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ABSTRACT

Data exchange is the problem of finding an instance of a target schema, given an instance of a
source schema and a specification of the relationship between the source and the target. Such a
target instance should correctly represent information from the source instance under the constraints
imposed by the target schema, and it should allow one to evaluate queries on the target instance
in a way that is semantically consistent with the source data. Data exchange is an old problem that
re-emerged as an active research topic recently, due to the increased need for exchange of data in
various formats, often in e-business applications.

In this lecture, we give an overview of the basic concepts of data exchange in both relational
and XML contexts. We give examples of data exchange problems, and we introduce the main tasks
that need to addressed. We then discuss relational data exchange, concentrating on issues such as
relational schema mappings, materializing target instances (including canonical solutions and cores),
query answering, and query rewriting. After that, we discuss metadata management, i.e., handling
schema mappings themselves. We pay particular attention to operations on schema mappings, such
as composition and inverse. Finally, we describe both data exchange and metadata management in
the context of XIML. We use mappings based on transforming tree patterns, and we show that they
lead to a host of new problems that did not arise in the relational case, but they need to be addressed
for XML. These include consistency issues for mappings and schemas, as well as imposing tighter
restrictions on mappings and queries to achieve tractable query answering in data exchange.

KEYWORDS

data exchange, schema mappings, dependencies, chase, universal solutions, conjunc-
tive queries, query rewriting, mapping composition, mapping inverse, XIVIL patterns,
mapping consistency, XIVIL data exchange



Contents

OVerVIEW . . oot 1
1.1  Adataexchange example .........couiiniiiiiiii e 1
1.1.1 XML dataexchange .........oouiiiuiiiiiiiiiii i 6
1.2 Overview of the main tasks in data exchange ................... ... ... ... 7
1.3 Keydefinitions . ... ...t 8
1.4 Background..... ... ... 10
1.5  Bibliographic comments ......... ... i 10
Relational Mappings and DataExchange................... .. . .. ... ... 11
2.1  Relational databases: key definitions .......... ... ... .. i 11
2.1.1 Relational schemas and constraints . .........oeeeeeeeeerrniinnnnn... 11
2.1.2 Instances, constants,and nulls .......... .. ... i 12
2.2 Relational schema mappings . ........coueeuutinueinietiinennneenneennn.. 12
2.3 Materializing target INSTANCES . « v v v vt v ettt e ettt et eee e e 14
2.3.1 Existence of SOIUtionS . .. .ouitttt it e 16
2.3.2 Universal SOIUtIoNS . ...ttt 17
2.3.3 Materializing Universal Solutions ..........c.ocoiieiineninn.a.. 20
B o - 26
2.4 QUery ANSWEIING .« oo v ettt ittt ettt et e 29
2.4.1 Answering first-order and conjunctive queries ....................... 29
242 Query Rewriting ... i 33
2.5 Summary. ... 35
2.6 Bibliographical comments ..............iiiitiiiii e 35
Metadata Management ..................oiuiiiiuiitiininieiinaean.. 37
3.1 Introduction . ...t 37
3.2 Composition of schema Mappings . ... ..uveuteenntenneeneeneenneennnenns 39
3.2.1 Extending st-tgds with second-order quantification................... 41

3.3 Inverting schema mapping .........coouiiiuiiiiiiiiiii i 48




viii

CONTENTS

3.3.1 Afirst definition of INVErse . .. ..o oottt 48
3.3.2 Bringing exchanged data back: The recovery of a schema mapping .. .. .. 53
3.3.3 Computing the inverse OPerator ..............couevueiuenuennennnn. 59
34 SUMMATY . oottt ettt e e e e e 64
3.5  Bibliographic comments . .........uutuutttttnt i 64
XML Mappings and DataExchange . ........ ... .. ... .. .. ... .. L 67
4.1 XML databases .....oouiiiii 67
4.1.1 XML documentsand DTDs ... 67
4.1.2 Expressing properties of trees. .........ouiiiiiiiiiiiiiiiiiii. 68
42 XML schema mappings . ........ouuinuintitenie i 74
4.3 Static analysis of XIVIL schema mappings .........cc.veiueiiiniiinennn.n. 77
4.3.1 COMSISENCY .« vt vte ettt ettt ettt 77
4.3.2 AbSOlUute CONSIStENCY .+« v vttt ettt et et e et e e e 84
4.4 Exchange with XML schema mappings ..., 85
4.4.1 Dataexchange problem.......... ... i i 85
4.42 Hardness of qUery answering .........o.oueeiueenneenneennnennnennn. 87
4.4.3 Tractable query ansSwering ...........ooeeuuenrenuennennennennennn. 91
45 SUMMAIY ..ot 94
4.6 Bibliographic comments . ..........oiiuiiiii e 95
Bibliography . ... . .. 97

Authors’Biographies ............. ... .. 103



CHAPTER 1

Overview

Data exchange is the problem of finding an instance of a target schema, given an instance of a
source schema and a specification of the relationship between the source and the target. Such a
target instance should correctly represent information from the source instance under the constraints
imposed by the target schema, and it should allow one to evaluate queries on the target instance in
a way that is semantically consistent with the source data.

Data exchange is an old problem that re-emerged as an active research topic recently due to
the increased need for exchange of data in various formats, often in e-business applications.

The general setting of data exchange is this:

i query Q

We have fixed source and target schemas, an instance S of the source schema, and a mapping M
that specifies the relationship between the source and the target schemas. The goal is to construct an
instance T of the target schema, based on the source and the mapping, and answer queries against
the target data in a way consistent with the source data.

The goal of this introductory chapter is to make precise some of the key notions of data
exchange: schema mappings, solutions, source-to-target dependencies, certain answers. We do it by
means of an example we present in the next section.

1.1 A DATA EXCHANGE EXAMPLE

Suppose we want to create a database containing three relations:

* ROUTES (f1ight#,source,destination)

This relation has information about routes served by several airlines: it has a f1ight# attribute
(e.g., AF406 or KLM1276), as well as source and destination attributes (e.g., Paris and
Santiago for AF406).

* INFO_FLIGHT (flight#,departure_time,arrival_time,airline)

This relation provides additional information about the flight: departure and arrival times, as
well as the name of an airline.
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ROUTES INFO_FLIGHT SERVES
t# src | dest airl airl | city | coun |phone
src | dest | airl city | coun
FLIGHT ROUTES

Figure 1.1: Schema mapping: a simple graphical representation

* SERVES(airline,city,country,phone)

This relation has information about cities served by airlines: for example, it may have a tuple
(AirFrance, Santiago, Chile, 5550000), indicating that Air France serves Santiago,
Chile, and its office there can be reached at 555-0000.

We do not start from scratch: there is a source database available from which we can transfer
information. This source database has two relations:

* FLIGHT (source,destination,airline,departure)

This relation contains information about flights, although not all the information needed in
the target. We only have source, destination, and airline (but no flight number), and departure
time (but no arrival time).

* GEO(city,country,population)

This relation has some basic geographical information: cities, countries where they are located,
and their population.

As the first step of moving the data from the source database into our target, we have to specify a
schema mapping, a set of relationships between the two schemas. We can start with a simple graphical
representation of such a mapping shown in Figure 1.1. The arrows in such a graphical representation
show the relationship between attributes in different schemas.

But simple connections between attributes are not enough. For example, when we create
records in ROUTES and INFO_FLIGHT based on a record in FLIGHT, we need to ensure that the
values of £1ight# attribute (abbreviated as £# in the Figure) are the same. This is indicated by a
curved line connecting these attributes. Likewise, when we populate table SERVES, we only want to
include cities which appear in table FLIGHT — this is indicated by the line connecting attributes in
tables GEO and FLIGHT.
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ROUTES INFO_FLIGHT SERVES

f# src | dest f# dep | arr | airl airl | city | coun |phone

src | dest | airl | dep city | coun | pop

FLIGHT ROUTES

Figure 1.2: Schema mapping: a proper graphical representation

Furthermore, there are several ru/es in a mapping that help us populate the target database.
In this example, we can distinguish two rules. One uses table FLIGHT to populate ROUTES and
INFO_FLIGHT, and the other uses both FLIGHT and GEO to populate SERVES. So, in addition, we
annotate arrows with names or numbers of rules that they are used in. Such a revised representation
is shown in Figure 1.2.

While it might be easy for someone understanding source and target schemas to produce a
graphical representation of the mapping, we need to translate it into a formal specification. Let us
look at the first rule which says:

whenever we have a tuple (src,dest,airl,dep) in relation FLIGHT, we must have a
tuple in ROUTES that has stc and dest as the values of the second and the third attributes,
and a tuple in INFO_FLIGHT that has dep and airl as the second and the fourth attributes.

Formally, this can be written as:

FLIGHT (src,dest,airl,dep) —
ROUTES(_,src,dest), INFO_FLIGHT(_,dep,_,airl)

This is not fully satisfactory: indeed, as we lose information that the flight numbers must be the
same; we need to explicitly mention names of all the variables and produce the following rule:

FLIGHT (src,dest,airl,dep) —
ROUTES (f#,src,dest), INFO_FLIGHT (f#,dep,arr,airl)

What is the meaning of such a rule? In particular, what are those variables that appear in
the target specification without being mentioned in the source part? What the mapping says is that
values for these variables must exisz in the target, in other words, the following must be satisfied:

FLIGHT (src,dest,airl,dep) —
Jf# Jarr ( ROUTES (f#,src,dest) A INFO_FLIGHT (f#,dep,arr,airl) )
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To complete the description of the rule, we need to clarify the role of variables src, dest, airl and
dep. The meaning of the rule is that for every tuple (src,dest,airl,dep) in table FLIGHT, we
have to create tuples in relations ROUTES and INFO_FLIGHT of the target schema. Hence, finally,
the meaning of the first rule is:

Vsrc Vdest Vairl Vdep ( FLIGHT (src,dest,airl,dep) —
Jf# Jarr ( ROUTES (f#,src,dest) A INFO_FLIGHT (f#,dep,arr,airl) ))

Note that this is a query written in relational calculus, without free variables. In other words, it is
a sentence of first-order logic, over the vocabulary including both source and target relations. The
meaning of this sentence is as follows: given a source S, a target instance we construct is such that
together, S and T satisfy this sentence.

We now move to the second rule. Unlike the first, it looks at two tuples in the source:
(src,dest,airl,dep) in FLIGHT and (city,country,popul) in GEO. If they satisfy the join
condition city=scr, then a tuple needs to be inserted in the target relation SERVES:

FLIGHT (src,dest,airl,dep), GEO(city,country,popul), city=src —
SERVES(airl,city,country,phone)

As with the first rule, the actual meaning of this rule is obtained by explicitly quantifying the variables
involved:

Vcity Vdest Vairl Vdep Vcountry Vpopul (
FLIGHT (city,dest,airl,dep) A GEO(city,country,popul) —
Jphone SERVES(airl,city,country,phone) )

We can also have a similar rule in which the destination city is moved in the SERVES table in the
target:

Vcity Vdest Vairl Vdep Vcountry Vpopul (
FLIGHT(src,city,airl,dep) A GEO(city,country,popul) —
dphone SERVES(airl,city,country,phone) )

These rules together form what we call a schema mapping: a collection of rules that specify
the relationship between the source and the target. When we write them, we actually often omit
universal quantifiers V, as they can be reconstructed by the following rule:

* every variable mentioned with one of the source relations is quantified universally.

With these conventions, we arrive at the following schema mapping M:
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(1) FLIGHT(src,dest,airl,dep) —
Jf# Jarr (RDUTES (f#,src,dest) A INFO_FLIGHT(f#,dep,arr, airl))

(2) FLIGHT(city,dest,airl,dep) A GEO(city,country,popul) —>
dphone SERVES(airl,city,country,phone)

(3) FLIGHT(src,city,airl,dep) A GEO(city,country,popul) —>
dphone SERVES (airl,city,country,phone)

Now, what does it mean to have a target instance, given a source instance and a mapping? Since
mappings are logical sentences, we want target instances to satisfy these sentences, with respect to
the source. More precisely, note that mappings viewed as logical sentences mention both source
and target schemas. So possible target instances T for a given source S must satisfy the following
condition:

For each condition ¢ of the mapping M, the pair (S, T) satisfies ¢.

We call such instances T solutions for S under M. Look, for example, at our mapping M, and assume
that the source S has a tuple (Paris, Santiago, AirFrance, 2320). Then every solution 7' for S under
M must have tuples

(%, Paris, Santiago) in ROUTES and (x, 2320, y, AirFrance) in INFO_FLIGHT

for some values x and y, interpreted as flight number and arrival time. The mapping says nothing
about these values: they may be real values (constants), e.g., (406, Paris, Santiago), or nulls, indicating
that we lack this information at present. We shall normally use the symbol L to denote nulls, so a com-
mon way to populate the target would be with tuples (L, Paris, Santiago) and (L, 2320, L', AirFrance).
Note that the first attributes of both tuples, while being unknown, are nonetheless the same. This
situation is referred to as having marked nulls, or naive nulls, as they are used in naive tables, studied
extensively in connection with incomplete information in relational databases. At the same time, we
know nothing about the other null L” used: nothing prevents it from being different from L but
nothing tells us that it should be.

Note that already this simple example leads to a crucial observation that makes the data
exchange problem interesting: so/utions are not unique.In fact, there could be infinitely many solutions:
we can use different marked nulls, or we can instantiate them with different values.

If solutions are not unique, how can we answer queries? Consider, for example, a Boolean
(ves/no) query “Is there a flight from Paris to Santiago that arrives before 10am?” The answer to this
query has to be ‘no’ even though in some solutions we shall have tuples with arrival time before
10am. However, in others, in particular in the one with null values, the comparison with 10am will
not evaluate to true, and thus we have to return ‘no’ as the answer.

On the other hand, the answer query “Is there a flight from Paris to Santiage?” is ‘yes’, as the
tuple including Paris and Santiago will be in every solution. Intuitively, what we want to do in query
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answering in data exchange is to return answers that will be true in every solution. These are called
certain answers; we shall define them formally shortly.

1.1.1 XML DATA EXCHANGE

Before outlining the key tasks in data exchange, we briefly look at the XML representation of the
above problem. XML is a flexible data format for storing and exchanging data on the Web. XML
documents are essentially trees, that can represent data organized in a way more complex than
the usual relational databases. But each relational database can be encoded as an XML document;
a portion of our example database, representing information about the Paris—Santiago flight and
information about Santiago, is shown in the picture below.

/T\

FLIGHT G}I:D
tl t2
P I
src dest airl dep city country popul
I | | | |
‘Paris’ ‘Santiago’ ‘Air France’ ‘2300’ ‘Santiago’ ‘Chile ‘6M’

The tree has a root r with two children, corresponding to relations FLIGHT and GEO. Each of
those has several children, labeled 71 and 12, respectively, corresponding to tuples in the relations. We
show one tuple in each relation in the example. Each #;1-node has four children that correspond to
the attributes of FLIGHT and each #2-node has three children, with attributes of GEO. Finally, each
of the attribute nodes has a child holding the value of the attribute.

To reformulate a rule in a schema mapping in this language, we show how portions of trees
are restructured. Consider, for example, the rule

FLIGHT (city,dest,airl,dep) A GEO(city,country,popul) —
dphone SERVES(airl,city,country,phone)
We restate it in the XIML context as follows:

r |

FLIGHT GEO SERVES

| | -

I &) t
/ N\ N _—X
src airl city country airl city country phone

| |

Loyl ool

That is, if we have tuples in FLIGHT and GEO that agree on the values of the source and
city attributes, we grab the values of the airline and country attributes, invent a new value u

for phone and create a tuple in relation SERVES.
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The rules of XML schema mappings are thus represented via ¢ree patterns. Essentially, they say
thatifa certain pattern occurs in a source document, some other pattern, obtained by its restructuring,
must occur in the target.

This view of XML schema mappings is not surprising if we note that in our relational examples,
the rules are obtained by using a relational pattern — i.e., a conjunction of source atoms — and
rearranging them as a conjunction of target atoms. Conjunctions of atoms are natural analogs of tree
patterns. Indeed, the pattern on the right-hand side of the above rule, for example, can be viewed
as the conjunction of the statements about existence of the following edge relations: between the
root and a node labeled SERVES, between that node an a node labeled 7, between the 7-node and
nodes labeled airl, city, country, and phone, respectively, and between those nodes and nodes
carrying attribute values y, x, z, and u.

Of course, we shall see when we describe XIVIL data exchange that patterns could be signifi-
cantly more complicated: they need not be simple translations of relational atoms. In fact, one can
use more complicated forms of navigation such as the horizontal ordering of siblings in a document,
or the descendant relation. But for now, our goal was to introduce the idea of tree patterns by means
of a straightforward translation of a relational example.

1.2 OVERVIEW OF THE MAIN TASKS IN DATA EXCHANGE

The key tasks in many database applications can be roughly split into two groups:

1. Static analysis. This mostly involves dealing with schemas; for example, the classical relational
database problems such as dependency implication and normalization fall into this category.
Typically, the input one considers is (relatively) small, e.g., a schema, a set of constraints.
Therefore, somewhat higher complexity bounds are normally tolerated: for example, many
problems related to reasoning about dependencies are complete for complexity classes such as
NP, or coNP, or Pspack.

2. Dealing with data. These are the key problems such as querying or updating the data. Of
course, given that databases are typically large, only low-complexity algorithms are tolerated
when one handles data. For example, the complexity of evaluating a fixed relational algebra
query is very low (AC, to be precise), and even more expressive languages such as Datalog
stay in PTIME.

In data exchange, the key tasks too can be split into two groups. For static analysis tasks, we treat
schema mappings as first-class citizens. The questions one deals with are generally of two kinds:

* Consistency. For these questions, the input is a schema mapping M, and the question is whether
it makes sense: for example, whether there exists a source S that has a solution under M, or
whether all sources of a given schema have solutions. These analysis are important for ruling
out “bad” mappings that are unlikely to be useful in data exchange.
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* Operations on mappings. Suppose we have a mapping M from a source schema R; to a target

schema R¢, and another mapping M’ that uses Ry as the source schema and maps it into a
schema Ry. Can we combine these mappings into one, the composition of the two, M o M/,
which maps Rs to Ry? Or can we invert a mapping, and find a mapping M ~! from Ry into Ry,
that undoes the transformation performed by M and recovers as much original information
about the source as possible? These questions arise when one considers schema evolution: as
schemas evolve, so do the mappings between them. And once we understand when and how
we can construct mappings such as M o M’ or M~ we need to understand their properties
with respect to the ‘existence of solutions’ problem.

Tasks involving data are generally of two kinds.

* Materializing target instances. Suppose we have a schema mapping M and a source instance S.

1.3

Which target instance do we materialize? As we already saw, there could be many — perhaps
infinitely many — target instances which are solutions for S under M. Choosing one, we should
think of three criteria:

1. it should faithfully represent the information from the source, under the constraints
imposed by the mapping;
2. it should not contain (too much) redundant information;

3. the computational cost of constructing the solution should be reasonable.

Query answering. Ultimately, we want to answer queries against the target schema. As we
explained, due the existence of multiple solutions, we need to answer them in a way that is
consistent with the source data. So if we have a materialized target 7 and a query Q, we need
to find a way of evaluating it to produce the set of certain answers. As we shall see, sometimes
computing Q(T) does not give us certain answers, so we may need to change Q into another
query Q" and then evaluate Q" on a chosen solution to get the desired answer. The complexity
of this task will also depend on a class of queries to which Q belongs. We shall see that for
some classes, constructing Q’ is easy, while for others, Q" must come from languages much
more expressive (and harder to evaluate) than SQL, and for some, it may not even exist.

KEY DEFINITIONS

We now get a bit more formal and present the key definitions related to data exchange. For a relational
schema R, we let InsT(R) stand for the set of all database instances of R. We start with

* a source schema Ry,

* a target schema R, and

* aset Xy of source-to-target dependencies.
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Source-to-target dependencies, or szds, are logical sentences over Rg and Rg; for example,

Vsrc Vdest Vairl Vdep ( FLIGHT (src,dest,airl,dep) —
If# Jarr ( ROUTES (f#,src,dest) A INFO_FLIGHT (f#,dep,arr,airl) ))

We may also have

* a set of target dependencies X, i.e., logical sentences over R¢. These are typical database
integrity constraints such as keys and foreign keys.

We define a scherna mapping as a quadruple
M - (RS’ Rt7 ES[? El‘)v

or just (R, R¢, 2y;), when there are no target constraints.

Now assume S is a source instance, i.e., a database instance over Rs. Then a target instance T
is called a solution for S under M if and only if S and T together satisfy all the stds in X, and T
satisfies all the constraints in X;. That is, T is a solution for S under M if

(S, T) ': Est and T |= Et.

For mappings without target constraints, we only require (S, T') = Zy;. The set of all solutions for
S under M is denoted by SoL4(S):

SoLpm(S) = {T €Inst(Ry) | (S, T) = X5 and T = X4 ).

Semantically, we can view the mapping M as a binary relation between InsT(R;) and InsT(Ry), i.e.,
[M] < InsT(Rs) x InsT(Ry) is defined as

[M] = {(S,T)|S €Inst(Ry), T € InsT(Ry), and T € Sorp(S)}.

If we have a query Q over the target schema R, we want to compute certain answers; these are
answers true in all solutions for a given source instance S. That is, certain answers are defined as

certainp (Q, S) = m o).

TeSoL ()

We want to compute cerzainpg(Q, S) using just one specific materialized solution, say Tp. In general,
Q(Tp) need not be equal certainp(Q, S). Instead, one is looking for a different query Q’, called a
rewriting of Q, so that

Q' (Ty) = certainpg(Q, S).

When we have such a materialized solution Ty and a rewriting Q’ for each query Q we want to
pose, we have the answer to the two key questions of data exchange. First, we know which solution
to materialize — it is 7p. Second, we know how to answer queries — compute the rewriting Q" of Q
and apply it to Tp.
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1.4 BACKGROUND

We assume that the reader is familiar with the following.

Relational database model We expect the reader to have seen the relational database model and
be familiar with the standard notions of schemas, instances, constraints, and query languages.
In particular, we assume the knowledge of the following:

* Basic relational query languages, especially relational calculus (i.e., first-order predicate
logic, often abbreviated as FO) and its fragments such as:

1. Conjunctive queries, also known as select-project-join queries, formally defined as
the 3, A-fragment of FO, or the o, 7, x-fragment of relational algebra; and

2. Unions of conjunctive queries, that correspond to select-project-join-union queries.

* Relational integrity constraints, especially keys and foreign keys, and more generally,
functional and inclusion dependencies.

XML Although we define the key XML concepts we need, it would help the reader to have seen
them before. We assume the basic knowledge of automata on words (strings); all the concepts
related to automata on trees will be defined here.

1.5 BIBLIOGRAPHIC COMMENTS

Data exchange, also known as data translation, is a very old problem that arises in many tasks where
data must be transferred between independent applications [Housel et al., 1977]. Examples of data
exchange problems appeared in the literature over 30 years ago. But as the need for data exchange
increased over the years [Bernstein, 2003], research prototypes appeared [Fagin et al., 2009] and
made their way into commercial database products. The theory was lagging behind until the paper
by Fagin et al. [2005a] which presented the widely accepted theoretical model of data exchange. It
developed the basis of the theory of data exchange, by identifying the key problems and looking into
materializing target instances and answering queries.

Within a year or two of the publication of the conference version of this paper, data ex-
change grew into a dominant subject in the database theory literature, with many papers published
in conferences such as PODS, SIGMOD, VLDB, ICDT, etc. By now, there are several papers
presenting surveys of various aspects of relational data exchange and schema mappings [Barcelo,
2009; Bernstein and Melnik, 2007; Kolaitis, 2005]; extensions to XML have been described as well
[Amano et al., 2009; Arenas and Libkin, 2008]. Much more extensive bibliographic comments will
be provided in the subsequent chapters.

The subject of data integration has also received much attention, see, for example, Haas
[2007] and Lenzerini [2002] for a keynote and a tutorial. Relationships between data exchange and
integration have also been explored [Giacomo et al., 2007].
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CHAPTER 2

Relational Mappings and Data
Exchange

2.1 RELATIONAL DATABASES: KEY DEFINITIONS

In Chapter 1, we presented the key definitions related to data exchange in the most general setting.
We now restate these definitions in the context of re/ational data exchange, and recall some key
concepts from relational database theory.

2.1.1 RELATIONAL SCHEMAS AND CONSTRAINTS

A relational schema R is a finite sequence (U1, ..., Uy) of relation symbols, with each U; having a
fixed arity n; > 0. For example, the target relational schema considered in the introduction has three
relations: ROUTES of arity 3, INFO_FLIGHT of arity 4, and SERVES, also of arity 4.

We sometimes consider relational schemas with integrity constraints, which are conditions
that instances of such schemas must satisfy. The most commonly used constraints in databases are
functional dependencies (and a special case of those: keys) and inclusion dependencies (and a special
case of functional and inclusion dependencies: foreign keys).

A functional dependency states that a set of attributes X uniquely determines another set of
attributes Y; a key states that a set of attributes uniquely determines the tuple. For example, it is
reasonable to assume that £1ight# is a key of ROUTES, which one may write as a logical sentence

V fVsVdVs'Vd' (ROUTES(f,s,d) AROUTES(f,s'.d") — (s =s")A(d =d")).

An inclusion dependency states that a value of an attribute (or values of a set of attributes) occurring
in one relation must occur in another relation as well. For example, we may expect each flight number
appearing in INFO_FLIGHT to appear in ROUTES as well: this is expressed as a logical sentence

V fVdVaVa' (INFO_FLIGHT(f,d,a,a’) — 3s3d' ROUTES(f,s,d")).

Foreign keys are simply a combination of an inclusion dependency and a key constraint: by combining
the above inclusion dependency with the constraint that flight# is a key for ROUTES, we get a
foreign key constraint INFO_FLIGHT [f1ight#] Cpk ROUTES [f1light#], stating that each value
of flight number in INFO_FLIGHT occurs in ROUTES, and that this value is an identifier for the tuple
in ROUTES.
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2.1.2 INSTANCES, CONSTANTS, AND NULLS

An instance S of schema R = (U, ..., Up) assigns to each relation symbol U;, where | <i <m,a
finite n;-ary relation U iS .The domain of instance S, denoted by Dom(S), is the set of all elements that
occur in any of the relations U}’ It is often convenient to define instances by simply listing the tuples
attached to the corresponding relation symbols. Further, sometimes we use the notation U(7) € S
instead of 7 € US,and call U (7) a fact of S. For instance, FLIGHT(Paris, Santiago, AirFrance,2320) is
an example of a fact. Finally, given instances S, S" of R, we denote by § C §’ the fact that U iS cu I.S /
foreveryi € {1, ..., m}, and we denote by || S| the size of S.

We have seen in earlier examples that target instances may contain incomplete information.
This is modeled by having two disjoint and infinite set of values that populate instances. One of
them is the set of constants, denoted by Const, and the other one is the set of nulls, or variables,
denoted by Var. In general, the domain of an instance is a subset of Const U Var (although we
shall assume that domains of a source instances are always contained in Const). We usually denote
constants by lowercase letters a, b, c, . . ., while nulls are denoted by symbols L, 1, Lo, etc.

We now need a couple of standard definitions related to database instances with nulls. Given
an instance S of schema R, let V be the set of all nulls that occur in S. We then call a mapping
v :V — Const a valuation. By v(S), we mean the instance obtained from S by changing every
occurrence of a null L by v(L). Then

Rep(S) = {8 over Const | v(S) € S’ for some valuation v}

is the set of instances over Const represented by S. This notion is typically viewed as the semantics
of an incomplete instance S with nulls: such an instance may represent several complete instances
depending on the evaluation of nulls, and possibly adding new tuples.

2.2 RELATIONAL SCHEMA MAPPINGS

Following the terminology used in Chapter 1, we define a relational mapping M as a tuple
(R, R¢, Zys, %), where Rg and R are disjoint relational schemas, Rg is called the source schema,
R is called the zarges schema, Xy; is a finite set of source-fo-target dependencies (i.e., dependencies
over the relations in R and Re), and % is a finite set of zarger dependencies (i.e., dependencies over
Ry¢). If the set X; is empty, i.e., there are no target dependencies, we write M = (Rq, R, ;).

Recall that instances of Ry are called source instances, while instances of R¢ are called zarger
instances. Source instances are usually denoted S, Si, Sz, ..., while target instances are denoted
T,T,,T,...

To define the notion of a solution we need the following terminology. Given schemas Ry =
(Uy,...,Up)and Ry = (W, ..., W,),with no relation symbols in common, we denote by (R1, Ry)
the schema (Uy, ..., Uy, Wi, ..., W,). Further, if S| is an instance of Ry and S is an instance of
R, then (51, $») denotes an instance T of (Ry, Ry) such that U/ = UI-S1 and W]-T = WJ-SZ, for each
iefl,...,m{and j €{1,...,n}.
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Given a source instance S over Const, we say that a target instance 7 over Const U Var is a
solution for S under M, if (S, T) satisfies every sentence in Xy; and T satisfies every sentence in %;.
In symbols, (S, T) = Z5 and T = X;. When M is clear from the context, we say call 7 simply a
solution for S. As before, the set of solutions for instance S will be denoted by Sora((S).

Admitting arbitrary expressive power for specifying dependencies in data exchange easily leads
to undecidability of some fundamental problems, like checking for the existence of solutions. Thus,
itis customary in the data exchange literature to restrict the study to a class of mappings M that lead
to efficient decidability of the key computational tasks associated with data exchange. The standard
restrictions used in data exchange are as follows: constraints used in X; are tuple-generating depen-
dencies (which generalize inclusion dependencies), and constraints in ¥; are either tuple-generating
dependencies or equality-generating dependencies (which generalize functional dependencies). More
precisely:

* X consists of a set of source-to-target tuple-generating dependencies (st-tgds) of the form
VaVy (ps(x, y) = 21 (x, 2)),

where ¢, (¥, y) and ¥, (X, Z) are conjunctions of atomic formulas in Ry and Ry, respectively;
and

* X, is the union of a set of ruple-generating dependencies (1gds), i.e., dependencies of the form
VVy (p(x,y) — dz ¢ (x, 2)),

where ¢(x, y) and ¥ (X, ) are conjunctions of atomic formulas in R¢, and a set of equality-
generating dependencies (egds), i.e., dependencies of the form

Vx (p(x) = x; = x;),

where ¢(X) is a conjunction of atomic formulas in R¢, and x;, x; are variables among those in
X.

One can observe that the mapping we used in the Introduction follows this pattern. For the sake
of simplicity, we usually omit universal quantification in front of st-tgds, tgds, and egds. No-
tice, in addition, that each (st-)tgd ¢(x,y) — 3z ¥ (X, 2) is logically equivalent to the formula
Ay ¢(x,y)) - 3z ¥ (x,2)). Thus, when we use notation 0(x) — 3z Y (x, z) for a (st-)tgd, we
assume that 6(X) is a formula of the form 3y ¢(x, y), where ¢ (X, y) is a conjunction of atomic
formulas. Also, we denote by || M| the size of a mapping M.

From now on, and unless stated otherwise, we assume all relational mappings to be of the
restricted form specified above. The intuition behind the different components of these mappings
is as follows. Source-to-target dependencies in X, are a tool for specifying which conditions on the
source imply a condition on the target. But from a different point of view, one can also see them
as a tool for specifying how source data gets translated into target data. In addition, the translated
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data must satisfy usual database constraints. This is represented by means of the target dependen-
cies in X;. It is important to notice that the mappings described above are not restrictive from a
database point of view. Indeed, tuple-generating dependencies together with equality generating
dependencies precisely capture the class of embedded dependencies. And the latter class contains all
relevant dependencies that appear in relational databases, e.g., it contains functional and inclusion
dependencies, among others.

There is a particular class of data exchange mappings, called Local-As-View (LAV') mappings,
that often appears in the literature. This class had its origins in the data integration community, but
it has proved to be of interest also for data exchange. Formally, a mapping without target constraints
M = (R, Ry, Zy) is a LAV mapping if X, consists of LAV st-tgds of the form Vx (U (x) —
3z ¢; (X, 2)), where U is a relation symbol in Rg. That is, to generate tuples in the target, one needs
a single source fact.

2.3 MATERIALIZING TARGET INSTANCES

As we mentioned in Chapter 1, one of the key goals in data exchange is to materialize a solution that
reflects as accurately as possible the given source instance. The next example shows two interesting
phenomena regarding solutions in data exchange that, in particular, explain why the materialization
problem is far from trivial. First, solutions for a given source instance are not necessarily unique.
Second, there are source instances that have no solutions.

Example 2.1  Let us revisit the data exchange example presented in Chapter 1. Thus, M =
(Rs, R¢, Xy, %) is a mapping such that:

* The source schema Ry consists of the ternary relation
GEO(city,country,population)
and the 4-ary relation
FLIGHT (source,destination,airline,departure).
* The target schema Ry consists of the ternary relation
ROUTES (flight#,source,destination)
and the 4-ary relations
INFO_FLIGHT (flight#,departure_time,arrival_time,airline)

and
SERVES(airline,city,country,phone).
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* X, consists of the following st-tgds:

FLIGHT (src,dest,airl,dep) —
If#3arr (ROUTES (f#,src,dest) A INFO_FLIGHT(f#,dep,arr,airl))

FLIGHT (city,dest,airl,dep) A GEO(city,country,popul) —
dphone SERVES(airl,city,country,phone)

FLIGHT (src,city,airl,dep) A GEO(city,country,popul) —
Jdphone SERVES (airl,city,country,phone).

* There are no target dependencies, i.e., X; = ¢.

It is clear that every source instance has a solution under M. Furthermore, since the st-tgds do not
completely specify the target, solutions are not necessarily unique up to isomorphism, and, indeed,
there is an infinite number of solutions for each source instance.

On the other hand, assume that M’ is the extension of M with the target dependency
that imposes that src is a key in ROUTES (f#,src,dest). Then it is no longer true that ev-
ery source instance has a solution under M. Indeed, consider a source instance S that con-
tains facts FLIGHT (Paris, Santiago, AirFrance, 2320) and FLIGHT(Paris, Rio, TAM, 1720). Then
the first st-tgd in X imposes that there are facts of the form ROUTES(x, Paris, Santiago) and
ROUTES(y, Paris, Rio) in every solution T for S. But this contradicts the key condition on relation
Routes (f#,src,dest). We conclude that S has no solutions under M’. O

This example suggests that in order to be able to materialize a target solution for a given source
instance, we have to be able to do two things. First, to determine whether a solution exists at all;
and second, in case that there is more than just one solution, to compute the one that reflects most
accurately the source data. Each one of these issues is naturally associated with a relevant data
exchange problem.

* First,in order to determine whether solutions exist, it is necessary to understand the decidability
of the problem of checking for the existence of solutions, as defined below:

ProsLEm:  Existence of solutions for relational mapping M.
InpuT: A source instance S.
QuesTtion: Is there a solution for S under M?

* Second, it is necessary to identify the class of data exchange solutions that most accurately
reflect the source data and to understand the computability of the solutions in this class.

This section is devoted to the study of these two problems. First, it is shown in Section 2.3.1 that,
in the more general scenario, the existence of solutions problem is undecidable. Second, in Section

15
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2.3.2 we present a class of solutions, called universal solutions, that are widely assumed to be the
preferred solutions in data exchange. Unfortunately, as we point out below, universal solutions are
not a general phenomenon in data exchange as there are source instances that have solutions but no
universal solutions.

The two previous facts raise the need for identifying a relevant class of relational mappings
that satisfies the following desiderata:

(C1) The existence of solutions implies the existence of universal solutions;
(C2) checking the existence of solutions is a decidable (ideally, tractable) problem; and

(C3) for every source instance that has a solution, at least one universal solution can be computed
(hopefully, in polynomial time).

The definition of such a class is given in Section 2.3.3. Finally, Section 2.3.4 is devoted to the study
of a particular universal solution, called the core, which exhibits good properties for data exchange.

2.3.1 EXISTENCE OF SOLUTIONS

As we have mentioned on and on, one of the goals in data exchange is materializing a solution
that reflects as accurately as possible the source data. Unfortunately, even the most basic problem of
checking the existence of solutions (for a fixed mapping) is undecidable.

Theorem 2.2 There exists a relational mapping M = (Rq, R, By, 2¢), such that the problem of
checking whether a given source instance has a solution under M, is undecidable.

Proof. We reduce from the embedding problem for finite semi-groups (explained below), which is
known to be undecidable.

Recall that a finite semi-group is an algebra A = (A, f), where A is a finite nonempty set
and f is an associative binary function on A. Let B = (B, g) be a partial finite algebra; i.c., B is a
finite nonempty set and g is a partial function from B x B to B.Then B is embeddable in the finite
semi-group A = (A, f) if and only if B € A and f is an extension of g, that is, whenever g(a, a’)
is defined, we have that g(a, a’) = f(a, a’). The embedding problem for finite semi-groups is as
follows: given a finite partial algebra B = (B, g), is B embeddable in some finite semi-group?

We now construct a relational mapping M = (R, R, Xy, 2;) such that the embedding
problem for finite semi-groups is reducible to the problem of existence of solutions for M. The
mapping M is constructed as follows:

* R, consists of the ternary relation symbol U, while R¢ consists of the ternary relation symbol
V. Intuitively, both U and V encode the graphs of binary functions.

* Xy ={Ux,y,2) = V(x,y, 2D}
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* X, consists of one egd and two tgds. First, an egd
Vx,y, 2 AV(x,y,2) > z2=12,
asserts that V encodes a function. Second, a tgd
Vx,y,u) AV(y,z,v) AV(u,z,w) — V(x, v, w),

that asserts that the function encoded by V is associative. Finally, a tgd
V(x1, x2, x3) A V(y1, y2, y3) = /\ Jzi; V(xi, yj, zij)
1<i,j<3

that states that the function encoded by V is total. Indeed, this tgd expresses that if two
elements a and b appear in the interpretation of V, then there must be an element ¢ such that
V(a,b,c).

LetB = (B, g) be a finite partial algebra. Consider the source instance Sg = {U(a, b, ¢) | g(a, b) =
c}. It is clear that B is embeddable in the class of finite semi-groups if and only if Sg has a solution
under M. This shows that the existence of solutions problem for M is undecidable. O

2.3.2 UNIVERSAL SOLUTIONS
As we have mentioned above, we want to identify which data exchange solutions better reflect the
source data. As it is widely accepted in the data exchange literature, this corresponds to the class of
universal solutions. Intuitively, a solution is universal when it is more general than any other solution.
Next example will help us to illustrate when a solution is more general than other.
Example 2.3 (Example 2.1 continued) Consider the source instance
S = {FLIGHT (Paris, Santiago, AirFrance, 2320)}.

Then one possible solution for § under M is

T = {ROUTES(Ly, Paris, Santiago), INFO_FLIGHT (L1, 2320, Ly, AirFrance)},
where 11, L, are values in Var (i.e., nulls). Another solution is

T’ = {ROUTES(Lq, Paris, Santiago), INFO_FLIGHT(Ly, 2320, Ly, AirFrance)}.

Yet another solution, but with no nulls, is

T" = {ROUTES(AF406, Paris, Santiago),
INFO_FLIGHT(AF406, 2320, 920, AirFrance)}.

Notice that both solutions 7" and 7" seem to be less general than 7. This is because 7" assumes that
the values that witness the existentially quantified variables f# and arr, in the first st-tgd of Xy,
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are the same, while 7" assumes that these variables are witnessed by the constants 4F406 and 920,
respectively. On the other hand, solution T contains exactly what the specification requires. Thus,
in this case it seems natural to say that one would like to materialize a solution like T rather than
solution 7" or T”, as T is more accurate with respect to S (under M) than 7’ and T”. O

How do we define the notion of being as general as any other solution? There appear to be three
different ways of doing so, outlined below.

Solutions that describe all others. A solution T is an instance with nulls, and thus describes the
set Rep(T) of complete solutions. A most general solution must describe all other complete
solutions: that is, we must have

UnivSoly(T) : Rep(T) = {T" € SoLap(S) | T' is over Const}

Solutions that are as general as others. A seemingly slightly weaker condition says thatif a solution
T is universal, it cannot describe fewer complete instances than another solution, i.e.,

UnivSol(T) : Rep(T") € Rep(T) for every T' € SoLaq(S)

Solutions that map homomorphically into others. This more technical, and yet very convenient
definition, is inspired by the algebraic notion of a universal object, that has a homomorphism
into every object in a class. A homomorphism between two instances h : T — T’ is a mapping
from the domain of T into the domain of 7”, that is the identity on constants, and such that
f=(t1,...,12) € W implies h(7) = (h(11), ..., h(t,)) isin W for all W in R;. Our third
condition then is:

UnivSol3(T) : there is 2 homomorphism & : T — T’ for every T’ € Sor((S)
So, which definition should we adopt? It turns out that we can take either one, as they are equivalent.

Proposition 2.4 If M is a mapping given by st-tgds, and T is a solution for some source instance, then
conditions UnivSoly (T'), UnivSoly(T'), and UnivSol3(T') are equivalent.

Proof. Observe that a valuation v on T is a homomorphism from 7 into any instance containing
v(T). Since right-hand-sides of st-tgds are conjunctive queries, which are closed under homomor-
phisms, we have thatif T € Sorp(S) and 7" € Rep(T),then T € Sor4(S). With this observation,
we now easily prove the result.

UnivSol; (T) = UnivSoly (7). Assume 7" is an arbitrary solution, and let 7" € Rep(T"). Then
T" is a solution without nulls, and hence by UnivSel;(T') it belongs to Rep(T), proving
Rep(T") € Rep(T).
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UnivSoly(7T) = UnivSol3(T). Let T’ € SoLp(S),and let L1, ..., L, enumerate nullsin 7’. Let
€1, ..., cy be elements of Const that do not occur in 7/, and let T” be obtained from 7" by
replacing each L; with ¢;, fori < n.Then T” € Rep(T”) and hence T” € Rep(T). Take a val-
uation v witnessing 7" € Rep(T) and change it into a homomorphism by setting h(L) = L;
whenever v(L) = ¢;, and otherwise letting & coincide with v. Then clearly % is a homomor-
phism from 7 to T".

UnivSol3(T) = UnivSoly(T). If T € Rep(T), we know it is a solution. On the other hand, if T’
is a solution over constants, then there is a homomorphism 4 : T — T’, which must be a
valuation since there are no nulls in 7’. Hence 7" € Rep(T). This completes the proof of the
proposition. O

Proposition 2.4 justifies the following definition.

Definition 2.5 (Universal solutions). Given a mapping M, a solution T for § under M is a
universal solution if one of UnivSol;(T), for i = 1, 2, 3, is satisfied (and hence all are satisfied). O

Most commonly in the proofs one uses the condition that for every solution 7" for S, there exists a
homomorphism h : T — T.

Example 2.6  Neither solution 7’ nor T” in Example 2.3 is universal. In fact, there is no homo-
morphism & : T" — T; otherwise

h((Ly, 2320, Ly, AirFrance)) = (11,2320, Ly, AirFrance),

and, thus, #(_L1) = L;and A(L;) = L, which is a contradiction. Moreover, there is no homomor-
phism & : T” — T; otherwise

h((AF406, 2320, 920, AirFrance)) = (L1, 2320, Ly, AirFrance),

and, thus, h/(AF406) = L and h(920) = L, which is a contradiction (because homomorphisms
are the identity on constants). On the other hand, it can be easily seen that 7 is a universal solution.
|

In addition to being more general than arbitrary solutions, universal solutions possess many good
properties that justify materializing them (as opposed to arbitrary solutions). We shall study these
properties in detail in this chapter. Unfortunately, universal solutions are not a general phenomenon.
Indeed, it can be proved that there is a mapping M and a source instance S, such that S has at
least one solution under M but has no universal solutions (see Example 2.11). Thus, it is necessary
to impose extra conditions on dependencies if one wants to ensure that the existence of solutions
implies the existence of universal solutions. We study this issue in the next section.
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2.3.3 MATERIALIZING UNIVERSAL SOLUTIONS

Summing up, for arbitrary relational mappings we have two negative results: the existence of solutions
problem is undecidable, and the existence of solutions does not always imply the existence of universal
solutions. Thus, one would like to restrict the class of dependencies allowed in mappings, in such a
way that it satisfies the following:

(C1) The existence of solutions implies the existence of universal solutions;
(C2) checking the existence of solutions is a decidable (ideally, tractable) problem; and

C3) for every source instance that has a solution, at least one universal solution can be computed
y p
g .
(hopefully n polynonnal time)

But before looking for such a class it is convenient to talk about the main algorithmic tool that the
data exchange community has applied in order to check for the existence of solutions; the well-
known chase procedure, that was originally designed to reason about the implication problem for
data dependencies. In data exchange, the chase is used as a tool for constructing a universal solution
for a given source instance. The basic idea is the following. The chase starts with the source instance
S, and then triggers every dependency in X5; U %, as long as this process is applicable. In doing so,
the chase may fail (if firing an egd forces two constants to be equal) or it may never terminate (for
instance, in some cases when the set of tgds is cyc/ic).

We first define the notion of chase szep for an instance S. We distinguish between two kinds
of chase steps:

(tgd) Letd be a tgd of the form ¢(x, y) — 3z ¥ (%, 2), such that for some tuple (a, b) of elements
of S it is the case that ¢(a, b) holds in S, where || = |%| and |b| = |J|. Then the result of
applying d to S with (a, b) is the instance S that extends S with every fact R(¢) that belongs
to ¥ (@, L), where Lisa tuple of fresh distinct values in Var such that |L| = |zl

. d.(@.b)
In that case we write S ——— §’.

(egd) Let d be an egd of the form ¢(X) — x| = x2, and assume that for some tuple a of elements
in § it is the case that (1) ¢(a) holds in S, and (2) if a; is the element of @ corresponding to x|
and a; is the element of a corresponding to x2, then a; # az. We have to consider two cases:

— If both a; and a; are constants, the result of applying d to S with a is “failure”, which is

denoted by § L8 £ai1.

— Otherwise, the result of applying d to S with a is the instance S’ such that the following
holds: If one of a; or ay is a constant ¢ and the other one is a null L, then S’ is obtained
from S by replacing every occurrence of L in S by c¢; if, on the other hand, a; and a; are
nulls, then S’ is obtained from § by replacing each occurrence of one of those nulls by

. d,a
the other one. In both cases we write S — §’.
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With the notion of chase step we can now define what is a chase sequence.
Definition 2.7 (Chase). Let ¥ be a set of tgds and egds and S be an instance.

* A chase sequence for S under X is a sequence S; M Si+1 of chase steps, i > 0, such that
So = S,eachd; isadependencyin X, and for each distinct i, j > 0,itis the case that (d;, a;) #
(dj, a;) (thatis,d; # d;j ora; # a;).Thislast technical condition ensures that chase sequences
consist of different chase steps.

* A finite chase sequence for S under M is a chase sequence S; ﬁ) Si+1,0<i <m,for S
under M such that either (1) S,, = fail, or (2) no chase step can be applied to S, with the
dependencies in X. Technically, (2) means the following: there is no dependency d in X, tuple

a in S and instance S’ such that S, 24§ and (d,a) # (di, a;) foreveryi € {0, ..., m — 1}.

If S,, = fail, we refer to this sequence as a fai/ing chase sequence. Otherwise, we refer to it
as a successful chase sequence, and we call S, its result.

d

In principle there could be different results of the chase, as we have to make some arbitrary choices:
for example, if an egd equates nulls | and L, we can either replace L by L', or 1" by L. However,
it is not hard to see that if T and T are two results of the chase on S under M, then T and T are
isomorphic, i.e., T can be obtained from T’ by a renaming of nulls.

Let us now study the application of the chase in a data exchange scenario. Let M be a relational
mapping and S a source instance. A chase sequence for S under M is defined as a chase sequence
for (S, ¥) under X5; U X;. Notice that, by definition, any result of a successful chase sequence for S
under M must be an instance of the form (S, 7') where T is a solution for S. But not only that, we
show in the following theorem that if (S, 7') is the result of a successful chase sequence for S under
M, then T is a universal solution for S under M. Moreover, we also show in the following theorem
that if there exists a failing chase sequence for S under M, then all of its chase sequences are failing,
which further implies that S has no solutions under M.

Theorem 2.8 Let M be a mapping and S a source instance. If there is a successful chase sequence for
S under M with result (S, T), then T is a universal solution Jfor S. On the other hand, if there exists a
Jfailing chase sequence for S under M, then S has no solution.

Proof. In order to prove the theorem we need the following technical, but rather intuitive lemma.
The proof is left as an exercise.

d,a . . .
Lemma 2.9 Ler S =4 Sy be a chase step, where Sy # fail. Assume that S3 is an instance that
satisfies the dependency d and such that there is a homomorphism from Sy into S3. Then there exists a
homomorphism from Sy into S3.
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We now prove the theorem. Assume first that (S, T) is the result of a successful chase sequence
for S under M. Then, as we mentioned above, T is a solution for S. We show next that it is also a
universal solution. Let 7’ be an arbitrary solution for S. Thus, (S, T”) satisfies every dependency in
Yt U Z;. Furthermore, the identity mapping is a homomorphism from (S, #) into (S, T”). Applying
Lemma 2.9 at each step of the chase sequence with result (S, T'), we conclude that there exists a
homomorphism 4 : (S, T) — (S, T'). Further, A is also a homomorphism from T into 7.
Assume, on the other hand, that there is a failing chase sequence for S under M, and that the

last chase step in that sequence is (S, T) ﬂ fail.Thus, d is an egd of the form ¢(X) — x| = x2,
@(a) holds in (S, T), and if a; is the element corresponding to x; in a, i € [1, 2], then a; and az
are constants and a; # a». Assume, for the sake of contradiction, that S has a solution 7”. As in
the previous case, it can be proved (with the help of Lemma 2.9) that there is a homomorphism
h from T to T’. Thus, ¢(h(a)) holds in T/, and h(a;) = a; and h(as) = ay are distinct constants.
This contradicts the fact that 77 satisfies d. O

The result of a successful chase sequence on a source instance S is usually called a canonical universal
solution for . Since for the chase as defined in this chapter this result is unique up to isomorphism,
in what follows we refer to it as the canonical universal solution for S.

Example 2.10 (Example 2.3 continued) It is clear that the result of the chase for S under M is
T.Thus, from Theorem 2.8, T is a universal solution for S. O

But the chase as a tool for data exchange has one big drawback: nothing can be concluded about
the existence of solutions in the case when the chase does not terminate. The next example shows
different applications of the chase procedure.

Example2.11  Let M be a mapping such that the source schema consists of a binary relation E, the
target schema consists of binary relations G and L, and X, consists of the st-tgd ¢ = E(x,y) —
G(x,y). Assume first that 3; consists of the tgd 6 = G (x, y) — 3z L(y, 2),and let S be the source
instance E (a, b). The chase starts by firing ¢ and, thus, by populating the target with the fact G (a, b).
In a second stage, the chase realizes that 6; is being violated, and thus, 6y is triggered. The target
is then extended with a fact L(b, L), where L is a fresh null value. At this stage, no dependency is
being violated, and thus, the chase stops with result 7 = {G(a, b), L(b, L)}. We conclude that T
is a universal solution for S.

Assume now that X, is extended with the tgd 6> = L(x, y) — 3z G(y, 2). Clearly, T does
not satisfy 6, and the chase triggers this tgd. This means that a fact G(L, L) is added to the target,
where L is a fresh null value. But 6 is now being violated again, and a new fact L(L;, 1), where
1> is a fresh null value, will have to be added. It is clear that this process will continue indefinitely,
and thus, that the chase does not terminate. Notice that in this case T = {G(a, b), L(b,a)} is a
solution for S. It can be proved, on the other hand, that S does not have universal solutions. (We
leave this as an exercise to the reader).
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Figure 2.1: Dependency graphs of (a) {01} and (b) {01, 62}.

Assume finally that X, consists of the egd « = G(x, y) — x = y. Then the chase for S fails,
since after populating the target instance with the fact G(a, b), the egd « forces to equate the
constants a and b. Notice that, in this case, S has no solution. O

As we have seen, the main problem with the application of the chase is non-termination. This
happens, for instance, when the set of tgds allows for cascading of null creation during the chase. We
show next that by restricting this cascading it is possible to obtain a meaningful class of mappings,
for which the chase is guaranteed to terminate; further, it does so in at most polynomially many
steps. It will follow that this class of mappings satisfies our desiderata expressed above as conditions
C1,C2 and C3.

Assume that ¥ is a set of tgds over R¢. We construct the dependency graph of X as follows.
The nodes (positions) of the graph are all pairs (R, i), where R is a relation symbol in Ry of arity
nandi € {1,...,n}. Then we add edges as follows. For every tgd VxVy (¢(x, y) — 3z ¥ (X, 2)) in
¥, and for every variable x mentioned in X that occurs in the i-th attribute of relation R in ¢, do

the following:

* if x occurs in the j-th attribute of relation T in v, then add an edge from (R, i) to (7, j) (if
the edge does not already exist); and

* for every existentially quantified variable in 3z v/ (x, Z) that occurs in the j-th attribute of
relation 7 in v/, add an edge labeled x from (R, i) to (T, j) (if the edge does not already exist).

Finally, we say that X is weakly acyclic if the dependency graph of ¥ does not have a cycle going
through an edge labeled .

Example 2.12 (Example 2.11 continued) Let 6; and 6, be as in Example 2.11. As it is shown
in Figure 2.1, the set {61} is weakly acyclic, while the set {0, 02} is not as there is a cycle in the
dependency graph of these dependencies going through an edge labeled . O

Interesting classes of weakly acyclic sets of tgds include the following:
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* Sets of tgds without existential quantifiers, and
* acyclic sets of inclusion dependencies.

The intuition behind this notion is as follows. Edges labeled » keep track of positions (R, i) for which
the chase will have to create a fresh null value every time the left hand side of the corresponding
tgd is triggered. Thus, a cycle through an edge labeled » implies that a fresh null value created in
a position at a certain stage of the chase may determine the creation of another fresh null value,
in 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 set {01, 62}). On the other hand, it can be proved that
the chase always terminates for mappings with a weakly acyclic sets of tgds. Further, in this case, the
chase for S terminates in at most polynomially many stages.

Theorem2.13  Ler M = (R, Re, Xy;, ;) be a fixed relational mapping, such that Xy is the union of
a set of egds and a weakly acyclic set of tgds. Then there exists a polynomial p such that the length of every
chase sequence for a source instance S under M is bounded by p(||S|)).

Proof. For the sake of simplicity, we prove the theorem in the absence of egds. The addition of egds
does not change the argument of the proof in any fundamental way.

First of all, with each node (V, i) in the dependency graph of X;, we associate its rank, denoted
by rank(V, i), which is the maximum number of special edges in any path in the dependency graph
G of Xy, thatends in (V, 7). Since Xy, is weakly acyclic, the rank of each node in G is finite. Further,
it is clear that the maximum rank r of a node in G is bounded by the number m of nodes in G itself.
Notice that m (and, thus, r) is a constant since it corresponds to the total number of attributes in
the schema R¢ (which is assumed to be fixed).

Let us partition the nodes of G into sets Ny, Ny, ..., N, such that (V, i) belongs to N; if and
only if rank(V,i) = j (0 < j < r). To prove the theorem, we need the following technical result.
(The proof is left as an exercise).

Claim 2.14  Foreach j € {1, ..., 1}, there exists a polynomial p; such that the following holds: Let S
be a source instance and T be any target instance that is obtained from S by a sequence of chase steps using
the tgds in Xy U Xy, Then the number of distinct elements (i.e., constants and nulls) that occur in T at
positions that are restricted to be in N is bounded by p i (|| S|)).

Now it follows from the claim that there exists a polynomial p’, that only depends on M, such
that the maximum number of elements that occur in a solution 7 for S under M, at a single
position, is bounded by p’(||S||). Thus, the total number of tuples that can exist in one relation in
T is at most p’(||S|)™ (since each relation symbol in R can have arity at most m). Thus, the total
number of tuples in T is bounded by M| - p/(||S[)™. This is polynomial in ||S|| since M is fixed.
Furthermore, at each chase step with a tgd at least one tuple is added, which implies that the length
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of any chase sequence is bounded by [|M|| - p’(||S|)"; hence, we can take p(x) = [|M] - p'(x)™.
This completes the proof. O

This good behavior also implies the good behavior of this class of mappings with respect to data
exchange. Indeed, as an immediate corollary to Theorems 2.8 and 2.13, we obtain the following:

Corollary 2.15  Ler M = (Rg, Ry, By, ) be a fixed relational mapping, such that 3 is the union
of a set of egds, and a weakly acyclic set of tgds. Then the existence of solutions for M can be checked in
polynomial time. Further, in case that solutions exist, a universal solution can be computed in polynomial
time.

Thus, the class of mappings with a weakly acyclic set of tgds satisfies conditions C1, C2, and C3, as
defined above, and therefore, it constitutes a good class for data exchange according to our definition.
In this case, using the chase the canonical universal solution that can be constructed in polynomial
time (if a solution exists at all).

Let us finally mention that there are interesting classes of dependencies for which the problem
of checking for the existence of solutions is trivial. For instance, if mappings do not have egds then
source instances always have (universal) solutions (under the condition that X, consists of a weakly
acyclic set of tgds). In particular, for mappings without target dependencies, it is the case that every
source instance has at least one universal solution.

For mappings without target dependencies, the canonical universal solution can always be
computed in Locspack. But, as next proposition shows, the complexity increases in the presence of
target dependencies (we leave both facts as exercises to the reader):

Proposition 2.16 ~ There exists a relational mapping M = (Rs, Re, Xgr, Xy), such that %, consists of
a set of tgds without existentially quantified variables, and such that the problem of checking for a given
source instance S, whether a fact R(t) belongs to the canonical universal solution for S, is PTiME-complete.

On the other hand, the problem of checking for the existence of solutions is Prime-complete already
for mappings whose set of target dependencies consists of a single egd (also left as an exercise to
the reader). This means that both the problem of computing the canonical universal solution for
mappings with tgds but without egds, and checking for the existence of solutions for mappings with
egds but without tgds, are regarded as inherently sequential, and its performance cannot be improved
considerably using parallel algorithms.
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2.3.4 CORES

We start this section with an example.

Example 2.17 (Example 2.1 continued) Consider the source instance

S = {FLIGHT(Paris, Amsterdam, K LM, 1410),
FLIGHT(Paris, Amsterdam, K LM, 2230),
GEO(Paris, France,2M)}.

It is not hard to see that the canonical universal solution 7 for S is

{ROUTES(L, Paris, Amsterdam), ROUTES(3, Paris, Amsterdam),
INFO_FLIGHT(Lq, 1410, L,, KLM), INFO_FLIGHT( L3, 2230, 14, KLM),
SERVES(K LM, Paris, France, 15), SERVES(KLM, Paris, France, 1¢)}.

Now consider the instance 7™ that is obtained from 7 by removing tuple
SERVES(K LM, Paris, France, 1g). Then T* is also a solution for S, and, moreover, there
are homomorphisms & : T — T* and h* : T* — T.It follows, therefore, that 7* is also a universal
solution for S. O

We can draw an interesting conclusion from this example: among all possible universal solutions,
the canonical universal solution is not necessarily the smallest (as 7* is strictly contained in T).
Moreover, in the example, T is actually the smallest universal solution (up to isomorphism).

The first natural question is whether there is always a unique smallest universal solution. As
we will see later, this question has a positive answer. Further, some authors have argued that this
smallest universal solution is the “best” universal solution since it is the most economical one in
terms of size, and that this solution should be the preferred one at the moment of materializing a
solution. The whole issue is then how to characterize this smallest universal solution.

It can be shown that the smallest universal solution always coincides with the core of the
universal solutions. The core is a concept that originated in graph theory; here we present it for
arbitrary instances.

Definition 2.18 (Core). Let T be a target instance with values in Const U Var, and let 7’ be a
sub-instance! of 7. We say that 7" is a core of T if there is a homomorphism from 7 to 7" (recall
that homomorphisms have to be the identity on constants), but there is no homomorphism from 7"’
to a proper sub-instance of itself. a

The following are well known facts about the cores:

1. every instance has a core, and

’
IThat is, the domain of 77 is contained in the domain of 7 and VI" € VT for every V in R¢. If one of the inclusions is proper,
we refer to 77 as a proper sub-instance of T.
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2. all cores of a given instance are isomorphic, i.e., the same up to a renaming of nulls.

Thus, we can talk about #be core of an instance. To give an intuition behind the second fact, assume that
Ty and T are cores of T, and that h; : T — T; are homomorphisms, fori = 1, 2. Then A restricted
to T» cannot map it to a substructure of 71, for otherwise /11 o hy would be a homomorphism from
T to a substructure of the core T}. Likewise, Ay restricted to 77 cannot map it to a substructure of
T>. Hence, these restrictions are one-to-one homomorphisms between 77 and T». From here, it is
easy to derive that 71 and T» are isomorphic.

The next result summarizes some of the good properties of cores in data exchange.

Proposition 2.19  Let M = (Rq, Re, X1, X¢) be a mapping, such that Xy consists of a set of st-tgds
and X consists of a set of tgds and egds.

1. If'S is a source instance and T is a universal solution for S, then the core of T is also a universal
solution for S.

2. If'S is a source instance for which a universal solution exists, then every universal solution has the
same core (up to a renaming of nulls), and the core of an arbitrary universal solution is precisely the
smallest universal solution.

Example 2.20 (Example 2.17 continued) The solution 7* is the core of the universal solutions
for § since there is a homomorphism from 7 to T, but there is no homomorphism from 7™ to a
proper sub-instance of itself. O

In conclusion, the core of the universal solutions has good properties for data exchange. This naturally
raises the question about the computability of the core. As we have mentioned, the chase yields a
universal solution that is not necessarily the core of the universal solutions, so different techniques
have to be applied in order to compute this solution.

It is well-known that computing the core of an arbitrary graph is a computationally intractable
problem. Indeed, we know that a graph G is 3-colorable iff there is a homomorphism from G to
K3, the clique of size 3. Thus, G is 3-colorable iff the core of the disjoint union of G and K3 is K3
itself. This shows that there is a polynomial time reduction from the problem of 3-colorability into
the problem of computing the core of a graph. It follows that the latter is NP-hard. In fact, checking
if a fixed graph Gy is the core of an input graph G is an NP-complete problem; if both G and G
are inputs, then the complexity is even higher (more precisely, in the class DP, studied in complexity
theory).

However, in data exchange, we are interested in computing the core of a universal solution
and not of an arbitrary instance. And the intractability of the general problem does not mean bad
news in our case. In fact, we are about to see that computing the core of the universal solutions under
the class of mappings with a weakly acyclic set of tgds is a tractable problem.
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Let us consider first a simple class of relational mappings; those without tgds. Then there is
a simple greedy algorithm that computes the core of the universal solutions in case that a universal
solution exists. It proceeds as follows. Fix a mapping M = (Rs, R¢, Zy, X;) without tgds in %;.

Algorithm 1 CompuTECORE(M)
Require: A source instance S
Ensure: If § has a core under M, then T* is a target instance that is a core for S. Otherwise,
T* = fail
1: let T be the result of the chase of S under M
2: if T = fail then
3: T* = fail

4: else

s T*:=T

6: forall fact R(a) in T* do

7: let 7~ be an instance obtained from 7™ by removing fact R(a)
8 if (S, T*7) satisfies X;; then

9 T :=T*"

10: end if

11:  end for

12: end if

If the chase computing the canonical universal solution does not fail, then the algorithm outputs
the core of the universal solutions for S. Furthermore, this algorithm runs in polynomial time in the
size of S.

Unfortunately, the algorithm described above cannot be easily adapted to more complex
mappings, and more sophisticated techniques have to be developed if one wants to prove that
computation of cores of universal solutions continues being tractable in the presence of tgds. These
techniques are based on the slocks method described below.

Let us assume for the time being that we deal with mappings without target dependencies.
The blocks method relies on the following observation. If T is the canonical universal solution of
a source instance S with respect to a set of st-tgds Xy, then the Gaifiman graph of the nulls of T
consists of a set of connected components (blocks) of size bounded by a constant ¢ (this constant
depends only on the mapping, that we assume to be fixed). By the Gaifman graph of nulls of 7 we
mean the graph whose nodes are the nulls of 7', such that two nulls Ly, L, are adjacent iff there is
a tuple in some relation of 7' that mentions both L and L,.

A crucial observation is that checking whether there is a homomorphism from T into an
arbitrary instance 7’ can be done in polynomial time. The justification is that this problem boils
down to the problem of whether each block of 7" has a homomorphism into 7”. The latter can be
solved in polynomial time since the size of each block is bounded by c. It follows that computing
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the core of the canonical universal solution T can be done in polynomial time: It is sufficient to
check whether there is a homomorphism & : T — T such that the size of the image of T under h
is strictly less than the size of 7. Then we replace T by h(T'), and iteratively continue this process
until reaching a fixed-point.

The blocks method was also extended to the case when X; consists of a set of egds. There is an
extra difficulty in this case: The property mentioned above, the bounded block-size in the Gaifman
graph of the canonical universal solution 7 of a source instance S, is no longer true in the presence
of egds. This is because the chase, when applied to egds, can equate nulls from different blocks, and
thus, create blocks of nulls of arbitrary size. This problem is solved by a surprising rigidity lemma
stating the following: Let T be the canonical universal of a source instance with respect to a set of
st-tgds Xy;. Further, let T’ be the target instance that is obtained from T by chasing with the egds
in ¥;. Then if two nulls Ly and L, in different blocks of T are replaced by the same null L in 77,
then L is 7igid. That is, if h : T" — T’ is a homomorphism then (L) = L, and thus, T’ has the
bounded block-size property if we treat those nulls as constants.

The situation is much more complex in the presence of tgds. This is because the canonical
universal solution T for a source instance S does not have the bounded block-size property, and in
addition, it is no longer true that equated nulls are rigid. A refined version of the blocks method
has been developed; it was used to show that computing cores of universal solutions for mappings
whose set of target dependencies consists of egds and a weakly acyclic set of tgds can be done in
polynomial time.

Theorem2.21  Letr M = (Rq, Re, 1, Xy) be a fixed relational mapping, such that ¥y consists of a set
of egds and a weakly acyclic set of tgds. There is a polynomial-time algorithm that for every source instance
S, checks whether a solution for S exists, and if that is the case, computes the core of the universal solutions

Jor S.

2.4 QUERY ANSWERING
2.4.1 ANSWERING FIRST-ORDER AND CONJUNCTIVE QUERIES

Recall that in the context of data exchange we are interested in computing the certain answers of
a query. These are formally defined as follows. Let M be a relational mapping, Q a query in some
query language over the schema R¢, and S a source instance. Then the set of certain answers of Q
with respect to S under M is

certainp(Q. S) = [1Q(T) | T € SoLp(S)}.

We omit M if it is clear from the context. If Q is a query of arity 0 (a Boolean query), then
certainpg (Q, S) = trueiff Q is true in every solution T for S; otherwise, certainp(Q, S) = false.

Example 2.22 (Example 2.3 continued) Consider again the source instance
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S = {FLIGHT(Paris, Santiago, Air France, 2320)}.

The certain answers of the query Q = ROUTES(x, y, z) with respect to S is the empty set. On the
other hand, certaina(Q’, S) = {(Paris, Santiago)}, for Q' = IxROUTES(x, vy, 2). O

Given a mapping M and a query Q over Ry, the problem of computing certain answers for Q under

M is defined as follows:

ProsrLeM:  Certain answers for Q and M.
InpPUT: A source instance S and a tuple 7 of elements from S.
Question:  Does 7 belong to certainp(Q, S)?

Evaluating the certain answers of a query involves computing the intersection of a (potentially) infi-
nite number of sets. This strongly suggests that computing certain answers for arbitrary FO queries is
an undecidable problem. We can prove this with the help of the mapping M = (Rs, R¢, Zg, X;) in
Theorem 2.2. Let o be the FO formula that is obtained by taking the conjunction of all dependencies
in ¥;, and let M’ be the mapping that is obtained from M by removing all target dependencies in
¥;. Then for every source instance S, we have

certainpy (—a, S) = false < 3IAT : T € SoLpr(S) and T = —«
< AT : T € SoLpp(S) and T =«
< AT : T € Sorp(S)

Thus, we obtain the following from Theorem 2.2.

Proposition 2.23  There exists an FO query Q and a mapping M = (R, Re, Xgs, ), such that
X = ¥ and the problem of computing certain answers for Q and M is undecidable.

This does not preclude, however, the existence of interesting classes of queries for which the problem
of computing certain answers is decidable, and even tractable. Indeed, next theorem shows that this
is the case for the class of unions of conjunctive queries. Recall that a conjunctive query is an FO
formula of the form 3x ¢ (X, ¥), where ¢ (X, y) is a conjunction of atoms.

Theorem 2.24  Ler M = (Rq, R, Xy, X)) be a mapping, such that ¥, consists of a set of egds and
a weakly acyclic set of tgds, and let Q be a union of conjunctive queries. Then the problem of computing
certain answers for Q under M can be solved in polynomial time.

This is a very positive result since unions of conjunctive queries are very common database queries —
they correspond to the select-project-join-union fragment of relational algebra and to the core of the
standard query language for database systems, SQL.

Theorem 2.24 can be easily proved when we put together the following three facts:
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1. Unions of conjunctive queries are preserved under homomorphisms; that is, if Q is a union of
conjunctive queries over R¢, 7 and 7" are two target instances such that there is a homomor-
phism from T to 7', and the tuple a of constants belongs to the evaluation of Q over T, then
a also belongs to the evaluation of Q over 7';

2. every universal solution can be homomorphically mapped into any other solution, and

3. FO queries, and in particular, unions of conjunctive queries, have polynomial time data com-

plexity.

The actual computation of certain answers is based on the well known concept of naive evaluation.
This is a way of evaluating queries over databases that contain nulls. Under naive evaluation, two
steps are performed:

* First, a given query Q is evaluated over an instance 7' with nulls as if nulls were constants.
That is, if L, 1’ are nulls and ¢ is a constant, then conditions comparing nulls or nulls and
constants are evaluated as follows: L = c is false, L = 1’ is false,and 1 = L is true.

* Second, from the result of the first step, one eliminates all tuples containing nulls. The end
result is denoted by Q | (T).

For example, if we have facts R(1, L) and S(L, 2), S(L, L'), then the naive evaluation of the
query Q = 3z R(x, z) A S(z, y) results in one tuple (1, 2). Indeed, in the first step one takes the
join of R and S followed by the projection, which yields two tuples: (1, 2) and (1, L'); the second
step eliminates the tuple containing L'

Thus, in order to compute the certain answers to a union of conjunctive queries Q with respect
to a source instance S, one can use the following procedure. Recall that M is a mapping such that
¥, consists of a set of egds and a weakly acyclic set of tgds, and let Q be a union of conjunctive
queries.

Algorithm 2 CompuTECERTAINANSWERS(Q, M)
Require: A source instance S
Ensure: If SoLp(S) # 0, then CA is the set of certain answers for Q over S under M. Otherwise,
CA = fail
let T be the result of the chase of S under M
if T = fail then
CA = fail
else
Cd:= Q,(T)
end if

S Nk
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The previous observations imply that

certainp (Q, S) = Q (7). (2.1)

In fact, since Q is a union of conjunctive queries, 7' can be taken to be a7y universal solution, and (2.1)
remains true. In particular, if in the above algorithm we compute the core instead of the canonical
universal solution, the output of the algorithm is still the set of certain answers.

There is a natural question that arises at this point: What happens if we extend conjunctive
queries with a restricted form of negation, e.g., inequalities? Unfortunately, even this slight extension
of the language leads to intractability of the problem of computing certain answers, as the next
theorem shows.

Theorem 2.25

1. Let M bea mapping such that L, consists of a set of egds and a weakly acyclic set of tgds, and let Q
be a conjunctive query with inequalities. The problem of computing certain answers for Q and M
1s in coNP.

2. There is a Boolean conjunctive query Q with inequalities and a LAV mapping M, such that the
problem of computing certain answers for Q and M is coNP-hard.

Proof. We first prove (1). We show that if there is a solution T for a source instance S such that
t ¢ Q(T), then there is a solution T’ of polynomial size such that # ¢ Q(7"). Suppose that 7 is a
solution for S such that f ¢ Q(T). Let T,4, be the canonical universal solution for S. (Notice that
Tean exists since S has at least one solution). Then there is a homomorphism & : T4y — T. We
denote by h(T;4,) the homomorphic image of T under & (notice that /1(T¢qp) is a solution for §). We
claim that7 & Q(h(T;an)). Assume otherwise; thent € Q(h(T,q,)). But h(T,,;) is a sub-instance of
T, and clearly conjunctive queries with inequalities are preserved under sub-instances. We conclude
that 7 € Q(T), which is a contradiction. Further, notice that 7,4, is of polynomial size, and, thus,
h(T,an) is also a polynomial size.

With this observation, it is easy to construct a coNP algorithm for the problem of certain
answers of Q and M. In fact, a coNP algorithm for checking 7 € certainp((Q, S) is the same as an
NP algorithm for checking 7 & certainp(Q, S). By the above observation, for the latter, it simply
suffices to guess a polynomial size instance T and check, in polynomial time, that T is a solution,
and that7 ¢ Q(T).

We now prove (2). The LAV mapping M = (R, R, Xy;) is as follows. The source schema
R; consists of two relations: A binary relation P and a ternary relation R. The target schema Ry also
consists of two relations: A binary relation U and a ternary relation V. Further, X, is the following
set of source-to-target dependencies:

P(x,y) — U, 2)AU(y,2)
R(x,y,z2) — V(x,y,2)
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The Boolean query Q is defined as:

Ax1Iy1IxpIy23x3Iy3(V (x1, x2, x3) A U(xy, y1) A
U(x2, y2) ANU(x3, ¥3) AX1 # Y1 AX2 # Y2 AX3 % ¥3).

Next, we show that the problem of certain answers for Q and M is coNP-hard.

The coNP-hardness is established from a reduction from 3SAT to the complement of the
problem of certain answers for Q and M. More precisely, for every 3CNF propositional formula ¢,
we construct in polynomial time an instance Sy, of Ry such that ¢ is satisfiable iff cerzainp (Q, Sy) =
false.

Given a propositional formula ¢ = /\lstm C; in 3CNEF, where each C; is a clause, let S,
be the following source instance:

* The interpretation of P in S, contains the pair (g, —g), for each propositional variable ¢
mentioned in ¢; and

* the interpretation of R in S, contains all tuples (e, B, ¥) such that for some j € {1,...,m]},
Ci=(@VBVy).

Clearly, S, can be constructed in polynomial time from ¢.
Itis not hard to see that the canonical universal solution 7" for Sy, is as follows, where we denote
by L, the null generated by applying the st-tgd P (x, y) — 3z(U(x,2) AU(y, 2)) to P(q, =q):

* The interpretation of the relation U in T contains the tuples (¢, L,) and (—¢, L), for each
propositional variable ¢ mentioned in ¢; and

* the interpretation of the relation V in T is just a copy of the interpretation of the relation R
in Sy.

We leave as an exercise to the reader to prove that ¢ is satisfiable iff cerzainp(Q, Sp) = false. This
finishes the proof of the theorem. |

2.4.2 QUERY REWRITING

As we have seen, a desirable property for query answering in data exchange is being able to compute
the certain answers to a query Q using a materialized solution. But notice that the query one evaluates
over such a materialized solution is not necessarily the original query Q but rather a query obtained
from Q, or, in other words, a rewriting of Q. The key property of such a rewriting Q’ is that, for
each given source S and materialized target T', we have

certainpg (Q, §) = Q'(T). (2.2)

Comparing this with (2.1), we see that Q| was a rewriting for unions of conjunctive queries, over
universal solutions.
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In general, the rewriting Q’ of a query Q need not be a query in the same language as Q. But
usually, one looks for rewritings in languages with polynomial time data complexity (e.g., FO). In
this chapter, we deal with FO rewritings.

We now define the notion of rewritings precisely. For that, we shall use a unary predicate
C that distinguishes constants in target instances. The extension of the target schema R¢ with this
predicate C is denoted by RE. For the rest of this section, we only deal with mappings without target
dependencies (in particular, for avoiding the problem of the existence of universal solutions).

Definition 2.26 (Rewritings). Assume that £ is a query language. Let M be a mapping without
target dependencies and let Q be a query over the target schema R¢. We say that Q is FO-rewrizable
over the canonical universal solution (resp. the core) under M, if there is a FO-query Q’ over RE such
that certainpg(Q, S) = Q'(T), for every source instance S with canonical universal solution (resp.
core) T. O

The following facts are known about rewritings in data exchange. The first two follow from what
we have already mentioned.

* Unions of conjunctive queries are FO-rewritable under any mapping M without target de-
pendencies, both over the canonical universal solution and the core. Indeed, we have seen
that the rewriting of a union of conjunctive queries Q(x1, ..., X;;) is the query Q |, which is
obtained by evaluating O and only keeping tuples without nulls. It can therefore be expressed
as

Oty ooy X)) ACx)) A -+ - AC(xp).

Notice that this rewriting is a union of conjunctive queries as well, is independent of the
mapping, and can be constructed in polynomial time from Q(xy, ..., X;).

* There exists a Boolean conjunctive query Q with a single inequality and a LAV mapping M,
such that Q is not FO-rewritable under M, both over the canonical universal solution and
over the core.

* It is undecidable whether an FO query admits an FO-rewriting over the canonical universal
solution or the core. This follows easily from Trakhtenbrot’s theorem.

What is the relationship between rewritability over the canonical universal solution and over the
core? The following result gives a precise answer to this question.

Theorem 2.27  For mappings without target constraints X, the following hold:

1. EveryF¥O query Q that is FO-rewritable over the core is also rewritable over the canonical universal
solution.

2. There is a mapping M and an FO query Q that is FO-rewritable over the canonical universal
solution but not over the core.
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Thus, there is the following tradeoff in choosing the canonical universal solution or the core as the
g g
preferred solution in data exchange:

* the core allows the most compact materialization among all possible universal solutions; how-
ever,

* this comes at the cost of losing the capability for FO-rewriting of some queries.

2.5 SUMMARY

* Without putting restrictions on schema mappings, all the key computational tasks are unde-
cidable in data exchange. Hence, one usually deals with the mappings in which:

1. therelationship between the source and the target schemas is specified by source-to-target
tuple generating dependencies (st-tgds), and

2. the target constraints are tuple-generating and equality-generating dependencies (tgds

and egds).

* Even in this setting, the problem of checking whether a given source admits a solution is
undecidable. Hence, one usually imposes a further acyclicity condition on the target constraints.

* With this condition (called weak acyclicity), solutions — if they exist — can be constructed in
polynomial time by the chase procedure. If the chase fails, it means that there are no solutions.

* Solutions constructed by the chase are more general than others — they are so-called universal
solutions. There are several equivalent ways of stating that a solution is more general than
others. The result of the chase is usually referred to as the canonical universal solution.

* Certain answers for an arbitrary conjunctive query Q (or unions of conjunctive queries) can
be found if one has an arbitrary universal solution: this is done by means of answering another
query, the rewriting of Q, over the solution.

* There is a unique minimal universal solution, called the core. It can be constructed in polyno-
mial time under the weak acyclicity assumption, although the algorithm is quite complicated.
A simpler algorithm exists if target constraints contain only egds.

* Any relational calculus query that is rewritable over the core is rewritable over the canonical
universal solution, but not vice versa.

2.6 BIBLIOGRAPHICAL COMMENTS

The basics of data exchange were described by Fagin et al. [2005a]. That paper presented the notion
of schema mappings as we use them, adapted the chase procedure to the data exchange setting,
and introduced universal solutions (using the definition based on homomorphisms). The central
notion of weak acyclicity was first formulated by Deutsch and Popa, and later independently used
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by Fagin et al. [2005a], and Deutsch and Tannen [2003]. Given the role of chase in data exchange,
finding conditions for its termination is an active research topic. Recent results show that chase
can be pushed beyond weak acyclicity [Deutsch et al., 2008; Marnette, 2009; Meier et al., 2009].
Complexity of the key tasks associated with data exchange was studied by Kolaitis et al. [2006], who
also studied the combined complexity of checking for the existence of solutions (i.e., the complexity
of the problem when the mapping itself is considered to be part of the input).

The notion of core originates in graph theory [P. Hell and J. Nesetfil, 2004]. Its usefulness
in data exchange was shown by Fagin et al. [2005b], who gave the simple algorithm for computing
cores. The polynomial-time algorithm for the general case was developed by Gottlob and Nash
[2008].

The algorithm for answering conjunctive queries based on naive evaluation
[Imielinski and Lipski, 1984] was given by Fagin et al. [2005a]. While extension of this al-
gorithm to full FO is impossible, some limited form of negation can be used in queries
[Arenas et al., 2009a]. The notions of rewritings over the core and the canonical universal solution
were studied by Fagin et al. [2005a,b]; the result showing the exact relationship between them is by
Arenas et al. [2004].

It was also shown by Arenas et al. [2004] that query answering in data exchange may exhibit
unnatural behavior. It was argued by Libkin [2006] that this is due to the openness of solutions to
adding new facts. A different semantics for data exchange based on c/osed world assumption was
proposed [Libkin, 2006] and shown to avoid some of the unwanted behavior noticed by Arenas et al.
[2004]; further extensions were given by Hernich and Schweikardt [2007], Libkin and Sirangelo
[2008],and Afrati and Kolaitis [2008], who considered aggregate queries in a data exchange scenario.

An approach to justifying classes of mappings based on their structural properties was de-
veloped by ten Cate and Kolaitis [2009]. An extension of schema mappings that works in a bi-
directional way was given by Fuxman et al. [2006].
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CHAPTER 3

Metadata Management

3.1 INTRODUCTION

In the last few years, a lot of attention has been paid to the development of solid foundations for the
problem of exchanging data using schema mappings. These developments are a first step towards
providing a general framework for exchanging information, but they are definitely not the last one.
As pointed out in the literature, many information system problems involve not only the design
and integration of complex application artifacts, but also their subsequent manipulation. This has
motivated the need for the development of a general infrastructure for managing schema mappings.

A schema mapping is a specification that describes how data from a source schema is to be
mapped to a target schema. As such, a schema mapping provides metadata. Thus, the problem of
managing schema mappings has been called metadata management in the literature.

A metadata management framework, called model management, has been recently pro-
posed. In this framework, mappings are usually specified in a logical language, and high-level
algebraic operators such as match, merge, compose and invert are used to manipulate them. For
instance, next we show the intuition behind the composition operator, and show how it can be
used in practice to solve some metadata management problems. Let M2 be the mapping given
in Chapter 1, which is used to translate information from a source schema Ry, consisting of re-
lations GEO(city, country, population) and FLIGHT (source, destination, airline,
departure), into a target schema Ry, consisting of relations ROUTES(flight#, source,
destination), INFO_FLIGHT (flight#, departure_time, arrival_time, airline) and
SERVES(airline, city, country, phone). Mapping M, is specified by using the logical
language of source-to-target tuple-generating dependencies (st-tgds):

FLIGHT(src, dest, airl, dep) —

df# Jarr (ROUTES(f#, src, dest) A INFO_FLIGHT(f#, dep, arr, airl))
FLIGHT(city, dest, airl, dep) A GEO(city, country, popul) —

dphone SERVES(airl, city, country, phone)
FLIGHT(src, city, airl, dep) A GEO(city, country, popul) —>

dphone SERVES(airl, city, country, phone)

Assume that schema Rj has to be updated into a new target schema R3 consisting of the following
relations:

e INFO_AIRLINE(airline, city, country, phone, year)
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INFO_AIRLINE has information about cities served by airlines: for example, it may have a tu-
ple (AirFrance, Santiago, Chile, 5550000, 1982),indicating that AirFrance serves
Santiago, Chile, since 1982, and its office there can be reached at 555-0000.

e INFO_JOURNEY (flight#, source, departure_time, destination,
arrival_time, airline)

This relation has information about routes served by several airlines. For each flight, this
relation stores the flight number (f1ight#), source, departure time, destination, arrival time
and the name of the airline.

Furthermore, assume that the relationship between Rj and the new target schema R3 is given by a
mapping M>3, which is specified by the following source-to-target dependencies:

SERVES(airl, city, country, phone) —
dyear INFO_AIRLINE(airl, city, country, phone, year)
ROUTES(f#, src, dest) A INFO_FLIGHT(f#, dep, arr, airl) —>
INFO_JOURNEY(f#, src, dep, dest, arr, airl)

Given that R has to be replaced by the new target schema R3, the mapping M, from schema Ry
into schema Rj also has to be replaced by a new mapping M 3, which specifies how to translate
data from Ry into the new target schema R3. Thus, the problem in this scenario is to compute a
new mapping M3 that represents the application of mapping M, followed by the application
of mapping M3. But given that mappings are binary relations from a semantic point of view, this
problem corresponds to the computation of the composition of mappings M2 and M>3. In fact,
the composition operator for schema mappings exactly computes this, and in this particular example,
returns a mapping M 3 specified by the following source-to-target dependencies:

FLIGHT(src, dest, airl, dep) —>

Jf# Jarr INFO_JOURNEY(f#, src, dep, dest, arr, airl)
FLIGHT(city, dest, airl, dep) A GEO(city, country, popul) —

Jdphone dyear INFO_AIRLINE(airl, city, country, phone, year)
FLIGHT(src, city, airl, dep) A GEO(city, country, popul) —

dphone dyear INFO_AIRLINE(airl, city, country, phone, year)

In this chapter, we study two of the operators that have been identified as crucial for the development
of a metadata management framework, namely the composition and inverse operators. Specifically,
we concentrate on the following issues for each of these notions: the definition of its semantics, the
study of the language needed to express it and the algorithmic issues associated to the problem of
computing it.
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3.2 COMPOSITION OF SCHEMA MAPPINGS

The composition operator has been identified as one of the fundamental operators for the devel-
opment of a framework for managing schema mappings. The goal of this operator is to generate a
mapping M |3 that has the same effect as applying successively two given mappings M2 and M3,
provided that the target schema of M, is the same as the source schema of M3.

As mentioned in the introduction, the semantics of the composition operator can be defined
in terms of the semantics of this operator for binary relations.

Definition 3.1 (Composition operator). Let M, be a mapping from a schema Ry to a schema
Rj, and M>3 a mapping from Rj to a schema R3. Then the composition of Mz and Mj3 is
defined as

Mizgo My = {(S1,83) |38 : (81, $2) € Miz and (852, $3) € Moz}

To reduce the clutter, we shall often write (S, T) € M instead of the more formal (S, T') € [M].

For the mappings M2, M3 and M3 shown in the introduction of this chapter, M3
corresponds to the composition of M3 and Mj3 since [M 3] = [M2 o M23]. It is important
to notice that this example shows two mappings specified by st-tgds, whose composition can also be
specified by these dependencies. This motivates the first fundamental question about the composition
operator, namely, whether the composition of st-tgds can always be specified in the same logical
language. At a first glance, one may be tempted to think that the answer to this question is positive,
and that the example in the introduction can be generalized to any composition of st-tgds. However,
the following example proves that this is not the case, as it shows two mappings specified by st-tgds
whose composition cannot be specified by a set of these dependencies.

Example 3.2  Consider a schema Ry consisting of one binary relation Takes, that associates a
student name with a course she/he is taking, a schema R consisting of a relation Takesy, that is
intended to be a copy of Takes, and of an additional relation symbol Student, that associates a
student with a student id; and a schema Rj3 consisting of a binary relation symbol Enrollment, that
associates a student id with the courses this student is taking. Consider now mappings M and
M3 specified by the following sets of st-tgds:

Y1 = {Takes(n,c) — Takesi(n,c), Takes(n,c) — s Student(n,s)},
Y23 = {Student(n,s) A Takesi(n,c) — Enrollment(s, c)}.

Mapping M |5 requires that a copy of every tuple in Takes must exist in Takes and, moreover, that
each student name n must be associated with some student id s in the relation Student. Mapping
M3 requires that if a student with name n and id s takes a course c, then (s, ¢) is a tuple in the
relation Enrollment. Intuitively, in the composition mapping, one would like to replace the name
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n of a student by a student id i,, and then for each course ¢ that is taken by n, one would like to
include the tuple (i, ¢) in the table Enrollment. Unfortunately, it can be formally proved that it is
not possible to express this relationship by using a set of st-tgds. In particular, a st-tgd of the form:

Takes(n,c¢) — 3dJyEnrollment(y,c) (3.1)

does not express the desired relationship, as it may associate a distinct student id y for each tuple
(n, ¢) in Takes and, thus, it may create several identifiers for the same student name. O

The previous example shows that in order to express the composition of mappings specified by
st-tgds, one has to use a language more expressive than st-tgds. However, the example gives little
information about what the right language for composition is. In fact, the composition of mappings
M2 and M3 in this example can be defined in first-order logic:

VniyVce (Takes(n, ¢) — Enrollment(y, ¢)),

which may lead to the conclusion that FO is a good alternative to define the composition of map-
pings specified by st-tgds. However, a complexity argument shows that this conclusion is incor-
rect. More specifically, given mappings M2 = (Ry, Rz, £12) and M3 = (Ry, R3, X23), where
Y12 and X3 are sets of st-tgds, define the composition problem for Mo and M3, denoted by
ComposiTioN(M 2, M23), as the problem of verifying, given S; € InsT(R1) and S3 € InsT(R3),
whether (S, 83) € M2 o Mo3. If the composition of M, with M3 is defined by a finite set
Y of formulas in some logical formalism, then ComposiTioNn(M 2, M>3) is reduced to the prob-
lem of verifying whether a pair of instances (1, S3) satisfies 2. In particular, if ¥ is a set of FO
formulas, then the complexity of ComposiTioN(M 2, M73) is in ACY, as the complexity of the
problem of verifying whether a fixed set of FO formulas is satisfied by an instance is in this com-
plexity class 1 Thus, if the complexity of ComposiTioNn(M 12, M23) is higher than ACY for some
mappings M2 and M3 specified by st-tgds, then one can conclude that the composition cannot
be expressed in FO. In fact, the following theorem shows that the latter holds, as the complexity of
CompositioN(M 2, M23) can be NP-complete, and it is well-known that AC C NP.

Theorem 3.3 For every pair of mappings M2, M3 specified by st-tgds, ComposiTion(M 2, M23)
is in NP. Moreover, there exist mappings ./\/l’]'2 and ME3 specified by st-tgds such that
ComprosiTioN(M7,, M3,) is NP-complete.

Proof. The membership of ComposiTioNn(M 2, M>3) in NP can be proved by showing that there ex-
ists a polynomial p (that depends on M2 and M>3) such thatif (Sy, S3) € M2 o M>3, then there
exists an instance Sy satisfying that (S, S2) € M2, (52, $3) € Moz and [|S2]l < p(IS1]l + 1S31)-

1Recall that AC? is the class of problems that can be accepted by a family of constant-depth, unbounded-fanin circuits with
AND, OR, and NOT gates. Its uniform version, which contains FO, is a subclass of LoGSPACE, and thus PTIME.
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We leave this proof for the reader, and we focus here on showing that Composition(M 2, M23)
can be NP-hard.

Let Rj be a schema consisting of aunary relation node and a binary relation edge, Ry a schema
consisting of binary relations coloring and edge’, and R3 a schema consisting of a binary relation
error and a unary relation color. Moreover,let M7, = (Rq, Rz, £12) and M3; = (Rz, R3, ¥23),
where X2 consists of the following st-tgds:

node(x) — 3Jycoloring(x,y), (3.2)
edge(x,y) — edge(x,y),

and X3 consists of the following st-tgds:

edge’(x, y) A coloring(x, u) A coloring(y,u) —> error(x,y), (3.3)
coloring(x,y) — color(y). (3.4)

Next, we show that ComposiTion(M7,, M3;) is NP-hard by reducing from the graph 3-coloring
problem. Intuitively, relations node and edge in Ry store a graph G, and relation edge’ in Ry is
a copy of edge. Moreover, st-tgd (3.2) indicates that a color must be assigned to each node in the
graph and, thus, relation coloring in Ry stores a possible coloring of graph G. Finally, st-tgd (3.4)
indicates that relation color in Rj3 stores the colors used in the coloring of G, and st-tgd (3.3)
indicates that error stores any incorrect assignment of colors, that is, error(x, y) holds if x, y are
adjacent nodes in G and the same color is assigned to them.

Formally, let G = (N, E) be a graph, and define instances S; of Ry and S3 of R3 as follows:

nodet = N, color3 = {red, green, blue},
edged = E, error® = .

Then, it holds that (81, S3) € M, o M35, if and only if graph G is 3-colorable. This concludes the
proof of the theorem, as it shows that the graph 3-coloring problem can be reduced in polynomial
time to ComposiTioN(M7,, M3,). O

Theorem 3.3 not only shows that FO is not the right language to express the composition of mappings
given by st-tgds but also gives a good insight on what needs to be added to st-tgds to obtain a language
capable of expressing the composition of these dependencies. Given that Composition(M 2, M23)
is in NP, one concludes from Fagin’s Theorem that the composition can be defined by an existential
second-order logic formula. In fact, it is shown in the following section that the extension of st-tgds
with existential second-order quantification gives rise to the 72gh# mapping language for dealing with
the composition operator.

3.2.1 EXTENDING ST-TGDS WITH SECOND-ORDER QUANTIFICATION

In the previous section, we showed that FO is not expressive enough to represent the composition
of mappings given by st-tgds, and that the existential fragment of second-order logic can be used
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to express the composition of this type of mappings. In this section, we go deeper into this, and we
show that the extension of st-tgds with existential second-order quantification is the right language
for composition.

Formally, given schemas Ry and R¢ with no relation symbols in common, a second-order tuple-

generating dependency from Rs to R (SO tgd) is a formula of the form:

Af1---3fm (VJEI(‘/)I —> YD) A AVX (o — wn)>,

where

1. each f; (1 <i < m)is a function symbol,

2. each formula ¢; (1 <i < n) is a conjunction of relational atoms of the form P(y, ..., yr)
and equality atoms of the form = ¢/, where P is a k-ary relation symbol of Rg and y, .. ., yx
are (not necessarily distinct) variables in X;, and 7, ¢” are terms built from X; and fi, ..., fin,

3. each formula v; (1 <i <n) is a conjunction of relational atomic formulas of the form
R(t1, ..., t¢), where R is an £-ary relation symbol of R¢ and 71, . .. #; are terms built from x;
and fi,..., fm,and

4. each variable in X; (1 <i < n) appears in some relational atom of ¢;.

To define the semantics of SO tgds, it is necessary to specify the semantics of the existential second-
order quantifiers in these dependencies. In particular, in deciding whether (S, 7) |= o, for an SO
tgd o, what should the domain and range of the functions instantiating the existentially quantified
function symbols be? The obvious choice is to let the domain and range be the domain of (S, T),
but it has been shown in the data exchange literature that this does not work properly. Instead, the
semantics of SO tgds is defined as follows. Let o be an SO tgd from a schema R to a schema Ry,
and assume that S is an instance of Ry and T is an instance of R¢. Then (S, T') satisfies o, denoted
by (S, T) = 0,if s, 7y = o under the standard notion of satisfaction in second-order logic, where
2(s.1) isastructure obtained from (S, T') as follows. The domain of 2 s 7) is Const U Var.Moreover,
for every relation P in Ry, the interpretation of P in (s 7) is PS5, and for every relation R in Ry,
the interpretation of R in (s 1) is R .

Example 3.4 Let Rg be a source schema consisting of a unary relation P, R¢ a target schema
consisting of a unary relation R, and o the following SO tgd from R to Ry:

af (Vx (Px)Ax = f(x) — R(x))).
Let S be an instance of Rg defined as P = {a}, and assume that T is the empty instance of Ry.

According to the above definition, (S, T') = o since (s, 1) = o with any interpretation of f that
maps a to an element b such that a # b. On the other hand, if one is not allowed to include extra
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values in deciding whether (S, T') satisfies o, then (S, T) [ o, as in this case, the only possible
interpretation of f maps a into itself since Dom(S) U Dom(T) = {a}. O

As shown in the previous example, the inclusion of extra values when interpreting the function
symbols of an SO tgd makes a difference. But it should be noticed that the possibility of using an
infinite set of extra values is not significant in the case of SO tgd, as instead of taking the domain of
25,7 to be (Const U Var), one can take it to be finite and sufficiently large:

Proposition3.5  Let o be an SO tgd from a schema R to a schema Re. Then there exists a polynomial p,
which depends only on o, with the following property. Assume that S is an instance of Rg, T is an instance
of Re, U is a set such that (Dom(S) UDom(T)) € U C (Const UVar) and |U| > p(|ISI| + T,
and%lf{gj) is defined as (s, 1), except that it has domain U. Then s 1y = o if and only ile(Lg,T) =o.

Several features of SO tgds make them the right language for composition. First, it is not difficult
to prove that every set of st-tgds can be transformed into an SO tgd. In fact, the well-known
Skolemization method can be used to compute an SO tgd equivalent to a set of st-tgds. For example,
the following set of st-tgds from Example 3.2:

{Takes(n, c) — Takesi(n, c), Takes(n, c) — ds Student(n, s)}

is equivalent to SO tgd:
EIf(VnVc (Takes(n, c) — Takesi(n,c)) AVnVc(Takes(n,c) — Student(n, f(n, c)))).

Second, it is possible to prove that SO tgds are closed under composition. That is, given an SO tgd
o012 from a schema Ry to a schema Ry, and an SO tgd 023 from Rj to a schema Rs3, there exists
an SO tgd 013 from Ry to R3 such that M3 = M3 o Moz, where M3, M2 and M3 are the
mappings defined by 013, 012 and 023, respectively.

Example 3.6  We show here how to compute the composition of two SO tgds by considering
a variation of the mappings used in the proof of Theorem 3.3. Let Ry be a schema consisting
of a unary relation node and a binary relation edge, Ry a schema consisting of binary relations
coloring and edge’, and R3 a schema consisting of unary relations error and color. Moreover,
let M2 = (R, Ry, £12) and M3 = (Ra, R3, £3), where £ consists of the following st-tgds:

node(x) — 3Jycoloring(x,y),
edge(x,y) — edge'(x,y),

and X3 consists of the following st-tgds:

edge’(x, y) A coloring(x, u) A coloring(y,u) — 3Jverror(v),
coloring(x,y) — color(y).
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As in the proof of Theorem 3.3, it is possible to prove that the composition of M2 and M3 can
be used to encode the graph 3-coloring problem.

Consider now the SO tgds representing mappings M2 and M>3. That is, let 012 be the
following SO tgd:

af (Vx (node(x) — coloring(x, f(x))) AVxVy (edge(x, y) — edge’(x, y))),
which is equivalent to X2, and let 023 be the following SO tgd:

dg (Vx‘v’y‘v’u (edge’(x, y) A coloring(x, u) A coloring(y, u) — error(g(x,y,u))) A
VxVy (coloring(x,y) — color(y))),

which is equivalent to ¥»3. Next we show the essential steps of an algorithm that constructs an
SO tgd 013 defining the composition of the mappings specified by 012 and 023. As a first step, for
every conjunct Vx (¢ — ) of 012, each non-atomic term ¢ in v is eliminated by replacing it by a
fresh variable « and including equality u = ¢ in ¢. More specifically, 012 is replaced by the following
dependency:

af (Vx‘v’y (node(x) Ay = f(x) — coloring(x, y)) A
VxVy (edge(x, y) — edge’(x, y))). (3.5)

It is important to notice that (3.5) is not an SO tgd as it does not satisfy condition (4) in the
definition of SO tgds (variable y in the first conjunct of (3.5) is mentioned neither in predicate
node nor in predicate edge). As a second step, the algorithm replaces every relational atom in the
premise of a conjunct of 023 by its definition according to (3.5), that is, coloring(x, y) is replaced by
(node(x) Ay = f(x))and edge’(x, y) is replaced by edge(x, y). The following formula is obtained
as a result of this process:

df3g (VxVqu (edge(x,y) Anode(x) Au = f(x) A
node(y) Au = f(y) — error(g(x, y, u))) A
VxVy (node(x) Ay = f(x) — Color(y))>. (3.6)
Again, it is important to notice that (3.6) is not an SO tgd as it does not satisfy condition (4) in the
definition of SO tgds. As a final step, the algorithm transforms (3.6) into an SO tgd by eliminating

all the variables that do not satisfy the aforementioned condition (4). This final step is achieved
by replacing these variables by the terms that are equal to according to (3.6). More precisely, u is
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replaced by f(y) in the first conjunct of (3.6), while y is replaced by f(x) in the second conjunct
of this formula:

df3g (Vx‘v’y (edge(x, y) Anode(x) A

node(y) A f(x) = f(y) = error(g(x,y, f(y)) A
Vx (node(x) — color(f(x)))). (3.7)

Dependency (3.7) is the SO tgd returned by the algorithm. In fact, it can be proved that (3.7)
defines the composition of the mappings specified by 012 and 023. To see why this is the case, we
show how (3.7) can be used to represent the graph 3-coloring problem. It should be noticed that
(3.7) is equivalent to the following SO tgd:

3f3h <Vx‘v’y (edge(x, y) Anode(x) A
node(y) A f(x) = f(y) = error(h(x,y)) A
Vx (node(x) — color(f(x)))), (3.8)

which is obtained by defining function i (x, y) as g(x, y, f(y)). Furthermore, relations node and
edge in (3.8) store a graph G, f(a) is the color assigned to a node a of G in (3.8), and error stores
any incorrect assignment of colors, that is, error(i(a, b)) holds if a, b are adjacent nodes in G and
the same color is assigned to them (which corresponds to the condition f(a) = f(b)). O

The following theorem shows that the composition algorithm presented in the previous example
can be generalized to any pair of SO tgds.

Theorem3.7  Let M2 and M3 be mappings specified by SO tgds. Then the composition M3 o M2z
can also be specified by an SO tgd.

It should be noticed that the previous theorem can also be applied to mappings that are specified by
finite sets of SO tgds, as these dependencies are closed under conjunction. Moreover, it is important
to notice that Theorem 3.7 implies that the composition of a finite number of mappings specified

by st-tgds can be defined by an SO tgd, as every set of st-tgds can be expressed as an SO tgd.

Theorem 3.8 The composition of a finite number of mappings, each defined by a finite set of st-tgds, is
defined by an SO tgd.

Example 3.9 We have already shown in Example 3.6 how SO tgds can be used to express the
composition of mappings specified by st-tgds. As a second example, assume that M, and M3 are
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the mappings defined in Example 3.2. Then the following SO tgd defines the composition of these
two mappings:

dg (VnVc (Takes(n, c) — Enrollment(g(n), c))).
O

Up to this point, we have shown that the language of SO tgds is closed under composition, and that
the composition of any finite number of mappings specified by st-tgds can be defined by an SO tgd.
Thus, SO tgds are a good language when dealing with the composition operator. But, of course, it
is natural to ask whether all the features of SO tgds are necessary and whether there exists a smaller
language that also has these good properties for composition. Interestingly, it can also be proved
that all the features of SO tgds are necessary to deal with the composition operator as every SO tgd
defines the composition of a finite number of mappings specified by st-tgds. This fact, which is the
converse of Theorem 3.8, shows that SO tgds are exactly the right language for representing the
composition of mappings given by st-tgds.

Theorem 3.10 Every SO tgd defines the composition of a finite number of mappings, each defined by a
[finite set of st-tgds.

Example 3.11  Let Ry be a schema consisting of a unary relation P and R a schema consisting
of a binary relation R. Furthermore, assume that the relationship between these schemas is given by

the following SO tgd:

o = 3f3 (Vx (P(x) A f(x) =g(x) = R(f(g)), g(f(x))))).

We show here the essential steps of an algorithm that, given SO tgd o, generates a finite sequence
of mappings that are given by st-tgds and whose composition is defined by o.

For the sake of readability, let Ry be the schema Rs. The algorithm starts by generating a
schema Ry, consisting of binary relations Fi, G1 and of a unary relation Pj, and a mapping M> =
(R1, Ry, ¥17) that is specified by a set X1, of st-tgds consisting of the following dependencies:

Px) — Pi(x),
P(x) — 3yFi(x,y),
P(x) — 3zGi(x,2).

Intuitively, P is a copy of P, F(x, y) indicates that f(x) = y,and G (x, y) indicates that g(x) = y.
In particular, the second and third dependencies above have the effect of guaranteeing that f(x) and
g(x) are defined for every element x in P, respectively. Then the algorithm generates a schema R3,
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consisting of binary relations F>, G and of aunary relation P»,and amapping M3 = (Rz, R3, ¥23)
that is specified by a set 223 of st-tgds consisting of the following dependencies:

Pi(x) — Px),
Fi(x,y) — Fx,y),
Gilx,y) — Galx,y),
Fi(x,y) — JuGy(y,u),
Gi(x,y) — 3JvF(y,v).

As in the previous case, P is a copy of Py, F>(x, y) indicates that f(x) = y and G2(x, y) indicates
that g(x) = y. In particular, all the values of f stored in Fj are also stored in F3, by the second
dependency above, and all the values of g stored in G are also stored in G2, by the third dependency
above. But not only that, the fourth dependency also guarantees that g(y) is defined for all y in the
range of f,and the fifth dependency guarantees that f'(y) is defined for all y in the range of g. Finally,
let R4 be the schema Ry. Then the algorithm generates a mapping M34 = (R3, Ry, X34) that uses
P, F> and G to populate the target relation R. More precisely, 234 consists of the following st-tgd:

P(x) A Fa(x,y) AGa(x, y) A Fa(y, z1) A Ga(y,z2) —  R(z1,22).

The output of the algorithm is the sequence of mapping M2, Moz, Mas, which satisfies that
(M2 0 M23) o M3y is defined by SO tgd o.

We conclude this example by pointing out that the previous algorithm can be generalized to
any SO tgd o. In fact, if the nesting depth of an SO tgd o is defined to be the largest depth of the
terms that appear in o, then the generalization of the above algorithm generates a sequence of r + 1
mappings when the input is an SO tgd of nesting depth r. O

In this section, we have shown that the language of SO tgds is exactly the right language for
representing the composition of mappings given by st-tgds. But up to this point, we have not said
anything about the complexity of computing an SO tgd that defines the composition of a sequence
of mappings. We conclude this section by saying a few words about this. More specifically, there
exists an exponential-time algorithm that given two mappings M 12 and M3, each specified by an
SO tgd, returns a mapping M 3 specified by an SO tgd and equivalent to the composition of M,
and M>3. This algorithm, which is a generalization of the procedure presented in Example 3.6, can
also be used to compute an SO tgd that defines the composition of two mappings given by st-tgds
as every mapping specified by a finite set of st-tgds can be transformed into an equivalent mapping
specified by an SO tgd. Moreover, it has been shown that exponentiality is unavoidable in such an
algorithm, as there exist mappings M 12 and M >3, each specified by a finite set of st-tgds, such that
every SO tgd that defines the composition of M, and M3 is of size exponential in the size of
M2 and Moj.




48 3. METADATA MANAGEMENT
3.3 INVERTING SCHEMA MAPPING

The inverse operator is another important operator that naturally arises in the development of a
framework for managing schema mappings. Once the data has been transferred from the source to
the target, the goal of the inverse is to recover the initial source data; if a mapping M’ is an inverse
of a mapping M, then M should bring the data exchanged through M back to the source.

In the study of this operator, the key issue is to provide a good semantics for this operator,
which turned out to be a difficult problem. In this section, we present and compare two of the main
proposals for inverting schema mappings that have been considered in the data exchange context,
namely the notions of Fagin-inverse and maximum recovery.

Some of the notions mentioned above are only appropriate for certain classes of mappings.
In particular, the following two classes of mappings are used in this section when defining and
comparing these notions of inversion. A mapping M from a schema Ry to a schema Rj is said to be
total if SoLpq(S) # ¥ for every instance S of Ry (i.e., all instances have solutions). A mapping M is
said to be closed-down on the leftif (S, S2) € Mand S| C Sy imply that (S}, S2) € M. Furthermore,
whenever a mapping is specified by a set of formulas, we consider source instances as just containing
constants values, and target instances as containing constants and null values. This is a natural
assumption in a data exchange context since target instances generated as a result of exchanging data
may be incomplete, thus, null values are used as place-holders for unknown information.

3.3.1 AFIRST DEFINITION OF INVERSE

We start by considering the first notion of inverse for schema mappings proposed in the literature,
that we call Fagin-inverse in this chapter. Roughly speaking, the definition of this notion is based on
the idea that a mapping composed with its inverse should be equal to the identity schema mapping.
Thus, given a schema R, an identity schema mapping IdR is first define as {(S1, $») | S1, S are
instances of R and S C S5}, and then the notion of Fagin-inverse is defined as follows.

Definition 3.12 (Fagin-inverse). Let M be a mapping from a schema Ry to a schema Rj, and
M’ a mapping from R; to Ry. Then M’ is a Fagin-inverse of M if M o M’ = 1dg,. |

It is important to notice that IdR is not the usual identity relation over R. In fact, this identity is
appropriate for mappings that are total and closed-down on the left and, in particular, for the class
of mappings specified by st-tgds.

Example 3.13  Let Ry be a schema consisting of a unary relation S, Ry a schema consisting of
unary relations U and V, and M a mapping from Ry to Rj specified by st-tgds S(x) — U(x) and
S(x) — V(x).Intuitively, M is Fagin-invertible since all the information in the source relation S is
transferred to both relations U and V in the target. In fact, the mapping M’ specified by dependency
U(x) — S(x) is a Fagin-inverse of M since M o M’ = Idg, . But not only that, the mapping M"
specified by dependency V (x) — S(x) is also a Fagin-inverse of M, which shows that there need
not be a unique Fagin-inverse. 0
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A first fundamental question about any schema mapping operator is for which class of mappings it
is defined. In particular, for the case of the inverse operator, one would like to know for which classes
of mappings it is guaranteed to exist. To answer this question, necessary and sufficient conditions
for the existence of the distinct inverse notions have been developed. Here, we present one such
condition for the case of the notion of Fagin-inverse, and we use it to show that Fagin-inverses are
not guaranteed to exist for the class of mappings specified by st-tgds. More precisely, a mapping M
from a schema Ry to a schema Ry is said to satisfy the unigue-solutions property if for every pair of
instances Sy, S of Ry, if SoLaq(S1) = Soraq(S2), then S1 = S,. The following proposition shows
that the unique-solutions property is a necessary condition for the existence of Fagin-inverses.

Proposition 3.14  Let M be a total and closed-down on the left mapping. If M is Fagin-invertible,
then M satisfies the unique-solutions property.

Proof. Assume that M is a mapping from a schema Ry to a schema Ry, and let M’ be a mapping
from Ry to Ry such that M o M’ =1dg, (such a mapping exists since M is Fagin-invertible).
Moreover, assume that S| and S are instances of Ry such that Sora((S1) = Sora(S2). We need
to show that §1 = S».

Given that SorLq(S1) = SoLpq(S2), we have that SoLa o (S1) = SoLatopr (S2). Thus,
given that Mo M’ = ﬁR]! we conclude that SOLﬁRl S) = SOLHRI (52). Therefore, from the

fact that S| € SOLﬂR (S1) and $; € SOLHR (S2), we conclude that S; € SOLﬁR (8) and $; €
1 1 - 1
SOLﬁR (S1). But this implies that (S>, S1) € Idg, and (Si, S2) € Idg,, and, hence, we conclude
1

from the definition of HRl that S, € S; and S| € Sy. This concludes the proof of the proposition.
Od

Proposition 3.14 tell us that the spaces of solutions for distinct source instances under a Fagin-
invertible mapping must be distinct. Thus, one can prove that a mapping does not admit a Fagin-
inverse by showing that it does not satisfy the preceding condition.

Example 3.15  Let Ry be a schema consisting of a binary relation R, Ry a schema consisting of a
unary relation 7', and M a mapping from Ry to Ry specified by st-tgd R(x, y) — T (x). Intuitively,
M has no Fagin-inverse since M only transfers from source to target the information about the
first component of R. In fact, it can be formally proved that this mapping is not Fagin-invertible as
follows. Let S1 and S be instances of Ry such that:

RS = {(1,2)} and R%® = {(,3)}.

Then we have that SoLa(S1) = SoLa(S2), which implies that M does not satisfies the unique-
solutions property since S1 # S>. |

From the preceding example, we obtain that:




50 3. METADATA MANAGEMENT

Corollary 3.16  There exists a mapping M specified by a finite set of st-tgds that does not admit a
Fagin-inverse.

Although the unique-solutions property is a useful tool for establishing non Fagin-invertibility, it
can be shown that it does not characterize this notion. In fact, the following example shows that the
unique-solutions property is not a sufficient condition for Fagin-invertibility even for the class of

mappings specified by st-tgds.

Example 3.17  Let Ry be a schema consisting of unary relations A and B, Ry a schema consisting
of a binary relation R and a unary relation C, and M a mapping from Rj to Ry specified by st-tgds:

A(x) — R(x,x),
B(X) - ayR(x’)’),
Ax)AB(x) — Cx).

Next, we show that M satisfies the unique-solutions property, but it is not Fagin-invertible. As-
sume that S7 and S, are distinct instances of Rq. Next, we show that SoLx(S1) # SoLa(S2) by
considering the following cases.

(1) Assume that there exists a € AS! such that a ¢ AS2, and let 7> be the canonical universal
solution for S» under M. Then we have that (¢, a) & R™2, and, therefore, T» is not a solution
for S1 under M. We conclude that SoL 4 (S1) # SoLa(S?).

(2) Assume that there exists a € A2 such thata & AS'. Then it can be shown that SoL((S1) #
SoLa((S2) as in the previous case.

(3) Assume that A5 = A2 and that there exists b € B! such that b ¢ AS! and b & BS2. Then
let 75 be the canonical universal solution for S» under M. Given that b & A2, we have that
R™> does not contain any tuple of the form R(b, ), and, therefore, T is not a solution for S

under M. We conclude that Sora(S1) # SoLp(S?).

(4) Assume that A5 = A2 and that there exists b € B2 such that b ¢ AS! and b & BS'. Then
we conclude that SoLp4(S1) # SoLa(S2) as in the previous case.

(5) Assume that AS! = A2, and that there exists b € B! such that b € A5 and b & BS2. Then
let 75 be the canonical universal solution for S» under M. Given that b & B2, we have that
b & C™2, and, therefore, T» is not a solution for S; under M. We conclude that Sor((S1) #
Sorpq(S2).

(6) Finally, assume that A5 = A%2 and that there exists b € B%? such that b € AS! and b ¢ BS1.
Then we conclude that SoLa(S1) # Sora(S2) as in the previous case.



3.3. INVERTING SCHEMA MAPPING 51

Now, for the sake of contradiction, assume that M is a Fagin-invertible mapping, and let M’ be a
mapping from R, to Ry such that M o M’ = IdR,. Then for every pair S, S, of instances of Ry
such that SoL((S1) € SorLaq(S2),itholds that S» € Sj.To see why this is the case, first notice that if
SoLpa(S1) € SoLaq(S2), then SoLaopr (S1) S SoLpgor (S2). Thus, given that M o M’ = HRV
we have that SOLﬁRl (S1) C SOLHRI (S»). Hence, from the fact that S| € SOLﬂRl (S1), we conclude
that S| € SOLﬂRI (8»), and, therefore, S, C Sj.

Next, we use the property shown above to obtain a contradiction. Assume that Sy and S5 are
instances of Ry such that:

ASU = {1} A = g
BS1 = ¢ B2 = {1}

Then we have that SoLa((S1) € Sora(S2), which contradicts the property shown above since
$2 £ 8. O

In Example 3.17, we introduced a second condition that Fagin-invertible mappings satisfy and
that is stronger than the unique-solutions property. Formally, a mapping M from a schema Ry
to a schema Ry is said to satisfy the subset property if for every pair S, S» of instances of Ry, if
SoLpa(S1) € SoLaq(S2), then Sy € Sp. It turns out that this condition is a necessary and sufficient
condition for the existence of Fagin-inverses for the class of mappings specified by st-tgds.

Theorem 3.18  Let M be a mapping specified by a finite set of st-tgds. Then M s Fagin-invertible if
and only if M satisfies the subset property.

The previous result does not extend to the entire class of total and closed-down on the left mappings.
In fact, a characterization of Fagin invertibility requires of a stronger condition, which is defined as
follows. Let M be a mapping from a schema Ry to a schema Ry, S be an instance of Ry and T be
an instance of Ry. Then T is a strong witness for S under M if for every instance S’ of Ry such that
T € SoLpm(S'), it holds that §” € S.If T is also a solution, we call it a strong witness solution.
Strong witness solutions exist for Fagin-invertible mappings that are specified by st-tgds.

Proposition 3.19  Let M be a Fagin-invertible mapping from a schema Ry to a schema Ry that is
specified by a set of st-tgds. Then for every instance S of Ru, each universal solution T for S under M is
also a strong witness solution for S under M.

Proof. Let S be an instance of Ry and T a universal solution for S under M (such a solution exists
since M is specified by a set of st-tgds). Assume that S is an instance of Ry such that T € SoLa(S").
Next, we show that ' C .

Given that T € Sorp(S”), we have that SoLa(S) € Soraq(S’). To see why this is the case,
let 7’ be a solution for S under M. Given that T is a universal solution for S under M, we have
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that there exists a homomorphism from 7 into T’. Thus, given that T € SoL((S’) and M is closed
under target homomorphisms?, we conclude that 7’ € Sor(S").

Since M is Fagin-invertible, we know that M satisfies the subset-property. Thus, given that
SoLp(S) C SoLaq(S'), we have that §” € S, which concludes the proof of the proposition. O

In the following theorem, it is shown that the notion of strong witness can be used to characterize
Fagin-invertibility for the class of mappings that are total and closed-down on the left.

Theorem 3.20  Let M be a total and closed-down on the left mapping from a schema Ry to a schema
Ry. Then M is Fagin-invertible if and only if every instance of Ry has a strong witness solution under

M.

Given that Fagin-inverses are not guaranteed to exist for the class of mappings specified by st-
tgds, a second fundamental question about this notion of inverse is whether Fagin-invertibility is
a decidable condition for this class of mappings. Interestingly, the subset property can be used to
prove that this is indeed a decidable condition: if a mapping M specified by a set of st-tgds does
not have a Fagin-inverse, then there exists a polynomial-size counterexample showing that M does
not satisfy the subset property.

Theorem 3.21  The problem of checking, given a mapping M specified by a set of st-tgds, whether M is
Fagin-invertible is coNP-complete.

Proof. We show here the membership of the problem in coNP, and leave coNP-hardness as an
exercise for the reader. Given a mapping M = (Ry, Ry, X17) that is not Fagin-invertible, a pair
(S1, $») of instances of Ry is said to be a witness for the non Fagin-invertibility of M if SorLa((S1) €
SoLp(S2) but S» € S (notice that such a pair shows that M does not satisfy the subset property).
Then it is shown here that for every mapping M specified by a set of st-tgds, if M is not Fagin-
invertible, then there exists a witness (S, S2) for the non Fagin-invertibility of M such that || Sy || +
1521 is O (]| Z121%), from which the membership of the problem in coNP immediately follows.

Let M = (R1, Ry, X12), where X1 is a set of st-tgds, and assume that M is not Fagin-
invertible. Then we have by Theorem 3.18 that there exist instances Si, S of Ry such that
SoLa(S1) C Soraq(S>) but S» € Si. Thus, there exist P in Ry and 19 € P52 such that o & PS!.
Let S} be an instance of Ry consisting only of fact P (1), that is, P% = {19} and RS: = ¢ for all the
other relations R in Ry. Since X3 is a set of st-tgds, we have that:

SoLpm(S2) S Sorm(S3).

Hence, SoLp(S1) € SoLpa(S3) and S5 & Si, which shows that (51, S3) is also a witness for the non
Fagin-invertibility of mapping M. Now let Ty, T be the canonical universal solutions for S; and

2 A mapping M is closed under target homomorphisms if for every (S, T) € M and T’ such that there exists a homomorphism
from T to T, it holds that (S, T') € M.
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S5 under M, respectively. Given that Ty € Sorpq(S1), we have that 71 € Sorp4(S3), and, therefore,
there exists a homomorphism h from T to T1. We use h to construct the desired quadratic-size
witness for the non Fagin-invertibility of mapping M. More precisely, let ST be an instance of
R; defined as follows. For every R in Ry and tuple 1 € RT3 choose a st-tgd @(x) — Iy Y (x,y)
and tuples a, b such that (1) ¢(X) = Iy ¥ (X, ) is a st-tgd in %12, a is a tuple of values from
Dom(S1) and b is a tuple of values from Dom(T1), (2) ¢(a) holds in Sy, (3) ¥ (a, b) holds in T7,
and (4) R(h(z)) is a conjunct in ¥ (a, b). It should be noticed that such a tuple exists since (S, 71)
satisfies X12 and R(A(t)) is a fact in T (given that & is a homomorphism from T to T1). Then
include all the conjuncts of ¢(a) as facts of S7. Next, we show that (S}, S7) is a witness for the non
Fagin-invertibility of M and [|ST|| + IS5 is o(IZ1211).

Let T}* be the canonical universal solution for S under M. By definition of S}, we have that
the homomorphism 4 mentioned above is also a homomorphism from T3 to 7}". Thus, given that 7}
is a universal solution for ST under M and M is closed under target homomorphisms, we conclude
that SoLaq(ST) € Sorp(S3). Moreover, given that ST € Sy, we also have that S7 & ST and, hence,
(87, 83) is a witness for the non Fagin-invertibility of M. Finally, given that S5 consists of only
one fact, we have that ||7;'|| is bounded by || X12||. Therefore, given that the number of tuples that
are included in S} for each fact R(#) in T is bounded by || X2 ||, we have that || ST|| is bounded by
=12 |%. Thus, it holds that ST+ 118511 is O (I ¥12]1?), which concludes the proof of the theorem.
O

A problem related to checking Fagin-invertibility is to check, for mappings M and M, whether
M’ is a Fagin-inverse of M. Somewhat surprisingly, this problem is undecidable even for the class

of mappings specified by st-tgds.

Theorem 3.22  The problem of werifying, given mappings M = (Ry, Ry, X12) and M =
(R2, Ry, 21) with X2 and o finite sets of st-tgds, whether M' is a Fagin-inverse of M is un-
decidable.

A fundamental, and arguably the most important, issue about any notion of inverse is the problem of
computing an inverse for a given mapping. In the next section, we introduce the notion of maximum
recovery, which has also been proposed as a notion of inverse for schema mappings, and then we
study the issue of computing inverses in Section 3.3.3. In particular, we present a unified algorithm
based on query rewriting that computes not only Fagin-inverses but also maximum recoveries.

3.3.2 BRINGING EXCHANGED DATA BACK: THE RECOVERY OF A
SCHEMA MAPPING

As we mentioned before, a drawback of the notion of Fagin-inverse is that not every mapping
specified by a set of st-tgds is guaranteed to have an inverse under this notion. In this section, we
present the concepts of recovery and maximum recovery that were introduced to overcome this
limitation.
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The notion of recovery is defined by following a different approach to that of Fagin-inverse.
In fact, the main goal behind this notion is not to define an inverse operator but, instead, to give
a formal definition for what it means for a mapping M’ to recover sound information with respect
to a mapping M. Such a mapping M’ is called a recovery of M. But given that, in general, there
may exist many possible recoveries for a given mapping, it is also necessary to introduce a way to
compare alternative recoveries. This naturally gives rise to the notion of maximum recovery, which
is a mapping that brings back the maximum amount of sound information.

Let M be a mapping from a schema Ry to aschema Ry, and Idg, the identity schema mapping
over Ry, that is, Idg, = {(S, S) | § € InsT(Ry)}. When trying to invert M, the ideal would be to
find a mapping M’ from Rj to Ry such that M o M’ =1dR;; if such a mapping exists, then we
know that if we use M to exchange data, the application of M’ gives as result exactly the initial
source instance. Unfortunately, in most cases this ideal is impossible to reach (for example, for the
case of mappings specified by st-tgds). But then at least one would like to find a schema mapping
M, that does not forbid the possibility of recovering the initial source data. This gives rise to the
notion of recovery. In what follows, we refer to the domain of a mapping M, denoted by Dom(M),
as the set of source instances S that have solutions under M (SoL((S) # @).

Definition 3.23 (Recovery). Let M be a mapping from a schema Ry to a schema Ry, and M’ a
mapping from Ry to Ry. Then M is a recovery of M if for every instance S € Dom (M), it holds
that (S, 5) € Mo M. O

Being a recovery is a sound but mild requirement. Indeed, a schema mapping M from a schema Ry
to a schema Ry always has as recoveries, for example, mappings M = InsT(R3) x InsT(Ry) and
My =M1 ={T,S)| (S, T) e M).If one has to choose between M and M, as a recovery
of M, then one would probably choose M} since the space of possible solutions for an instance
S under M o My is smaller than under M o M. In general, if M’ is a recovery of M, then the
smaller the space of solutions generated by M o M’, the more informative M’ is about the initial
source instances. This naturally gives rise to the notion of maximum recovery.

Definition 3.24 (Maximum recovery). Let M be a mapping from a schema Ry to a schema Ry,
and M’ a mapping from Ry to Ry. Then M’ is a maximum recovery of M if:

(1) M’ is a recovery of M, and
(2) for every recovery M” of M, it holds that M o M’ € M o M”.
O

Example 3.25 Let Ry be a schema consisting of a binary relation E, Ry a schema consisting of a
binary relation F and a unary relation G, and M = (Ry, Ry, X) with X a set of st-tgds consisting
of the following dependency:

E(x,2) NE(z,y) — F(x,y)AG(2). (3.9
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Let M be a mapping from Rj to Ry specified by tgd:

Fx,y) — 3Jz(E(x,2) AE(z,y)). (3.10)

It is straightforward to prove that M is a recovery of M. In fact, if S is an instance of Ry and 7 is
the canonical universal solution for S under M, then we have that (S, T) € M and (T, S) € M/,
from which we conclude that (S, §) € M o M. Similarly, if M> is a mapping from Ry to Ry
specified by tgd:

G(z) — 3IxTy(E(x,2) A E(z,y)), (3.11)

then we also have that M3 is a recovery of M. On the other hand, if M3 is a mapping from R; to
Ry specified by tgd:

Fx,WAG(z) — Ex,2)ANE(zYy), (3.12)

then we have that M3 is not a recovery of M. To see why this is the case, consider an instance S of
R1 such that:

ES = {(1,1),2,2)

Next, we show that (S, S) € M o M3. By the sake of contradiction, assume that (S, S) € M o M3,
and let T be an instance of Ry such that (S, T) € M and (T, S) € M3. Given that (S, T) satisfies
st-tgd (3.9), we have that (1, 1), (2, 2) are elements of F T and 1, 2 are elements of GT . But then
given that (T, S) satisfies tgd (3.12), we conclude that the tuples (1,2), (2, 1) are elements of ES,
which leads to a contradiction.

Finally, let M4 be a mapping from R to Ry specified by tgds (3.10) and (3.11). In this case,
it is possible to prove that My is a maximum recovery of M. In fact, next, we introduce some
characterizations of the notion of maximum recovery that can be used to prove this fact. O

To check whether a mapping M’ is a Fagin-inverse of a mapping M, a condition that depends only
on M and M’ needs to be checked, namely that the composition of M with M’ is equal to the
identity mapping. On the other hand, verifying whether a mapping M’ is a maximum recovery of a
mapping M requires comparing M’ with every other recovery of M. Given that such a test is more
complicated, it would be desirable to have an alternative condition for this notion that depends only
on the input mappings. The next proposition gives one such condition.

Proposition 3.26  Ler Mbea mapping from a schema R1 to0 a schema Ry, and M be a recovery of . M.
Then M’ is a maximum recovery of M if and only if:

(1) for every (S1, S2) € M o M, it holds that S, € Dom(M), and
2) M=MoM oM.
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Next, we use Proposition 3.26 to prove that the claims in Example 3.25 are indeed correct. But before
doing this, we give some intuition about the conditions in Proposition 3.26. The first such condition
tells us that if an instance S is not in the domain of a mapping M, then a maximum recovery
of M should not recover information about this instance. The second condition in Proposition
3.26 is a desirable property for an inverse mapping. Intuitively, given a mapping M from a schema
R; to a schema Ry and a mapping M’ from Ry to Ry, mapping M’ does not lose information
when bringing back the data exchanged by M, if the space of solutions of every instance of Ry
does not change after computing M o M. That is, for every instance S of Ry, it should hold that
SoLpm(S) = SoLpgopmrom (S) (or more succinetly, M = M o M’ o M). In general, recoveries do
not satisfy this condition, but Proposition 3.26 shows that maximum recoveries satisfy it. And not
only that, it also shows that the notion of maximum recovery can be characterized in terms of this
condition.

Example 3.27 (Example 3.25 continued) Recall that mapping M in Example 3.25 is specified
by the following st-tgd:

E(x,2) NE(z,y) — F(x,y)ANG(2),
while recovery My of M is specified by the following tgds:

F(x,y) — 3Jz(E(x,2) ANE(z,Y)),
G(z) — IxIy(Ex,2) AE(Z, ).

Next, we use Proposition 3.26 to show that My is a maximum recovery of M. Given that My is a
recovery of M, we have that M € M o My o M. Thus, given that Dom(M) = Ry, we conclude
from Proposition 3.26 that to prove that My is a maximum recovery of M, we only need to show
that M o M4 o M C M.

Let (S, T) € M o My o M.To prove that (S, T) € M, we need to show that (S, T') satisfies
the st-tgd that specifies M, that is, we have to prove that for every pair of tuples (a, b), (b, ¢) in
ES, where a, b, ¢ are not necessarily distinct elements, it holds that (a,¢) € F T and b e GT. To
prove this, first notice that given that (S, T) € M o My o M, there exist instances S; of Ry and
T1 of Ry such that (S, T1) € M, (T1, S1) € My and (S1, T) € M. Thus, given that (a, b), (b, ¢)
are elements of ES, we conclude that (a, ¢) € FT' and b € GT1. Hence, from the definition of My
and the fact that (T, S1) € My, we conclude that there exist elements d, e and f such that:

{(a,d), d,c), (e, b), (b, f)} < E.

Therefore, given that (S1, T) € M, we conclude that (a, c) € FT and b € GT, which was to be
shown.

On the other hand, it is claimed in Example 3.25 that the mapping M specified by depen-
dency F(x,y) = 3z (E(x, z) A E(z, y)) is not a maximum recovery of M (although it is a recovery
of M). To see why this is the case, let S, T' be instances of Ry and Ry, respectively, such that:
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ES = {(1,2,2,3) F' = {(1,3))
G = 4

It is clear that (S, T) & M as element 2 is not in GT. However, (S, T) € M o M o M since for
the instances 77, S1 of Ry and Ry, respectively, such that:

Flio = {(1.3)] ES = {(1.4).4.3)}
Gh = (2

we have that (S, T}) € M, (T1, S1) € M and (S1, T) € M. Thus, we conclude that M does
not satisfy condition (2) in Proposition 3.26, from which we conclude that M is not a maximum
recovery of M. |

As we pointed out before, the main motivation for the introduction of the notion of maximum
recovery is to have an inverse operator that is defined for every mapping specified by st-tgds. Here,
we identify the class of mappings for which this operator is defined by providing a necessary and
sufficient condition for the existence of maximum recoveries. In particular, we use this condition to
show that every mapping specified by a finite set of st-tgds admits a maximum recovery.

Recall that in Section 3.3.1, we introduced the notion of a strong witness to characterize
Fagin-invertibility for the class of total and closed-down on the left mappings. Given a mapping M
from a schema Ry to a schema R and instances S, T of Ry and Ry, respectively, T is a strong witness
for S under M if for every instance S’ of Ry such that T € Sorp(S”), it holds that §” € S. It turns
out that by weakening this condition, one can characterize the existence of maximum recoveries.

Given a mapping M from a schema Rj to a schema Rj and instances S, T’ of Ry and Ry,
respectively, T is a witness for S under M if for every instance S’ of Ry such that T € SorLa (), it
holds that SoLa(S) € Sora(S’). Moreover, T is a witness solution for S under M if T is both a
solution and a witness for S under M.

The notion of a witness is indeed weaker than the notion of a strong witness as the next result
shows.

Proposition 3.28  Ler M = (Ryq, Ry, X) be a mapping, where ¥ is a finite set of st-tgds, and S an
instance of Ry. Then every strong witness for S under M is a witness for S under M.

Proof. The proposition is a corollary of the fact that if M = (Ryq, Ry, X), with X a set of st-tgds,
and Sy, S» are instances of Ry such that §; C S, then Sor((S2) € SoLaq(Sy). g

Proposition 3.29  Ler M = (Ryq, Ry, X) be a mapping, where ¥ is a finite set of st-tgds, and S an
instance of Ry. If T is a universal solution for S under M, then T is a witness solution for S under M.
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Proof. In the proof of Proposition 3.19, we show that if 7' is a universal solution for S under M and
T € SoLp(S'), then SoLaq(S) € SoLpaq(S') (this is a corollary of the fact that a mapping specified
by a finite set of st-tgds is closed under target homomorphisms). Thus, we have already provided a
proof of the proposition. O

We now show that the notion of witness solution can be used to characterize the existence of
maximuimn recoveries.

Theorem 3.30  Let M be a mapping from a schema Ry to a schema Ry. Then M has a maximum
recovery if and only if every instance S € Dom (M) has a witness solution under M.

Proof. (=) Let M’ be a maximum recovery of M, and S an instance in Dom(M). Then given that
M’ is a recovery of M, we have that there exists an instance 7" of Ry such that (S, T') € M and
(T, S) € M. Next, we show that T is a witness solution for S under M. We already know that
T is a solution for S under M, so we only need to show that if T € Sorp((S’), then it holds that
SoLa(S) € SorLpg(S’). Then assume that 77 € Sora(S). Given that (8, T) € M, (T, S) ¢ M’
and (S, T") € M, we have that (§', T") € M o M’ o M. But from Proposition 3.26, we have that
M= Mo M o M,and, therefore, (S, T") € M. We conclude that Sor(S) C Sor4(S'), and,
hence, T is a witness solution for S under M.

(<) Assume that every S € Dom(M) has a witness solution under M, and let M* be a
mapping from R to Ry defined as:

{(T,S) | T is a witness solution for S under M}.

By hypothesis, we have that M* is a recovery of M. Next, we use Proposition 3.26 to show that
M* is a maximum recovery of M.

By definition of M*, we have that this mappings satisfies condition (1) in Proposition 3.26.
Moreover, given that M* is a recovery of M, we have that M € M o M* o M.Thus, we have from
Proposition 3.26 that if M o M* o M C M, then M™* is a maximum recovery of M. Let (S, T) €
M o M* o M. Then there exist instances 77, S1 of Ry and Ry, respectively, such that (S, T7) € M,
(T1, S1) € M*and (S, T) € M. Thus, by definition of M*, we have that 7} is a witness solution for
S1 under M. Hence, given that 71 € SorL4(S), we have that SoLa(S1) € Sora(S). We conclude
that T € SoLa(S) since T € SoLp((S1), and, thus, we have that (S, T) € M, which was to be
shown. This concludes the proof of the theorem. O

As a corollary of Proposition 3.29 and Theorem 3.30, we obtain the desired result that every mapping
specified by a finite set of st-tgds admits a maximum recovery. It should be noticed that this result
is in sharp contrast with the non-existence result for the notion of Fagin-inverse for the class of

mappings specified by st-tgds (see Corollary 3.16).

Theorem 3.31  Every mapping specified by a finite set of st-tgds admits a maximum recovery.
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Up to this point, we have introduced two alternative inverse operators for schema mappings: Fagin-
inverses and maximum recoveries. Thus, it is natural to ask what is the relationship between these
concepts. We now show that for the class of mappings for which the notion of Fagin-inverse is
appropriate, the notion of maximum recovery strictly generalizes the notion of Fagin-inverse.

Proposition 3.32
(1) There exists a mapping specified by a finite set of st-tgds that is not Fagin-invertible but has a

maximum 7'6‘(‘07)67)}.

(2) For every total, closed-down on the left and Fagin-invertible mapping M, a mapping M’ is a
Fagin-inverse of M if and only if M is a maximum recovery of M.

Proof. Part (1) is a consequence of Corollary 3.16 and Theorem 3.31. Part (2) is left as an exercise
for the reader. g

Given that Fagin-inverses are not guaranteed to exist for the class of mappings specified by st-tgds,
we studied in Section 3.3.1 the decidability of Fagin-invertibility for this type of mappings. On the
other hand, the problem of checking whether a mapping M has a maximum recovery becomes trivial
in this context, as every mapping specified by this type of dependencies admits a maximum recovery.
Thus, we only consider here the problem of checking, given mappings M and M’ specified by
st-tgds, whether M is a maximum recovery of M. Somewhat surprisingly, not only is this problem

undecidable, but also so is the problem of checking whether a mapping M’ is a recovery of a mapping
M.

Theorem 3.33 The problem of checking, given mappings M = (Rq, Ry, X12) and M' =
(R, Ry, X21) with X12 and Xy finite sets of st-tgds, whether M is a recovery (maximum recovery) of
M is undecidable.

As we have mentioned in the previous sections, we are still missing the algorithms for computing the
inverse operators introduced in this chapter. In the next section, we present a unified algorithm for
computing these operators, which uses some query rewriting techniques and takes advantage of the
tight connection between the notions of Fagin-inverse and maximum recovery shown in Proposition
3.32.

3.3.3 COMPUTING THE INVERSE OPERATOR

Up to this point, we have introduced and compared two notions of inverse proposed in the literature,
focusing mainly on the problem of the existence of such inverses. Arguably, the most important
problem about these operators is the issue of how to compute them for the class of mappings
specified by st-tgds. In this section, we present an algorithm for computing maximum recoveries
of mappings specified by st-tgds, which by the results of the previous sections can also be used to
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compute Fagin-inverses for this type of mappings. Interestingly, this algorithm is based on guery
rewriting, which greatly simplifies the process of computing such inverses.

We start by recalling the definition of query rewritability over the source from Section 2.4.2.
Let M be a mapping from a schema Ry to a schema Ry and Q a query over schema Rj. Then a
query Q' is said to be a rewriting of Q over the source if Q' is a query over Ry such that for every
S € Inst(Ry),it holds that Q'(S) = certainp(Q, S). Thatis, it is possible to obtain the set of certain
answers of Q over S under M by just evaluating its rewriting Q" over the source S.

The computation of a source rewriting of a conjunctive query is a basic step in the algorithm
presented in this section. This problem has been extensively studied in the database area and, in
particular, in the data integration context. In fact, it is well known that:

Proposition 3.34  There exists an algorithm QUERYREWRITING that, given a mapping M =
(R1, Ry, %), with X a finite set of st-tgds, and a conjunctive query Q over Ry, computes a union of
conjunctive queries with equality Q' that is a rewriting of Q over the source. The algorithm runs in
exponential time and its output is of exponential size in the size of ¥ and Q.

Example 3.35 We give here some intuition of why the algorithm QUErYREWRITING uses union
and equalities in its output language. Let Ry be a schema consisting of a unary relation P and a
binary relation R, R; be a schema consisting of a binary relation T and M = (Ry, Ry, ¥), where
¥ is a set of dependencies consisting of the following st-tgds:

P(x) — T(x,x),
Rx,y) — T(x,y).

Assume that Q is the target query 7' (x, y). What is a source rewriting of Q?To answer this question,
we need to consider all the possible ways of generating target tuples from a source instance. Let S
be an instance of Ry. If § contains a fact P(a), then all the solutions for S under M will contain
the fact T'(a, a). Thus, every answer to the query P(x) A x =y over S will be in certainp(Q, S).
In the same way, if S contains a fact R(a, b), then all the solutions for S under M will contain the
fact T (a, b) and, hence, every answer to the query R(x, y) over S will be in cerzainp(Q, S). Given
the definition of M, the previous two queries consider all the possible ways to generate target tuples
according to M, from which one can formally prove that the following is a source rewriting of query

0:
(P(x)Ax=Yy)V R(x,y).

It is important to notice that the above query is a union of two conjunctive queries, and that the use
of union and equality in this rewriting is unavoidable. g

We finally have all the necessary ingredients to present the algorithm for computing maximum
recoveries. In this procedure, C refers to the unary predicate introduced in Section 2 that distinguishes
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between constant and null values (C(a) holds if and only if @ belongs to Const). Moreover, if
X = (x1,...,xx), then C(x) is used in the algorithm as a shorthand for C(x1) A - - - A C(x).

Algorithm 3 MaxiMmumRECOVERY
Require: M, = (Ry, Ry, X) with ¥ a finite set of st-tgds
Ensure: Mj>; = (R, Ry, T') is a maximum recovery of M
1. =0
: forall (x) — Iy Y (X, y)in T do
Q) =3y y(x,y)

2
3
4 let (¥) be the output of algorithm QueryRewrrTING With input M5 and Q
5
6

I=TU{yG,y ACH) — ax))
. end for

Theorem 3.36 Algorithm MaxiMUMRECOVERY runs in exponential time, and on input M =
(R1, Ra, X), where 3 is a finite set of st-tgds, it computes a maximum recovery of M.

Proof. From Proposition 3.34, it is straightforward to conclude that algorithm MaxiMmumMREcOVERY
runs in exponential time. Assume that M’ = (Ry, Ry, ") is the output of the algorithm
MaximumREcovery with input M. In order to prove that M’ is a maximum recovery of M,
we first show that M’ is a recovery of M, that is, we prove that for every instance S of Ry, it holds
that (S, S) € Mo M.

Let S be an instance of Ry and let T be the canonical universal solution for S under M. Next,
we show that (T, S) € M/, from which we conclude that (S, S) € M o M’ since (S, T) € M. Let
o € I'. We need to show that (T, §) = o. Assume that o is of the form ¥ (X, y) A C(X) — a(X),
and that a is a tuple of values from T such that T = 3y (¢ (a, y) A C(a)). We need to show
that § = «(a). Consider the conjunctive query Q(x) defined by formula 3y ¥ (X, y). Since C(a)
holdsand T =3y ¥ (a, y), we obtain thata € Q(T'). Thus, from the results about query answering
proved in Section 2.4 and the fact that T is the canonical universal solution for S under M, we
obtain that a € certainp(Q, S). Consider now the query Q'(x) defined by formula «(x). By the
definition of algorithm MaximumRECOVERY, we have that Q' is a rewriting of Q over schema Ry,
and then certainp(Q, S) = Q'(S). Thus, we have that a € Q’(S), and then S = «(a), which was
to be shown.

Given that M’ is a recovery of M and Dom(M) = InsT(Ry), we know from Proposition
3.26 that M’ is a maximum recovery of M if M o M’ o M C M. Next, we show that if (51, $2) €
M o M/, then SoLpa((S2) € Sora(S1), from which we conclude that M o M" o M C M. To see
why this is the case, let (S, T) € M o M’ o M. Then there exist instances 71, R; of Ry and Ry,
respectively, such that (S, 71) € M, (T1, S1) € M’ and (S1, T) € M. Then given that (S, ;) €
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M o M, we have by hypothesis that SoLa((S1) € Sorpy(S). Thus, from the fact that (S1, T) € M,
we conclude that (S, T) € M, which was to be shown.

Let (51, S2) € M o M’, and T* an instance of Ry such that (S, T7*) € M and (T*, $) €
M. We need to prove that SoL(S2) € SorLaq(S1). To this end, assume that T € Sorpy(S2). Next,
we show that T € Sorp((S1). Let 0 € ¥ be a dependency of the form ¢(x) — Iy ¥ (X, y), and
assume that S1 = ¢(a) for some tuple a of constant values. We show next that 7' = 3y ¥ (a, y).
Given that S; = ¢(a), we have that for every T’ € SoLaq(S1), it holds that 77 =3y ¢ (a, y). In
particular, it holds that 7* = 3y ¥ (a, y). By the definition of algorithm MaximumREcovVERY, we
know that there exists a dependency ¥ (x, y) A C(x) — «(x) in I" such that «(X) is a rewriting of
3y ¥ (x, y) over Ry. Then since T* |= 3y ¥ (a, y), a is a tuple of constant values, and (T*, S2) = T,
we know that > = a(a). Now consider the queries Q(x) and Q' (x) defined by formulas 3y v (x, ¥)
and «/(X), respectively. Since S = a(a), we know that a € Q'(S>). Furthermore, we know that
Q'(82) = certainp(Q, S2), and then a € certainp(Q, S2). In particular, since T € SoLpaq(S2), we
know thata € Q(T), from which we conclude that T = 3y ¥ (a, ). We have shown that for every
o € X of the form ¢(x) — Iy ¥ (x, y),if S1 = ¢(a) for some tuple a, then T = 3y ¥ (a, y). Thus,
we have that (S1, 7) = X, and, therefore, T € SoLa(S1). This concludes the proof of the theorem.
O

Example 3.37 Let Ry be a schema consisting of a unary relation P and a binary relation R, Rj be
a schema consisting of a binary relation 7' and M = (Ry, Rz, X), where X is a set of dependencies
consisting of the following st-tgds:

P(x) — T(x,x),
Rx,y) — T(x,y).

In order to compute a maximum recovery M’ = (Ry, Ry, I') of M, algorithm MaximumREcOVERY
first computes a source rewriting of target query 7 (x, x):

P(x)V R(x, x),
and it adds dependency
T(x,x)ACx) — P(x)VR(x,x) (3.13)
to I". Then it computes a rewriting of target query 7' (x, y) (see Example 3.35):
(P(xX) Ax =y)V R(x, ),
and it finishes by adding dependency
Tx,)ANCx)AC(H) — (Px)Ax=Yy)VR(x,y) (3.14)

to I'. Given that (3.14) logically implies (3.13), we conclude that the mapping specified by depen-
dency (3.14) is a maximum recovery of M. O
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From Theorem 3.36 and Proposition 3.32, we conclude that algorithm MaximumREcoVERY can also
be used to compute Fagin-inverses.

Corollary 3.38  Ler M = (Ry, Ry, X), where X is a finite set of st-tgds. If M is Fagin-invertible,
then on input M, algorithm MaxiMuMRECOVERY computes a Fagin-inverse of M.

One of the interesting features of algorithm MaxiMumRECOVERY is the use of query rewriting, as
it allows one to reuse in the computation of the inverse operator the large number of techniques
developed to deal with the problem of query rewriting. However, one can identify one drawback in
this procedure. Algorithm MaximumRECOVERY returns mappings that are specified by dependencies
that extend st-tgds with disjunctions in the right-hand side. Unfortunately, this type of mappings
are difficult to use in the data exchange context. In particular, it is not clear whether the standard
chase procedure could be used to produce a single canonical target database in this case, thus making
the process of exchanging data and answering target queries much more complicated. Therefore, it is
natural to ask whether the use of disjunction in the output language of algorithm MaximumRECOVERY
can be avoided and, in particular, whether the maximum recovery of a mapping specified by st-tgds
can be specified in the same mapping language. We conclude this section by giving a negative answer
to this question not only for the notion of maximum recovery but also for the notion of Fagin-inverse.

Proposition 3.39  There exists a mapping M = (Ry, Ry, ) specified by a finite set % of st-tgds that
is Fagin-invertible but has no Fagin-inverse specified by a finite set of tgds.

Proof. Let Ry be a schema consisting of a unary predicate A and a binary predicate B, Rj a schema
consisting of unary predicates D, E and a binary predicate F', and ¥ a set consisting of the following
st-tgds:

Ax) — D(x),
Ax) — F(x,x),
B(x,y) — F(x,y),

B(x,x) — E(x).

It is possible to prove that M is Fagin-invertible but has no Fagin-inverse specified by a finite set
of tgds. O

Proposition 3.39 shows that the language of tgds is not closed under the notion of Fagin-inverse.
By combining this result with Proposition 3.32, we conclude that the same holds for the notion of
maximum recovery.

Corollary 3.40  There exists a mapping M = (Rq, Ry, X) specified by a finite set X of st-tgds that has
no maximum recovery specified by a finite set of tgds.
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3.4

SUMMARY

* The semantics of the composition operator for schema mappings can be defined as the usual

composition of binary relations.

* There exist two mappings specified by finite sets of st-tgds whose composition is not even

definable in first-order logic, let alone by st-tgds.

* Thelanguage of second-order tuple-generating dependencies is the right language for handling

the composition of mappings. First, it is closed under composition. Second, every mapping
from this class arises as the composition of several mappings based on st-tgds.

* The key issue in the study of the inverse operator for schema mappings is to provide a good

semantics for it.

* A mapping M’ is a Fagin-inverse of a mapping M if the composition of M with M’ is equal

to the identity mapping. There exists a mapping specified by a finite set of st-tgds that does
not admit a Fagin-inverse.

* The main goal behind the notion of recovery is to give a formal definition for what it means

for a mapping M’ to recover sound information with respect to a mapping M. A maximum
recovery is a recovery that brings back the maximum amount of sound information.

* The notions of recovery and maximum recovery were introduced to overcome some of the

3.5

limitations of Fagin-inverses. In particular, every mapping specified by a finite set of st-tgds
admits a maximum recovery.
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CHAPTER 4

XML Mappings and Data
Exchange

4.1 XML DATABASES

We begin this chapter by introducing formally an abstract model of XML databases. In this model,
data are organized into trees, and queries are expressed with patterns. Compared to the relational
model, the tree model gives more opportunities for expressing structural properties of data even
with simple queries based on patterns. On the other hand, schemas impose strong conditions on the
structure of source and target instances, entering into complex interactions with source-to-target
dependencies, which makes consistency one of the central issues in XIML data exchange.

4.1.1 XML DOCUMENTSAND DTDS

Just as relations are abstractions of tables, trees are abstractions of XML documents. Let us look at a
concrete example, shown in Fig. 4.2. In this tree, europe, country, and ruler are node labels. They
come from a finite labeling alphabet and correspond to relation names from the classical setting. The
values given in parentheses are so called daza values, and they come from a possibly infinite set (in our
example, the set of strings over a finite alphabet). Thus each country-node and each ruler-node
has an a#tribute that stores a data value.

Formally, we view XML documents over a labeling alphabet I" of element types and a set of
attributes A#¢ as structures

T = <U, \L’ -, lﬂb, (,Oa)aEAtz‘>,

where

/ e \
country country
(Scotland) (England)
ruler ruler ruler ruler ruler ruler ruler

(James V) (Mary I) (James VI & I) (Charles I) (Elizabeth I) (James VI & I) (Charles I)

Figure 4.1: An XML tree.
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* U is an unranked tree domain: that is, a finite subset of N* (the set of strings of natural
numbers) that is prefix-closed, and if n - i € U, thenn - j € U forall j < i (these strings are
nodes of a tree: if n is a node tree with m children, then those children are represented by the
stringsn - 0,...,n - (m — 1)),

* the binary relations | and — are the child relation (n | n - i) and the next sibling relation
n-i—>n->G0+1))
* lab : U — T is the labeling function; and

* each p, is a partial function from U to Const, the domain of attribute values, that gives the
values of a for all the nodes in U where it is defined.

A DTD D over I' with a distinguished symbol r (for the root) and a set of attributes A## consists
of a mapping Pp from I' to regular expressions over I' — {r} (one typically writes them as produc-
tions £ — e if Pp(¢) = e), and a mapping Ap : ' — 241 that assigns a (possibly empty) set of
attributes to each element type. We always assume, for notational convenience, that attributes come
in some order, just like in the relational case: attributes in tuples come in some order so we can write
R(ay, ..., ay).Likewise, we shall describe an £-labeled tree node with n attributes as £(ay, ..., a,).

A tree T conforms toa DTD D (written as T = D) if its root is labeled r, the set of attributes
for a node labeled ¢ is Ap(£), and the labels of the children of such a node, read left-to-right, form
a string in the language of Pp (£).

For example the tree from Fig. 4.1 conforms to the following DTD Dy

europe — country” country : @name
country — ruler® ruler : @name

where the left column lists the mapping Pp, and the right column lists the mapping Ap. By con-
vention we omit e-productions on the left, and empty sets on the right.

We shall also refer to a class of nested-relational DT Ds; as the name suggests they generalize
nested relations. In such DTDs, all productions are of the form ¢ — .. £, where all £;’s are
distinct labels from and ¢; is either ¢; or £ or £l+ or £;? = {;le. Moreover, such DTDs are not
recursive, i.e., the graph in which we put an edge between £ and all the ¢;’s for each production has
no cycles. An example of a nested-relational DTD is D considered above.

Nested-relational DTDs are very common in practice: some empirical studies suggest that
they cover about 70% of real-world DTDs. As we will see shortly, many computational problems
become easier for them.

4.1.2 EXPRESSING PROPERTIES OF TREES

Let us return to the example from Fig. 4.1. Observe that information is represented by means of
data values, as well as the structure of the tree. For instance, the edge between the node storing
Scotland and the node storing Mary I represents the fact that Mary I ruled Scotland. The value
Charles I appearing twice informs us that Charles I ruled both Scotland and England. The node
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storing Mary I coming directly after the node storing James V corresponds to the fact that Mary I
succeeded James V on the throne of Scotland. This already suggests the querying features we need
to extract information from XML trees: child, next sibling, and their transitive closures: descendant,
Jfollowing sibling. It is also necessary to compare data values stored in different nodes.

Given the developments of the preceding chapters, a natural query language for XML trees is
the family of conjunctive queries over XML trees viewed as databases over two sorts of objects: tree
nodes and data values. Relations in such representations include child, next sibling, and relations
associating attribute values with nodes.

To avoid the syntactically unpleasant formalism of two-sorted structures, conjunctive queries
on trees are best formalized by means of tree patterns with variables for attribute values. Nodes are
described by formulae £(x), where £ is either a label or the wildcard _, and X is a tuple of variables
corresponding to the attributes of the node. For each node a list of its children and descendants is
specified, together with (partial) information on their order.

Formally, tree patterns are given by the following grammar:

T o= L(x)[A] patterns
A= oe|pl /A A sets (4.1)
W o= w|m—pulxr—*u sequences

We shall abbreviate £(x)[e] to just £(X), £(X)[r] to £(X)/m, and £(xX)[//7] to £(x)//7. We write
7 (%) to indicate that X is the list of variables used in 7. For instance,

m1(x) = europe[//ruler(x)],
ma(x, y) = europe[country[ruler(x) — ruler(y)]]

can be shortly written as

71 (x) = europe//ruler(x),
my(x, y) = europe/country[ruler(x) — ruler(y)].
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The semantics of patterns is defined by means of the relation (7', s5) = 7 (a), saying that  (X)
is satisfied in a node s of a tree T when its variables ¥ are interpreted as a. It is defined inductively
as follows:

(T, s) = L) iff s islabeled by £ (or £ = _) and a is the tuple of
attributes of s;

(T,s) Et@Ir, 22l it (T,s) E@[r]and (T,s) | L@)]ra];

(T,s) = L@ iff (T,s) = £(a) and (T, s") = u for some s’ with s | s/;
(T,s) = L@l//7] iff (T,s) = 4£(a)and (T, s") = 7 for some descendant s’ of s;
(T,s) = — 1 iff (T,s) =mand (T,s’) = u for some s’ with s — s;

(T,s) = —*pu iff (T,s) =mand (T,s') = u for some s’ with s —* 5.

Observe that semantically “sets” in tree patterns are literally sets: for a node satisfying £(a)[A1, A2],
the nodes witnessing A1 are not necessarily distinct from the ones witnessing A.

For a tree T and a pattern 7, we write T = n(a) iff (T, r) = m(a), that is, patterns are
witnessed at the root. This is not a restriction since we have descendant // in the language, and
we can thus express satisfaction of a pattern in an arbitrary node of a tree. We also denote the set
{a| T Em@}byn(T).

If T is the tree from Fig. 4.1,

m1(T) = {James V, Mary I, James VI & I, Charles I, Elizabeth I} ,
m2(T) = {(James V, Mary I), (Mary I, James VI & 1), (James VI & I, Charles I),
(Elizabeth I, James VI &5 1)} .

Observe that the patterns already can express equalities between data values by simply repeating
variables. For instance

europe[country/ruler(x) —* country/ruler(x)]

lists the rulers that ruled more than one country (—* is the transitive closure of —, not reflexive-
transitive). Inequalities have to be added explicitly. To keep the setting uniform, we also allow explicit
equalities.

Generalized tree patterns are expressions of the form 7 (X) A a(X), where 7 () is a tree pattern
and «(X) is a conjunction of equalities and inequalities among variables x. The semantics is naturally
extended:

T =n()Aa(@) iff Tk na(a)and a(a) holds.

For example the pattern
europe[country[ruler(y) — ruler(x)], country[ruler(z) — ruler(x)]] Ay # z

expresses the fact that x succeeded two different rulers, y and z.
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From now on, whenever we write pattern, we mean genem[ized tree pattern. The non-
generalized tree patterns are referred to as pure patterns.

Classification of patterns. Inour analysis, we often consider patterns with a restricted set of available
axes and comparisons. We denote classes of patterns by I1(o ), where o is a signature indicating which
axes and comparisons are present. We refer to the usual navigational axes as |, (child), | * (descendant),
— (next-sibling), —* (following-sibling). Equality and inequality requires some explanation. Having
# in o means that we can use conjuncts of the form x # y in the patterns; having = in o means
that we can use explicit equalities x = y in patterns, as well as reuse variables. If = is not in o, we
are only allowed to reuse variables in inequalities (if # is in o) or nowhere at all. We also specify if
_ (wildcard) can be used or not. If not, only £(x) with £ € T are allowed.

Abbreviations. To save space, we often write || for the pair (|, |*), and = for the pair (—, —%).

A pure tree pattern can bC Seen as a tree-like structure
S]Z = (Ua \l/v ¢*7 _)a _>*a lﬂb, T, K)),

where U is the set of (occurrences of) sub-patterns of 7 of the form £(x)[A], with /24 and p
naturally defined as /a6 (£(X)[A]) = £ and p(£(X)[A]) = X.The relation | contains all pairs 1, w2 €
U such that the set under the head of 1 contains a list that contains 7, i.e., w1 = £(X)[X, u ~
7 ~ ', A'], where ~» is — or —*, and all A, 2, u, u' can be empty. Similarly, (771, 72) €} * iff
1 = L(X)[A, [/, M, (711, m2) €— iff 7w contains (syntactically) 71 — 72, and (71, m2) €—* iff
7T contains 1] —* 1.

Under this interpretation, there exists a natural notion of homomorphism. Let T = (U, |,
,—>, laby, r1, p1). A homomorphism between 7w and T is a function that maps U into Uy, and the
variables of 7 into the attribute values of T such that for all 1, w2 € U the following conditions
hold:

() =1

. if lab(my) # _, then lab(mwy) = laby (h(my));

. if7T1 N 0) in Sy, then h(my) ¥ h(mp) in Ty;
Lifmyp ¥ o in Sy, then A(my) ¥ h(mp) in Ty

. if 1y — 7wy in Sy, then h(wy) — h(my) in Ty;

[©2 NS B S ON S

. if my —* mp in Sy, then h(mr)) —* h(m) in T7;
7. if p(1) is not empty sequence, then h(p (1)) = p1(h(my)).

Note that while in 7' the relations |* and —* are externally defined as transitive closures of |, and
—,in Sy, they are built-in relations. In fact, | N {*= @ and — N —*= ¢J, but all four relations can
be extended in such a way that the structure becomes a proper tree.

For a generalized pattern 7 = g A o, a homomorphism from 7 to T is a homomorphism
from g to T such that
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1. for every equality x = y in &, h(x) = h(y);
2. for every inequality x # y in o, h(x) # h(y).

In either case, we write i : 1 — T instead of the more formal h : S, — T.
An immediate observation is that the semantics of tree pattern satisfaction can be stated in
terms of homomorphisms:

Lemma4.1 T |= 7 iff there exists a homomorphism fromm to T.

We now look at basic decision problems related with satisfiability and evaluation of patterns. We
start with data and combined complexity of evaluating tree patterns. For data complexity, we fix a
pattern 77, and we want to check for a given tree T and a tuple @ whether T = (a). For combined
complexity, the question is the same, but the input includes 7', a and 7.

Since patterns are essentially conjunctive queries over trees, the data complexity is in Locspace
(and the bound cannot be lowered in general, since transitive closures of | and — may have to be
computed). And since they are nicely structured conjunctive queries, the combined complexity is
tractable as well. More precisely, we have:

Proposition4.2  The data complexity of evaluating tree patterns is LoGSPACE-complete, and the combined
complexity is in PTIME.

Proof. Take a tree pattern 7, a valuation a and a tree 7. Checking that T |= w[a] can be done in
PrimE by a bottom up evaluation of the sub-patterns of w[a]. The idea is to annotate each node
v with a set ®(v) containing the sub-formulae of 7 [a] satisfied in v. More precisely, if v is a leaf
labeled with o and storing a tuple b, let ®(v) contain all sub-patterns of 7[a] of the form o’ (b),

with o’ € {0, _}. If v is an internal node labeled with o, having children vy, vy, ..., vk, and storing
a tuple b, let @ (v) contain all sub-patterns of 7 [a] of the form o’ (b)[r1, Ao, ..., Ap] satisfying
o’ €fo,_},

* for each A; = //m there exists a node v; such that //m € ®(v;) or 11 € p(v)),

s foreach A; = ) ~»| mp ~»2 ...~ 7, there exists asequence | <nj <np <...<n, <
k such that w; € ®(vy;), and if ~;j=— thennji; =n; + 1 forall j,

and all sub-patterns of [a] of the form //m; satisfying 71 € ®(v;) or //m € ®(v}) for some j.
‘ves” iff w[a] € ®(e), where ¢ is the root of the tree.
Let us now consider the data-complexity. Tree patterns can be viewed as first order queries

The answer is *

over signature extended with descendent and following-sibling, and so can be evaluated in LoGspack,
provided we can evaluate descendant and following-sibling tests in Logspack. This can be done since
the next-sibling relation graph has the out-degree at most one, and for the child relation graph, the
same holds if we only reverse edges. Logspace-hardness follows from the hardness of reachability
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Figure 4.2: A homomorphism from r[//a, //b/c, //e] into a tree and its support.

over successor-relations; hence, even evaluating r[a —* b], over a tree of depth 1, is Logspace-hard.
Od

The next problem is the satisfiability for tree patterns. Its input consists of a DTD D and a pattern
7(¥); the problem is to check whether there is a tree T that conforms to D and has a match for 7

(ie., 7(T) £ ).

Theorem 4.3  The satisfiability problem for tree patterns in NP-complete.

Proof. We shall need the following notion. The support of a homomorphism & : 7 — T, denoted
supp A, is the subtree of T obtained by removing all nodes that cannot be reached from range of 4
by going up, left, and right. For example, consider a tree pattern r[//a, //b/c, //e]. This pattern is
satisfied by a tree T given in Figure 4.2 with the obvious homomorphism 4 which appropriately
assigns sub-formulae to the encircled nodes. To obtain supp &, we remove all nodes except from
ancestors of the nodes from the range of 4, and their siblings. The result is shown in Figure 4.2.

Now we show that for each pattern 7 satisfiable with respect to a DTD D over T, there exists
a homomorphism from 7 to some T conforming to D with O(|z|| - | D|) support. Take an arbitrary
T conforming to D and satisfying . Let 2 be a homomorphism from 7 to 7. Divide the nodes of
supp & into four categories: the nodes from the image of & are red, the nodes that are not red and
have more than one child that is an ancestor of a red node (or is red itself) are green, the others are
yellow if they are ancestors of red nodes, and b/ue otherwise. For example, in Figure 4.2, the encircled
nodes are red, a is green, a3 is yellow, and a4 is blue. Let Nied, Ngreen, Nyellow, and Npjue be the
numbers of red, green, yellow, and blue nodes.

By definition, Nyeq < [7]|. Also Ngreen < [7|: when going bottom-up, each green node de-
creases the number of subtrees containing a red node by at least one, and since we arrive at the root
with one subtree containing a red node, Ngreen < Nred. By 2 pumping argument, we may assume that
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all yellow paths in supp & are not longer than |A| < | D|. Similarly, all blue sequences of siblings in
supp h are not longer than the maximal number of states in the automata representing the regular
expressions in D, which can also be bounded by |D|. The number of (maximal) yellow paths is
at most Nied + Ngreen. Hence there are at most 2|7 || - | D yellow nodes. Since all blue nodes are
siblings of nodes of other colors, the number of (maximal) blue sequences of siblings is at most
2(Nred + Ngreen + Nyellow) < 47| - (1D + 1) and so Npye < 4l7| - (D] + )| D|. Altogether,
we have at most 2|7 |(| D] + DQ|D| + 1) < 12|7]| - | D|? nodes.

Now, to decide satisfiability, first guess a polynomial support and a homomorphism. Verifying
the homomorphism is polynomial in the size of the formula and the support, hence it is polynomial.
Verifying that the support is actually a restriction of a tree conforming to D requires a consistency
check, which amounts to checking if a given word is in the language defined by a given regular
expression and checking if a regular expression defines a nonempty language (for the labels of yellow
nodes). Both these checks can be done in polynomial time.

To get NP-completeness, we do a standard 3CNF SAT reduction. In fact, we only use
patterns from IT({,_) without variables. Take a formula ¥ = /\];:1 ZJl. % Z? \% Z;f with Z; €
{x1,x2, ..., Xn, X1, X2, ..., %X,}. Consider a DTD D

r— X1X2 - Xp
xi — {C; | 30z = xi{(C; | 3Z6 = &) l<i<n

over the alphabet {x1, x2, ..., x4, C1, C2, ..., Ci}. In the second rule, interpret each set as a con-
catenation of all its elements.

The labels C; are intended to correspond to Z} \Y% ZJZ- \Y Z?. Each tree conforming to D
encodes a valuation of all variables x;: for each x;, it stores either all conjuncts made true by assigning
1 to x; or all conjuncts made true by assigning 0 to x;.

The satisfiability of Y is equivalent to the satisfiability of the patternr[_/Cy, _/Ca, ..., _/Ck]
with respect to D. O

4.2 XML SCHEMA MAPPINGS

XML schema mappings resemble relational mappings. Like before, each mappings consists of a
source schema, a target schema, and a set of source-to-target tuple generating dependencies re-
lating the two schemas. In the XIML context, relational schemas are naturally replaced by DTDs.
Dependencies use patterns instead of CQs.

Definition 4.4  An XML schema mapping is a triple M = (D;, Dy, X;), where Dy is the source
DTD, D; is the target DTD, and Xy, is a set of st-tgds of the form

m(x,y) — Ia'(x,2)

where 7 and 7’ are (generalized) patterns.
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Given a tree S that conforms to Dy and a tree T that conforms to Dy, we say that T is a so/ution
for S under M if (S, T) satisfy all the st-tgds from Xy, i.e., for everyst-tgd n(x,y) — Jzn'(%,2)
in ¥, whenever S = 7(a, b), there exists a tuple of values ¢ such that T = 7'(a, ¢). We denote
the set of all solutions under M for S by Sor ().

The semantics of M is defined as a binary relation

[M] = {(S.T) | SEDs, TED; T eSom(9}.

Example 4.5 Let D be the familiar DTD

europe — country” country : @name
country — ruler® ruler : @name
and let D; be
rulers — ruler® ruler : @name
ruler — successor successor : @name

Assuming the rulers are stored in the chronological order on the source side, a natural schema
mapping M might be defined with the following st-tgd:

europe[ruler(x) — ruler(y)] — rulers/ruler(x)/successor(y).

A natural solution for 71, shown in Fig. 4.1, is the tree 75 in Fig. 4.3. As we already know, every tree
obtained from 75 by adding new children with arbitrary data values, or by permuting the existing
children, is also a solution for Tj. For instance, 73 in Fig. 4.3 is as good a solution for 77 as any. O

The XML mappings we have just defined naturally generalize the usual relational mappings.
If we have relational schemas Rg and Ry, they can be represented as DTDs Dy and D;: for example,
for Rg = {S1(A, B), $2(C, D)}, the DTD Dy has rules r — 51, 52; 51 — t]; 52 — 15, as well as
11, 1, — &, with 7; having attributes A, B, and 1, having attributes C, D. Then each conjunctive
query over a schema is easily translated into a pattern over the corresponding DTD together with
some equality constraints. For example, S1(x, ¥), S2(y, z) will be translated into

rlsi/ti(x, y1), s2/t2(y2, 21, y1 = y2.

Of course, equalities can be incorporated into the pattern (i.e., by r[s1/71(x, y), s2/22(y, 2)1), but
as we said, we often prefer to list them separately to make classification of different types of schema
mappings easier. Note also that these patterns use neither the descendant relation nor the horizontal
navigation nor inequalities.
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rulers

ruler ruler ruler ruler
(James V) (Mary I) (James VI & I) (Elizabeth I)
successor successor successor successor
(Mary I) (James VI & 1) (Charles I) (James VI & I)

(a) T»: a solution for T}

rulers

ruler {ruler *ruler
(James V) (Mary I) (James VI € I) (Louis XIIT) (Elizabeth I)
successor successor successor successor successor
(Mary I) (James VI € I) (Charles I) (Charles I) (James VI €& I)

(b) T3: another possible solution for T}

Figure 4.3: Solutions for 71 under M

Classification of schema mappings We often need to restrict the features available in st-tgds. Using
the notation for patterns, we write SM(IT(o7), I1(02)) to denote the class of mappings where source
side patterns come from IT(o7) and target side patterns come from IT(07). To keep the notation as
light as possible, we usually just write SM(o71; 02), and SM(0) if o1 = 02 = 0.

For reasons to be explained shortly, we work extensively with nested relational schema mappings,
i.e., schema mappings whose target DTDs are nested relational. By SM™ (071; 02), we denote the
class of nested relational schema mappings in SM(o1; 02).

Ifwe use the standard XML encoding of relational databases, then relational schema mappings
fall into the class SM™ (|, =).

We also write SM° (071 ; 02) for mappings where st-tgds in X; do not mention attribute values,
i.e., where all pattern formulae are of the form £[A]. These will be useful for establishing hardness
results, telling us that structural properties alone make certain problems infeasible.

We now move to the complexity of schema mappings and, just like for patterns, consider two
flavors of it.

* Data complexity of schema mappings is the data complexity of the membership problem: For a
fixed mapping M, check, for two trees S, T, whether (S, T) € [M].
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s Combined complexity of schema mappings is the combined complexity of the membership prob-
lem: Check, for two trees S, T and a mapping M, whether (S, T') € [M].

Compared to patterns, the data complexity remains low; the combined complexity jumps to the
second level of the polynomial hierarchy, but the parameter that makes it jump there is the number
of variables in st-tgds. If we fix that number, even the combined complexity is tractable.

Theorem 4.6  For XML schema mappings
o the data complexity is LoGSPACE-complete;
* the combined complexity is Hg ~complete;

* the combined complexity is in PTIME if the maximum number of variables per pattern is fixed.

Proof. (1) Checking if a given tree conforms to a DTD amounts to checking if the sequence of
children of every node belongs to the language given by the appropriate regular expression. This can
be done in Logspack if the DTD is fixed.

Let us now see how to check if S and T satisfy a single constraint 7 (x, y) — 3z 7'(xX, ).
Letx =x1,x2,...,Xk, Y = ¥1,¥2,...,Ve,and Z = 21, 22, . .., Zm. Let A be the set of data values
used in S or 7. We need to check that for each @ € A¥ and each b € A? such that S = 7[a, b]
there exists ¢ € A" such that T = 7r'[a, ¢]. Since the numbers k, €, m are fixed (as parts of the fixed
mapping), the space needed for storing all three valuations is logarithmic in the size of S and T'. Using
Proposition 4.2, we obtain a Locspack algorithm by simply iterating over all possible valuations a,
b, and é. Locspace-hardness is shown in the same way as in the proof of Proposition 4.2.

(2) Checking conformance to DTDs can be done in PriMe. Let us concentrate on verifying
the dependencies. Consider the following algorithm for the complementary problem: guess a de-
pendency 7 (%, ¥) — 3z 7/ (%, 7) and tuples &, b, and check that S |= 7(a, b) and T [ 37 7' (@, 7).
By Proposition 4.2, the first check is polynomial. The second check, however, involves a tree pattern
possibly containing variables, so it can only be done in coNP. Altogether, the algorithm is in I15.
Hardness can be obtained via a reduction from the validity of IT, quantified boolean formulae.

(3) Proceed just like in (1). The numbers of variables per pattern is bounded, so there are only
polynomially many possible valuations. Hence, we may iterate over all of them using algorithm from
Proposition 4.2 to check S = 7|a, bland T = n'[a, €. O

4.3 STATIC ANALYSIS OF XML SCHEMA MAPPINGS
4.3.1 CONSISTENCY

As we already mentioned, XML schema mappings may be inconsistent: there are mappings M so
that [M] = ¥, i.e., no tree has a solution. In addition to consistent mappings, in which some trees
have solutions, we would like to consider mappings in which ewvery tree has a solution. These are very
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desirable for a variety of reasons: not only are we guaranteed to have possible target documents for
every possible source, but the property is also preserved when we compose mappings.

We start by analyzing consistency. We say that a mapping is consistent if [M] # @; that is, if
SoLp(S) # @ for some S = Dy. The main problem we consider is the following:

ProsLem: Cons(o)
Ineut: A mapping M = (Dy, Dy, 5) € SM(0)
Question:  Is M consistent?

If we use SM°(0) instead of SM(o) (i.e., if we use mappings in which attribute values are not
mentioned at all), we denote the consistency problem by Cons®(0).

In the consistency analysis, several tools from automata theory are useful. We recall them now
briefly. We assume that the reader is familiar with the notion of finite automata on words. We write
NFA and DFA for non-deterministic and deterministic finite automata. If A is an automaton, then
L(A) is the language accepted by it. Recall that, given a regular expression e, constructing an NFA
A, with L(A,) = L(e) can be done in polynomial time. Finding an equivalent DFA can be done
in exponential time via the well known powerset construction.

A nondeterministic (ranked) finite tree automaton (NFTA) on binary node-labeled trees
over alphabet I is defined as A = (Q, qo, 8, F) where Q is the set of states, go € O, F € Q and
§:T x O x Q0 — 29 is the transition function. Given a binary tree 7, a run of A on T is a function
pA: T — O thatassigns states to nodes. For aleaf s labeled a, we require that p4(s) € §(a, g0, 90),
and for a node s labeled a with two children s1 and 52, we require that p4(s) € 8(a, p.a(s1), p.A(52)).
A tree T is accepted if there is a run p 4 such that p 4 (root) € F.Given an NFTA A, testing whether
L(A) = ¥ can be done in time linear in the size of A. Nonuniversality of A (testing whether there
is a tree not accepted by \A) is Exprime-complete.

An unranked nondeterministic finite tree automaton (UNFTA) on ordered unranked node-
labeled trees over alphabet I' is defined as A = (Q, 8, F) where Q is the set of states, F € Q and
§:0 x T — 22" is the transition function such that 8(q, a) is a regular language for every s € Q
and a € I'. Given an ordered unranked tree 7, arun of A on T is again a function p4 : T — Q that
assigns states to nodes. If s is a node whose children are s1, . . ., s, ordered by the sibling relation as
§1 = ... —> Sy, then the word p4(s1) ... pA(sp) over Q must be in §(pA(s), a). In particular, if s
is a leaf, then a run can assign a state ¢ to itiff ¢ € L(8(q, a)). A tree T is accepted if there is a run
pA such that p4(root) € F. An automaton is deterministic if every tree admits only one run.

The standard representation of UNFTAs uses NFAs for transitions, that is, § maps pairs
state-letter to NFAs over Q. It is known that testing nonemptiness is again polynomial-time [ Neven,
2002]. If an automaton is deterministic and furthermore all transitions are represented by DFAs,
then we refer to UFTA(DFA).

DTDs can naturally be represented by tree automata. We shall consider DTDs without
attributes. Such a DTD D over a set E of element types is represented by an automaton Ap,
in which the set of states is £, and § (¢, £) is defined to be an automaton for P(¢), and §(¢, £') = @,
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otherwise, and F' = {r}. In exponential time, one can determinize the automata representing regular
expressions in productions and obtain an equivalent UFTA(DFA).

As tree automata do not look at data values at all, we cannot hope to do the same for general
tree patterns; we need to assume the patterns do not talk about data values either.

Lemma4.7  Forevery pattern 7w without variables, one can compute in exponential time a UFTA(DFEA)
Az such that L(Az) ={T | T = ).

Proof. We construct A, by induction on the structure of . If 7 = € with £ € T" U {_}, the claim
follows easily. Assume we have an automaton A; = (Q, 8, F) for 7. To obtain A/, add a fresh
state f, set 8/7(f,a) = Q*(F U{f})Q* for every a € I' (the equivalent DFA has two states),
8" (q,a) =8(q,a) N (Q — F)* for every a € I', g € Q (equivalent DFAs grow by at most one
state), and F//™ = F U {f}.

The last case is that of m = £[1t1, .. ., tn]. Let us first construct an automaton for £[u] with

p=(m — = ) > (M1 = = Thy) =5 = (g, 41— > T,

Assume that we have already constructed Ay, = (Q;, §;, Fj) for each ;. The state space of Ay, is
0=01x Q02 x--x Q, x{T, L} Consider the language M defined by the regular expression

OQ*(F\Fs -+ Fi) Q* (Fiy 41 Fiy 2 - - - Fi,) 0% - - - O (Fyy 41 Fiyp 142 -+ Fiy) OF

where Fj ={(q1,.--. qk,+1) € O | g; € Fj}. It is not difficult to construct a NFA with O(k,,)
states recognizing M; standard determinization gives an equivalent DFA B with 20%») states.
Agu)’s transition relation is now defined as

8((g. ), a) = (81(q1, a) x 82(q2, @) X - - X 8, (qk,» @) x {T, LH N K

where K =M ifs =T,a=1{(or£ =_),and K = Q* — M, otherwise. Each such transition can
be represented by a product of automata By, ..., BB, and B (or its complement), where B are single
exponential in |77 ||, and B is single exponential in k,,. Since |7 | is roughly Z?:l I7 ], the size of
the product automaton 1_[’}1:1 IB;1 - I1B]l is single exponential in || |. The accepting states are those

with T as the last component. In order to obtain an automaton for £[ut1, 2, . .., iyl it suffices to
take the product of Ay, .
Verifying that the construction is single exponential is left to the reader. O

The tools we have developed can be applied directly to the consistency problem.

Proposition 4.8  Cons®({, |*, —, =%, ) is ExpTIME-complete.

Proof. For a mapping (D;, Dy, X;) to be consistent, there must exist a pair (77, T2) such that for all
¢ = ¥ € Xy it holds that T} = ¢ implies 7> = . Suppose Xy = {¢i — Vi | i=1,2,...,n}L
Then the existence of such a pair is equivalent to the existence of asubset I C {1, 2, ..., n} satisfying
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* there exists 71 = Dy such that Ty = ¢; forall j & I,

* there exists T» = D; such that T = v; foralli € I.

This amounts to nonemptiness of the following automata:
° ADX X nj¢[ A(pj,
® AD, X Hjel ij.
The construction of each A, takes exponential time. Since A, are deterministic, complementing
them is straightforward. Testing nonemptiness of Aj X - -+ x Ay can be done in time O(|A]| x
- x |Ag|). Hence, the overall complexity is ExpTiME.

To prove Exprime-hardness, we provide a reduction from the nonuniversality problem for tree
automata. The idea of the encoding is that the source tree codes both an input tree and the run of
the corresponding deterministic powerset automaton. The st-tgds ensure that the run is constructed
properly, and that it contains only non-final states in the root.

Let I' = {ay, ..., ax} be the alphabet, and let A = (Q, qo, §, F) where O = {qo. . ... qn}.
The source DTD Dy is

r,left, right — 1labelgp...q, (leftright |leaf)
label — ajlax| ... |ag
q1,.92,--.,qn — Yyes|no

and the target DTD D; is simply r — «.

In every tree conforming to Dy, the nodes labeled with r, left and right form a binary
tree over which we run the powerset automaton. A g;-child should lead to a yes iff the state of the
powerset automaton contains ¢;. This is ensured by the st-tgds

//_lqk/no, label/a;, left/q;/yes, right/q;/yes] — L for qx € 8(ay, q;, q;)

where L is a fixed pattern inconsistent with Dy, e.g., r/r. Similarly, we enforce that every state, in
which A can be after reading a leaf with a given label, is a yes-state:

//_lqk/no, label/a;, leaf] — L for g € 8(ay, qo, q0)-
Finally, we check that in the root of the run only non-finite states are present:
r/qx/yes —> L forgr € Q — F.
The obtained mapping is consistent iff there is a tree not accepted by A. g

Using a very simple observation, we can immediately extend the algorithm presented above to the
case with variables, provided that data comparisons are not allowed.

Theorem 4.9  The problem Cons({, |*, —, =%, _) is solvable in EXpTIME (and thus it is EXpTIME-
complete).
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Proof. In the absence of data comparisons, we can simply “forget” about the data values. For a tree
pattern 77, let 7° denote a tree pattern obtained from 77 by replacing all subformulae of the form €(7)
with £, for £ being a label or _. Let X3, = {n] — 75 | (mr1 — Jzmp) € Xy} It is not difficult to
see that (Dgs, Dr, X) is consistent if and only if (Dg, Dr, Xg,) is consistent. O

The high complexity of consistency is discouraging, but it turns out that we can ensure
tractability by allowing only nested-relational DTDs. Unfortunately, this works for downward nav-
igation only, once we add even the simplest form of horizontal navigation (— ), we lose tractability.
We leave the proof of the following proposition as an exercise.

Proposition 4.10  Under restriction to nested-relational DT Ds
» Cons({, ", ) is solvable in polynomial (cubic) time;
« Cons({, |*, =) is Pspace-hard.

We now move to classes of schema mappings that allow comparisons of attribute values. It is common
to lose decidability (or low complexity solutions) of static analysis problems once data values and
their comparisons are considered. Here we witness a similar situation: having either descendant or
next-sibling, together with either = or #, leads to undecidability of consistency.

Theorem 4.11 Each of the following  problems is undecidable:  Cons({, |*, =),
Cons({. ¥, #), Cons(}, =, =), and Cons(}. —. ).

Proof. We only prove undecidability of Cons({, |*, =). The remaining cases are left as an exercise.
We describe a reduction from halting problem of 2-register machine, which is known to be unde-
cidable. That is, given a 2-register machine (defined below), we construct a schema mapping that is
consistent iff the machine halts. Trees encoding runs of a 2-register machine will be of the form:

Intuitively, the left branch is meant to represent sequence of states with data values representing
registers while the right one is a sequence to represent natural numbers. We do not have any equality
test against a constant (say, a natural number). So, what we really do is simulate values by the depth
from the root. More concretely, 0 and 1 above might as well be ff and b. Whatever they are, we simply
take the value at the Oth level as 0 and the 1st level as 1, and so on. The above tree can be easily
described by a DTD. To make sure it is a proper run of the given machine, we use st-tgds to check
that the registers change their values according to legal transitions.




82 4. XML MAPPINGS AND DATA EXCHANGE

Let us now describe the reduction in detail. A 2-register machine M consists of a set of states
0 ={1,2,..., f},alist of instructions Z = (I; ’ i € O\ {f}) (one instruction for each state apart
from the last state f),and two registers r; and r2, each containing a natural number. An instantaneous
description (ID) of M is a triple (i, m, n) where i € Q and m, n € N are natural numbers stored in
r1 and rp, respectively.

An instruction of 2-register machine is either increment or decrement, and defines the transition
relation — »; between IDs.

increment I; = (r, j),wherei € Q andrisone ofrj and rp. This means that M in state i increments
r and goes to state j:

. (jym+1,n) ifr=rp,
(i,m,n) =y ]
(jym,n+1) ifr=ry.

decrement [; = (r, j, k), where i, j, k € Q and r is one of the two registers. This means that M in
state i can test whether r is 0, and go to state j if it is, or decrement r and go to k if it is not.
In symbols,

(j,0,n) ifr=riandm =0,
) (j,m—1,n) ifr=rjandm #0,
(i,m,n) -y ,

(j,m,0) ifr=randn =0,

(

Jom,n—1) ifr=ryandn #0.

The initial ID is (1, 0, 0) and the final ID is (f, 0, 0). The halting problem for 2-register
machine is to decide, given a 2-register machine M, whether (1, 0,0) —73, (f, 0, 0).

Let us now describe how to construct a mapping, which is consistent iff the given machine
halts. The source DTD Dy over the alphabet {r, I1, I», ..., Ir, R, 1} is given by

r — I]R
I — I; for all i such that I; = {r, j)
I; — Ij|I  foralli such that I; = (r, j, k)
R — R|t
Ip, 8 — ¢

where each I; has two attributes corresponding to the values of the registers, and R has one attribute.
The target DTD Dy is simply {r — &}. The st-tgds Xy, are described below.

As mentioned above, the sequence of R’s is meant to be that of natural numbers, but what
represents a number is the depth in the tree instead of a value itself. In other words, the data values
are used as indices, so they must be unique. The following disallows two values to appear more than

once.

//R(X)//R(x) — L
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Let us now deal with the left branch, which is meant to encode the run itself. We have assumed that
the initial ID is (1, 0, 0); the constraints below exclude other situations.

rlIi(x,y), //R/R(x)] — L
rlh(x,y), //R/R(y)] — L

Now, let us check that we proceed correctly. For each i such that I; = (r, j), we need to enforce
that there is a number in the R-branch to set the value of r| to, and that the next configuration is
indeed obtained by increasing ry.

rl//1i(x, y), //R(x)/8] — L
rl// e, /1Y), J/Rx) /R — x' =x", y' =y
For each i such that I; = (r1, j, k), we need to say: if the next state is k, then ry stores 0, and both

registers stay the same; if the next state is j, then r; does not store 0, the register ry gets decreased,
and ry stays the same.

rl// e, /I, y), R = x=x", x' =x, y' =y
rl//1i(x, y)/1j, R(x)] — L
rl// e, /1Y), /R /R — x' =x", y' =y
For each i such that I; = (ra, j) or I; = (r2, j, k) we add analogous st-tgds.
Finally, we have to make sure that we end properly. In each source tree, the left branch must
end with /¢, so we do not need to check that. It is enough to say that both registers are set to 0.

The obtained mapping (Dy, Dy, ) is consistent iff there is a halting run of the given 2-register
machine. Thus we have proved that Cons({*, =) is undecidable. O

This result raises the question whether there is any useful decidable restriction of the consistency
problem. Again, nested-relational DTDs give us a decidable restriction, but only for downward
navigation.

Theorem 4.12  Under the restriction to nested-relational DTDs:

e the problem Cons({,, |*, =, #, _) is NEXPTIME-complete;
* the problem Cons(|,, —, =) is undecidable.

The lower bound for Cons({, |*, =, #, _) is obtained via a reduction from Bernays-Schénfinkel
satisfiability problem, i.e., satisfiability of first order formulae of the form

14

k
EESIERRE= b 5T 4 /\ \/ Ciaj’
i=1j=1
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where C;; is an atom or a negated atom. The upper bound is obtained by providing single exponential
trees (S, T) witnessing consistency. A modification of the 2-register machine reduction gives the

undecidability result.

arbitrary DTDs nested relational DTDs

CONS (§,-) EXPTIME-complete PTIME

CONS ({,=,9) EXPTIME-complete PSPACE-hard

(even for CONS ({},—))
CONS (I},=,9) undecidable NEXPTIME-complete

(even with #)
CONS (§,=,=,9) undecidable undecidable
ABCONS ({},.) in EXPSPACE; PTIME for ABCONS()
NEXPTIME-hard

Figure 4.4: Complexity of consistency problems

4.3.2 ABSOLUTE CONSISTENCY

We now switch to a stronger notion of consistency. Recall that a mapping is consistent if some tree
S that conforms to the source DTD Dy has a solution. We say that M is absolutely consistent if every
tree T that conforms to the source DTD Dy has a solution. That is, SoLaq(S) # @ for all S = D;.
We consider the problem:

ProBrem: AsCons(o)
InpuT:  Mapping M = (Ds, D¢, E5) € SM(0)
Question:  Is M absolutely consistent?

Reasoning about the complexity of absolute consistency is significantly harder than reasoning
about the consistency problem. We know that Cons({}) can be easily reduced to Cons®({}). However,
eliminating data values does not work for absolute consistency. Indeed, consider a mapping with the
source DTD r — a*, a — ¢ and the target DTD r — a, a — ¢, with a having a single attribute.
Let the st-tgd be r/a(x) — r/a(x).This mapping M is not absolutely consistent: take, for example,
a source tree with two different values of the attribute. But stripping M of data values, i.e., replacing
the st-tgd by r/a — r/a, makes it absolutely consistent.

Thus, we cannot use purely automata-theoretic techniques for reasoning about absolute con-
sistency, even for downward navigation. In fact, the above example indicates that to reason about
absolute consistency even in that case, we need to reason about counts of occurrences of different
data values.
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Nevertheless, let us first look at the case ABCons®({}), i.e., checking absolute consistency of
mappings M® in which all references to attribute values have been removed. Slightly surprisingly,
it has lower complexity than Cons®({}).

Proposition4.13  AsCons®({}) s I—Ié7 —complete.

Proof. The set of dependencies Xy, is of the form {7; — 7/};e1, where patterns have no variables.
To check consistency of such a mapping, we need to check whether there existsaset J < I so that D,
and all the JTJ’-, J € J are satisfiable, while Dy together with the negations of i, k & J, are satisfiable.
This makes consistency Exprime-complete (see Proposition 4.8). For absolute consistency, we only
need to verify that there does not exist J C I so that Dy and 7, j € J, are satisfiable but D; and
'}, j € J, are not. Notice that absolute consistency eliminates the need for checking satisfiability
of negations of patterns. Since satisfiability of patterns and DTDs is in NP, the above shows that
absolute consistency of mappings M° is in 1'157 . Proving hardness is an instructive exercise. O

As suggested by the example, the problem becomes much harder if we allow variables:

Theorem 4.14  AsCons({}) is decidable. In fact, the problem is in ExpsPACE and NEXPTIME-hard.

The proof of this result is based on rather involved analysis of a data structure that counts possible
numbers of occurrences of attribute values. The lower bound does not match the upper bound, but
it does tell us that any algorithm for solving ABCons({}) will run in double-exponential time, and
hence will be impractical unless restrictions are imposed.

Restrictions to nested-relational DTDs often worked for us, but in this case, they alone do
not suffice: we shall also need to forbid _ and | *. If we relax any of the restrictions, the complexity
goes back to Nexprime-hardness:

Theorem 4.15  Ower nested relational DTDs the problem AsCons({) s solvable in PTiME. If the
mappings are allowed to use either the wildcard or the descendant, the problem becomes NEXpTIME-hard.

An abridged summary of the complexity results related to the consistency problem is given in Fig. 4.4.

44 EXCHANGE WITH XML SCHEMA MAPPINGS
4.41 DATA EXCHANGE PROBLEM

The ultimate goal of data exchange is to answer queries over target data in a way consistent with
the source data. Just like in the relational case, we study conjunctive queries and their unions. As we
have learned, it is convenient to work with tree patterns, which have very similar expressivity. Thus,
for querying XIML documents we use the same language as for the dependencies: tree patterns with
equalities and inequalities, to capture the analog of relational conjunctive queries (with inequalities).
And, of course, we allow projection.
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That is, a query Q is an expression of the form
Ay n(x, y),

where 7 is a (generalized) tree pattern. The semantics is defined in the standard way. The output of
the query is the set of those valuations of free variables that make the query hold true

o) =1{a|TEIyn@ i} .

This class of queries is denoted by CTQ_ (conjunctive tree queries). Note that CTQ_ is indeed
closed under conjunctions, due to the semantics of A, 2" in patterns.

We also consider unions of such queries: UCTQ_ denotes the class of queries of the form
Q1(X)U---U Q@ (X), where each Q; is a query from CTQ_. Like for schema mappings, we write
CTQ_(0)andUCTQ_(0) foro < {|, |*, —, =%, =, #, _} to denote the subclass of queries using
only the symbols from o . Recall that we are using abbreviations |} for (|, |*) and = for (—, —%).

Example 4.16  Recall the mapping defined in Example 4.5. Suppose we want to find out which
rulers succeeded more than one other ruler. This can be expressed over the target schema by the
following conjunctive query MultiSucc:

dx Jy rulers[ruler(x)/successor(z), ruler(y)/successor(z)]Ax # y.

Just like in the relational case, the query might return different answers on different solutions to a
given source tree. For instance, for the source tree 77 shown in Fig. 4.1, two possible solutions are
T> and T3 shown in Fig. 4.3. On T, the query MultiSucc returns {James VI & I”}, and on T3 the
answer is { James VI & I”, “Charles I'’}. O

What is the right answer to a query then? Since the queries return tuples of values, we can simply
adapt the certain answers semantics from the relational case. For a mapping M, a query Q, and a
source tree S conforming to Dy, we return the tuples which would be returned for every possible
solution:

certainp (Q, S) = ﬂ {Q(T) ‘ T is a solution for S under M} .

The subscript M is omitted when it is clear from the context.
In our running example,

certainpg(MultiSucc, Ty) = {James VI &I} .

Note that when Q is a Boolean query, certainp(Q, S) is true if and only if Q is true for all the
solutions.

We are interested in the following decision problem, for fixed M and Q:
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ProBLEM: CERTAINA((Q)
InpuT: 2 source tree S, a tuple §
QuesTioN:  § € certainpg(Q, S) ?

We have seen that in the relational case certain answers problem for CQs with inequalities is in
coNP. In the XML setting, it is also the case, but the proof is more involved. Below, we only give a
sketch of the main ideas.

Proposition 4.17  For every schema mapping M from SM{}, =, =, #) and every query Q from
UCTQ_({, =, =, #), the problem cErTAIN A((Q) is in cONP.

Proof idea. Take a query Q € UCTQ_%, an XML schema mapping M = (Dy, D;, ), and a
source tree S conforming to Dy. Without loss of generality, we can assume that Q is Boolean.

Let A be the set of data values used in S. We can assume that the tuple § only uses data values
from A (otherwise, the query is trivially false). A tree conforming to the target DTD is a solution
for S iff it satisfies every sentence from the following set:

®={Em@ 2| (mE y) - FZmE,2) e By, ac A be AV, S =@, b)}.

(Note that for a fixed mapping the set ® can be computed in Prime.) The certain answer to Q is
false iff there exists a tree T such that T = D,, T = ®, T & Q. Assume that there exists such
a counter-example 7. Fix a set of nodes witnessing ®. We will show that we can trim most of the
non-witnessing nodes without satisfying Q, or violating D, so that T becomes polynomial.
Consider a first order logic formula equivalent to Q, and let k be its quantifier rank. The
k-type of a node is the set of all FO formulae it satisfies. It is known that there are only finitely many
nonequivalent FO formulae of any given quantifier rank. In consequence, there are only finitely
many different k-types. Since k depends only on the query, we have a fixed number of k-types.
Now, roughly, for any pair u, v of non-witnessing nodes with the same FO k-type, we cut the
nodes in-between and merge u, v (provided that cutting neither removes any witnessing node nor
leads to violation of the DTD). Cutting this way, vertically and horizontally, we make sure all the
witnesses are not too far apart, and the resulting tree has polynomial size. O

The certain answers problem easily becomes coNP-hard. In the next two subsections, we chart its
tractability frontier: we investigate the reasons for hardness and isolate a fairly expressive and natural
tractable case.

4.4.2 HARDNESS OF QUERY ANSWERING

In this section, we investigate coNP-hard cases of certain answers problem. The reasons for hardness
may come from three main sources: DTDs, st-tgds, and queries.

Let us first consider DTDs. It can be shown that for SM({, =) and CTQ_({,, =), there is
a dichotomy in the first parameter: if D'TDs allow enough disjunction, the problem is coNP-hard,
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otherwise, it is polynomial. Without giving the precise characterization of the class of mappings that
gives hardness, we show how simple these mappings can be.

We will give examples of an XML schema mapping M and a Boolean query Q such that
3SAT is reducible to the complement of cerTaINA((Q), i.¢., for each 3SAT instance ¢

certainp(Q, Sy) is false iff ¢ is satisfiable,

where Sy, is a tree encoding of ¢ described below.
Suppose we are given a 3-CNF formula ¢ = A]_, \/3’= | Cij, where ¢;; is a literal. The tree
encoding, S, is best explained on a concrete example. A formula (x1 V —x3 V x4) A (x2 V X3 V —xg)

/T\v\\v

¢ C
JIN /I 02 ea 60 @8

Ly Ly Ls L1 Lo Ls
@ 6 @ @ 6B ©®

is encoded as

Each V node has two attribute values encoding a variable and its negation with two different values.
For example, V (1, 2) indicates that x; is encoded by the data value ‘1’ and —x1 by 2’. Also for each
clause in the formula, we have a C node that has three children labeled L;, L», L3. L; holds the
data value encoding the ith literal in the clause. In the example above, the second literal of the first
clause is —x3, and hence the data value of L under the middle C node is ‘6’.

Let us first see that disjunction in DTDs leads to intractability. In accordance with the en-
coding above, let Dy be

r— C*Vv* V: @aq, @ap
C — LiLy)Ls Li: @b

where i = 1, 2, 3. The target DTD D; is defined as

r— C*'V* V:@a, @a
C— LiLyLj L;: @b
Li — K | N

where i = 1,2, 3. The st-tgds X; simply copy the tree S, in the target, guessing a K -node or an
N-node under each L;-node:

r/C[L1(x), L2(y), L3(z)] = r/C[L1(x), L2(y), L3(2)],
r/Vix,y) - r/V(x,y).

K means that the literal is set to true, N means it is set to false . Now we need to check that
either a variable and its negation is set to true, or there is a clause with all literals set to false. This
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is done by the following query:

J3x3y r[V(x. y). C/Lix)/K. C/Lj(y)/K]Ur/CILI/N, Ly/N, L3/N]
i,j

Next, we show that setting a fixed number of children (greater than 1) with the same label can lead
to intractability. This time, the mapping itself is defined so that a solution for S, corresponds to a
selection of (at least) one literal for each clause in ¢. The query only asks if the selection contains a
variable and its negation. Thus the existence of a solution falsifying the query implies the existence
of a well-defined (partial) assignment that satisfies the formula ¢.

The source DTD Dy is as before, and target DTD Dy is:

r— C*Vv* V. @ap, @ap
C— LLL L: @b
L — K?

The st-tgds Xy, are:

r/C[Ly(x), L2(y), L3(z)] — r/C[L(x), L(y), L(z), L/K],
r/Vx,y) —r/V(x,y).

Essentially, we copy S, in the target, and with a K-child we indicate the chosen literals. As we
demand that in each clause at least one literal is chosen, a solution gives a valuation satisfying the
formula, provided that we have chosen consistently. This is verified by the query, which is defined as

Ax3y r[V(x,y), C/L(x)/K,C/L(y)/K].

Clearly, the query is true if a variable and its negation are chosen.

The examples above involve a lot of guessing on where patterns could be put in a target tree.
If the mapping is specific enough, this is not possible. In terms of DTDs, this restriction is well
captured by the notion of nested relational DTDs (for instance, there is no explicit disjunction).
Thus, in the analysis of the remaining two parameters, we will be assuming that the DTDs are
nested-relational.

Guessing can also be enforced by the second component of the problem: wildcard and de-
scendant cannot be allowed in the st-tgds if we aim for tractability.

Proposition 4.18  There exist mappings My € SM™ (|, _, =) and M> € SM™({, |*, =) and
queries Q1, Q2 € CTQ_({, =), such that both cERTAINA, (Q1) and CERTAIN A, (Q2) are coNP-
complete.
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Proof. The coNP upper bounds follows from Proposition 4.17. Below we prove the lower bound
for the first claim. The proof for the second claim can be obtained by replacing _ with | *.

The reduction is very similar to the one used in the second example, only the selection of
literals for each clause is done by permuting the data values in the L;-children: we choose the literal
encoded by the data value stored in L.

Thus, the source D'TD Dy remains the same, the target DTD D; is equal to Dy, the st-tgds
2 are

r/C[L1(x), L2(y), L3(2)] = r/C[_(x), _(¥), _(2)],
r/Vx,y) = r/V(x,y).

and the query is 3x3Jy r[V(x, v), C/Li(x), C/L](y)]. O

In the next section, we will see that the sibling ordering and inequality in st-tgds does not cause
trouble. Now, let us move to the analysis of the query language.

One lesson learned from the relational case is that inequality in the query language leads to
coNP-hardness. Since the usual translation from the relational setting to the XIMIL setting produces
mappings from SM™ (|, =), we have the following result.

Corollary 4.19  There exist a schema mapping M € SM™ (|, =) and a query Q in CTQ_({, =, #)
such that CERTAIN A((Q) 15 coNP-complete.

Similarly, allowing any form of horizontal navigation in queries leads to intractability even for the
simplest mappings.

Proposition 4.20 There exist a schema mapping M from SM™(|), and two queries
01 €CTQ.({,—.=),00 € CTQ_({, =%, =), such that both cERTAIN A ( Q) and cERTAIN A((Q2)
are cONP-complete.

Proof. The proof is almost identical as for Proposition 4.18. The mapping uses the same Dy. The
target DTD D; is

r— C*Vv* V: @ap, @ap
C > L* L: @b

and the st-tgds X, are

r/CIL1(x), L2(y), L3(2)] = r/C[L(x), L(y), L(2)],
r/V(x,y) = r/V(x,y).

Intuitively, we choose the literal having more than two following siblings. Since each C node has
at least three L children, clearly at least one literal is chosen for each clause. The query Qg is just
dxIy r[L(x, v),C[L(x) > L — L],C[L(y) > L — L]]. Replacing — with —* gives 0>. O
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We have seen that if we stick to child-based mappings, we cannot extend the query language. But
perhaps we can find a more suitable class of mappings? Observe that the mapping in the proof above
is very imprecise: the queries use horizontal navigation, and yet the mapping does not specify it at
all. It might seem a good idea to demand more precision, for instance, by allowing only a[b — c] or
alc — b], but not a[b, c]. Unfortunately, the reduction above can be modified to obtain hardness
for such mappings too. Sibling order in queries inevitably leads to intractability.

In summary, if certain answers are to be tractable, the DTDs should be simple enough,
mappings should not use descendent nor wildcard, and queries should not use horizontal navigation
nor inequality.

What sense does it make to use sibling order in the mapping if we cannot ask queries about
it? Our running example shows how one can meaningfully use sibling order on the source side and
store the result on the target side as labeled tuples. In fact, the semantics of the mappings makes it
impossible to copy from the source to the target ordered sequences of children of arbitrary length.
Hence, whatever we encode on the target side with sibling order, we can equally well encode using
labeled tuples, provided we have a little influence on the target DTD. Thus, forbidding horizontal
navigation in the target database and queries, we do not lose much in terms of expressiveness.

4.4.3 TRACTABLE QUERY ANSWERING

In this section, we show a polynomial time algorithm for computing certain answers for mappings
from SM™ (], =) and queries from UCTQ_({, | *, _, =). The methods we develop can be extended
to SM™ (|, —, =%, =, #).To simplify notation, we also assume that each leaf has a single attribute,
and internal nodes have no attributes. Removing this assumption poses no difficulties.

The approach, just like in the relational case, is via universal solutions. Recall that U is a
universal solution for S under M if it is a solution for S, and for each other solution T, there is a
homomorphism from U to T preserving data values used in S. The following lemma carries over
from the relational case.

Lemma4.21  If U is a universal solution for a source tree S under a mapping M, and Q isa query in
UCTQ. (., V¥, =, =", _, =), then for every tuple a

a € certainp(Q, S) < a € QU).

Fix a tree S and a mapping M = (Dy, Dy, Xy). Consider the following set of partially valuated tree
patterns

Asm={¥@2) | p& y) — ZY(E.2) € Ty, and S = 9@, b)} .
Rename variables in Ag A so that every pattern uses disjoint sets of variables. Let 85 4(Z) be the
pattern obtained by merging at the root all patterns from the modified Ag aq. A straightforward
check gives the following property.

Lemma4.22 T € Sopm(S) <= T = D;andT = 3765 m(2)-
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In light of this simple observation, constructing a universal solution for S under M € SM™ (|
, =) amounts to finding a “universal” tree satisfying a child-based pattern 7 (with equalities) and
conforming to a nested relational DTD D. To this end, we construct a pattern 7’ such that

» forevery T,if T =D then T =n iff T =7/,
e 7/ viewed as a tree conforms to D.

We construct this pattern by means of two operations, called completion and merging.
The aim of the completion is to extend tree patterns with all the nodes required by the DTD.
As the given pattern uses only |, and DTDs are nested relational, this can be done in a unique way.
Fora DTD D, and a tree pattern ¢, construct cpl, (¢) inductively as follows: if o is a leaf, let

cplp(o) =0 (y),

where y is a fresh variable; if o is not a leaf, let

CplD(G[l/fl’ R l[’k]) = O[CPID(]/fl)v cet CPID(l/fk)s CplD(T1)1 ] CPID(Tm)] ’

where 71, . .., T, are all the letters 7 such thatec — ...7... oroc — ...t ... and no formula of
the form 7[A] occurs among ;. Note that different occurrences of o are be completed with different
variables.

It is fairly easy to see that the completed formula is equivalent to the original one.

Lemma4.23  Let D be a nested relational DTD, and let ¢ be a tree pattern. For each T |= D and each
a

T =) iff T I=cplyela,c) forsomec.

The second operation is called merging. For a given ¢, it produces an equivalent formula ¢ that
admits injective homomorphisms in trees conforming to the given DTD. Merging nodes introduces
equality constraints on data values, and so the result of the procedure will be a single tree pattern
together with a conjunction of equalities. For a given nested relational DTD D and a tree pattern ¢,
we will construct mrg, (¢) inductively, adding new equalities to the global set E along the way. If
at some point we arrive at an inconsistency between ¢ and D, we output an unsatisfiable pattern L.
In the beginning the set E is empty. To obtain mrg, (o[, ..., ¥x]) proceed as follows.

1. Foreach t such thate — ...7... oro — ...7?..., merge all the V;’s starting with 7, i.e.,

(a) if 7 is a leaf, remove from the sequence V1, ..., ¥ all the formulae starting with t, say
7(t1), ..., T(ty), save from one, say (1), and add equalities | = t2, ..., =t to E,
(b) if 7 is not a leaf, remove from the sequence ¥q, . .., Y all the formulae starting with 7,

say T[n1], ..., T[7m], and add a formula mrg, (t[71, ..., 1 ]).
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2. Replace all the remaining subformulae v; with mrg,, (¥;).

3. Return L if either of the following holds

(a) some ; is of the form p[7] with p not present in the production for o,
(b) E contains an equality between two different constants,

(c) one of the recursive calls returned L.
4. Return the obtained tree pattern and the equalities from E.

Keep in mind that every recursive call to mrg adds equalities to E.
For a pattern with equalities 7, 0, let mrg (77, 0) = ', E A 0, where mrg,(7) =, E.
Again, proving that the new formula satisfies the required properties is straightforward.

Lemma4.24  Let D be a nested relational DTD, and let ¢ be a tree pattern (with equalities).
1. Foreach T |= D and for all a

TEe@ iff Tk mgye@.

2. If ¢ is satisfiable wrt D, mrg [, (¢) admits injective homomorphisms in trees conforming to D.
The property we postulated follows.

Lemma4.25  Let ¢ be a pattern (with equalities) satisfiable wrt a nested-relational DTD D.

* Forevery T = D and everya
T =) of T E=mrgy(eplye)(a,c) forsomec.

* mrg,(cpl,@) viewed as a tree conforms to D

Let us now return to the construction of a universal solution. Recall the pattern 85, com-
bining all right hands of st-tgds. Define ns s = mrg), (cplp, 87, 01). Without loss of generality,
we can assume that 1g ¢ is a pure tree pattern. Indeed, if an equality says that v = ¢, replace each
occurrence of v with ¢, and remove this equality.

Lemma 4.26  For a every mapping M from SM™ (|, =) and source tree S, the pattern ns pm viewed

as a tree 1s a universal solution.

93
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Proof. Let U be ng, ap viewed as a tree, with variables interpreted as new data values (nulls). Ob-
viously, U |= 3z n(z). By Lemma 4.25, U = 3u §s pm (1) and U |= Dy. Using Lemma 4.22, we
conclude that U is a solution.

To show that it is universal, take some solution 7. By Lemma 4.25, T = 3z s am(Z), and
so there exists a homomorphism from ng aq to T. As U and ng a are isomorphic, this gives a
homomorphism from U to T, and proves universality of U. O

From Lemma 4.21 and Proposition 4.26, we immediately get the promised tractability result.

Corollary4.27  Forevery M € SM" (|, =) and Q € UCTQ_({, |*, _, =), CERTAIN 0 (Q) 75 com~
putable in polynomial time.

4.5 SUMMARY

* In XML schema mappings, analogs of st-tgds state how patterns over the source translate into
patterns over the targets.

* Conditions imposed by XML schemas on the structure of target instances can contradict
conditions imposed by st-tgds. This makes consistency of XIML schema mappings an issue
even without target dependencies.

* The consistency problem is undecidable in general; in fact, the key feature that leads to un-
decidability is the ability to impose (in)equality of data values by the mappings. Without
this ability, the consistency problem is solvable in exponential time (which is reasonable for
problems at the level of schema mappings, not data), and there are useful tractable cases.

* Query answering, even for XML analogs of relational conjunctive queries, can be intractable
(coNP-complete, to be exact), and is tractable only under the following restrictions:

1. mappings that use nested-relational DTDs and patterns with child navigation and equal-
ity comparisons only; and
2. queries that use downward navigation (child, descendant), wildcard, and equality com-

parisons.

* In this restricted case there is a polynomial-time algorithm that builds a universal solution for
a given tree. Then certain answers can be computed by evaluating the query in that solution.
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4.6 BIBLIOGRAPHIC COMMENTS

Tree patterns as they are presented here were introduced by Arenas and Libkin [2008], and fur-
ther extended with horizontal axes and data comparison by Amano et al. [2009]. The patterns were
introduced originally to represent conjunctive queries [Bjérklund et al., 2007, 2008; Gottlob et al.,
2004]. It should be noted, however, that to have the full expressive power of conjunctive queries,
one should allow DAG patterns, as it is done by Bjérklund et al. [2008]. David [2008] considers
a different kind of semantics based on injective homomorphisms. Expressing injective patterns as
CQs requires inequality on node variables. Satisfiability and evaluation of tree patterns is essentially
folklore as it appeared in many incarnations in the literature on tree patterns and XPath satisfia-
bility [Amer-Yahia et al., 2002; Benedikt et al., 2005; Bjérklund et al., 2008; Hidders, 2003]). The
presented proof is by Amano et al. [2009].

Systematic investigation into XIVIL data exchange was initiated by Arenas and Libkin [2008],
who considered mappings based on restricted patterns disallowing horizontal navigation and data
comparisons. Those features were added by Amano et al. [2009]. Nested relational DTDs are con-
sidered by Abiteboul et al. [2006]; Arenas and Libkin [2004, 2008]. Empirical studies on their usage
are reported by Bex et al. [2004].

Query answering problem for child-based XML mappings was already considered by
Arenas and Libkin [2008], who gave a detailed complexity analysis. The influence of sibling or-
der and data comparisons was studied by Amano et al. [2010].

For basic information on tree automata, their decision problems and their complexity, see the

survey by Comon et al. [2007].
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