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abstract
In this paper we consider conjunctive queries and views, and we investigate the
problem of query answering using views in the presence of dependencies and in
particular the problem of ﬁnding equivalent and maximally contained rewritings of a
query using a set of views in the presence of dependencies. We present an efﬁcient
sound and complete algorithm CoreCoverC which ﬁnds equivalent rewritings with the
minimum number of subgoals in the presence of weakly acyclic local as view tuple
generating dependencies (Cw
LAV ). We also present an efﬁcient algorithm MINICONC that
ﬁnds maximally contained rewritings (MCRs) with respect to the language of ﬁnite
unions of conjunctive queries (UCQ) of a UCQ query Q in the presence of Cw
LAV . We also
prove that an MCR of a UCQ query Q with respect to UCQ computes all the certain
answers of Q both in the absence and presence of a set of dependencies C if the chase of
Q with C terminates (and, in the case of dependencies, if such an MCR exists).
& 2009 Elsevier B.V. All rights reserved.

1. Introduction
In many data-management applications, such as information integration, data warehousing, web-site designs,
and query optimization, the problem of answering queries
using views is of special signiﬁcance. The presence of
dependencies in query answering is also very important,
because dependencies are essential for dealing with true
concept mismatch between the data of the sources. In this
paper, we investigate the problem of ﬁnding equivalent
and maximally contained rewritings of a query Q using a
set of views V under a set of dependencies C. We also show
under what conditions a maximally contained rewriting
$
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can be used to answer a query using views with the certain
answers semantics.
The problem of ﬁnding equivalent rewritings is formally
deﬁned as follows: we have a database schema R, a set of
CQ views V over schema R, a set of tgds and egds C over
schema R and a CQ query Q over schema R. The solution to
the problem is a conjunctive query Q 0 over the schema of
views V such that Q C Q 0 , i.e. for all databases D that satisfy
the constraints C : Q ðDÞ ¼ Q 0 ðVðDÞÞ. Such a conjunctive
query may not always exist, even in the absence of
dependencies and even if certain strong conditions hold
(see e.g. [5,24]). This problem is harder than the problem of
ﬁnding equivalent rewritings when no dependencies are
present, because the presence of some dependencies may
assert the equivalence of some rewritings that are otherwise not equivalent if these dependencies are missing. This
is illustrated in the following example:
Example 1. Suppose that a company has a database with
the relations DeptA ðNameÞ, DeptB ðNameÞ and StaffðName;
Tel; BTelÞ, where DeptA and DeptB store the employees that
work in Department A and Department B, respectively, and
Staff stores the employees along with their home and
business telephone numbers. Suppose we have the query
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Q ðN; TÞ : DeptA ðNÞ; DeptB ðNÞ; StaffðN; T; TÞ, that ﬁnds all
employees with their home phone numbers that work in
both departments and have listed their business number as
their home number, i.e. those that work at home. Suppose
also that we have a set V of two views: in view V1 we have
stored all employees with their home number that work
in Department A, i.e. V1 ðN; TÞ : DeptA ðNÞ; StaffðN; T; BÞ. In
the view V2 we have stored all employees with their
business number that work in department B, i.e. V2 ðN; BÞ :
DeptB ðNÞ; StaffðN; T; BÞ. Thus, in this case, there is no
equivalent rewriting of Q using V. If, however, each
employee has only one home and business number, which
is captured by the functional dependencies Name-Tel and
Name-BTel, then the following rewriting RðN; TÞ :
V1 ðN; TÞ; V2 ðN; TÞ is an equivalent rewriting of Q. To
illustrate this point, consider a database instance D that
satisﬁes the functional dependencies. If Staffðn; t; bÞ 2 D
and Staffðn; t 0 ; b0 Þ 2 D, then it must hold that t ¼ t0 and
b ¼ b0 . Thus, if ðn; tÞ 2 RðVðDÞÞ, then it must hold that
DeptA ðnÞ; DeptB ðnÞ; Staffðn; t; tÞ 2 D, which yields ðn; tÞ 2
Q ðDÞ (the other direction is symmetrical).
The problem of ﬁnding maximally contained rewritings
of a query using a set of views is another recognized open
problem (see [4]), and is formally deﬁned as follows:
we have a database schema R, a set of CQ views V over
schema R, a set of tgds and egds C over schema R and a UCQ
query Q over schema R. The solution to the problem is a
UCQ query P over the schema of views V such that: (i) P is
a contained rewriting of Q under C, (ii) if P 0 is another
contained rewriting of Q under C, then P 0 LP.
In the presence of dependencies it may be the case that
there exist only datalog maximally contained rewritings of
a query, as in the following example:
Example 2. Suppose we have a database schema that
contains one relation scheduleðAirline; Flight_no; Date; Pilot;
AircraftÞ. The set of views V contains one view VðD; P; CÞ :
scheduleðA; N; D; P; CÞ, and we have a set C ¼ fd1 ; d2 g of two
functional dependencies, where d1 : Pilot-Airline and
d2 : Aircraft-Airline. If we write the previous functional
dependencies as egds we have that: d1 : scheduleðA; N; D;
P; CÞ4scheduleðA0 ; N 0 ; D0 ; P; C 0 Þ-A ¼ A0 and d2 : schedule
ðA; N; D; P; CÞ4scheduleðA0 ; N0 ; D0 ; P 0 ; CÞ-A ¼ A0 . We consider
the following query:
Q ðPÞ : scheduleðA; N; D; mike; CÞ;scheduleðA; N 0 ; D0 ; P; C 0 Þ
For each n 2 N, the following query Qn is a contained CQ
rewriting of Q:
Qn ðPÞ : VðD1 ; mike; C1 Þ; VðD2 ; P2 ; C1 Þ;
VðD3 ; P2 ; C2 Þ; VðD4 ; P3 ; C2 Þ;
VðD5 ; P3 ; C3 Þ; VðD6 ; P4 ; C3 Þ; . . . ;
VðD2n2 ; Pn ; Cn1 Þ;
VðD2n1 ; Pn ; Cn Þ; VðD2n ; P; Cn Þ
However, Qn is not an equivalent rewriting for all n 2 N.
To see this, consider the following database instance
D: D ¼ fscheduleða1 ; n1 ; d1 ; mike; c1 Þ; scheduleða2 ; n2 ; d2 ; p2 ;
c1 Þ; scheduleða2 ; n2 ; d3 ; p2 ; c2 Þ; scheduleða3 ; n3 ; d4 ; p3 ; c2 Þ; . . . ;
scheduleða2n2 ; n2n2 ; d2n2 ; pn ; cn1 Þ; scheduleða2n1 ; n2n1 ;

d2n1 ; pn ; cn Þ; scheduleða2n ; n2n ; d2n ; p; cn Þ; scheduleða2nþ1 ;
n2nþ1 ; d2nþ1 ; p; cnþ1 Þ; scheduleða2nþ2 ; n2nþ2 ; d2nþ2 ; pnþ1 ; cnþ1 Þg
In order for D to satisfy the dependencies C, it must hold
that a1 ¼ a2 ¼    ¼ a2nþ2 , which means that all the pilots
fmike; p2 ; . . . ; p; pnþ1 g work for the same airline, and thus
Q ðDÞ ¼ fmike; p2 ; . . . ; pnþ1 ; pg. We also have that VðDÞ ¼
fvðd1 ; mike; c1 Þ; vðd2 ; p2 ; c1 Þ; . . . ; vðd2nþ2 ; pnþ1 ; cnþ1 Þg.
Since the number of subgoals of Qn is n and the
ﬁrst subgoal of Qn must always be assigned to the
= Qn ðDÞ
fact scheduleða1 ; n1 ; d1 ; mike; c1 Þ, we have that pnþ12
(and to be precise, Qn ðDÞ ¼ fmike; p2 ; . . . ; pn ; pg). Thus,
! Q ðDÞ. In this example, there is a Datalog MCR of Q,
Qn ðDÞD
which is the following:
relevantPilotðmikeÞ
relevantAirCraftðCÞ : VðD; mike; CÞ
relevantAirCraftðCÞ : VðD; P; CÞ; relevantPilotðPÞ
relevantPilotðPÞ : relevantPilotðP1 Þ;
relevantAirCraftðCÞ; vðD1 ; P1 ; CÞ; vðD2 ; P; CÞ
In Section 5.2, we will show that there is no maximally
contained rewriting of Q with respect to the language of
unions of conjunctive queries.
Our contributions are the following:

 We propose an efﬁcient algorithm that ﬁnds equivalent





rewritings with the minimum number of subgoals in
the presence of a class of dependencies known as
weakly acyclic LAV tgds (Section 4). Then, we extend
this algorithm to apply on a larger class of dependencies. We do that by identifying an important property
used for optimization in a number of query rewriting
algorithms in the literature.
We propose an efﬁcient algorithm that ﬁnds maximally
contained rewritings of a UCQ query Q with respect
to UCQ in the presence of weakly acyclic LAV tgds
(Section 5.1).
We show that in the absence of dependencies, a
maximally contained rewriting of a UCQ query Q with
respect to UCQ always exists and computes the certain
answers of the query over a view instance. In the
presence of a set of dependencies C such that the chase
of Q with C always terminates, we prove that a maximally
contained rewriting of a UCQ query Q with respect to
UCQ computes the certain answers of the query over a
view instance, if such and MCR exists (Section 5.2).

2. Related work
The problem of ﬁnding equivalent rewritings in the
presence of dependencies was studied in [25,15], where an
algorithm called Chase & BackChase is presented. This
algorithm works in two phases: in the ﬁrst phase (chase
phase) the original query Q is chased using all the
applicable dependencies (until no more chase steps are
possible) into a new query U that is called a universal plan.
The universal plan essentially incorporates all possible
alternative ways to answer Q in the presence of the
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dependencies, i.e. all rewritings of the Q will be subqueries
of the universal plan. In the second phase (backchase step)
all the available subqueries of U are checked for equivalence with Q by chasing them with the dependencies, and
those that are found to be equivalent and have the
minimum number of subgoals are returned as the answer.
This step is called ‘‘backchase’’, because the chase
sequences of the subqueries of U go ‘‘backwards’’ toward
the query U. This algorithm considers all combinations of
views for candidate rewritings. In [7,8], the number of such
combinations is signiﬁcantly reduced by sophisticated
techniques and in particular the notion of the tuple-core
is introduced. In this paper, we use these techniques to
obtain an efﬁcient algorithm for ﬁnding equivalent rewritings in the presence of weakly acyclic local as view tuple
generating dependencies.
In [18], the notion of tuple-core has been extended to
tuple-coverage, where the authors search for a minimal cover
(instead of maximal) of the query’s subgoals when using
view tuples to ﬁnd equivalent rewritings of a conjunctive
query using CQ views. In addition, in this paper tuplecoverage is also extended for ﬁnding equivalent rewritings
for conjunctive queries with aggregates using views that are
also conjunctive queries with aggregates.
Algorithms that ﬁnd maximally contained rewritings for
various cases of queries and views which are conjunctive
queries with or without arithmetic comparisons, are
presented in [26,23,6]. The problem of ﬁnding maximally
contained rewritings in the presence of functional dependencies or full dependencies is studied in [16], and the
inverse rules algorithm is modiﬁed to produce rewritings.
The algorithm starts by creating the datalog program as in
the case where no dependencies are present, and then
some additional rules are added which simulate chasing
the query with a dependency. In the paper it is noted that
this extension to the inverse rules algorithm will not work
with inclusion dependencies that are not full, because the
introduced existential variables may create new Skolem
terms in a recursive way, and so semi-naive evaluation on
the resulting datalog program may not terminate.
In [21], an algorithm is presented that ﬁnds maximally
contained rewritings under a special class of dependencies
called conjunctive inclusion dependencies, which are
essentially GLAV mappings that are viewed as dependencies. This algorithm is sound but not complete and can be
seen as an extension of the inverse rules algorithm in [16].
In [12], the authors deal with the problem of creating
maximally contained rewritings in global-as-view data
integration systems in the presence of inclusion dependencies and key constraints. They ﬁrst show that the
problem is undecidable in the general case and in the case
where inclusion dependencies are present together with
key constraints. Then, they present a sound and complete
algorithm for the case of inclusion dependencies, and
the case of key constraints together with a subclass of
inclusion dependencies which they call ‘‘non-key conﬂicting inclusion dependencies’’. The main idea of the algorithm was then extended in [11] to GLAV data integration
systems in the presence of tuple generating dependencies.
Additional work on related problems includes the
following: In [9], the problem of ﬁnding contained rewritings
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in the presence of inclusion dependencies was studied,
where the MiniCon algorithm is modiﬁed. The resulting
algorithm ﬁrst chases the query and the views with the
dependencies and then applies MiniCon properly modiﬁed
to utilize the new view and query subgoals. Another
algorithm that ﬁnds equivalent rewritings under a set of
inclusion dependencies is found in [19]. This algorithm
ﬁrst undoes all the chase steps that may have been applied
in the query, and then for each atom in the query it tries
to ﬁnd equivalent replacement atoms by using the set of
inclusion dependencies. An extension to this algorithm is
also presented that ﬁnds all contained rewritings.

3. Preliminaries
A conjunctive query or CQ [2,28] over a schema R is
x; ~
y Þ, where fð~
x; ~
y Þ is
an expression of the form Q ð~
x Þ : fð~
a conjunction of atomic formulas that are also called
subgoals of the query. The dependencies we will deal
within this paper are called tuple generating dependencies
and equality generating dependencies and are deﬁned
below:
Deﬁnition 1. A tuple generating dependency (tgd) is a
x Þ-(~
y cð~
x; ~
y ÞÞ, and an
logic formula of the form 8~
x ðfð~
equality generating dependency (egd) is a logic formula
x Þ-x1 ¼ x2 Þ. In both tgds and egds, fð~
xÞ
of the form 8~
x ðfð~
x; ~
y Þ are conjunctions of atomic formulas over R, all
and cð~
x Þ and x1 ; x2 must
of the variables in ~
x must appear in fð~
appear in ~
x.
We now give the deﬁnition of a weakly acyclic set of tgds
that will be used in the paper:
Deﬁnition 2 (Fagin [17]). Let C be a set of tgds over a ﬁxed
schema. Construct a directed graph, called the dependency
graph, as follows:
1. There is a node for every pair ðR; AÞ with R a relation
symbol of the schema and A an attribute of R and call
such pair ðR; AÞ a position.
2. Add edges as follows: for every tgd fð~
x Þ-(~
y cð~
x; ~
y Þ in C
and for every x in ~
x that occurs in ~
y:
 For every occurrence of x in f in position ðR; Ai Þ:
(a) for every occurrence of x in c in position ðS; Bj Þ,
add an edge ðR; Ai Þ-ðS; Bj Þ (if it does not already
exist);
(b) in addition, for every existentially quantiﬁed
variable y and for every occurrence of y in c in
position ðT; Ck Þ, add a special edge ðR; Ai Þ-ðT; Ck Þ
(if it does not already exist).
Note that there may be two edges in the same direction
between two nodes, if exactly one of the two edges is
special. Then C is weakly acyclic if the dependency graph
has no cycle going through a special edge.
We also give the deﬁnition of full dependencies that are
used in the inverse rules algorithm [16]:
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Deﬁnition 3. A full dependency is a ﬁrst order formula of
x Þ-cð~
y ÞÞ, where fð~
x Þ is a conjunction of
the form 8~
x ðfð~
y Þ is either a
relations and equality atoms with variables ~
x , cð~
single relation of an equality atom with variables ~
y , and ~
y D~
x,
i.e. all variables that appear in ~
y must also appear in ~
x.
Let C be a set of constraints (tdgs and egds), and Q1 , Q2 be
two conjunctive queries. We say that Q1 is contained in Q2
under the constraints C and we write Q1 LC Q2 , if for all
databases D that satisfy C we have that Q1 ðDÞDQ2 ðDÞ. If V is
a set of CQ views, an equivalent CQ rewriting of Q using V
in the presence of C under the closed world assumption
(CWA) is a CQ query R that has the same head variables
with Q, its body consists only of views from V and for all
databases D that satisfy C: RðVðDÞÞ ¼ Q ðDÞ.
Suppose that Q is a query in the language of unions of
conjunctive queries (UCQ) and V is a set of CQ views. A UCQ
query R that uses only views from V is a contained
rewriting of Q using V if for all view instances I and for all
databases D such that I DVðDÞ we have that PðI ÞDQ ðDÞ.
If L is a query language, a maximally contained
rewriting (MCR) P of Q with respect to L using V in the
presence of C under the open world assumption (OWA) is
an L-query that uses only views from V and for all
databases D and for any view instance I such that I DVðDÞ
and D satisﬁes the constraints C we have that P is a
contained rewriting of Q, and if there is another L-query P 0
such that P 0 is a contained rewriting of Q, then P 0 LP.
Let R be a CQ rewriting of a CQ query Q using CQ views
from V. The expansion of R is denoted by Rexp and is
obtained from R by replacing all the views in the body of R
by their corresponding base relations in their view
deﬁnitions, such that the existentially quantiﬁed variables
in each view are replaced by fresh variables in Rexp .
We deﬁne the certain answers of (Q ; I ) with respect to
T
V as follows: under CWA, certainðQ ; I Þ ¼ fQ ðDÞ : D such
T
that I ¼ VðDÞg, and under OWA, certainðQ ; I Þ ¼ fQ ðDÞ : D
such that I DVðDÞg (in the presence of constraints C, we
also require that all databases D used for certain ðQ ; I Þ
satisfy C).
We next give the deﬁnition of evaluating a query on a
database instance.
Deﬁnition 4. Let D be an instance and Q a CQ. We say that
t 2 Q ðDÞ (i.e. tuple t belongs to the answers of Q when
applied to D) when there exists a homomorphism h :
VarðQ Þ-ConstðDÞ such that the following three hold:
1. h maps all the variables of Q to constants in D and all
constants of Q to the same constants in D.
2. If Ri ðy1 ; . . . ; yn Þ 2 BodyðQ Þ then Ri ðhðy1 Þ; . . . ; hðyn ÞÞ is a
fact of D, i.e. Ri ðhðy1 Þ; . . . ; hðyn ÞÞ 2 D.
3. If HeadðQ Þ ¼ ðx1 ; . . . ; xk Þ, then t ¼ ðhðx1 Þ; . . . ; hðxk ÞÞ.
The chase procedure is used in this paper and is deﬁned
below:

extension of h to a homomorphism h0 from fð~
x Þ4cð~
x; ~
yÞ
to B. We say then that d can be applied to Q with
homomorphism h, and we construct B0 as follows:
deﬁne B0 to be the union of B with a set of facts obtained
by taking the atoms of c and substituting all variables x
with hðxÞ and every existentially quantiﬁed variable y
(not deﬁned in h) with a fresh variable. Thus, if we
denote by ~
z the vector of fresh variables that we use for
~
y , we can write B0 ¼ B [ fcðhð~
x Þ; ~
z Þg. We then form a
conjunctive query Q 0 that has the same head variables
as Q and the predicates in the body of Q 0 are exactly the
elements of the setB0 . We say that the result of applying
d;h

d;h

d to Q with h is Q 0 , and we write B!B0 and Q !Q 0 .
 Suppose that d be an egd fð~
x Þ-ðx1 ¼ x2 Þ. Let h be a
x Þ to B such that hðx1 Þahðx2 Þ.
homomorphism from fð~
We say that d can be applied to Q with homomorphism
h, and we construct B0 as follows: deﬁne B0 to be the set
that is produced from the elements of B in the following
manner: take each subgoal of B, replace each occurrence of the variable hðx2 Þ with hðx1 Þ, and add the
resulting subgoal to the set B0 (i.e. B0 ¼ yðBÞ, where y is
deﬁned as the identity function on all variables except
x2 , and yðx2 Þ ¼ x1 ). We then form a conjunctive query
Q 0 , where the head of Q 0 is deﬁned as HeadðQ 0 Þ ¼
yðHeadðQ ÞÞ, and the predicates in the body of Q 0 are
exactly the elements of the set B0 . We say that the
result of applying d to Q with h is Q 0 , and we write
d;h

d;h

B!B0 and Q !Q 0 .
Deﬁnition 6 (Chase). Let C be a set of tgds and egds and let
Q be a conjunctive query.

 A chase sequence of Q with C is a ﬁnite or inﬁnite
di ;hi



sequence of chase steps Qi - Qiþ1 , with i ¼ 0; 1; . . . ;
Q0 ¼ Q and di a dependency in C.
A ﬁnite chase of Q with C is a ﬁnite chase sequence
di ;hi

Qi - Qiþ1 , 0rirn, such that there is no dependency dj 2
C and there is no homomorphism hj such that dj can be
applied to Qn . We say that Qn is the result of the ﬁnite
C

chase and we write Q -Qn .
The following proposition that uses properties of the
chase step ﬁrst appeared in [10] and will be used in some
of the proofs:
Proposition 1. If the chase of a conjunctive query Q with a
set of constraints C terminates and QC is the chased query,
then for all databases D that satisfy the constraints C,
Q ðDÞDQC ðDÞ, i.e. Q LC QC .

Deﬁnition 5 (Chase step). Let Q be a conjunctive query and
B be the set of all predicate atoms in the body of Q.

Proof. Let D be a database that satisﬁes the constraints C.
Suppose that the chase of Q with C terminates after n steps
and that the chase sequence is Q ¼ Q1 ; Q2 ; . . . ; Qn ¼ QC ,

 Suppose that d is a tgd fð~
x Þ-(~
y cð~
x; ~
y Þ. Let h be a
x Þ to B such that there is no
homomorphism from fð~

where Qi !Qiþ1 for di 2 C. We will show that if there exists
a homomorphism hi : VarðQi Þ-ConstðDÞ that computes an
answer t of query Q in database D, then there exists a

di ;gi
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homomorphism hiþ1 : VarðQiþ1 Þ-ConstðDÞ that computes
the same answer t of Qiþ1 in D.
Let t 2 Qi ðDÞ. By Deﬁnition 4 there exists a homomorphism hti : VarðQi Þ-ConstðDÞ such that:
1. hti maps all the variables of Qi to constants in D.
2. If Rj ðy~j Þ 2 BodyðQi Þ then Ri ðhti ðy~j ÞÞ is a fact of D.
3. If HeadðQi Þ ¼ ðx1 ; . . . ; xk Þ, then t ¼ ðhti ðx1 Þ; . . . ; hti ðxk ÞÞ.
d;gi

Suppose that Qi !Qiþ1 with d 2 C. We consider the
following two cases:

1. d is a tgd fð~
x Þ-(~
y cð~
x; ~
y Þ. We denote the set of subgoals
in the body of Qi by BQi . By Deﬁnition 5 of the chase
x Þ-BQi . Thus,
step, there is a homomorphism gi : fð~
x Þ-D is also a homomorphism, and because D
hti Jgi : fð~
satisﬁes d, hti Jgi can be extended to a homomorphism
h0 : fð~
x Þ4cð~
x; ~
y Þ-D, such that h0 ð~
x Þ ¼ hti ðhð~
x ÞÞ. For each
~
variable y in y ,we denote by zy the fresh variable that
d;gi

replaces y in the chase step Qi !Qiþ1 .
We deﬁne htiþ1 : Qiþ1 -D, where htiþ1 ðxÞ ¼ hti ðxÞ if x is
among the variables of BQi , and htiþ1 ðzy Þ ¼ h0 ðyÞ for y in ~
y.
We will show that htiþ1 is a homomorphism.
(a) Let x be a variable of Qiþ1 . If x is among the variables
of Qi , then x is among the variables of BQi and
htiþ1 ðxÞ ¼ hti ðxÞ. But hti ðxÞ 2 ConstðDÞ, so htiþ1 ðxÞ 2
ConstðDÞ. If x does not appear in Qi , then x appears
in z~y and we have that htiþ1 ðxÞ ¼ h0 ðx0 Þ for an
appropriate x0 . From the deﬁnition of h0 , we have
that h0 ðx0 Þ is a constant in D, so htiþ1 ðxÞ is also a
constant in D. Thus, htiþ1 maps all variables of Qiþ1 to
constants in D.
(b) Let Rj0 ðy~j Þ 2 BodyðQiþ1 Þ. Then either Rj0 ðy~j Þ 2 BodyðQi Þ
or Rj0 ðy~j Þ is an atom in the conjunction c. If
Rj0 ðy~j Þ 2 BodyðQi Þ, then y~j are among the variables
of Qi , so Rj0 ðhtiþ1 ðy~j ÞÞ ¼ Rj0 ðhti ðy~j ÞÞ. But hti is a homomorphism, so Rj0 ðhti ðy~j ÞÞ is a fact of D, hence
Rj0 ðhtiþ1 ðy~j ÞÞ is also a fact of D. If Rj0 ðy~j Þ is an atom
in the conjunction c, then it will have the form
Tðx~0 ; y~0 Þ, where x~0 are among the variables of Qi and
htiþ1 ðx~0 Þ ¼ hti ðx~0 Þ, and y~0 appears in z~y , so htiþ1 ðy~0 Þ ¼
h0 ðy~1 Þ for an appropriate y~1 . Using the previously
x Þ.
deﬁned homomorphism h, we can write x~0 ¼ hð~
We have that Tðhtiþ1 ðx~0 Þ; htiþ1 ðy~0 ÞÞ ¼ Tðhti ðx~0 Þ;
h0 ðy~1 ÞÞ ¼ Tðhti ðhð~
x ÞÞ; h0 ðy~1 ÞÞ. But x appears in fðxÞ, so
hti ðhð~
x ÞÞ ¼ h0 ð~
x Þ and we have that Tðhti ðhð~
x ÞÞ; h0 ðy~1 ÞÞ ¼
Tðh0 ð~
x Þ; h0 ðy~1 ÞÞ. Since h0 : fð~
x Þ4cð~
x; ~
y Þ-D is a homox Þ; h0 ðy~1 ÞÞ is a fact of D, hence
morphism, Tðh0 ð~
t
t
Tðhiþ1 ðx~0 Þ; hiþ1 ðy~0 ÞÞ is also a fact of D. Thus, htiþ1
makes each subgoal of Qiþ1 a fact of D.
By the construction of Qiþ1 , Qi and Qiþ1 have the same
head variables, so the following hold for the answer
of t 0 2 Qiþ1 ðDÞ computed by htiþ1 : t0 ¼ ðhtiþ1 ðx1 Þ; . . . ;
htiþ1 ðxk ÞÞ ¼ ðhti ðx1 Þ; . . . ; hti ðxk ÞÞ ¼ t. Hence, t 2 Qiþ1 ðDÞ.
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2. d is an egd fð~
x Þ-ðx1 ¼ x2 Þ. As in the previous case, by
Deﬁnition 5 of the chase step, there is a homomorphism
x Þ-BQi and we have that hti Jgi : fð~
x Þ-D is a
gi : fð~
homomorphism. Because the database D satisﬁes the
egd d, we have that hti ðx1 Þ ¼ hti ðx2 Þ. We deﬁne htiþ1 :
Qiþ1 -D where htiþ1 ðxÞ ¼ hti ðxÞ. Let Rj ðy~j Þ 2 BodyðQiþ1 Þ
and Rj ðy~j0 Þ 2 BodyðQi Þ the corresponding subgoal of Qi
that produced it during the chase step. If x2 does not
appear in the variables of Rj ðy~j0 Þ, then Rj ðhtiþ1 y~j Þ ¼
Rj ðht ðy~j0 ÞÞ and thus Rj ðht y~j Þ is a fact of D. If x2 appears
i

iþ1

in the variables of Rj ðy~j0 Þ, then, since hti ðx1 Þ ¼ hti ðx2 Þ, we
have that Rj ðhtiþ1 y~j Þ ¼ Rj ðhti ðy~j0 ÞÞ and thus Rj ðhtiþ1 y~j Þ is a
fact of D. Hence htiþ1 is a homomorphism and
t 2 Qiþ1 ðDÞ.
Thus, Qi ðDÞDQiþ1 ðDÞ for i ¼ 1; . . . ; n  1, so for all databases
D that satisfy the constraints C : Q ðDÞDQC ðDÞ. &
Corollary 1. If the chase of a conjunctive query Q with a set
of constraints C terminates and QC is the chased query, then
Q C QC , i.e. for all databases D that satisfy C: Q ðDÞ ¼ QC ðDÞ.
Proof. From Proposition 1 we have that for all databases D
that satisfy C: Q ðDÞDQC ðDÞ, and also trivially QC ðDÞDQ ðDÞ.
Hence, Q C QC . &
In the rest of the paper we assume that UCQ is the
language of ﬁnite union of conjunctive queries, V is a set of
views in the language of CQs and I is a view instance for V.
Let Q be a CQ, V a set of views and C a set of tgds and egds
such that the chase sequence of Q with C always
C
terminates. If Q -QC , then the canonical database DQ0 of
QC is obtained by turning each subgoal into a fact by
replacing each variable in the body by a distinct constant,
and treating the resulting subgoals as the only tuples in
DQ0 . The set of chased view tuples T ðQ ; V; CÞ is obtained
by taking all the resulting tuples from VðDQ0 Þ (i.e. the
application of the view deﬁnitions V on DQ0 ) and restoring
each introduced constant back to the original variable
of QC .
4. Certain answers in the presence of dependencies under
the CWA
In order to compute the certain answers (both in the
presence and absence of dependencies) under the closed
world assumption, all we need is an equivalent rewriting of
the query as the following proposition shows:
Proposition 2. For a UCQ query Q and views V, an
equivalent rewriting of Q using V computes all the certain
answers under the Closed World Assumption, both in the
presence and absence of dependencies.
Proof. Let Q be a conjunctive query, V a set of views, C a set
of dependencies and I a view instance. Suppose now that R
is an equivalent rewriting of Q using V in the presence of C.
Then, for all databases D that satisfy C we have that
RðVðDÞÞ ¼ Q ðDÞ. The following hold: t 2 certainðQ ; I Þ 38D
such that I ¼ VðDÞ and DFC : t 2 Q ðDÞ 38D such that I ¼
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VðDÞ and DFC : t 2 RðVðDÞÞ 38D such that I ¼ VðDÞ and
DFC : t 2 RðI Þ. Thus, RðI Þ ¼ certainðQ ; I Þ. &

under the closed world assumption. The Naive algorithm
works as follows:

In this section, we deal with the problem of ﬁnding
equivalent CQ rewritings in the presence of dependencies.
We focus on ﬁnding CQ rewritings such that the number of
subgoals they have is minimal, since these rewritings will
have fewer number of joins and thus if we use them to
compute the certain answers we will be able to do it
efﬁciently. The only known efﬁcient algorithm for ﬁnding
equivalent rewritings in the presence of dependencies with
the minimal number of subgoals is [15]. It has been proved
in the literature that in many cases, the shared variable
property (Deﬁnition 9) speeds up signiﬁcantly the process
of creating such a minimal rewriting, by reducing the
search space (for example in Minicon [26], CoreCover [7]
and the Shared Variable Bucket algorithm [23]). In this
section, we propose a novel algorithm CoreCoverC that
uses the shared variable property to ﬁnd equivalent CQ
rewritings in the presence of dependencies. Before presenting CoreCoverC, it is good to have in mind a naive
algorithm so that some of the techniques we use will be
more clearly described in the simple case, i.e. in the case
without optimization concerns. The naive algorithm ﬁnds
an equivalent rewriting of Q under C, such that R is a
conjunctive query. As it is shown in [5,24], such a rewriting
may not always exist in the language of CQs, but may exist
in a more expressive query language. We now give such an
example:

1. Chase query Q with C and create QC . Compute the
canonical database DQ0 of QC and the set T ðQ ; V; CÞ of
chased view tuples.
2. Create rewriting R by joining all view tuples in T ðQ ; V; CÞ.
3. Compute the expansion Rexp of R and chase Rexp with C to
exp
create Rexp
C . Check whether RC LQ . If yes, then R is an
equivalent rewriting, or else there is no conjunctive query
that is an equivalent rewriting under C.

Example 3. Suppose that C ¼ |, and that we have the
following query:
Q ðX; YÞ : aðX; Z1 Þ; aðZ1 ; Z2 Þ; aðZ2 ; Z3 Þ;aðZ3 ; Z4 Þ; aðZ4 ; YÞ
and the following two views:
V3 ðX; YÞ : aðX; Z1 Þ; aðZ1 ; Z2 Þ; aðZ2 ; YÞ
V4 ðX; YÞ : aðX; Z1 Þ; aðZ1 ; Z2 Þ; aðZ2 ; Z3 Þ;aðZ3 ; YÞ
Then, the naive algorithm will ﬁrst create the CQ rewriting

Example 4. To demonstrate the algorithm we give the
following example: suppose the database schema R
consists of the binary relations a; b; c; d; e, the set C consists
of the tgd d : bðx; yÞ4cðy; zÞ-eðx; zÞ, and the set V consists
of two views fV1 ; V2 g, where V1 ðz; yÞ : aðz; xÞ; bðx; yÞ
and V2 ðy; wÞ : cðy; zÞ; dðz; wÞ. We are given the query
Q ðyÞ : aðz; xÞ; bðx; yÞ; cðy; zÞ; dðz; wÞ; eðx; zÞ. In this case, QC is
the same as Q, the canonical database is DQ0 ¼ faðcz ; cx Þ,
bðcx ; cy Þ, cðcy ; cz Þ, dðcz ; cw Þ, eðcx ; cz Þg and the set of view tuples
is T ðQ ; V; CÞ ¼ fv1 ðcz ; cy Þ, v2 ðcy ; cw Þg. Thus, the algorithm
will create the rewriting RðyÞ : V1 ðz; yÞ; V2 ðy; wÞ.
Note that Rexp ðDÞ will not always be contained in Q ðDÞ for
databases that do not satisfy the constraints C. To see this,
consider the database D ¼ fað1; 2Þ, bð2; 3Þ, cð3; 4Þ, dð4; 5Þg.
Then DjC since eð2; 4Þ=
2D. Thus, Rexp ðDÞ ¼ f3g and Q ðDÞ ¼ |,
so clearly Rexp ðDÞJQ ðDÞ.
We will now prove the correctness of the naive
algorithm, but ﬁrst we need a slightly different deﬁnition
of the chased tuple core:
Deﬁnition 7. Let tv be a view tuple of a view V for a query
Q. A tuple-core of tv is a maximal collection G of subgoals
in the query Q such that there is a containment mapping m
from ðtvexp Þ0 of tv to G, and m has the same properties as in
Deﬁnition 10.

RðX; YÞ : V3 ðX; Z3 Þ; V3 ðZ1 ; Z4 Þ; V3 ðZ2 ; YÞ;V4 ðX; Z4 Þ; V4 ðZ1 ; YÞ
If we compute the expansion of R we will get
Rexp ðX; YÞ : aðX; Z10 Þ; aðZ10 ; Z20 Þ;aðZ20 ; Z3 Þ;
aðZ1 ; Z200 Þ; aðZ200 ; Z30 Þ; aðZ30 ; Z4 Þ;
aðZ2 ; Z300 Þ; aðZ300 ; Z40 Þ; aðZ40 ; YÞ;
000
000
000
aðX; Z100 Þ;aðZ100 ; Z2 Þ; aðZ2 ; Z3 Þ;
000

0000

0000

0000

aðZ3 ; Z4 Þ; aðZ1 ; Z2 Þ;aðZ2 ; Z3 Þ;
0000

aðZ3 ; Z400 Þ; aðZ400 ; YÞ
and it is easy to see that there is no containment mapping
m : Q -Rexp , i.e. Rexp
/ Q . Thus, there is no equivalent
C L
rewriting that is a conjunctive query. However,
the following ﬁrst-order query is an equivalent rewriting
of Q using V3 ; V4 : fðX; YÞ : (Z½P4 ðX; ZÞ48WðP3 ðW; ZÞP4 ðW; YÞÞ.
4.1. Naive algorithm
We present a naive algorithm (which is a slight variant
of the algorithm in [15]) for ﬁnding equivalent rewritings
in the presence of a set of weakly acyclic dependencies C

Theorem 1. Let Q be a conjunctive query, C a set of weakly
acyclic dependencies and V a set of CQ views. The rewriting R
that is computed from the Naive algorithm is a CQ equivalent
rewriting of Q using V under constraints C.
Proof. We need to show that for all databases D that
satisfy the constraints C the following hold: RðVðDÞÞDQ ðDÞ
and Q ðDÞDRðVðDÞÞ
 RðVðDÞÞDQ ðDÞ.
We will prove the above in three steps:
1. We will ﬁrst show that RðVðDÞÞDRexp ðDÞ.
2. Then, from Proposition 1 we have that
Rexp ðDÞDC Rexp
C ðDÞ.
3. Finally, from our hypothesis we have that Rexp
C LQ .
We now prove that RðVðDÞÞDRexp ðDÞ. Note that for this
to hold D does not need to satisfy the constraints.
Suppose that V ¼ fV1 ; V2 ; . . . ; Vn g and let t0 2 RðVðDÞÞ.
Then there exists a homomorphism h1 : VarðRÞConstðVðDÞÞ that satisﬁes the following conditions:
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3 h1 maps all the variables of R to constants in VðDÞ.
0
0
Þ 2 BodyðRÞ, then Vj ðh1 ðz10 Þ; . . . ; h1 ðzm
ÞÞ
3 If Vj ðz10 ; . . . ; zm
2 VðDÞ.
3 If HeadðRÞ ¼ ðx10 ; . . . ; xk0 Þ, then t0 ¼ ðh1 ðx10 Þ; . . . ;
h1 ðxk0 ÞÞ.
0
ÞÞ 2 VðDÞ, then there is
If a tuple t ¼ Vj ðh1 ðz10 Þ; . . . ; h1 ðzm
a homomorphism htj : VarðVj Þ-ConstðDÞ with the following properties:
3 hti maps all the variables of Vi to constants in D.
then
Pj ðhti ðz1 Þ; . . . ;
3 If
Pj ðz1 ; . . . ; zm Þ 2 BodyðVi Þ,
hti ðzm ÞÞ 2 D.
3 If HeadðVj Þ ¼ ðx1 ; . . . ; xk Þ, then t ¼ ðhti ðx1 Þ; . . . ; hti ðxk ÞÞ.

Note that if variable x appears in the head of Vj , then
0
Þ, then
htj ðxÞ ¼ h1 ðxÞ, because if HeadðVj Þ ¼ ðz10 ; . . . ; zm
by the deﬁnitions of h1 and htj we have that
0
0
ÞÞ ¼ Vj ðhtj ðz10 Þ; . . . ; htj ðzm
ÞÞ.
Vj ðh1 ðz10 Þ; . . . ; h1 ðzm
We extend all homomorphisms ht1 ; . . . ; htn to a
mapping h : VarðRexp Þ-ConstðDÞ, such that the restriction of h to the domain of the subgoals of Vj is htj . We
now show that h is well-deﬁned, which means that
there is no variable x of Rexp such that for some
1riojrn : hti ðxÞahtj ðxÞ. We consider the following two
cases:
1. x is a non-distinguished variable: In this case, hti ðxÞ
can only be deﬁned in one of the homomorphisms
hti , because when we produce the expansion Rexp we
use fresh variables for the non-distinguished variables in the deﬁnitions of the views.
2. x is a distinguished variable: Let hti ðxÞ be deﬁned in
the homomorphisms hti1 ; . . . ; htik . Because x is distinguished, it must appear in all the heads of the views
Vi1 ; . . . ; Vik . But we have already noted that if variable
x appears in the head of Vj , then htj ðxÞ ¼ h1 ðxÞ, so
hti1 ðxÞ ¼    ¼ htik ðxÞ ¼ h1 ðxÞ.
Hence, because each htj : VarðVj Þ-ConstðDÞ is a homomorphism, h : VarðRexp Þ-ConstðDÞ is also a homomorphism. Since R and Rexp have the same head
variables ðx10 ; . . . ; xk0 Þ and h is a homomorphism,
we have that ðhðx10 Þ; :::; hðxk0 ÞÞ 2 Rexp ðDÞ. But every xi0 is
a distinguished variable and h is an extension
of the homomorphisms ht1 ; . . . ; htn , so hðxÞ ¼ h1 ðxÞ.
Thus, ðhðx10 Þ; . . . ; hðxk0 ÞÞ ¼ ðh1 ðx10 Þ; . . . ; h1 ðxk0 ÞÞ ¼ t0 and
t0 2 Rexp ðDÞ. Hence, RðVðDÞÞDRexp ðDÞ.
 Q ðDÞDRðVðDÞÞ.
We will prove the above in three steps, and we give
an outline of the proof:
1. Using Proposition 1 we have that for all databases
D that satisfy the constraints C : Q ðDÞDC QC ðDÞ.
2. Then we prove that for all databases D :
QC ðDÞDRexp ðDÞ. To do this, we will use the
mappings from the expansion of each view tuple
tv to the BodyðQC Þ. We have these mappings from
the deﬁnition of the view tuples and they are
one-to-one, so we compose all of them into one
mapping that is from the body of Rexp to QC ,
which gives us that for all databases D,
QC ðDÞDRexp ðDÞ.

155

3. Finally, we prove for all databases D :
Rexp ðDÞDRðVðDÞÞ. The idea is to take the homomorphism h : VarðRexp Þ-ConstðDÞ that computes
an answer t 2 Rexp ðDÞ and restrict it to the variables
of R, in order to create a homomorphism h0 :
VarðRÞ-ConstðVðDÞ that will compute the same
answer t 2 RðVðDÞÞ, and thus Rexp ðDÞDRðVðDÞÞ. This
needs one extra step, which is to unify the subgoals
of the body of Rexp that appear in the body of a view
deﬁnition Vi with the subgoals in the body of the
view deﬁnition Vi , since the variables in the two
deﬁnitions need not be the same.
We will now show that for all databases D :
QC ðDÞDRexp ðDÞ. For each view tuple tv 2 T ðQ ; V; CÞ there
exists a maximal collection Gv of subgoals in the query
QC , such that there is a containment mapping mtv from
the expansion tvexp to Gv and mtv has the properties of
Deﬁnition 7. We extend all those mappings mtv to a
mapping h : Rexp -QC . We now show that h is welldeﬁned, i.e. there is no variable X of Rexp such that for
some tv ; tv0 2 T ðQ ; V; CÞ; tv atv0 : mtv ðXÞamtv0 ðXÞ. We consider the following two cases:
3 X is a distinguished variable: from property ð2Þ
of Deﬁnition 7, we have that 8tv 2 T ðQ ; V; CÞ :
mtv ðXÞ ¼ X, thus there cannot exist tv ; tv0 2
T ðQ ; V; CÞ; tv atv0 such that mtv ðXÞamt0v ðXÞ.
3 X is a non-distinguished variable: from property ð3Þ
of Deﬁnition 7,we have that X will only be deﬁned at
one of the containment mappings mtv where
tv 2 T ðQ ; V; CÞ, thus there cannot exist tv ; tv0 2
T ðQ ; V; CÞ; tv atv0 such that mtv ðXÞamt0v ðXÞ.
Hence, because each mtv : tvexp -Gv is a containment
mapping, Rexp and QC have the same head variables and
the body of Rexp contains exactly the expansion of every
view tuple in T ðQ ; V; CÞ, we have that h : Rexp -QC is a
containment mapping. Thus, for all databases D :
QC ðDÞDRexp ðDÞ.
To complete the proof, we will now prove that
Rexp ðDÞDRðVðDÞÞ. Suppose that t 2 Rexp ðDÞ. Then, there
is a homomorphism h : VarðRexp Þ-ConstðDÞ, such that
3 h maps all the variables of Rexp to constants in D.
3 If Pj ðz1 ; . . . ; zm Þ 2 BodyðRexp Þ, then Pj ðhðz1 Þ; . . . ; hðzm ÞÞ
is a fact of D, i.e. Pj ðhðz1 Þ; . . . ; hðzm ÞÞ 2 D.
3 If HeadðRexp Þ ¼ ðx1 ; . . . ; xk Þ, then t ¼ ðhðx1 Þ; . . . ;
hðxk ÞÞ 2 Rexp ðDÞ.
Since Rexp is the expansion of R, there is a substitution s
with the property that if Vi appears in the body of R and
Rij ðx1 ; . . . ; xk Þ is a subgoal of Vi , and if Rij ðx10 ; . . . ; xl0 Þ is the
subgoal in the body of Rexp with the same predicate
name, then s uniﬁes Rij ðx1 ; . . . ; xk Þ with Rij ðx10 ; . . . ; xk0 Þ,
i.e. Rij ðx1 ; . . . ; xk Þ ¼ sðRij ðx10 ; :::; xk0 ÞÞ. It is clear that since R
and Rexp have the same distinguished variables, if x is a
distinguished variable then sðxÞ ¼ x.
For each Vi 2 BodyðRÞ, the mapping h0 : VarðVi ÞConstðVðDÞÞ, where h0 ¼ hJs, is a homomorphism,
because from the deﬁnition of h it maps all variables
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of Vi to constants in VðDÞ, and if Rij ðx1 ; . . . ; xm Þ 2 BodyðVi Þ
then Rij ðsðx1 Þ; . . . ; sðxk ÞÞ 2 BodyðRexp Þ and from the deﬁnition of h we have that Rij ðhðsðx1 ÞÞ; . . . ; hðsðxk ÞÞÞ 2 D.
Thus, for each Vi ðy1 ; . . . ; ym Þ 2 BodyðRÞ, Vi ðhðsðy1 ÞÞ; . . . ;
hðsðym ÞÞÞ 2 VðDÞ.
We consider the mapping h00 : VarðRÞ-ConstðVðDÞÞ
which is the restriction of h0 on the variable of R, i.e.
8x 2 VarðRÞ h00 ðxÞ ¼ hðxÞ. The mapping h00 is well deﬁned
because all of the variables of R appear in Rexp , and h00
maps all the variables of R to constants in VðDÞ.
If Vi 2 BodyðRÞ, then we have that Vi ðh00 ðy1 Þ; . . . ;
h00 ðym ÞÞ 2 VðDÞ. Thus, h00 is a homomorphism, and
since HeadðRÞ ¼ HeadðRexp Þ ¼ ðx1 ; . . . ; xk Þ, we have that
ðh00 ðx1 Þ; . . . ; h00 ðxk ÞÞ 2 RðVðDÞÞ. But x1 ; . . . ; xk are distinguished variables, thus ðh00 ðx1 Þ; . . . ; h00 ðxk ÞÞ ¼ ðhðsðx1 ÞÞ;
. . . ; hðsðxk ÞÞÞ ¼ ðhðx1 Þ; . . . ; hðxk ÞÞ ¼ t, i.e. t 2 RðVðDÞÞ.
Hence Rexp DRðVðDÞÞ.
Thus, for all databases that satisfy C, we have that
RðVðDÞÞ ¼ Q ðDÞ. &
Theorem 2. Let Q be a conjunctive query, C a set of weakly
acyclic dependencies and V a set of CQ views. The Naive
algorithm is complete in the sense that if there is a conjunctive
query R that is an equivalent rewriting of Q using V under
constraints C, then it will ﬁnd a CQ equivalent rewriting R0 of
Q using V under constraints C.
Proof. Suppose that R is a conjunctive query that is an
equivalent rewriting of Q under constraints C. We will
create an equivalent rewriting R0 of Q under C from R. R0
will have the same head as R and will consist only of view
tuples.
Since Rexp is the expansion of R, there is a substitution s
with the property that if Vi appears in the body of R and
Pij ðx1 ; . . . ; xk Þ is a subgoal of Vi , and if Pij ðx10 ; . . . ; xl0 Þ is
the sugboal in the body of Rexp with the same predicate
name, then s uniﬁes Pij ðx1 ; . . . ; xk Þ with Pij ðx10 ; . . . ; xk0 Þ, i.e.
Pij ðx1 ; . . . ; xk Þ ¼ sðPij ðx10 ; . . . ; xk0 ÞÞ. It is clear that since R and
Rexp have the same distinguished variables, if x is a
distinguished variable then sðxÞ ¼ x.
We chase Rexp with C and produce Rexp
C . Since R is an
equivalent rewriting of Q under constraints C, there is a
containment mapping m : Rexp
C -QC . Let Vi be a view that
appears in the rewriting R, and Pij ðy1 ; . . . ; yk Þ 2 BodyðVi Þ.
Then we have that Pij ðsðy1 Þ; . . . ; sðyk ÞÞ 2 BodyðRexp Þ and
moreover Pij ðsðy1 Þ; . . . ; sðyk ÞÞ 2 BodyðRexp
C Þ. From the deﬁnition of m we have that Pij ðmðsðy1 ÞÞ; . . . ; mðsðyk ÞÞÞ 2 BodyðQC Þ.
Thus, we have that Pij ðmðsðy1 ÞÞ; . . . ; mðsðyk ÞÞÞ 2 DQ0 . Since this
holds for every subgoal Pij in the body of Vi we have that
Vi ðmðsðx1 ÞÞ; . . . ; mðsðxn ÞÞÞ 2 T ðQ ; V; CÞ.
x Þ is a
To create the body of R0 we do the following: if Vi ð~
x ÞÞÞ to the body
subgoal in the body of R, then we add Vi ðmðsð~
of R0 , and we repeat this procedure for all subgoals in the
body of R. We now show that R0 is an equivalent rewriting
of Q under C.
Since the body of R0 consists only of view tuples, there
will be a substitution s2 of variables that uniﬁes each
subgoal in the body of Rexp
0 with each subgoal in the body of

QC with the same predicate name. We now deﬁne the
exp
mapping h : Rexp
C -R0 , where hðxÞ ¼ ðs2 JmJsÞðxÞ. We have
to a subgoal
that mJs maps each subgoal in the body of Rexp
C
in the body of QC and s2 maps each subgoal in the body of
exp
and Rexp
QC to a subgoal in the body of Rexp
0 . Thus, since RC
0
have the same head variables, h is a containment mapping
exp
exp
to Rexp
from Rexp
C
0 , so R0 LRC . From our hypothesis we
have that R is an equivalent rewriting of Q, so Rexp
C LQ , thus
Rexp
0 LQ .
The other direction is trivial, because s2 : Rexp
0 -QC is a
containment mapping (since it maps each subgoal in the
with each subgoal in the body of QC with the
body of Rexp
0
and R0 is an
same predicate name). Hence, QC LRexp
0
equivalent rewriting of Q under constraints C. &
4.2. Algorithm CoreCoverC for weakly acyclic LAV
constraints
In this section we will present an algorithm that ﬁnds
equivalent rewritings in the presence of weakly acyclic LAV
dependencies, such that the rewritings have the minimum
number of subgoals. The main motivation for this is to
minimize the number of join operations, which tend to be
expensive in practice, when a rewriting is evaluated. The
Naive algorithm does not always compute the optimal
equivalent rewriting (optimal with respect to the number
of joins) as it is shown by the following example:
Example 5. Suppose that qðxÞ : aðxÞ; bðxÞ, C ¼ fd1 ; d2 , d3 g
where d1 : aðxÞ; bðxÞ-cðxÞ, d2 : cðxÞ-dðxÞ, d3 : dðxÞ-eðxÞ and
V ¼ fV1 ; V2 ; V3 g, where V1 ðxÞ : aðxÞ; bðxÞ; dðxÞ, V2 ðxÞ : cðxÞ,
V3 ðxÞ : eðxÞ. Then, since qC ðxÞ : aðxÞ; bðxÞ; cðxÞ; dðxÞ; eðxÞ,
the previous algorithm will create the rewriting RðxÞ :
V1 ðxÞ; V2 ðxÞ; V3 ðxÞ, whereas the optimal rewriting in this
case is R0 ðxÞ : V1 ðxÞ (note that R0 is a rewriting of Q only in
the presence of dependencies C).
We now deﬁne the class of weakly acyclic LAV tuple
generating dependencies:
Deﬁnition 8. We deﬁne Cw
LAV to be the set of LAV (local-asview) tuple generating dependencies that consists only of
weakly acyclic tuple generating dependencies [17] of the
x; ~
y ÞÞ, i.e. where the left hand side
form 8~
x ðAð~
x Þ-(~
y cð~
consists of a single atom Að~
x Þ.
It is clear that Cw
LAV contains all weakly acyclic inclusion
dependencies. Algorithm CoreCoverC ﬁnds equivalent rewritings with the minimal number of subgoals under a set
of dependencies C that is a subset of Cw
LAV . In fact,
CoreCoverC works for a more general class of dependencies C0 , which consists of all dependencies such that the
shared variable property holds on every rewriting that is
considered under C0, no matter what the query Q is.
4.2.1. Shared variable property
The efﬁcient techniques that we use in CoreCoverC are
based on the following property:
Deﬁnition 9 (Shared variable property). Let Q be a conjunctive query with n subgoals, V be a set of CQ views and C
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a set of dependencies such that the chase of Q with C
terminates. Suppose that R is a CQ contained rewriting of Q
using V in the presence of C.
We say that R has the shared variable property with
respect to Q ; C if for every homomorphism h : QC -Rexp
C ,
there is a partition fQ1 ; . . . ; Qn g of QC ’s subgoals and h can
be decomposed into n homomorphisms h1 ; . . . ; hn , in the
following sense:

 hi : Qi -ðgiexp Þ0 , where gi is the i-th subgoal of R and


ðgiexp Þ0 is the set of atoms we obtain after chasing the
expansion of gi with C.
For every variable x deﬁned in hi , then hi ðxÞ ¼ hðxÞ.

We say that a class of dependencies C has the shared
variable property if for any CQ query Q and set of CQ views
V the following holds: if R is a CQ contained rewriting of Q
using V in the presence of C, then R has the shared variable
property.
The following example shows how we can decompose a
homomorphism if the shared variable property holds:
Example 6. Let qðxÞ : aðx; y1 Þ; bðy2 ; yÞ. Suppose the set
V contains the views V1 ðxÞ : aðx; y1 Þ; aðy1 ; xÞ and V2 ðxÞ :
bðx; y2 Þ; bðy2 ; xÞ, and that C contains d1 : aðx; y1 Þ- aðy1 ; xÞ
and d2 : bðx; y2 Þ-bðy2 ; xÞ. We have that qC ðxÞ : aðx; y1 Þ,
aðy1 ; xÞ; bðx; y2 Þ, bðy2 ; xÞ and thus rðxÞ : V1 ðxÞ; V2 ðxÞ is an
equivalent rewriting under C. The only possible homoexp
morphism h : QC -Rexp
C , where RC ðxÞ : aðx; z1 Þ; aðz1 ; xÞ;
bðx; z2 Þ; bðz2 ; xÞ, is hðxÞ ¼ x, hðy1 Þ ¼ z1 and hðy2 Þ ¼ z2 . It
is clear that h can be decomposed into h1 : faðx; y1 Þ;
aðy1 ; xÞg-faðx; z1 Þ; aðz1 ; xÞgÞ and h2 : fbðx; y2 Þ bðy2 ; xÞÞgfbðx; z2 Þ; bðz2 ; xÞg, where h1 ðxÞ ¼ h2 ðxÞ ¼ x, h1 ðy1 Þ ¼ z1 and
h2 ðy2 Þ ¼ z2 .
Unfortunately, as the next theorem shows, there are
cases when Ca| and the shared variable property does not
hold for any of the candidate rewritings.
Theorem 3. There exists a query Q, a view set V and a set of
functional dependencies C such that for every equivalent
rewriting of Q using V under C the shared variable property
does not hold.
Proof. To prove Theorem 3, we give an example of such a
query Q, set of views V and set of functional dependencies
C:
Example 7. We revisit Example 1, where Rexp ðN; TÞ : 
DeptA ðNÞ; DeptB ðNÞ; StaffðN; T; BÞ; StaffðN; T 0 ; TÞ. We chase
Rexp with the functional dependencies C and we have
that Rexp
C ðN; TÞ : DeptA ðNÞ; DeptB ðNÞ; StaffðN; T; TÞ. Since
QC ðN; TÞ : DeptA ðNÞ; DeptB ðNÞ; StaffðN; T; TÞ, there is only
one possible homomorphism h : QC -Rexp
C , where hðNÞ ¼ N
and hðTÞ ¼ T. However, it is clear that we cannot decompose h into two homomorphisms h1 ; h2 as in Deﬁnition 9,
since then we would have that either h1 ðTÞ ¼ T and h1 ðTÞ ¼
B or h2 ðTÞ ¼ T 0 and h2 ðTÞ ¼ T, which both lead to contradiction.
We next prove that the shared variable property will
hold on all equivalent rewritings under a set CDCw
LAV :
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Theorem 4. Let Q be a CQ and V a set of CQ views. If R is a
contained rewriting of Q using V under a set of tgds CDCw
LAV ,
then R has the shared variable property.
Proof. Let R be a contained rewriting of Q using V under a
set of tgds CDCw
LAV . We chase the expansion of R with C and
we create Rexp
C . Suppose that h is a homomorphism
~
h : VarðQC Þ-VarðRexp
C Þ, and aðx Þ 2 BodyðQC Þ. By the deﬁnition of the homomorphism h, we have that aðhð~
x ÞÞ
2 BodyðRexp
C Þ. We will show that there exists a view subgoal
g in the body of R such that aðhð~
x ÞÞ 2 BodyðgCexp Þ, where gCexp
is the chase with C of the expansion of g. We consider the
following two cases:
1. aðhð~
x ÞÞ is not introduced by a chase step. Then, there
x ÞÞ ¼
exists a subgoal að~
y Þ 2 BodyðRexp Þ such that aðhð~
að~
y Þ, and this subgoal must belong to at least
one of the expansions of the view subgoals of R.
If g is such a view subgoal, then it is clear that
aðhð~
x ÞÞ 2 BodyðgCexp Þ.
2. aðhð~
x ÞÞ is introduced by a chase step. Thus, there exists a
x; ~
y Þ such that a appears in the
tgd d : bð~
x Þ-(~
y cð~
x; ~
y Þ and a homomorphism h1 : bð~
x Þ-Rexp
conjunction cð~
that cannot be extended to a homomorphism h10 : bð~
x Þ[
cð~
x; ~
y Þ-Rexp . Let g be the view subgoal of R such that
x ÞÞ 2 g exp . It is clear that h1 will be a homomorphism
h1 ðbð~
x Þ-g exp that cannot be extended to a homomorphh1 : bð~
x Þ [ cð~
x; ~
y Þ-g exp ,so, if we chase g with d we
ism h10 : bð~
will have that aðhð~
x ÞÞ will be introduced in gCexp .
In any case, if að~
x Þ 2 BodyðQC Þ then there exists a view
subgoal g in the body of R such that aðhð~
x ÞÞ 2 BodyðgCexp Þ,
thus h can be decomposed into the mappings h1 ; . . . ; hn
with the properties of Deﬁnition 9, which means that R has
the shared variable property. &
4.2.2. CoreCoverC algorithm
We propose a novel algorithm CoreCoverC for ﬁnding
equivalent rewritings in the presence of a set of tgds that
has the shared variable property. First we give the
deﬁnition of the tuple-core from [7], the only difference
is that here we search for a mapping from the chased query
to the chased expansion of a view tuple:
Deﬁnition 10. Let tv 2 T ðQ ; V; CÞ. A chased tuple-core of tv
is a maximal collection G of subgoals in the query QC such
that there is a containment mapping m from G to ðtvexp Þ0 ,
where ðtvexp Þ0 is the chased expansion of tv with C, and m has
the following properties:
1. m is a one-to-one mapping, and it maps the arguments
in G that appear in tv as the identity mapping on
arguments.
2. Each distinguished variable X in Gv is mapped to a
distinguished variable in ðtvexp Þ0 (furthermore, by property ð1Þ, mðXÞ ¼ X).
3. If a non-distinguished variable X in G is mapped under
m to an existential variable in the chased expansion of
tv , then G includes all subgoals in QC that use this
variable X.
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The following proof appears in [8], but we repeat it here
for self-containment.
Lemma 1. A view tuple for a minimal query has a unique
chased tuple-core.
Proof. Suppose a view tuple tv for a minimal query QC has
two distinct chased tuple-cores G1 and G2 , with the
corresponding mappings m1 and m2 in Deﬁnition 10. Let
H1 ¼ m1 ðG1 Þ and H2 ¼ m2 ðG2 Þ be the targets (sets of
subgoals in ðtvexp Þ0 ), respectively. Either G1  G2 or G2  G1
is not empty (otherwise G1 and G2 are identical).
Suppose G1  G2 is not empty. Then, each variable X used
in G1  G2 can be in two cases:
1. m1 ðXÞ ¼ X. We will show that either X is not used in G2
or that m2 ðXÞ ¼ X.
2. m1 ðXÞaX. We will show that X cannot be used in G2 .
In summary, the two mappings m1 and m2 do not conﬂict
with each other on their source variables in QC . Therefore,
we can deﬁne a mapping m20 from G1 [ G2 ¼ G2 [ ðG1  G2 Þ
onto H2 ¼ m1 ðG1  G2 Þ [ m2 ðG2 Þ as follows: if X is used in
G2 , m20 ðXÞ ¼ m2 ðXÞ; if X is used in G1  G2 , m20 ðXÞ ¼ m1 ðXÞ.
We will also show that: (3) The mapping m20 is one-to-one,
thus we have a larger set G1 [ G2 of query subgoals that
satisﬁes the conditions in Deﬁnition 10, contradicting to
the fact that G2 is maximal.
We ﬁrst prove case (1). Suppose X appears in G2 , and
m2 ðXÞaX. Then X must be a non-distinguished variable in QC ,
because if we assume that X is a distinguished variable in the
query, then m2 ðXÞ ¼ X by property 2 of Deﬁnition 10, which is
a contradiction. In addition, m2 ðXÞ must also be a nondistinguished variable in tvexp , because if we assume that mðXÞ
is a distinguished variable in tvexp , i.e. mðXÞ appears in tv , then
by the construction of the view tuple tv , mðXÞ will also be a
variable of the query QC . Thus, by property 1 of Deﬁnition 10
we would have that mðXÞ ¼ X which is a contradiction. By G2 ’s
deﬁnition, G2 includes all query subgoals that use X, contradicting to the fact that X appears in G1  G2 .
Now we prove case (2). Suppose X is in G2 . By G1 ’s
deﬁnition, X cannot be a distinguished variable in QC , since
then from property 2 of Deﬁnition 10 we would have
m1 ðXÞ ¼ X. There are two cases:

 If m2 ðXÞ is a non-distinguished variable in tvexp , then by



G2 ’s deﬁnition, G2 should include all the query subgoals
that use X, contradicting to the fact that X appears in
G 1  G2 .
If m2 ðXÞ is a distinguished variable in tvexp , i.e. m2 ðXÞ
appears in tv , then by the construction of the view tuple
tv , m2 ðXÞ will also be a variable of the query QC . Thus, by
property 1 we would have that m2 ðXÞ ¼ X, i.e. X appears
in tv . Since X appears in G1 , by property 2, we have that
m1 ðXÞ ¼ X, which is a contradiction.

In the rest of the proof, we prove claim (3): Since tv is a
view tuple, there is a mapping l from ðtvexp Þ0 to QC . Suppose

mapping m20 is not one-to-one. Then, mapping m20 Jl is a
mapping from G1 [ G2 to QC which is not one-to-one either.
We show that we can extend m20 Jl to a mapping from QC to
QC which is not one-to-one, contradicting the fact that QC is
minimal. For this extension to be feasible, we need to
show: (i) no distinguished variable of QC is mapped on
another distinguished variable of QC under m20 Jl and (ii) if
G1 [ G2 shares a variable X with a subgoal not in G1 [ G2 ,
then m20 ðXÞ ¼ X. If (i) and (ii) hold, then we easily extend
m20 Jl by having the variables not in G1 [ G2 mapped each
on itself.
We prove (i): if mapping m20 is not one-to-one, then,
there exist variables X used in G1  G2 and not used in G2
and, X 0 used in G2 such that m1 ðXÞ ¼ m2 ðX 0 Þ. Then, either X
or X 0 is a non-distinguished variable of QC .
We prove (ii): if G1 [ G2 shares a variable X with a
subgoal which is not in G1 [ G2 , then X is a variable in the
view tuple tv . Hence m20 ðXÞ ¼ X. &
The unique chased tuple-core of a view tuple tv is
denoted by Cðtv Þ. We also need to deﬁne the notion of a
sub-core of the chased tuple-core of a view tuple:
Deﬁnition 11 (Partition in sub-cores). Let C be a tuple-core.
Let C1 ; C2 ; . . . be a partition of C such that each Ci has all the
properties of the chased tuple-core (see Deﬁnition 10)
except that it is minimal (instead of maximal), i.e. any
proper subset of Ci does not have properties 1–3 of
Deﬁnition 10. Then, each Ci is called a sub-core of C.
We now describe CoreCoverC:
1. Chase query Q with C and create QC .
2. Minimize QC by removing redundant subgoals. Let Qm be
the minimal equivalent of QC .
3. Construct the canonical database DQ0 of Qm and compute
the view tuples T ðQ ; V; CÞ by applying the view deﬁnitions
V on the database DQ0 .
4. For each view tuple tv 2 T ðQ ; V; CÞ, compute its chased
tuple-core Cðtv Þ.
5. Use the non-empty tuple-cores to p-cover the query
subgoals in Qm with the minimum number of tuple-cores.
For each cover, construct a rewriting by combining the
corresponding view tuples.
This algorithm works like the naive algorithm, but it uses
the chased tuple-cores to ﬁnd a minimum number of view
tuples that p-cover the query subgoals (this can be done
using a classic algorithm for the set-covering problem
[14]). We say that the chased tuple-cores p-cover the query
subgoals when the union of the chased tuple-cores is equal
to all of the query subgoals and there is a collection of subcores of the corresponding view tuples that comprises a
partition of all the query subgoals in Qm . Notice that by the
construction of the chased tuple-cores, we do not need to
chase or to perform an additional containment mapping
check as before.
The relation of CoreCoverC and CoreCover [7] is the
following: CoreCoverC is a slight modiﬁcation of CoreCover in that CoreCoverC uses the minimal chased query
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and the chased view tuples and chased tuple-cores to
create equivalent rewritings. The proof techniques for the
correctness of CoreCoverC are largely along the lines of
the proof of the correctness of CoreCover, with a few subtle
points which, however, are crucial in identifying the
correct class of dependencies for which the algorithm
works.

In the last step, CoreCoverC ﬁnds a minimum number of
view tuples, to p-cover the QC;m ’s subgoals and constructs a
rewriting by combining the corresponding view tuples. In
our example, CoreCoverC will ﬁnd only one equivalent
rewriting, which is RðX; YÞ : V1 ðX1 ; Z3 Þ; V3 ðZ2 ; Z3 ; YÞ; V4 ðYÞ.
We can verify that R is an equivalent rewriting of Q using
containment mappings:

Remark. Note that we need to introduce the notion of
sub-core1 in order for the algorithm to be sound. This
means that CoreCover in [8] needs to be rectiﬁed
accordingly in order to be sound, i.e. for Theorem 4.1 in
[8] (that corresponds to Theorem 5 in the present paper) to
be correct.2

Qm ðX; YÞ : aðX; Z2 Þ; bðZ2 ; Z3 Þ; cðZ3 ; YÞ;aðY; YÞ; dðY; YÞ

We now give an
CoreCoverC works:

example

to

demonstrate

how

Example 8. Suppose that V contains the following four
views:
V1 ðX1 ; X2 Þ : aðX1 ; Z4 Þ; bðZ4 ; X2 Þ
V2 ðX1 ; X2 Þ : bðX1 ; Z5 Þ; cðZ5 ; X2 Þ
V3 ðX1 ; X2 ; X3 Þ : bðX1 ; X2 Þ; cðX2 ; X3 Þ
V4 ðX1 Þ : aðX1 ; X1 Þ; dðX1 ; X1 Þ
Suppose we have the query Q ðX; YÞ : aðX; Z2 Þ; bðZ2 ; Z3 Þ;
cðZ3 ; YÞ; aðY; Z1 Þ; aðZ1 ; YÞ; dðY; YÞ and that we also have the
following tgd d : dðX; YÞ-aðX; YÞ.
The chased query is:
QC ðX; YÞ : aðX; Z2 Þ; bðZ2 ; Z3 Þ; cðZ3 ; YÞ;
aðY; Z1 Þ; aðZ1 ; YÞ; aðY; YÞ;dðY; YÞ
If we minimize QC , we will get the query Qm :
Qm ðX; YÞ : aðX; Z2 Þ; bðZ2 ; Z3 Þ; cðZ3 ; YÞ;aðY; YÞ; dðY; YÞ
The canonical database is DQ0 ¼ faðx; z2 Þ; bðz2 ; z3 Þ; cðz3 ; yÞ;
aðy; yÞ; dðy; yÞg, and if we apply DQ0 to the view deﬁnitions
we get the set of view tuples T ðQ ; V; CÞ ¼ fV1 ðX1 ; Z3 Þ;
V2 ðZ2 ; YÞ; V3 ðZ2 ; Z3 ; YÞ; V4 ðYÞg. We next compute the chased
tuple cores and sub-cores of each tv 2 T ðQ ; V; CÞ.

 V1 ðX1 ; Z3 Þ: We have that ðV1exp Þ0 ðX1 ; Z3 Þ : aðX1 ; Z40 Þ;
bðZ40







; Z3 Þ, thus the chased tuple-core is the set
faðX; Z2 Þ; bðZ2 ; Z3 Þg. It is easy to see that V1 ðX1 ; Z3 Þ has
only one sub-core, which is faðX; Z2 Þ; bðZ2 ; Z3 Þg.
V2 ðZ2 ; YÞ: We have that ðV2exp Þ0 ðZ2 ; YÞ : bðZ2 ; Z50 Þ;
cðZ50 ; YÞ, thus the chased tuple-core is the set
fbðZ2 ; Z3 Þ; cðZ3 ; YÞg. Like the ﬁrst view tuple, V2 ðZ2 ; YÞ
has only one sub-core, which is fbðZ2 ; Z3 Þ; cðZ3 ; YÞg.
V3 ðZ2 ; Z3 ; YÞ: We have that ðV3exp Þ0 ðZ2 ; Z3 ; YÞ : bðZ2 ; Z3 Þ;
cðZ3 ; YÞ, thus the chased tuple-core is the set
fbðZ2 ; Z3 Þ; cðZ3 ; YÞg. This time however, notice that
V3 ðZ2 ; Z3 ; YÞ has two sub-cores: fbðZ2 ; Z3 Þg and fcðZ3 ; YÞg.
V4 ðYÞ: We have that ðV4exp Þ0 ðYÞ : aðY; YÞ; dðY; YÞ, thus the
chased tuple-core is the set faðY; YÞ; dðY; YÞg. Similar to
the ﬁrst two view tuples, V4 ðYÞ has only one sub-core,
which is faðY; YÞ; dðY; YÞg.
1
2

This is similar to the notion of tuple-coverage from [18].
We thank Rada Chirkova and Michael Compton for noticing this.

0
0
Rexp
C ðX; YÞ : aðX1 ; Z4 Þ; bðZ4 ; Z3 Þ;bðZ2 ; Z3 Þ; cðZ3 ; YÞ; aðY; YÞ;dðY; YÞ

For example, if hðXÞ ¼ X, hðZ2 Þ ¼ Z40 , hðZ3 Þ ¼ Z3 , and
hðYÞ ¼ Y, then h is a containment mapping h : QC;m -Rexp
C ,
which means that QC;m LPCexp (the other direction is
similar).
Notice that if we had not performed the minimization
step in QC , i.e. if we had considered QC instead of QC;m , then
the canonical database DQ0 , the set of chased view tuples
T ðQ ; V; CÞ and the chased tuple-cores would be the same,
since the two subgoals aðY; Z1 Þ; aðZ1 ; YÞ could not be part of
any chased tuple-core: this is easy to see because the only
view-tuple that this could happen is V4 ðYÞ, and if we
include them in CðV4 ðX1 ÞÞ it is easy to see that the mapping
m : faðY; Z1 Þ; aðZ1 ; YÞ; aðY; YÞ; dðY; YÞg-faðY; YÞ; dðY; YÞg is not
one-to-one, as it is required by the deﬁnition of the tuplecore. This means aðY; Z1 Þ; aðZ1 ; YÞ would not be covered by
any view tuple, and thus CoreCoverC would not ﬁnd any
equivalent rewriting.
Notice also that the query PðX; YÞ : V1 ðX1 ; Z3 Þ,
V2 ðZ2 ; YÞ; V4 ðYÞ is not an equivalent rewriting of Q, because
the sub-cores of the view tuples in P do not comprise a
partition of the Q’s subgoals: the sub-cores of V1 ðX1 ; Z3 Þ and
V2 ðZ2 ; YÞ both contain bðZ2 ; Z3 Þ. We can also verify that P is
not an equivalent rewriting of Q using containment
mappings:
Qm ðX; YÞ : aðX; Z2 Þ; bðZ2 ; Z3 Þ; cðZ3 ; YÞ;aðY; YÞ; dðY; YÞ
PCexp ðX; YÞ : aðX1 ; Z40 Þ; bðZ40 ; Z3 Þ;bðZ2 ; Z50 Þ; cðZ50 ; YÞ; aðY; YÞ;dðY; YÞ

If we try to ﬁnd a containment mapping h : Qm -PCexp , we
will have that hðZ3 Þ ¼ Z3 and hðZ3 Þ ¼ Z50 , which is a
contradiction.
4.2.3. Proof of correctness of CoreCoverC
We will next prove that CoreCoverC is sound and
complete. The proof uses the following lemma:
Lemma 2. Suppose Q is a conjunctive query and V is a set of
CQ views, and let R be an equivalent rewriting of Q that uses
only view tuples in T ðQ ; V; CÞ. Let QC;m be a minimal
equivalent of QC . There is a containment mapping m from
QC;m to Rexp
C , such that (1) m is a one-to-one mapping, i.e.,
different arguments in QC;m are mapped to different arguments in Rexp
C ; (2) for all arguments in QC;m that appear in R,
they are mapped by m as is the identity mapping on
arguments, i.e., mðXÞ ¼ X for all X 2 VarðRÞ.
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(Notice that the deﬁnition of rewriting R guarantees a
containment mapping from QC;m to Rexp
C , but this containment
mapping might not have the two properties).
exp
Proof. Consider a minimal equivalent query Rexp
m of RC .
Suppose without loss of generality that QC is minimal.
Notice that both QC and Rexp
m are minimal equivalents of
.
Thus
their
only difference is variable
the expansion Rexp
C
renamings. By the construction of the view tuples, there is
to QC , such that it maps
a containment mapping from Rexp
C
each argument in Rexp
C that appears in QC under identity. Let
n be the corresponding containment mapping from Rexp
m
to QC .
Since QC and Rexp
m are equivalent, there is a containment
mapping t from QC to Rexp
m . The composition of this
mapping and n is a containment mapping from QC to QC .
Since QC is minimal, the composed containment mapping
tJn should be one-to-one and onto. Thus n should also be
one-to-one and onto. Then we can reverse the mapping n,
and obtain a containment mapping m ¼ n1 from QC to Rexp
m ,
such that m is one-to-one, and maps the arguments in QC
that appear in R under identity. &
We will now prove that CoreCoverC is sound and
complete for a class of dependencies C that has the shared
variable property:

Theorem 5. Suppose C is a class of tgds such that all
equivalent rewritings have the shared variable property. If R0
is an equivalent rewriting of Q under C and R0 has m subgoals,
then CoreCoverC will ﬁnd an equivalent rewriting R of Q
under C with n subgoals, such that nrm.
Proof. We will ﬁrst show that if QC;m is a minimal
equivalent of QC and R is a query that has the head of Q
and uses a minimal number of view tuples in T ðQ ; V; CÞ in
its body, then R is an equivalent rewriting of Q if and only if
there is a collection K of sub-cores of the view tuples in R
such that it comprises a partition of all the query subgoals
in QC;m .
‘‘If’’ direction: we construct such a rewriting and we will
prove that there is a one-to-one containment mapping
which maps all query subgoals to the chased expansion of
the rewriting. This implies that there is a containment
mapping from the query to the chased expansion too.
The proof is by induction on the number of sub-cores in
K. Inductive hypothesis: Suppose the number of elements
in K is n and suppose that the sub-cores in K contain a set
SK of query subgoals. Then there is a one-to-one containment mapping from SK to K such that the variables which
are contained in subgoals that are not in SK are distinguished variables in the rewriting.
Basis of the induction (K contains one sub-core): by the
deﬁnition of the sub-core, there is a one-to-one mapping as
required.
Suppose the inductive hypothesis holds for the case K
has less than n elements. We will prove that it holds also
for the case K has n elements. Let Cb be one of the subcores in K and let K0 be the collection K after deleting Cb .

By the deﬁnition of sub-core there is a one-to-one mapping

mb from Cb to the image of Cb in the rewriting. By inductive
hypothesis, there is a one-to-one mapping m from K to the
image of K in the rewriting. It remains to be proven that mb
and m can be combined to create a one-to-one mapping m0
from K to the image of K in the rewriting. If every variable
in the query maps on the same variable according to mb
and m, we are done. Suppose variable X of query maps on
two variables. Then, according to the construction of subcores, the images of X are distinguished variables of the
views, hence they are equated in the rewriting and
mb ðXÞ ¼ mðXÞ.
‘‘Only If’’: assume R is a rewriting of Q using V. By Lemma
2, there is a one-to-one containment mapping m from QC;m
to Rexp
C , which maps all arguments in QC;m that appear in R
under identity. Because the shared variable property holds,
m can be decomposed into k mappings (we assume that
has k subgoals) hi : Gi -ðtiexp Þ0 i ¼ 1; . . . ; k, with the
Rexp
C
properties of Deﬁnition 9, and such that G1 ; . . . ; Gk
comprise a partition of QC;m . The subgoal set Gi and the
‘‘local’’ mapping m satisﬁes the three properties in Deﬁnition 10, except that Gi might not be maximal. According to
Lemma 1, the chased tuple-core is unique, hence Gi DCðti Þ.
Thus the union of the k tuple-cores includes all query
subgoals in QC;m .
Now we need in addition to prove that there is a
collection K of sub-cores that comprise a partition of the
query subgoals. The ﬁrst observation is that targets of m are
either all variables in a certain sub-core or none at all. The
reason is that otherwise, either condition (3) of Deﬁnition
10 is not satisﬁed or it is not a minimal set of subgoals that
satisfy 1–3 of Deﬁnition 10. Thus, we consider all sub-cores
that contain targets of m and claim that they are pairwise
disjoint. Suppose, towards contradiction, that there is a
non-empty intersection of two sub-cores in K. Then it is
easy to see that the intersection has the properties 1–3 of
Deﬁnition 10, hence one of the two sub-cores is not
minimal.
Suppose that R0 is an equivalent rewriting of Q using V
under the set of dependencies C, and that R0 has m
subgoals. We know from Theorem 2 that we can create an
equivalent rewriting R1 from R0 such that R1 uses only view
tuples in T ðQ ; V; CÞ, and by the construction of R1 it is
obvious that if the number of subgoals of R1 is n1 , then
n1 rm. The existence of such an equivalent rewriting R1 of
Q (and thus QC;m ) guarantees that there is a set of view
tuples in T ðQ ; V; CÞ that covers QC;m ’s subgoals. Thus, if R is
an equivalent rewriting of QC;m that uses only a minimum
number of view tuples in T ðQ ; V; CÞ, then as we have
shown in the previous paragraph, there is a collection K of
sub-cores of the view tuples in R such that it comprises a partition of all the query subgoals in QC;m , which
means that CoreCoverC will output R. In addition, if the
number of subgoals of R is n, then it is clear that
nrn1 ) nrm. &
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Theorem 5 implies that CoreCoverC will not work in the
presence of equality generating dependencies (this class
contains functional dependencies). The reason for that is
that in the presence of equality generating dependencies
the shared variable property does not always hold, as we
have already seen in Example 7.
The following corollary is a direct consequence of
Theorems 4 and 5:
Corollary 2. Suppose C is a class of tgds such that CDC w
LAV . If
R0 is an equivalent rewriting of Q under C and R0 has m
subgoals, then CoreCoverC will ﬁnd an equivalent rewriting R
of Q under C with n subgoals, such that nrm.
5. Certain answers in the presence of dependencies
under OWA
5.1. Algorithm for ﬁnding MCRs
In this section we give an efﬁcient algorithm which
ﬁnds a maximally contained rewriting with respect to UCQ
of a UCQ Q in the presence of a set of tgds CDCw
LAV , if such
an MCR exists, since in the presence of dependencies an
MCR of Q with respect to UCQ may not always exist (see
[20] for an example). The inverse rules algorithm [16] also
ﬁnds MCRs but in the presence of functional and full
dependencies and it creates datalog MCRs, whereas our
algorithm creates UCQ MCRs (if they exist).
We ﬁrst give some deﬁnitions from [4]. A subgoal
mapping is a mapping from the query subgoals to view
subgoals of a view such that the predicate names match. A
subgoal mapping induces an associated argument mapping,
which maps each query variable/constant to a variable/
constant in the body of the view deﬁnition, such that for
each query subgoal g that is mapped to a view subgoal,
their variables and constants are also mapped argumentwise. Notice that an argument mapping is not restricted to
map a query variable/constant to a single view variable/
constant (as in a containment mapping), since it may map
a query variable/constant to several view variables/constants. Given an argument mapping, we associate with it
several containment mappings. An associated containment
mapping is a mapping from query variables/constants to
view variables/constants deﬁned by a partition P on the set
of the view variables/constants into equivalence classes, in
such a way that each query variable/constant is mapped to
elements of a single equivalence class, all variables/
constants of a query subgoal are mapped on the variables/constants of a single copy of a view, and the
following three conditions hold: (a) each equivalence class
with more than one element is populated by either
(identical) constants and/or distinguished variables; (b)
an equivalence class which is the image of a constant has
only distinguished variables (even if it contains only one
element) and possibly the same constant. (c) Distinguished
variables map to distinguished variables.
Given a total subgoal mapping and one of its associated
containment mappings (if there exists any), we can deﬁne
a conjunctive query over view subgoals that uses the view
copies that are involved in the associated containment mapping, where the distinguished view variables
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are equated according to the partition that deﬁnes
the associated containment mapping. We now present
MINICONC:
1. Chase each view V 2 V with C and create VC . Let V C be the
set of the chased views. Set P ¼ |.
2. Generate the set of MCDs [26] M as follows:
For each query subgoal g in Q, for each view V 2 V C and
for each subgoal g 0 in V, try to ﬁnd a containment mapping
m : g-g 0 and if it exists, add to M a new partial MCD:
ðfgg; mÞ. While there are partial MCDs with shared
variables, for each partial MCD ðG; mÞ do the following:
Choose a shared variable X in G and a query subgoal g not
in G that contains X. For each view subgoal g 0 that has an
argument mapping m0 from g, extend m with m0 and create
m00 , then replace the current partial MCD with new partial
MCD: ðG0 ¼ G [ fgg; m00 Þ.
3. Combine the set of MCDs M as follows:
For each combination of MCDs that covers all query
subgoals without overlapping (i.e. the combination of MCD
mappings is a total subgoal mapping), let m be the
corresponding argument mapping. Check whether there
exists an associated containment mapping. If it does exist,
then ﬁnd the most relaxed associated containment
mapping as follows: For each query variable/constant X
form a class that contains all view variables/constants that
are images of X under m, and while classes are not disjoint
merge classes that share an element. If there is a class
containing two distinct constants this procedure fails, else
return the ‘‘relaxed’’ classes as the most relaxed associated containment mapping m0 . Use m0 to create a
contained rewriting R. Set P :¼ P [ R.
4. Return the UCQ MCR P.
In the absence of constraints, MINICONC reduces to the
MINICON algorithm [26]. We next prove that the algorithm
will always ﬁnd an MCR in the language of ﬁnite unions of
conjunctive queries, if such an MCR exists. In the proof we
will use the following lemmas:
Lemma 3. Suppose that R is a CQ contained rewriting of Q
using V, i.e. for all view instances I and for all databases D
such that I DVðDÞ: RðI ÞDQ ðDÞ. Then, we have that Rexp LQ .
Proof. Let D be any database instance. We take I ¼ VðDÞ.
To prove Rexp ðDÞDQ ðDÞ, we will ﬁrst show that
Rexp ðDÞDRðVðDÞÞ. To do this, we take the homomorphism
h : VarðRexp Þ-ConstðDÞ that computes an answer t 2 Rexp ðDÞ
and restrict it to the variables of R, in order to create a
homomorphism h0 : VarðRÞ-ConstðVðDÞ that will compute
the same answer t 2 RðVðDÞÞ. This needs one extra step,
which is to unify the subgoals of the body of Rexp that
appear in the body of a view deﬁnition Vi with the subgoals
in the body of the view deﬁnition Vi , since the variables in
the two deﬁnitions need not be the same. Hence,
Rexp ðDÞDRðVðDÞÞ and because R is a contained rewriting of
Q we have that RðVðDÞDQ ðDÞ. Thus, Rexp LQ . &
Lemma 4. Suppose that Rð~
x Þ : V1 ðx~1 Þ; . . . ; Vn ðx~n Þ is a contained CQ rewriting of Q in the presence of a set of
0 ~
C ~
C ~
dependencies CDCw
LAV . If R ðx Þ : V1 ðx1 Þ; . . . ; Vn ðxn Þ, where
ViC is the view that we get if we chase Vi with C, then Rexp and
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ðR0 Þexp compute the same answers for all databases D that
satisfy C.
Proof. Consider a subgoal Bðz~1 Þ 2 BodyðRexp
C Þ that is intro~
duced from a chase step from a tgd d 2 Cw
LAV . Let Cðz1 Þ be
the atom that appears in the left hand side of d, and let V be
the view atom in the body of R such that Cðz~2 Þ appears in
the expansion of V. Then, it is clear that Bðz~1 Þ 2 BodyðVCexp Þ.
The other direction is obvious, since a subgoal Bðz~3 Þ 2
exp
BodyðVCexp Þ always appears in the body of Rexp
C . Thus, RC
and ðR0 Þexp have the same subgoals up to variable renaming
and hence R and R0 compute the same answers for all
databases D that satisfy C. &

essentially what are called perfect rewritings in [13]. This is
shown ﬁrst in Theorem 7 where if P is a maximally
contained rewriting with respect to UCQ of a UCQ query Q,
then P computes the certain answers of Q. Then, in
Theorem 8 in Section 5.2.2, we show that if there exists a
UCQ MCR P of a UCQ query Q in the presence of
dependencies C such that the chase of Q with C always
terminates, then P computes the certain answers of Q.
5.2.1. Absence of dependencies
We will now prove that a maximally contained
rewriting P with respect to UCQ of a UCQ query Q
computes the certain answers of Q.

Lemma 5. Suppose that Q is a UCQ query, V a set of CQ views
and C a set of weakly acyclic LAV tgds. Let V C be the set of
chased views.
Let P 0 be a UCQ query over the schema of the chased views
V C and let P be the UCQ query that is obtained from P 0 where
each view subgoal ViC has been replaced by Vi 2 V. The
following are equivalent:

Theorem 7. Let Q be a UCQ query, V a set of CQ views and P
an MCR of Q with respect to UCQ. Let I be a view instance
such that there exists a database instance D such that
I DVðDÞ. Then, under the open world assumption, P computes
all the certain answers of Q in any view instance I :
PðI Þ ¼ certainðQ ; I Þ.

1. P 0 is an MCR of Q with respect to UCQ using V C .
2. P is an MCR of Q with respect to UCQ using V under C.

In Theorem 7 we require that the view instance I is such
that there exists a database instance D such that I DVðDÞ. It
turns out that this condition is not always necessary, and it
can be satisﬁed when there is at least one tuple in the
certain answers of Q with respect to I .

Proof. Let P 0 be a maximally contained rewriting of Q with
respect to UCQ using V C and let P be the UCQ query that is
obtained from P 0 where each view subgoal ViC has been
replaced by Vi 2 V. By Lemma 4, since P 0 is a contained
rewriting of Q, we have that P is also a contained rewriting
of Q.
Suppose now that R is a contained CQ rewriting of Q
using V under C. According to Lemma 4, if we consider the
CQ query R0 that is obtained from R where each view
subgoal Vi has been replaced by ViC 2 V C , we have that
R0 LP 0 . Since R and R0 compute the same answers for all
databases D that satisfy C, we have that RLP 0 . By Lemma 4,
we also have that RLP, and thus P is an MCR of Q with
respect to UCQ using V under C. The other direction is
symmetrical. &
Theorem 6. Let Q be a UCQ, V be a set of views in the
language of CQs and CDC w
LAV be a set of tgds. Suppose there
exists a maximally contained rewriting of Q with respect to
UCQ using V in the presence of C. Then, MINICONC outputs a
maximally contained rewriting of Q with respect to UCQ using
V in the presence of C.
Proof. It is a straight consequence of Lemma 5 and
Theorem 4.1 in [6], that if a UCQ MCR of Q wrt UCQ under
C exists, the algorithm will also create such an MCR. &
5.2. MCRs vs. certain answers
The ﬁrst observation about the connection of MCRs and
certain answers appeared in [1], where Datalog is assumed
as the language of rewriting. Here we ﬁrst extend this
result (Theorem 7) to capture any rewriting language.
Then, in Theorem 8 we prove a weaker result like that of
Theorem 7 in the presence of dependencies. It is worth
noting that in the cases we investigate here the MCRs are

Corollary 3. Let Q be a UCQ query, V be a set of views and P
be a MCR of Q wrt UCQ. If I is a view instance such that
certainðQ ; I Þa|, then PðI Þ ¼ certainðQ ; I Þ.
Proof. Since
T

certainðQ ; I Þa|
and
certainðQ ; I Þ ¼
Q ðDÞ, we have that there exists a database
instance D such that I DVðDÞ, hence the result follows by
Theorem 7. &
D s:t: I DVðDÞ

The proof of Theorem 7 uses Lemma 6, which essentially
states that in the absence of dependencies there is a ﬁnite
space of contained rewritings which compute the certain
answers of ðQ ; I Þ. This is in accordance with the results
in [22,27], where the authors essentially prove that a
contained CQ rewriting of Q which is part of a maximally
contained rewriting with respect to UCQ can have at most
as many subgoals as Q.
Lemma 6. Let Q be CQ query and V be a set of CQ views. Let I
be a view instance such that there exists a database instance
D such that I DVðDÞ. Then there is a ﬁnite space S of
contained rewritings (of Q using V) of size which is a function
only of the sizes of the views and the query, such that
the following happens: Given a tuple t0 2 certainðQ ; I Þ,
then there is a contained CQ rewriting R in S such that
t0 2 RðI Þ.
Before proving this lemma, we give an example that goes
along the lines of the proof and in particular we
demonstrate how we create a CQ rewriting R given a tuple
t 2 certainðQ ; I Þ such that t 2 RðI Þ.
bðz; y; z00 Þ
and
Example
9. Let
Q ðx; yÞ : aðx; z; z0 Þ;
V ¼ fV1 ; V2 g, where V1 ðx; yÞ : aðx; y; zÞ, V2 ðx; yÞ : bðx; y; zÞ.
Suppose I ¼ fv1 ð1; 1Þ, v2 ð1; 2Þ, v1 ð1; 2Þ, v2 ð2; 3Þg. We have
T
that certainðQ ; I Þ ¼ fQ ðDÞ : IDVðDÞg ¼ fð1; 2Þ; ð1; 3Þg. We
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create the following sets: Av1 ð1;1Þ ¼ fað1; 1; z1 Þg, Av1 ð1;2Þ ¼
fað1; 2; z2 Þg, Av2 ð1;2Þ ¼ fbð1; 2; z3 Þg, Av2 ð2;3Þ ¼ fbð2; 3; z4 Þg. We
then combine them and create DI ¼ fað1; 1; z1 Þ; að1; 2; z2 Þ;
bð1; 2; z3 Þ; bð2; 3; z4 Þg.
We have that ð1; 3Þ 2 certainðQ ; I Þ ) ð1; 3Þ 2 Q ðDI Þ,
hence there is a homomorphism h : VarðQ Þ-ConstðDI Þ,
where hðxÞ ¼ 1, hðyÞ ¼ 3, hðzÞ ¼ 2, hðz0 Þ ¼ z2 and hðz00 Þ ¼ z4 .
We have that aðhðxÞ; hðzÞ; hðz0 ÞÞ 2 Av1 ð1;2Þ , bðhðzÞ; hðyÞ; hðz00 ÞÞ 2
Av2 ð2;3Þ , and we create the set I 0 ¼ fv1 ð1; 2Þ; v2 ð2; 3Þg. We
assign variable x1 to 1, x2 to 2, x3 to 3, and we create the CQ
rewriting Rðx1 ; x3 Þ : V1 ðx1 ; x2 Þ; V2 ðx2 ; x3 Þ. If we consider the
homomorphism h0 : VarðRÞ-ConstðI Þ, where hðx1 Þ ¼ 1,
hðx2 Þ ¼ 2 and hðx3 Þ ¼ 3, then we can verify that
ð1; 3Þ 2 RðI Þ.
Proof of Lemma 6. First we point out an interesting case
which is essentially a technicality that we need to consider
for the lemma to be correct:
Example 10. Under the OWA, if I JVðDÞ for all databases
D, and R is a rewriting of a query Q using views with
respect to L, then there are cases where certainðQ ; I Þ ¼ |
and RðI Þa|.
Consider the case where the query is Q ðx; yÞ : aðx; yÞ, we
have only one view vðx; x; yÞ : aðx; yÞ, and the view
instance is I ¼ fvð1; 2; 3Þ; vð4; 4; 5Þg. Since vð1; 2; 3Þ 2 I
and vð1; 2; 3Þ=
2VðDÞ for any database D, we have that
I *VðDÞ for all databases D.
There is only one rewriting Rðx; yÞ : Vðx; x; yÞ. Then
RðI Þ ¼ fð4; 5Þg and we have that
\
Q ðDÞ ¼ |
certainðQ ; I Þ ¼
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possible, we set At ¼ |. We deﬁne a database instance DI as
S
follows: DI ¼ t2I At . Database DI is called the canonical
database instance of I .
We now consider the canonical database instance DI
of I . Since the head of Vi does not contain repeated
variables, during the construction of the sets At the
uniﬁcation step will never fail, and thus At a|, 8t 2 I . We
observe that by the construction of DI , it has the property
that I DVðDI Þ.
ð2Þ¼)ð1Þ. Suppose that for all view instances I there
exists a database instance D such that I DVðDÞ. For the sake
of contradiction, let V0 2 V such that V has repeated
variables in the head. Without loss of generality, assume
that the head of V0 has two repeated variables and is
deﬁned as V0 ðx; x; x3 :::; xn Þ.
Let I0 be the view instance I0 ¼ ftg, where t ¼ v0 ðc1 ; c2 ;
c3 ; . . . ; cn Þ, c1 ac2 and c1 ; c2 ; c3 ; . . . ; cn 2 ConstðI Þ. From our
hypothesis we have that there is a database instance D0
such that I DVðD0 Þ, so t 2 VðD0 Þ. Thus, there is a homomorphism h : VarðV0 Þ!ConstðVðDÞÞ with the properties of
Deﬁnition 4, thus t ¼ v0 ðhðxÞ; hðxÞ; hðx3 Þ; . . . ; hðxn ÞÞ.
Since it also holds that t ¼ v0 ðc1 ; c2 ; c3 ; . . . ; cn Þ, we have
that c1 ¼ hðxÞ ¼ c2 , which is a contradiction because we
assumed that c1 ac2 . &
Lemma 8. Let V be a set of CQ views and I a view instance
such that there exists a database instance D such that
I DVðDÞ. Then, for any view instance I , the canonical
database instance DI of I is non-empty and we have that
I DVðDI Þ.
Proof. We consider the following cases:

D s:t: I DVðDÞ

because )D such that I DVðDÞ.
For the proof of Lemma 6 we will use the following three
lemmas:
Lemma 7. Let V be a set of CQ views. Then the following are
equivalent:
1. None of the view deﬁnitions in V has repeated variables in
the head.
2. For all view instances I there exists a database instance D
such that I DVðDÞ.
Proof. ð1Þ¼)ð2Þ. We deﬁne the following database instance:
Deﬁnition 12 (Canonical database instance of I ). Suppose
that t ¼ vi ða1 ; . . . ; an Þ is a fact of I . We deﬁne At to be the
set that contains exactly the facts that are produced from
the predicates in the body of the view deﬁnition of Vi in
order to yield the fact vi ða1 ; . . . ; an Þ. To construct these
facts, we unify t with the head variables of view Vi and
we use fresh labelled nulls for the remaining (nondistinguished) variables that appear in the body of Vi .
The members of the set At are exactly the frozen subgoals
of view Vi after the uniﬁcation. If the uniﬁcation is not

 None of the view deﬁnitions in V has repeated variables


in the head. Then, the result follows from the proof of
Lemma 7.
There are some views V1 ; . . . ; Vk 2 V that have repeated
variables in the head. Let V be one of those views, and
suppose that its head is Vðx1 ; . . . ; xn Þ and xsð1Þ ; . . . ; xsðkÞ
are the same variable, where s is a function s :
f1; . . . ; kg-f1; . . . ; ng and krn. Let t ¼ vða1 ; . . . ; an Þ 2 I .
If asðiÞ ¼ asðjÞ for iaj and i; j ¼ 1; . . . ; k, then we can
create the set At because we can unify the t with the
head of view V.
Suppose now that for some i; j 2 f1; . . . ; kg and iaj we
have that asðiÞ aasðjÞ . Then, since there exists a database
instance D such that I DVðDÞ, we have that t 2 VðDÞ.
So, there is a homomorphism h : VarðVÞ-ConstðVðDÞÞ
such that:
3 h maps all the variables of V to constants in VðDÞ and
all constants of V to the same constants in VðDÞ.
3 If Ri ðy1 ; . . . ; yn Þ 2 BodyðVÞ then Ri ðhðy1 Þ; . . . ; hðyn ÞÞ
2 VðDÞ.
3 t ¼ vðhðx1 Þ; . . . ; hðxn ÞÞ.
Since xsðiÞ , xsðjÞ are the same variable, we have that
hðxsðiÞ Þ ¼ hðxsðjÞ Þ. But t ¼ vða1 ; . . . ; an Þ, and thus
asðiÞ ¼ hðxsðiÞ Þ ¼ hðxsðjÞ Þ ¼ asðjÞ , which is a contradiction
because we assumed that asðiÞ aasðjÞ .
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This is a contradiction, because by construction D0 does
not contain any subgoal of the form Rða1 ; cðD0 ;2Þ ; . . . ; c
ðD0 ; mÞÞ, where cðD0 ;2Þ ; . . . ; cðD0 ;mÞ 2 constðD0 Þ.
Hence, the variable y1 of R to which a1 is assigned
cannot be a non-distinguished variable in the view
deﬁnition of view Vj, which means that it is a
distinguished variable, and by the previous case a1 ¼
bl for some l 2 f1; . . . ; kg. &

Thus, for all for i; j ¼ 1; . . . ; k and iaj we have that
asðiÞ ¼ asðjÞ , so we can always unify a tuple vða1 ; . . . ; an Þ 2
I with the head of view V, i.e. we can always create DI
such that DI a|. &
Lemma 9. Let Q be CQ query, Rðy1 ; . . . ; ym Þ 2 BodyðQ Þ and V
be a set of CQ views. Let I be a view instance such that the
canonical instance DI is non-empty. Suppose that
t 2 certainðQ ; I Þ, t ¼ ða1 ; . . . ; an Þ and let h be the homomorphism h : VarðQ Þ-ConstðDI Þ that computes tuple t. The
following holds:
If Rðhðy1 Þ; . . . ; hðym ÞÞ 2 At1 for some fact t1 2 I (where At1 is
deﬁned as in Deﬁnition 12) and yj is a distinguished variable
in the deﬁnition of Q, (which means that ai ¼ hðyj Þ for some
i 2 f1; . . . ; ng and j 2 f1; . . . ; mg), then constant hðyj Þ also
appears in the fact t1 .
Proof. Suppose
that
HeadðQ Þ ¼ fx1 ; . . . ; xn g
and
T
t 2 certainðQ ; I Þ. We have that certainðQ ; I Þ ¼ D2D Q ðDÞ
where D ¼ fD : I DVðDÞg. Thus, if t 2 certainðQ ; I Þ, then
t 2 Q ðDÞ, 8D 2 D, which means that there exists a homomorphism hD : VarðQ Þ-ConstðDÞ such that
1. hD maps all the variables of Q to constants in ConstðDÞ
and all constants of Q to the same constants in ConstðDÞ.
2. If Ri ðy1 ; . . . ; ym Þ 2 BodyðQ Þ then Ri ðhD ðy1 Þ; . . . ; hD ðym ÞÞ is a
fact of D, i.e. Ri ðhD ðy1 Þ; . . . ; hD ðym ÞÞ 2 D.
3. If HeadðQ Þ ¼ ðx1 ; . . . ; xk Þ, then t ¼ ðhD ðx1 Þ; . . . ; hD ðxk ÞÞ
2 Q ðDÞ, that is ða1 ; . . . ; an Þ ¼ ðhD ðx1 Þ; . . . ; hD ðxk ÞÞ.
Suppose that x1 is a distinguished variable that appears in
subgoal Rðy1 ; . . . ; ym Þ in the body of Q. Without loss of
generality, we assume that x1 appears in the ﬁrst position
of R, i.e. we can write subgoal Rðy1 ; . . . ; ym Þ as
Rðx1 ; y2 ; . . . ; ym Þ.
Hence, since t is a certain answer and hðx1 Þ ¼ a1 , we have
that all databases D 2 D must contain a subgoal of the form
Rða1 ; cðD;2Þ ; . . . ; cðD;mÞ ÞÞ, where cðD;2Þ ; . . . ; cðD;mÞ are constants
that may belong only in D. Suppose now that h is the
homomorphism h : VarðQ Þ-ConstðDI Þ that computes tuple
t and that Rðhðy1 Þ; . . . ; hðym ÞÞ 2 At1 for some fact
t1 ¼ vj ðb1 ; . . . ; bk Þ 2 I . We will prove that a1 ¼ bl for some
l 2 f1; . . . ; kg. We consider the following two cases:

 In the view deﬁnition of view Vj, the variable y1 of



Rðy1 ; . . . ; ym Þ is a distinguished variable. Then, since
Rðhðy1 Þ; . . . ; hðym ÞÞ 2 At1 , it is obvious that a1 ¼ bl for
some l 2 f1; . . . ; kg.
The variable y1 of R to which a1 is assigned is a nondistinguished variable in the view deﬁnition of view Vj.
We construct the canonical database instance DI of I ,
and we deﬁne D0 to be the database instance that is
derived from DI where each labelled null has been
replaced by a constant that is different from a1 . We
observe that by the construction of DI , variable y1 of R
will be assigned a labelled null in DI (since it is a nondistinguished variable). Thus, by the construction of D0 ,
y1 will be assigned a constant that is different from a1 .
We also have that D0 has the property that I DVðD0 Þ.

We now continue with the proof of Lemma 6: we deﬁne
S to be the set of contained CQ rewritings of Q using V such
that R has at most s subgoals, and where the different
subgoals that form each one of these rewritings are the
views from the set V. Hence, the size of S is a function only
of the sizes of the view deﬁnitions V and the query Q.
By Lemma 8 we have that the canonical database DI
of I is non-empty and that I DVðDI Þ. Let t0 2 certainðQ ; I Þ.
T
Since certainðQ ; I Þ ¼ I DVðDÞ Q ðDÞ, we have that t0 2 Q ðDI Þ.
This means that there is a homomorphism h : VarðQ ÞConstðDI Þ with the properties of Deﬁnition 4. Suppose now
that Q has s subgoals and that Q ð~
x Þ : R1 ðx~1 Þ; R2 ðx~2 Þ; . . . ;
x appear in the set of all
Rs ðx~s Þ where the variables ~
variables fx~1 ; . . . ; x~s g.
x ÞÞ; Rð~
x Þ 2 BodyðQ Þg, DI0 DDI . By the deﬁniLet DI0 ¼ fRðhð~
tion of DI , if a 2 DI then there exists a t 2 I such that
a 2 At . We deﬁne I0 as follows:
I0 ¼ ft 2 I : (a 2 DI0 such that a 2 At g
We have that jI0 jrs and for all a 2 DI0 . In addition, if a
distinguished variable xi appears in a subgoal Rj ðy1 ; . . . ; ym Þ
of Q, then, since hðxi Þ is a constant that appears in t0 and
t0 2 certainðQ ; I Þ, by Lemma 9 we have that for all t 2 I 0
such that Rj ðy1 ; . . . ; ym Þ 2 At , hðxi Þ will appear among the
constants of fact t. Thus, if C ¼ ConstðI 0 Þ, then all the
constants that appear in t0 are members of the set C.
Suppose without loss of generality that I 0 ¼ fv1 ðc~1 Þ; . . . ;
vs0 ðc~s0 Þg, where s0 rs. We assign a distinct variable xc to each
distinct constant c 2 C, and create the query
Rðx1 ; . . . ; xn Þ : V1 ðx~1 Þ; . . . ; Vs0 ðx~s0 Þ
Note that the query is safe, because we have already shown
that all the constants in the result tuple t0 appear in the set
of constants C, and thus the variables that we will assign to
them will also appear in the body of R. Let VarðRÞ be the set
of all variables of R and g : C-VarðRÞ be the mapping that
assigns a variable from VarðRÞ to each constant in C, i.e.
gðcÞ ¼ xc . We have that the following two hold:

 Rexp LQ .



This holds because if we consider the homomorphism
h1 : VarðQ Þ-VarðRexp Þ, h1 ¼ g Jh, we have that h1 maps
each subgoal of Q to a subgoal of Rexp and h1 also maps
the head of Q to the head of Rexp .
t0 2 RðI Þ.
We consider the homomorphism g 1 : VarðRÞ-C. Because CDConstðI Þ, we can write g 1 : VarðRÞ-ConstðI Þ.
We have that g 1 maps all the subgoals of the body of
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R to facts in I , and by the construction of query R we
have that ðgðx1 Þ; . . . ; gðxn ÞÞ ¼ ðhðx1 Þ; . . . ; hðxn ÞÞ ¼ t0 , so
t0 2 RðI Þ.
Thus, there exists a contained rewriting R of Q using V
such that R is a conjunctive query and that t0 2 RðI Þ. &
Before proving Theorem 7, we will also need the
following proposition:
Proposition 3. Let Q be a CQ query, V be a set of CQ views, R
be a CQ contained rewriting of Q and I a view instance such
that there exists a database instance D such that I DVðDÞ.
Then RðI ÞD certainðQ ; I Þ.
Proof. We will prove the above under the Open and Closed
World Assumptions.

 Under the OWA, because R is a contained rewriting,
we have that for all database instances D such
that I DVðDÞ : Rexp ðDÞDQ ðDÞ. But RðI ÞDRðVðDÞÞ and
RðVðDÞÞ ¼ Rexp ðDÞ, so RðI ÞDQ ðDÞ. Thus:
RðI ÞD

\

Q ðDÞ¼)RðI ÞDcertainðQ ; I Þ

I DVðDÞ

we have that for all database instances D such that
I ¼ VðDÞ : Rexp ðDÞDQ ðDÞ. But RðI Þ ¼ RðVðDÞÞ and
RðVðDÞÞ ¼ Rexp ðDÞ, so RðI ÞDQ ðDÞ. Thus:
\

Q ðDÞ¼)RðI ÞDcertainðQ ; I Þ

I ¼VðDÞ

In any case, RðI ÞDcertainðQ ; I Þ.

5.2.2. Presence of dependencies C
In the presence of a set of dependencies C, we need to
state and prove a weaker lemma than Lemma 6 to reﬂect
the changes introduced by C. This is necessary due to the
fact that in this case, a UCQ MCR may not exist in general,
as we already argued in the introduction (Example 2), and
we give the proof below:
Proof. We revisit Example 2 from the introduction. In this
example, there is no maximally contained rewriting of Q
with respect to UCQ. The intuition behind this is that every
contained rewriting Qn returns all pilots that work in the
same airline as Mike such that each pair of pilots have
ﬂown the same aircraft at some point, up to a maximum of
n aircrafts. Thus, if we consider P to be an MCR of Q with
respect to UCQ, then, if the maximum number of subgoals
of each rewriting Ri in the conjunction is m, P will not be
able to return the pilots that work in the same airline as
Mike such that each pair of pilots have ﬂown the same
aircraft at some point, but up to a maximum of n4m
aircrafts.
To show this formally, we ﬁrst consider the contained
rewriting Qmþ1 :
Qmþ1 ðPÞ : VðD1 ; mike; C1 Þ; VðD2 ; P2 ; C1 Þ;

 Under the CWA, because R is a contained rewriting,

RðI ÞD
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We now give the proof of Theorem 7:
Proof of Theorem 7. We will show the following:
1. PðI ÞD certainðQ ; I Þ.
2. certainðQ ; I ÞDPðI Þ.
Since P is a contained rewriting of Q, the ﬁrst is a direct
consequence of Proposition 3. To prove the second, we ﬁrst
consider the case where I ¼ |. Then, PðI Þ ¼ | and we have
T
T
that certainðQ ; I Þ ¼ D s:t: I DVðDÞ Q ðDÞ ¼ D s:t:|DVðDÞ Q ðDÞ ¼
T
for all D Q ðDÞ ¼ |. Thus, certainðQ ; I Þ ¼ |D| ¼ PðI Þ. Suppose now that I a|. We consider the following two
cases:

1. There is a contained rewriting R 2 S such that
RðI ÞJPðI Þ. But that is a contradiction because R is a
contained rewriting of Q and we assumed that P is an
MCR of Q using V with respect to UCQ.
2. There is no contained rewriting R 2 S such that
RðI ÞJPðI Þ. Thus, we have that 8R 2 S : RðI ÞDPðI Þ.
Suppose that t0 2 certainðQ ; I Þ. By Lemma 6, there is a
rewriting in S which computes t0 , i.e. t0 2 RðI Þ. Hence,
t0 2 PðI Þ. &

VðD3 ; P2 ; C2 Þ; VðD4 ; P3 ; C2 Þ; VðD5 ; P3 ; C3 Þ;
VðD6 ; P4 ; C3 Þ; . . . ; VðD2m ; Pmþ1 ; Cm Þ;
VðD2mþ1 ; Pmþ1 ; Cmþ1 Þ;VðD2mþ2 ; Pmþ2 ; Cmþ1 Þ
Then, we construct a view instance Vmþ1 by freezing the
subgoals in the body of Qmþ1 to constants as it is shown
below:
Vmþ1 ¼ fVðd1 ; mike; c1 Þ; Vðd2 ; p2 ; c1 Þ;
Vðd3 ; p2 ; c2 Þ; Vðd4 ; p3 ; c2 Þ; Vðd5 ; p3 ; c3 Þ
Vðd6 ; p4 ; c3 Þ; . . . ; Vðd2m ; pmþ1 ; cm Þ;
Vðd2mþ1 ; pmþ1 ; cmþ1 Þ; Vðd2mþ2 ; pmþ2 ; cmþ1 Þg
It is easy to see that Qmþ1 ðVmþ1 Þ ¼ fmike; p2 ; . . . ; pmþ2 g.
Since Qmþ1 is contained in P there exists a rewriting R 2 P
such that Qmþ1 LR, and thus pmþ2 2 RðVmþ1 Þ. If R has s
subgoals, then srm, which means that R uses at most srm
facts from Vmþ1 to return the answer fpmþ2 g.
By Deﬁnition 4, if P is the (only) variable in the head of R,
there is a homomorphism h : VarðRÞ-ConstðVmþ1 Þ such
y Þ is a subgoal in the body of R,
that hðPÞ ¼ pmþ2 and if Ri ð~
y ÞÞ 2 Vmþ1 . We now consider a view instance Vs ¼
then Ri ðhð~
y ÞÞ : Ri ð~
y Þ 2 BodyðRÞg (Vs contains only the s tuples
fRi ðhð~
from Vmþ1 used to produce the answer fpmþ2 g, i.e.
RðVs Þ ¼ fpmþ2 g). Since Vmþ1 contains 2m þ 24mZs subgoals, at least one tuple that was in Vmþ1 is not present in
Vs . Let Vðd0 ; pi ; c0 Þ, 2rirm þ 2 be that tuple. We now
construct a database D0 from Vs by replacing the tuples in
Vs with their expansi ons, as it is shown here:
D0 ¼ fscheduleða1 ; n1 ; d1 ; mike; c1 Þ, scheduleða2 ; n2 ; d2 ; p2 ; c1 Þ,
scheduleða2 ; n2 ; d3 ; p2 ; c2 Þ; . . . ;scheduleða2i2 ; n2i2 , d2i2 ; pi1 ;
ci1 Þ; scheduleða2iþ2 ; n2iþ2 , d2iþ2 ; piþ1 ; ciþ1 Þ; . . . ; scheduleða2m ;
n2m ; d2m ; pmþ1 ; cm Þ; scheduleða2mþ1 ; n2mþ1 ; d2mþ1 ; pmþ1 ; cmþ1 Þ;
scheduleða2mþ2 ; n2mþ2 ; d2mþ2 ; pmþ2 ; cmþ1 Þg.
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Since D0 must satisfy the two functional dependencies,
we have that a1 ¼ a2 ¼    ¼ ai1 and aiþ1 ¼ aiþ2 ¼    ¼
amþ2 , but not necessarily that ai1 ¼ aiþ1 . Thus, it is clear
= Q ðD0 Þ, which is a contradiction, because R is a
that pmþ22
contained rewriting of Q and RðVs Þ ¼ fpmþ2 g. &
We now state the lemma that we will use to prove the
main result of this section, which is that a UCQ MCR P of a
UCQ query Q in the presence of dependencies C (if it exists)
computes the certain answers of Q.
Lemma 10. Let Q be CQ query, V be a set of CQ views, C be a
set of dependencies such that the chase of Q with C terminates
and P be an UCQ MCR of Q wrt UCQ. Let I be a view instance
such that there exists a database instance D such that I DVðDÞ
and DFC. Then there is a ﬁnite space S 0 of contained
rewritings (of Q using V) of size which is a function of the sizes
of P and V, such that the following happens: given a tuple
t0 2 certainðQ ; I Þ, then there is a contained CQ rewriting R in
S 0 such that t0 2 RðI Þ.
Before proving Lemma 10, we give another example that
goes along the lines of the proof and that demonstrates
how we can create a CQ rewriting R of Q under C when we
are given a tuple t 2 certainðQ ; I Þ, such that t 2 RðI Þ.
Example 11. Suppose we have the CQ query Q ðxÞ : aðx; xÞ;
bðx; yÞ; cðx; yÞ, the set of views V ¼ fV1 ; V2 ; V3 g, where
V1 ðxÞ : aðx; yÞ, V2 ðxÞ : bðx; yÞ and V3 ðxÞ : cðx; xÞ, and the
set C ¼ fd1 ; d2 ; d3 g, where d1 : aðx; yÞ4bðx; y0 Þ-x ¼ y, d2 :
aðx; yÞ-dðxÞ and d3 : dðxÞ4cðx; yÞ-x ¼ y. Let I be the view
instance I ¼ fv1 ð1Þ; v2 ð1Þ; v3 ð1Þg. By deﬁnition, we have
T
that certainðQ ; I Þ ¼ fQ ðDÞ : I DVðDÞ; DFCg. If D is a
database such that I DVðDÞ, DFC and k 2 certainðQ ; I Þ,
then k 2 Q ðDÞ and also aðk; kÞ; bðk; n1 Þ; cðk; kÞ 2 D, where
n1 is some constant. Thus, VðDÞ ¼ fv1 ðkÞ; v2 ðkÞ; v3 ðkÞg,
and since I DVðDÞ, we have that k ¼ 1. Hence, certain
ðQ ; I Þ ¼ f1g.
We now create the set DCI . First we create the sets
Av1 ð1Þ ¼ fað1; n1 Þg, Av2 ð1Þ ¼ fbð1; n2 g and Av3 ð1Þ ¼ fcð1; 1Þg, as
in Example 11, and the set DI ¼ fað1; n1 Þ; bð1; n2 Þ; cð1; 1Þg
2DI ). We chase DI
(note that DI does not satisfy C since dð1Þ=
with C and get DCI ¼ fað1; 1Þ; bð1; n2 Þ; cð1; 1Þ; dð1Þg. We create
the set CHASE½að1; 1Þ ¼ fað1; n1 Þ; bð1; n2 Þg for the tuple að1; 1Þ and the
set CHASE½dð1Þ ¼ fað1; 1Þg for the introduced tuple dð1Þ. We also
chase Q with C and we get QC ðxÞ : aðx; xÞ; bðx; yÞ; cðx; xÞ; dðxÞ.
We will now create the contained CQ rewriting as
follows: for the database DCI we have that I DVðDCI Þ and
DCI FC, so 1 2 certainðQ ; I Þ¼)1 2 Q ðDCI Þ¼)1 2 QC ðDI Þ and
thus we have that there exists a homomorphism
h : VarðQC Þ-ConstðDI Þ, hðxÞ ¼ 1 and hðyÞ ¼ n2 . Next, we
create the set I that contains all the ground view atoms
that cover the subgoals of QC for the certain answer 1.
Tuple aðhðxÞ; hðxÞÞ ¼ að1; 1Þ is introduced from a chase step,
so we add to I all tuples t 2 I with the property that there
exists a t 0 2 CHASE½að1; 1Þ such that t0 2 At , thus, I ¼ fvð1Þ; vð2Þg.
Since bðhðxÞ; hðyÞÞ ¼ bð1; n2 Þ 2 Avð2Þ and cðhðxÞ; hðxÞÞ ¼
cð1; 1Þ 2 Av3 ð1Þ so we add v2 ð1Þ, v3 ð1Þ to I. Tuple dðhðxÞÞ ¼
dð1Þ is introduced from a chase step and we proceed as
before, but since the tuple að1; 1Þ 2 CHASE½dð1Þ is taken care of

in the ﬁrst bullet we do not need to add any more tuples in
the set I. Thus I ¼ fv1 ð1Þ; v2 ð1Þ; v3 ð1Þg. We assign variable x1
to 1 and we create the contained rewriting Rðx1 Þ : V1 ðx1 Þ;
V2 ðx1 Þ; V3 ðx1 Þ. If we now consider the homomorphism h0 :
VarðRÞ-ConstðI Þ where hðx1 Þ ¼ 1, wecan verify that
1 2 RðI Þ.
We also observe that the canonical database instance DI
may not always satisfy C, which is shown in the following
example:
Example 12. Suppose that the set of views V contains the
following two views V1 ðxÞ : aðx; yÞ, V2 ðxÞ : bðx; yÞ, C contains the egd d : aðx; yÞ4bðx; y0 Þ-x ¼ y and that the view
instance is I ¼ fv1 ð1Þ; v2 ð1Þg. Then, we have that
DI ¼ fað1; yÞ; bð1; y0 Þg, where y and y0 need not necessarily
be the same constant. In the case where yay0 , it is clear
that DI jC.
However, if the chase of DI with C does not fail and
results in the instance DCI , then DCI is guaranteed to satisfy
the constraints C. It turns out that this holds if there exists
a database D such that I DVðDÞ and DFC.
Proposition 4. Let V be a set of CQ views, C a set of
dependencies such that the chase of DI with C terminates and
I a view instance such that there exists a database instance D
such that I DVðDÞ and DFC. Then the following hold:
1. The canonical database instance DI of I is non-empty.
2. The chase of DI with C does not fail.
3. If the chase of DI with C results in the instance DCI , then
I DC VðDCI Þ.
Proof. In the proof we will use out a property of chasing
instances:
Lemma 11. Let D1 ; D2 be database instances such that
D1 DD2 and the chase of D1 with C fails. Then the chase of
D2 with C also fails and thus D2 jC.
We have that ð1Þ holds because of Lemma 8 and ð3Þ is a
direct consequence of Lemma 8 and the fact that DI C DCI .
We will now prove ð2Þ by contradiction.
Suppose that the chase of DI with C fails. We will show
that for every database instance D such that I DVðDÞ, there
is a function L : LðDI Þ-ConstðDÞ (where LðDI Þ is the set of
labelled nulls of DI ) such that LðDI ÞDD. Thus, if there is a
database D such that I DVðDÞ and DFC, we would then
have that LðDI ÞDD. Since a chase fails only when at a chase
step we need to equate two distinct variables (not labelled
nulls) and the chase of DI with C fails, it is clear that the
chase of LðDI Þ with C will also fail. Thus by taking into
account Lemma 11, we have that DjC, which is a
contradiction.
We now show the existence of the function L. Let
t ¼ vðc1 ; . . . ; cn Þ 2 I . Since I DVðDÞ, we have that t 2 VðDÞ,
thus there is a homomorphism ht : VarðVÞ-ConstðDÞ with
the properties of Deﬁnition 4. Note that there may be more
that one such homomorphisms, i.e. there is a set Ht of such
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homomorphisms and ht 2 Ht . We also have that t 2 VðDI Þ
(by the construction of DI ), and thus there is a homomorphism ht0 : VarðVÞ-ConstðDI Þ with the properties of
Deﬁnition 4. If x is a non-distinguished variable, then by
the construction of DI we have that ht0 ðxÞ ¼ nt;x where nt;x
is a labelled null that appears only in the set At . We deﬁne
Lðnt;x Þ ¼ ht ðxÞ, and if we do this for all tuples t 2 I we will
create a function L : LðDI Þ-ConstðDÞ. Since each labelled
null appears in exactly one of the sets At , we have that L is
well-deﬁned, and thus LðDI ÞDD. &
Proof of Lemma 10. We chase Q with C and we create QC .
S
Suppose that P ¼ m
i¼1 Pi and that s is the maximum number of subgoals that appear in each Pi , i.e.
s ¼ maxjPi j. We deﬁne S 0 to be the set of contained
CQ rewritings of Q using V under C such that R has at
most s subgoals, and where the different subgoals that
form each one of these rewritings are the views from
the set V. Hence, the size of S 0 is a function of the sizes
of P and V.
By Lemma 4 we have that the canonical database DI of I
is non-empty and that I DC VðDI Þ. We chase DI with C to
obtain DCI , and for each b 2 DCI  DI we create a set CHASE½b
that contains exactly all the tuples from I that appear in
the chase steps of b. Let t0 2 certainðQ ; I Þ. Since
T
certainðQ ; I Þ ¼ I DC VðDÞ Q ðDÞ, we have that t0 2 Q ðDCI Þ, and
C
thus t0 2 QC ðDI Þ. This means that there is a homomorphism
h : VarðQC Þ-ConstðDCI Þ with the properties of Deﬁnition 4.
x Þ : R1 ðx~1 Þ; . . . ; Rs1 ðx~s1 Þ, where variSuppose now that QC ð~
~
ables x appear in the set of all variables fx~1 ; . . . ; x~s1 g.
x ÞÞ; Rð~
x Þ 2 BodyðQC Þg, D0 CI DDCI . We will
Let D0 CI ¼ fRðhð~
now create a set I that contains only tuples from I , and
from the set I we will create the contained CQ rewriting R
for t0. By the deﬁnition of DCI , if a 2 DCI then there are three
cases:

 There exists a t 2 I such that a 2 At . In this case we add
t to I.

 a is introduced in some chase step when chasing



DI with C, and the set CHASE½a contains only tuples
from I . In this case, we add to I all tuples t 2 I with
the property that there exists a t 0 2 CHASE½a such that
t 0 2 At .
a is introduced in some chase step when chasing DI
with C, and the set CHASE½a also contains some tuples
a1 ; . . . ; an that were introduced from a chase step.
We act as in the previous case and we add to I all
the tuples of I that appear in the chase steps of
a; a1 ; . . . ; an .

Hence, we have that I0 DI . Suppose without loss of
generality that I0 ¼ fvi ðc~i Þ; i 2 Ng, where NDN and c~i are
vectors of constants. We assign a distinct variable xc to
each distinct constant c 2 C, and create the query
^
Rðx1 ; . . . ; xn Þ :  Vi ðx~i Þ
i2N

Without loss of generality, we assume that x1 ; . . . ; xn are
the variables that we assign to the constants c1 ; . . . ; cn that
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form the certain answer t0 ¼ ðc1 ; . . . ; cn Þ. We need to show
that the query R is safe, and for this to hold every constant
that appears in the certain answer t0 must appear in some
view fact in I0 . Let d be a constant that appears in t0 . Then
one of the following must hold:

 d appears in some fact Rðhð~
x ÞÞ (where R 2 BodyðQC Þ) and


Rðhð~
x ÞÞ 2 At for some t 2 I , then from Lemma 9 we
know that constant d appears in the view fact t.
d appears in some fact Rðhð~
x ÞÞ and Rðhð~
x ÞÞ=
2At , 8t 2 I .
x ÞÞ was created
Then, Rðhð~
x ÞÞ 2 DCI  DI , i.e. the fact Rðhð~
from a chase step. In this case we have included in I all
the view facts of I that appear in the chase sequence of
Rðhð~
x ÞÞ, thus we need to show that d appears in at least
one of these view facts. This is indeed true, because if
the opposite holds, then we would have that d is equal
to some labelled null in DCI , but since a labelled null can
have any value, this is a contradiction (the detailed
proof is similar to Lemma 9).

Suppose now that VarðRÞ is the set of all variables of R
and g : C-VarðRÞ be the mapping that assigns a variable
from VarðRÞ to each constant in C, i.e. gðcÞ ¼ xc . We have
that the following two hold:

 Rexp
C LQ .



This holds because if we consider the homomorphism
h1 : VarðQ Þ-VarðRexp
C Þ, h1 ¼ g Jh, we have that h1 maps
and h1 also maps
each subgoal of Q to a subgoal of Rexp
C
the head of Q to the head of Rexp
C .
t0 2 RðI Þ.
We consider the homomorphism g 1 : VarðRÞ-C. Because CDConstðI Þ, we can write g 1 : VarðRÞ-ConstðI Þ.
We have that g 1 maps all the subgoals of the body
of R to facts in I , and by the construction of query R we
have that ðgðx1 Þ; . . . ; gðxn ÞÞ ¼ ðhðx1 Þ; . . . ; hðxn ÞÞ ¼ t0 , so
t0 2 RðI Þ.

Thus, there exists a contained rewriting R of Q using V
such that t0 2 RðI Þ (note that the conjunction that
constructs R may not be ﬁnite). Since RLQ and P ¼
[m
i¼1 Pi is an MCR of Q wrt UCQ, we have that RLP. Hence,
t0 2 RðI Þ ) t0 2 Pj ðI Þ, for some j 2 f1; . . . ; mg, and so we
have that Pj is a contained CQ rewriting of Q (by the
deﬁnition of P) with a number of subgoals which is at most
s, and t0 2 Pj ðI Þ. &
We will now prove that a UCQ MCR P of a UCQ query Q
in the presence of dependencies C (if it exists) computes
the certain answers of Q.
Theorem 8. Let Q be a UCQ query, V be a set of CQ views, C
be a set of dependencies such that the chase of Q with C
terminates and P be a MCR of Q under C with respect to UCQ.
Let I be a view instance such that there exists a database
instance D such that I DVðDÞ and DFC. Then, under the Open
World Assumption, P computes all the certain answers of Q in
any view instance I , i.e. certainðQ ; I Þ ¼ PðI Þ.
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Proof. The proof is similar to the proof of Theorem 7 and
uses Lemma 10. &
Using the previous theorems we can also prove the
following:
Theorem 9. Suppose that Q is a UCQ query and V a set of CQ
views.

terminates, and we proved that such a maximally contained rewriting of Q, if it exists, computes exactly the
certain answers of Q. For future work we plan to
investigate the problem of ﬁnding equivalent rewritings
and MCRs of a query with arithmetic comparisons in the
presence of dependencies.
Acknowledgements

1. Suppose that I is a view instance such that there exists a
database instance D such that I DVðDÞ. Then, we can
compute the certain answers of Q with respect to any view
instance I in PTIME data complexity.
2. Suppose that C is a set of dependencies such that the chase
of Q with C terminates and that P is a maximally
contained rewriting of Q under C with respect to UCQ.
Suppose also that I is a view instance such that there
exists a database instance D such that I DVðDÞ and DFC.
Then, we can compute the certain answers of Q with
respect to any view instance I in PTIME data complexity.
Proof. 1. We know from Lemma 6 that a maximally
contained rewriting of Q with respect to UCQ always
exists. Since I is a view instance such that there exists
a database instance D such that I DVðDÞ, we know
from Theorem 7 that for any view instance I :
PðI Þ ¼ certainðQ ; I Þ. Thus, we can compute the certain
answers of Q with respect to any view instance I in PTIME
data complexity.
2. Since P is a maximally contained rewriting of Q under
C with respect to UCQ and I is a view instance such that
there exists a database instance D such that I DVðDÞ and
DFC, we know from Theorem 8 that for any view instance
I : PðI Þ ¼ certainðQ ; I Þ. Thus, we can compute the certain
answers of Q with respect to any view instance I in PTIME
data complexity. &
6. Conclusions
In this paper we considered conjunctive queries and
views, and we investigated equivalent and maximally
contained rewritings of a query using views under a set
of dependencies. We proposed an efﬁcient algorithm for
ﬁnding equivalent rewritings of a query Q using a set of
views V in the presence of a set of dependencies C that is
such that every contained rewriting of Q using V under C
has the shared variable property. Then we went on to
introduce an efﬁcient algorithm that ﬁnds maximally
contained rewritings of a query Q with respect to the
language of unions of conjunctive queries and in the
presence of a set of weakly acyclic local-as-view tuple
generating dependencies. In the rest of the paper we ﬁrst
proved that under the open world assumption, if no
dependencies are present, a maximally contained rewriting
of Q with respect to the language of unions of conjunctive
queries computes exactly the certain answers of Q. Then,
we considered the case where the maximally contained
rewritings of Q with respect to the language of unions of
conjunctive queries are considered in the presence of
dependencies C such that the chase of Q with C always

The ﬁrst author would like to thank Rada Chirkova and
Michael Compton who have read [8] carefully and have
made critical comments. Both authors would also like to
thank Rada Chirkova who has read the conference version
of this paper [3] and has made insightful comments.
Appendix A. Supplementary data
Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.is.2009.08.002.
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