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Abstract

Xyleme is a huge warehouse integrating XML data of the Web. Xyleme considers a simple data model

with data trees and tree types for describing the data sources, and a simple query language based on tree
queries with boolean conditions. The main components of the data model are a mediated schema modeled

by an abstract tree type, as a view of a set of tree types associated with actual data trees, called concrete tree

types, and a mapping expressing the connection between the mediated schema and the concrete tree types.

The first contribution of this paper is formal: we provide a declarative model-theoretic semantics for

Xyleme tree queries, a way of checking tree query containment, and a characterization of tree queries as a

composition of branch queries. The other contributions are algorithmic and handle the potentially huge size

of the mapping relation which is a crucial issue for semantic integration and query evaluation in Xyleme.

First, we propose a method for pre-evaluating queries at compile time by storing some specific meta-
information about the mapping into map translation tables. These map translation tables summarize the set

of all the branch queries that can be generated from the mediated schema and the set of all the mappings.

Then, we propose different operators and strategies for relaxing queries which, having an empty map

translation table, will have no answer if they are evaluated against the data. Finally, we present a method

for semi-automatically generating the mapping relation.
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1. Introduction

The rapid growth of structured documents (e.g., XML pages) available online raises the need
for building integration systems that provide a uniform access to multiple and heterogeneous tree-
structured data. A data integration system enables users to pose queries through a mediated
schema, thus freeing them from having to interrogate each source separately, and to deal with the
heterogeneity of their schema. The mediated schema is intended to reconcile the schemata of the
sources into a uniform virtual view. To answer queries, the data integration system uses mappings

between the mediated schema and the schemata of the data sources in order to translate a user
query into a set of queries on the data sources. In the recent years, considerable research has been
done about data integration for structured (relational or object oriented) data sources
[3,11,14,20,21], but also for semi-structured data sources [8,13].
In particular, the Xyleme project [2,25,26] is building a warehouse for storing all the XML

documents of the Web, and for providing querying facilities based on tree-structured mediated
schemata [10]. This very wide-area integration of XML sources raises challenging scalability

problems concerning source heterogeneity, the size of the mediator mapping relation and querying
performances. Xyleme provides original solutions to these issues. The system architecture and the
design choices are motivated by ‘‘Web search engine’’-like performance requirements, i.e., sup-
porting many simultaneous queries over a Web-scale XML repository. The choice of a simple tree
structure for mediated schemata results in a uniform modeling setting that makes possible the
Web scaling up of the approach. The simplicity of the mapping relation (correspondences between
tree paths) eases automatic mapping generation and distributed storage. The query language is
intended to enable end-users to express simple Query-by-Example tree queries over the mediated
schema. Xyleme optimizes such tree queries to get very efficient response time.
In this paper, we elaborate on two main aspects of Xyleme: the semantic integration and the

resulting querying process. Semantic integration is based on a mapping relation between paths of
the abstract tree type modeling the mediated schema and paths of concrete tree types serving as
schemata for data trees. Querying process is centered on a tree query language: users queries are
abstract tree queries that must be conform to the abstract tree type. Query evaluation is a two step
process: using the mapping relation, a translation process transforms the abstract tree query into a
set of concrete tree queries, which are then evaluated against the data trees stored in the repository.
The first contribution of this paper is formal: we provide a declarative model-theoretic

semantics for Xyleme tree queries, a way of checking tree query containment, and a characterization
of tree queries as a composition of branch queries.
The other contributions are algorithmic and handle the potentially huge size of the mapping

relation which is a crucial issue for semantic integration and query evaluation.
First, we propose a method for pre-evaluating queries at compile time by storing some specific

meta-information about the mapping into map translation tables. These map translation tables
summarize the set of all the branch queries that can be generated from the mediated schema and
the set of all the mappings. Based on these map translation tables, we provide an algorithm for
getting a direct translation of a query into queries against the data sources. Then, we propose
different operators and strategies for relaxing queries which, having an empty map translation
table, will have no answer if they are evaluated against the data. In a data integration setting, since
the schemata of the data sources are hidden to end-users, queries with no answer may happen
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quite frequently. Relaxing such queries is interesting because the answers to relaxed queries have
good chance of bringing information that is relevant to the original query.
Finally, we present a method for semi-automatically generating the mapping relation. For

setting up semantic integration in Xyleme, the main difficulty comes from the very large number
of data sources handled by Xyleme. As a consequence, the number of concrete data trees that
have to be mapped to the abstract tree type makes impossible that the mapping relation is
manually defined by some database administrator. We have therefore studied how to generate the
mapping relation as automatically as possible, by combining syntactic, semantic and structural
criteria. A prototype has been implemented and evaluated in the cultural domain.
The paper is organized as follows. Section 2 presents an overview of the Xyleme project. The

tree-based model and its formal semantics are described in Section 3. In Section 4, we present a
method for pre-evaluating the queries, based on the construction of map translation tables. In
Section 5, we address the problem of query relaxation. The method for semi-automatically gen-
erating the mapping relation is presented in Section 6. Finally, Section 7 is a short conclusion.

2. An overview of the Xyleme project

Xyleme is an initiative of INRIA which involves the following participants: the VERSO group
of INRIA, the IASI research group of the LRI at the Paris-South university, the Vertigo research
group of CNAM in Paris and a research group of the university of Mannheim. This project has
been initiated in September 1999. The goal was to look for innovative solutions for Web infor-
mation retrieval, assuming that the XML language will become a standard for data representation
and exchange on the Web.

2.1. Xyleme architecture

The Xyleme project deals with data integration when data sources are XML documents. All
XMLdocuments are stored in a repository. In this way, the system is efficient evenwhen several data
issued from distributed sources must be combined to answer queries. A semantic module plays the
role of interface between end-users and XML documents which, by definition, come from several
sources and are semantically heterogeneous. Fig. 1 presents the overall architecture of the system.

• The repository and index manager module is the lowest level in Xyleme. It enables to store and
index XML documents.

• The acquisition and Crawler module inspects the Web and collects all the XML documents,
which are loaded in the repository by the Loader module.

• The change control module is responsible of specific functionalities, such as monitoring of doc-
ument changes, version management and subscription of temporal queries.

• The semantic module provides a homogeneous integrated and mediated schema on the hetero-
geneous XML documents stored in the repository.

• The query processor module enables to query the XML repository as a database. In particular,
it translates a query in terms of the semantic layer into another one computable on the stored
documents.
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A general presentation of Xyleme is given in [26]. In this paper we focus on the semantic
module and the translation of abstract queries. A presentation of the other modules can be found
in [15,17,19].

2.2. The semantic module

The aim of the semantic module is twofold: (i) to provide an homogeneous mediated schema
over the repository, in order to allow a natural expression of queries for the user without having
to be aware of the structure and the syntax of the actual DTDs describing the documents; (ii) to
define the connection between this semantic module and the actual data described by the DTDs of
the XML documents in the repository, in order to make possible query processing.
The semantic module provides a simple description of domains (e.g., culture, tourism) in the

form of an abstract tree type. An abstract tree type can be considered as an abstract merger of the
DTDs associated with the set of XML documents of some domain. Fig. 2 shows a fragment of an
abstract tree type in the cultural domain. The label of the root is the domain name (Culture).
The internal nodes are labelled with terms that represent either concepts of the domain (Art,
Architecture, Cinema) or properties of those concepts (Name, Title).
There are two main reasons for the choice of representing a mediated schema as a tree. First, it

must be compatible with a real XML DTD, because it is intended to be the schema of all the XML
documents of the domain. Next, the mediated schema must be simple enough, because it is the
support of the visual query interface tool, intended to be used by non-programmer users. The
links between a node and its sons in the abstract tree type have no strict semantics. They may
correspond to a relation of specialisation between concepts, or to a relation of composition, or
simply express different viewpoints on a concept. A link also exists between a concept and a
property of it. We do not distinguish between those different types of links. In other words, a node
labelled with a term E2 being a son of a node labelled with E1 just means that the term E2 has to be
interpreted in the scope of meaning of E1. Thus, the different occurrences of a same term do not
have the same meaning. This is obvious for terms that represent properties (e.g., Name can appear
different times, and may represent the name of different entities), but it is also the case for terms

Fig. 1. Xyleme architecture.

270 C. Delobel et al. / Data & Knowledge Engineering 44 (2003) 267–298



representing concepts (e.g., Author under Movie means director, while Author under
Painting means painter).
Such representations are very simple and structured. They enable end-users to build semantic

queries from different viewpoints in an easy and natural way, using both the vocabulary and the
structure of the abstract tree type. This provides a homogeneous and simple user interface for
querying a very large amount of heterogeneous XML documents stored in the repository. Using
this interface, end-users must be able to obtain relevant answers for queries.
For this, Xyleme has to identify the XML documents concerning each query issued against the

semantic module. This requires the creation and maintenance of a correspondence between the
labels of the abstract tree type and the elements of the concrete tree type that describe
the structure of the XML documents. This way, each abstract query can be translated into a set
of concrete queries over real documents, by simply replacing the abstract labels of the query with
the corresponding concrete labels. In Xyleme, the correspondence is stated by a mapping relation
between paths of the abstract tree type and paths of the concrete tree types modeling the DTDs
stored in the repository. Because of the number of concrete data trees that have to be mapped to
the abstract tree type, the mapping relation cannot be manually defined by some database
administrator. Some automatic help must be provided. In Section 6, we describe a semi-auto-
matic method for generating the mapping relation that has been implemented in Xyleme and
experimented.

2.3. The query processor

By accessing the abstract tree type through a user-friendly interface, end-users query a single
tree structure summarizing many DTDs. The query language is also tree based.
The query tree on the left in Fig. 3 models a query in the cultural domain asking the titles of all

the films in which the actor Sean Connery is acting. The query tree on the right in Fig. 3 asks the
description of all impressionist works of art. These examples illustrate the basic method for
building abstract queries: the user marks in the abstract tree type the nodes to be included in the
result (selected nodes are marked with a S, e.g., Title, WorkOfArt) and the nodes constrained

Fig. 2. Fragment of an abstract tree type on culture.

C. Delobel et al. / Data & Knowledge Engineering 44 (2003) 267–298 271



with conditions (conditional nodes are marked with a C, e.g., Actor-Actress, ArtStyle).
The query itself is given by a tree query pattern built from the abstract tree type.
Such queries are defined relatively to the mediated schema and not relatively to the actual

DTDs corresponding to the XML data stored in the repository. Therefore they cannot be directly
evaluated against that data. The evaluation of an abstract query is then a two step process. First,
the abstract tree query is translated into concrete tree queries by using the mapping relation.
Second, each concrete tree query has to be evaluated on the database.
The Xyleme query language is a subset of XQuery, the W3C query language for XML data

[24]. Unlike XQuery, the Xyleme query language does not allow joins or document transfor-
mation. Moreover, the language ignores ordering and random access through an ordinal number
to the descendants of a tree node, features that exist in XPath [9], which is a part of XQuery. On
the other hand, the Xyleme query language is more powerful than XPath, because it enables to
extract any part of a subtree, while XPath can only extract a full subtree, identified by its access
path. Notice that even if the abstract tree queries do not contain joins, the translation into
concrete tree queries may produce joins based on links between concrete documents (see [10]).
Notice also that the last version of the Xyleme query language, not presented here, was enriched
with additional features such as joins (on values and on links) and simple document transfor-
mation.
Due to the large size of the mapping relation in Xyleme, the main querying issue concerns the

potential cost of the translation step when executed at query time, since the mapping relation has
to be processed globally in order to find all the translations of an abstract query. A naive version
of the translation algorithm implemented in Xyleme (described in [10]) is given in Section 3.4. In
Section 4, we propose a translation algorithm that is made more efficient at query time by adding
a pre-evaluation step at compile time.
Another problem which may happen frequently when querying a mediated schema and not the

actual DTDs corresponding to the XML documents in the repository, is relative to queries that
have no answer. In such cases, it may be interesting to transform a query Q into another one Q0

such that Q0 has potentially answers relevant to the original query Q. In Section 5, we pro-
pose different strategies for relaxing queries and obtaining semantically relevant transformed
ones.

Fig. 3. Example of user queries.
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3. A uniform tree model for Xyleme

3.1. Terminology and basic notations

The XML documents we are interested in are valid documents, instances of a DTD that defines
their structure. Such real documents are stored in the repository. For example, the DTD MyDTD

can be defined as follows:

h!ELEMENT MyDTD (Film*, Painting*)i
h!ELEMENT Film (Casting, Character*,Title)i
h!ELEMENT Casting (Actor*)i
h!ELEMENT Painting (Title, Author, Museum?)i
h!ELEMENT Actor (#PCDATA)i
. . .

Our formal model abstracts XML documents as labelled trees. Our abstraction simplifies real
XML documents in several ways. For example, the model does not distinguish between attributes
and elements. Also our trees are unordered. We use also a simplified version of DTDs that we call
tree type where the multiplicity of an element is not considered.
We next present our core framework for a Xyleme database. We consider: an infinite setN of

nodes, a finite set of labels, and a set D of data values. We denote labels by E1;E2; . . . or by
A;B;C; . . ., nodes by u; v; u1; . . . For simplicity we assume that the values are strings of characters.

Definition 1 (labelled tree). A labelled tree is a pair ht; mi where (i) t is a finite tree whose nodes are
in N, (ii) m is a labeling function that assigns a label to each node in t.

The labels play the role of the begin–end tag in XML data models. We use the current ter-
minology about trees: root, children, descendant, leaf, subtree, etc. We also use some functional
notations such as: root(t) returns the root node of the tree t, and children(u) returns the set of
nodes that are children of node u.

Definition 2 (access path and path support). Let T ¼ ht; mi be a labelled tree. If u is a node in t, its
access path, denoted path(u), is the sequence of labels associated with the path from the root of t
to u. 1 The path support LT of T is the set of all the access paths of its nodes.

For manipulating paths, the notation/is used to denote concatenation.
Let p be a path E1= � � � =En, and p0, a path E01= � � � =E0k:
p=p0 is the path E1= � � � =En=E01= � � � =E0k.
The empty path is denoted �. Given two paths p1 and p2, with the same root, we denote by
p1 / p2 the fact that p1 is a prefix of p2.

1 if r is the root of t, pathðrÞ ¼ mðrÞ.
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Definition 3 (tree homomorphisms). Let T ¼ ht; mi and T 0 ¼ ht0; m0i be two labelled trees, a mapping
h from nodes in t to nodes in t0 is a strict (resp. weak) structural homomorphism iff: (i) h preserves
the roots: rootðt0Þ ¼ hðrootðtÞÞ, and (ii) h preserves the structure: whenever v is a child of u (resp.
descendant), hðvÞ is a child of hðuÞ (resp. descendant). h is a type homomorphism (strict or weak) iff
h is a structural homomorphism which preserves the labels: 8u in t: mðuÞ ¼ m0ðhðuÞÞ.

3.2. Data tree and tree type

Definition 4 (data trees). A data tree is a triple ht; m; vi where ht; mi is a labelled tree and v a partial
value function assigning a data value from D to some nodes. Its path support is the path support of
ht; mi.

Fig. 4 gives an example of a data tree. The path support is composed of: MyDTD, MyDTD/

Film, MyDTD/Film/Casting, MyDTD/Film/Casting/Actor. . .
For each node u of a data tree, we need to define its value closure, which is the union of the

values appearing in the subtree rooted in u.

Definition 5 (value closure). Let ht; m; vi be a data tree. For each node u in t, its value closure,
denoted vHðuÞ, is inductively defined as follows: if u is a leaf, then vHðuÞ ¼ fvðuÞg if vðuÞ is defined,
and vHðuÞ ¼ ; otherwise, else vHðuÞ ¼

S
v2fug[childrenðuÞ v

HðvÞ.

In Fig. 4, the value closure of the node labelled by Film is: {H. Ford, S. Connery, I.

Jones, I. Jones and the last crusade}.
Schemas of data trees are defined by tree types.

Definition 6 (tree types and instances of a tree type). A tree type is a labelled tree such that no node
has two children labelled the same. Let d ¼ ht; m; vi be a data tree and T be a tree type, d is an
instance for T iff there exists a strict type homomorphism from ht; mi to T.

A tree type is shown in Fig. 5. The data tree of Fig. 4 is an instance of the tree type of Fig. 5.

Fig. 4. A data tree.
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3.3. Database model

A tree database consists of a large set of data trees related to a given domain and associated
with a large variety of tree types. Let C be the set of tree types that are models of the data trees
stored in the database. These tree types are called concrete tree types. The path support of C is
defined as follows:

LC ¼
[

C2C
LC:

An integrated tree database schema is composed of three parts: a set of concrete tree types, with
their path supports, representing the data schemas, an abstract tree type with its abstract path
support, representing the mediated schema, and a mapping between abstract and concrete path
supports.
An abstract tree type is a tree type whose labels are terms of an abstract vocabulary, distinct

from the concrete vocabulary used in the labeling functions of the tree types defining the data
schemas. In general the abstract vocabulary is distinct from the concrete vocabulary, but it may
happen in some cases that we can use the same vocabulary of labels. For instance, the tree type in
Fig. 2 is an example of an abstract tree type, defined over the vocabulary composed of the terms:
Culture, Art, Cinema, Architecture, etc. The abstract vocabulary has been chosen to
unify the concrete vocabulary and represent a specific domain of interest.
Users queries are issued with the vocabulary defined in the abstract tree type. To be executable,

queries must be translated into queries expressed in terms of the labels used in the data trees,
which are the labels appearing in the tree types defining their schemas. Query translation relies on
a mapping relation which connects paths of an abstract tree type to paths of concrete tree types.

Definition 7 (mapping relation). Let A be an abstract tree type related to a set C of concrete tree
types. Let LA and LC be the path supports of A and C respectively. A mapping relation M be-
tween A and C is a binary relationship between LA and LC: M �LA �LC. We will denote a
pair ðl; l0Þ in M by: l$ l0.

Example 1. Here are some examples of meaningful mapping elements between the abstract tree
type given in Fig. 2 and the concrete tree type given in Fig. 5:

Fig. 5. Example of a concrete tree type.
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Culture/Cinema/Movie MyDTD/Film

Culture/Cinema/Movie/ActorActress MyDTD/Film/Casting/Actor

. . .

The definition of the mapping relation M given above is arbitrary. This means, for instance,
that from one path in the abstract tree type, we could have more than one image in the mapping
relation. We can summarize the elements of the data model in the following definition.

Definition 8 (database instance). Let A be an abstract tree type, C be a set of concrete tree types,
andM be a mapping relation. A database instance I of the integrated schema S ¼ ðA;C;MÞ is a set
of data trees such that: for all d 2 I there exists C 2 C such that d is an instance of C.

Example 2.We will use this example all over the paper. The database schema is composed of an
abstract tree type and a concrete tree type as given in Fig. 6 with the following mapping relation:

Movie Film Movie/ActorActress Film/Casting

Movie/ActorActress/Name Film/Character

Movie/ActorActress/Name Film/Casting/Actor

Movie/ActorActress/Role Film/Character/Name

An instance of the database is also given in Fig. 6 with only one data tree.

3.4. Tree queries

In the data model presented in this paper, end-users do not have a direct access to the instances
of the database through the query processor. Instead, they pose their queries against the mediated
schema which has the form of an abstract tree type. Such queries are called abstract queries as
opposed to concrete queries that will be generated automatically by the system and processed by
the database query processor. The translation of an abstract query into a concrete one only de-
pends of the mapping relation. We define a very simple query language, similar to the prefix-
selection query language presented in [1]. Although very limited, we claim that it is often sufficient

Fig. 6. An abstract tree type, a concrete tree type and a data tree.
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in practice. It is adapted to final users who need to get a visual representation of their queries in
the abstract tree. Only paths in the abstract tree are used to formulate the query. In some sense, it
is similar to the language QBE for relational database. The simplicity of the language is also really
needed because final users do not know the structure of the data trees that are stored. They only
have an abstract view of it. This approach is different from those developed in the framework of
XML proposals for query languages where the objective is more to write applications on XML
databases.
Queries are obtained by putting some conditions on some nodes, and pointing out some se-

lected nodes, in tree patterns. The definition of an abstract or a concrete query is the same because
a tree pattern expresses the conformity with an abstract tree type or with a concrete tree type.

Definition 9 (tree pattern). Let A (resp. C) be an abstract tree type (resp. concrete tree type), a tree
pattern conform to A (resp. C) is a labelled tree T such that there exists a strict type homomor-
phism from T to A (resp. C).

Fig. 7 gives some examples of tree patterns based on the abstract tree type given in Fig. 6. The
first pattern is isomorphic to the abstract tree type; in the second pattern, the same tree is du-
plicated; the third one is a branch of the abstract tree type: such patterns are called branch pat-
terns; the fourth pattern is reduced to the root, and the last one is not a pattern conform to the
abstract tree type where the node labelled by Name is not a direct child of the node labelled by
Movie.
Giving the tree pattern is not enough to define completely a query, we must add conditions to

some nodes and we must point out the selected nodes. We only allow boolean conditions where
the atoms are strings and the operators are: and, or, not. We can now define tree queries.

Definition 10 (tree query). An abstract (resp. concrete) tree query Q conform to an abstract tree
type A (resp. a concrete tree type C) is a 4-tuple ht; m;x; ci, where ht; mi is a tree pattern conform to
A (resp. C), and x is a partial function from the nodes to fS;C; SCg, where S, C, SC stands for
respectively ‘‘select’’, ‘‘conditional’’ or ‘‘select and conditional’’ node, and c is a partial function
assigning a boolean condition to the conditional nodes. For a tree query Q, we will denote SðQÞ
and CðQÞ respectively, the sets of its selected nodes and the set of its conditional nodes. 2

Fig. 7. Tree pattern examples.

2 SðQÞ and CðQÞ are not necessarily disjoint.

C. Delobel et al. / Data & Knowledge Engineering 44 (2003) 267–298 277



Example 3. Fig. 8 gives three examples of abstract tree queries. The first one (Query Q1) is as-
sociated with the first pattern in Fig. 7. The interpretation of the query is: find all the data trees
rooted at a node labelled by Movie, such that there exists a subtree rooted in a node labelled by
ActorActress which contains two branches, the one rooted in a node labelled by Name must
contain the string ‘‘Sean Connery’’ and the one rooted in a node labelled by Role must contain
the string ‘‘Indiana Jones’’; for those data trees returns the identity of subtrees rooted in the nodes
labelled by Name and Role.
The second one (Query Q2) has a slightly different interpretation: find all the data trees rooted

at a node labelled by Movie such that there exists one subtree rooted in a node labelled by
ActorActress having a branch rooted in a node labelled by Name which contains the string
‘‘Sean Connery’’, and there exists another (possibly distinct) subtree rooted in a node labelled by
ActorActress having a branch rooted in a node labelled by Role which contains the string
‘‘Indiana Jones’’.
The last tree query (Query Q3) is an example where we have a non-atomic boolean condition

00Sean Connery00 and 00Indiana Jones00. This boolean condition expresses that the corres-
ponding data subtree must contain the two strings 00Sean Connery00 and 00Indiana Jones00.
When talking about the interpretation of an abstract query, we must understand that these data
trees exist only virtually. As explained in the database model, the real data trees are associated
with concrete tree types.

Fig. 9 presents other syntaxes for writing tree queries in an equivalent way and which may be
used. A linear syntax is based on the parenthesis notation for trees. If a node label X is used we can

Fig. 8. Example of tree queries.

Fig. 9. Different syntaxes for tree queries.
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adorn the symbol X with? for a selected node and write the condition after. Such tree queries can
also be expressed with SQL-like expressions. One can remark that in the SQL expression we are
using variables ranging over path expressions, while in a tree query these variables do not appear
explicitly.
In fact, some nodes in the tree query are crucial. They are nodes with conditions, nodes that are

selected, or ‘‘join’’ nodes.

Definition 11 (necessary nodes in a tree query). A node in a tree query is necessary iff it is the root,
a selected node, a conditional node or a node (called a join node) which has, at least, two distinct
descendants that are necessary nodes. For a tree query Q, we denote NðQÞ the set of its necessary
nodes.

The necessary nodes can be partially ordered by the relation �. Let u and v be two necessary
nodes: u � v, iff u is a descendant of v and there is no necessary node w such that u � w � v. The
path support of a query is the path support of the tree pattern of the query restricted to the
necessary nodes.
Finally, we define the conditional closure of a node u in a tree query, which summarizes the

conditions associated with all the conditional nodes of the subtree rooted at u.

Definition 12 (conditional closure of a node in a tree query). Let Q ¼ ht; m;x; ci be a tree query.
For each node u of Q, we inductively define its conditional closure cHðuÞ as follows: (i) if u is a
leaf: if u is a conditional node then cHðuÞ ¼ cðuÞ and cHðuÞ ¼ true otherwise, (ii) else: cHðuÞ ¼V

v2fug[childrenðuÞ c
HðvÞ.

3.5. Tree query semantics

We first define the semantics of concrete queries. The semantics of an abstract query is then
defined through its translation into concrete queries. A concrete query is interpreted, through
valuations, against the data trees that are stored into the database.

Definition 13 (valuation of a concrete query). Let I be an instance of an integrated schema
ðA;C;MÞ and let Q ¼ ht; m;x; ci be a concrete tree query conform to C 2 C, and d ¼ ht0; m0; vi be a
data tree in I instance of C. A valuation of Q w.r.t. d is a mapping rd from necessary nodes in t to
nodes in t0 and such that: (i) rd is a weak type homomorphism from ht; mi into ht0; m0i, and (ii) rd

satisfies the conditions of Q: for every conditional node, u 2 CðQÞ, cHðuÞ is evaluated to true on
vHðrdðuÞÞ.

The boolean condition c ¼ cHðuÞ is evaluated against a set of strings D ¼ vHðrdðuÞÞ as usual: an
atomic condition c is evaluated to true iff c 2 D, c and c0 is evaluated to true iff c and c0 are
evaluated to true, etc.
Given �vv ¼ hv1; . . . ; vki the necessary nodes of Q, we denote the valuation rd which maps each

node vi to a node ui of the data tree d by the set: fv1 ! u1; . . . ; vk ! ukg. We use the shortcut
�vv! �uu, where �uu ¼ hu1; . . . ; uki, and we denote rdð�vvÞ the image of �vv under rd .
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Definition 14 (answers set of a concrete query). Let Q be a concrete tree query, and let �xx be the set
of its selected nodes. Let I be an instance of an integrated schema ðA;C;MÞ. The set of answers of
Q against I is a set of tuples of data trees defined as follows:

QðIÞ ¼ frdð�xxÞjd 2 I ^ rd is a valuation of Qg

To be evaluated, an abstract query has to be translated into concrete queries.

Definition 15 (tree query translation). Let Q ¼ ht; m;x; ci be an abstract tree query conform to A,
and Q0 ¼ ht0; m0;x0; c0i be a concrete tree query conform to C, Q0 is a translation of Q iff there exists
a weak structural isomorphism h from t onto t0 such that: (i) h preserves the selection and con-
ditional nodes, 8u 2 NðQÞ : x0ðhðuÞÞ ¼ xðuÞ and c0ðhðuÞÞ ¼ cðuÞ, (ii) h preserves the path support
for necessary nodes: 8u 2 NðQÞ pathðuÞ $ pathðhðuÞÞ 2 MC, where MC is the restriction of the
mapping relation to the path support of C.

The pattern of the translated query has exactly the same tree structure; the only difference is
that the labels are related to concrete tree types. An important property which results from the
definition is that for two necessary nodes u and v in NðQÞ such that u � v, their images by h must
satisfy that pathðhðvÞÞ is a prefix of pathðhðuÞÞ, i.e.,: pathðhðvÞÞ / pathðhðuÞÞ.
An abstract query can have more than one translation, depending on the mapping relation MC.

It may also be possible that an abstract query has no translation. The translation process must be
repeated for all the concrete tree types in the database schema.
Finally, the answer set of an abstract tree query Q is the union of all the answers of the

translated concrete queries Q0:

QðIÞ ¼
[

Q02TðQÞ
Q0ðIÞ

where TðQÞ is the set of all the translations of Q. One can remark that the union of the answer
set for the translated queries can be considered as a relational union. For each Q0, the type
of an element in the answer set is a tuple of type ½pathðv01Þ; . . . ;pathðv0nÞ� where the v0i’s are
the necessary nodes of Q0. As Q0 is a translation of the abstract query Q the inverse image by
the homomorphism h is defined and the inverse type image is ½pathðh�1ðv01ÞÞ; . . . ; pathðh�
1ðv0nÞÞ� ¼ ½pathðv1Þ; . . . ; pathðvnÞ� where the vi’s are the necessary nodes of Q. Therefore, all the
answer sets have a uniform type.

Example 4.We are considering the abstract queries given in Fig. 8 and the database composed of
a unique data tree instance d as presented in Fig. 6. Each abstract path to any necessary node of
the query must be converted into a concrete path using the mapping relation. For example, if we
consider the abstract tree query Q1, its necessary nodes, u1, u2, u3, and u4, respectively labelled by
Movie, ActorActress, Name and Role, are such that: u3 � u2 and u4 � u2. The corresponding
abstract paths leading to the necessary nodes are: Movie, Movie/ActorActress, Movie/
ActorActress/Name, and Movie/ActorActress/Role. By the mapping relation given in
Example 2, they must be mapped to the concrete paths Film, Film/Casting, Film/Cast-
ing/Actor (or Film/Character) and Film/Character/Name respectively. This suggests
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a candidate translation based on an homomorphism h such that: hðu1Þ is labelled by Film, hðu2Þ is
labelled by Casting, hðu3Þ is labelled by Actor or by Character, and hðu4Þ is labelled by
Name. However, in order that candidate translation to be a real translation, since u4 � u2,
pathðhðu2ÞÞ, i.e., Film/Casting, should be a prefix of pathðhðu4ÞÞ, which must be Film/
Character/Name. Since Film/Casting is not a prefix of: Film/Character/Name, there is
no translation, and thus no answer, for Q1.

If we consider now the abstract query Q2, its necessary nodes are v1, v2 and v3, respectively
labelled by Movie, Name and Role. The abstract paths leading to those necessary nodes are:
Movie, Movie/ActorActress/Name, and Movie/ActorActress/Role. Based on the
mapping relation, they can be converted respectively into Film, Film/Casting/Actor and
Film/Character/Name.
This leads to a translation Q02 corresponding to an homomorphism h0 such that h0ðv1Þ is labelled

by Film, h0ðv2Þ is labelled by Actor and h0ðv3Þ is labelled by Name. In this case, h0 satisfies the
prefix property since: v2 � v1 and pathðhðv1ÞÞ (i.e., Film) is a prefix of pathðhðv2ÞÞ (i.e., Film/
Casting/Actor), and v3 � v1 and pathðhðv1ÞÞ (i.e., Film) is a prefix of pathðhðv3ÞÞ (i.e., Film/
Character/Name). The resulting concrete query Q02 is given in Fig. 10.
It can then be evaluated against the data tree d: there exists a valuation rd , where the node

labelled with Actor can be associated with the leaf of d labelled by Actor and valued by 00Sean
Connery00 and the other node labelled by Name can be associated with the leaf of d labelled by
Name and valued by 00Indiana Jones00. Therefore, the query Q02 has at least this answer.
For the abstract query Q3 the pattern of the translation Q03 is reduced to one node labelled with

Film. The whole data tree d matches also the query Q03 because it is rooted at a node labelled by
Film which contains the strings 00Sean Connery00 and 00Indiana Jones00 by application of the
closure valuation principle.

3.6. A naive algorithm for query translation

Example 4 shows that when we translate an abstract query Q into a concrete one Q0, the crucial
elements are the paths to necessary nodes in the query Q and their image by the mapping relation.
The other elements such as the select and conditional nodes are not modified: they are just

Fig. 10. The abstract query Q2 and its translation Q02.
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rewritten in Q0 from Q. For a query Q, a translation relative to a concrete tree type C can be
characterized by a map translation: fv1 ! l01; . . . ; vn ! l0ng, where the vi’s are the necessary nodes
in Q, the l0i’s are concrete paths in the path support of C. It can be shown that a query Q has a
translation relative to a concrete tree type C iff there exists a map translation:
fv1 ! l01; . . . ; vn ! l0ng such that: if vi � vj then l0j / l0i and pathðviÞ $ l0i 2 MC.
Building map translations can be done by verifying some properties on the images of the

necessary nodes in the mapping relationM. The image LCðvÞ of a necessary node v in the mapping
relation MC restricted to a tree type C is defined as follows:

LCðvÞ ¼ fl0jpathðvÞ $ l0 2 MCg

The following naive algorithm computes the set of map translations of a given query relatively to
a tree type C by building the Cartesian product of the images of the necessary nodes and by
selecting those elements that satisfy the property of path extension: if a necessary node u is
a descendant of another necessary node v, then the image of v must be a prefix of the image of u.

Algorithm 1. Generating all the map translations of an abstract tree query Q for a concrete tree
type C.

input: a n-tuple of necessary nodes hv1; . . . ; vni for the abstract query, the partial order relation �
between necessary nodes, and the mapping relation MC restricted to a concrete tree type C.
(1) For each node vi, compute its image in the mapping relation: LCðviÞ,
(2) select all the elements ðl01; . . . ; l0nÞ in the Cartesian product LCðv1Þ � � � � � LCðvnÞ such that: for

all pairs ðvi; vjÞ if vi � vj then l0j / l0i.
output: The set of map translations relative to C.

3.7. Tree query containment

We define the notion of query containment in a classical way.

Definition 16 (query containment). Let Q1 and Q2 be two tree queries defined relatively to the
same integrated schema S. Q1 is contained in Q2, denoted Q1 � Q2, iff for every instance I of S, the
set of answers of Q1 against I is included in the set of answers of Q2 against I, i.e.: Q1ðIÞ � Q2ðIÞ.

The following proposition provides a constructive characterization of tree query containment.
It is similar to the homomorphism property for conjunctive relational query [7].

Proposition 1. Let Q ¼ ht; m;x; ci and Q0 ¼ ht0; m0;x0; c0i be two tree queries. If there exists a strict
type homomorphism h from nodes in t to nodes in t0 such that: (i) h preserves the necessary nodes:
hðNðQÞÞ � NðQ0Þ, (ii) h strictly preserves the selected nodes: hðSðQÞÞ ¼ SðQ0Þ, and (iii) h logically
preserves the conditions: 8u 2 NðQÞ, c0

HðhðuÞÞ � cHðuÞ 3 then Q0 � Q.

3 cH is defined for all the necessary nodes, not only for conditional nodes.
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Example 5. The two first queries given in Fig. 3 satisfy Q1 � Q2.

3.8. Tree query decomposition

Since the set of answers has been defined in a relational way, as a set of tuples (Definition 14),
we can obtain it by applying project and join operations to the answer sets of some elementary
queries. This is the idea underlying the decomposition of a tree query into branch queries.
Let Q ¼ ht; m;x; ci be a tree query. We transform it into a new tree query by making all the

necessary nodes selected nodes. Let ht; m;x0; ci be the new tree query. Let t1; . . . ; tn be the branches
of t. For each branch ti in t, we consider the branch query Qi ¼ hti; m=ti;x0=ti; c=tii where the
notation m=ti (respectively x0=ti, c=ti) denotes the function m (respectively x0, c) restricted to the
nodes on the branch ti. We say that the tuple of branch queries hQ1;Q2; . . . ;Qni is a branch de-

composition of the query Q. The following proposition establishes the relation that exists between
the set of answers of a tree query and the sets of answers of its branch queries. It states in our
framework results that have been previously used in query plan optimization for XML [6,16].

Proposition 2. Let Q be a tree query and hQ1;Q2; . . . ;Qni its decomposition into branch queries. Let
I be an instance of a schema S. We have:

QðIÞ ¼ p�xxðffli¼1;n QiðIÞÞ
where p�xx denoted the project operator on the selected nodes �xx and ffl the join operator.

Example 6. To illustrate the decomposition process, we give some examples based on the query
Q1 of Fig. 8. Recall that the query Q1 expressed with the linear syntax is Movie(ActorAc-
tress(Name? 00Sean Connery00, Role? 00Indiana Jones00)). The node labelled by Ac-

torActress is a necessary node and we must turn it into a selected node. We obtain the query:
Movie(ActorActress?(Name? 00Sean Connery00, Role? 00Indiana Jones00)). It has two
branch queries: Movie(ActorActress?(Name? 00Sean Connery00)) and Movie(Actor-

Actress?(Role? 00Indiana Jones00)).

4. Pre-evaluation of abstract queries

As we have seen in the previous section, the evaluation of an abstract query is a two step
process: first, the abstract tree query has to be translated into concrete tree queries; second, each
concrete tree query has to be evaluated on the database. The problem of efficiently evaluating
concrete tree queries on data trees (e.g., XML documents) has been previously studied (e.g.,
[2,25]) and is out the scope of this paper. We focus here on the translation process, which may be
very costly due to the large size of the mapping relation. In [10], the translation algorithm im-
plemented in Xyleme is presented. This algorithm is executed at query time and processes globally
the mapping relation to find all the translations of an abstract query.
In this section, we propose a pre-evaluation step which makes it possible to pre-compute at

compile time all the map translations of all the possible branch queries that can be issued from a
given abstract tree type. We show how these map translations can be encoded and stored in map

translation tables (Section 4.1). As a result, it simplifies the translation process of branch queries
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that must be done at query time, which is reduced to selection operations on the map translation
tables. We show (Proposition 2) how the translation of general queries can exploit the decom-
position of queries in their branch queries and can be done at query time by join and select
operations on the map translation tables (Section 4.2).

4.1. Map translation tables

To each node v of an abstract tree, we associate a relational table RðE1; . . . ;EnÞ, in which we will
encode all the branch queries having pathðvÞ ¼ E1= � � � =En

4 as tree pattern and v as necessary
node. There are 2n�2 such branch queries, varying the necessary nodes on the path (the root and
the last node of the path being necessarily necessary nodes). Each row in RðE1; . . . ;EnÞ will encode
map translations fvi1 ! l0i1 ; . . . ; vik ! l0ikg of branch queries whose necessary nodes are among
vi1 ; . . . ; vik , by assigning the value l0ij to each attribute Eij , and by assigning the null value ‘‘–’’ to the
attributes Ei that do not correspond to a necessary node vij . For example, a 5-tuple over
E1;E2; . . . ;E5 with the following value hA0; –;A0=B0=C0; –;A0=B0=C0=D0=E0i encodes the translations
of two branch queries where the necessary nodes are either E1, E3 and E5, or E1 and E5. Fur-
thermore, if the relational table contains only this tuple, there is no possible translation for any
branch query having E2 or E4 as necessary nodes.

Example 7. Fig. 11 illustrates the map translation tables corresponding to the abstract tree given
in Fig. 6 and the related mapping relation. We can remark that the table R(Movie,Actor-
Actress,Name) associated with the node labelled by Name has two tuples. The first one cor-
responds to a map translation for a branch query where the necessary nodes can be Movie,
ActorActress and Name, and the paths:

Movie; Movie=ActorActress; Movie=ActorActress=Name

are respectively translated into:

Film; Film=Casting; Film=Casting=Actor:

Fig. 11. Map translation tables for an abstract tree.

4 We assume without loss of generality that all the labels of an abstract path are distinct.
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The second tuple has a null value; the interpretation of this tuple is the following: if we consider
a branch query where the necessary nodes are only Movie and Name then there is a translation
where the path Movie can be translated into Film and the path Movie/ActorActress/Name
into Film/Character. For a branch query with the necessary nodes Movie and Name then
we have two possible translations, one given by the first tuple and the other by the second
tuple.

Algorithm 2 describes the way a map translation table RC can be generated, from the restriction
MC to a concrete tree type C of the mapping relation. It is an optimzation of the naive Algorithm 1
when one only consider branch queries. The algorithm provides the map translations for a given
tree type C. If we want all the map translations, we have to repeat the process for all C’s in
the database schema. The map translation table RðEÞ is the union of RC’s for all C’s. The algo-
rithm uses temporary tables Up of arity p. They progressively store the partial map translations.

Algorithm 2. Generation of a map translation table RCðE1; . . . ;EnÞ.

input: The mapping relation MC.
1. Initialize U1  LCðvnÞ
2. for p ¼ 1 to n� 1 do

Upþ1  ;
for each r 2 Up do
(*r is a row of the table Up*)
null true
for each e 2 LCðvn�pÞ do
if e / firstðrÞ then

(*firstðrÞ returns the first not null value of the row r*)

insert tuple he :: ri into Upþ1

null false
endif

if null then insert tuple h– :: ri into Upþ1 endif
endfor

endfor
endfor

3. RC  Un

output: RC.

The basic idea of the algorithm is to avoid building the whole Cartesian product of the LCðviÞ’s
as in Algorithm 1. For doing so, we start considering in the mapping the images of the longest
path ðpathðvnÞÞ, and at each step, we only consider concrete paths in the image of the map-
ping relation which are prefixes of those paths previously accepted as valid partial translations.
The space to store all the map translation tables is larger than the space to store only the mapping

relation. However, according to some preliminary estimations, the increasing factor should not be
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greater than 3. As a counterpart, we obtain an immediate translation of branch queries at query
time. In addition, it is possible to reduce the storage space by compacting more the information in
the tables. For example, if we consider a line such as: hA0A0=B0A0=B0=C0i, it is not necessary to store
the whole paths because each path is a prefix of the next one, we can compact the line to: hA0B0C0i.

4.2. Generation of query translation

Using map translation tables, it is possible to obtain map translations of branch queries di-
rectly at query time. The following algorithm provides a simple way to obtain all the map trans-
lations for general queries. It is based on the decomposition property of a tree query into branch
queries.

Algorithm 3. Generation of map translations for a query.

input: a tree query Q.
(1) Decompose the tree query into branch queries Q1; . . . ;Qi,
(2) For each branch query Qk, k 2 ½1::i�, let hv1; . . . ; vni be the necessary nodes of Qi ordered from

top to bottom, do:
(a) Let E1= � � � =Ep be the path to vn, access the relational table RðE1; . . . ;EpÞ,
(b) Define the table: RðQiÞ ¼ rnotnullðpmðv1Þ;...;mðvnÞðRðE1; . . . ;EpÞÞÞ

(3) Join all the tables: RðQÞ ¼fflk2½1::i� RðQkÞ.
output: RðQÞ contains all the map translations for Q.

In the algorithm, we compute RðQiÞ which encodes all the map translations of the branch sub-
query Qi. The operation rnotnull means that we only select in a table RðE1; . . . ;EnÞ those tuples that
do not contain a null value because a tuple containing a null value for a necessary node cannot
lead to a valid translation. If at the end of step 2 we obtain an empty table, this means that there is
no possible translation for Qi and therefore no answer for Q, and Step 3, which consists of taking
the join, does not have to be processed.

Example 8. If we consider the abstract query Q1 we can decompose it into two branch queries
over Movie, ActorActress, Name and Movie, ActorActress, Role where all the nodes are
necessary. The join of the mapping translation tables R(Movie, ActorActress, Name) and
R(Movie, ActorActress, Role) is empty. For the query Q2 the decomposition is the same
but the necessary nodes are not the same: the node labelled with ActorActress is not a nec-
essary node. We use the same map translation tables that we project on Movie, Name and
Movie, Role before applying the join, which now is not empty: it contains Film, Film/
Casting/Actor and Film/Character/Name.

Applying this algorithm provides a static pre-evaluation of the abstract query. In addition, it
provides useful information for relaxing the query that has no translation and thus no answer. In
particular, two distinct cases are possible: either there exists some query branches without
translation, or the join produces an empty table. Distinguishing those situations is important
because it leads to different relaxation strategies, as it will be shown in the next section.
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5. Query relaxation

In this section, we consider the case where our pre-evaluation algorithm has detected that the
query Q posed by the user has no answer because it has no translation. The goal is to minimally
transform Q into Q0 such that Q0 has potentially answers, while being semantically close to the
initial query Q. Query containment (Definition 16) is a good formal basis for defining weaker
queries that are semantically related to the initial query. Proposition 1 provides a formal tool for
guaranteeing the generation of such weaker queries. We investigate different strategies for
building weaker queries of the original query, for which the translation set is not empty. We
explore two kinds of strategies: one which preserves the tree pattern but decreases the number of
conditions on the necessary nodes (see Sections 5.2 and 5.3), another one which modifies the tree
pattern up to an homomorphism while keeping the conditions (see Section 5.1).

5.1. Unfolding of a node in the tree pattern

The basic idea of unfolding is to modify the tree pattern of the query by duplicating some
nodes. Fig. 12 illustrates the transformation. The double edge between u and v expresses the fact
that u is an ancestor of v; as we are not enumerating all the nodes between u and v we will write
hu::vi. The unfolding operation is only applied on internal nodes, except the root node.
More precisely, let Q ¼ ht; m;x; ci be a tree query, and let u, v, w be three nodes in t such that: v

is a necessary node ðv 2 NðQÞÞ, w is a direct child of v, and u is the first ancestor of v belonging to
NðQÞ. The unfolding of v relatively to w, denoted unfoldv=wðQÞ consists of duplicating the node v
by adding a new node v0, whose child is w. The resulting query Q0 contains a new branch hu::v0;wi,
all the labels on this new branch are identical to the ones on hu::v;wi, the existing conditions on w
are preserved, and the branch hu::v0i is free of condition.
It is easy to remark that NðQ0Þ � NðQÞ and SðQ0Þ ¼ SðQÞ. Therefore we have a tree homo-

morphism from Q0 to Q, which respects the conditions for weakening the query Q into Q0.

Example 9. Let Q be the tree query:

Movie(ActorActress (Name? 00Sean Connery00, Role? 00Indiana Jones00)).
The unfolding of the node labelled by ActorActress relatively to the node labelled with

Name gives the new following tree query:

Movie(ActorActress(Name? 00Sean Connery00)),

ActorActress(Role? 00Indiana Jones00).

Fig. 12. Unfolding of a tree pattern.
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One can remark that if we apply successively the unfolding process on a query, in any order, at
the end we obtain a tree query where the only joining node is the root of the tree.

5.2. Deletion of a condition

Let Q ¼ ht; m;x; ci be a tree query, and a node u 2 CðQÞ which is a conditional node. The
deletion of the condition for u results in a new tree query corresponding to the same tree pattern
and such that there is no condition associated with u. The only change is therefore on the set of
necessary nodes. The new set is NðQ0Þ and we have: NðQ0Þ � NðQÞ. If the node u is a leaf of the
tree, the deletion of this condition can imply the deletion of the node because it is not needed
anymore. But if it is also a selected node, we must keep it without the condition. In any case this
transformation preserves the tree pattern and the only modification results in decreasing the
number of necessary nodes. Therefore, the conditions for query containment of Proposition 1 are
satisfied, and we obtain a weaker query.

Example 10. If we consider the query: Movie(ActorActess(Name? 00Sean Connery00, Role?
00Indiana Jones00)), the deletion of the condition on the node labelled by Name gives:
Movie(ActorActress (Name?, Role? 00Indiana Jones00)) while the deletion of the
condition on the node labelled by Role gives Movie(ActorActress (Name? 00Sean Con-

nery00, Role?)).

5.3. Propagation of a condition

In the previous transformation the deletion of the condition implies a complete loss of the
condition. It is possible to preserve the condition by propagating it to upper nodes. Nevertheless,
we must be careful not to create a new necessary node. To avoid that situation we propagate the
condition to the first ancestor belonging to the set of necessary nodes.
Let Q ¼ ht; m;x; ci be a tree query, and a node v 2 CðQÞ, i.e., v is a conditional node, the

propagation of the condition for v to u (the first ancestor of v 2 NðQÞ) leads to a new tree query
with the same tree pattern and with a smaller set of necessary nodes. The new condition on u is the
conjunction of the conditions. Therefore, according to Proposition 1, we obtain a weaker query.

5.4. Strategies for relaxation

According to the pre-evaluation algorithm of a query Q, the absence of answers may have two
causes: (i) there is at least one branch where the map translation table RðQiÞ is empty, (ii) the join
of all tables RðQiÞ is empty. We propose and analyze different policies for relaxation.

• Empty table: If we have an empty map translation table for a branch query this means that we
have too many necessary nodes on this branch. The only solution is to remove them progres-
sively until we obtain a non-empty table. If we succeed on a node of this branch, we can apply
one of the relaxation operations: unfold, delete or propagate, depending of the nature of the
node. For example, for a join node we can only apply the unfolding operation while for a con-
ditional node we can apply a propagating or a deleting operation.
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• Empty join: The join of relation can be done in any order. Nevertheless, the structure of the tree
pattern provides a natural ordering for the joining operations. Join first two map translation ta-
bles if they have the longest branch in common. If the result is empty we can only apply an un-
folding operation on the lower joining node. Nothing can be done if the joining node is the root.

6. Automatic generation of mappings

We have seen in Sections 3 and 4 that the mapping relationship is a crucial element of the data
model for translating abstract queries into concrete ones. In this section, we address the problem of
automatically finding the elements of the mapping relation which states the correspondence be-
tween paths of concrete tree types and paths of the abstract tree type. We have to handle heter-
ogeneous names and structures because concrete tree types come from various sources designed by
different persons who made personal choices on the names of the labels and on the tree structures.
Therefore, automatic mapping generation have to deal with semantic and structure heterogeneity.
Below, we present the method for automatic mapping generation in Xyleme, based on two kinds

of criteria: syntactic/semantic and structural. We report the first results of an experiment with a
prototype, SAMAG, used to generate mappings for XML documents in the cultural domain.

6.1. Syntactic and semantic matching

Automatic mappings generation is based on term matching. The idea is that a mapping is
generated only if the abstract and the concrete terms identified by the mapped paths are se-
mantically related. We check two kinds of relations between terms: syntactic and semantic
matching.
Syntactic matching concerns the syntactic inclusion of a term, or of a part of a term, into

another one. For example, the concrete term Actor is syntactically similar to the abstract term
Actor-Actress. This method also includes techniques for detecting abbreviations, such as nb
for Number, etc. For more details, see [23].
Semantic matching is based on the use of extra knowledge available through existing ontologies

or thesauri. In our experimentation, we chose the WordNet thesaurus [18].
WordNet groups English nouns, verbs, adjectives and adverbs into sets of synonyms that are

linked through semantic relations. Each set of synonyms (synset) represents a concept. A word
may belong to several synsets, each one representing a particular sense. Our approach only ex-
ploits semantic links between nouns because we chose to use only abstract terms that are nouns.
The relationships used in our prototype are listed and illustrated in Fig. 13.

6.2. Dealing with structure

Syntactic/semantic matching between words is not enough to obtain precise mappings.
The meaning of a term depends on the place it occupies in the concrete tree type, which defines
the interpretation context of the word. More precisely, a term may occur several times in the
same concrete tree type with different senses. Its meaning may be influenced by the meaning
of its predecessors in the tree (e.g., Name may be the name of an artist, of a museum, etc.).
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Our approach is based on a very simple hypothesis: the terms of a concrete tree type are either
object names (e.g., Painting), or property names (e.g., Name). We consider that property names
have a meaning only in the context of the object that they characterize. So, an object, which is
characterized by a set of properties, defines the interpretation context of its properties.
In order to decide if a term is an object or a property node, we use heuristics based on the

translation of a concrete tree type into a conceptual database schema. We use conceptual
schemata built according to the entity–relationship formalism, that naturally helps to determine
the classes, called entities, in a domain. An entity is a class of instances that share the same
properties called attributes. In our approach, we consider that object nodes are similar to entities
and that property nodes are similar to attributes. Given a link A–B in the concrete tree type, one
heuristics used in the translation process is that B may refer to an entity (according to the above
definition) only if B has son nodes, these ones being interpreted as B’s attributes. Such a heu-
ristics leads to consider that leaves in a concrete tree type always are property nodes (they cannot
refer to entities, so they cannot be object nodes). Other heuristics are used to qualify internal
nodes in a concrete tree type, in order to decide if they are object or property nodes. The ex-
haustive translation mechanism is described in [23]. However, very often, internal nodes are
object nodes.
The basic idea underlying our structural constraints is that a mapping of a property nodemust be

‘‘compatible’’ with the mapping of the object node it characterizes. In other words, because the
property and the object nodes in the concrete tree type are related (the object defines the context of
the property), the corresponding abstract terms must be related in the same context-based manner.
Thus, if a concrete path identifying a property name is mapped to an abstract path X, this

mapping will be valid only if the object characterized by that property is mapped to a predecessor
of X in the abstract tree type. This introduces a context constraint into the mapping generation
process, because a property name P of an object O may only be mapped to the subset of abstract
terms placed below the abstract terms mapped to O, i.e., the context of the object is transmitted to
the property. This also means that mappings for object names must be computed first.

Fig. 13. Semantic relationships used in the SAMAG prototype.
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For instance, in the concrete tree type MyDTD, the terms Title, Author and Museum are
properties of the object Painting. The mappings:

Culture/Art/WorkOfArt/Title MyDTD/Painting/Title

Culture/Art/WorkOfArt/Author MyDTD/Painting/Author

are valid, because there exists a mapping between the object MyDTD/Painting and the abstract
term Culture/Art/WorkOfArt.
Notice that this context-based constraint may seem too strong in some cases. For instance, the

automatic generation algorithm will not find the mapping Culture/Art/Museum MyDTD/

Painting/Museum if there is no mapping from MyDTD/Painting to a prefix of Culture/
Art/Museum. Imagine that the system does not semantically match Painting with Art, then
the ‘‘obvious’’ mapping Culture/Art/Museum MyDTD/Painting/Museum is missed.
However, a more careful analysis of this case shows that the missed mapping is not so obvious,
because it is not clear if Culture/Art/Museum is a museum with paintings.
The structural, context-based constraints for automatic mapping generation significantly im-

prove precision if mappings are correctly found for object nodes. On the other hand, an error at
an object node will propagate to all its property nodes.

6.3. Experiment

A prototype, semi-automatic mapping generator (SAMAG), has been implemented in Java. We
report here the first results of this work.
The corpus of concrete tree types used in our experiment is related to the cultural domain. An

abstract tree type on this domain has been written and mappings have been established manually
between this abstract tree type and all the concrete tree types associated with real DTDs of the
corpus. We used these manual mappings as a reference set for evaluating the results of the
SAMAG system.
SAMAG is a semi-automatic tool. User-validation is necessary each time a syntactic

relationship between an abstract term and a concrete term is detected. Indeed, two syntactically
similar terms may refer to different concepts and may not have the same meaning. Only a human is
actually able to guarantee the semantic consistency of such a mapping.
SAMAG has been implemented as a modular system that can be parameterised. This makes the

evaluation of our method easier because results obtained with various parameters from the same
inputs can be compared. SAMAG’s parameters are:

(1) The semantic relationships used by the system to detect a semantic link between abstract and
concrete terms, such as synonymy, hypernymy, holonymy, etc.

(2) The structural constraints to apply on terms of concrete tree types. One can decide to apply
or not these constraints. Furthermore, they can be applied only on property nodes in order to
consider that property names have a meaning only in the context of the object that they char-
acterize. But they can also be applied on all the nodes of a concrete tree type considering that
the meaning of object names is also influenced by the meaning of their predecessors in the
tree.
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Notice that in all the cases, the system tests the existence of a syntactic relationship between an
abstract term and a concrete term.
The results of the automatic mappings generation process are analyzed according to (1) the

number of relevant mappings among those automatically generated, and (2) the number of
mappings manually created that are retrieved by the system. In particular, we study the following
categories of mappings:

(1) Mappings that are both manually and automatically generated, such as Culture/Art/
Artist School/Painters_list/Painter. 5 Such a mapping is generated thanks
to a synonymy relationship between Painter and Artist.

(2) Mappings manually created that are not retrieved by the SAMAG system, such as Cul-
ture/Art/Artist/ArtMovement School/Name. Here, there is no semantic relation-
ship in WordNet between ArtMovement and Name, and the detection of a similarity
relationship between an abstract term and a concrete term is a precondition to generate a
mapping.

(3) Irrelevant mappings, that are automatically but not manually generated, such as Culture/
Cinema/Movie/Picture Painting/Image. Here, there is a synonymy relation-
ship between Picture and Image, but Picture is used in a cinema context and Image
is used in a painting context. SAMAG is unable to detect such context differences, be-
cause Image is not a property node. Other irrelevant mappings may be generated because
of the polysemy of terms (a word may have different meanings), not handled by
SAMAG.

(4) Mappings automatically generated, that may be considered relevant, even if they have not
been found manually, such as Culture/Art Painting. The above discussion about
the mapping Culture/Art/Museum MyDTD/Painting/Museum demonstrates that
several meanings are possible for a term in this context, and that sometimes the semantics
is a matter of choice. We also considered as relevant mappings that ‘‘have a sense’’, such
as Culture/Art/Artist School/Painters_list, but that were considered as use-
less at manual mappings creation because there is a tag Painter below School/Paint-

ers_list.

The table in Fig. 14 gathers some significant statistical results about the mappings generated by
the SAMAG system.

6.4. Results analysis

The first column in the table describes results that are obtained when all the semantic rela-
tionships in WordNet are used and no structural constraints are applied on terms of the concrete
tree types. With this configuration, one obtains the maximum number of mappings that SAMAG
can generate. The only condition to generate a mapping is the existence of a similarity relationship

5 The abstract tree type in Fig. 2 is just a part of the one used in this experiment.
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(semantic or syntactic) between abstract and concrete terms. In this configuration a lot of map-
pings are not relevant because the system does not consider the interpretation context of terms.
The second column in the table describes the results when SAMAG is highly constrained. We

consider that the meaning of all terms in the tree is influenced by the meaning of its predecessor.
Moreover, only one semantic relationship, synonymy, is checked between terms. It is the relation
that introduces the lowest distance between terms. In this configuration, almost all the generated
mappings are relevant. However, few mappings are generated, so few manual mappings are re-
trieved.
The last column in the table seems a good trade-off between the number of relevant mappings

and the number of mappings automatically retrieved by SAMAG among manual mappings. In
this configuration, all the semantic relationships in WordNet are used and only property names
are considered to have a meaning in the context of their predecessor in the tree.
The relatively high number of mappings not found by SAMAG (33%) is explained by the fact

that many manually created mappings are based on corpus-specific knowledge, e.g.,: Culture/
Art/WorkOfArt/Artist XML_DOC/Document/Title, because a document XML_DOC is
about a painter whose name is contained in the document’s title XML_DOC/Document/Title.
Manually created mappings take advantage of such knowledge, while SAMAG cannot. Other
mappings are missed because the concrete terms are non-standard abbreviations instead of sig-
nificant nouns. The last category of manual mappings missed by the system are mappings that
connect an object to some identifying property, e.g., a director and his name, such as in Cul-
ture/Cinema/Director/Name List/Movie/Directed_by/Director.
The major issue explored in this experiment is the way the interpretation context of terms

involved in mappings should be considered in an automated process. We proposed a solution
based on structural constraints and the analysis of our results must be viewed as a contribution to
better understand how to take context into account.
First, we conclude that structural constraints are necessary to limit the number of generated

mappings and to produce relevant ones. The number of irrelevant mappings is too high when no
structural constraint is applied (145 relevant mappings among 683 when the configuration in
column three gives 115 relevant mappings among 267).
The results also show that applying contextual or structural constraints only on property nodes

is not enough restrictive. In the last column of the table in Fig. 14, more than 50% of automatically

Fig. 14. Behavior of the SAMAG prototype.

C. Delobel et al. / Data & Knowledge Engineering 44 (2003) 267–298 293



generated mappings are not relevant. An analysis of the irrelevant mappings shows that most of
terms involved in bad mappings are objects nodes. Thus, structural constraints must also be ap-
plied on object nodes. However, if we apply structural constraints on all the nodes (see results in the
second column), the system becomes too constrained and does not generate enough mappings.
The question is then how to define the interpretation context for object nodes. In many cases,

the context of an object node is not only given by its predecessor node within the associated path.
For an object node, the number of nodes within the path that are significant to define its context
of interpretation depends on it, so this number is variable from an object node to another. For
instance, the context of interpretation of the object node Actor in Culture/Cinema/Movie/
Actor is Movie whereas the context of interpretation of the object node Museum in Culture/
Painting/Oil/Museum is Painting, Oil.
The results also depend on the extra knowledge used to establish semantic relationships be-

tween terms. WordNet was used as a resource to look for semantic relationships among terms.
This choice has been principally motivated by the fact that data in WordNet are easily accessible
for automatic applications. It offers a large coverage of general lexicon in English. However,
because a term in natural language has often many meanings, WordNet returns synsets for all the
senses of a given term. However, we do not know how to select automatically the right sense of a
term, because it directly depends of its interpretation context. So when the system, for instance,
asks to WordNet the set of synonyms of a given term, this one, being not domain specific, takes
synonyms of all the senses of the term.
An important remark concerns the influence of mapping generation on query translation. Of

course, if a relevant mapping is missed by SAMAG, the query processor will miss the results
concerning that mapping. However, additional irrelevant mappings do not necessarily produce
irrelevant answers because query translation need all the mappings in the translation of the query
tree to be compatible (i.e., to form a tree that respects the descendant relationship among terms).
Yet, reducing the number of irrelevant mappings is important for storage saving reasons, which
are critical for Web-scale domains.

7. Conclusion and future work

The work presented in this paper is strongly related to the Xyleme project [25], whose objective
is to develop a huge and highly heterogeneous XML repository. We focus on Xyleme’s Semantic
and Query Processor modules by proposing a data model and query processing techniques for
such heterogeneous XML data.
We defined here a uniform tree structure model for data sources and schemata, for the me-

diated schema (the abstract tree type and the mappings with the data source) and for Xyleme
queries. Based on this model, we proposed two query processing techniques for Xyleme: pre-
evaluation of queries at compile time and query relaxation.
The query pre-evaluation step improves the efficiency of query translation at run-time. Query

translation is a costly process, because of the large number of data sources and mappings. Our
method is based on pre-processing the mappings between the mediated schema and the data
schemata, on computing and encoding in relational tables all the branch query translations. At
run-time, the query translator will simply combine these pre-computed branches.
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Query relaxation is necessary when queries have no answer. We have studied several strategies
for relaxing queries, guided by a characterization of query containment obtained for our setting.
They exploit the information that has been stored and used for the pre-evaluation phase.
This aspect of our work has some connection with a recent work about minimization of tree
queries [4]. Though the techniques are different, it is also similar in spirit to the work pre-
sented in [5] about query relaxation in PICSEL [14], which is also based on query contain-
ment.
At last, we presented a method for semi-automatic mapping generation, based on syntactic and

semantic similarity and on structural constraints. Automatic mapping generation is mandatory in
Xyleme, because of the very large number of heterogeneous data schemata. The first experimental
results confirmed the need of structural constraints to avoid ambiguous interpretation of terms
and gave us very usefull hints for improving mapping generation.
Currently, Xyleme implements the tree model presented in this paper for data sources and

schemata, the mediated schema and the mappings. The mediated schema model and implemen-
tation, seen as a view over the data sources, are described in [10]. As mentioned before, the last
version of the query language is richer than the tree queries presented in this paper because it
allows joins, node constructors and some additional features such as descendant edges (where the
lower node is some descendant of the higher one and not necessarily a direct child), optional
nodes, etc. However, the query plan obtained when parsing Xyleme queries is based on a specific
algebraic operator called PatternScan, which implements tree queries very similar to those pre-
sented by our model.
Pre-evaluation of queries is not currently implemented in Xyleme. Query translation uses a very

similar algorithm, but concrete branches are computed for each query at run-time. Query pre-
evaluation will be implemented and tested in a future version of Xyleme. Moreover, a more
general translation algorithm is needed, which allows inversions in the descendant relationship
between nodes. This is necessary when the descendant order is not semantically important (e.g.,
Movie/Actor and Actor/Movie keep the same meaning for terms). Otherwise, a mediated schema
containing Movie/Actor will never match a document where the order is Actor/Movie even if
semantically it should. The pre-evaluation strategy will be reformulated in this new translation
context.
Query relaxation is not yet implemented in Xyleme neither. Among the large number of

possible relaxation levels for a query, Xyleme will first include a fixed number of levels. The use of
descendant edges will allow new relaxation techniques, such as internal node deletion. Among the
relaxation levels intended to be implemented first we mention: (i) deletion of all internal nodes
that are not root or leaves (flat structure), and (ii) deletion of all the nodes that are not root
or selected, with propagation of the condition of a deleted node to the root (keyword
search).
Automatic generation of mappings has been implemented. However, to improve the results

obtained with SAMAG, another direction is currently experimented and evaluated. Here are the
main improvements:

(1) Semantic matching does not dynamically use WordNet anymore. Instead, each abstract tree
type node is annotated with a set of semantically related words, used then at mapping gener-
ation time. Besides performance improvement (WordNet is not queried at run-time, but at
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annotation time), this technique has several advantages. The most important is that the user
will choose only the relevant words (in the domain-specific context) among those proposed by
WordNet (which is domain independent), and may add other words. Typically, after a map-
ping generation, the user will realize that some mappings were not found because of some
missing terms in the annotation and will add them in order to improve the results.

(2) Context description is also done at the abstract tree type level. The user annotates each node
with the list of predecessors that define its interpretation context. The advantage is that the
user has a very good knowledge of the domain and can be very precise when describing con-
text. The problems of distinguishing between object and property nodes and of finding the
context of an object node disappear.

The first test on the same corpus as the one used in this paper produced 101 mappings, with
99% relevant mappings. The system found 70% of the manual mappings, which is better than
the best results of SAMAG (67% when no context is considered) and much better than its re-
sults when normally configured (47%). By adding new domain- and corpus-dependent terms
to the initial annotation we found 80% of the manual mappings, while the relevance percentage
slightly decreased to 97%. We also evaluated that by matching a term with its identifying prop-
erty (e.g., a movie director with his name), the number of manual mappings found increases to
88%.
The results obtained with the abstract tree type annotation technique are promising. The ratio

of relevant mappings is very high and the precision can be iteratively improved. The additional
annotation work is reasonable, because it is necessary only on the abstract tree type. Future work
will focus on improving precision.
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