foundation under Grant No. 0307072.

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
Copyright 200X ACM X-XXXXX-XX-X/XX/XX ...$5.00.

As SQL is the query language used in most commercial database management systems, results on rewriting queries under bag or bag-set semantics are useful in
practice.
Database relations are often duplicate-free. However
the problem really stems from the bag semantics of the
queries and views. More precisely, database relations
are often sets, while views and queries are often bags,
defined without using the DISTINCT keyword (bag-set
semantics).
The bag-set semantics case is arguably more practical than the bag-semantics case, as relational databasemanagement systems typically compute query answers
using operators with bag-valued outputs on set-valued
databases. At the same time, studying the bag-semantics
case is important not just from theoretical but also from
practical perspective, as in view selection it is possible
to design and materialize bag-valued views and thus to
obtain bag-valued databases of stored data. Computing query answers on such databases using the rules of
evaluating SQL queries on relational databases obeys
the laws of bag, rather than bag-set, semantics.
The current work presents results on designing views
to answer queries and rewriting queries in relational
databases under set, bag and bag-set semantics which
are useful in practice. The work is interesting because it
is difficult to apply results on optimization of conjunctive queries to query optimization in real-life database
management systems.
To the best of our knowledge, limited related work
has been done. [4] studies the containment problem of
conjunctive
queries under bag semantics which is proved
Q
to be p2 -hard, whereas equivalence under bag semantics has the same complexity as the graph - isomorphism
problem which is in NP. In [7] techniques for bag seman-

tics, bag-specific constraints (UWDs), and for handling
bag queries over arbitrary mixes of bag and set schema
elements and views are presented. The problem of optimizing queries with materialized views under bag semantics is studied in [3] and under set semantics in [9].
Finally, [8] studies conjunctive queries over generalized
databases in order to achieve an examination of relations as multisets given their importance in SQL.
In this work we study the problem of designing views
to answer queries without self-joins under set semantics
and queries with and without self-joins under bag and
bag-set semantics. The contributions are the following.
1) a bound for the number of subgoals in the optimal
viewsets is given and 2) we study the computational
complexity of the view selection problem. The results
can be used in finding sound and complete algorithms
for designing views and rewriting queries under each of
the three semantics.

2.

PRELIMINARIES

2.1

Basic Definitions

A relational database is a collection of stored relations.
Each relation R is a collection of tuples, where each
tuple is a list of values of the attributes in the relation
schema of R.
A relation can be viewed either as a set or as a bag (another term is multiset) of tuples. A bag can be thought
of as a set of elements (we call it the core-set of the
bag) with multiplicities attached to each element. In
a set-valued database, all stored relations are sets; in
a bag-valued database, multiset stored relations are allowed.
In this paper we focus on safe conjunctive queries. A
conjunctive query is a rule of the form: Q : ans(X̄)
← e1 (X̄1 ), . . . , en (X̄n ), where e1 , . . . en are database
relations. A query has self-joins if the minimized query
definition [2] has at least two subgoals with the same
relation name. A view refers to a named query. A view
is said to be materialized if its answer is stored in the
database.
We say that a bag B is a subbag [4] of a bag B 0 (we
write B ⊆b B 0 ) if each element of B is contained also in
B 0 with a greater than or equal multiplicity. The bag
union (t) [4] of two bags is obtained by adding the
multiplicity factors for each tuple in either of the bags.

2.2

Query containment and equivalence

A query Q1 is set-contained in a query Q2 , denoted by
Q1 vs Q2 , if for any database D, the result of the query
Q1 over D under set semantics is a subset of the result
of the query Q2 over D under set semantics. A query
Q1 is bag-contained (or bag-set contained) in a query Q2 ,
denoted by Q1 vb Q2 (or Q1 vbs Q2 , respectively), if
for any bag-valued (set-valued, respectively) database
D, the result of the query Q1 over D under bag semantics (bag-set semantics, respectively) is a subbag of the
result of the query Q2 over D under bag semantics (bagset semantics, respectively). Two queries are equivalent
under set/bag/bag-set semantics if they are contained
in each other under the same semantics.

2.3 Equivalent rewritings and the view selection problem
Let V be a set of views defined on a database schema
S, and D be a database with the schema S. Then by DV
we denote the database obtained by computing all the
view relations in V on D. Let Q be a query defined on
a database schema S, and V be a set of views defined
on S. A query R is a rewriting of the query Q using
the views in V if all subgoals of R are view predicates
defined in V or interpreted predicates.
The expansion of a rewriting R of a query Q on a
set of views V, denoted by Rexp , is obtained from R by
replacing all the view atoms in the body of R by their
definitions in terms of the base relations. A rewriting R
of a query Q on a set of views V is a contained rewriting
of Q using V under set semantics if R(DV ) is a subset
of Q(D). A rewriting R of a query Q on a set of views
V is an equivalent rewriting under set semantics if for
every database D, Q(D) = R(DV ).
The definition of the notion contained rewriting for
bag or bag-set semantics is analogous. The only difference is that we now require that R(DV ) is a subbag of
Q(D). The definition of the notion of equivalent rewriting for the bag and bag-set semantics is the same as
above (in this case, however, the symbol = stands for
bag equality). A conjunctive equivalent (under some semantics) rewriting Q0 of a conjunctive query Q is locally
minimal [9] if we cannot remove any literals from Q0
and still retain equivalence to Q.
Some results in this paper are given for a special type
of constraints L on materialized views: In those results,
L is a singleton set L = {C}, C ² N. The storage-limit
C means that the total size size(V(D)) of the relations
for the views in V on D must not exceed C. If the
storage limit is sufficiently large then we can materialize
all query answers and this is the optimal viewset. The
problem becomes interesting however when the storage
limit is less than that. Clearly, if the storage limit is
too small then there is no viewset that can rewrite all
queries.
In the rest of this papers we consider problem inputs
that are 4-tuples (S, Q, D, L), where S is a database
schema, Q is a workload of queries defined on S, D
is a database with schema S and L is a collection of
constraints on sets of materialized views. A problem
input P = (S, Q, D, L), is said to be set-oriented
(bag-oriented, bag-set-oriented, respectively) if we consider set-semantics (bag-semantics, bag-set semantics,
respectively) for computing query answers, whereas a
problem input is said to be conjunctive if we consider
the conjunctive language for queries, views and rewritings.
Definition 2.1. (Candidate and optimal rewritings) For a given query Q, semantics (set, bag, or bagset) for evaluating the query on the database, a viewset
V, a database D and a cost model for query evaluation:
1) R is a candidate rewriting of Q in terms of V if R is
an equivalent rewriting of Q under the given semantics,
and
2) R is an optimal rewriting of Q in terms of V on a
database D if R is a candidate rewriting and minimizes

the cost of computing the answer to Q on DV among all
candidate rewritings of Q in terms of V.
2
Definition 2.2. (Admissible viewset) Let P =
(S, Q, D, L) be a problem input. A set of views V is
said to be an admissible viewset for the problem input
P , if the following three conditions hold:
1) V gives equivalent (candidate) rewritings of all the
queries in Q
2) for every view V ∈ V, there exists an equivalent
rewriting of a query in Q that uses V
3) V satisfies the constraints L.
2
Definition 2.3. (Optimal viewset) For a problem
input P = (S, Q, D, L), an optimal viewset is a set of
views V defined on S, such that:
1) V is an admissible viewset for P , and
2) V minimizes the total cost of evaluating the queries
in Q on the database DV , among all admissible sets of
views for P .
2
Definition 2.4. (Nonredundant viewset) For any
problem input P, a viewset V is said to be nonredundant
for P, if V is admissible for P and there is no proper
subset V 0 of V such that V 0 is also admissible for P. 2
In some results of this paper, instead of a database
D in the definition of a problem input, we will use the
notion of an oracle O. An oracle is supposed to give,
instantaneously, exact relation sizes for all views defined
on the schema S. In this case a problem input is written
as (S, Q, O, L). The notion of an optimal viewset is
defined analogously to the case of problem inputs of the
form (S, Q, D, L), where D is a database. The results in
the remainder of this paper are given for problem inputs
that include a fixed database, but can be extended in a
straightforward manner to problem inputs that include
an oracle.

2.4

Different Types of Views

There are two types of conjunctive views that can be
used in a conjunctive rewriting of a conjunctive query:
(1) containment-target views, and (2) filtering views. A
conjunctive view V is a containment-target view for a
conjunctive query Q if there exists a conjunctive rewriting P of Q (P uses V ), and there is a containment
mapping (for the set-semantics case, or bijective mappings for the bag and bag-set semantics case) from Q
to the expansion P exp of P , such that V provides the
image of at least one subgoal of Q under the mapping. Intuitively, in a rewriting, a containment-target
view “covers” at least one query subgoal. Covering all
query subgoals is enough to produce a rewriting of the
query. A view is a filtering view for a query if it is not
a containment-target view. For more details see [6].

3.
3.1

QUERIES WITHOUT SELF-JOINS UNDER SET SEMANTICS
View definitions without self-joins

In this section, we show that for workloads of queries
without self-joins and under set semantics, there exist

optimal viewsets whose view definitions do not have
self-joins. As a consequence, view definitions in such
viewsets have no more subgoals than any query in the
workload.
Theorem 3.1. Given a conjunctive set - oriented problem input P = (S, Q, D, L), where L represents a single storage-limit and all queries in Q are conjunctive
queries without self-joins, if there is an optimal viewset
V for P under the storage limit constraint L, then there
exits an optimal viewset V 0 under L such that every view
in V 0 can be defined as a conjunctive query without selfjoins.
2
Corollary 3.1. Given a conjunctive set - oriented
problem input P = (S, Q, D, L) where L represents a
single storage - limit constraint and assuming that all
queries in Q are without self-joins, and the number of
(relational) subgoals in any query does not exceed an
integer n, then if there exists an optimal viewset for P
under the storage limit constraint L, then there exists
an optimal viewset V of P under L, such that for every
view V in V, the number of subgoals of V is bounded
from above by n.
2
The optimal viewset stipulated in Corollary 3.1 may
include filtering views alongside containment - target
views. Moreover, even an exponential number of filtering views may be necessary under set semantics; see [5].
Another interesting observation is that we cannot strengthen the Corollary 3.1 to state that under the premises
of the corollary there exists an optimal viewset V, in
which each view is a subexpression of some query in the
input query workload. Finally, when queries have selfjoins, the number of subgoals of views can be up to a
product of the number of subgoals of the queries. See
also Example 1 in [5].

3.2 Rewritings without self-joins
In this section we show that under set semantics and
for workloads Q of queries without self-joins, there exist optimal viewsets V, such that rewriting any query
in Q does not require self-joins of containment-target
views in V. We can also show that queries with selfjoins may necessitate the use of nontrivial self-joins of
containment-target views.
Theorem 3.2. Given a conjunctive set-oriented problem input P = (S, Q, D, L) and assuming that the queries
do not have self-joins, if there exists an optimal viewset
V for P under the storage limit constraint L, then it is
possible to rewrite each query in the input workload Q
without using self-joins of containment-target views. 2
We can show that the lack of self-joins in workload
queries is an essential condition in Theorem 3.2. Example 1 in [5] shows that input queries with self-joins
may necessitate the use of nontrivial self-joins of filtering views.

3.3 The problem is in NP
The decision version of the view-selection problem
is shown in this section to be in NP for workloads of

queries without self-joins, provided that filtering views
are not used in query rewritings. We prove the result for
the oracle version of problem inputs, that is, we show
that the size of a witness is polynomial in the size of the
following components of the problem input: database
schema, query workload, and constraints on the materialized views. This result is stronger than proving that
the size of a witness is polynomial in the size of the above
components plus the size of an input database, because
database schemas, query workloads, and constraints on
the materialized views are typically small in size compared to the size of possible databases conforming to
the schemas. To prove the main result, we first establish
an upper bound on the number of containment-target
views in query rewritings.
Lemma 3.1. [9] Let Q be a conjunctive query and V
be a set of views, both Q and V without built-in predicates. If the body of Q has p relational subgoals and Q0
is a locally minimal equivalent conjunctive rewriting of
Q using V, then Q0 has at most p relational subgoals. 2
Corollary 3.2. For any conjunctive query Q with
p relational subgoals and for any locally minimal conjunctive rewriting Q0 of Q in terms of views such that
Q0 ≡s Q, the number of containment-target views in Q0
does not exceed p.
2
This result follows immediately from the observation
that any locally minimal rewriting does not contain filtering views.
Corollary 3.3. For any set-oriented problem input
P = (S, Q, D, L) with any set of constraints L, and for
any optimal nonredundant viewset V for P, the number
of containment-target views in V does not exceed p where
p is the total number of relational subgoals in all the
queries in the query workload Q in P.
2
Theorem 3.3. Given an oracle version of a conjunctive set-oriented problem input P whose queries are without self-joins, the decision version of the view-selection
problem is in NP, provided query rewritings do not include filtering views.
2
Note that if filtering views are allowed in query rewritings, then the view-selection problem under set semantics has an exponential-time lower bound even when
none of the workload queries have self-joins; see [5].

4.

QUERIES UNDER BAG SEMANTICS

Before proceeding to the main results of this section
note that under bag semantics, any candidate query
rewriting lacks any filtering views, as well as any redundant containment-target views [4].

4.1

Number of Subgoals is Bounded

In this section, we show that under bag semantics and
for workloads of queries without or with self-joins, each
view definition in any admissible viewset (and thus in
any optimal viewset) has no more subgoals than some
query in the workload. Furthermore, each view definition in any admissible viewset is a subexpression of

some definition in the input query workload. One consequence of these results is that for workloads of queries
without self-joins, all view definitions in all admissible
viewsets do not have self-joins. All the results hold for
problem inputs with arbitrary sets of constraints on materialized views.
Lemma 4.1. Let P = (S, Q, D, L) be a conjunctive
bag-oriented problem input, where L is a set of any constraints and all queries in Q are conjunctive queries.
Let V be any admissible viewset for P, and let Q be any
query in Q. Suppose V 0 ⊆ V is the set of all views in
the equivalent rewriting R of Q in terms of V. Then
the definitions of views V 0 in the expansion of R form a
partition of the definition of Q.
2
The remaining results in Section 4.1 follow trivially
from Lemma 4.1.
Corollary 4.1. Assume a conjunctive bag-oriented
problem input P, and let V be any admissible viewset
for P. Then every view in V can be defined as a subexpression of some query in the input workload Q.
2
Theorem 4.1. Given a conjunctive bag-oriented problem input P, the following holds. Suppose n is the number of subgoals in the longest query in Q. Then, for
any admissible viewset V for P, every view in V can be
defined using at most n subgoals.
2
We can make a more precise statement about the
number of subgoals in view definitions for views in admissible viewsets:
Corollary 4.2. Given a conjunctive bag - oriented
problem input P and let V be any view in any admissible viewset V for P. Suppose V is used in rewriting
queries Qi1 , . . . , Qik in Q; let m be the number of subgoals in the shortest definition among the definitions of
Qi1 , . . . , Qik . Then V can be defined using at most m
subgoals.
2
Corollary 4.3. Let P be a conjunctive bag-oriented
problem input and V an admissible viewset for P. Assuming that queries in Q do not have self-joins, then
every view in V can be defined as a conjunctive query
without self-joins.
2
Note that given a problem input P whose query workloads Q do not have self-joins, and for any admissible
viewset V for P, rewriting any query in Q does not require self-joins of views in V.

4.2 The Problem is in NP
In this section we show that the decision version of the
view-selection problem is in NP for a single storage-limit
constraint on materialized views (see also [1]). Similarly
to Section 3, we prove the result for the oracle version
of problem inputs. At the same time, unlike the results
in Section 3, the NP results for bag semantics hold for
workloads of queries without or with self-joins.
We first establish an analog of Corollary 3.2 in Section 3:

Corollary 4.4. For any conjunctive query Q with p
relational subgoals and for any conjunctive rewriting Q0
of Q in terms of views, such that Q0 ≡b Q, the number
of views in Q0 does not exceed p.
2

Corollary 5.1. Given a conjunctive bag-set-oriented
problem input P, let V be any admissible viewset for P.
Then every view in V can be defined as a subexpression
of some query in the input workload Q.
2

This result follows immediately from the fact that for
any rewriting that is equivalent to a query under bag
semantics, the rewriting does not contain filtering views
or ”unnecessary” containment - target views, and is thus
locally minimal.

Theorem 5.1. Given a conjunctive bag-set-oriented
problem input P, the following holds. Suppose n is the
number of subgoals in the longest query in Q. Then, for
any admissible viewset V for P, every view in V can be
defined using at most n subgoals.
2

Corollary 4.5. Under bag semantics, for any problem input P = (S, Q, D, L) with any set of constraints
L, and for any admissible viewset V for P, the number
of views in V does not exceed p, where p is the total
number of relational subgoals in all the queries in the
query workload Q in P.
2

We can make a more precise statement about the
number of subgoals in view definitions for views in admissible viewsets:

Theorem 4.2. Given an oracle version of a conjunctive, bag-oriented problem input P and assuming additionally that the input set of constraints L represents
a single storage-limit, the decision version of the viewselection problem is in NP.
2
Unlike Theorem 3.3, Theorem 4.2 holds for workloads
of queries without or with self-joins.

5.

QUERIES UNDER BAG-SET SEMANTICS

Before proceeding to the main results of this section
note that filtering views are not needed under bag-set
semantics. The proof is left to the extended version of
the current paper due to space limit. In bag-semantics
case also filtering views can be used, but removing them
generally results in more efficient query evaluation.

5.1

Number of Subgoals is Bounded

In the following paragraphs, we show that under bagset semantics and for workloads of queries without or
with self-joins, each view definition in any admissible
viewset (and thus in any optimal viewset) can be defined using no more subgoals than for some query in
the workload. Furthermore, each view definition in any
admissible viewset can be defined as a subexpression of
some definition in the input query workload. One consequence of these results is that for workloads of queries
without self-joins, all view definitions in all admissible
viewsets can be defined without using self-joins. All the
results hold for problem inputs with arbitrary sets of
constraints on materialized views.
Lemma 5.1. Given a conjunctive, bag - set oriented
problem input, let V be any admissible viewset for P.
Then each view in V can be defined as a subexpression
of some query in Q.
2
Note that in Lemma 5.1, there is no requirement on
left-linear query plans or on local minimality of rewritings. In addition, all results in Section 5.1 hold for optimal viewsets in particular and follow trivially from
Lemma 5.1.

Corollary 5.2. Given a conjunctive bag-set-oriented
problem input P, let V be any view in any admissible viewset V for P. Suppose V is used in rewriting
queries Qi1 , . . . , Qik in Q; let m be the number of subgoals in the shortest definition among the definitions of
Qi1 , . . . , Qik . Then V can be defined using at most m
subgoals.
2
Corollary 5.3. Given a conjunctive bag-set - oriented problem input P, and assuming additionally that
queries in Q do not have self-joins, let V be any admissible viewset for P. Then every view in V can be defined
as a conjunctive query without self-joins.
2
It is interesting to note that for problem inputs P
whose query workloads Q do not have self-joins and for
any admissible viewset V for P, rewriting any query in
Q does not require self-joins of views in V.

5.2 The Problem is in NP
We now show that the decision version of the viewselection problem is in NP for a single storage-limit constraint on materialized views. Similarly to the previous
sections, we prove the result for the oracle version of
problem inputs. The NP results hold for workloads of
queries without or with self-joins.
Corollary 5.4. For any conjunctive query Q with p
relational subgoals and for any conjunctive locally minimal rewriting Q0 of Q in terms of views, such that
Q0 ≡bs Q, the number of views in Q0 does not exceed
p.
2
This result follows immediately from the definition of
a locally minimal rewriting that is equivalent to a query
under bag-set semantics. By definition, the rewriting
does not contain filtering views or ”unnecessary” containment - target views.
Corollary 5.5. Under bag-set semantics, for any
problem input P = (S, Q, D, L) with any set of constraints L, and for any nonredundant viewset V for P,
the number of views in V does not exceed p, where p is
the total number of relational subgoals in all the queries
in the query workload Q in P.
2
Theorem 5.2. Given an oracle version of a conjunctive bag-set-oriented problem input P, and assuming additionally that the input set of constraints L represents

a single storage-limit, the decision version of the viewselection problem is in NP. (Similarly to Theorem 4.2,
Theorem 5.2 holds for workloads of queries without or
with self-joins):
2

6.

CONCLUSIONS AND FUTURE WORK

This paper presented results on designing views to answer queries in relational databases under set, bag and
bag-set semantics. Some complexity results were also
given. On the practical side, we are currently working
on designing sound and complete algorithms for designing views under each of the three assumptions. In future
work we would like to extend this method to include, in
a systematic way, queries with arithmetic comparisons.
On a different direction, applying our results to XQuery
is also the object of future research.
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