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Abstract
XML [7] has become a de facto standard to exchange and represent any kind of data in various

contexts. XML data can be manipulated using the XQuery [31] language, which can express though a
compact and comprehensive way any queries and transformations. An XQuery expression is evaluated
as follows. (1) the expression is rewritten into a "canonical XQuery", then (2) it is modeled in an
internal representation and �nally (3) it is optimized and executed.

In [9], Chen et al. proposed to rewrite XQuery expressions in "canonical XQuery". However, their
solution is restricted to a rather limited subset of XQuery and does not support complex XQuery
expressions. [4] introduced the TPQ model to represent a single FWR statements as a Tree Pattern
and a formula. Then [9] proposed the GTP model which generalize their approach to support several
FWR. However, their model cannot capture well all the expressiveness of XQuery expressions, cannot
handle mediation problems and do not support extensible optimizations.

In our paper, we made three contributions. First, we extend the rules developed by [9] to rewrite
any XQuery expression into a "canonical XQuery". Second, we design a new model called TGV
which supports all the functionnalities of XQuery, uses an intuitive representation compliant with
mediation issues, and provides a support for optimization and cost information. Finally, we provide
a generic cost model coupled with the TGV.

Keywords: XQuery evaluation, TGV, Extensible optimization, Cost model
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1 Introduction

Data sources on the Internet are many and var-
ied. To integrate data coming from distributed
and heterogeneous sources, the famous media-
tors/wrappers architecture [33] is generally used.
In this architecture, the user issues a request to the
mediator which sends in turn part of the request to
wrappers associated to data sources. the result is
then sent back to the mediator which integrates the
result accordingly. In order to guarantee interoper-
ability between the di�erent elements of the archi-
tecture, we consider XML for data representation
and XQuery as the query language.

Indeed, XML [7], has become the preferred
way to represent semi-structured data [1] which has
become an e�ective way to de�ne any type of data
that can be represented as a tree.

Moreover, XQuery [31] has proved to be an
expressive and powerful query language to query
XML data both on structure and content, and to
make transformation on the data. In addition, its
query functionalities come from both the database
community (�ltering, join, selection, aggregation),
and the text community (supporting and de�ning
function as text search).

However, the complexity of the XQuery lan-
guage makes its evaluation very di�cult. To allevi-
ate this problem, most of the systems support only
a limited subset of the XQuery language.

[9] has shown that some forms of XQuery ex-
pressions could be rewritten to one generic form
called "canonized XQuery". Rules that transform
an XQuery expression to an equivalent expression
with a generic form (said "canonized") have also
been demonstrated. We will see in section 2.1.1
that [9] only supports a subset of XQuery formula-
tion and do not deal with all type of XQuery expres-
sions (set, conditional, sequential, scheduling etc.)
The �rst contribution of our paper is to extend the
work of [9] in order to canonize any XQuery expres-
sions.

The canonized XQuery expressions require
a logical structure model to be manipulated, op-
timized and then evaluated. [4] has introduced the
TPQ model that expresses a single FWR query by
a Pattern Tree and a formula. Then, [9] proposes
GTPs that are a generalisation of TPQs in which
each let clauses generates a Tree Pattern, and the
formula contains all the operations. The represen-
tation is intuitive and acts as a template for the

data source, as QBE [37] did for querying relational
data. However, GTPs do not capture well all the
expressivity of XQuery, cannot handle mediation
problems, and do not support extensible optimisa-
tion. To solve these problems, we made a second
contribution. We build a new model called TGV
which provides the following features: (a) we inte-
grate the whole functionalities of XQuery (collec-
tion, XPath, predicate, aggregate, conditional part,
etc.) (b) we use an intuitive representation that
provides a global visualisation of the request for the
mediation. (c) we provide a support for optimisa-
tion and a support for evaluation infor mation (e.g.,
cost, sources location).

Finally, our third contribution is to propose
optimizations to improve query evaluation. To this
end, we de�ne transformation rules to generate a
set of equivalent TGV (giving the same results)
from the same query. The choice of the best TGV
is based on speci�c costs (response time, money
cost, bandwidth, ...). A support for cost mod-
els is also provided by a new language based on
MathML which can consider di�erent sources dis-
tribution and their capabilities.

We have implemented the whole XQuery pro-
cess in our mediation system XLive [12]. Figure 1
describes the evaluation process: (1) XQuery is can-
onized into a canonical form of XQuery (2) then the
canonized XQuery is modeled in the internal struc-
ture TGV which can (3) be restructured into equiv-
alent structures using equivalence rules. (4) Then
the TGV is annotated with information for evalu-
ation such as the data sources location, cost mod-
els information, sources functional capabilities, etc.
The optimal annotated TGV is then selected and
(5) the logical TGV is transformed into an execu-
tion plan using a physical algebra. We have chosen
the XAlgebra [11], that is an extension of the re-
lational algebra to XML. (6) Finally, the execution
plan is evaluated and produces an XML result.

TGV

XAlgebra
Evaluation

modelization annotation

Optimization (equivalence rules)

XQuery

XML

canonization

Canonized

Preparing the execution plan

XQuery
Annotated
TGV

Transformation
into a physical
algebra

2



Figure 1: Evaluation processing
The whole process is implemented in the

XLive [12] system and validate all use-cases de�ned
by the W3C that do not implies strong typing con-
sideration (our system recognize 8 of the 9 cate-
gories of XQuery).

In this paper we describe the preparation of
the XQuery evaluation. This article is organized
as follows. The next section focuses on canonizing
XQuery to restrict the study. Then, section 2 in-
troduces the TGV structure that we had de�ned for
modeling XQuery in a practical way. In section 3
we de�ne some rules to manipulate the TGV, we
show in section 4 how the TGV can be annotated
with extra information to support sources descrip-
tion and evaluation cost estimation (subsection 4).
Finally section 5 concludes.

2 XQuery Modeling

2.1 Canonization

XQuery is a rich and complex language. Its power-
ful expression capabilities provides a large range of
queries over XML documents. However the richness
of the language makes the evaluation of XQueries
ine�cient in several cases. In order to optimize
the evaluation of such queries, we propose to struc-
ture the language declaration by canonizing it us-
ing some transformation rules. These transforma-
tion rules keep the semantic of the query and make
them more convenient to manipulate.

2.1.1 Canonization (existing work)

[9] proposes rules of canonization to translate
XQueries to their single form. [9] introduces the
following theorems to transform XQuery queries :
(a) Moving XPath �lters to where clauses: The
XPath �lters are applied to a speci�c node, like
an operation in the where clause. A transforma-
tion rule translates this �lter in a new query where
the �lter operation is moved into the where clause.
The XPath is split in appropriate paths to generate
an equivalent query. (b) unnesting return clauses:
Each FLWR queries nested in the return clause is
rede�ned in a let clause and is assigned to a vari-
able. In the return clause, the nested queries are

replaced by their assigned variable . (c) isolating
aggregate functions: Each aggregate function is re-
de�ned in a let clause and is assigned to a variable
which replaces the aggregate function in the main
expression. (d) isolating quanti�er functions: Each
quanti�er functions (every and some) is rede�ned
in a let clause and is assigned to a variable which
replaces the quanti�er functions in the main expres-
sion.

XQuery queries can be canonized in a sim-
pler form using previous translation rules. However
the lack of ordering operators (order by), set oper-
ators (union, except, intersect), conditional opera-
tors (if/then/else) and sequential expressions (with
parenthesis) reduce tremendously the XQuery ex-
pressiveness. We propose in the next section to ex-
tend canonization of XQuery.

2.1.2 Extension

We extend the XQuery de�nition domain by de�n-
ing new additional canonization rules. These rules
(summarized in table 1) have been demonstrated in
[29] and are as follows :

R1: Each of the Order by clauses are declared in
a let clause. The ordering is de�ned by a spe-
ci�c function orderby(). This rule is an exten-
sion of the transformation rule isolating ag-
gregate functions de�ned in 2.1.1(c).

R2: Two FLWOR expressions connected by a set
operator are declared in a let clause and are
each assigned to a variable. The result - which
is a set operation between the two previous
variables - is assigned to a variable.

R3: Nested expressions in conditional expressions
If/Then/Else are declared in a let clause and
are each assigned to a variable. The condi-
tional expression is rewritten using variables
previously de�ned.

R4: Each sequential expressions enclosed in paren-
theses on a set of values or XPaths is tran-
formed into a let clause and is assigned to a
variable.

We have de�ned the rules to get a speci�c or-
dered XQuery expression. These rules are summed
up in the table 1.
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Expressions Canonical form
R1 order by expr1 ⇒ let $l1 := orderby(expr1)
R2 (expr1 | expr2) ⇒ let $l1 := expr1, $l2 := expr2, $l3 := ($l1 | $l2)

(expr1 & expr2) ⇒ let $l1 := expr1, $l2 := expr2, $l3 := ($l1 & $l2)
(expr1 − expr2) ⇒ let $l1 := expr1, $l2 := expr2, $l3 := ($l1 − $l2)

R3 if expr1 then expr2 else expr3 ⇒ let $l1 := expr2, $l2 := expr3

if expr1 then $l1 else $l2
(if expr2 and expr3 are nested queries)

R4 (expr1)/expr2 ⇒ let $l1 := expr1

$l1/expr2

Table 1: XQuery canonization rules

The validation of these rules can be found
in [29]. Using these rules, we obtain a canonical
XQuery expression that is ready for a translation
to our query internal representation, based on set
of trees and external relations between them.

2.2 Tree Graph Views (TGV)

Although canonization reduces the XQuery queries
expression to a canonical form, XQuery modeling
is a di�cult goal since XQuery provides a large set
of functionnalities. Moreover, mediation purpose
directs our re�ection for modeling in speci�c Tree
Patterns in which all XQuery operations are repre-
sented in a single expressive form. Each set of trees
de�ned in canonized queries generates a particular
representation.

A well-known structure for modeling XML
queries is the so-called Tree Pattern Query (TPQ).
A TPQ is a tree with nodes labeled by variables
together with a formula specifying constraints on
tags, attributes, and contents. The tree consists in
two kinds of edges parent-child (pc) and ancestor-
descendant (ad) edges. The semantics of a TPQ
is based on the pattern matching notion, a map-
ping from the TPQ nodes to the database nodes
satisfying the formula. A Generalized Tree Pattern
is a natural extension of TPQs. XQuery contains
joins, nesting, aggregates and other complex con-
structs not captured by TPQ. GTP integrates most
of them, including optional and mandatory nodes.
An example of a GTP is given in Figure 2. Notice
the dotted line, the join conditions, and the block
levels (e.g., 1.1.0). Block levels identify links be-
tween TPQs and are de�ned by the hierarchy level
in the group number.

(1.1.1)

$p.id=$b.person &
$i.item=$t2.id

$n1.tag=name & $g.content > 25 &

$n2.tag=ItemName

$p.tag=person & $g.tag=age       &

$t.tag=closed_auction                &
b.tag=buyer & $i.tag=itemref        &
$e.tag=europe & $t2.tag=item      &

(0)
$p

$g
(0)

$n1
(2)

(1.0)
$t

(1.0) (1.1.0)
$i$b

(1.1.0)
$e

$t2
(1.1.0)

$n2

Join Condition :

Figure 2: Generalized Tree Pattern (GTP)
However, GTP does not model all constructs

that are required for distributed queries:

• The notion of data source is not included.

• The XML result of a query is not modeled.

• Modeling views and query on views are not
possible.

• Let and functions are not integrated.

• Tags, relations, and constraints are embedded
in a boolean formula di�cult to read.

All in all, the GTP representation is not very intu-
itive, as dependencies between tree patterns do not
appear except in formulas. And there is no support
for additional information useful at evaluation time
(cost, sources location). Thus, this model requires
some extensions and adaptations to be the core of
a distributed query-processing algorithm in a me-
diator. We propose the TGV (Tree Graph View)
model that we have implemented in the XLive me-
diator for XQuery processing.
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We now see all the characteristics of the Tree
Graph View model. First, we introduce TreePat-
terns which are the XML document �lters, and spe-
ci�c structures adapted to XQuery requirements.
Then, Constraints are added to this model to inte-
grate general �lters, which can be attached to any
type of the model. To complete this model, Hy-
perlinks are introduced to link together preceding
structures. A Tree Graph View is composed of all
this structure to model a complete XQuery query.

2.2.1 Tree Pattern

A Tree Pattern is a tree with di�erent tags an XML
document must match with. This template is a set
of XPaths extracted from the XQuery query. In the
Tree Pattern representation, each tag of the XPath
becomes a Node. Every Nodes are linked together
by Node Links representing hierarchical information
between two Nodes. We now give de�nitions of each
Abstract Data Type (ADT) of a Tree Pattern (Fig-
ure 3) :

• Node : A Node is the tag name that an ele-
ment in an XML document must have to be
relevant to this Tree Pattern.
A node corresponds to an element in an XML
document. Each one that match with the
given Node name is relevant to the given
query. To introduce speci�c node names,
nodes can have namespace and wildcard de�-
nitions.

• NodeLink : A Node Link is a hierarchi-
cal link between two Nodes. It contains
three information: parent/child or ances-
tor/descendant, mandatory or optional, and
the declaration place in the query.
A Node Link represents the relation between
two nodes. Then, two elements of an XML
document must respect this relation to be rel-
evant to the given query. When a link has
a parent/child information, elements corre-
sponding to the second node must be a direct
child of the �rst one. Contrary to a descen-
dant/ancestor link in which the second node
can be any descendant element contained into
the �rst one. Concerning a mandatory link,
the following node must appear in the XML
document to be relevant to the query, then this
information is said to be discriminant to the
query. On the opposite, an optional node link
is not discriminant for the query. So, this
node does not have a major in�uence on the

built XML result set. The declaration place
information can be used in optimization pur-
poses to replace nodes requirements (it isn't
an ordered information between nodes)

A set of Nodes and Node Links generates a
Tree Pattern that �lters XML trees the given pat-
terns must match with.

c a t a l o g

b o o k

t i t l e a u t h o r

$ a

N o d e s

N o d e  L i n k s

T r e e  P a t t e r nD e f i n i t i o n  V a r i a b l e

Figure 3: Representation of a Tree Pattern
As we can see in �gure 3, Nodes and Node

Links are associated together to form a Tree Pat-
tern that is a �lter representation on an XML docu-
ment. We can identify di�erent types of node links
between nodes. In fact, links between catalog/book
and book/author have a parent-child status since
it is represented by a single link, contrary to the
book/title link that have a ancestor-descendant sta-
tus from the double link. Moreover, we can de�ne
the optional status by dotted links like between book
and author, others in plain line are mandatory links.

De�nition 1 : TreePattern
A Tree Pattern is a set of Nodes and Node
Links with a de�nition variable. It rep-
resents a tree pattern that an XML doc-
ument must match with the speci�c ele-
ment associations to be relevant for a given
query.

To represent all XQuery richness, we must
introduce speci�c Tree Patterns to model each char-
acteristic of XQuery:

• SourceTreePattern : A Source Tree Pat-
tern is a Tree Pattern de�ned by a targeted
document or set of documents and a root
path.
A Source Tree Pattern corresponds to a for
declaration on a targeted XML document with
a speci�c root path, that de�nes the set of trees
to work with.
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• IntermediateTreePattern : An Intermedi-
ate Tree Pattern is a Tree Pattern de�ned on
a previous one that specializes the domain on
a speci�c Node.
An Intermediate Tree Pattern corresponds to
a for declaration that specializes an element
by creating a new set of trees. Thus, it creates
a Tree Pattern that de�nes a new domain.

• ReturnTreePattern : A Return Tree Pat-
tern is a Tree Pattern that de�nes the re-
sult construction of an XML document. Each
node coincide with a tag on the XML result
set, or a contents text.
A Return Tree Pattern corresponds to the
return clause of an XQuery query, that builds
the main XML resulted document. We can
identify tags by nodes, attributes are preceded
by a "@", and text are only a quoted text. Re-
quired XPath are treated by hyperlinks (see be-
low) as an empty child node.

• AggregateTreePattern : An Aggregate
Tree Pattern is a Tree Pattern that builds a
temporary result set. It can represent nested
queries and aggregated functions on a set of
trees.
An Aggregate Tree Pattern corresponds to a
let clause that de�nes a treatment on a set of
trees. By canonization rules, we can see that
nested queries are rede�ned in those clauses,
so they build a temporary result set which is
projected (see hyperlinks below) into this Ag-
gregate Tree Pattern. Aggregate Functions are
applied on a set of trees, then we must repre-
sent them by this model.

We introduced Tree Patterns that can de�ne
all required model of pattern matching on trees.
Then, when an XML document is relevant to our
Tree Pattern, it is selected by the model. But, since
XQuery queries are more complicated than a simple
Tree Pattern, we need to add some other types to
our model.

$a

catalog

book

title author

livres

"catalogs"

titre

nb_auteur

text()

count()

author
$b

SourceTreePattern IntermediateTreePattern

ReturnTreePattern

AggregateTreePattern

Figure 4: Di�erent types of Tree Patterns
As we can see in �gure 4, the four types of

patterns trees are represented. On the top left, a
SourceTreePattern de�nes the set of selected trees
for the TGV. Then, an IntermediateTreePattern on
top right determines a new set of values, we can in-
fer that it is optional since NodeLink (book/author)
and the link between author and the ITP (called
SpecializedHyperlink, see below) are optional. This
TreePattern is projected into an AggregateTreePat-
tern on the bottom right, we can identify the aggre-
gate function count on authors, then we know that
it de�nes the number of authors for a book. To �n-
ish, a ReturnTreePattern is de�ned on the bottom
left to build a new XML document with the given
tags, title and the number of authors are projected
in this Tree Pattern. This Tree Graph View corre-
sponds to the following XQuery query:

for $a in collection("catalogs")/catalog/book
where
exists ($a//title)

return
<books>

<title>{$a//title/text()}</title>
<nb_author>
{for $b in $a/author
return count ($b)}

</nb_author>
</books>

2.2.2 Constraints

In XQuery queries, constraints may be declared on
an XPath to reduce the selectivity of a set of trees.
Moreover, this constraints can be applied to a vari-
able, like in let clauses, or between two XPaths to
express join constraints between two set of trees.
Thus, we introduce the type Constraint for this
purpose.

De�nition 2 : Constraint
A Constraint is a restriction of the feasible
solutions in sets of trees. It can be applied
to Nodes, Tree Patterns, Hyperlinks, Con-
straints or Constants. It appears as Predi-
cates or Functions.

• Predicate : A Predicate is a constraint with
a comparison operator between two links to
di�erent element types.
Linked types can be a constants, nodes, tree
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patterns, hyperlinks or an other constraint in
order to compose constraints.

• Function : A Function is a constraint with
a name and a set of links to di�erent element
types.
The function name de�nes the type of opera-
tion to treat. Linked types can be constants,
nodes, tree patterns, hyperlinks or an other
constraint for function composition.

Constraint representation depends of the
linked element type. For a node, we put the con-
straint under the tag as we can see on �gure 5. For a
tree pattern, it is represented above it, as we saw the
count function in �gure 4 on the AggregateTreePat-
tern. For hyperlinks, it depends of its type, as we
will see on JoinHyperlinks in �gure 5 a link between
two nodes is annotated with a equality constraint.
For constraint composition, we compose naturally
at the position of the linked element (node, tree
pattern, hyperlink).

Figure 5: Example of node constraint

2.2.3 Hyperlinks

As XQuery queries can associate some variables to-
gether by join constraints, de�ne new variables and
let clauses, we introduce Hyperlinks as a link be-
tween types into our model. Thus, XQuery com-
plexity generates few types of Hyperlinks in order
to represent this expressiveness.

• Hyperlink : An Hyperlink is a link between
two or more elements of a Tree Graph View. It
represents an association by Association Hy-
perlinks or a transformation by Directional
Hyperlinks.
As we can see, an Hyperlink can be an Asso-
ciation Hyperlink for restriction purposes on
some sets of elements, and a Directional Hy-
perlink to transform set of trees into a new
one.

• AssociationHyperlink: : An Association
Hyperlink is an Hyperlink that connects two
elements of the same type to represent a spe-
ci�c association, in order to �lter results by
verifying this association.
We can distinguish two types of Association
Hyperlinks. Join Hyperlinks are made to con-
nect two Nodes with a Constraint that repre-
sents a join constraint. Constraint Hyperlinks
connect two Constraints with a Boolean con-
nector associated to a return clause, in or-
der to preserve constraint association (with
and/or operators) and the treatment declara-
tion level.

� JoinHyperlink: : A Join Hyperlink is
an association between two Nodes under
Constraint. Relevant trees are those who
verify this constraint with values given
by nodes.
Join Hyperlinks are declared into where
clauses to de�ne a join constraint be-
tween two XPaths. Then it generates two
nodes into TreePatterns which are con-
nected together by this Association Hy-
perlink with the given constraint.

� ConstraintHyperlink: : A Constraint
Hyperlink is an association between two
Constraints with a Boolean connector.
It forms a list connected to a Return-
TreePattern in order to keep treatment
declaration level of this constraints. Rel-
evant trees are those who verify all the
connected constraints by and/or connec-
tors, at a given declaration level.
A Constraint Hyperlink is a link between
two constraints keeping a boolean op-
eration status given by where clauses.
It permits to know how processing con-
straints in the model. Furthermore, each
nested query have a single return clause,
thus we can de�ne a treatment level asso-
ciated to this clause. In fact, some con-
straints are not associated at the same
level of their de�nition variable. Finally,
aggregate functions can be declared in the
where clause, its treatment is then asso-
ciated to the Constraint Hyperlink.

• DirectionalHyperlink: : A Directional Hy-
perlink is an injected transformation between
elements. It speci�es a transformation from a
set of elements to a single one.
Directional Hyperlinks are injected hyperlinks
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since the destination element must be targeted
only once.

� ProjectionHyperlink: : A Projection
Hyperlink is a Node to Node Directional
Hyperlink. It contains a mandatory or
optional status. It represents a value
projection of the given node into the pro-
jected one.
In XQuery queries, most projected nodes
are those which are declared into re-
turn clauses. Some of them are built by
XPaths declared into where or order by
clauses. Mandatory status restricts re-
sults when the given node do not contains
any values. It is deduced when it is de-
clared into where and order by clauses.
The Projection Hyperlink is set to be op-
tional when a node is declared into the
return clause.

� SpecializedHyperlink: : A Special-
ized Hyperlink is a Node to Tree Pat-
tern Directional Hyperlink. It contains
a mandatory or optional status. It rep-
resents the specialization of a Node, by
specifying a new TreePattern which root
is the given node.
A Specialized Hyperlink permits to link a
TreePattern with an IntermediateTreeP-
attern. ITPs are declared in for clauses
with a variable declaration on an ex-
isting one. This hyperlinks represent
the variable association to the given
node. The new TreePattern specialises
the nodes association at this declaration
level. This hyperlink can be optional
since for clauses can be nested.

� GeneralizedHyperlink: : A Gener-
alized Hyperlink is a Tree Pattern to
Node Directional Hyperlink. It contains
a mandatory or optional status. It rep-
resents a TreePattern generalization re-
sult set, which result is projected into the
given node.
A Generalized Hyperlink links a TreeP-
attern with a node in order to represent
aggregate projections. In fact, a set of
trees built by an AggregateTreePattern is
projected into a node. This hyperlink can
have a mandatory status when the aggre-
gate is declared into where clauses, else
it has a optional status.

� SetHyperlink: : An Set Hyperlink is a
set of Tree Patterns to Node under Con-

straint Directional Hyperlink. The Con-
straint possible values are: Union, Inter-
sect or Di�erence. It represents an set
operation between few TreePatterns on
a single Node.
An Set Hyperlink represents the link be-
tween TreePatterns which result set is
deduced by the set operation. This re-
sult set is projected into a given node on
which we proceed further treatments.

� IfThenElseHyperlink: : An
IfThenElse Hyperlink is a set of Ele-
ments to Node under Constraint Di-
rectional Hyperlink. Elements can be a
Node or an AggregateTreePattern, and
the constraint is a Predicate or a Func-
tion. It represents a conditional expres-
sion which result is deduced by the con-
straint status.
Since XQuery is an operational lan-
guage, we must associate this notion to
our model. then IfThenElse Hyperlinks
represent operational treatments based
on results of the given constraint. We
can project a Node (from an XPath) or
an AggregateTreePattern (from a nested
query).

To represent these di�erent hyperlinks, we
use arrows between elements. Projection Hyperlinks
is a single arrow between two nodes (dotted if op-
tional status), an example is saw in �gure 4 between
text() and title, and between author and root of the
Aggregate Tree Pattern. Specialized Hyperlinks is
a single arrow between a node and a tree pattern
(dotted if optional), in �gure 4 it can be seen be-
tween the node author and the Intermediate Tree
Pattern $b. Generalized Hyperlinks link a tree pat-
tern to a node, it is represented by a single arrow
(dotted if optional), an example can be seen in �g-
ure 4 between the count Aggregate Tree Pattern,
and nb_author node.

For Set Hyperlinks, we need to introduce a
multi-arrows and an set constraint. Each arrow
comes from a tree pattern to link with others with
the constraint. We can see it in the top of the �g-
ure 6 where two tree patterns ($a_1 and $a_2) are
linked to a union constraint, result is projected into
the tree pattern $a.

IfThenElse Hyperlinks needs three arrows (If,
Then and Else clauses). The if clause is linked to
a constraint, then and else clauses are linked to a
node or a tree pattern. An example is given in the
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bottom of the �gure 6, where the IfThenElse Hyper-
link give a author result (then) for titles containing
the word "King" (If ) or else give a string result "No
King in title" (else).

We can see in �gure 6 the corresponding
XQuery query to the model on top-right. We can
see the set operator "|" in the for clause for merg-
ing "catalogs" and "reviews" into the $a variable. A
conditional operator "if/then/else" is de�ned in the
return clause in order to project the author value if
the word "King" is present into the title.

Figure 6: SetHyperlinks and IfThenElseHyperlinks
Association Hyperlinks are represented by a

link between the associated Return Tree Pattern
and constraints. This link is dotted if the boolean
operator is typed "or". For visibility purposes, we
will only represent this hyperlinks on graphs when a
dotted operator is present or the level application of
a constraint is di�erent to the Tree Pattern's level.

Then, we de�ne all TreeGraphView speci�c
elements in order to represent XQuery expressive-
ness in a single model. All elements are linked to-
gether by hyperlinks representing speci�c associa-
tions given by XQuery speci�cation. XML recon-
struction is given by ReturnTreePattern, de�nition
domains are set into SourceTreePattern and Inter-
mediateTreePattern, aggregate operations are rep-

resented by AggregateTreePattern. We now de�ne
the TreeGraphView type in order to gather all this
types into a single model.

2.2.4 Tree Graph Views

A Tree Graph View (TGV) is a representation of
an XQuery query containing TreePatterns, Con-
straints and Hyperlinks. Input of the TGV is given
by SourceTreePatterns, the output is de�ned by the
ReturnTreePattern (not a AggregateTreePattern by
inheritance).

De�nition 3 : TreeGraphView:
A Tree Graph View is a set of TreePat-
terns linked together by Hyperlinks, and
restricted by Constraints. It contains a set
of SourceTreePatterns for inputs, a single
ReturnTreePattern for the output.

Then we can model a canonized XQuery
query with a Tree Graph View by transforming each
clause by the associated type. Those types can gen-
erate hyperlinks in order to build a graph. This
graph is a view of the query which can be trans-
formed into a algebra to process it on XML docu-
ments.

2.2.5 Functions

In order to complete the model with XQuery re-
quirements, we need to introduce function declara-
tions. This expression take some elements in pa-
rameters and give a single element in return. Into
our model, we will treat only parameters with the
type element().

Since parameters can modify few types into
the XQuery query, we will use the same represen-
tation into Tree Graph Views. Thus, this parame-
ters will be introduce into an AggregateTreePattern
named by this declaration function with its vari-
ables de�nition. This variables will be �nd into the
TGV by its name and Projection Hyperlinks be-
tween the Aggregate Tree Pattern and variables.

For treatment purposes, we will merge the
TGV corresponding to the declaration function
with the using function TGV only if necessary.
In fact, recursive functions can not be represented
since an in�nite Tree Graph View will be generated.
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books

"$collection"
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nb_author
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("$contains")

declare local:kings()

$contains  $collection

Figure 7: Example of declaration function
Figure 7 illustrates a declaration function lo-

cal:kings() that bring two parameters into a Tree
Graph View on the constraint function contains and
the collection name of a SourceTreePattern. The
function result is the last Return Tree Pattern de-
clared.

3 Evaluation and Optimization

The previous section de�ned rules that translate
XQuery expressions into a canonical form, and the
TGV abstract data types used for modeling this
canonized XQuery. The TGV model is a logical
representation of XQueries. It is designed to be
translated into an XML physical algebra to make
evaluation of XML documents e�ective.

To compute the result of a TGV applied to
XML documents, we need to de�ne an evaluation
operator for the TGV and also for each of its com-
ponent. We present this evaluation operator in the
following subsection.

3.1 Evaluation

The evaluation operation makes the evaluation of
Tree Graph Views feasible without any particular
algebra. The evaluation operation is particularly
interesting for optimization purposes since it can
prove equivalence rules.

In the Tree Graph View model, we need to
de�ne the eval function for each type of the model.
Each TGV operation works on sets of tree patterns
(ie: tgv - rtp is a set of TreePattern without the Re-
turnTreePattern). All operations use tree patterns
on set of XML trees τ and produce a new set of
XML trees.

A set of constraints is expressed by a σ.
Thanks to Constraint Hyperlinks, constraints can
be found in a Return Tree Pattern. Dependences
between Tree Patterns are given by hyperlinks.
Since we work with sets of tree patterns, disjointed
sets of tree patterns (tree patterns of one set are not
hyperlinked to any tree pattern of the other set) in-
fer a set rule: eval(tp1∪tp2) = eval(tp1)∪eval(tp2).

Some operations on trees need to be de�ned.
These operations express trees manipulation, we
will use it in the eval function:

• σ: This operation apply constraints, from
Constraint Hyperlinks linked to a Return Tree
Pattern, on τ . These constraints can prune
trees when values are not veri�ed, or modify
values.

• π: This operation projects XML tree values
from τ using Directional Hyperlinks as pro-
jections ;

• β: This operation builds a new set of XML
trees using Return Tree Pattern for tags hier-
archy, and results from π for values ;

• α: This operation works on whole XML trees
τ to produce an aggregate result set using ag-
gregate function ;

• φ: This operation restricts XML trees from τ
by �ltering with tree patterns. Trees which
does not contain nodes and node links asso-
ciation are pruned, others are kept with only
nodes (and values) corresponding to the tree
pattern.
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Line Functions Precisions
1 eval(tgv, τ) = eval(rtp, σr(τr)) Decomposition on rtp and other evaluations

with: τr = eval(tgv − rtp, τ)
2 eval(rtp, τ) = β(π(τ)) Values projection and tree construction
3 eval(tgv−rtp, τ) = eval(E1 ∪ ... ∪ En, τ) Ex = stpx ∪ itpx ∪ atpx

= eval(E1, τ) ∪ ... ∪
eval(En, τ)

Ex are disjointed tree patterns sets

4 eval(Ex, τ) = eval(atpx, σx(τx)) Decomposition on atp and others evalua-
tions with: τx = eval(Ex − atpx, τ)

5 eval(atp, τ) = eval(rtp, α(τ)) atp inherits from ReturnTreePattern with an
aggregate function α on τ .

6 eval(E − atp, τ) = eval(E′ ∪ stp ∪ itps, τ) stp: Set of independent STP
= eval(E′, τ) ∪ eval(stp, τ) ∪
eval(itps, τ)

itps: Set of ITP linked with a STP

7 eval(stp, τ) = φ(τ) Trees selection.
8 eval(itps, τ) = eval(itp, eval(tps, τ)) Itp and tp Decomposition.
9 eval(itp, τ) = φ(π(τ)) Sub-trees selection.

Table 2: Tree Graph Views evaluation

Some manipulation operations on trees need
to be de�ned, they will be used in the eval function.
We will describe each of these operations (summa-
rized in table 2)

Line 1 Evaluation of a Return Tree Pattern.
This evaluation builds an XML document
from a set of trees formed (or built from) by
other tree patterns. The eval function begins
with the evaluation of a rtp on a set of trees
τ . This evaluation is equivalent to the evalu-
ation of rtp with the restriction σr on τr. σr

is a set of constraints given by constraint hy-
perlinks linked to rtp. Values from trees that
do not verify constraints are pruned. τr is
produced by evaluation of the remainder tree
patterns: eval(tgv − rtp, τ).

Line 2 Values Projection. An rtp builds an XML
document with a set of values that are pro-
jections (π) of τ , these values are put in
a tree given by a set of nodes in the rtp
(β). Relevant values of τ are given by
DirectionalHyperlinks π associated to the
rtp. Thus, we obtain an XML result set from
the union of a projection and a construction
from rtp and τ .

Line 3 Evaluation of a tgv without the rtp. It is
equivalent to the evaluation of a set of dis-
jointed tree patterns Ex. These disjointed
tree patterns are a set of stp and itp projected
on an atp, the atp projects itself only on the

rtp. Since the evaluation function produces a
set of trees, we can infer that the evaluation of
a set of disjointed tree patterns is equivalent
to the union of the evaluation of di�erent sets
of tree patterns: eval(E1, τ)∪...∪eval(En, τ).

Line 4 Decomposition on atp. Since an atp in-
herits from rtps, we can consider it like a
rtp. The evaluation of Ex is equivalent to
eval(atpx, σx(τx)) with sigmax, the set of
constraints linked to the atpx and with τx,
the evaluation of Ex − atpx.

Line 5 Evaluation of atp. The evaluation of the
atp is equivalent to a subset of Ex with tree
patterns of Ex − atp. We just can have a dif-
ference with the Return Tree Pattern since
an Aggregate Tree Pattern can have an ag-
gregate function alpha1, then the result set
is obtained by the application of the function
(α). However, we can have a di�erence with
the Return Tree Pattern in the case the Aggre-
gate Tree Pattern have an aggregate function
alpha since it is applied to obtain the result
set.

Line 6 Evaluation of disjointed tps. This line
deals with the subset E−atp, which is a set of
disjointed stp, itp and other sets of atps like
in line 3. We found the equivalent evaluation:
eval(E′, τ) ∪ eval(stp, τ) ∪ eval(itps, τ), with
stp disjointed with any itps and atps, itps dis-
jointed with atps and E′ a set of tree patterns

1When an Aggregate Tree Pattern correspond to a
nested query, α is the Identity function.
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with an atp which will be treated recursively
on expression at line 3.

Line 7 Evaluation of stp. The evaluation of an stp
is a selection of a set XML trees from given
collections. This trees are �ltered by nodes
and nodelinks association given by the Source
Tree Pattern. We obtain a subset τ of these
XML trees for which tags correspond only to
Tree Pattern's nodes.

Line 8 Decomposition of an itp associated to a
tp. The evaluation of an Intermediate Tree
Pattern itps associated to a Tree Pattern tps

is an evaluation of itp on a set of XML trees
resulting from evaluation of tps. tps can be
a Source Tree Pattern or an Aggregate Tree
Pattern, then itp works on XML trees result-
ing of the evaluation of stps or atps. Else,
tps can be an other Intermediate Tree Pat-
tern (itps), we apply recursively operation.

Line 9 Evaluation of itp. Finally, the evaluation of
an itp is a node specialization which must ver-
ify the function φ with nodes and nodelinks
association from its root node given by the stp
(line 8). Then, we obtain a subset of trees by
the projection φ on the selection π on τ .

To conclude, we have de�ned an evaluation
function eval(tgv, τ) which provides the process to
evaluates our model of XQueries translation. Our
model is a logical evaluation of XQuery which is
independent of any physical algebra. In addition,
this model provides a logical optimizer based on
equivalence rules that modi�es Tree Graph Views.

3.2 Equivalence rules

An optimizer optimizes the query evaluation by
rewriting the query using equivalence rules.

De�nition 1 introduces equivalence between
two Tree Graph Views. Two tree graph views are
equivalent if their evaluation are identical.

De�nition 1 : equivalence
Two Tree Graph Views tgv1 and tgv2 are
equivalent if they have the same evaluation
on the same set of trees τ :

eval(tgv1, τ) = eval(tgv2, τ)

An equivalence rules transform a Tree Graph
View into another that must produces the same re-
sults set.

De�nition 2 introduces equivalence rules
with the transformation ϕ that modi�es the tgv.
If the evaluation of ϕ(tgv) is equivalent to the eval-
uation of tgv, then ϕ is an equivalence rule.

De�nition 2 : equivalence rules
An equivalence rule ϕ is a transformation
applied to a Tree Graph View tgv that do
not modify its evaluation:

eval(ϕ(tgv), τ) = eval(tgv, τ)

To prove the equivalence of a rule, we study
the evaluation function eval. Since transformations
are applied on functions of the evaluation, we can
course the di�erent stages of the evaluation (see in
table 2) to see which level is targeted by transfor-
mations. Thus, we propose a simple algorithm that
verify equivalence of a transformation by verifying
each evaluation level.

As we can see in table ??, an algorithm that
for each stage of Tree Graph Views evaluation, con-
taining a set of tree patterns E, veri�es equivalence
(line 2) of each targeted operation o (line 1). This
function is recursive on each decomposition of a
stage (line 5). To describe transformations on oper-
ations, we need to detail di�erent types of targeted
operations :

• σ: transformation on sets of Constraint Hy-
perlinks must respect selectivity of pruned
trees ;

• π: transformation on projections must com-
ply value projection ;

• β: transformation of document creation must
comply schemas ;

• α: transformation on aggregates function
must comply results ;

• φ: transformation on tree patterns must com-
ply nodes restriction on result set.

Thus, equivalence between two Tree Graph
Views obtained by a transformation is veri�ed by
modi�ed operations. This operations de�ne sets of
trees that are evaluated, then transformations must
respect these trees, not the manner to obtain it.
This transformations are called equivalence rules if
they do not modify set of trees, that is to say the
evaluation. Moreover, since equivalence rules are
applied under conditions, we can verify if a set of
trees is respected by transformations while this con-
ditions are true.
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Equivalent Tree Graph Views are obtained
by applying equivalence rules on TGV, but we now
need to de�ne a optimization strategy to orientate
generation of Tree Graph views. This strategy will
use these equivalence rules to de�ne a way of opti-
mization.

3.3 Extensible Optimization

Once we provide a set of equivalence rules into
our optimizer, the optimizer de�nes a generation
strategy to direct Tree Graph Views modi�cations.
An extensible optimizer de�nes a set of equivalence
rules to allow di�erent evaluations selected by a re-
search strategy. Some were proposed in Exodus [8],
Starbust [32], EPOQ [5], and Volcano [21].

Like the Exodus system, we proposed to val-
uate transformation rules in order to direct rules
choices. Most valuated equivalence rules are set to
an improvement coe�cient between 0 and 1 on the
Tree Graph View. Our optimizer selects THE more
e�cient rules with the biggest value in order to di-
rect the optimization.

Unlike Exodus choice of valuation, based on
history checks, our rule valuation consider the cost
model valuation detailed in section 4. A theoreti-
cal improvement coe�cient can be set by the cost
model. Since equivalence rules change Tree Graph
Views, we can evaluate two models and identify a
theoretical coe�cient (cost(tgv1)/cost(tgv2)), that
is very simple to implement.

The cost model can bring a di�erence be-
tween theory and e�ective evaluation of queries.
However, since mediation architectures bring het-
erogeneity in source evaluation, we can't rely on
historic evaluation. Indeed, the historic evaluation
could be too variable between di�erent equivalence
rule execution. So, we rely on a directed mediation
cost model which can can approximate more e�ec-
tively the cost of the evaluation, and consequently,
the improvement coe�cients.

4 Annotating the TGV

Equivalent TGVs can be generated from an initial
TGV by using equivalence rules introduced in the
previous section. Although results of their respec-

tive executions will be the same ones, the process
of their execution will be di�erent and will have dif-
ferent costs (in term of times, prices, connections,
etc.) The classical solution for choosing the best ex-
ecution plan is to compare plan costs using a cost
model.

A TGV represents a global view of a query
execution in the mediation system, so its di�erent
components can represent data located on several
places (local mediator, distant sources).

We take advantage of the TGV global repre-
sentation by annotating each or a set of TGV com-
ponents with additional information as well for the
costs as for the localization.

We propose a cost model somehow inspired
by DISCO [26]. The mediator has a generic cost
model. Each wrapper can export speci�c statistics
and formulas to the mediator. The generic cost
model is generally used with the exported statis-
tics, but speci�c formulas exported by a wrapper
can override generic formula. This approach gives
a framework to compute the global cost of a query
plan integrating local information on sources.

4.1 Cost model in a distributed het-
erogeneous semi-structured envi-
ronment

The goal of a cost model is to estimate the cost of an
execution plan for a query before its evaluation. A
cost model for a data source may contain statistics
and cost formula. Statistics describe characters of
the data source, including collection properties and
system information which is independent of data.
Cost formulas are dependent on statistics and de-
scribe operations cost processed on the data source.

Elementary operations of an execution plan
are distributed on the mediator and on the wrap-
pers (sources). If the mediator knows all the statis-
tics of sources, it can estimate the cost of these op-
erations by classical cost model. On the other hand,
if data sources do not reveal necessary cost informa-
tion for the reason of autonomy, the mediator must
use speci�c methods to estimate approximately the
cost of an (or a set of) operation (s) processed by
sources. State of the art on cost models is sum-
marized in the table 4 that classi�es the main cost
model methods by data type.
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Data Type Cost Model
Relational
Database

Operation
[27] [20] [38]
[13] [24]

Calibration
[16]

Sampling
[36]

History [3]

Adaptive
Sampling
[35]

Wrapper [23]
[28]

Object
Oriented
Database

Operation
[10] [6] [15]

Path [18] Calibration
[19]

Flora [17]
[22]

Semi-
structured
Data

Operation
[2]

Native SS [25] XQuery [34]

Table 4: Cost models classi�cations

In table 4, methods with the name "opera-
tion" refer to the cost models for the elementary op-
erations for each type of database. Generally, cost
information such as sources statistics is necessary
for these cost models. Each of the other methods
has a speci�c name which indicates its main idea
to calculate costs. Some methods need more source
information than others, for example, the method
by "Calibration" [16] [19] which estimates the co-
e�cients of a cost model, need to know the access
methods used by the source while this information
is not necessary for the method by "History" [3], in
which cost estimation of a new query is based on
the history of queries processed.

4.2 Annotating TGV

Each TGV represents a global view of query ex-
ecution in the mediation system. The optimiser
can generate several equivalent TGVs for the same
query according to the equivalence rules. All of
these equivalent TGVs form the research space for
the query. We should preview the cost of each TGV
candidate in order to choose the TGV with the op-
timal cost to evaluate the query. A cost model is
necessary for this cost estimation procedure.

We annotate each component (or a set of
components) of TGV by a generic cost communi-
cation language (Section ). For an elementary op-
eration, we annotate its cost formula; for a source,
we annotate its statistics and treatment capabili-
ties. All this information is collected together to
calculate the whole cost of TGV.

The optimizer should distinguish the opera-
tions processed on the mediator and those processed
on sources. Considering the limit treatment capa-
bilities of sources, some operations can not be pro-

cessed by sources., so they should be processed on
the mediator. As our common data model for the
mediator is semi-structured, we will use the cost
model in [34] to estimate the cost of these opera-
tions processed on the mediator.

On the other side, for the cost estimation of
operations processed on sources, we can use the cor-
responding method in the table 4 for each data type.
Sometimes, we can only estimate cost of a set of
operations, due to the lack of necessary cost infor-
mation. But this reduces the cost estimation charge
and makes sometimes the cost model more e�cient.

4.3 Generic cost communication lan-
guage

We de�ne a language to express the cost informa-
tion in a uniform, complete and generic manner.
This language should consider every cost model
type and should allow wrappers' developers to ex-
port their cost information. In fact, this language
completes the interface between the mediator and
the wrapper (Figure 8). In our context, this lan-
guage should be generic enough to express cost in-
formation of di�erent parts of a TGV. It should
also be capable to express cost for di�erent opti-
mization goals, for example, response time, price,
energy consummation, etc.
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Figure 8: Role of generic cost communication lan-
guage

In our system, the cost information commu-
nication is done in equation forms set. Each equa-
tion corresponds to a cost function which may be

de�ned by the source or by the mediator. Each
component of TGV is annotated with an equation
set in which the number of equations is unknown in
advance. One function in a set may use variables
de�ned in other sets.

The language should de�ne some rules to en-
sure cost model's consistency. First, every variable
should have somewhere a de�nition. Second, for
reasons of being generic, there are no prede�ned
variables' names. For example, in the language's
grammar, we do not use a name "time" for a cost
variable because the cost unit may be a price unit.
It's the user of the language who gives the speci�c
signi�cant names to variables.

Cost formula Cost language (using MathML)





CostS1 = CostRestriction

+CostProjection (1)

CostS2 = CostJoin (2)

CostTotal = CostS1 + 2 ∗ CostS2 (3)

<cost source="mediator">
<apply><eq/><apply><ci>CostS1</ci></apply>

<apply><plus/>
<ci>CostRestriction</ci><ci>CostProjection</ci>

</apply></apply>

<apply><eq/><apply><ci>CostS2</ci></apply>
<apply><ci>CostJoin</ci></apply></apply>

<apply><eq/><apply><ci>CostTotal</ci></apply>
<apply><plus/><ci>CostS1<ci><apply><times/>

<cn>2</cn><ci>CostS2</ci></apply></apply></apply>
</cost>

Table 5: Example of cost language

The Table 5 gives a simple example of our
cost language. In this example, the query will
be divided into several operations, processed on
Source1(S1) and Source2(S2). The execution cost
on S1 can be calculated by (1) and the execution
cost on S2 by (2). The total execution cost of the
query can be estimated by (3). There's a coe�cient
"2" for "CostS2" because execution on S2 is more
expensive than S1.

Our language is based on MathML [30],
which allows us to de�ne all mathematical functions
in XML form. MathML is �t for cost communica-
tion between the mediator and wrappers due to our
semi-structured environment. We use the Content
Markup in MathML to provide explicit encoding
for the cost formula. We'll just probably add some
functions to MathML to de�ne the grammar of our
generic cost communication language. In table 5,
we give the MathML description for each cost for-

mula.
Finally, to obtain an optimal TGV according

to the optimization goal, we should just minimize
or maximize a variable which is a parameter in a
cost function. In the above example, we need to
minimize the variable "CostTotal".

5 Conclusion

XQuery is an XML querying language that provides
a rich expressiveness. However, with this rich ex-
pressiveness, it is hard to provide an internal rep-
resentation that can make the query e�cienly pro-
cessed. In this paper, we describe the TGV model,
a model that we have conceived and we propose
a method to rewrite XQuery expressions to make
their evaluation e�cient.
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This method use the following steps:

1. Reduce the XQuery expression to a canonical
form of XQuery using transformation rules

2. Model the canonized XQuery expression into
the TGV model. The TGV model integrates
the whole XQuery functionnalities and is an
intuitive representation that supports anno-
tations. Our optimizer is extensible and let
the users de�ne their own equivalence rules
to transform TGV.

3. Prepare the evaluation phase by annotating
the TGV. The annotation can be used in two
cases. First, sources and local process loca-
tion can be annotated on the TGV model in
a mediator/wrappers architecture in a het-
erogeneous distributed systems. Second, cost
model for an element of the XQuery expres-
sion, or for a subpart of the element can be an-
notated on the TGV. This can be done thanks
to our generic, hierarchical cost model de�ni-
tion that makes the cost model of source type
and cost type possible.

The whole XQuery evaluation process have
been implemented in the XLive [12] mediator sys-
tem. All XQuery expressions of the W3C use-cases
[14] NS, PARTS, R, SEQ, SGML, STRING, TREE,
XMP categories are evaluated correctly by our sys-
tem, using TGV. For the moment, our system does
not support the STRONG use-case category be-
cause of typing consideration. But we are planning
to support typing in our system, so this last use-case
category would be also implemented in our system.

With the TGV model, the XLive system2 is
now one of the heterogeneous integration system
that support the most part of XQuery and is the
only one to support extensible optimisation with
cost support and annotation.
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