Logic and Data Exchange:
Which Solutions are “Good” Solutions?

André Hernich
Nicole Schweikardt

Institut fiir Informatik
Goethe-Universitat Frankfurt am Main
Postfach 11 19 32

D-60054 Frankfurt am Main, Germany

{hernich,schweika}@informatik.uni-frankfurt.de

Abstract

This paper gives an introduction into the area of data exchange, with
a special emphasis on the question of which solutions can be con-
sidered “good” solutions. We will concentrate on notions of “good”
solutions for query answering, in particular, universal solutions, the
core of the universal solutions, and CWA-solutions.

1 Introduction

Data exchange deals with the problem of translating data that is structured
in an “old” format into data structured in a “new” format. The “old” and
the “new” format are called source schema and target schema, respectively.
The task in data exchange can be described as follows: given (i) a database
instance over the source schema and (ii) a specification of the relationship
between the source and the target, construct a solution, i.e., a database
instance over the target schema that satisfies the given relationship. Prefer-
ably, in case that solutions exist at all, one would like to find particular
solutions that reflect the given source data as accurately as possible.

Such data exchange problems occur in many real-world applications of
database systems; and systems for solving this task have been developed and
implemented in the last few years [31, 22]. From a logician’s point of view,
the setting in data exchange can be stated as follows: The source schema and
the target schema are finite relational vocabularies, the database instances
over the source schema and the target schema are finite structures over these
vocabularies, and the specification of the relationship between the source
and the target is given by a set of formulas of a suitable logic.

The present paper’s goal is to give an introduction into the area of data
exchange, addressed to readers who have a background in logic, but who
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are not necessarily experts in database theory. A special emphasis is put
on the question of which solutions can be considered “good” solutions.

The paper is structured as follows: In Section 2 we give an introduction
to the basic problem of data exchange, including the notions of schema
mappings and solutions. In Section 3 we concentrate on the first two notions
of “good” solutions: the universal solutions and the core. Section 4 gives a
summary on how to compute solutions. Section 5 deals with the question of
how to answer queries that are formulated with respect to the target schema,
and points out certain deficiencies of some notions of semantics of queries.
Section 6 presents the CWA-solutions as a notion of “good” solutions for
which these deficiencies do not occur. Finally, Section 7 concludes the paper
by pointing out further topics of research in the area of data exchange.

We are aware that data exchange does not belong to the core topics of
the LOFT conference. However, we believe that data exchange still is of
reasonable interest for the LOFT community: it deals with fundamental
questions in mathematical logic, it is concerned with deciding on the “right”
semantics of certain logics, and in connection with peer data exchange [9,
19, 20] it deals with the interaction of multiple peers. Furthermore, game
theoretic concepts help to gain a better understanding of a particular notion
of “good” solutions for data exchange: in Section 6 we present a new, game
theoretic characterization of the CWA-solutions.

Of course, the present paper can only give a very brief introduction to
some basic concepts and results in data exchange. As a starting point for
gaining an in-depth knowledge of the area of data exchange we refer the
interested reader to Kolaitis’ excellent survey [26], to Barceld’s very recent
survey [7], and to the articles on data exchange published in the proceedings
of the ACM Symposium on Principles of Database Systems (PODS) and the
International Conference on Database Theory (ICDT).

2 Basic notions

A schema is a finite relational vocabulary, i.e., a finite set of relation symbols
where each relation symbol is associated with an arity. An instance I over
a schema o assigns to each relation symbol R € ¢ a finite relation R of the
same arity as R. Thus, an instance over o is a finite o-structure. Given two
schemas o and 7 (called source schema and target schema, respectively),
and a specification of the relationship between the source and the target,
the goal in data exchange is to transform an instance S (the source instance)
over ¢ into an instance T (a target instance) over T that satisfies the given
specification. Let us illustrate this with an example.

Example 2.1. Consider the scenario of the fusion of two airlines, say KLA
and Air Flight (AF, for short), into a single airline. Suppose we have a
source instance S over the source schema o = { KLA, AF}, where KLA® and
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AF? respectively, contain the flights of KLA and Air Flight, represented
by triples (departure_ city, arrival_ city, flight number). We want to create
a target instance T over the target schema 7 = {New} such that New”
contains the flights of the new airline, represented by triples (departure_ city,
arrival__ city, aircraft_type). Moreover, we require that the new airline offers
(at least) the same direct connections as KLA, and that for each route of

Air Flight, the cities remain reachable with at most one change of planes.
|

Throughout this article we will assume that o and 7 are disjoint. We
write S UT to denote the instance of schema o U7 where each R € o is
assigned the relation R, and each R € 7 is assigned the relation R”.

Furthermore, we assume that all elements that occur in a tuple that
belongs to a relation R of some (source or target) instance I belong to a
fixed infinite set Dom of potential data values.

2.1 Schema mappings

Requirements such as those described in Example 2.1 are formalized by
schema mappings:

Definition 2.2. Let ¢ and 7 be two disjoint schemas.

(a) A schema mapping M from o to 7 is a non-empty subset of
{(S,T) : S is an instance over o, and T is an instance over 7}.

We call o the source schema of M, and an instance over o is called
source instance for M. Analogously, we call 7 the target schema of M,
and an instance over 7 is called target instance for M.

(b) Given a source instance S for a schema mapping M, a solution for S
under M is a target instance T for M such that (S,T) € M. O

Note that schema mappings are not required to be mappings (i.e., func-
tions) in the mathematical sense. According to Definition 2.2, a schema
mapping can be an arbitrary relation between the class of instances over
the source schema and the class of instances over the target schema. Thus,
for a given source instance S there might exist either no solution, or exactly
one solution, or more than one solution.

Example 2.3. The requirements from Example 2.1 can be formalized by
a schema mapping M from the source schema {KLA, AF} to the target
schema {New} that consists of precisely all tuples (S,T), where S is a
source instance and T is a target instance for M such that

(1) for every tuple (x1,x2,y) € KLAS, there is an aircraft type z such that
(w1, 22,2) € New?, and
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(2) for every tuple (z1,72,y) € AF®, there either is an aircraft type z such
that (x1,x,2) belongs to New”, or there is an intermediate stop z;
and aircraft types 2z’ and z” such that (z1, 21, 2’) and (21, 22, 2”) belong
to New™. ]

One of the goals in data exchange is: Given a schema mapping M and
a source instance S, decide whether a solution for S under M exists — and
if so, compute such a solution 7. In particular, this leads to the following
decision problem:

EXISTENCE-OF-SOLUTIONS (M)
Input: A source instance S for M.
Question: Is there a solution for S under M?

Preferably, in case that solutions exist at all, one would like to find a solution
that reflects the given data as accurately as possible.

2.2 How to specify schema mappings

For specifying schema mappings in a high-level, declarative way, it seems
natural to consider formulas of a certain logic, e.g., first-order logic. Sev-
eral formalisms for schema specification are conceivable, among them, for
example:

(1) Logical interpretations, e.g., first-order interpretations: Here, a tuple
f = (pr)Rer of formulas of vocabulary o associates with every source
instance S the target instance f(S) where, for each relation symbol
R € 7, RF9 consists of all tuples @ with S |= ¢r(@). The interpretation
f thus specifies the schema mapping

My = {(S, f(S)) : S is a source instance }.

Note that such logical interpretations f allow for specifying only schema
mappings where each source instance S has exactly one solution. For
real-world applications, this is far too restrictive. Usually, one does not
intend to fully specify the target, but only to describe certain proper-
ties that the target should have as, e.g., in the data exchange scenario
described in Example 2.1.

One therefore usually considers the following, more general way of spec-
ifying schema mappings.

(2) A set X of formulas of a certain logic, e.g., first-order logic over vocab-
ulary o U 7, specifies the schema mapping

S is a source instance, T' a target instance,
ME{(S’T) “and SUT EX }
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Thus, the formulas in ¥ can be viewed as a formal specification of the
relationship between the source and the target.

However, if the class of formulas allowed for choosing ¥ is too powerful,
the problem EXISTENCE-OF-SOLUTIONS(Msy) may be undecidable. The
following example exposes a particular first-order sentence ¢ such that
EXISTENCE-OF-SOLUTIONS(Mj,,}) is undecidable.! Note that the difficulty
in proving the undecidability is that the schema mapping is assumed to be
fixed. If the schema mapping is regarded as part of the input, undecidability
is a simple corollary to Trakhtenbrot’s theorem.

Example 2.4. Consider Post’s correspondence problem, which is well-known
to be undecidable. The problem is defined as follows:

Post’s correspondence problem

Input: A number k£ > 1 and a list L = (uy,v1),. .., (uk, vg) of
k pairs of non-empty words u; and v; over an alphabet
{ay,...,ap}.

Question: Are there a number m > 1 and indices i1,...,%, €
{1,...,k} such that w;, u;, -~ u;, =005, 05, 7

The input to Post’s correspondence problem can be represented by an
instance S over the source schema o = {Ord, U, V'}, where Ord is a binary
relation symbol, U and V are ternary relation symbols,

e Ord® consists of all pairs (p, q) of integers such that
1 S p S q S maX{kvga |’U,1|, ey |uk|7 |U1|7 ey |Uk|}7 and

e U® (resp. V¥) consists of all triples (i, p, \) of integers where 1 < i < k,
1 < p < |uy| (resp., |vi]), and 1 < A < ¢, such that the p-th letter in u;
(resp., in v;) is ay.

We represent a solution

m>1, dy,..im €41, 00k, W = wg U, wg, = 005, U

m

to Post’s correspondence problem by an instance T over the target schema
7 ={0rd",P, WU, WV}, where Ord’ and P are binary relation symbols,
and WU and WV are ternary relation symbols, as follows: For n := |w|,

e Ord'" consists of all pairs (p, q) of integers such that
1 Sp S q S max{n,m,k,f,ml\,... 5 |uk|a |’U1|,...,|’Uk|},

e PT consists of all pairs (j,i;) with 1 < j <m,

L A different example (based on the halting problem for Turing machines rather than
Post’s correspondence problem) is sketched in [26].
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o WUT consists of all triples (r,j,p) of integers such that 1 < r < n,
1<7j<m,1<p< |uij|a and r = |ul1| +"’+|uij—1|+p
(i.e., triple (r, j, p) corresponds to the information that the r-th position
in w is the p-th position in the j-th segment of the decomposition of w
into w;, -+ uy,)

o WVT consists of all triples (r,j,p) of integers such that 1 < r < n,
1<j<m,1<p< |vi_7"7 and r = ‘vi1| +oeet ‘vi_7—1| +p
(i.e., triple (r, j, p) corresponds to the information that the r-th position
in w is the p-th position in the j-th segment of the decomposition of w
into v, -+ v;,).

Now it is an easy (but somewhat tedious) exercise to construct a first-
order sentence ¢ of vocabulary ¢ U 7, such that for any source instance
S which represents an input to Post’s correspondence problem, and for
any target instance T, the following is true:> S UT k= ¢ if, and only
if, T is isomorphic to an instance which represents a solution to Post’s
correspondence problem.

The undecidability of Post’s correspondence problem thus implies that
the problem EXISTENCE-OF-SOLUTIONS(M{,}) is undecidable. O

As a language for specifying schema mappings one therefore usually does
not allow full first-order logic, but restricts attention to certain fragments
of first-order logic. Ideally, such a fragment should be expressive enough to
specify schema mappings used in practical applications, and simple enough
to allow for efficient algorithms for the EXISTENCE-OF-SOLUTIONS problem.

A systematic study of suitable schema specification languages has started
just recently (cf., [10]). Up to date, most publications in the area of data
exchange deal with schema mappings My, that are specified by a set 3 that
consists of so-called dependencies of the following kind.

Definition 2.5 (s-t-tgds, t-tgds, egds).

(a) (i) A source-to-target tuple generating dependency (s-t-tgd, for short)
is a formula § of the form

vz vy (¢(z,9) — F29(3,2)) ,
where

e Z,%, Z are finite sequences of pairwise distinct first-order vari-
ables,

e o(Z,y) is a conjunction of relational atoms of the form
R(uy,...,u,) where R € o, r is the arity of R, and each w; is
either a variable in Z, 7 or an element in Dom, and

2 Recall from the beginning of Section 2 that, by definition, all instances are finite.
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e (Z,Z) is a conjunction of relational atoms of the form
R(uy,...,u,) where R € 7, r is the arity of R, and each u; is
either a variable in Z, zZ or an element in Dom.

(ii) A target tuple generating dependency (t-tgd, for short) is a formula
0 of the same form as in (i), where both, ¢(Z, ) and ¢ (z, z) are
conjunctions of atoms over .

(iii) An equality generating dependency (egd, for short) is a formula of

the form

vz (p(Z) — zi = x5),
where ¢(Z) is a conjunction of atoms over 7, T = x1,...,2 is a
finite sequence of first-order variables, and 4,5 € {1,...,k}.

(b) If ¢ is a s-t-tgd or a t-tgd, S is a source instance, and T a target
instance, we say that S UT satisfies § (in symbols: SUT = §), if for
all interpretations of Z,y with elements @,b in Dom for which each of
the conjuncts in ¢(a, l_)) is true in S U T, there exists an interpretation
of z with elements ¢ in Dom such that each of the conjuncts in ¥ (a, c)
is true in SUT.

Similarly, if 6 is an egd, we say that S U T satisfies 9, if for all inter-
pretations of & = x1,...,x; with elements aq,...,a; in Dom for which
each of the conjuncts in (@) is true in S U T, it holds that a; = a;. O

Definition 2.6. We write M = (o, T, Xgt, Xt ) to denote that M is a schema
mapping from o to 7 defined via M := My, where ¥ = ¥4 U X and g
(the so-called set of source-to-target dependencies) is a finite set of s-t-tgds,
and X (the so-called set of target dependencies) is a finite set of t-tgds and
egds. O

Example 2.7. Let us consider the schema mapping M described in Exam-
ple 2.3. Condition (1) can be formalized by the s-t-tgd

61 = Va,VaoVy (KLA(xl,xg,y) — 3z New(x1, xa, z)) .
Condition (2) can be formalized by the formula
YV, Voo Vy (AF(xl,xg,y) —
(32 New (21,22, 2) V 3232'32" (New (21, 2,2") A New (2, x2,2"))) ) .

Note, however, that this is not an s-t-tgd since, according to Definition 2.5,
disjunctions are not allowed in s-t-tgds. In order to formalize (a variant?

3 Tt should be mentioned that we use a little “hack” here: d3 makes sure that a “self-loop”
is added to every destination airport.
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of) condition (2) we therefore use the s-t-tgd ds :=
Va VaoVy (AF (z1, 2,y) — 3232'32" (New (21, 2, 2') A New(z, 22, 2")))
and the t-tgd
03 = Va1 VaaVy (New(a:l,:cg,y) — 3z New(xq, 2, z)) .

With M griine we will henceforth denote the schema mapping (o, 7, Xgt, Xt )
with 0 = {KLA,AF}, 7 = {New}, Xg = {01,02}, and Xy = {d3}. O
2.3 Solutions

Recall that for a schema mapping M = (o, 7, X4, Xt) and a source instance

S, a solution for S under M is a target instance 7" such that SUT | ¥ UX;.

Example 2.8. Let us consider the schema mapping M g iine from Exam-
ple 2.7 and the source instance Sg;qine With

S qirii R
KL ASairtine .— AFSai'rline =

{ (AMS, TXL, KL1812), and
(FRA, AMS, KL1772),
(FRA, AMS,KL1431) }

{ (CDG, TXL, AF123),
(CDG, AMS, AF837) }

Then, each of the following target instances 77 and 75 is a solution for
Sairtine Under M girjine:

New™r =

{ (AMS, TXL, F100 ) =

(FRA, AMS, A310 ) (AMS, TXL, F100 )
(FRA, AMS, F100 ), (FRA, AMS, A310 ),
(CDG, TXL, F100 ), (CDG, AMS, B707 ),
( ) ( )
( ) ( )
( )

New™ =

I

I bl

TXL, AMS, B707 ), TXL, TXL, stay-here ),
TXL, TXL, stay-here ), AMS, AMS, stay-here
AMS, AMS, stay-here

}

}

O

In light of the fact that, for a given schema mapping M and a source
instance S, either no solution or more than just one solution may exist, the
question “Which solutions are particularly “good” solutions?” occurs in a
natural way.

One kind of particularly good solutions are the universal solutions in-
troduced in the next section.



Logic and Data Exchange: Which Solutions are “Good” Solutions? 9

3 Universal solutions and the core

Universal solutions were introduced by Fagin, Kolaitis, Miller, and Popa in
[14] as a formalization of an intuitive notion of “most general solutions”.

Before giving the formal definition of universal solutions, let us first note
that target instances may contain two different kinds of values: first of all,
there may be values that are present already in the given source instance.
E.g., in Example 2.8, the values AMS, TXL, FRA, CDG are present in
Sairtine and in every solution T' for Sqirine under M giriine. Such values are
called constants. But the solutions T7 and 75 in Example 2.8 also contain
values that are not present in Sy;riine, €.g., the values for aircraft type (in Ty
and Ty, these are the values F100, A310, B707, and stay-here). The depen-
dencies in Yt and X; enforce that such values are present in every solution,
but they do not specify the precise choice of these values. E.g., when replac-
ing in T the tuple (AMS, TXL, F100) with the tuple (AMS, TXL, sunshine),
one obtains another solution for Sy ne under My pine. It would therefore
be nice to have “placeholders” at hand, i.e., particular values which tell us
that we know that (a) some value has to be inserted here, and that (b) no
constraint on the precise choice of this value is given. Such placeholders are
called nulls.

From now on, we therefore assume that the set Dom of potential values
is the union of two infinite, disjoint sets Const (the set of constants) and
Null (the set of nulls). We will often use the symbols L, 1’ 1, 15,... to
denote nulls.

Source instances will usually contain only constants, whereas target in-
stances may contain both, constants and nulls. The dependencies fixed in
Definition 2.5 are allowed to contain constants, but no nulls (i.e., in Defini-
tion 2.5 (a), Dom must be replaced by Const). Two target instances T and
T’ are called isomorphic if they are identical up to renaming of nulls.

Let us now come back to the question “Which solutions are particularly
“good” solutions?”. Intuitively, we are particularly interested in those so-
lutions that carry no more and no less information than is required by S
and M. In [14], the universal solutions were introduced as a kind of “most
general solutions” in this sense. The following notion of homomorphism is
crucial for the formal definition of universal solutions.

Definition 3.1 (homomorphism). Let 7" and 7" be two instances over 7.
A homomorphism from T to T’ is a mapping h : Dom — Dom which has
the following two properties:

(1) h is the identity on Const, i.e., h(c) = ¢ for all ¢ € Const, and

(2) for all R € 7 and all tuples (ai,...,a,) € RT, we have
(h(ar),...,h(a,)) € RT". O
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Note that, by definition, a homomorphism has to be the identity on
Const, but it may map a null onto either a null or a constant.

Definition 3.2 (universal solution [14]). Let M be a schema mapping and
let S be a source instance for M. A solution T for S under M is a universal
solution if for every solution T" for S under M there exists a homomorphism
h from T to T". |

Thus, a universal solution is a “most general solution” in the sense that
it can be homomorphically mapped into every other solution.

Example 3.3. Consider the schema mapping M, jine from Example 2.7
and the source instance Sgu;ine from Example 2.8. Then, none of the so-
lutions 77 and T3 from Example 2.8 is a universal solution. However, the

solutions T3 and Ty given in Figure 1 are universal solutions. O
T3 ._
New™ = NewTt =
{ (AMS, TXL, 1,

E g { (AMS, TXL, 1, )

; (FRA, AMS, L, )
( ) (CDG, L4, 1s5)
E g (Lls, TXL, Lg )
ECDG Lr, s % Ei},q Xi&s, . ;
( ) ( |
( ) ( |
( ) ( |
( ) ( :

)

FRA, AMS 1o
FRA, AMS, 13
CDG, 14, 15

)

)

) TXL, TXL, L
TXL, TXL, L10), AMS7 AMS7 J_lo 7
AMS, AMS, L1, ), La da di),

L4, L4, Lo
Ls, 1. L
Lr. Lv i 7 7 13

)
)

}

FIGURE 1. Two universal solutions T3 and Ty for Sgirine under M girpine.

Note that there is no guarantee that universal solutions exist. There are
examples of schema mappings and source instances for which solutions do
exist, but universal solutions do not:

Example 3.4. Let M = (0,7, 3, 2t) be the schema mapping where o =
{F}, 7 = {E}, S = {Va1Vao(F(21,22) — E(21,22)) } and %y =
{VaVy (E(y,z) — 32 E(2,2)) }. Let S be the source instance with F'¥ =
{(a,b)}. Then, the target instance T with E7 = {(a,b), (b,b)} is a solution
for S under M.

However, it is not difficult to see that there is no universal solution for
S under M: Assume, for contradiction, that 7" is a universal solution for
S under M. Viewing ET" as the set of edges of a directed graph, let n be



Logic and Data Exchange: Which Solutions are “Good” Solutions? 11

the size of the smallest cycle in this graph (a cycle must exist since T is
finite and M enforces that every node has out-degree at least one). Now
let T” be a solution for S under M that consists of a cycle on n+1 nodes.
Since T” is a universal solution, there must be a homomorphism h from T’
to T"”. Letting v1,...,v, be the nodes on the cycle of length n in 7", the
homomorphic images h(vy),...,h(v,) of these nodes must form a cycle in
T". However, by definition, the shortest cycle in T has length n+1. O

It therefore makes sense to consider, apart from the problem EXISTENCE-
OF-SOLUTIONS(M), also the following problem:

EXISTENCE-OF-UNIVERSAL-SOLUTIONS (M)
Input: A source instance S for M.
Question: Is there a universal solution for S under M?

In [16], Fagin, Kolaitis, and Popa introduced the notion of a unique
“minimal” universal solution, the so-called core of the universal solutions.
To give the formal definition of the core of the universal solutions, we need
to fix the notion of a sub-instance. An instance C over 7 is a sub-instance
of an instance T (in symbols: C C T) if R C RT, for every R € 7.

Definition 3.5 ([23]). Let T' be an instance over 7. An instance C C T
is a core of T, if there is a homomorphism A from T to C, and there is no
homomorphism from T to any C’ with C’ C C and C’ # C. O

It can be easily seen (cf., [23]) that every instance over 7 has a core, and
that the core is unique up to isomorphism. Furthermore, it has been shown
in [16] that all universal solutions for S under M have the same core (up to
isomorphism), and this core is a universal solution itself.

Definition 3.6. If universal solutions for S under M exist, then CORE(S)
denotes the core of the universal solutions for S under M. O

Note that universal solutions for S under M exist if, and only if, CORE;(.5)
exists.

4 How to compute solutions

An important question in the area of data exchange is: Given a schema
mapping M and a source instance S for M, how can we compute a solution
T for S under M, how can we compute a universal solution, and how can
we compute COREs(5)?

Let us first note that the class of schema mappings fixed in Definition 2.6
still contains schema mappings for which the problems EXISTENCE-OF-SO-
LUTIONS, respectively, EXISTENCE-OF-UNIVERSAL-SOLUTIONS are undecid-
able:
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Theorem 4.1 (Kolaitis, Panttaja, Tan [27]). There is a schema mapping
M = (o/, 7,2, %) (consisting of one s-t-tgd, two t-tgds, and one egd)

such that EXISTENCE-OF-SOLUTIONS(M’) is undecidable. O

Theorem 4.2 (Hernich, Schweikardt [24]). There is a schema mapping
M" = (¢", 7,3, 2) (containing s-t-tgds and t-tgds, but no egds) such

that EXISTENCE-OF-UNIVERSAL-SOLUTIONS(M") is undecidable. O

The proof of Theorem 4.1 is by a reduction from the embedding prob-
lem for finite semigroups, which is known to be undecidable. The proof
of Theorem 4.2 is by a reduction from the halting problem for Turing ma-
chines. Interestingly, M’ and M" can be chosen in such a way that the prob-
lems EXISTENCE-OF-SOLUTIONS(M") and EXISTENCE-OF-UNIVERSAL-SO-
LUTIONS(M') are trivial.

It is not difficult to see that, if M has only source-to-target dependencies
(i.e., the set 3 of target dependencies is empty), then every source instance
has at least one universal solution, i.e., the problems EXISTENCE-OF-SO-
LUTIONS(M) and EXISTENCE-OF-UNIVERSAL-SOLUTIONS(M) are trivial.
Furthermore, a subclass of the schema mappings fixed in Definition 2.6
has been identified, for which the EXISTENCE-OF-SOLUTIONS problem is
decidable, and solutions can be computed efficiently: the so-called weakly
acyclic schema mappings.

Definition 4.3 (weakly acyclic schema mappings [14, 12]).
Let M = (0,7, X, 2t) be a schema mapping.

e A position over T is a pair (R,¢) such that R € 7 and i € {1,...,r},
where r is the arity of R. Given a conjunction ¢ of relational atomic
formulas, and a variable x, we say that « appears at position (R,%) in ¢
if ¢ contains a conjunct R(uq,...,u,) with u; = .

e The dependency graph of M is a directed graph, whose vertices are the
positions over 7, and whose edges are given as follows: For every t-tgd
Yz VY (gp(i@gj) — EIZ?/J(&‘U,E)) in X, every variable z in Z, and every
position (R, ) at which 2 appears in ¢, there is

— a copying edge from (R,%) to every position at which 2 appears in
1, and

— an existential edge from (R, ) to every position at which some vari-
able from Z appears in .

e M is called weakly acylic if no cycle in the dependency graph of M
contains an existential edge. (|
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Example 4.4. Consider a schema mapping M; = (o, 7, X, Xt), where
3¢ contains exactly one t-tgd §; of the form VzVy (E(x,y) — 3z E(x, z))
Then, M; is weakly acyclic (cf., the dependency graph of My, illustrated in
Figure 2).

On the other hand, if My = (o, 7, ¥, Xt ) is such that ¢ contains exactly
one t-tgd &, of the form VaVy (E(y,z) — 3z E(w,2)), then M, is not weakly

acyclic (see Figure 2). O
0 >—J
(E,1) (F,2) (E,1) (F,2)

FIGURE 2. The dependency graphs of M; (left) and Ms (right). Copying
edges are grey, existential edges are black.

The following theorem shows that for weakly acyclic schema mappings,
the problems EXISTENCE-OF-SOLUTIONS(M ) and EXISTENCE-OF-UNIVER-
SAL-SOLUTIONS(M) coincide, and solutions can be computed in polynomial
time.

Theorem 4.5 (Fagin, Kolaitis, Miller, Popa [14]).
Let M = (0,7, %4, Xt) be a weakly acyclic schema mapping.

(a) For any source instance S, the following is true: There is a solution for
S under M if and only if there is a universal solution for S under M.

(b) There is a polynomial-time* algorithm which, given a source instance
S, tests whether a solution for S under M exists and, if so, produces a
universal solution T for S. O

The algorithm from Theorem 4.5(b) is based on the chase procedure.

For describing the chase procedure, it is convenient to identify an in-
stance I with the set atoms(I) of all atoms in I, i.e., atoms(I) consists of all
statements R(u) where R is a relation symbol in the underlying schema and
@ is a tuple of elements in Dom such that @ € R!. Similarly, if A is a finite
set of atoms, we write inst(A) to denote the instance I with atoms(I) = A.

Now let M = (0,7, X, %t) be a weakly acyclic schema mapping. For
a given source instance S, the chase procedure starts with the set A; :=
atoms(S) and proceeds with steps i = 1,2,3,... as follows: If inst(A;) sat-
isfies all dependencies in Xg U X, then stop and output the target instance

4 Note that here the schema mapping is assumed to be fixed and the complexity of
the algorithm is measured only in terms of the size of the source instance S. The
complexity of the variant of the problem where the schema mapping M is part of the
input has been studied in [27].
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T with atoms(T) = A; \ atoms(S) (obviously, T then is a solution for S
under M). Otherwise, there must exist a s-t-tgd in Xy or a t-tgd in 3¢ or
an egd in ¥ that is not satisfied by inst(A;). We distinguish between two
cases.

Case 1: ¥ contains an egd of the form VZ(p(Z) — z; = x;) for which
there is a tuple @ of elements in Dom such that each of the conjuncts in (@)
is satisfied, but a; # a;. If a; and a; are both constants, then the chase
procedure stops and outputs a failure notice. Otherwise, if one of a; is a
null, say L, and the other one is either a constant or a null, say ¢, then A;14
is obtained from A; by replacing every occurrence of | by c. This finishes
step ¢, and the algorithm proceeds with step ¢ + 1.

Case 2: Y4 U X4 contains an s-t-tgd or a t-tgd of the form

Vavy (e(z,5) — 329(z,2)),

for which there are tuples @ and b of elements in Dom such that each of the
conjuncts in (@, b) belongs to A;, but there is no tuple & over Dom such
that each of the conjuncts in v¥(a, ¢) belongs to A;. Then let ¢ be a tuple of
pairwise distinct nulls that do not occur in A;, and let A;;; be the union
of A; with all conjuncts in v (a, ¢). This finishes step 4, and the algorithm
proceeds with step ¢ + 1.

It is shown in [14] that weak acyclicity of M enforces that the chase
procedure stops after a number of steps that is polynomial in the size of
the source instance S. If the output of the procedure is a failure notice,
then there exists no solution for S under M; otherwise the output of the
procedure is a universal solution for S under M.

Solutions produced by the chase procedure are sometimes referred to as
canonical universal solutions. For example, the universal solution T, from
Example 3.3 is a canonical universal solution.

It is known that for weakly acyclic mappings also the core (i.e., the
“smallest” universal solution) can be computed in polynomial time — the
algorithm, however, is much more involved than the chase procedure.

Theorem 4.6 (Gottlob, Nash [21]). For every weakly acyclic schema map-
ping M = (o, T, Xgt, Xt), there is a polynomial-time algorithm which, given
a source instance S, tests whether a solution for S under M exists and, if
so, it produces CORE;(S). O

Recently, Deutsch, Nash, and Remmel [11] introduced a generalization
of the notion of weakly acyclic schema mappings, the so-called stratified
schema mappings, and showed that the chase procedure can be used to
generalize Theorem 4.5 to the class of all stratified schema mappings.

Note, however, that there also exist schema mappings which are not
stratified, but for which solutions still can be computed efficiently:
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Example 4.7. Let M = (0,7, X, 2¢) be the schema mapping from Ex-
ample 3.4. From Example 4.4 we know that M is not weakly acyclic. In
fact, M is not stratified in the sense of [11]. However, it is not difficult to
see that (a) solutions always exist (and can be computed easily), and (b)
universal solutions exist for a source instance S if, and only if, the target
instance T obtained from S by renaming F into E (i.e., ET := F®) satisfies
the t-tgd in %. |

It remains an important future task to identify further classes of schema
mappings for which solutions can be computed efficiently.

5 Query answering in data exchange

Another important question in the area of data exchange is: What are the
“right” semantics for answering queries that are formulated with respect to
the target schema, if only information about the source instance and the
schema mapping is available? More precisely: Given a schema mapping M,
a source instance S for M, and a query ¢ that is formulated with respect
to the target schema, what does “answering ¢ with respect to S and M”
mean? Let us illustrate this with an example.

Example 5.1. Let Miime and Sgirine be the schema mapping and the
source instance from Example 2.7 and 2.8, respectively. Let g be the query
that asks for all tuples (c1, ¢2) of cities that are connected by a direct flight
of the new airline. This query can be formalized in first-order logic via

q(z1,x2) := Iz New(z1,z2,2).

For a target instance T' we write ¢(T") to denote the set of tuples (¢1,cz) of
cities for which the formula ¢(x1,x5) is satisfied in T when interpreting the
variables x1, x5 with the constants ¢, co. We have already seen that several
solutions for Syiriine under Mg ine €xist — and evaluating the query ¢ on
different solutions may lead to different query answers. Considering, e.g.,
the solutions 77 and T» from Example 2.8, the tuple (CDG,TXL) belongs
to q(T1), but not to ¢(T3). O

In general, if M, S, and ¢ are given, and ¢ is evaluated on two different
solutions 77 and T3 for S under M, it is possible that two different sets
of answers, ¢(T1) and ¢(T3), are produced. But what should then be the
precise semantics of query answering in data exchange? Fagin, Kolaitis,
Miller, and Popa [14] proposed to adopt the concept of certain answers
that had already been successfully used in the area of incomplete databases
(see, e.g., [1, 25]). Precisely, the set of certain answers of ¢ on S with respect
to M is the set®

certainM (¢, 5) := ﬂ {q(T) : T is a solution for S under M }.

5 If M is a set whose elements are sets, we write () M to denote the set Nyen N-
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Le., the set of certain answers contains only those tuples that belong to
q(T), for every solution T for S under M.

Example 5.2. It is not difficult to see that for the query ¢ from Exam-
ple 5.1, the set certainM“‘”W(q,Sairlme) consists of the following tuples:
(AMS, TXL), (FRA,AMS), (TXL,TXL), (AMS,AMS). O

In [14], the authors identified a large class of queries, for which the set
certainM(q, S) is determined by an arbitrary universal solution: the unions
of conjunctive queries. These queries are disjunctions of formulas of the form
35 ¢(Z,y), where T and g are (possibly empty) finite tuples of first-order
variables, and ¢(Z,y) is a conjunction of atoms of the form R(ug,...,u,),
where R € 7, r is the arity of R, and each u; is either one of the variables
in Z,y or an element in Const.

Theorem 5.3 (Fagin, Kolaitis, Miller, Popa [14]). If M = (o, T, Xg, X¢) is
a schema mapping, S is a source instance for M, ¢ is a union of conjunctive
queries with respect to the target schema 7, and 7T is an arbitrary universal
solution for M under S, then

certain (¢, 8) = q(T),,

where ¢(T), is the set of all “null-free” tuples in ¢(7") (i.e., tuples ¢, where
each component in ¢ is an element in Const). g

Together with Theorem 4.5 (b) this, in particular, tells us that for every
weakly acyclic schema mapping M and every query ¢ that is a union of
conjunctive queries, there is a polynomial-time algorithm which, given a
source instance S, computes the certain answers certain™ (g, S).

In [16], the authors introduced a variant of the certain answers semantics,
the certain universal answers, which are defined as follows:

univ

certain. (¢, 9) = ﬂ {q(T) : T is a universal solution for S under M }.

It is obvious that certain™ (g, S) is a subset of certain, (¢, S). From Theo-
rem 5.3 it immediately follows that certain™ (g, S) = certain’, (¢, S) if ¢ is
a union of conjunctive queries. Furthermore, it has been shown in [16] that
CORE/(S) can be used to compute certain®. (g, S) if ¢ is an existential

query (that may include negation).

However, it has been noted (cf., e.g., [3, 28]) that the certain answers
semantics and the certain universal answers semantics give rise to some
anomalies where the semantics behave in a counterintuitive way, i.e., queries
produce results that intuitively do not seem to be accurate. Let us illustrate
this with the following example.
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Example 5.4. Consider a variant of the airline setting M jine from Ex-
ample 2.7, namely the setting M/, .. = = (0,7, 2s,2¢) where ¢ and 7 are
chosen in the same way as in M giriine, Xst = 197,05}, and Xy = &, where

81 = VaVaoVy (KLA(z1,32,y) — 32 New(zq,22,2) ),
& = Va:1Vx2Vy( AF (x1,20,y) — 3z New(ml,xg,z)).

Intuitively, the schema mapping M, . tells us that the new airline simply

takes the union of all the connections of the two airlines KLA and Air Flight
and replaces the information on flight numbers with information on aircraft
types. Now consider the query

q(z) = Jyi3=n (New(xaylvzl) A Vya¥zy (New (2, y2, 22) — ya = yl)) )

which asks for all cities = from which exactly one city can be reached by a
direct flight of the new airline. Intuitively, one would expect that for the
source instance Sy ne from Example 2.8, the query ¢(z) should yield the
results AMS and FRA.

The certain answers certain™eiriine (g, Sairtine) and the certain universal

/

.M .
answers certain, @< (q, Sqiriine), however, yield as result the empty set. To

see why, note that the two target instances T] and T4 with

New™ =
Ty ._ T/

{ (AMS, TXL, 1,), New™2 := New™t U
(FRA, AMS, 1), and { (AMS, L5, Lg),
(CDG, TXL, L3), (FRA, 17, 15) }
(CDG,AMS, 14) }

(and L1; # L, whenever i # j) are universal solutions for Sgpine under
! and that ¢(T) = @. O

airline’

The same counterintuitive behaviour of the certain (universal) answers
semantics occurs in so-called copying scenarios, i.e., schema mappings M =
(0,7, s, 5¢) where 0 = {Ry,..., R}, 7={R},..., R}, ¥t = &, and g
contains, for each relation symbol R; in o, a s-t-tgd of the form Vz (Rl(a_c) —
R (:‘c)) Intuitively, such a schema mapping just changes the names of the
relation symbols. One would therefore expect that a query ¢ that is formu-
lated with respect to the target schema, can be rewritten into an equivalent
query ¢ over the source schema by just replacing each occurrence of a rela-
tion symbol R} by its old name R;. Thus, one would expect that evaluating
q on “good” solutions for S under M yields the same result as evaluating ¢
on S. However, for queries similar to query ¢ from Example 5.4, one obtains
that certain. (¢, 5) = @ although §(S) is non-empty.

univ
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In [28], Libkin observed that the reason for this counterintuitive be-
haviour is the fact that the presence of “incomplete” information (i.e., nulls)
in target instances is ignored, and the certain answers semantics and the cer-
tain universal answers semantics are defined with respect to sets of solutions
treating nulls in the same way as constants.

6 CWA-solutions

At the end of Section 5 we pointed out that the certain answers semantics
and the certain universal answers semantics give rise to some anomalies
where the semantics behave in a counterintuitive way, i.e., queries produce
results that intuitively do not seem to be accurate. To resolve these anoma-
lies, let us again consider the question “Which solutions are particularly
“good” solutions?”.

Intuitively, “good” solutions are those solutions that carry no more and
no less information than required by S and M. — And for defining the
semantics of queries, only such solutions should be taken into account. In
[28], Libkin formulated the following three requirements that such solutions
should meet, and he used the name CWA-solutions to address such solu-
tions:5

(1) The presence of each atom in a CWA-solution is justified by the source
instance and the dependencies in the schema mapping.

(2) Justifications should not be overused. I.e., each justification for intro-
ducing atoms does not generate more atoms than necessary.

(3) Each fact that is true in a CWA-solution follows from the source instance
and the dependencies in the schema mapping.”

The name “CWA-solution” is chosen due to the fact that CWA-solutions are
based on the closed world assumption (cf., [32]) in the sense that all facts
which are true in a CWA-solution must be justified by the source instance
and the dependencies in the schema mapping.

For schema mappings M = (o, T, Xy, Xt) where ¥y = &, the require-
ments (1)—(3) were formalized by Libkin in [28]. A formalization for the
general case (where ¥ is not necessarily empty) was given by Hernich and
Schweikardt in [24]. This formalization is explained in the next two sub-
sections; for simplicity in presentation, however, we will restrict attention
to the special case where ¥ contains no egds (details on the general case
where ¥¢ may contain egds as well as t-tgds can be found in [24]).

6Similarly as in Section 4, we identify an instance I with the set atoms(I) of atoms in I.
7 Ie., CWA-solutions are not allowed to contain “invented” facts that cannot be inferred
by the schema mapping and the source instance.
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6.1 Formalization of requirements (1) and (2)

The first two requirements can be formalized in terms of a game. Let
M = (o,7,%4, Xt) be a schema mapping, let S be a source instance for M,
and let T be a target instance for M. For the description of the game we
also need the set

Im = { (6,a,b) : & is a s-t-tgd in g, or a t-tgd in Xy, of the form
VzViy(e(z,y) — 32(Z, %)), and @ and b are

interpretations of Z and § with elements in Dom }.

An element (6,a,b) € Ju, where § = V2Vy(p(Z,§) — 321(Z, %)), can be
used to justify the presence (in T') of each of the conjuncts in v(a,c) (for
some interpretation ¢ for the variables in z) with (i) the presence (in SUT)
of each of the conjuncts in ¢(a,b), and (ii) the fact that the presence of
the conjuncts in ¥(a,c) is a possible consequence of the presence of the
conjuncts in ¢(a, B) with respect to 4.

The game, denoted by G(M, S, T), is played by two players, the verifier
and the falsifier. The verifier’s goal is to show that T satisfies the require-
ments (1) and (2) with respect to S and M, whereas the falsifier’s goal is
to show the converse. The game has at most |atoms(T)| + 1 rounds.

In round 0, the verifier fixes the two sets A; := atoms(T") and J1 := T
and picks a linear order < on A;. Intuitively, A; is the set of atoms that
need to be justified, and J; is the set of potential justifications that may
be used for this purpose. The linear order < determines that for justifying
an atom R(u), only atoms that either belong to S or are smaller than R ()
(w.r.t. <) can be used.

For each i > 1, round 7 then proceeds as follows: First, the falsifier
picks an atom R(@) in A; (or loses if A; is empty). Then, the verifier has
to “justify” R(u) by picking a tuple (d,a,b) € J;, where 6 has the form
V:?Vy(ga(i’,y) — 3zY(z, 2)), and an interpretation ¢ of Z with elements in
Dom such that:

e SUT = p(a,b), T |=1(a,¢), and R(a) is a conjunct in (@, ), and

e for each conjunct R'(a@') in ¢(a,b), we either have R'(@') € atoms(S),
or R'(@) < R(u).

If this is not possible, the verifier loses. Otherwise, the game proceeds with
round ¢ 4+ 1, where A;;1 consists of all atoms in A4; that do not occur as a
conjunct in (@, ¢), and Jix1 := J; \ {(d,a,b)}.

Note that by removing all conjuncts in (@, ¢) from A;, we ensure that
these conjuncts do not need to be justified again (they are already justified
by (6,a,b)). By removing (d,a,b) from the set J;, we ensure that every
justification is used at most once (this corresponds to requirement (2)).
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A target instance T for M is called CWA-presolution for S under M if
T is a solution for S under M and the verifier has a winning strategy in
the game G(M,S,T). Intuitively, the CWA-presolutions are precisely the
solutions that meet the requirements (1) and (2).

Example 6.1. Consider the schema mapping M y;qine from Example 2.7
and the source instance Sgiine from Example 2.8. Then, the univer-
sal solution T, from Example 3.3 is a CWA-presolution for Sg;4ine under
M 4iriine- Indeed, it is not difficult to see that the verifier can win the game
G(M girtine, Sairtine; T4) by picking, in round 0 a linear order < on atoms(T})
such that the atoms New(Lly, L4, 112) and New (L7, L7, L13) are the two
largest atoms with respect to <.
On the other hand, the solutions T5 and Tg with

New™ := New™ U {(LHR,GVA, L14),(GVA,GVA, 15)},
New™® = New™ U {(AMS, TXL, L))}

are no CWA-presolutions for S iine under M g;rine. For example, to win
the game G(M girtine, Sairtine, I5), the falsifier simply picks, in round 1, the
atom New (LHR,GVA, 114), which the verifier cannot justify. To win the
game G(M giriine, Sairtine, T6), the falsifier can choose New (AMS, TXL, L)
in round 1, and New (AMS, TXL, 1)) in round 2. O

A different, but equivalent, definition of CWA-presolutions relies on the
a-chase procedure [24]. For simplicity, we here only describe the special
case of schema mappings without egds (see [24] for details on how to handle
egds). Let a be a mapping that maps every tuple (d,a,b) € Jus, where
¢ has the form VazVy(p(z,§) — 3z¢(Z,%)), to an interpretation ¢ of z
with elements in Dom. The a-chase procedure is defined in the same way
as the chase procedure described in Section 4, except for the following:
Suppose that in step i, there is a s-t-tgd or a t-tgd § in g U3¢ of the form
VIV (gp(:@gj) — Jzy(z, 2)) for which there are tuples @ and b of elements
in Dom such that each of the conjuncts in ¢(a,b) belongs to A;, and at
least one of the conjuncts in 1(a, ¢), where ¢ := a(d,a, b), does not belong
to A;. Then, A;y1 is the union of A; with all conjuncts in (@, ¢), and the
procedure continues with step ¢ + 1. The procedure stops only if in some
step there is no such s-t-tgd or t-tgd.

It is not difficult to verify that for every solution 7" for S under M, the
following is true: There is a mapping « such that the a-chase procedure
outputs 7' if, and only if, the verifier has a winning strategy in the game
G(M,S,T).

6.2 CWA-solutions

To formalize requirement (3) and thus complete the definition of CWA-
solutions, we need the following notion: A fact (over a schema 7) is a
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Boolean conjunctive query over 7, i.e., a first-order sentence of the form
3z (), where T is a finite sequence of first-order variables and ¢(Z) is
a conjunction of atoms of the form R(uq,...,u,) where R € 7, r is the
arity of R, and each wu; is either one of the variables in Z or a constant
(i.e., an element in Const). An example of a fact over the target schema of
the schema mapping M giine in Example 2.7 is 3z (New (FRA, AMS, z) A
New (AMS, TXL, x)) It expresses that the same aircraft type can be used
to fly from FRA to AMS and from AMS to TXL.

Definition 6.2 (CWA-solution [28, 24]). Let M = (o,7,%X«,%t) be a
schema mapping, and let S be a source instance for M. A CWA-solution
for S under M is a CWA-presolution T' for M such that each fact that is
true in T, is true in every solution for S under M. (]

Example 6.3. Consider, once again, the schema mapping M y;jine from
Example 2.7 and the source instance S ine from Example 2.8. Then, both,
T3 and T, in Example 3.3 are CWA-solutions for Sgirine under M iriine.

On the other hand, the solutions T} and 15 for Sgirine from Example 2.8,
and the solutions T5 and Tg from Example 6.1 are no CWA-solutions, since
they are not even CWA-presolutions for Sg;rine under My iine-

Finally, let T7 be the solution for Sg;ne that is obtained from T, by
replacing the value Lo with 1. Then T7 is a CWA-presolution. However,
it is no CWA-solution for Sy ine under M girine, since, for example, the fact
Jz(New (FRA, AMS, z) A New (AMS, TXL, z)) is true in T%, but it is not
true in Ty. O

The next theorem draws the connection between CWA-solutions and the
universal solutions from Section 3.

Theorem 6.4 (Libkin [28], Hernich and Schweikardt [24]).
Let M = (0,7, X, Xt ) be a schema mapping, and let S be a source instance
for M. Then the following is true:

(a) For every target instance T for M, the following are equivalent:

o T is a CWA-solution for S under M.

e T is a universal solution for S under M, and
T is a CWA-presolution for S under M.

(b) If CoREp(S) exists, then COREp(S) is a CWA-solution for S under
M. (]

In particular, Theorem 6.4 implies that if COREy/(S) exists, then it
is the unique “minimal” CWA-solution for S under M, in the sense that
every CWA-solution T for S under M has a sub-instance that is isomorphic
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to COREp(S). If M contains no target dependencies, then there also is
a unique CWA-solution Ty,.x, which is “maximal” in the sense that every
CWA-solution T for S under M is a homomorphic image of Tpax [28].
However, [24] gives an example of a schema mapping M with %y # &,
where there is, for each n € N, a source instance S, of size O(n) for which
(at least) 2" “maximal” CWA-solutions Ty, T5, ..., Ten exist, each of which
is (up to the renaming of nulls) no homomorphic image of another CWA-
solution. See Figure 3 for an illustration of the space of CWA-solutions.

Tnax

CORE(S) CORE(S)

FIGURE 3. A representation of the space of CWA-solutions for the case that
M has no target dependencies (left), and for the case that M has target
dependencies (right). The arcs indicate homomorphisms.

6.3 How to compute CWA-solutions

Given a schema mapping M and a source instance S for M, how can we
decide whether a CWA-solution for S under M exists — and if so, how can
we compute a CWA-solution?

First of all, note that from Theorem 6.4 we know that for every schema
mapping M = (o, 7, X, Xt ) and every source instance S for M, the follow-
ing are equivalent: (i) there is a CWA-solution for S under M, (ii) there is
a universal solution for S under M, (iii) COREps(S) exists. Theorem 4.2
thus implies that there is a schema mapping M" = (o, 7, X, Xy ) such that
the problem

EXISTENCE-OF-CWA-SOLUTIONS (M)

Input: A source instance S for M".
Question: Is there a CWA-solution for S under M"'?

is undecidable.

On the other hand, if M is a weakly acyclic schema mapping, then, by
Theorem 4.5, there is a polynomial-time algorithm which, given a source
instance S for M, tests whether a universal solution for S under M exists,



Logic and Data Exchange: Which Solutions are “Good” Solutions? 23

and if so, computes a universal solution for S. Since a CWA-solution for S
exists if and only if a universal solution for S exists, the same algorithm can
be applied to test whether there is a CWA-solution for S. However, it is
easy to construct weakly acyclic schema mappings for which the algorithm’s
result is in general no CWA-solution. Still, if CWA-solutions for .S under M
exist, we can compute a CWA-solution for S under M, namely CORE;(S),
using the polynomial-time algorithm from Theorem 4.6.

Similarly as with Section 4, it is an important future task to identify
broader classes of schema mappings for which CWA-solutions can be com-
puted efficiently.

6.4 Query answering using CWA-solutions

Let us now turn back to the task of query answering. In the following, we
will introduce the CWA-solution-based query answering semantics that have
been proposed by Libkin [28] in order to get rid of the anomalies pointed
out at the end of Section 5.

Let M = (o, T, Xst, 2¢) be a schema mapping, let S be a source instance
for M, and let ¢ be a query over 7. To obtain the result of ¢ under any
of the semantics from [28], one takes the intersection or the union of the
answers to ¢ on CWA-solutions for S. To give the precise definition, we first
explain how ¢ is answered on a single CWA-solution for S.

Notice that a CWA-solution T for S under M may contain nulls, which
are placeholders for existent, but unknown (constant) values (see Section 3).
That is, T represents a number of solutions T for S without nulls, and these
solutions can be obtained from 7" by replacing every null with a constant in
Dom. Let Rep,,(T) denote the set of all solutions 7" for S under M that
are possibly represented by T, i.e., all solutions T for S under M which can
be obtained from T by replacing every null with an element in Const. The
certain answers to ¢ on T are then defined as follows (cf., e.g., [1, 25]):

Oumq(T) == ({a(T) : T € Repy(T)}.

This results in the certain CWA answers semantics and the potential
certain CWA answers semantics, respectively, which are defined as

certain (¢, S) = m {Onmq(T) : T is a CWA-solution for S under M},

certaing’ (¢, S) U {Onq(T) : T is a CWA-solution for S under M}.

Le., the set of certain CWA answers certain® (¢, S) contains only those
tuples that appear as certain answers for all CWA-solutions, whereas the
set of potential certain CWA answers certainéu (¢, S) contains those tuples
that appear as certain answers for at least one CWA-solution.
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Example 6.5. Recall the source instance Sg;ine from Example 2.8 and
the schema mapping M/, ;. = and the solution 7] from Example 5.4. It is
not difficult to see that T is a CWA-solution. In fact, there are only two
different CWA-solutions, namely T} and the solution T} with NewTs :=
NewTi U {(FRA, AMS, 15)}. Therefore, for the query ¢ from Example 5.4,

the certain CWA answers certaing“mm (¢, Sairiine) and the potential certain

’

CWA answers certaing/['m““(q, Sairtine) yield the results AMS and FRA, as
intuitively expected. O

Furthermore, note that for any copying scenario M (cf., the end of Sec-
tion 5), each source instance S has a unique CWA-solution, namely its
“copy” Ts which is obtained from S by renaming each relation R; into R
(i.e., RiTs ;= RY). Therefore, for each query ¢ that is formulated with re-
spect to the target schema, one obtains that certain®y (¢, S) = certainéw (g,9)
= ¢(5), as one intuitively expects (here, ¢ is the query obtained from ¢ by
replacing each occurrence of R, with R;).

The following theorem summarizes some of the basic properties of the
new CWA-solution-based query semantics.

Theorem 6.6 (Libkin [28], Hernich and Schweikardt [24]).

Let M = (0,7, s, Xt ) be a schema mapping, and let .S be a source instance
for M such that S has at least one CWA-solution under M. Then the
following is true for each query g over 7:

(a) certaind’(q,5) = Oarg(COREp(S)).

(b) If M has no target dependencies, then certain (¢,5) = Oprq(Timax),
where Ty is the unique “maximal” CWA-solution for S under M men-
tioned at the end of Section 6.2.

(c) If g is preserved under homomorphisms (e.g., a union of conjunctive
queries), then certain (¢, ) = certaing(q, S) = certain™(q, S). O

In particular, for a weakly acyclic schema mapping M and a query ¢ that
is a union of conjunctive queries, Theorem 6.6 (¢), Theorem 5.3, and Theo-
rem 4.5 (b) tell us that there is a polynomial-time algorithm which, given a
source instance S for M, computes certain (¢, S) (resp., certainé/f(q, S)).

However, moving from unions of conjunctive queries to more expressive
query languages, the data complexity® quickly increases to co-NP-hard. Ta-
ble 1 summarizes what is known about the data complexity (with respect
to certaing and certaing) of first-order queries (FO), unions of conjunctive

8 Here, the term data complexity refers to the fact that M and g are assumed to be
fixed, and the complexity is measured only in terms of the size of the source instance.
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queries (UCQ), and unions of conjunctive queries with at most one inequal-
ity per disjunct. Here, richly acyclic schema mappings [24] are particular
weakly acyclic mappings; full tgds are s-t-tgds or t-tgds in which no exis-
tential quantifier occurs, i.e., they are of the form VZVy (p(Z,7) — ¥(Z)).

query language

UCQ with at most one
UucQ inequality per disjunct FO
“5.%: weakly acyclic co-NP-hard
é g richly acyclic | coNP-complete = |
£ onlysttgds cgds  |UREIMESS SRR I
8%’: only full tgds, egds : :
2

TABLE 1. Data complexity of computing certain%(q, S) and certainf‘{l(q7 S)
for certain restrictions of M and ¢ [24].

7 Further topics

In this paper we gave a brief introduction into the area of data exchange,
with a special emphasis on the question “Which solutions are “good” solu-
tions?”. Of course, there is a long list of topics that have not been discussed
in this paper.

First of all, we should note that it is still not clear which solutions can
be considered to be “the best” solutions. Even for the CWA-solution-based
query semantics it is possible to construct examples where the semantics
behave in a counterintuitive way. For this reason, Libkin and Sirangelo
[29] recently proposed a notion of solutions that is a mixture between the
solutions from Section 2 and the CWA-solutions from Section 6. Moreover,
Afrati and Kolaitis [2] argued that, for answering so-called aggregate queries,
one needs a rather strong restriction of CWA-solutions.

A lot of work in data exchange has been done concerning Bernstein’s
metadata management framework [8], in particular, on the composition of
schema mappings [17, 29| and the inverse of a schema mapping [13, 18, 6].
Moreover, [15] studied the problem of schema mapping optimization, which
is closely related to metadata management.

The complexity of query answering for various query languages has been
studied, e.g., in [14, 16, 30, 27, 4]. Closely related to the query answer-
ing problem is the query rewriting problem [3], dealing with the following
goal: Given a query g, find a query ¢/, called rewriting of ¢, such that the
result of ¢’ over a materialized solution 7' is equivalent to the result of ¢
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with respect to some particular query answering semantics, e.g., the certain
answers semantics or the certain CWA answers semantics.

In the present paper, we restricted attention on the problem of exchang-
ing relational data from a single source to a single target. Of course, several
variations are conceivable. Arenas and Libkin [5], for example, considered
the problem of XML data exchange. And the exchange of data with multiple
sources and targets is the subject of peer data exchange [9, 19, 20].

Let us conclude by pointing out two directions for future research. Cer-
tainly, it remains an important future task to identify broader classes of
schema mappings, for which “good” solutions can be computed efficiently.
Furthermore, as described at the beginning of Section 7, the question “Which
solutions are “good” solutions?” has still not been fully answered. In the
end, it seems that, for different types of schema mappings and different types
of queries that one wants to support, different notions of “good” solutions
need to be developed.
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