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Abstract Given the importanceof XPath-basedjuery accesso

We presenta systemfor ef cient meta-datain-

dexed queryingof XML documents. Given the

diversity of the informationavailablein XML, it

is very usefulto annotateXML datawith a wide

variety of meta-datasuchasquality andsecurity
assessmentdle addresghe meta-dataindexing

problemof efciently identifying the XML ele-

mentsalong a location stepin an XPath query

that satisfymeta-dataangeconstraints.Our sys-

tem, namedMIX, incorporategjuery processing
on all XPath axes suitably enhancedvith meta-
data featuresoffering not only query answering
but alsodynamicmaintenancef meta-datdevels

for XML documents.

1 Intr oduction

Companiesareusingthe Web asthe main meansof infor-

mationdisseminationand XML hasbecomethe de facto
standardfor data representatiorand exchangeover the
Weh Theinformationavailableoverthe Webis extremely
diverse,and of varying degreesof quality (e.g.,accurag,

receng, etc.)andsecurity Whenqueryingsuchdata these
quality andsecurityassessmentreoftenasusefulasthe
data,andshouldbe queryableaswell (see.e.g.,[5, 1, 6]).

This suggestghatit is very usefulto annotateXML data
with meta-dataandto ef ciently identify thedatathatmeet
desiredconstrainton the meta-data.

Our meta-datanodelfor XML documentss basedon
meta-datalevels assignedo elementsby associatingan
attribute called MetadatalLevel . We usepositive inte-
gersasmeta-datdevels,andtheone-sidedangeconstraint
“ uml” to identify desirabledata,i.e., thosethat satisfy
the meta-dataconstraint;uml is referredto asthe meta-
dataquerythreshold.For example,a usercanaska query
to nd all salesnumberswith approximatiorerror
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XML, andtheubiquity of meta-datahatcanbemodeledas
valuesfrom anordereddomain,XPath-basedjueryevalu-
ation enginesneedto be ableto ef ciently identify theel-
ementgthat satisfy meta-dateconstraintsalong eachloca-
tion stepin the XPath query We have developeda family
of indexing structuredo facilitate meta-datebasedaccess
to XML documents.We referto this family asmeta-data
indexes A meta-datandex canquickly identify all XML
elementghatare(i) reachablérom a speci edelementus-
ing a speci ed XPath axis, and (i) satisfythe meta-data
rangeconstraint.

Meta-dataindexes can be easily realized using popu-
lar multi-dimensionaindex structuresuchasR-treeq?2].
Meta-data indexes incorporate the following features:
(i) actual meta-datalevels are associatedonly with el-
ementsfor which this value is explicitly speci ed, and
(ii) inheritedmeta-datdevelsandinheritancesourcenodes
areassociateavith somenon-leafnodesof theindex struc-
ture,to enableef cient lookupin theindex structurewhile
keepingthe updatecost manageable. A meta-datandex
canbeeasilyutilized by avarietyof XPathevaluationalgo-
rithms, basedn aniteratorstyleinterface,includingthose
in Timber[4] andGalax,animplementatiorof XQuery|[7].

We describeMIX (Meta-datdndexing for XML), asys-
temfor meta-datandexed querying,anddynamicmainte-
nanceof meta-datdor XML documentsMIX implements
ef cient novel algorithmsfor querying,focusingon XPath
axes, and updateof elementmeta-datdevels providing a
completesolutionfor theentiresetof XPathqueryaxes.

In Section2, weintroducethestructureof our meta-data
indexes. Sections3 and4 describethe architectureof MIX
andoutlinethedemonstration.

2 Meta-data Indexes

In this section,we describeafamily of meta-datandexes
which can quickly identify all XML elementsreachable
fromagivenelemenusingaspeci ed XPathaxis,andhave
ameta-datdevel nolargerthana speci edthreshold.

2.1 Matching XPath Location Steps

We useanencodingschemeor nodesin XML documents
to reconstructhe XML documentunambiguouslywhich



hasthe sameeffect as preorderand postorder Ln is the
rankatwhichthenodeis encountereth aleftto right depth
rst searcDFS)of the XML datatree,andRn is therank
atwhichthe nodeis encounteredh aright to left DFS.Ln
and Rn sufce for matchingalong orderedand structural
axes,suchasancestgrdescendanfpllowing, andpreced-
ing, but areinsufcient for level sensitve matching,such
aschild andparentaxes(matchingnodesonelevel apart),
and following-sibling and preceding-siblingaxes (match-
ing nodeswith the sameparent).Associatinganadditional
numberwith eachnode,e.g.,the parentnodes Ln, writ-
ten as PLn, permitslevel sensitve matchingaswell. A
multi-dimensionalindex structure,suchas an R-tree,on
the Ln/Rn/PLn dimensionscanbe constructedo quickly
locatedesiredresultelementg3].

2.2 Incorporating Meta-data Levels

Our meta-datamodel for XML documentsassignsmeta-
datalevels,which arepositive integers,to a subsebf XML
elements. If an elementdoesnot have a meta-datdevel
explicitly assignedo it, it inheritsthevaluefrom its closest
ancestolin the XML tree)that hasan explicitly assigned
value. We allow the meta-datdevel of a child elementto
belargeror smallerthanthatof its parentelement.

To supportmeta-datandexed queryingof XML, the R-
tree on the Ln/Rn/PLn dimensionscan be augmentedo
includethe meta-datdevel. We describeour proposalfor
sucha meta-datandex next.

We usethe termboundingboxof a non-leafindex page
entry to denotethe setof leaf pagesootedat . An ele-
mentnodein aboundingbox (i.e., in oneof its leaf pages)
is de ned as a boundarynodeof the boundingbox if no
ancestoelementof thatnodeis alsoin the boundingbox.

Actual/Inherited Meta-data Levels: In the meta-datan-
dex (MI), actualmeta-datdevels are associateanly with
elementdor whichthis valueis explicitly speci ed (asthe
value of attribute ActualML ). Non-leaf pageentriesin
the MI additionally maintaininformationaboutmeta-data
levels that are inherited by elementsin the (index) sub-
tree of that non-leafpageentry (asthe value of attribute
InheritedML ). More precisely the meta-datdevelsin-
heritedby the boundarynodesof a boundingbox, thatdo
not have an ActualML attribute de ned, in uence the
InheritedML  valuesof the boundingbox. The ele-
ment nodesin leaf pagesentriesof the Ml do not store
InheritedML  values; only the non-leaf page entries
maintainrange<f thesevalues.

Inheritance Source Nodes: Although ActualML and
InheritedML  in pageentriesidentify which leaf pages
containpotentially desirableelementsthosevalues,how-
ever, do not sufce for ef cient maintenancef the meta-
dataindex underupdatego theactualmeta-datdevel of an
element.Sofar, thereis nowayto ef ciently make this de-
cision,basedon the ActualML andInheritedML  val-
ues. Our solutionto enableeffective supportfor mainte-
nanceof InheritedML  valuesis to storetheidentitiesof
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Figurel: Architectureof MIX

XML elementodesfrom wherethesdow andhigh meta-
datalevelsareinherited. This informationis maintainedn
thenon-leafpageentriesasvaluesfor the InheritList
attribute.

Lastly, we discusssomeconventionsand an optimiza-
tion usedin themeta-datandex. A valueof for low/high
actualmeta-datdevels in a boundingbox meansthat no
elementnodein the boundingbox hasan ActualML de-
ned. A valueof for low/highinheritedmeta-datdevels
in aboundingbox meanghatno nodein theboundingbox
inherits its meta-datdevel from outsidethe box. As an
optimizationto the MI, whenever the valueof a meta-data
relatedattributein anon-leafpageentryis the sameasthat
in its parentnon-leafpageentry, the child entry records
thisinformationusinga specialsymbol“-". Thisoptimiza-
tion is very usefulto boundthe propagatiorof updateso
InheritedML  andInheritList values,undermeta-
datalevel updates.

3 SystemAr chitecture

MIX is a Java-basedrototype.Its architecturds depicted
in Figure 1. It consistsof two main components:the
XPath queryingmoduleandthe meta-datandex manae-
mentmodule. The rst componentincorporatesa query
processopn all XPathaxes,usingmeta-datawareindex-
ing, thatacceptgjueriesandreturnselementsatisfyingthe
meta-dataconstraint. The secondcomponenincorporates
maintenancef meta-datanformationfor XML elements
andincrementamaintenancef theindex undermeta-data
update.

TheMIX systemin its currentversionencompassehe
following functionality and featuresthat will be demon-
strated.

Dynamic visualization: MIX facilitatesbrowsing of dif-
ferent XML documentsdisplay of queriesand queryre-
sults, and visualizationof the meta-datandex througha
e xible andinteractive graphicalinterface.

Aids to adjusting parameters: MIX provides support
for adjustingvariousparameter®f the method. The spe-



ci ¢ operationgtaking placewhen meta-datanformation
or pagesizeon the index is adjustedcanbe viewedin an
interactve mode.

Meta-data accessand manipulation: MIX implements
novel algorithmsthatcannotonly dynamicallyincorporate
meta-dataspeci cation changeshut also bulk load meta-
dataef ciently.

4 Demonstration Outline
4.1 XPath Querying

MIX implementsthe index lookup algorithm for the
meta-data index, which uses the ActualML and
InheritedML rangesto return the set of nodeswith
meta-datdevel uml alonganXPathlocationstep.Once
anXML documento bequerieds selecteduserscanspec-
ify XPathqueriesalongwith ameta-datahresholdhrough
a exible graphicalinterface. Thenthe systemusesthe
meta-datandex to returnall XML datathroughthe meta-
dataindex. MIX systemsupportsall XPath axesand pro-
videsvariouswaysto corvenientlyvisualizequeryresults.
In Figure2(b), for example,a userissuesa query “retrieve
all descendantsf all-accounts with meta-datdevel

2", andasaresult,cart anditem elementsarehigh-
lightedin thegraphicalinterface alongwith theassociated
meta-datandex information.

4.2 Meta-data Index Management

Meta-data Speci cation: XML documentscan be se-
lectedandbrowsedin graphicaform. XML elemenhodes
arelabeledwith elementagsor stringvalues;edgesareei-

therbetweerelementor betweenan elementanda string

value. In Figure 2(a), an example XML databaseep-
resentsan online-seller that containsinformation
aboutitems and accounts. XML elementsare encoded
with Ln, Rn, andPLn andtheMetadatalevel attribute
speci edonelementss displayedn acircle. Meta-datan-

formationfor XML elementsanbedynamicallymodi ed

on demandhrougha graphicalinterface.

Bulk Loading: The systemincorporatesef cient sup-
port for loadingnew documentsyia a bulk loadingalgo-
rithm that facilitatesindex constructionand ef cient rep-
resentatiorof elementmeta-datanformationin the hier-

archicalstructure. Eachelementis representedh the in-

dex usingthe “coordinates”: Ln, Rn, PLn, ActualML

InheritedML |, InheritList . Meta-dataindex con-
tentsaswell asindex operationscan be ef ciently visu-

alized in the system. Figure 2(b), for example, shovs

a meta-datandex over the online-seller datasetof

Figure 2(a) with a pagecapacityof 2. The leaf pagesin

the index containboth leaf and non-leaf XML elements,
andnon-leafindex pagesindicatepageboundariedy the
smallestandthelargestvaluesoccurringin the page.

Index Maintenance: Maintenanceunder updatesis an
essentialtask for the meta-dataindex, simply because
change®ccurin therealworld. A speci edmeta-datdevel

may be changedo a differentvalue, may be removed, or
aninheritedmeta-datdevel maybereplacedyy anexplicit
value. Wheneerthe meta-datdevel informationfor XML
elementss modi ed, suchchangeshouldbepropagatetb
themeta-daténdex, sothatthey aretakeninto accountdur-
ing queryprocessing.MIX incorporatesiovel algorithms
for suchpropagationin particularsuchpropagatioris per
formedin atop-donvn andbottom-upfashionin theindex.

Top-down update for actual meta-datalevels: The
top-dovn updatefor actualmeta-datdevelsnavigates
theindex treedown from theroot pageandmalkesthe
implicit values(*-") of ActualML explicit duringin-
dex treetraversal. Oncethe leaf pageis reached;t
modi estheActualML of thenode andtheninvokes
bottom-upupdate.

Bottom-up update for actual meta-datalevels: The
goal of the bottom-upupdateis to changeback the
index pageentriescorrectly We usea lock-stepap-
proachto make surethatthe implicit (“-") valuesare
properly recorded. More speci cally, if the value
ActualML of the child pageentry is the sameas
that of the parentpageentry, the value at the child
pageentryis changedackto “-". If thevalueatthe
child pageentryis “-”, thentheold valueatthe parent
pageis propagatediown only to child page jnsteadof
propagatingall theway down to theleaves.

Top-down update for inherited meta-data levels:
The top-dovn updatefor inherited meta-dataevels
rst traversesdown the index tree to identify pages
with the given elementnodeor its descendantsand
males explicit the values of InheritedML and
InheritList duringtraversal.

Bottom-up update for inherited meta-data levels:
The bottom-up update propagatesinheritedML
andInheritList , backup theindex tree,modify-
ing andmakingimplicit valuesandlists duringtraver-
sal. Theapproacho propagatealuesandliststo child
pagesandto revertto “-” is the sameasthe bottom-
up updatefor actualmeta-datdevels. The bottom-up
updateworkswith a globalstackto keeptrackof how
inheritancewvorksfor thedataitemsin theleafpageto
dealwith anearestincestowith anexplicit meta-data
level.

The systemincludessupportfor effective visualization
of meta-datalevel propagationoperationsin the index.
Considerthat a meta-datdevel of 2 is speci ed for the
all-items elementin Figure 2(a). The top-davn up-
datefor theactualmeta-datdevel makesthe“-" valuesex-
plicit on the pathswherethe all-items is present.The
bottom-upupdatefor actualmeta-datdevel changesack
index pageslf ameta-datdevel for elementall-items
is added,this would resultin a changeof the meta-data
level inheritedby its descendantsThe top-dovn update
for inheritedmeta-datdevel makesthe “-” valuesexplicit



(a) XML data

(b) Meta-datandex

Figure2: XML dataandmeta-datandex

Figure3: Updateof meta-datdevel

onthepathswherebook , title  , andauthor elements
arepresent.The bottom-upupdatefor inheritedmeta-data
level changeghe smallestor the largestinheritedML
value in the index pagesin a way identical to what the
bottom-upupdatefor actualmeta-datdevel hasdone.Ad-
ditionally, the list InheritList is modi ed to contain
areferenceo the all-items node. The nal meta-data
index is shovn in Figure3.

5 Conclusion

TheproposedsystemMIX, providesmeta-dataccesand

manipulationof XML documents. It incorporatesnovel

meta-datandexing methodsto facilitate meta-dataoper

ationson XML documentsas well as novel algorithms
to re ect dynamicchangef meta-datdevel information

on theindex. Throughan easyto usegraphicaluserin-

terface,it acceptyjueriesrequestdor elementmeta-data
level modi cations, and displaysand visualizesquery re-

sults. Moreover, it facilitatesunderstandingf the novel

meta-datandex operationsincorporatingsupportfor dy-

namicvisualizationof theindex.
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