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Abstract. We propose XIR, a novel method for processing partial matehigs
on heterogeneous XML documents using information retti@®) techniques.
A partial match query is de ned as the one having the desagraleself axis
“II" in its path expression. In its general form, a partialtotaquery has branch
predicates forming branching paths. The objective of XIRoigf ciently sup-
port this type of queries for large-scale documents of bgemeous schemas.
XIR has its basis on the conventional schema-level metheitg uelational ta-
bles and signi cantly improves their ef ciency using twocteniques: an inverted
index technique and a novel pre x match join. The former etethe labels in
label paths as keywords in texts, and allows for nding theelgpaths matching
the queries more ef ciently than string match used in theveational methods.
The latter supports branching path expressions, and aftawading the result
nodes more ef ciently than containment joins used in theveational methods.
We compare the ef ciency of XIR with those of XRel and XParesing XML
documents crawled from the Internet. The results show thRtiX more ef -
cient than both XRel and XParent by several orders of madeifar linear path
expressions, and by several factors for branching patresgjms.

1 Introduction

Recently, there have been signi cant research on procgssiaries against XML docu-
ments [30]. To our knowledge, however, most of them considlenly a limited number
of documents with a xed schema, and thus, are not suitabidafge-scale applica-
tions dealing with heterogeneous schemas—such as andhssarch engine [20] [29].
A novel method is needed for these applications, and we addlrin this paper.
Partial match queries in XPath [7] can be particularly ukéiusearching XML

documents when their schemas are heterogeneous while ariglschema informa-
tion is known to the user. Here, a partial match query is dd ae the one having the
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descendent-or-self axis “//" in its path expression. A falitch query [18] can be con-
sidered a special case of a partial match query.

Partial match queries can be classi ed irinear path expressions (LPEshd
branching path expressions (BPE#)n LPE is de ned as a path expression consist-
ing of a sequence of labels having a parent-child relatipnshan ancestor-descendent
relationship between labels; a BPE is de ned as a path egjmreiaving branching
conditions for one or more labels in the LPE.

Existing methods for providing partial match queries canclassi ed into two
types: schema-level methods [24] [14] [15] [8] and instalexe| methods [17] [26]
[4][6] [16][5]1]9] [10] [12]. The ones of the rst type are usde for both partial match
queries and BPEs, but they are not designed for use in l@@e-documents of hetero-
geneous schemas [24] [14] [15] or have only limited supparpfartial match queries
and do not explicitly handle BPEs [8]. The ones of the secgpd tan support both,
but can not be best used in a large-scale database becanséaéncy. Between these
two classes of methods, the schema level methods are muehfeasible than the in-
stance level methods for large-scale XML documents beaafitbeir abilities to “ Iter
out” document instances at the schema level. We thus adegttiema-level methods
as the basis of our method.

We particularly base our method on the schema-level methsidg relational ta-
bles such as XRel [24] and XParent [14] [15]. There are two readon this. First,
those methods can utilize well-established techniqueselational DBMSs instead of a
few native XML storages. Second, those methods can alspeu8IQLs to query XML
documents. For the query processing, they store the schdoranation and instance
information of XML documents in relational tables, and pss partial match queries
in two phases: rst, nd the XML documents whose schemas macjuery's path ex-
pression, and second, among the documents, nd those tiisfyysselection conditions
(if there are any) speci ed on the path expression.

However, query processing ef ciencies of the two existingthods, XRel and XPar-
ent, are too limited for large-scale applications, as wé stibw in our experiments in
Section 6. The hurdle in the rst phase is the large amountbéma information, and
the hurdle in the second phase is the large number of docuingtahces.

The objective of our method (we nameXiR) is to improve the ef ciencies in both
phases. Speci cally, for the rst phase, we present a methatladopts thewerted in-
dex[22] technique, used traditionally in the Information rewal (IR) eld, for search-
ing a very large amount of schema information. IR technicheg& been successfully
used for searching large-scale documents with only a fewkeys (constituting partial
schema information). If we treat the schema of an XML docurasra text document
and convert partial match queries to keyword-based textBeagpueries, we can effec-
tively search against heterogeneous XML documents usintgapeatch queries. For
the second phase, we present a novel method catedk match join for searching a
large amount of instance information.

In this paper, we rst describe the relational table struesufor storing the XML
document schema and instance information, and then, teditre structure of the in-
verted index. We then present the algorithms for procesgirggies. We also present
the pre x match join operator, which plays an essential inlthe evaluation of BPEs,
and present an algorithm for nding the nodes matching th&BPhen, we discuss
the performance of XIR in comparison with that of XRel and ¥, and verify our
comparison through experiments using real XML documerst ceflected by crawlers
from the Internet. The results show that XIR outperform$bdRel and XParent by
several orders of magnitude for LPEs and by several factorBREs.
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This paper makes the following novel contributions towandyé-scale query pro-
cessing on heterogeneous XML documents:

In XIR, we apply the IR technology to the schema-level infation rather than to
the instance-level information of the XML documents. In ey&scale heteroge-
neous environment, schema-level information as well aairte-level information
would be extremely large. By applying the IR technique togtieema-level infor-
mation, we can improve performance signi cantly by achigyschema-level |-
tering. i.e., restricting the instances to be searchedasetivhose schema matches
the query’s path expression.

XIR also presents a novel instance-level join called thexgreatch join for ef -
ciently processing queries involving BPEs. The pre x majwih improves perfor-
mance signi cantly by minimizing the number of joins for maly instance nodes
satisfying branching predicates.

2 Preliminaries
2.1 XML document model

Our XML document model is based on the one proposed by Brumb §8]. In this
model, an XML document is represented as a rooted, ordeabdldd tree. Aodein
the tree represents an element, an attribute, or a valued@ein the tree represents
an element-subelement relationship, element-attril@iédionship, element-value rela-
tionship, or attribute-value relationship. Element antdtaite nodes collectively de ne
the document structure, and we assign labels (i.e., nanmesumique identi ers to
them. Figure 1 shows an example XML tree of a document. Ingfie, all leaf nodes
except those numbered 15 and 27 (representing the twoudéinialues “R” and “T")
represent values and all non-leaf nodes except those nehhdrand 26 (representing
the attribute@category ) represent elements. Note that attributes are distingdish
from elements using a pre x @' in the labels.

Lissue

—— T

2 . .
editor “editor 12 articles

/7 N\ / N\

3. )
first last 8flrsl 10Iast
13 article 25 article

Joa
““Michael” “‘Franklin” ““Jane” “poe” / \\ / \\
18 23 26 28 30 35

14
@category mﬂﬂe author keyword  @category title author keyword

1§l 17| 19/ 2\1 24| 27| 29| N 36|

3
R” XML schema” first last  “xmL” ™ “0ooDB” 3lfirst ?ast DB

2l 2l 32 | 34 |
“David” ““Curry" “John" “Smith”

Fig. 1. An example XML tree of a document.

We modify this model so that a node represents either an elieonan attribute but
not a value. We also extend the model with the notions of lpatis and node paths as
de ned below.

De nition 1. A label pathin an XML tree is de ned as a sequence of node labels
( ) from the root to a node in the tree, and is denoted as

O
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De nition 2. A node pathin an XML tree is de ned as a sequence of node identi-
ers ( ) from the root to a node in the tree, and is denoted as

: 4
Label paths represent XML document structures and are sdid4chema-levehfor-
mation. In contrast, node paths represent XML documendirtgs and are said to be
instance-leveinformation. We say a label pathatches path expression, a node path
belongs taa label path, and a node pathobtained frormma path expression. For exam-
ple, in Figure 1jssue.editor first is a label path matching a path expression
/leditor/ffirst ,and 1.2.3,1.7.8 are node paths belonging to the label Natk.
that there may be more than one node path belonging to the Isélepath because
there may be more than one instance with the same structure.

2.2 XML query model

Our query language belongs to the tree pattern query (TRE@¥ ¢2]. The query lan-
guage supports two kinds of path expressions: 1) linearggilessions (LPEs) and 2)
branching path expressions (BPES).

An LPE is expressed as a sequence of labels connected with'//* as in De ni-
tion 3.

De nition 3. A linear path expressiois de ned as , where (

)is the -th labelin the path, and ( ) is either /' or *//" which,
respectively, denotes a parent-child relationship or aestor-descendant relationship
between and . Here, is the root of the XML tree denoting the set of all XML

documents (i.edocument("*") ) and may be omitted. 0O
A BPE is expressed as an LPE augmented with “branch predptessions'[ ]
for some labels ( ) [7] as in De nition 5. As in some work in the

literature [1] [21], for simplicity, we consider only simpkelection predicatésor the
branch predicate expressions as in De nition 4.

De nition 4. A branch predicate expression is de ned as an expressionor ,
where is a linear path subexpression ( ), is aconstant
value, and is a comparison operator ( ). species the ex-
istence of a node path that belongs to the label path matching the LPE
,and further speci es the node path to sat-
isfy the selection condition on . 0

De nition 5. A branching path expressiaade ned as
where (1) isan LPE de nedinDe nition3and (2) ( -

) is abranch predicate expressias de ned in De nition 4, where some (not all) of
them may be omitted. 0

The following query is an example BPE for retrieving titke  elements that are
children of thearticle ~ elements that contain at least dreyword element and that
are descendants of assue element having a descendanithor element whose
childlast element has the vald€urry"

Q1::/issue[//author/last="Curry"]//article[/keyword]/-
title

4 This can be easily extended to consider compound (e.g.ymciije) predicates as supported
in other work in the literature [4] [6]. However, we omit thiigsue since it is not the focus of
this paper.
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Note that this BPE on the elemégsue has a selection condition on the latadt in
the LPE//issue//author/last and an existential condition on the lalk&ly-
word in the LPE//issue//article/keyword

2.3 XML query patterns

In this paper, we model a path expression gaery patterrde ned in De nition 6. We
modify the de nition of the twig pattern originally used ihé Holistic Twig Join [6] to
formally represent the notions that we use in this paper.dihrition is based on the
BPE, as de ned in De nition 5.

De nition 6. Given a path expression de ned in De ni-
tion 5 (with  omitted), we represent it asqaery patterrthat consists of a binary tree
and a dangling edge connected to its root and that has tlosvialy properties:

An edge represents ( ) in the path expression. The edge is shown
as a single line if is */' and as a double line if is */I'. The dangling edge
represents .

A node represents a label ( ) in the path expression. The root
node represents the label

The left child of a node representing( ) represents

The right subtree of a node representing ) is the query pattern

representing the branching predicate expression

If the label represented by a node has a selection conditior’ on it, then the
node is earmarked with “ ”. 0

The twig pattern [6] does not distinguish between the sehirieose root is also the
root of the XML tree and the one whose root is not, if both matwh same pattern.
In contrast, the query pattern does distinguish betweean the showing the dangling
edge using a single line in the former case and a double litiecitatter case.

Related to the query pattern, we use the following termsisgaper.

One of the nodes in a query pattern is retrieved as the qusnjtr&his node

corresponds to the label in the LPE de ned in De nition 3 or the BPE de ned
in De nition 5. We call this node theesult nodeand distinguish it from the other
nodes by shading it gray.

Some of the nodes in a query pattern have a right subtree. Isuch a node a

branching nodeAny node corresponding to a labelfollowed by asin

shown in De nition 5 is a branching node.

Figure 2 shows the query pattern of the query Q1 in SectionTh& nodditle
is the result node, and the nodssue andarticle  are branching nodes.
As a special case of the query pattern, we de nditiear query patterras follows.

De nition 7. The query pattern of a linear path expression is calleditiear query
pattern Compared with the query pattern de ned in De nition 6, adar query pattern
has no branching node. 0

In this paper, we use the termmot label leaf label result labe] andbranching
labelin a path expression interchangeably with thet node leaf node result node
andbranching nodeén a query pattern. For example, in Figureig&sue is the root
label of the query Q1title , keyword , andlast are leaf labelstitle is the
result label; andssue andarticle  are branching labels.
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Fig. 2. Query pattern of the query Q1.

3 Related Work

As mentioned in Introduction, there are two kinds of methfatevaluating path ex-
pressions: schema-level methods and instance-level aethoschema-level method
uses structural information like the label paths to nd nedeatching a path expres-
sion [14] [15] [24] [8], whereas an instance-level methodausnly node identi cation
information like the start and end positions of a node [4][[&]]. In this section, we
brie y discuss instance-level methods, and then, focusohresa-level methods.

3.1 Instance-level methods

There have been three different approaches for the instamebmethod. The rst uses
XML tree navigation [3] [13] [19]. It converts a path expr@ssto a “state machiné’
and then evaluates the path expression by navigating the Xé#_guided by the state
machine. The second uses node instance information storedth node in an XML
tree [4] [6] [16] [17] [23] [26]. It converts a path expressito a (structural) join query,
and then evaluates the join query using the node instancenation. The query eval-
uation in this approach, however, involves comparing théeniastance information,
and therefore, tends to be more expensive than in the sclemlanethods, which can
Iter out node instances signi cantly by using the schem#oimation. The third uses
information retrieval (IR) technique, particularly an exted index created on XML
documents [5] [9] [10] [12]. Although using inverted indexé&owever, they are funda-
mentally different from XIR, which creates an inverted iradm thelabel pathswhich
are schema-level information.

3.2 Schema-level methods

Schema-level methods are categorized into those usingaspecpose indexes [8] [11]
and those using relational tables [24] [14] [15] dependingvbere and how label paths
are stored. In the former case, label paths are stored dga#dyms they are used in the
queries. In the latter case, all label paths in the docunametstored in the tables of a
relational DBMS a priori.

Index Fabric [8] is considered the representative methaldérschema-level meth-
ods using special purpose indexes. Index Fabric uses theié#tie to index the label
paths and values that have occurred in the queries occurgggently. However, In-
dex Fabric is not meant to support partial match querieshEumore, the method is
not designed to support BPEs, which are very effective farcdeng in a heteroge-
neous environment. These are critical drawbacks that rehdenethod inapplicable in
a large-scale, heterogeneous environment. Thus, in tbioaewe primarily focus on
the schema-level methods using relational tables.

5 A representation of the sequence of labels in the path esipress a sequence of states in
nite state automata.
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XRel [24] and XParent [14] [15], which are the two represéméaones among the
schema-level methods using relational tables, providesss lfar our XIR method. We
describe each method in this subsection. We use the nedrinterchangeably with
elemenbor attributeas these are represented as nodes in the XML document matlel an
the query pattern.

XRel In XRel, the XML tree structure information is stored in thaléwing four
tables [24]:

Path (label _path _id, label _path)
Element (document _.d, label _path _id, start  _position, end _p-

osition, sibling _order)
Text (document _.id, label _path _.id, start  _position, end _posi-
tion, value)

Attribute  (document _.id, label _path _id, start  _position, en-
d_position, value)

XRel uses two techniques for evaluating LPEs and BBEisig matchandcontain-
ment join The former belongs to the schema-level method and is udegitdle LPES;
the latter belongs to the instance-level method and is uskédridle BPEs.

In the case of an LPE, XRel rst nds the label paths matchihg guery's path
expression from th@ath table. The matching is done using the SQL string match op-
eratorLIKE . All label paths in thePath table must be scanned in this case because
an index like the B+-tree cannot be used to search for a fgnietching label path.
Then, XRel joins the set of matching label paths with theg&tément via the col-
umnlabel _path _id to obtain the result nodes.

For the case of a BPE, we use the query pattern de ned in Se2tlh XRel rst
decomposes a BPE into multiple LPEs consisting of one LPE fitee root to each
branching node and one LPE from the root to each leaf nodeeXxample, a BPE

is decomposed into three LPEs, , and . Then,
for each LPE, XRel nds the set of nodes (we call made setobtained from the LPE
in the same manner described above and reduces the setdécsttadying a selection

condition (e.qg., ). Then, it compares the node set obtained from an LPE
ending at a branching node (e.g.,) with the node set obtained from the LPEs ending
at the leaf nodes (e.g., , ) and, among the nodes obtained from the latter

LPEs, retains only those that are descendants of the nodes former node set. This
is done using theontainment joirwhich is implemented as ajoin comparing the start
positions and end positions of nodes.

XParent XParent [14][15] is similar to XRel, but uses a differentleabchema so that
it can implement the containment join operator using eqirg instead of -joins. The
schema is as follows [14].

LabelPath (label _path _id, length, label _path)

Element (document _.d, label _path _id, node _id, sibling _order)
Data (document _id, label _path _id, node _id, sibling _order,
value)

Ancestor (node _id, ancestor _node _id, offset _to _ancestor)
DataPath (parent _node.id, child _node .id)

In query processing, XParent evaluates an LPE in the samasvdiRel. In the case
of a BPE, however, XParent generates a smaller number of tiREEsXRel because it
generates only those from the root to each leaf node of a quegtgrn. Then, after
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retrieving the node set in the same manner as in XRel, the setdebtained from the
LPE containing the result node is reduced through joins titdse obtained from the
other LPEs. Here, the join is performed as an equi-join thhothe tableAncestor
thereby nding the node iden tier of the common ancestor.

4 XIR Storage Structures

In this section, we present the storage structures used dXlBumethod. XIR stores in-
formation needed for query processing at two levels — thersetievel and the instance
level. The schema-level information consists of the lalzhp occurring in the XML
tree and the inverted index on these label paths; the insti@vel information consists
of all the node paths in the XML tree.

XIR uses two tables and an inverted index to store informagioout XML docu-
ment structure:

LabelPath (pid, label _path)
NodePath (pid, docid, nodepath, value)
Inverted index on label _path of the table LabelPath.

4.1 Schema-level information

The tableLabelPath represents thechema-level informatioand stores all the dis-
tinct label paths occurring in XML documents and their patmiti ers (pid s). Figure 3
shows thdLabelPath table and the inverted index for the example XML tree in Fig-
ure 1. The labels pre xed with “$' and "&' are added to dendte trst label and the
last label of each label path. The rst label is to match thetiabel of the document,
and the last label is to match the leaf label of a path expyassi

Fig. 3. An example LabelPath table and inverted index.

The LabelPath inverted index is created on thabelpath eld in the La-
belPath table. Here, we consider label paths as text documents aetslan these
label paths as keywords. Like the traditional inverted 2], theLabelPath in-
verted index is made of the pairs of a keyword (i.e., a lab@f)aposting list. Each post-
ing in a posting list has the following eldgid , occurrence _count , offsets
label _path _length ,wherepid isthe identi er of the label path in which the label
occurs,occurrence _count is the number of occurrences of the label within the la-
bel pathpffsets  is the set of the positions of the label from the beginnindnefiabel
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path, andabel _path _length isthe number of labels in the label path. For instance,
in the posting of the labalection in a label patt$chapter.chapter.sectio-
n.section.section.paragraph.&paragraph ,theoccurrence _count of
section is 3,theoffsets ofsection is 3,4,5,andthdabel _path _length

is 7.

4.2 Instance-level information

The tableNodePath represents thénstance-level informatiomnd stores the node
paths to uniquely identify all the nodes in the XML documeriiigure 4 shows an
example of theNodePath table for the XML tree in Figure 1.

The NodePath table stores all the node paths in the colunmdepath . If the
leaf node of a node path has a value, then the value is stothd golumnvalue . The
columnpid stores label path identi ers, and is used for join with thebelPath
table to nd all the node paths belonging to the same labéeh.pBiie columndocid
stores the XML document identi ers.

Fig. 4. An example NodePath table.

5 XIR Query Processing Algorithms

In this section we present the algorithms for evaluating $ BBd BPEs based on the
XIR storage structures described in the previous sectind, analytically compare
XRel, XParent, and XIR with a focus on their performancexted features.

5.1 LPE evaluation algorithm

Figure 5 shows the algorithm for evaluating an LPE. In thggoathm, XIR rst nds
matching label paths in theabelPath table using theabelPath inverted index,
and then, performs an equi-join between the set of the ladthsfound and thRode-
Path table via the colummpid . It then returns the matching node paths as the query
result.

Formally, an LPE is evaluated as

(1)
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Fig. 5. XIR LPE evaluation algorithm.

Since the selectionMATCH(|abe|path’LpF_l.)abeIPatHs implemented as a text search
on thelabelpath  column, XIR should rst convert an LPE to a keyword-based tex
search condition (we call information retrieval expression(IRExp)Jyhe following
rule speci es how the conversion is done.

Rule 1 [LPE-to-IRExpANn LPE , Where I for -
, Is mapped to an IRExp using the following rule:
if =
near() if =7
near( ) if =
near() if =
for
near()

wherenear( ) is the proximity operator, which retrieves the documentwimch the
two operand keywords appear withinwords apart. 0

Note that and are respectively the root (i.e., rst) node and the leaf. (ilast)
node of the linear query pattern representing the LPE. Famge, an LPH/ar-

ticle//author/last is converted to an IRExarticle near( ) author
near(1l) last near(l) &last ; an LPE /issue/articles//author is
convertedto an IRExpissue near(1l) issue near(l) articles near-

() author near(1) &author . Note $issue indicates thatissue is the

root of the document.

5.2 BPE evaluation algorithm

Figure 6 shows the algorithm for evaluating a BPE. In thi®etgm, XIR rst decom-
poses a BPE into LPEs in the same way as XParent does, thaeitREE from the root
to each leaf node. It then evaluates each LPE to obtain a setdaf path setb(Pset3.

This evaluation is done in the same manner as in Equationth,aslight modi -
cation to handle a branch predicate expression as

(2)

where ‘value ”is a selection condition on the leaf label of the branch praw ex-
pression (see De nition 4) included in the LPE being evaddat

Only one of the LPEs includes the result node (de ned in $&c#.3). Let us call
such an LPE theesult LPE( in Figure 6). Then, XIR reduces thesult NPset
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Fig. 6. XIR BPE evaluation algorithm.

obtained from the result LPE througire x match joinwith each of the other LPEs
in Figure 6). De nition 8 shows a formal de nition of the pr&

match join.
De nition 8. Given two relations having the schemas and
that share the attributes , the pre x match join
between and , denoted by ,isde ned as
O

In De nition 8, the relational schema refers to a label patit @¢he relation instance
refers to a node path set. According to this de nition, giten LPES, the pre x match
join between the two NPsets obtained from them is perfornsefdléiows: (1) nd the

longest common pre x label subpath in De nition 8) match-
ing both LPEs; (2) nd the set of common pre x node subpaths, , belong-
ing to the label subpath ; and (3) for each node subpath in the set,

select all node paths that have the subpath in common.

Example 1.Consider the BPHarticle[/keyword="XML"])//author[/la-
st="Curry"]/first . The following three LPEs are generated:/{a}ticle/-
keyword , (2)//article//author/last ,and (3)/article//author/fi-
rst . Amongthese, LPE 3 is the result LPE. XIR retrieves the foitg three node path
sets from these LPEs and the selection conditions on théaleelf of LPE 1 and LPE 3:
NPset 1.12.13.23 from LPE 1 anckeyword = "XML" , NPset 1.12.13.18.21
from LPE 2 andast="Curry" ,and NPset 1.12.13.18.19, 1.12.25.30.3from
LPE 3. Then, the pre x match join with NPseteduces NPsetto 1.12.13.18.19
based on the common pre x label subpétisue/articles/article/author
and a further join with NPsetkeeps NPsetto be 1.12.13.18.19based on the com—
mon pre x label subpatlissue/articles/article

Flgure 7 shows the SQL statement generated for thIS BPE pleiments the pre x
match join of node sets shown in Algorithm XIBPE_evaluation by performing tuple-
by-tuple pre x matches. The functioBRrefix _matching performs a pre x match
between two node paths provided as the rst two input argusi@ng.nl.nodepath
andn2.nodepath )by comparing only the pre x characters whose length isnedd
from the functiongetCommonPrefixLength . This function takes as inputs two
LPEs and two label paths matching them and calculates thelpregth in the follow-
ing steps: (1) identify the longest common pre x subexpi@ssf the two input LPES
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(e.g./larticle common td/article/keyword and//article/author-

Nlast  in Figure 3), (2) for each of the two input label paths (epd..Jabelpath
andp2.labelpath ), count the number of pre x labels matching the common pre x
subexpression (e.g., count 3 for a label (fkitflsue. issue.articles.article -
.keyword.&keyword in Figure 3, excludingissue , which is an extra addition to
the label path), and (3) if the two counts are equal thenmegheg count and other-
wise return -1. 0

Fig. 7. XIR SQL statement for the BPE in Example 1.

The query processing algorithms of XRel, XParent, and XIRrehhe same out-
line, but have some different implementations leading &rtperformance differences.
In the case of LPEs, XIR's performance advantage over botél’dRd XParent comes
from using inverted index search instead of string matchrfding label paths match-
ing the LPE. In the case of BPEs, XIR has the performance adgarmver XRel in that
it generates a smaller number of LPEs for the same BPE. Anotbgr performance
advantage of XIR for BPEs over both XRel and XParent comes fitte number of
joins performed and the cardinalities of node sets joinatbtermine the node (or node
path) set returned as the query result. XIR requires a famamber of joins compared
with XRel and XParent. Besides, the cardinalities of nods gened in XIR or XRel
are smaller than those in XParent. Details of the analysidedfound in the reference
[25].

6 Performance Evaluation

We compare the query processing performance of XIR withelobXRel and XParent.
The results show that XIR is far more ef cient than both XRetlaXParent.

6.1 Experimental setup

Databases We have collected 10008 real-world XML documents from thierdmet
using two web crawlers: Teleport Pro Version 1.29.1959 @8} ReGet Deluxe 3.3
Beta (build 173) [27]. For crawling XML documents, we rstast with base URLS,
and then, crawl all XML documents reachable from the base $JRlhe base URLs
include web sites of major universities, companies, andighirs in several countries.
Note that about 91% of the XML documents are 4 Kbytes or less.
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Using the collected XML documents, we have constructed g&sf data les
of different sizes. Each set contains approximately 500000, 20000, 40000, and
80000 distinct label paths. The last set has 1460000 nodhs.patlarger set contains
all label paths in a smaller set, i.e., is a superset of smsdis. Documents in each set
are then parsed, and the parsed results are loaded intadémazases, each containing
tables used by XRel, XParent, and XIR methods. The total murobdatabases thus
generated is fteen.

For XRel and XParent, we have used the database schema axésrats they were
used in the original designs [14,24]. For XIR, we have loattexldata les into the
LabelPath andNodePath tables, created B+-tree indexes on the colurpias,
docid of each table as in XRel or XParent, and created an invertégkion thda-
belpath column of theLabelpath table.

The resulting database size for XIR is 454 Mbytes for 79943t label paths
and is 10% - 29% smaller than those of XRel or XParent. Detdilbe analysis can be
found in the reference [25].

Queries Table 1 shows three groups of tree pattern queries: a groupB$, a group
of BPEs whose branch predicate expressions do not contaictise conditions, and
a group of BPEs whose branch predicate expressions do n@#kection conditions.
Each group has two sets of queries: one isssne documents; the other anovie
documents. The former has far more document instancesthkedatter.

Table 1. Queries.

Computing environment We have conducted the experiments using the Odysseus
object-relational database management systemSUN Ultra 60 workstation with
512 Mbyte RAM. In order to eliminate the unpredictable briffg effect in the op-
erating system, we have used a raw disk device to bypass thriffes. We have also
ushed the DBMS buffer after each query execution so thaettecution does not affect
later ones. The cost metrics used are the elapsed time anditiiger of disk 1/0's.

6.2 Experimental results

Since the crawlers colleearbitrary documents from the Internet, new label paths are
added as new documents are added by crawling. We have extithet number of dis-
tinct label paths from the XML documents collected. We cexha total of 170009 XML
documents extracting 79943 distinct label paths.

Figure 8 shows the costs of the query LPE4 in Table 1 for theethmethods as the
number of distinct label paths increases. Figures 9 and @@ shose for BPE2 and
BPS1 in Table 1. The buffer size has been set to 200 4Kbytegtageliminate extra
disk 1/0's caused by an insuf cient buffer size. Due to spéwget, we omit the gures
of the other queries; their costs show similar trends wilidgl curves.

6 Odysseus has been developed at the KAIST Advanced Infaymatichnology Research Cen-
ter, and provides the key operations needed by a text seagitee
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Fig. 8. Query costs of XRel, XParent, XIR for LPE4 (buffer size = 2@G@es).
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Fig. 9. Query costs of XRel, XParent, XIR for BPE2 (buffer size = 2@@es).

Fig. 10.Query costs of XRel, XParent, XIR for BPS1 (buffer size = 20@¢s).

In Figures 8 through 10, we see that XIR is more ef cient tharthbXRel and
Xparent. The performance gap varies from several orders of magmituthe case of
LPEs to several factors in the case of BPEs. In particularcthsts of LPEs increase
nearly linearly for XRel and XParent while sublinearly — rgaconstant — for XIR.
This amounts to the difference between the string match mretted index search for
nding matching label paths. In the case of BPEs, the costeimse linearly for all three
methods, but the slope is the smallest for XIR. This comaa #&R's join performance
advantage [25]. When comparing the BPEs without selectiowitions (Figure 9) and
those with selection conditions (Figure 10), we see thatgtyes among the costs of
the three methods are smaller for BREh selection conditions. The reason for this is
that XRel or XParent can take advantage of the B+-tree intksated on thévalue'
column of the tabl@ext or Data .

" As mentioned in Section 3.2, we use the tableestor to be able to support partial match
queries in XParent [14], [15]. This causes XParent to showrgrgperformance than XRel due
to the cardinality of theédAncestor table that is heavily involved in joins. This is in contrast
with the results shown in the XParent papers [14], [15], whée performances of only full
match queries using the DataPath table were presented.
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7 Conclusions

We have proposed a novel approach called XIR to processitiglpaatch queries on
a large number of heterogeneous XML documents typical inrtenet environment.
For this purpose, we have presented two key techniqueselmghtechnique, we treat
the label paths occurring in XML documents as texts and eraatinverted index on
them. This inverted index supports much faster partial m#tan XRel's or XParent's
string match when evaluating a linear path expression. énstcond technique, we
use pre X match joins to evaluate a branching path expresgidbranching path ex-
pression is decomposed into linear path expressions, ameshlts of evaluating each
linear path expression are combined using the pre x joiringshe pre x join signif-
icantly reduces the number of joins compared with the cantant join used in XRel
or XParent.

Through extensive experiments, we have compared the peaifare of XIR with
those of XRel and XParent using real XML documents crawlecthfthe Internet. The
results show that XIR is signi cantly more ef cient than XRer XParent.
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