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ABSTRACT

In this study, we present experiences of parallelizing XRaeries
using the Xalan XPath engine on shared-address space guorsti-
systems. For our evaluation, we consider a scenario wheteathn
processor uses multiple threads to concurrently navigadeeae-
cute individual XPath queries on a shared XML document. five
the constraints of the XML execution and data models, wegsep
three strategies for parallelizing individual XPath gesri Data
partitioning, Query partitioning, and Hybrid (query anda)gpar-
titioning. We experimentally evaluated these strategieam x86
Linux multi-core system using a set of XPath queries, indo&a

a variety of XML documents using the Xalan XPath APIs. Experi
mental results demonstrate that the proposed parallielizstrate-
gies work very effectively in practice; for a majority of XtPaqueries
under evaluation, the execution performance scaled Iyaarthe
number of threads was increased. Results also revealetbhamnd
cons of the different parallelization strategies for difiet XPath
query patterns.

1. INTRODUCTION

XPath is an expression language used for processing data rep
resented in XML documents [8]. XPath uses a path notation for

navigating through the hierarchical structure of an XML giment.

processors. Current desktop machines support 2 quad-curesp
sors, i.e., 8 cores, each of which can presumably run 2 haedwa
threads. Current projections are that by the end of next yhar
desktop machines will have processors that can support 3pto
cores each. While most state-of-the art XPath processach s
as the Apache Xalan, can suppooncurrent XPaths (i.e., multi-
ple threads issuing XPath queries simultaneously agdiestame
Xalan instance), each XPath query is still executed sgrighile
the concurrent XPath execution improves the overall thinput
individual query latency can be improved by acceleratirdjvid-
ual XPath queries via parallelization. Further, the penance of
an individual query can degrade due to additional costsallaek-
ing and increased memory consumption. Parallelization Fditk
queries is also essential for parallelizing host languagesh as
XSL or XQuery.

In this study, we evaluate opportunities for parallelizangingle
XPath query in a shared-address space environmecramodity
multi-core processors. We assume that the XML documenteis pr
parsed and can be concurrently accessed by multiple thréhes
key aim of this study is understanding the challenges inligdira
ing XPath queries using a real production-grade system.aifasv
this goal, we are emulating a parallel XPath processor hygusie
latest Xalan XPath processor in a multi-threaded envirgrint@ur
parallel XPath processor takes vanilla XPath queries apdutgs

XPath operates on the XML data model [10] which represergs th them in parallel on the underlying multi-core processor.

abstract, logical structure of an XML document as a rooted.tr

XPath can be embedded in host languages such as XQuery [9],

XSL [11], SQL [2] and it also forms an integral component of-va
ious web services interfaces [4]. XPath is also being useéxe
pressing constraints in various XML Schema languages [5].

As XPath is a critical component in many XML-based applica-

tions, it is imperative to maximize its performance. Whilerte has
been extensive work on optimizing performance of a singlatiP
query by improving its traversal pattern [12], there haverbeela-
tively fewer studies to evaluate how the underlying prooeaschi-
tecture affects XPath performance. This issue has becomerim
tant due to the wide-spread availability of commodity muttre
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We propose three new schemes for parallelizing XPath cgierie
(1) Data Partitioning, (2) Query Partitioning, and (3) Hparti-
tioning that combines both the data and query partitionahgmes.
These approaches exploit both the read-only nature of Xprath
cessing and the intra-step parallelism within every stegnoXPath
query. All three approaches achieve parallelism via paniitg
traversals over the XML documents. The data partitioning ap
proach executes the same (sub)query on different sectiotie o
same XML document whereas the query partitioning approaeh e
ecutes different (sub)queries on the same XML dataset. We ha
implemented these strategies in a multi-threaded drivéctwiirst
processes the XPath queries, concurrently invokes thenXdbath
processor via the XPath APls, and merges or joins the inidirme
ate results to compute the final result set of the query. We hav
evaluated our implementation using a set of complex quenes
three large XML documents (XMark, DBLP, and PENN Treebank).
Experimental results demonstrate that our proposed pérallion
schemes work very well in practice. We observed that in many
cases, as the number of threads was increased, we achiaved li
ear speedup. In some cases, we observed an order-of-nagnitu
speedup by executing the modified query in the parallel manne
We also observed that parallelizatiosduced the performance of



queries with low selectivity or those having structuraliss (e.g.,
low fanout).
Our study makes the following contributions:

e To the best of our knowledge, this is the first study to analyze
the parallelization of individual XPath queries. To addres
this problem, we have proposed three different paralleliza
tion strategies.

We have implemented these strategies using a production-
grade XPath processor and evaluated it using realistic and
complex XPath queries on large, structurally diverse XML
documents. Our experimental evaluation has conclusively
demonstrated the effectiveness of our strategies for achie
ing scalable performance from the parallel execution of the
XPath queries.

to be taken into account while implementing a parallel XPath

all fragments complete computing, the final Boolean resaly ive
resolved. The main advantage of the scheme is that computati
at various fragments may proceed in parallel and incurs gaem
tational overall cost similar to that of a centralized matka. A
disadvantage is the usage of various vector data structuresper
node basis. The work in [7] extends the ideas from Booleanden
returning queries. The idea is to normalize queries, aneaa sep-
arately the qualifiers in a query and the selection (maineskr)
part of the query. The various qualifiers are treated usiadgebh-
niques of [6]. The evaluation of the selection path also psesal
evaluation ideas to "transmit” information between fragise

The overall scheme of [6, 7] is elegant and theoretically effi
cient, yet space consuming. The scheme may be of intereat-in p
allel evaluation, for example by introducing fragments aarying
the computation in parallel on these fragments. As it statiese
fragments need be constructed statically. Issues of lokahtiag

Our experiments have identified several key issues that needand performing the partition optimally have not been adszdsind

may be of interest. The competitiveness of such a scheme may b

processsor. The experiments have also revealed many inter-hindered by the memory consumption which may turn out to be a

esting research issues that need to be investigated.

The rest of the paper is organized as follows: Section 2 riefl
views the related work in parallelization of XML and SQL qiest
Section 3 overviews XPath semantics and parallelizatiatesjies.
Section 4 discusses parallelization issues in the confexXPath
processing and presents three new parallelization steste@ec-
tion 5 presents results from our experimental evalation $&d 6
presents conclusions and describes future work.

2. RELATED WORK

Parallelization of SQL queries has been extensively stliie
the context of both distributed and centralized repostofi4, 15,
16]. Most commercial database systems support paralley que-
cessing using either the shared-nothing or shared-ewegyénchi-
tectures. Parallelization has been extremely effectivprattice,
for both OLTP, OLAP/data warehousing, and web applications
Parallelization of SQL queries differs from the XPath pllaa-
tion as follows: (1) The SQL workload supports in-place upda
while XPath processing is read-only, (2) The relationabdss a
regular 2-dimensional structure that is suitable for piarting ei-
ther along rows or columns. The rooted hierarchical strecti
XML is not inherently suited for balanced data partitionin¢g)
Using hash-partitioning, it is easier to physically distiie rela-
tional data across multiple storage nodes while maintgiciata
affinity. For XML documents, itis very difficult to effectigphys-
ically cluster related items, and (4) Unlike relationalal&ML can
be accessed and stored in many different ways, e.g., in-mgmo
streaming, relational or native storage. Any XPath palialiéon
algorithm needs to be tuned to match the XML storage and acces
characteristics.

Past studies have evaluated XML processing either in diged
or concurrent scenarios. Most existing XML processing eegi
are thread-safe and allow multiple threads to issue coactiXPath
queries againts an XML document. Distributed XML procegsi
discussed in [6, 7]. Boolean XML queries expressedXinlL, a
language containing forward axes, labels, text and thedzoobp-
erators AND, OR and NOT are treated in [6]. The algorithms are
inspired by partial evaluation. In essence, the whole gaedyall
its sub-queries are evaluated in each distributed fragnt®oine-
times, data is unknown (at some leaves) as it resides in enfoty-
ment and is replaced by Boolean variables. Therefore, thrgpue
tation at a fragment may result in a Boolean expression mgeaf
these variables, hence the relationship to partial evaluatWVhen

bottleneck.

The work of [21] treats distributed query evaluation on ssraic-
tured data and is applicable to XML query processing as well.
It treats three overlapping querying frameworks. The fisse$-
sentially regular expressions. The second is based on abralg
C, and is aimed at restructuring. An algebraic approach based
on query decomposition is provided for solviagqueries. Here
a query is rewritten into subqueries implied by the distitu
These queries are evaluated at the distributed fragmeptsdoice
partial results which are later assembled into a final restilte
third is select-where queries, declarative queries combining pat-
terns, regular expressions and some restructuring. Hereggsing
is done in two stages where the first is evaluating a relatedyqu
that is expressible i€, and hence parallelizable, which produces
partial results that are then used to form the final resultattient.
The focus is on communication steps.

One may approach the problem of parallelizing XML query pro-
cessing within the general framework of efficiently prograimg
and coordinating multiprocessor computations, see [113 from-
prehensive treatment. Such an approach appears in [18E%6}.
cution of various XML processing tasks (not including quprg-
cessing) appears in [18] in the context of multicore systefise
idea is to have a crew of processes each taking tasks outmfiits
work queue. Once tasks are exhausted, a processsteaytasks
off queues of other processes. Tasks are ordered so thasgroc
ing is done at the top whereas stealing is done at the bottdns. T
creates less contention. A scheme is presented for cotistyuhbe
final result. The paper presents the ideaegfon-based task par-
titioning to increase task granularity. Parallel XML DOM parsing
is presented in [17, 19]. The first paper uses a dynamic scfame
load-balancing among cores. The idea in the second pajmestistt
ically load-balance the work among the cores. This latterkvi®
targeted at large shallow files containing arrays and doesaade
to many cores (beyond six).

3. PARALLELIZING XPATH: PRELIMINAR-
IES

3.1 Overview of the XPath Processing Model

An XPath expression consists of a sequence of location .steps
Each location step has three components: an axis, a nodarest
a predicate. An XPath expression is evaluated with respeat t
context node. Given a context node of an abstract XML tree, an



XPath expression uses the specified axis to navigate the X&4. t
The XPath standard specifies 13 axes for navigation. The node
test and the predicate are used to select the nodes spegifted b
current axis. The node test can select the node depending on i
type, e.g., attribute. The predicate can further prune d¢hecton
by evaluating various properties (e.g., position) of theigated
nodes. The XPath expression returns a set of unique nodas(tir
node set), ordered in either document or reverse documeet.or
XPath's execution model is inherently sequential: eachtion
step operates on the node set returned as a result of engltlad
previous location step or the starting context. Thereforeprmal
circumstances, execution of location steps can not be eesad
However, XPath provides significant opportunities for flaliam:
(1) Accesses to the XML documents are read-only, (2) Exenwf
a location step can be reordered in any manner as there angao i
step dependencies, and (3) Presence of indexes enableigthalo
XML query to be split into different independent sub-qusribat
could be executed in parallel, and the final results compeiter
via merging or performing a union of the resultant node sets.

3.2 Overview of Parallelization Issues

The key motivation for parallelizing an application is togrove
its performance by using multiple processors. The behafian
application can be characterized by two key attributesdats and
iteration spaces. The data space captures the structomemies
of the program data structures, e.g., dimensions of an,aaray
scope of each dimension, etc., while the iteration spacedssc
how these data structures are traversed, e.g., if therengreead-
write dependencies between iterations. The iterationespater-
mines the portion of the application that can be paralldlize

The most common approach for parallelizing an applicat®on i
to partition its parallelizable work by distributing theggram data
among the participating processors. There are several efalis-
tributing a data set, e.g., partitioning consecutive colsrar rows
of an array across multiple processors. In a distributecamg
machine, each processor stores its assigned data into fitdoew
cal memories, whereas on a shared-memory machine, thesdata i
logically partitioned. The data distribution strategyetetines the
amount of interactions between the participating proasss®n
a distributed-memory machine, the processors interaaxéicit
messages, and on a shared-memory system, the inter-pypaess
teraction is executed via shared program variables. Foppli-a
cation, the amount of inter-processor interaction is detidy its
data partitioning strategy. Further, data partitioningedaines if
the workload is equally balanced across the processors dpa
plication’s data partitioning strategy can match its iterapattern,
it can lead to lowered inter-processor communication arttebe
load-balancing. This can result in a scalable paralleliaafibn,
in particular, for applications whose sequential portisnat dom-
inant.

4. XPATH PARALLELIZATION

In this work, we consider the scenario where an XML document
has been already parsed and the pre-parsed representdlms
applications to traverse the document according to the Xlitad
model.

4.1 XML Parallelization Issues

For identifying a suitable XPath parallelization stratemye has
to consider the following key issues:

e Data Partitioning Strategy: As discussed earlier, the pata
titioning strategy is key to achieving scalable performeanc
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(A) An XML Document

from a parallel application. For XPath processing, the data
space is defined by the abstract tree representation of the
XML document and the iteration space is defined by the
XPath queries. An XPath query navigates the abstract rooted
XML tree using one or more of the XPath axes. To par-
allelize the XPath query execution, one needs to logically
partition the tree as per its traversal pattern. Unlike an ar
ray, the rooted tree cannot be easily partitioned into risti
partitions. Therefore, a part of the tree, notably the sec-
tion near the root node, is usually shared and the descendant
subtrees are assigned to different processors. For example
consider the XML document representing the DBLP dataset
(Figure 1(A)). Figure 1(B) represents the corresponding ab
stract XML tree. Figure 1(C) presents a partition of the tree
where the root node and its children are shared by all pro-
cessors and descendants of every child of the root node are
allocated to distinct processors. While the shared section
the XML tree is traversed by only one processor, different
processors can concurrently traverse their assignederee s
tions. Thus the extent of the shared portion determines the
amount of serial work in the application.
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(C) Shared-Distributed Data Accesses
Figure 1: Partitioning an XML Document

Storage Model: There are several ways of storing an XML
document while complying with the XML data model. We
assume that the pre-parsed XML document is stored using
an in-memory, non-relational representation and it can be
accessed concurrently by multiple application threads in a
shared-address space environment. As the data partgionin
is implemented on the logical data model, concurrent ac-
cesses to distinct subtrees result in accessing differ@mt p
tions of the stored data.

While deciding on the XPath parallelization strategy, one
needs to evaluate the following cost metrics:

— Execution cost: The execution cost of an XPath opera-
tion can be computed in terms of number of traversals
of an XML tree and the amount of temporary space
generated by the operation. Ideally, in a parallel exe-
cution, the total number of traversals by participating
processors should match the number of traversals in
the corresponding serial execution. Similarly, the space
consumption of the parallel implementation should match
the consumption of the original serial program.



— Locking cost: In a parallel implementation, multiple

achieves parallelism by executing the same XPath queryucenc

processors often use common data structures for man- rently on different sections of the XML document. Thus, ths
aging shared data. Accesses to these data structuresproach follows the data parallel style of parallel programgn The
are governed by locks. The locking costs increase sub- scalability of the data partitioning scheme is determingdhe se-
stantially as the number of participating processors in- rial sub-query; an expensive serial sub-query can degtelper-
creases. Inefficient implementation of locks can lead formance of the overall query. Therefore, it is importaneffec-

to deadlock or livelock scenarios. The parallel algo-

tively partition the query so that the serial portion pemfisithe least

rithm should be designed so that the amount of sharing amount of work. Figure 2 (A) illustrates the execution of apath
among the processors is minimized, thus reducing the query,/ dbl p/ book/ / aut hor , using the data partitioning strat-

impact of locks on the overall performance.

— Merging cost: In a parallel application, temporary re-

egy. This query is split into two sub-queriesdbl p/ book and
./l aut hor. The sub-query] dbl p/ book is executed in a se-

to compute the final result. Care should be taken that &Cross two processors. Each processor then executes theeuyb
the merging Opera’[ion does not become a performance . // aut hOl’ ,on the set ObOOk nOdes assigned to |t As a result,

bottleneck.

e Load balance: Ideal data partitioning results in partitiza

processors performing equal amounts of work. In practice, i

is often difficult to achieve load balance, in particular,enh

there is no prior information on the input dataset and itgasa
pattern. In such cases, simple data partitioning heusistic

e.g., partitioning the input data sets in a round-robinitagh
are often applied to minimize load imbalance.

4.2 Parallelization Strategies

We now present three strategies for parallelizing an XPaémng
in a shared-address space environment: (1) Data partitoii2)
Query partitioning, and (3) Hybrid partitioning. All thre@proaches
exploit the read-only characteristics of XPath processifipese
approaches differ in the way the shared XML data is partégbn
across multiple processors and how the input query is ezdaut
the partitioned data. As these strategies are defined oseXNiL

data model, they can be adapted to any XML storage format. All

three approaches require some form of query rewriting.

) dbip / dbl p/ book
Sequential
book DOOK e book book
.1/ aut hor ./l aut hor
Parallel
author** author  author*** author author -+ author author** authg
Processor 0 Processor 1
(A) Data Partitioning Strategy
:’ / dbl p/ book[ posi tion() <101]//aut hor :’ 1 1 dbl p/ book[ posi tion() >100]// aut hor
! 1 dblp
|
book ...t book ... book
I
I

I
author+* author  author author: rauthor = author author* author
I
[

Processor 0 Processor 1

(B) Query Partitioning Strategy

Figure 2: Parallelization of / dbl p/ book/ / aut hor via (A)
Data partitioning and (B) Query partitioning.

In the data partitioning approach, the input query is sptib ise-
rial and parallel sub-queries. The serial part of the XPary is
executed by a single processor on the entire document. Fh#-re
ing node set is then distributed across multiple processays us-
ing a block-distribution. Each participating processarthises the
locally assigned node set as the set of the context node detxan
ecutes the parallel sub-query on every context node. Tipisaph

each processor concurrently navigates a distinct parteoXiiL
tree. The result of the original query can be then computed by
merging the local results from the participating processor

In the query partitioning approach, the input query is réemi
into a set of sub-queries that can ideally navigate diffesentions
of the XML tree. The number of sub-queries matches the num-
ber of participating processors. In many cases, each setyqu
is an invocation of the original query using different paeters.
Each processor executes its assigned sub-query on the ¥Mit
tree. The final result of the query can be then computed using e
ther the union or merge of the per-processor node sets. dJifli
data partitioning approach, this approach achieves ptisali via
exploiting potentially non-overlapping navigational fgahs of the
sub-queries. In this approach, the overall scalabilityeietnined
by the range of the parallel sub-queries. If their traversia not
overlap significantly, the query performance will improve the
number of processors is increased. Figure 2(B) illustritesx-
ecution of the same XPath queiydbl p/ book/ / aut hor, us-
ing the query partitioning approach. In the illustratednsa®, the
original query is rewritten for two processors (assume thate
are 200book children of thedbl p node): the first processor exe-
cutes/ dbl p/ book[ position() <101]//aut hor andthe
second processor executes
/ dbl p/ book[ posi tion() > 100]//author. Thefinalre-
sult, i.e., the set cdut hor nodes, can be computed as a merge of
the two local result sets. The query partitioning approaai lze
also applied to XPath queries that contain independentisebies
(e.g., path predicates that use absolute paths or muitiattt pred-
icates) or those queries that can use indexes to executefphe
navigation.

Virtual Processor 0 Query Partitioning Virtual Processor 1
1 dbl p/ book[ posi tion() <101]//author | /dbl p/ book[ posi tion() >100]//aut hor
| dblp!
1 T
I
book book P book book
1 I
I I
I ! I
I
I
author** author| author** author| | I | author author| author**** author|
I
. /'l aut hor ./l aut hor 3 ! . /'l aut hor ./l aut hor
I ' I
Processor 0 Processor 1 | i Processor 2 Processor 3 3
I
Data Partitioning ! | Data Partitioning |

Figure 3: Parallelization of / dbl p/ book/ aut hor via Hybrid
partitioning.

The data and query partitioning approaches can be usedrget
to form a hybrid partitioning approach. In this approacte itiput
XPath query is first partitioned into different sub-queriesa set
of virtual processors (query partitioning). Each virtual processor i



a set of physical processors and it executes its assignequarip
using the data partitioning approach. Figure 3 demonsttatehy-
brid partitioning approach for the XPath query,

/ dbl p/ book/ / aut hor, on 4 processors. First, the input query
is partitioned into two sub-queries. Each virtual procesisen ex-
ecutes part of its query in the serial form

(e.g.,/ dbl p/ book[ posi ti on() <101] on the virtual pro-
cessor 0), and the remaining/(/ aut hor ) in the parallel form by
partitioning the intermediate result set of theok nodes between
2 processors (e.g., on processors 0 and 1 for the group oflirt
processor 0).

5. EXPERIMENTAL EVALUATION
5.1 Experimental Setup

We have evaluated the XPath parallelization strategiegjubie
latest version of the Xalan XSLT processor (version 1.10hef t
Xalan C++ implementation). The Xalan XSLT processor alldwe
us to evaluate complex XPath queries using a state-of-aattXP
processor. For our evaluation, we developed a pthreadsdivaslti-
threaded driver that simulated a parallel XPath engine. \Waaot
modify Xalan's XPath query processor. The driver first pesezl
the input XPath queries and then concurrently invoked thiarXa
XPath APIs using the different parallelization strategiBise input

We also computed the number of unique absolute paths in eseh d
ument and used the path statistics to rewrite the originatigs.
We did not use path indexes for query execution. For eachyguer
we hand-modified the driver code to use either the data oryquer
partitioning. We have applied query partitioning for twesea: (1)
when we can partition predicate computations and (2) whecane
partition range computations. We have applied hybrid paning

to cases involving range partitions.

For each query, we present three sets of results (Table B, Fi
we present the sequential execution time of the originatydke
best total time for the split queries in the data partitignatrategy
(including the corresponding serial and parallel executimes,
and the number of threads used in that parallel executiowl)ttze
best time for the query modified according to the query paniihg
strategy, along with the number of threads. Second, we prese
performance of the split queries in the data partitionimgtsgy as
the number of threads is increased from 1 to 8. It is important
note that the performance of the split queries differs frbat bf the
original query, even for the single processor, as the XalRatK
processor optimizes the split queries differently thandhginal
query.

Therefore, for the data partitioning strategy, we reabeblute
scaleup numbers using the performance of the split queries o
single processor (the serial and parallel queries, one byare ex-
ecuted in a sequence by the same processor) as the bas@line (i

XML document was parsed only once and the parsed representa-absolute scaleup=(serial time for the split query)/(betilttime

tion was shared across multiple threads. Our implementaised
hash-based merge-join to merge temporary result sets fitben-d
ent threads. Currently, we are not using any shared up@atiaivh
structures, therefore, our implementation does not inoyrlack-
ing costs. While using the data partitioning strategy, weiti@ened
the input context node set across the threads using the disick
bution pattern. For example, given a context nodeset of )24
and 4 application threads, every thread gets 256 nodesadtire
gets first 256 nodes, thread 1 gets the next 256 nodes, and so on

Name Size (MByte) | Elements| Attributes | Depth
XMark.xml 558 8353174 | 1914186 7
DBLP.xml 442 2164363 0 3
treebank.xml 8.6 2437666 1 7

Table 1: Characteristics of the XML Documents

We tested our implementation on a 2-node dual-core x86A.inu

for the split query)). We also repamtlative scaleup numbers using
the performance of the original query as the baseline (etative
scaleup=(serial time for thariginal query)/(best total time for the
split query)). Finally, we present scaleup numbers for thery
partitioning strategy. In all cases, the queries rewritising the
query partitioning strategy were a version of the originsiy with
different input parameter values. Therefore, we used thaee
tial execution time of the original unmodified query as thediime
performance number to compuabsolute scaleup. The bold-faced
query keys in Table 3 represent cases that experience showalod
ter parallelization. Note that in many cases, the perfocaatoes
not improve when the number of threads is increased abovkid. T
is because we are running our experiments on a 4-core machine
The XM1 query (Table 2) selects a set of nodes with specified
names using a disjunctive predicate andrthe®() function. This
query can be executed using both the data and query pairigion
approaches. In the data partitioning strategy, originakgis split
into two subqueriest si t e/ * (serial), and
self::*//+«[name(.)...] (parallel). Inthe query partition-

machine. Each core was a 2-way SMT, hence we were able to runi"d @pproach, the original query gets partitioned intogfseparate

upto 8 user threads. For our experiments, we used threeatiffe
XML datasets: XMark [20], DBLP [1], and the Penn Treebank [3]
XMark is a synthetic dataset that represents auction d&8aFDs a
bibliographical dataset, and the Penn treebank reprekegtsstic
data. Table 1 presents the structural characteristicsesietldata

queries, each checking for a single predicate. These threges
are then invoked on the entire document and the resultart seid
is unioned to obtain the final result. Figure 4 illustrates plerfor-
mance of data partitioning strategy as the number of thresiths
creased from 1 to 8. As the Figure illustrates, in all cagesserial

sets. Among the three, the treebank dataset is a deep kecursi portion is not the bottleneck and the parallel performangeroves

dataset, while the DBLP dataset is shallow and wide.

5.2 Evaluation of the XPath Queries

Table 2 presents a set of XPath queries used for the experimen

tal evaluation. In total, we evaluated 12 queries: 6 for tihéaxk

document, and 3 each for the DBLP and treebank documents. Our

queries were selected so as to evaluate the three partigistiate-
gies under different constraints. The queries include e¢hoih
long chains of child steps, path predicates, conjunctiedsjunc-
tive predicates, functions suchlaast () ,nanme() , andcount (),
different axes (e.g., theg' 1 ", attribute, parent, following-sibling).

as the number of threads is increased (i.e., absolute gcafeu93
and relative scaleup of 16.05).

The XM2 query (Table 2) returns values of the attributes
of all items of the categorycat egor y52. This query exhibits
traversals on thé/ , parent, and attribute axes and a value predi-
cate. This query can be parallelized using both data and qpaer
titioning as follows: In the data partitioning strategyetariginal
query can be split via two ways. In the first approach (XM2(A))
the original query gets partitioned into the serial subrgue

/ /i ncat egory, and a parallel sub-query,

self::*[..]/parent::itenl @d. The second appraoch,



Key ]

XPath Query

XMark.xml

XM1 Isite//+«[name(.)=""enmnil address’’ or name(.)=""annotation’’ or name(.)=""description ']
XM2 /sitel/lincategory[./ @ategory=""category52’ ' ]J/parent::item @d
XM3(A) | /sitel//open_auction/bidder[last()]
XM3(B) | /sitel/open_auctions/open_auction/bidder[last()]
XM4 /site/regions/+/iten{./location=""United States’’ and ./quantity > 0
and ./paynent="'Creditcard’ ' and ./description and ./nane]
XM5 / si tel/ open_aucti on/ open_aucti ons/ bi dder/i ncrease
XM6 Isite/regions/+*[name(.)=""africa’ or nane(.)=""asia ']J/item description/parlist/listitem
DBLP.xml
DB1 [dbl p/articl el aut hor
DB2 /dblp//title
DB3 [ dbl p/ book[ (count (./fol I owi ng-si bl'i ng: : book/ author) < count(./author))]
treebank.xml
TB1 [ FI LE/ EMPTY/ / NP
TB2 [ FILE/ EMPTY/ SI/VP[ count (. //NP) > 1]
TB3 | /FI LE EMPTY/ 5/ NP/ NP/ / NN
Table 2: XPath Queries used for Experimental Evaluation
Query || Original Data Partitioning Query Partitioning
Key Serial Serial | Parallel| Total Absolute | Relative || Total Absolute
(sec) (sec) (sec) (sec) | # Threads| Scaleup | Scaleup|| (sec) | # Threads| Scaleup
XM1 494.82 0.0003 30.82 | 30.82 7 1.93 16.05 145.75 3 3.39
XM2(A) 6.70 360.53 6.29 | 366.82 7 1.05 0.01 12.52 2 0.53
XM2(B) 0.0001 2.87 2.87 3 2.20 2.33 - - -
XM3(A) 10.58 5.29 0.55 5.82 4 1.22 1.82 - - -
XM3(B) 5.72 0.03 0.52 0.55 4 3.55 10.4 1.49 4 3.83
XM4(A) 1.06 0.001 0.49 0.49 7 2.13 2.16 - - -
XM4(B) 20.67 2.82 23.49 7 131 0.045 28.17 4 0.04
XM5(A) 192.67 0.03 0.49 .52 8 3.61 370.51 7.09 4 27.17
XM5(B) 217.29 1.47 | 218.77 8 1.02 0.88 - - -
XM6 0.32 0.000085| 0.14 0.14 6 1.14 2.28 0.088 4 3.63
DB1 1972.76 0.29 2.05 2.34 4 3.24 842.73 || 202.46 4 9.74
DB2 2785.58 0.15 5.15 5.30 4 3.59 525.58 || 1042.09 8 2.67
DB3 299.01 0.24 77.24 | 77.48 4 3.59 3.87 84.78 6 3.52
TB1 425.64 0.028 0.70 0.73 4 3.61 583.06 12.5 8 33.99
TB2(A) 14.75 0.028 1.55 1.57 4 3.73 9.39 2.70 4 5.46
TB2(B) 3.72 1.49 5.21 4 1.73 2.83 - - -
TB3 0.25 0.028 0.43 0.46 8 3.89 0.54 0.87 8 0.28

Table 3: Summary of Performance Evaluation of Data and QuernyPartitioning on the XPath Queries




Performance of Data Partitioning on the Query XM1

70 T T T T T

B W Parallel Execution Time

N
o
T

parallel
30.87

w
o

Time in seconds

N
o

=
o

1 2 3 4 5 6 7 8
Number of Threads

Figure 4: Data Partitioning of the query XM1. The
sub-query / si t e/  is executed serially and the sub-query
self::*//+[name(.)..] is executed in parallel. The se-
rial execution cost is too small to be represented.

(XM2(b)), splits the original query into a serial sub-quérgi t e/ *
and a parallel sub-query,
.Ilincategory[..]/parent::iteml @d. In the query
partitioning strategy, we re-write the original query iritee fol-
lowing two sub-queriest /i tenf . /i ncat egory/

@at egory=""category52''],and//iten]./ @d].These
two queries are executed in parallel by two different theeate
local results are then merged by the driver thread, and the-co
sponding attributes are returned.

Table 3 presents, among other things, the evaluation of thes
proaches for the query XM2. The performance of the two data
partitioning approaches varies substantially; the cosh@fueries
generated in the XM2(A) approach is substantially more tha
of the ones generated in XM2(B). Figure 5 presents a mordeitta
performance evaluation of the two approaches for a varying-n
ber of threads. As Figure 5 illustrates, in XM2(A), even thbu
the parallel execution time improves as the number of tlwéad
increased, the overall performance gets affected by thal seib-
query. This sub-query does far more work than the correspond
ing serial sub-query in XM2(BY(/ i ncat egory returns 411658
nodes whereaksi t e/ * returns only 6 nodes.). Further, the av-
erage cost of the parallel sub-query in XM2(A) is more thaat th
in XM2(B). As a result, implementation of the query XM2 using
the XM2(A) approach degrades the performance. The XM2(B) ap
proach, on the other hand, results in an absolute scaleu20f 2
and relative scaleup of 2.33. In the query partitioning apph, the
two new queries do more work than the original query, thuditea
to reduced performance (i.e., 12.52 seconds vs. 6.7 setonite
original query).

The queries in XM3(A) and XM3(B) (Table 2) are equivalent as
there is only ampen_auct i ons child of thesi t e node, and the
open_auct i on nodes are children only of thepen_auct i ons
node. Like the query XM2, the performance of XM3(A) and XM3(B
approaches differs significantly due to the amount of tinenspy
their serial sub-queries (Figure 6). XM3(A) executes
/ / open_auct i on serially on the entire document in 5.29 sec-
onds, where as XM3(B) executes
/ sitel open_aucti ons/ open_aucti on on the same docu-
mentin 0.03 seconds. Although the parallel sub-queriestin ap-
proaches perform similarly, the XM3(B) approach providestdr
scaleup than XM3(A), both absolute (3.55 over 1.44) andivela
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Figure 5: Data Partitioning of the query XM2. The left bar in

every cluster represents the results for the XM2(A) approah,
the right bar represents the results for the XML2(B) approach.
In XM2(A), the overall performance is affected by the serial
execution costs.

# of Threads (Time in seconds)
1 ] 2 ] 4 6 | 8
Query XM3
Total 572 | 237 | 149 | 185 | 241
Scaleup 1 241 | 3.83 | 3.09 | 2.37
Query XM5
Total | 192.67| 49.96 | 12.83| 10.02| 7.09
Scaleup 1 3.85 | 15.01| 19.22| 27.17
Query XM6
Total 0.32 | 0.15 | 0.088| 0.13 | 0.13
Scaleup 1 213 | 364 | 246 | 2.28

Table 4: Performance of the queries XM3, XM5, and XM6 us-
ing query partitioning.
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Figure 6: Data Partitioning of the query XM3 for two differen t
queries: XM3(A), and XM3(B). The serial execution costs of
the query XM3(B) are significantly lower than that of XM3(A).

(10.4 over 1.82) (Table 3).

For the query XM3, the query partitioning approach distiéisu
the work by partitioning the range of tligpen_auct i on nodes.
If there aren open_auct i on nodes, each of the threads would
get% nodes. To achieve such distribution, the original querg get
rewritten to use theosi t i on() function as follows:

/ sitel open_aucti ons/ open_aucti on

[position() < 2+1],and

/ sitel open_aucti ons/ open_aucti on

[position() > % and position() < 2*%+1].The
results of each sub-query are then unioned to compute tHadina
sult. Table 4 shows the performance of the query partitpsinat-
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Figure 7: Data Partitioning of the query XM4 using two differ -

ent partitioning strategies. The left stacked-bar represats the

performance of XM4(A), the right stacked bar represents the
performance of XM4(B).
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spectively. As shown in Table 4, the performance of the gseri
scales as the number of threads is increased.

The query XM4 (Table 2) is an example of an XPath expres-
sion with a conjuctive predicate. Like the previous exarapkvi4
can also be parallelized in two ways using the data partitgap-
proach, XM4(A), and XM4(B) (Table 3). XM4(A) uses
/ sitelregi ons/ * as the serial sub-query, whereas XM4(B)
uses
/ sitelregi ons/ x/itemasits serial sub-query. As shown in
Figure 7, the execution time of the serial sub-query for XBM(
is significantly larger than that for XM4(A). The expensirial
sub-query not only reduces the scalability in the data fiamthg
solutions, it also affects the performance of the parallelrg. The
XM4(A) approach has to make additional redundant traversél
thei t emnodes as its parallel sub-query is
self::*[./location=..].AsshowninFigure7,inall cases,
the execution time of the parallel sub-query for XM4(B) isahu
more than that of XM4(A). As a result, the XM4(B) causes the
performance to degrade as compared to the serial case (@349
onds against 1.06 seconds for the serial execution). Irasmthe
XM4(A) approach improves the performance by a factor of 2.

The parallelization of XM4 using the query partitioning apach
involves rewriting the original query into four differenils-queries,
each with a different predicate on the item nodes. Thesefoeries
are then executed in parallel on 4 threads and their resaltthan
merge-joined to compute the final result. As Table 3 illusisa

Figure 8: Data Partitioning of the query XM5 using two dif-
ferent partitioning strategies.XM5(B) suffers from large serial
component.

this strategy does not perform as well as the XM4(A) approéth
fact, this approach slows down the query execution subatint
This is mainly due to the larger number of nodes traversedby t
sub-queries, as each of them operate on the entire document.

The XM5 query (Table 2) is an example of a relatively long quer
of parent-child traversals. Like the previous queries, Xddh also
be executed in two ways using the data partitioning appro@cie
approach, XM5(B) suffers from a large serial cost as itsaésrib-
query traverses a far larger number of nodes than the equival
serial sub-query from XM5(A). Figure 8 presents the detbjler-
formance comparison.

Using query partitioning, the XM5 query is parallelized et
range partitioning approach (like the query XM3). Similaguery
XM3, the query XM5 scales well when parallelized using query
partitioning (Table 4).

The query XM6 (Table 2) is interesting as it is the only query
where query partitioning performs better than data partitig
(scaleup of 3.83 versus scaleup of 2.28). In the query [manitity
approach, the original query is rewritten into two querigthaut
predicates, one faf r i ca, and one foasi a
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Figure 9: Data Partitioning of the query XM6.

# of Threads (Time in seconds)
1 | 2 | 4 | 6 ] 8
Query DB1
Total | 1972.76| 670.94| 202.46 - -
Scaleup 1 2.94 9.74 - -
Query DB3
Total 299.01 | 164.70| 85.15 | 84.78 | 84.91
Scaleup 1 181 351 | 352 | 352

Table 5: Performance of the queries DB1, and DB3 using query
partitioning.

(e.g./sitel/regions/africalitent..).Further, the traver-
sal on the item nodes is distributed using range partitep(iie., we
employ hybrid partitioning). Table 4 presents the perfarogaof
the XM6 query using query partitioning as the number of thsea
is increased from 2 to 8. In the data partitioning approaahuse

/ sitelregi on as the serial sub-query (Figure 9), partition the
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Figure 10: Data partitioning of the query DB1. The serial exe
cution costs are dominant. The overall performance scalespu
as the number of threads is increased. The maximum absolute
scaleup observed is 3.24 for 4 threads.
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resultant egi on node set over a set of processors and then invoke Figure 11: Data partitioning of the query DB2. The overall

the parallel sub-query on every local node set. Howevesg pat-
titioning still performs more work than query partitioniag it still
needs to evaluates the disjunctive predicate over therehilof the
r egi on nodes.

performance scales up as the number of threads is increased.
The maximum absolute scaleup observed is 3.49 for 4 threads.

We now discuss the performance of the XPath queries on the Performance of the modified query was not affected by thelseri
DBLP dataset. The DBLP document is a shallow, but very wide component, and it scaled very well (absolute scalabilityd &0)

document. The first query, DB1 (Table 2), firalst hor children

(Figure 11). In the query partitioning approach, we rewribte

of arti cl e elements. Table 5 presents the performance of the original query into eight sub-queries, each for a child &dbl p

query when it was parallelized using the query partitionstigt-
egy. The query partitioning strategy used range partitigmin the
arti cl e child. Thus, every thread invoked a modified query with
a positional predicate. As shown in Table 5, this approaelesc

node. Like in DB1, the query partitioning approach also exaffl
from excessive memory usage, and we obtained an absol@éigpe
of only 2.67 over the original query. In contrast, the datdipan-
ing approach improved the performance over the originatyhg

up very well for 2 and 4 threads. For 6, and 8 threads, we were 525.58. The query DB3 (Table 2) is an interesting query asrit g
not able to run the query due to memory comsumption issues in erates significant overlapping accesses from the

the Xalan processor. In the data partitioning strategyptiginal
query is split into two simple queries with parent-childveesals:
/dbl p/articleand./author. Inthis case, the serial com-
ponent was not dominant and the parallel sub-query scalgd ve
well (absolute scaleup of 3.24 for 4 threads) (Figure 10k data
partitioning implementation did not suffer from high memaon-
sumption, resulting in significant relative scaleup (882.7

For the DB2 query (Table 2), we parallelized the equivalemtry,
/dbl p/+/title. Inthe data partitioning approach, the query
was splitintd dbl p/ * (serial)and / ti t | e (parallel) sub-queries.

f ol | owi ng-si bl i ngaxis. The query partitioning strategy used
the range-partitioning on theook element. The data partitioning
strategy split the original query infadbl p/ book and
sel f::*[..] sub-queries. Both approaches scaled well with
absolute speedups of 3.87 (for data partitioning) and 3d2j(iery
partitioning). However, none of the approaches were abédita-
nate redundant traversals caused by the
f ol | owi ng-si bl i ng axis. Section 5.3 outlines a possible op-
timization to address this problem.

The PENN treebank is a relatively small (8 MB) but highly re-
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Figure 12: Data partitioning of the query DB3. The overall

performance scales up as the number of threads is increased.

The maximum absolute scaleup observed is 3.89 for 4 threads.
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Figure 13: Data partitioning of the query TB1. The overall

performance scales up as the number of threads is increased.

The maximum absolute scaleup observed is 3.61 for 4 threads.

Query TB1
Total | 425.644| 114.86| 27.97 | 20.83 | 12.52
Scaleup 1 3.70 | 15.21| 20.43]| 33.99
Query TB2
Total 14.75 6.26 | 2.70 | 2.79 | 2.98
Scaleup 1 235 | 546 | 528 | 4.94
Query TB3
Total 0.25 0.90 | 0.87 | 1.34 | 1.76
Scaleup 1 0.27 | 0.28 | 0.18 | 0.14

Table 6: Performance of the queries TB1, TB2, and TB3 using
query partitioning.

Performance of Data Partitioning on the Query TB2
Comparison of Two Data Partitioning Strategies
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Figure 14: Data partitioning of the query TB2. The left
stacked-bar represents the performance of TB2(A), whereas
the right stacked-bar illustrates the TB2(B) performance. The
TB2(B) performance gets affected by the large serial costse-
ducing its scalability (1.73 for 4 threads). TB2(A) resultsin a
scaleup of 3.73 for 4 threads.

cursive document. The first query, TB1, finds all instances of
recursive elemerlP. Both the query and the data partitioning ap-
proaches achieve parallelism by partitioning the trausifsam the
EMPTY elements. As Table 6 and Figure 13 illustrate, both ap-
proaches scale very well, resulting in significant perfanoeim-
provements (absolute scaleup of 33.99 for the query pariitg

and 3.61 for data partitioning.) Due to its small size, geen

the treebank document do not suffer from memory consumption
issues. The query TB2 is another example of a case where bad
query splitting leads to performance degradation. Astilaied in
Figure 14, the TB2(B) approach has a large serial compoheant t
reduces its scalability (1.73). In contrast, the TB2(A) @agh has

a smaller serial component, improving both the absolu#3jand
relative scaleups (9.39). The final query, TB3, is an example
when not to parallelize. Naive execution of the original myuis
very efficient and does not traverse a large number of nodehid
case, although the parallelization strategies are effe¢tie., both
scale linearly (Table 6 and Figure 15)), the cost of parakion
degrades the overall performance.

5.3 Discussion

As demonstrated in Section 5, all three data partitionimy@gches
are able to scale performance of a majority of XPath queTibese
results conclusively illustrate that it is possible to decate XPath
processing effectively using multiple cores of a multieproces-
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Figure 15: Data partitioning of the query TB3. Even though the
performance scales up (3.89) for 8 threads, the modified quegr
runs slower than the original query.

sor. However, a number of key issues need to be addressa@ befo
implementing these approached in a parallel XPath processo

First, given an XPath query, it is not obvious if data or query
partitioning would be beneficial. As a rule of thumb, query-pa
titioning is suitable for queries that involve predicatedar those
queries that could be rewritten using range partititionipgr queries
with predicates, data partitioning often results in traireg the same
node twice (once in the serial code and once bysthlef : : * step
in the parallel code), thus degrading the performance. drgtrery
partitioning strategy, range partitioning needs cardipahforma-
tion to be effective. Running concurrent queries on the sdateset
can also increase the memory usage of the XPath proceszadr, le
ing to performance degradation and even failure to exeasteve
have observed in the query DB1). For a general XPath queisy, it
not clear how to automatically determine the best partitigistrat-
egy. We believe a comprehensive parallel cost model coufdihe
addressing this issue.

Second, the performance of a query parallelized using tte da
partitioning strategy depends on how the query was splibuirex-
periments, we had access to path statistics of the inputndewts.
Without such statistics, it is not clear how one can split argu
effectively.

Third, we are currently using a small number of threads for pa
allelizing the XPath queries. In our experiments, we aragisi
simple processor allocation to process different subigseHow-
ever, as the number of available threads increases, thegamcal-
location becomes very critical to achieve load balance aocase
processor utilization. However, an effective processtocation
requires XML document statistics and XPath traversal imfation.
Further, our experiments use simple block distributionadifion
the input context nodeset for parallel sub-query execufias not
yet clear if the block partitioning strategy is the mostabié strat-
egy for the general class of XPath queries.

Fourth, we are currently rewriting the input XPath querigs b
hand. Auto-parallelization of XPath queries by a compiteciir-
rently an open problem. Such a compiler would need to integra
smoothly with the existing XPath optimizations. Furtheg tom-
piler needs to address various semantic issues such asamaigt
document order, executing XPath functions in the parafieiren-
ment, etc. Itis also not clear yet how a parallelizing compivould
use auxiliary information such as XML path statistics ardeixes.

Finally, we are using a pre-parsed XML document in an in mem-

ory configuration. In reality, XML is processed and storedlifa
ferent forms, e.g., XML streams, native XML storage or rielal
storage. Since our parallelization models are defined teeXML
data model, they can be adapted to any XML storage layout.
Our experiments have revealed several interesting quetiy op
mization problems in XPath parallelization. For example,

e Consider again the query DB3. This query traversdsadk
node siblings and for evetyook node, computes its follow-
ing book siblings. It is immediately obvious that there are
lots of overlapping accesses leading to redundant tragersa
of thebook nodes. In fact, given a set bbok siblings, the
result of executing the quefyol | owi ng- si bl i ng: : book
on the firstbook node generates the answers of executing
the same query on all othérook nodes. We can extend
this idea to the parallel domain: First, partition theok
nodes using the data partitioning strategy in the document
order. In every partition, for every firstook element select
thef ol | owi ng- si bl i ng nodes that lie in itéocal node-
set. Then, store the local results into a shared data steuctu
to generate the final result. This strategy avoids redundant
traversals and accelerates the most expensive traversat by
ecuting it in the parallel fashion. This approach, however,
consumes a significant amount of memory. It is an inter-
esting problem to balance parallelism, shared resourcés, a
memory consumption.

e Consider the problem of parallelizing the following DBLP
query: (// book) [ 10] (i.e., find the tenth book from the
document in the global document order). Consider the exe-
cution of this query using the data partitioning strategg- A
sume that there is a shared list that storesihek elements
in a sorted order using their document numbering. As soon
as a processor stores the tenth book in the shared sortéd list
can inform the other processors and prevent redundantirave
sals of the XML document.

CONCLUSIONS

In this paper, we evaluated the problem of parallelizing Pa
processing using commodity multi-core processors. We &x@m
three novel parallelization schemes and evaluated them set a
of realistic documents using a production-grade XPath ¢asar
(Xalan). Our experimental results demonstrate that oupgsed
strategies work very well in practice. In most cases, we \able to
improve the query performance significantly. Our experita@itso
revealed various optimization and infrastructure isshasneed to
be addressed for implementing a scalable parallel XPattegswr.
We plan to explore these issues in detail in our future work.
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