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1 Introduction universal solution.
The notion of query answering in data exchange is pre-
Data exchange has been defined as the problem of talkiegited in Section 5. After defining the semantics, which
data structured undersmurceschema and materializing ars based on the notion of certain answers (that is, those tu-
instance of aarget schema that reflects as accurately @ses that appear in answers for all solutions), we show that
possible the source data [18]. In the last years, the negé problem of evaluating queries in data exchange becomes
for data exchange applications has increased, partigularhctable for a relevant class of queries; namely, unions of
due to the proliferation of web data in various formats (reonjunctive queries, which conform the logical core of the
lational, XML, RDF, etc) and the emergence of e-busines§)L query language. In Section 6 we show that other se-
applications that need to communicate data yet remain gilntics can be meaningfully applied in data exchange. In
tonomous. Responding to this demand, commercial dpt&ticular, we present a semantics based on the class of uni-
exchange systems have been built recently [11]. versal solutions and a semantics based on the notions of
Even though data exchange is an old and common dalgsed-world assumption and incomplete information. Fi-
management problem, its most foundational aspects hadmylty, we present in Section 7 a brief survey of other work
been studied until very recently. There are two reasons f@idata exchange. Concluding remarks are in Section 8.
this. First, most of the early research on databases concen-
trated on the stand-alone relational model, and much less on .
interoperability, integration, and exchange. Secondethe Data Exchange Settings
were no solid foundation, nor even a proper formal model, _ o )
for the problem of data exchange. Such a model was finaflySchemaR is a finite sequenceliy, ..., R,) of relation
proposed in 2003 by Fagin, Kolaitis, Miller and Popa [18fymbols, with eachR; having a fixed arityn; > 0. An
and was quickly adopted as the right model for data e@stancel of R assigns to each relation symh) of R a
change. A survey on the topic has already appeared in tiée ni-ary relation/ (R;). Thedomainof instance! is the
premier conference on database theory, PODS, [29], &ed of all elements that occur in any of the relatidg;).
two workshops on exchange and integration of data hadt/ds often convenient to define instances by simply listing
already been held [9, 38]. the tuples attached to the corresponding relation §ymbols.
This survey is organized as follows. In Section 2, waometimes we use the notatidt{t) € I instead oft €
present the basics of relational data exchange. One of {h&). and callR(t) afactof /. Finally, adependencpver
goals of data exchange is materializing a target instarate tR iS @ sentence in some logical formalism, typically first-
is consistent both with the source data and the specificat®fer logic (FO), with which we assume familiarity.
of the relationship between the source and the target. Such&ven schemasS = (5y,...,5,) and T =
target instance is calledsmlutionfor the given source data.{Z1: - - - - Tn), with no relation symbols in common, we de-
The work of Fagin et al. [18] identified a class of soly?0te by(S, T) the schemds:, ..., Sm, Th,..., Ty). Fur-
tions, calleduniversalsolutions, that have good propertiefer. if I is an instance ofS and J is an instance of
for data exchange. We introduce the class of universal solu-then(Z, J) denotes an instanck’ of (S, T) such that
tions in Section 3. Later, in Section 4, we study the problefn(Si) = 1(5:) and K (T;) = J(T;), for eachi € [1,m]
of the materialization of universal solutions. In partal andj € [1,n].
we show that there is a meaningful class of data exchamgfinition 2.1 (Data exchange setting)A data exchange
settings for which universal solutions are guaranteed to éetting M is a triple (S, T, %), whereS and T are dis-
ist, if a solution exists at all, and, if that is the case, therjoint schemass is called thesourceschema,T' is called
universal solution can always be constructed in polynomihetargetschema, and: is a finite set of dependencies over
time. Also in Section 4 we study the concept of the cot8,T).
of the universal solutions, which happens to be the smallesinstances ofS are calledsource instances, while in-
Database Principles Column. Column editor: Leonid Libkin, stances ofl are,ca”edtargetmStanceS' It .IS usual in the .
School of Informatics, University of Edinburgh, EdinburgeHg 9AB, data exchange literature to assume the existence of two dis-
UK. E-mail: libkin@inf.ed.ac.uk. joint and infinite set of values that populate instances. One




is the set otonstantsdenoted byConst, and the other one given source instance are not necessarily unique. Second,
is the set ohulls, denoted byar. The domain of a sourcethat there are source instances that have no solutions.
instance is always contained@onst, while the domain ofa xample 2.2 Consider a data exchange settingy! in
target instance is contained@nst U Var. We usually de- \yhichS consists of the binary relation/ and N, T con-

note constants by lowercase lettars, c, ..., while nulls  gjsts of the ternary relatio® and the binary relationg,

are denoted by symbols, L, L, ... ¥; = () andX,; consists of the following stds (we implicitly

In data exchange, the target instances that are consisfRlime universal quantification in front of all dependen-
with both the source instance and the specificalibare jeg):

called solutions. Formally, given a source instard¢ave M JwIz(P

. ! . . ) ) ) /\ ) )
say that the target instandeis asolution for/ under M, (,y) = FwPley,2) AQw,z))
or simply a solution fot if M is clear from the context, if

(, J) satisfies every sentenceih Suppose we have a source instante = {M/a,b),
Admitting the full expressive power of FO as a |a”N(a,b)}. Since the stds ii,; do not completely specify

guage for specifying dependencies in data exchange, §Rgtarget, solutions fof are not unique up to isomorphism.
ily yields to undecidability of some fundamental problemggy instance, one solution is:

like checking for the existence of solutions [17]. Thus, it _
is customary in the data exchange literature [18, 19, 29] to J={Pla,b, L), Pla,b, L2), Q(Ls, La)}
restrict the study to the class of settingy$, such that: can where 1, 1o, 13 are values inVar (nulls). Another solu-
be split into two set¥,; andX, that satisfy the following: tion, but with no nulls, is/’ = {P(a,b,a), Q(b,a)}. Fur-
ther, it is not hard to see that any other target instance that
1. ¥, consists of a set dource-to-targetiependencies contains/ or .J’ is a solution forl. Thus,I admits infinitely
(stds), i.e. dependencies of the folfm (os(Z) — many solutions.
3y (7, 7)), whereps(z) andyr (7, 7) are conjunc-  Consider now the settingt’ that extends\t by adding
tions of atomic formulas i1 andT, respectively; and the following egd to%;: P(z,y,2) — = = y. ThenI
) _ ) . has no solution undeM. Indeed, if there was at least one
2. X Is the set oftargetdependenmes. !t is the UNIOTy1ch solutions, then the first dependency kb, implies
of a set oftuple-generatinglependencies (tgds), i.e5¢ there is a fact of the form(a, b, 2) in .7, while the egd

dependencies of the foriviz (p(z) — Fy(z,7)), implies that that the constantsandb are equal, which is a
where ¢(z) and(z,y) are conjunctions of atom'ccontradiction. 0

formulas inT, and a set okequality-generatingle-
pendencies (egds), that is, dependencies of the form ) ]
Vz (p(z) — x; = x;), wherep(z) is a conjunction of 3 Universal Solutions
atomic formulas inT', andz; andx; are variables in
Z. In this section we introduce a certain class of solutions tha
exhibit good properties for data exchange: tinéversalso-
From now on, and unless stated otherwise, we assuméulbns. Notice, in Example 2.2, that the solutidhseems
data exchange settings to be of the fawvh = (S, T, ), to be less general thah This is becausd’ assumes that
whereX = ¥, UX,), for X,; a finite set of stds anB; a fi- the values that witness the existentially quantified vaeisb
nite set of tgds and egds. The intuition behind the differentandw, in the first and second std &f;;, respectively, are
components of these settings is the following: Source-the same (namely, the constant It also assumes that the
target dependencies M,; are a tool for specifying which value that witnesses the existentially quantified variable
conditions on the source imply a condition on the targés.the constant. But none of these assumptions is part of
But from a different point of view, one can also see them #s specification. On the other hand, solutiboontains ex-
atool for specifying how source data gets translated imto tactly what the specification requires. Since one of the basic
get data. In addition, the translated data must satisfyluspeoblems in data exchange is materializing a target instanc
database constraints. This is represented by means ofgiven a source instance, in this case one would like to ma-
target dependencies . It is important to notice that theterialize a solution likeJ rather than solutiod”.
data exchange settings described above are not restrictive order to give a precise mathematical definition of
from a database point of view. Indeed, tuple-generating dehich solutions are the most general, we first have to define
pendencies together with equality generating dependenei®at a homomorphism between data exchange instances is.
precisely capture the class ebeddedependencies [16]. Let.J and.J’ be two instances over the target schémaith
And the latter class contains all relevant dependencigs thalues inConst U Var. A homomorphisnk : J — J' is a
appear in relational databases, e.g. it contains fundtionmeapping from the domain of into the domain of/’, that is
and inclusion dependencies, among others. the identity on constants, and such that (¢1,...,%,) €
Next example shows two interesting phenomena regafd#2) impliesi(t) = (h(t1),...,h(t,)) isin J'(R) for all
ing solutions in data exchange. First, that solutions forfac T.

N(z,y) — FuP(x,y,u).



Definition 3.1 (Universal solutions) Let J be a solution case when the chase does not terminate. The next example
for I. ThenJ is auniversalsolution for I if for every solu- shows an application of the chase procedure.

tion .J' for I, there exists a homomorphism J — .J'.
Example 4.2 Let M be the setting such that the source

schema consists of the binary relatiéh the target schema
consists of the binary relation§ and L, and,,; consists
of the stdp = E(z,y) — G(x,y). Assume first thak,
consists of the tgdy, = G(x,y) — 3zL(y, z), and let]

A universal solution is more general than an arbitrary sbe the source instandg(a, b). The chase starts by firing
lution because it can be homomorphically mapped into ttaatd, thus, by populating the target with the fa&a, b). In
solution. Furthermore, as we will see later, universal sola second stage, the chase realizes thais being violated,
tions possess good properties that justify materializiegt and thusp, is triggered. The target is then extended with a
(as opposed to arbitrary solutions). Unfortunately, univdact L(b, 1), where_L is a fresh null value. At this stage, no
sal solutions are not a general phenomenon. Indeed, [@d8pendency is being violated, and thus, the chase stops with
proved that there is a settinyf and a source instande result.J = {G(a,a), L(b, L)}. Itis not hard to see thaf
such that/ has at least one solution und&f but has no is a universal solution for.
universal solutions. Thus, it is necessary to impose extragAssume now thak, is extended with the tgd, =
conditions on dependencies if one wants to make sure that, y) — 32G(y, z). Clearly, J does not satisfy, and
the existence of solutions implies the existence of unalershe chase triggers this tgd. This means thata gt , 1)
solutions. We study this issue in detail in the next sectionis added to the target, where, is a fresh null value. But

6 is now being violated again, and a new fdot !, 1),
4 Materializing Solutions where L, is a fresh null value, will have to be added. It is
clear that this process will continue indefinitely, and thus
One of the goals in data exchange is materializing a sofHat the chase does not terminate.
tion that reflects as accurately as possible the source datassume finally thaf, consists of the egd = G(z,y) —
Unfortunately, even the most basic problem of checking fer= 4. Then the chase fdrfails, since after populating the
the existence of solutions is undecidable: target instance with the fad®(a,b), the egda forces to

Theorem 4.1 [30] There exists a data exchange settin§duate the constanisandb. Notice that, in this casd, has
M = (S,T,%,; UY,), such that the problem of decid° solution. O

ing for a given source instande whether/ has a solution ) ) )
under M, is undecidable. As we have seen, the main problem with the applica-

) . tion of the chase is non-termination. Fortunately, there is
Thus, one would like to restrict the class of dependencigsneaningful class of data exchange settings, that is intro-

allowed in data exchange settings, in such a way that it Sg{iced next, for which the chase is guaranteed to terminate:
isfies the following: (C1) the existence of solutions 'mpl'efurther, it does so in at most polynomially many steps. It

the existence of universal solutions; (C2) checking the & follow that this class of settings satisfies our desider
istence of solutions is a decidable (ideally, tractableppr expressed above as conditions C1, C2 and C3.

lem; and (C3) for every source instance that has a solutiona g ,me that is a set of tgds oveT. We construct the

at least one universal solution can be computed (hopefulfgnendencgraph ofs: as follows. The nodes (positions) of
in polynomial time). the graph are all pair§l’, A), for T € T and A an attribute

The main algorithmic tool that the data exchange corgr r \we add edges as follows. For every tge(o(z) —
munity has applied in order to check for the existence of S%iw(:z 7)) in 3, and for everyr € & that occurs ing in

lutions is the well-knowrchaseprocedure [36, 8], that wasysition (7', A) and that also occurs if, do the following:
originally designed to reason about the implication proble
for data dependencies. In data exchange, the chase is usgdy . every occurrence of in < in position (S, B), add

as a tool for constructing a universal solution for a given edge from(T,, A) to (S, B) (if the edge does not
source instance. The basic idea is the following. The chase already exist): a7nd ’

starts with the source instanégand then triggers every de-

pendency i, U %, that is being violated, as long as this o for every existentially quantified variable € 7 and
process is applicable. In doing so, the chase may fail (iffir-  for every occurrence of in ¢ in position(R, C), add

ing an egd forces two constants to be equal) or it may never an edge labeled from (T, A) to (R, C) (if the edge
terminate (for instance, in some cases when the set of tgds does not already exist).

is cyclic). It follows from [18], that if the chase fails then

terminates, then the resulting target instance is guagentgraph of > does not have a cycle going through an edge
to be a universal solution far. Nothing can be said in the|gpeledx.

Example 3.2 SolutionJ’ in Example 2.2 is not universal,
since there is no homomorphigm J’ — J. Butit can be
shown that/ is a universal solution.



Example 4.3 Let#; andf- be as in Example 4.2. It is notsome of these classes, the gain in expressive power comes
hard to see that the st } is weakly acyclic. On the otherat the cost of complexity: checking whether a setting be-
hand, the se{f;, 6>} is not. O longsto some of these classes is in cONP, while it is clearly

_ _ ) polynomial to verify whether a set of tgds is weakly acyclic.
Interesting classes of weakly acyclic sets of tgds include, ;s section, the complexity analysis of the problem of
the following (see [29]): (1) Sets of tgds without existahti .o -\ing the existence of solutions has been carried out as-

quantn_ﬂers,_and (2cyclic s_ets of inclusion d(_ep_endenc!eguming settings to be fixed. In other terms, we have studied

;JS”ed in [13] an(? [;4|]' ;Ee intuitiokn k;ehingl_ this notio? IS 8%fined complexity analysis should consider both source in-
ollows. Edges labeled keep track of positiongR, C') for - 005 and settings to be the input. This corresponds to the
which the chase will have to create a fresh null value eVelymbinedcomplexity of the problem. Kolaitis et al. have
time the left hand side of the correqunding tgd is triggereq, o in in [30] that the combined complexity of the problem
Thus, a cycle thm%*gh an e_(_jge Iabelemhphes that a fresh of checking for the existence of solutions for settings with
null value created in a position at a certain stage Ofthe@hﬁsweakly acyclic set of tgds is in EXPTIME, and can be

may determine the creation of another fresh null value, i p1y\iE_hard even if restricted to settings without tgds.
the same position, at a later stage. Therefore, sets of tgds

that are not weakly acyclic may yield non-terminating chase

sequences (e.g. the ggt;, 62}). On the other hand, ithas4.1 The core

been proved in [18] that the chase always terminates for

data exchange settings with a weakly acyclic sets of tgéi§t us recall Examples 2.2 and 3.2. We mentioned that
Further, in this case the chase fbterminates in at mostthe instance/ = {P(a,b, L1), P(a,b, L2),Q(Ls, L1)}
polynomially many stages. This good behavior also impliés @ solution for the source instangé/(a, b), N(a,b)}.

the good behavior of this class of settings with respectlftfleed, it is not hard to see thdtis the canonical uni-
data exchange, as summarized below: versal solution for/. Now, consider the instancé* =

_ {P(a,b, L1),Q(Ls, L1)} thatis contained iy. Then.J*
Theorem 4.4 [18] Let M = (S, T, ¥ U %) be a fixed s also a solution fof and, moreover, there is a homomor-
data exchange setting, such that is the union of a set of phismp, : .7 — J*. Thus,J* is also a universal solution.
egds and a weakly acyclic set of tgds. Then there is & polyye can draw an interesting conclusion from this exam-
nomial time algorithm such that for every source instangge: among all possible universal solutions, the canonical
I, it first decides whether a solution férexists, and if that |,qiversal solution is not necessarily the smallest.{ass
is .the.case, it computes a universal solutionfan polyno- strictly contained in). Moreover, in the exampld* is ac-
mial time. tually the smallest universal solution (up to isomorphism)

ThUS, the class of Settings with a Weak'y acyc”c set OfThe first natural question is whether there is alWa.yS a
tgds satisfies conditions C1, C2, and C3, as defined abd¥ique smallest universal solution. This was answered pos-
and therefore, it constitutes a good class for data exchafty€ly by Fagin et al. in [19]. The authors of [19] also
according to our definition. In this case, the universal sol@rgued that this smallest universal solution is the “best u
tion that can be constructed in polynomial time (if a solyersal solution, since it is the most economical one in terms
tion exists at all) is precisely the result of the chase. ThisOf size, and that this solution should be the preferred one at
usually called theanonicaluniversal solution [18]. the moment of materializing a solution. The whole issue is

Let us mention that there are interesting classes of deptin how to characterize this smallest universal solution.
dencies for which the problem of checking for the existenceOne of the main contributions in [19] is showing that the
of solutions is trivial. For instance, by inspecting theqfro sSmallest universal solution always coincides with tioee
of Theorem 4.4, one notices that for settings with a weal@j the universal solutions. Theoreis a concept that orig-
acyclic set of tgds but without egds, source instances awdaated in graph theory [27]; here we present it for arbitrary
have (universal) solutions. In particular, for settingthout instances. Lef be an instance with valuesflonst UVar,
target dependencies it is the case that every source imstaditdl let/X’ be a subinstance df. We say that<” is acore
has at least one universal solution. of K if there is a homomorphism froii” to K’ (recall that

homomorphisms have to be the identity on constants), but
Other extensions Due to the advent of data exchange, thttere is no homomorphism frof’ to a proper subinstance
last years have seen a renewed interest on finding restoicitself. It is known that every instance has a core, and all
tions that guarantee termination of the chase. As we haweges of an instance are isomorphic [27, 19]. Thus, we can
just mentioned, one such restriction is the class of settinglk aboutthecore of an instancé’.
with a weakly acyclic set of tgds. However, both [15] al’!u' An instanceJ of R is asubinstanceof I if the domain ofJ is con-
[37] showed that there are even broader classes of settig@gq in the domain of and.J(R) C I(R), for everyR in R. If one of
that preserve the good properties for data exchange. feinclusions is proper, we refer thas aproper subinstancef 1.




Example 4.5 (Example 2.2 continued) The solutiori = get schemd’, and! is a given source instance. Then, what
{P(a,b, 11),Q(Ls, 1)} is the core of the universal solu-does it mean to answé} with respect ta/? Clearly, there
tions for I, since there is a homomorphism frohto J* but is an ambiguity here, since there may be many solutions for
there is no homomorphism froift to a proper subinstance I, and the evaluation @) over different solutions may give
of itself. O different answers. The fact that one materializes only a sin
. le solution does not mean that others should not be taken

The m'_:‘Xt result summarizes some of the good proper ftd account when defining the semantics of the query.
of cores in data exchange. There is a general agreement in the database community
Proposition 4.6 [19] Let M = (S, T, ¥,; U %) be a set- that in the context of data exchange and other related sce-
ting. If I is a source instance and is a universal solution narios, like databases with incomplete information and dat
for I, then the core off is also a universal solution fof ntegration [31, 32], the right semantics is thatagfrtain
that is precisely the smallest universal solution. answers. Intuitively, an answer dgrtainif it occurs in the

Thus, the core of the universal solutions has good prdfSult of evaluation of quer§ over every possible solution
erties for data exchange. This naturally raises the questio 'Notice that the semantics of a query is independent of a

about the computability of this core. As we have mentioné?)"j,‘rt'cular solution that is materialized. )
the chase yields a universal solution that is not necegsaril "ormally, let M be a data exchange setting, [gtbe

the core of the universal solutions, so different technqu duery in some query language (typically FO), and let
have to be applied in order to compute this solution. | P€ @ source instance. We defioertain(Q, /), the

It is well-known that computing the core of an arbitrarg®t ofcertain answers of) with respect tol underM, as
graph is a computationally intractable problem. Howevénl®@(/) | Jis asolution for/ }. We omit M if it is clear
in data exchange we are interested in computing the cord'gfm the context.. IfQ is a query Of a“tY 0 (aBooIean
a universal solution and not of an arbitrary instance, aad fiuery), thereertaina(Q, I) = trueiff Qistruein every
intractability of the former problem does not follow fronpolution. for I; otherwisecertainy (Q, I) = false.
the intractability of the latter. Indeed, it has been shoviixample 5.1 (Example 2.2 continued) The certain an-
in [25] that computing the core of the universal solutiorswers of the query) = P(x, y, z) with respect tdl is the
under the class of settings with a weakly acyclic set of tgdmpty set. On the other hand, it is not hard to see that
is a tractable problem. certainpm(Q', 1) = {(a,b)}, forQ' = 3zP(x,y,2). O

Theorem 4.7 [25] Let M = (S, T, ¥, UX;) be afixed  Gjven a settingM and a query@, the problem of
data exchange settllng, such tiEJconS|§ts of a set Of.egq%omputing certain answers fap under M is, given a
and qweakly acyclic set of tgds._ There is a polynomial-tingg rce instancd and a tuplef, determine whethet ¢
algorithm that for every source instanéechecks whether certainy(Q,I). We deal with data complexity, i.e., as-
a solution forI_ exists, and_if that is the case, computes th@ me that botot andQ are fixed. Finding certain answers
core of the universal solutions fdr involves computing the intersection of a (potentially) 4nfi

A simple greedy algorithm that computes the core fite number of sets. This strongly suggests that comput-
polynomial time can be defined in the case whgronsists ing certain answers for arbitrary FO queries is an undecid-
of a set of egds [19, 4]. Unfortunately, this algorithm cannable problem. Indeed, this is a rather straightforward con-
be easily adapted to more complex settings, and much megguence of Theorem 4.1. This does not preclude, however,
sophisticated techniques have to be developed if one wahgexistence of interesting classes of queries for whieh th
to prove that computation of cores of universal solutiofgoblem of computing certain answers is decidable, and
continues to be a tractable problem in the presence of tgelen tractable. Indeed, next theorem shows that this is the
These techniques are based onltlecksmethod, that was case for the class of unions of conjunctive queries. Re-
also introduced in [19]. Gottlob in [24] developed a refineehll that aconjunctivequery is an FO formula of the form
version of the blocks method, and proved with it that com@y(Z, §), wherep(z, 7) is a conjunction of atoms.

puting cores of universal solutions for settings whose Betfheorem 5.2 [18] Let M = (S, T,S, UY,) be a data
target dependencies consist of egds and a set of tgds Wilfishange setting, such that consists of a set of egds and
out existential quantifiers can be done in polynomial timﬁ-weakly acyclic set of tgds, and létbe a union of con-
Later, in [25], Gottlob and Nash developed an even mq(gctive queries. Then the problem of computing certain

sophisticated version of this method, and proved Theorgis\wers forQ underM can be solved in polynomial time.
4.7 with it.
This is a very positive result, since unions of conjunc-

tive queries are very common database queries: they cor-
5 Query Answering respond to theselect-project-join-uniorfragment of rela-

tional algebra, and to the core of the standard query lan-
Another big issue in data exchange is the semantics of qugaage for database systems, SQL. Theorem 5.2 can be eas-
answering. Assume that a user poses a q@eoyer the tar- ily proved when we put together the following three facts:



(1) Unions of conjunctive queries are preserved under hexery query that admits a rewriting over the core of the uni-
momorphisms, (2) every universal solution can be homeersal solutions also admits a rewriting over the canonical
morphically mapped into any other solution, and (3) FOniversal solution, but not vice versa.

queries, and in particular, unions of conjunctive queries,

have polynomial time data complexity. Extensions More expressive query languages, that allow
Thus, in order to compute the certain answers to a unigf the presence of recursion and a restricted form of nega-
of conjunctive queries) with respect to a source instanCgon  and that preserve the good properties of unions of
I it is sufficient to do the following. First, check Whethef:onjunctive queries for data exchange, were recently-intro
a solution for/ exists. If there is no solution, simply deqyced by Arenas et al. [7]. Translations into this query
clare the setting to be inconsistent with respect to thergiignguage provide an alternative proof that computing cer-
source instance. _OtherW|se, compute an arbitrary univVekggn answers for unions of conjunctive queries, with at most
solution.J for 1. Finally, compute the sgfround(Q(J)) of  one inequality per disjunct, can be done in polynomial time.

all those tuples if)(.J) that do not contains nulls. From allthat paper also studied the combined complexity of com-
the previous observations, and from the fact that tuplesygiting certain answers in data exchange.

the certain answers can only consist of constants, we derive
that ground(Q(J)) = certaina(Q,I). Notice that for
the class of settings with a weakly acyclic set of tgds the Alternative Semantics
algorithm runs in polynomial time. Finally, the algorithm
also shows another desirable property of unions of conjudie certain answers semantics is by no means unique, al-
tive queries for data exchange; namely, their certain arswiaough it had been predominant in the early stages of data
can be computed using a materialized target instance alerehange research. In fact, the certain answers semantics
(e.g. the canonical universal solution or the core). has its problems, and a question “What is so sacred about

A mild, but interesting extension of the class of conjunthe certain answers semantics?” was posed in [9]. Several
tive queries is the class of conjunctive queries with inéquattempts to address it were made; we survey them below.
ities. Unfortunately, this extension not only destroyssgre
vation under homomorph_isms but_also leads to_intractgbilg'l Universal solutions semantics
of the problem of computing certain answers (first shown in
[18] and then sharpened in [35]): Since [18], the seminal paper in data exchange, made a
compelling case that the preferred solutions in data ex-
echange should be the universal solutions, it seems natural
to think of an alternative semantics that is completely ase
@ those solutions. Formally, Idt be a data exchange set-
ting, let @ be a query, and let be a source instance. We

In particular, under widely believed complexity-theocetidefine the set otiniversal certain answers t@ with re-
assumptions, there is no polynomial-time algorithm thapect tol under M denoted bycertainf, (@, ), as the
computes certain answers to conjunctive queries with Bet(\{Q(.J) | J is a universal solution fof }. The problem
equalities using the canonical universal solution or the coof computing the universal certain answergtainderM
even in settings without target dependencies. On the otisedlefined analogously to the case of the standard semantics.
hand, by using techniques based on the chase procedur8jnce computing certain answers for a union of con-
Fagin et al. proved in [18] that the problem of computingnctive queries can be done by posing the query over
certain answers to unions of conjunctive queries, with @a arbitrary universal solution, it easily follows that for
most one inequality per disjunct, can be solved in polyneach query) of that form and every source instanée
mial time using an arbitrary universal solution. certainnp(Q, ) = certain}{,(Q,I). But this is no

N ) longer the case if we allow inequalities.
Query rewriting  In[3], Arenas et al. studied the follow-

ing problem. Let@ be a FO query. Is it possible to findexample 6.1 (Example 2.2 continued) The universal cer-
an FO queryR’ such that for every source instantethe tain answers taQ = JazIy3z2(P(x,y,2) A x # z) with
certain answers of) with respect tol correspond exactly respect tal is true, since every universal solutiohfor T

to the evaluation of)’ over either the canonical universafust contain a fact of the for(a, b, L), for L a value in
solution or the core of the universal solutions 16 If that yar. On the other handsertaina(Q, ) = false since

is the case, the query’ is called arewriting of Q overthe j — {P(a,b,a),Q(b,a)} is a solution forl.

corresponding universal solution. In particular, in [3gth

authors developed techniques that helps to determine whewe show next that the universal certain answers seman-
a query admits a rewriting. This work also compared thies presents some computational advantages over the usual
canonical universal solution and its core in terms of the esemantics. ArexistentialFO formula is a formula of the
pressive power for allowing rewritings. It was shown thdbrm 3z(z, §), wherep(z, 3) is a quantifier-free formula

Theorem 5.3 [35] There is a single Boolean conjunctiv
query@ with two inequalities and a settingyt without tar-
get dependencies, such that the problem of computing
tain answers fo) under,M is coNRcomplete.



in disjunctive normal form. Existential formulas are know(CWA), in which solutions are closed to adding new facts.
to have the following property: If{; is an induced subin- The reason behind this is that if data exchange is about
stance ofK> and? belongs to the evaluation éfover K;, transferring data from source to target, then the semantics
wheref is an existential FO formula, theérbelongs to the for the data exchange problem should be based on the ex-
evaluation of) overK5. Since every universal solution conehanged data only, and not on data that can be later added
tains an isomorphic copy of the core as an induced subio-the instances. Or in other terms, the semantics should be
stance, it easily follows that the problem of computing tHesed on those solutions that contain no more than what is
universal certain answers for an existential FO quergils needed to satisfy the specification.
down to evaluating over the core of the universal solu- Unfortunately, defining CWA-solutions in data exchange
tions, discarding all tuples that do not consist only of cois not so easy as defining the OWA solutions. Here we avoid
stants. Putting this together with Theorem 4.7 it is possilthe rather elaborate operational definition of CWA-solugio
to obtain the following: given in [33], and provide a more elegant semantic descrip-
. tion of this class (which appears as a characterization of
Theorem 6.2 Let M = (S, T, Xy, UY,) be a setting, such o, solutions in [33]). As usuak” is ahomomorphic im-
that 3; consists of a set egds and a weakly acyclic setéﬁeof K if there is a homomorphisth : K — K’ such

tgds, and ley be an existentidr O formula. Then the prob- a1y, k), the instance obtained frods by replacing each
lem of computing universal certain answersptinderM 1 | by h(L), is exactlyk’.

can be solved in polynomial time.

Definition 6.3 Let M be a setting without target dependen-

hNOt'iﬁ t??t this is N d?ep gotntr?s'tl vlé/gthheolrem 53 thﬁ s,I a source instance and a solution for/. ThenJ is
shows thatforvery simple existentia ormulas (name 'CWA-solutionfor I if (1) J is a universal solution for,

conjunctive queries with two Inequall_'ues) the problem nd (2)J is a homomorphic image of the canonical univer-
computing certain answers becomes intractable. sal solution forl

6.2 Semantics based on the closed-world as- ' "US: fM is acopying setting antis a source instance,
. . . . then the unique CWA-solution far underM is its canon-
sumption and incomplete information

ical universal solutior/ (since any other universal solution
Both the certain answers and the universal certain answi0ta homomorphicimage df). Nextwe show a slightly
semantics are based on apen-world assumptiofOWA), More interesting example.

i.e. solutions included in those semantics are open to gdd@(ample 6.4 (Example 29 continued) Recall
new facts. This assumption, however, leads to some anomas _ {M(a,b) N(a. b))} Then.  with re-

lies with respect to query answering, as described _n%ect to I, both its canonical universal solution
Let M = (8, T, %) be a data exchange setting Withy™ ", 1, ||} P(a. b, 1,),O(Ls, L,)} and the core
out target dependencies. /We sa}/ thett is copymglf of its universal solutiong’* = {P(a,b, L1),Q(Ls, L1)}
S = (R,.... ), T = <, 1o By ), @NAS5 C?nS'StS are CWA-solutions. On the other hand, the solutidn =
of the stdng:(Ri(:g) —>.Ri(a:)) (t_hat is, R; andR? have P(a,b, 11),Q(L1, L1)} is not a CWA-solution, simply
f[he Za;ne an:]y). Itis ptct).mted ogt n [|2:3]Othat there is at?p ecause it is not a universal solution fér The solution
(et schema, Such het i ot FO rewrtable over the: = 70 L. Pla.b 1) Pla.b L) Q(La, L)}
. . g . . is a universal solution fod that it is not a homomorphic

canonical universal solution undga!. Tr_\at is, there is no image ofJ. Therefore,J, is not aCWA-solution. 0
FO queryQ’ such that for every source instangehe eval-
uation of @’ over the canonical universal solutiohfor I Notice the following properties of the class of CWA-
coincides with the certain answers @fwith respect tal. solutions. The core of the universal solutions is a “min-
This behavior is strange, as intuitively copying settinglyo imal” element of the class, in the sense that every other
change relation names and canonical universal solutiens@wWA-solution contains an isomorphic copy of the core as
just copies of source instances. As such, one would expasubinstance. Also, the canonical universal solution & in
every FO query to be rewritable by itself over the canonicahy the “maximal” element of the class, as any other CWA-
universal solution. solution is a homomorphic image of it. This observation

The previous anomaly arises because OWA assumeswfilebe relevant later once we study the properties of query
canonical universal solution to be open to adding new faetsswering.
— both under the certain answers and the universal certaiin addition to defining the class of CWA-solutions, [33]
answers semantics — while intuitively we would expect ttadso points out that while target instances in data exchange
canonical universal solution to be the only solution undare tables with nulls, techniques for handling incomplete
copying settings. Because of that, Libkin proposed in [3Biformation over target instances had been completely ig-
that the right assumption in data exchange should not be ieeed in previous data exchange literature. Indeed, the
OWA but its usual competitor, theosed-world assumptionusual semantics of data exchange (e.g. certain answers or



universal certain answers) are defined over sets of sokitionThe previous example shows that there is a setting
as if each one were a table without nulls. M and a FO queryy such thatcertain§}V4(Q, 1) #

But already 25 years ago, Imielinski and Lipski [31¢ertaina (@, ) for some source instande On the other
showed that answering queries over databases with nhbésd, there is an interesting class of queries for which the
must be done with care, and that treating nulls in the sag@mantics based on CWAand incomplete information coin-
way as constants yields semantically incorrect answers. Tides with the usual semantics. This is the class of mono-
basic idea in [31] is that a databaBevith nulls represents atone FO queries, as defined in Section 6.1. It follows that
setRep(T) of “complete” databases. i.e., a set of databasés problem of computing certain answers under CWAand
without nulls. We formally define this as follows. valu- incomplete information for conjunctive queries with in-
ationis a mapping : Var — Const. If T is an instance equalities is coNP-complete, and that for unions of conjunc
with elements irConst U Var, thenv(T') represents the in- tive queries it becomes tractable. For arbitrary FO queries
stance obtained froffi by replacing each null with v(L). the problemis always in coNP, which contrasts sharply with
Notice that all the elements in(T") are constants. Then wethe case of the usual semantics where the problem of com-
defineRep(T) = {v(T) | v is a valuation. puting certain answers may be undecidable.

In order to evaluate a querg) over an incomplete Extensions Recently, Hernich and Schweikardt extended

databasel’, the standard approach is to compute the sgt . i . i -
0Q(T) = N{Q(D) | D € Rep(T)}. This set is usu-%ﬁe notion of CWA-solutions and semantics based on in

. ! ~~ complete information to data exchange settings with target
ally called the certain answers 6f with respect tol in dependencies [28]. Further, Libkin and Sirangelo [34] have

igiégfci)t”gpleg ?;Or:rgraet'?g gtrzrearutjéeé\?;gvzzrf}ruesfgntc\),\'/ir;?ecently proposed a mixed approach to data exchange that
. YO L combines the closed- and the open-world assumption.
the certain answers as defined for data exchange.

Although [33] proposes four different semantics fordafd  Related Work and Other Exten-
exchange, here we concentrate on one that seems to be the .

most relevant for data exchange and that is, at the same sions

time, the closest to the semantics we have seen so far. . .
Let M be a setting without target dependenci@san FO Data exchange is closely related to the problem of data in-

query, andl a source instance. Then we define teetain tegration [32]. A data integration system consists tufcal

answers undeEWA and incomplete informatioaf Q with schema, global schema, and a specification of the rela-
respect to (underM), denoted bycertain§\VA(Q, I), tionship between the local and the global schema. The data

as the set of tuples that would be(D) for every CWA- resides at the local level, but the user can only query the
solution J and everyD € Rep(J), that is, 1{O0Q(J) | data at the global level. Thus, a data integration system can
7 is a CWA-solution forl under/\/l}'. ’ be seen as a data exchange setting where the source schema

Notice that for each source instanteith canonical uni- corresponds to the local schema, and the target schema cor-

versal solution/, and for every CWA-solution” for I, it responds to the global schema. Furthermore, the goal in
must be the case thRep(J’) C Rep(J). Thus, we have both data integration and data exchange is to compute the

thatJQ(J) C CQ(.J'), for every FO query. Hence: certain answers to a query that is posed over the target
- ' (global) schema.

Theorem 6.5[33] Let M be a setting without tar- The main difference between data exchange \aridal
get dependencies and) an arbitrary query.  Then dataintegration is that in the latter, the data is neveradigtu

certain{¥A(Q, 1) = OQ(J), for every source instanceexchanged, as the global database corresponds only to a vir-
I with canonical universal solutiod. tual representation of the local database. As such, the goal

ilr] data integration is to compute the certain answers to a

That is, in this case the problem of evaluating ce based on the local dat d 1o dat h
tain answers under CWA and incomplete information boi ery based on Ine local dala, as opposed fo data exchange
ere the goal is to do the same but using a materialized

down to the problem of evaluating queries over incomple‘iy . -
databases (canonical universal solutions). target instance. But there are many commonalities, and the

formal study of the relationship between data exchange and
Example 6.6 (Example 2.2 continued) Considé€p; be data integration deserves further study (see, e.g., [13]).
a query asking whether the interpretation of relation An area of study that has evolved from data exchange,

@ has exactly one tuple. It can be shown thdutthat by now has become a prominenttopic on its own, is
certain{y*(Q1,I) = true. Indeed, everyCWA- schema management. The fundamental idea is that schema

solution must contain at least one tuple in the imnappings correspond to metadata, and that it is important
terpretation of ¢, but it cannot contain two tuples:to have a conceptual framework in which this metadata is
this is because evernfCWA-solution is a homomor- combined by applying some predefined operators [10]. The
phic image of the canonical universal solutioh = formal study of two of these operators, tt@mpositiorand
{P(a,b, 11), P(a,b, 15),Q(Ls, 1)} for I. On the other theinverse has recently been started [17, 20, 21, 6]. The in-
hand,certaina(Q,I) = certain’,(Q, ) = false. [J teresting part of this story for data exchange is that, inynan



cases, in order to completely understand the schema nmaain goals of data exchange systems, but nevertheless, the
agement operator under scope, it is necessary to use nkm@vledge we have about this topic is rather limited and
expressive source-to-target dependencies than the oes several interesting questions remain open. One of the most
in this article. This defines a completely new data exchang®llenging is finding bigger classes of database queries
problem. for which the problem of computing certain answers is de-
Several extensions of the data exchange problem, as stiidable. Also, we believe that the time is ripe for having
ied here, have been proposed in the recent years. Forarftuitful discussion that compares the different semantic
stance, Fuxman et al. proposed in [23] an extension bposed for query answering in data exchange, and devel-
the class of data exchange settings in which dependenoigig criteria that help determine when a semantics is ap-
from target-to-source are also allowed. The motivation fpropriate. A natural question, for instance, is whether we
studying this class of settings comes from the area of psbpuld have an overall data exchange semantics that works
data management systems [26], which model the case wf@revery query, or whether it would be better to take a more
different databases (peers) interact with each otherirghaipragmatic view that takes into account the class of queries
and exchanging data. The source peer is the “authoritatigé’hand, and permits a lower quality of the answer in favor
peer that contributes with data. On the other hand, the tafthe performance of the system.
get peer restricts the data it is willing to accept by means ofAs we have mentioned, developing a systematic study of
target-to-source dependencies, but has no right to modffylL data exchange is crucial for understanding the trans-
the source data. fer of data on the web. However, there are very few papers
Other extensions include the class of queries that data &at have dealt with this issue up till now. Relevant, but un-
change systems can support and the class of values allo@lored topics related to XML data exchange include, for
in source instances. With respect to the first one, Afrati ag§ample, the problems of existence of solutions, mateiali
Kolaitis recently studied the topic of answering aggregdttd solutions, query answering beyond conjunctive queries
queries in data exchange [1]. In order to do so, they ha@d notions of CWA and incomplete information.
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