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Abstract. On-LineAnalytical Processing(OLAP) enablesanalyststo gain insightaboutdatathroughfastand
interactive accessto a varietyof possibleviews on information,organizedin a dimensionalmodel.Thedemand
for dataintegration is rapidly becominglarger asmoreandmoreinformationsourcesappearin modernenter-
prises.In thedatawarehousingapproach,selectedinformationis extractedin advanceandstoredin a repository,
yielding goodqueryperformance.However, in many situationsa logical (ratherthanphysical)integrationof
datais preferable.Previous web-baseddataintegrationefforts have focusedalmostexclusively on the logical
level of datamodels,creatinga needfor techniquesfocusedon theconceptuallevel. Also, previous integration
techniquesfor web-baseddatahave not addressedthespecialneedsof OLAP toolssuchashandlingdimensions
with hierarchies.ExtensibleMarkupLanguage(XML) is fastbecomingthenew standardfor datarepresentation
andexchangeon theWorld Wide Web. Therapidemergenceof XML dataon theweb,e.g.,business-to-business
(B2B) e-commerce,is makingit necessaryfor OLAP andotherdataanalysistools to handleXML dataaswell
astraditionaldataformats..

Basedona real-world casestudy, thispaperpresentsanapproachto speci�cationof OLAP DBs basedonweb
data.Unlike previouswork, this approachtakesspecialOLAP issuessuchasdimensionhierarchiesandcorrect
aggregation of datainto account. Also, the approachworks on the conceptuallevel, usingUni�ed Modeling
Language(UML) asa basisfor so-calledUML snow�ake diagramsthatpreciselycapturethemultidimensional
structureof thedata. An integrationarchitecturethatallows the logical integrationof XML andrelationaldata
sourcesfor useby OLAP toolsis alsopresented.

Keywords: OLAP, XML, DataIntegration,DataWarehousing,MultidimensionalDatabases

1. Intr oduction

On-Line Analytical Processing(OLAP) is a category of businesssoftwaretools that en-
ablesdecisionsupportbasedon multidimensionalanalysisof summarydata.OLAP data,
typically drawn from aphysicalintegrationof transactionaldatabases,is organizedin mul-
tidimensionaldatamodels, categorizingdataaseithermeasurablefacts(measures)or hi-
erarchicallyorganizeddimensionscharacterizingthefacts.Featureslike automaticaggre-
gation(Rafanelli etal., 1990) andvisual querying(Thomsen,1997) supportedby OLAP
tools easethe processof decisionsupportcomparedto traditionaldatabasemanagement
systems.

Integrationof distributeddatasourcesis becomingincreasinglyimportantasmorebusi-
nessrelevantdataappearontheweb,e.g.,onB2B marketplaces,andenterprisescooperate
moretightly with theirpartners,creatinganeedfor integratingtheinformationfrom several
enterprises.Thedatawarehousingapproachdictatesa physicalintegrationof data,map-
ping datafrom different informationsourcesinto a commonmultidimensionaldatabase
schema. This enablesfast evaluationof complex queries,but demandsgreateffort in
keepingthe datawarehouseup to date,e.g. when datapassesfrom the sourcesof the
application-orientedoperationalenvironmentto the datawarehouse,inconsistenciesand
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redundanciesmustbe resolved,so the datawarehouseprovidesan integratedandrecon-
ciled view of the dataof the organization.However, somekinds of dataareimpossible,
or not attractive, to physicallystorein a datawarehouse,eitherbecauseof legislationor
becauseof thenatureof thedata,e.g.,rapidlydynamicallyevolving information.Enabling
integrateduseof suchdatarequiresa logical ratherthanphysicalintegration.

XML is ametalanguageusedto describethestructureandcontentof documents.XML,
althoughoriginally a documentmarkuplanguage,is increasinglyusedfor dataexchange
on theWeb. Theapplicationof XML asa standardexchangeformatfor dataavailableon
theWebmakesit attractive to usein conjunctionwith OLAP tools.

Previous approachesfor integratingweb-baseddata,particularlyin XML format,have
focusedalmostexclusively ondataintegrationat thelogical level of datamodels,creating
a needfor techniquesthatareusableat theconceptuallevel which is moresuitablefor use
by systemdesignersandendusers.Themostwide-spreadconceptualmodelis theUni�ed
ModelingLanguage(UML) (OMG, 2001) whichis usedin thispaper. Previousintegration
approacheshave not addressedthe specialissuesrelatedto OLAP, e.g.,dimensionswith
hierarchies,andarethusnotoptimally suitedfor integratingdatato beusedfor OLAP.

Thecontributionof thispaperis threefold.First,anarchitecturefor integratingXML data
at theconceptuallevel is presented.Thearchitecturealsosupportsrelationaldatasources
andis thuswell suitedto build datawarehouseswhich arebasedpartly on in-houserela-
tional dataandpartly on XML dataavailableon theweb. A prototypesystemsupporting
thearchitectureis currentlybeingdevelopedaspartof aprojectthatinvestigatestechnolo-
giesfor building datawarehousesbasedonwebdata.Althoughthispaperprimarily argues
for a logical dataintegration,the speci�cation techniquesmay alsobe usedfor physical
dataintegration,i.e., datawarehousing.Second,we proposea multidimensionalmodel,
the UML snow�ak e diagram,enablinga precisespeci�cationof an OLAP DB basedon
multiple XML and/orrelationaldatasources.TheUML diagrammingmethodis usedfor
describingandvisualizingthe logical structureof XML documents,easingthedesignof
the OLAP DB. Third, we describehow to handlethe specialconsiderationsthat needto
be taken when designingan OLAP DB on top of XML data,suchas dimensionswith
hierarchiesandensuringcorrectaggregationof data.

We believe this paperto be the �rst to addressthe issueof integrating XML and/or
relationaldatafor useby OLAP toolsandto describethespecialconsiderationsthatneed
to be taken in this context. Also, we believe this paperto be the �rst to considerthe
integrationof XML andrelationaldataat theconceptualratherthanthelogical level.

A numberof systemsallows integrationof structuredand/orsemi-structureddata. Of
these, YAT (Abitebouletal., 1999), Strudel (Fernandezet al., 2000), TSIMMIS
(Garcia-Molinaet al., 1997), andOzone(Lahiri etal., 1999) all useasemi-structured,e.g.,
XML, datamodel,Garlic (Rothet al., 1996) usesanobjectdatamodel,while theCohera
system(Hellersteinetal., 1999) usesthe relational(SQL) datamodel. Thesesystemsall
focuson webdataintegrationat the logical level. In comparison,theapproachdescribed
in this papertakesspecialOLAP characteristicssuchasfact tables,dimensionswith hi-
erarchies,andmeasuresinto account.Also, this paperfocuson integrationof web data
on the conceptuallevel, supportingthe designprocessbetter. However, we do not con-
siderdataintegrationat the logical level to be unnecessary, assuchsystemsareusedfor
the implementationof the integrateddatabases.Indeed,a DW conceptuallydesignedus-
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ing our approachcould be implementedusing thesesystems. The issueof converting
XML datainto relationaldatais describedin (Deutschet al., 1999, Florescuet al., 1999,
Shanmugasundarametal., 1999). In comparison,thispaperaimsatcapturingmoreseman-
tics of theXML databy usinga higher-level conceptualmodel. Also, thedatastructures
obtainedby ourapproachis bettersuitedto OLAP analysisasimportantDW/OLAP issues
suchasfacttables,dimensionswith hierarchies,andmeasuresareaddresseddirectly.

The remainderof the paperis organizedas follows. Section2 presentsa casestudy
concerningB2B e-commerceof electroniccomponents.Section3 presentsanarchitectural
overview describinghow XML andrelationaldatacanbe integratedandusedfor OLAP
analysis.Section4 de�nes a multidimensionalmodelcapturingthestructureandcontent
of a logical speci�cationof OLAP DBs on top of XML andrelationaldatasources,and
describesthe speci�c issuesrelatedto designingan OLAP DB on XML data. Section5
summarizesthepaperandpointsto topicsfor futureresearch.

2. Moti vation—A CaseStudy

Thissectiondescribesacasestudymotivatingtheneedfor integratingvariousXML docu-
mentsandrelationaldatasourcesinto a commonmultidimensionalDB, servingasa basis
for dataanalysisin anOLAP system.Thecasestudyis a simpli�cation of theElectronic
ComponentInformationExchangeQuickDataArchitecture(ECIX) (SII, 2001). TheECIX
QuickDataArchitectureis a projectdedicatedto thedesignof standardsfor B2B techni-
cal informationexchangeof componentinformationfor traditionalelectroniccomponents.
TheECIX standardsde�nesstandardsfor bothXML dataexchangeaswell asarchitectures
for Web-enabledsystemsfor informationexchangebetweenall theparticipantsinvolvedin
thedesignandmanufactureof electronicsystems.For a thoroughdescriptionof theECIX
QuickDataArchitecture,see(SII, 2001). Thecasestudyconcernsretailersandsuppliersof
electroniccomponents.Theretailersellselectroniccomponentsto endusersboughtfrom
anumberof differentsuppliers.Theretailerstoresinformationaboutcomponentsalesand
customersasboth XML andrelationaldata,andthe suppliersprovide basicinformation
abouttheir productsasXML dataon theWeb. Thegoal is for theretailerto constructan
OLAP DB basedonthedatastoredby theretaileraswell astheXML dataprovidedby the
suppliers,in orderto enableanalysisof componentsales.

An XML documenthasbothstructureandcontent,andXML providesameansfor sepa-
ratingonefrom theotherin theelectronicdocument.Thestructureof adocumentis given
by useof matchingtagpairs(termedanelement)andthe informationbetweenmatching
tagsis referredto asthecontentof theelement.Furthermore,anelementis permittedto
haveadditionalattributes,wherevaluesareassignedto theattributesin thestarttagof the
element.XML documentscanalsocontaina descriptionof their logical structure,which
is calleda documenttypede�nition (DTD). A DTD is a context freegrammarde�ning, in
termsof elementcontentspeci�cations,all allowableelements,their attributes,andtheel-
ementsnestingstructure.GivenaDTD it canbeveri�ed thatanXML documentconforms
to theDTD, andif so,theXML documentis saidto bevalid. For a completespeci�cation
anddescriptionof XML, see(W3C,2001a, Pinnocketal., 2000).



W X�Y�Z-[.Y�Z/Y�\2]4^�_

The datastoredby the retailer is an XML documentdescribingsales,an XML docu-
mentdescribingthecomponentnumberingsystemsusedby thesuppliers,anda relational
databasecontaininginformationaboutcustomers.

SalesDocument Thesalesdocumentdescribeseachsalemadeby theretailer. Eachsale
consistsof a uniquesalesid, a date,a customerid, anda list of itemssold. The DTD
describingthestructureandcontentsof the salesdocumentis shown below. Every sales
documentconformsto this DTD.

<?xml version="1.0" encoding="utf-8" ?>
<!ELEMENT salesDB (sales*) >
<!ELEMENT sales (date, customerID, item+) >
<!ATTLIST sales salesID ID #REQUIRED >
<!ELEMENT date (#PCDATA) >
<!ELEMENT customerID (#PCDATA) >
<!ELEMENT item (price, componentID) >
<!ELEMENT price (#PCDATA) >
<!ELEMENT componentID (#PCDATA) >

An exampleof an XML documentconformingto the above DTD is shown below. The
documentdescribessaleno. s48372at the 2nd of October2000to the customerhaving
id 2347.Thecustomerboughtthepackageof componentshaving id r12200for a priceof
$6.25.

<?xml version="1.0" encoding="utf-8" standalone="no" ?>
<!DOCTYPE salesDB SYSTEM"sales.dtd">
<salesDB>

<sales salesID="s48372">
<date> 2000-10-02 </date>
<customerID> 2347 </customerID>
<item>

<price> 6.25 </price>
<componentID> r12200 </componentID>

</item>
...

</sales>
...

</salesDB>

ComponentNumbering Document Thecomponentnumberingsystemusedby there-
tailer is differentfrom the onesusedby the suppliers. In order to mapbetweenthe two
numberingsystems,theretailerhasconstructedanXML documentproviding information
abouteachsupplieraswell asa mappingbetweenthenumberingsystemsusedby there-
tailer andthe supplier. The mappingdocumentdescribesthe name,address,phone,the
URL of eachsupplier, anda list of componentidsmappingbetweenthesupplier'scompo-
nentids andtheids usedby theretailer. TheDTD describingthestructureandcontentsof
themappingdocumentis seenbelow.

<?xml version="1.0" encoding="utf-8" ?>
<!ELEMENT supplierDB (supplier*) >
<!ELEMENT supplier (product*) >
<!ATTLIST supplier name CDATA #REQUIRED

address CDATA #REQUIRED
phone CDATA #IMPLIED
URL CDATA #IMPLIED >

<!ELEMENT product EMPTY >
<!ATTLIST product name CDATA #REQUIRED

id CDATA #REQUIRED
our_id CDATA #REQUIRED >
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An exampleof theXML mappingdocumentis shown below. Thedocumentdescribes
a mappingbetweenthe retailer's componentid r12200(a 2K2 carbonresistor)and the
supplier“ComponentHeaven”'scomponentid 263854.

<?xml version="1.0" encoding="utf-8" standalone="no" ?>
<!DOCTYPE supplierDB SYSTEM"mapping.dtd">
<supplierDB>

<supplier name="ComponentHeaven"
address="457 Madison Ave., NY"
phone="212-753-1722"
URL="http://www.componentheaven.com/products">

<product name="2K2 carbon resistor"
id="263854" our_id="r12200"/>

...
</supplier>
...

</supplierDB>

Relational Customer Database Theretailerstoresinformationaboutcustomersin a re-
lationaldatabase.For eachcustomer, datais storedstatingtheid of thecustomer, thename,
theaddress(streetandnumber),thecity, andthecountryin which thecustomerlives.The
schemaof thetableis shown below.

customer(id, name, street, number, city, country)

A tuplefrom aninstanceof this relationis shown below.

(2347,'Peter Scott','Lambda Lane','6','London','England')

ComponentDocument TheXML dataprovidedby eachcomponentsupplieris a docu-
mentdescribingbasicpropertiesof thedifferentproductssoldby thesupplier. Theprop-
ertiesdescribedfor eachcomponentarepropertiessuchasthenameof theclassto which
thecomponentbelongs,thenameandid of thecomponent,thenumberof pinsandgates,
anoptionaltextual description,andthepriceandnumberof componentsin onepackage.
Furthermore,sincesomesuppliersalsosell devicesbuilt from differentcomponents,the
componentdocumentcontaininformationaboutthesedevices,aswell asa referencefrom
componentsto devicesindicatingthata particularcomponentis usedto build a particular
device. TheDTD describingthestructureandcontentsof thecomponentdocumentis seen
below

<?xml version="1.0" encoding="utf-8" ?>
<!ELEMENT products (class+) >
<!ELEMENT class ((ec*, device*)) >
<!ATTLIST class name CDATA #REQUIRED >
<!ELEMENT ec (unitprice, pincount, gatecount, textdesc?) >
<!ATTLIST ec id ID #REQUIRED usedWithin IDREFS #IMPLIED

name CDATA #REQUIRED >
<!ELEMENT device (textdesc, unitprice, device?) >
<!ATTLIST device id ID #REQUIRED name CDATA #REQUIRED >
<!ELEMENT unitprice (number, price) >
<!ELEMENT pincount (#PCDATA) >
<!ELEMENT gatecount (#PCDATA) >
<!ELEMENT textdesc (#PCDATA) >
<!ELEMENT number (#PCDATA) >
<!ELEMENT price (#PCDATA) >
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An exampleof anXML documentconformingto componentDTD is shown below. The
documentdescribesthe two components“2K2 carbonresistor”and“8bit ALU”. The re-
sistorbelongsto class“resistor”, has2 pinsandno gates,andis sold in boxesof 250 for
$6.25. TheALU belongsto class“semiconductor”,has28 pins,192gatesandis sold in
boxesof 10 for $8.70.

<?xml version="1.0" encoding="utf-8" standalone="no" ?>
<!DOCTYPE products SYSTEM"products.dtd">
<products>

<class name="resistor">
<ec id="r12200" name="2K2 carbon resistor">

<unitprice>
<number> 250 </number>
<price> 6.25 </price>

</unitprice>
<pincount> 2 </pincount>
<gatecount> 0 </gatecount>

</ec>
...

</class>
<class name="semiconductor">

<ec id="alu8003" name="8bit ALU">
<unitprice>

<number> 10 </number>
<price> 8.70 </price>

</unitprice>
<pincount> 28 </pincount>
<gatecount> 192 </gatecount>
<textdesc> 8 bit Arithmetic Logical Unit </textdesc>

</ec>
...

</class>
...

</products>

Basedon theabove data,it is thegoalof theretailerto constructanOLAP DB capable
of answeringquestionssuchas “What is the net pro�t of salesof semiconductorsthis
year?”,“What is the bestselling classesof components?”,and“In which countrydo we
sell themostresistors?”.Thispaperdescribesthespeci�cationof anOLAP DB capableof
answeringthesequestions.TheOLAP DB is basedona mixtureof thedatastoredlocally
by theretailerandthedataprovidedasXML ontheWebby thesupplier, in orderto answer
theabovequestions.

3. Integration Ar chitecture

This sectiondescribesa generalsystemarchitecturefor integratingXML andrelational
datasourcesat theconceptuallevel in aweb-basedOLAP DB. Thearchitecturemakesthe
useof XML datatransparentto thedataanalysistool andtherebyto theenduser.

XML Data Sources BeforethedesignercanspecifyanOLAP basedon XML data,the
designerneedsto know the structureof the datato be used. Oneway of obtainingthis
knowledgeis to fetch the entireXML documentfrom the Web. This solution is rather
unsatisfactory, sincefetchingtheentireXML documentcantakeaconsiderableamountof
time. Anothersolutionis to considerthelogicalstructureof theXML document,described
by theDTD. Fetchingonly theDTD savestime,sincetheDTD is small in sizecompared
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to the documentit describes.A potentialproblemassociatedwith this approachis that
theDTD canbeoverly complex, giving nocontribution to thedesigner'sunderstandingof
thestructureof theXML data,a problemwhich is worsenedby the textual formatof the
DTDs. What is neededis aneasilycomprehendibleandquick way of communicatingthe
structureof anarbitraryXML datasourceto thedesigner.

To accomplishthis goal, the DTD is transformedinto a Uni�ed Modeling Language
(UML) diagram.Visualizingthestructureof XML documentsin a graphicalway makes
it easierfor the designerto understandthan a context free grammarsuchas the DTD.
By describingthestructureof XML datasourcesusinga high-level conceptualgraphical
modelinglanguage,eachXML datasourceon the Web becomesan easyaccessibleand
comprehensibledatabaseto both designersandendusers. The useof DTDs asa basis
for deriving thegraphicalrepresentationof thedatasourcesupportsfastbrowsingof the
availabledata,dueto the small sizeof the DTD. This correspondsto the traditionaluse
of the Web wherebrowsing is probablythe most importantmeanof �nding the desired
information.A detailedspeci�cationof thetransformationfrom DTDs to UML diagrams
is givenin anotherpaper(Jensenet al., 2001a).

It is assumedthroughoutthis paperthat the logical structureof an XML documentis
describedby aDTD andthattheXML documentis valid. Notice,thatotherformalismsfor
describingXML documentstructure,morepowerful thantheDTD formalism,exist, e.g.
XML Schema(W3C,2001b), but theDTD is theonly formalismthatis aWorld WideWeb
Consortium(W3C) Recommendation.The XML 1.0 Recommendation(W3C,2001a) is
usedthroughoutthis paper.

Relational Data Sources An integrationof XML andrelationaldatais necessarysince
an enterprisetypically storesdifferenttypesof transactionaldatain relationaldatabases.
As is thecasefor XML data,a conceptualmodelof thestructureof the relationaldatais
needed,in orderfor thedesignerto make quali�ed statementsaboutthedatato be used.
It is not thefocusof this paperto describeconceptualmodelsfor relationaldataandit is
thereforeassumedthatUML diagramsdescribingtherelationaldatacanbemadeavailable
to thedesigner. Otherwise,databasedesigntoolssuchasERwin(Comp.Assoc.,2001) can
aid in the processby doing reverseengineeringof relationalschemasto UML diagrams.
We have chosento integratetherelationaldatadirectly, ratherthanmappingit into XML
�rst, assucha translationwould meanthatsomeof thesemanticsof thedata,mostlikely
importantto theOLAP DB, wouldgetlost.

General SystemAr chitecture Figure 1 illustratesthe architecturewhich enablesthe
useof XML dataand/orrelationaldatain a “virtual” OLAP DB for performingdecision
supportusingexistingOLAP tools.

The �rst part of the dataintegrationprocessis theconceptualintegrationbasedon the
UML diagrams,resultingin a conceptualmodelof theOLAP DB. TheOLAP DB model
(termeda UML snow�ak e diagram)is speci�ed by thedesignerthrougha graphicaluser
interface(GUI). The UML snow�ak e diagramis constructedfrom UML diagramsde-
scribing the datasources,thesediagramsare generatedby the DesignIntegrator. The
constructionof a UML snow�ak e diagramis describedin detail in Section4. TheUML
snow�ak ediagramis transformedinto relationalstructuresby theDataIntegrator, andare
thenmadeavailableto theOLAP System.Metadataaboutthespeci�cationof theOLAP



™ š�›�œ-•.›�œ/›�ž2Ÿ4 �¡

Figure1. Architecture

DB suchasmeasures,default aggregationfunction,facttables,dimensiontables,andjoin
keysaretransferreddirectly into theOLAP System,meaningthatnoseparatedesigneffort
is neededhere.

At run-time, the datasourcesarepresentedto the OLAP tools asrelations,creatinga
relationalmultidimensionalview (astaror snow�ak eschema(Kimball, 1996) astheseare
bettersuitedfor OLAP analysis)over thedatasources.Thereareseveralgoodreasonsfor
not usingUML asthe datamodelfor the run-timesystem.First, no querylanguagefor
UML exists, sono querytoolswould be ableto usetheconstructedOLAP DB. Second,
almostall OLAP toolscanaccessdatausingSQL,while only very few, if any, OLAP tools
canuseXML query languagesfor dataaccess.This makesthe relationalmodel the ob-
vious choicefor the run-timesystem.The centralcomponentin the run-timesystemsis
the DataIntegratorwhich enablesboth XML dataandrelationaldatato be accessedus-
ing SQL queriesthrougha standardinterfacelike OpenDatabaseConnectivity (ODBC).
IntegratingXML this way makesthe useof XML transparentto the endusersincethe
OLAP tool cannottell the differencebetween“true” relationalstructuresand relational
structuresgeneratedfrom XML data.TherelationalOLAP (ROLAP) approachhasbeen
chosenoverMultidimensionalOLAP (MOLAP) asROLAP hasthewidestchoiceof anal-
ysis toolssincebothROLAP andmostMOLAP toolsaswell asstandardrelationalquery
toolscanaccessROLAP datasources.



¢�£�¤
¥�¦<§�¨4¦?©4ªB«-¬�­4£&¥�®4¯�¤
¢�«4©2°-±I¬K²�­�³M­B´Pµ#¦<³�¶R§M¦Sª4®4·�¤
¢.¸ ¹

At query time, the enduserquery the OLAP Systemusingan OLAP query language
native to the OLAP System,e.g. MultiDimensionaleXpressions(MDX) asusedby Mi-
crosoft's SQL Server 2000AnalysisServices(Microsoft,2001). Thesequeriesaretrans-
formedinto oneor moreSQL queriesby theOLAP System,usedto querytherelational
structuresgeneratedfrom theUML Snow�ak eDiagram.TheDataIntegratorexaminesthe
SQL queriesdeliveredby theOLAP Systemandtransformsthesequeriesinto a seriesof
queriesexpressedin eitheranXML querylanguageor SQL,dependingonwhetherthedata
originatesfrom an XML sourceor a relationaldatabasemanagementsystem(RDBMS).
Theresultsof thesetransformedqueries(XML from XML datasourcesandrelationaltu-
plesfromRDBMSs)arethentransformedinto relationaltuples�tting therelationalschema
generatedfrom theUML snow�ak ediagram.A detaileddescriptionof this querytransla-
tion is beyondthescopeof this paper.

4. SpecifyingThe OLAP Cube

This sectiondescribesthespeci�cationof anOLAP DB on XML documentsand/orrela-
tional datasources.Theconstructeddiagram,termeda UML snow�ak e diagram,resem-
bles the structureof the relationalsnow�ak e schema,but is composedentirely of UML
classes.TheUML snow�ak ediagramconstitutestheschemaof anentireOLAP DB. The
useof UML asa conceptualmodelinglanguagefor theOLAP DB makesthe integration
of elementsfrom differentdatasourceseasier, sincethedatasources,bothXML andre-
lational, arealsodescribedby UML diagrams(asassumedin Section3). Furthermore,
theUML modelis a high-level semanticdatamodelwith a graphicalnotation,makingit
convenientto illustraterelationshipsbetweendataelements.

Theconstructionof aUML snow�ak ediagramis notafully automaticprocessandhence
reliesheavily on the designer's knowledgeaboutthe domain. However, whenbasedon
XML data,somestructuralpropertiesinherentto XML aids the designprocess. More
speci�cally, XML speci�cs, e.g.,hierarchicalnestingof data,aremadeinto a numberof
designpatterns(Gamma,1995) in thedesigntool that thedesignercanthenchoosefrom
in orderto specifytheOLAP DB moreeasily.

We now formally de�ne a UML snow�ak e diagramand a set of rules de�ning how
to constructa UML snow�ak e diagramconsistingof dataelementsfrom variousdata
sources.The possibility of mixing dataelementsfrom variousdatasourcesenablesthe
useof XML dataas a foundationfor a completeOLAP DB, or as part of fact or di-
mensionaldataonly. Although this paperarguesfor a logical rather than physical in-
tegrationof data,the constructedUML snow�ak e diagramcanequally well be usedas
a foundationfor a physicalintegrationof the dataelementsinto a traditionaldataware-
house(Kimball et al., 1998, Kimball, 1996).

In orderto preciselyspecifypropertiesof theUML snow�ak e diagram,a languagefor
queryingUML diagramsis needed.As UML doesnot have a querylanguageof it' s own,
we areforcedto useanalternative. However, for thesubsetof UML thatwe havechosen,
we canspecifya precise,bijective mappingbetweenUML diagramsandtheODMG data
model(Cattell,2000), enablingusto usetheOQL querylanguage.Theprecisede�nition
of this mappingcanbeseenin thefull paper(Jensenet al., 2001b).
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4.1. UML Snow�akeDiagram

We now de�ne theUML snow�ak ediagramwhich is aspeci�cationof anOLAP DB con-
structedfrom UML classes.The snow�ak e diagramcanbe composedof elementsfrom
differentUML diagrams,therebydescribingthe integrationof severalpossiblyheteroge-
neousdatasources.

De�nition 1. UML Snow�akeDiagram
A UML snow�ake diagram is a rootedgraph consistingof UML classessatisfyingthe
followingconditions:

1. Theedge from Root(thedesignatedroot-class)to all classeshavinga pathof length
Ä/ÅÇÆ fromRootis anassociationtypelink with cardinality 0..* and1

2. TheedgebetweenclassÈ havinga pathof length ÄÊÉËÆ fromRootandclassÌ havinga
pathof length Í

ÅÎÄ#ÏÐÆ fromRootis anaggregationtypelink with cardinality 1 and
1..*, fromclassÌ to classÈ

3. A classclassÈ connectedto Rootthroughanassociationtypelink alongwith all classes
havinga pathof aggregationtypelinks of length ÄÑÉÒÆ from classÈ is termeda sub-
graph. Noedgesexistsbetweensubgraphs.Notethatsubpartsofdimensionhierarchies
arenot subgraphs.

4. No edgesexist betweenclassÈ andclassÌ within a subgraphif the lengthof thepaths
fromRootto classÈ andclassÌ are equal.

TheclassRootin theUML snow�ak e diagramis termeda fact class. Eachsubgraphis
termeda dimensionto RootandeachpathclassÓÕÔ classÖ�Ô.×Ø×P×ØÔ classÙ from root to leaf in the
subgraphis termeda hierarchy. ClassesclassÓÕÔ classÖÚÔ�×P×Ø×PÔ classÙ in the patheachde�ne
a hierarchy level for the dimension. The connectionbetweenRootandclassÓ is estab-
lishedthroughanassociationwith cardinality0..* and1, whereasclassÈ is anaggregation
of classÌ ( ÛIÜÞÝBß

Æ ) with cardinality1 and1..*. Aggregationsbetweenhierarchylevels
in a dimensionareusedto explicitly expressthe “consistof” relationshipnormally used
in UML diagrams.This conventionis consistentwith the transformationfrom DTDs to
UML diagramsdescribedin (Jensenetal., 2001a), wherethe nestingstructuresof XML
documentsaremodeledasaggregations.Associationsbetweenthe fact classandthe di-
mensionsareusedsinceno “consistof” relationshipexist betweenfact anddimensions.
A snow�ak e diagramcapturesthesameclassof schemasasstaror snow�ak e schemasas
de�ned by Kimball (Kimball, 1996), but doesit a theconceptuallevel.

The constraintson the snow�ak e diagramhave beenchosenwith greatcareto ensure
summarizability(Lenzet al., 1997, Pedersenet al., 1999, Rafanelli et al., 1990) of thedata.
Informally, summarizabilitymeansthattheusergetsthesame(correct)resultnomatterif
theaggregationof datato a moregenerallevel is performedin oneor severalsteps.For
summarizabilityto hold, two propertiesof thehierarchiesmustbesatis�ed. First, all car-
dinalitiesmustbe“-1” whengoingfrom thebottomof thedimensionandupthehierarchy.
This ensuresthatnodatawill bedouble-counted.Second,theminimumcardinalityof the
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lower classin an aggregationrelationshipmustbe ø ratherthan ù . This ensuresthat all
datawill becounted.Furthermore,therelationshipsfrom thefactclassto thedimensions
mustbe“-1” andgo only to thelowestlevel in thedimension.This ensuresthatdatawill
neitherbedouble-countedor “get lost” whenaggregatingin severalsteps.

EXAMPLE: UML Snow�ak e Diagram
As an exampleof a UML snow�ak e diagramconsiderFigure2. The class“f act” is the
root of the UML snow�ak e diagram. It hasthreedimensions,as indicatedby the three
associationsbetweenclass“f act” andclasses“ec”, “customer”,and“day”. Eachdimen-
sion is referredto asdimension“component”,“customer”,and“time”, respectively. The
“customer”dimensioncontainsa singlehierarchy, whereclasses“customer”and“coun-
try” eachde�ne a hierarchylevel. The“time” dimensioncontainstwo hierarchies,where
“day”-“week”-“year” and“day”-“month”-“quarter”-“year”arethehierarchylevelsfor the
two hierarchies.This way, the time hierarchylinks datesto eitherweek-yearor month-
quarter-year, respectively. As anexample,May 18th2000is linkedto May 2000,which is
linked to thesecondquarterof 2000,which is linked to theyear2000. The diagramhas
threemeasures, numbersthatcanbeaggregatedto higherlevels,namelysalesprice, cost,
andpro�t .

Figure2. UML Snow�ak e Diagram

We now de�ne thesetsusedto describea UML snow�ak ediagram.

Snow�akeDiagram= ú (classname, AttributeList,PointsTo) û
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The setSnow�akeDiagram containsthree-tupleswhereeachtuple describesa classin
theUML snow�ak e diagram.The �rst elementin the tuple is a uniquenameidentifying
theclass.Thesecondandthird tupleelementsarebothsets,whereAttributeListis theset
of attributesassociatedwith a particularsnow�ak e classandPointsTo is thesetof classes
for which links exist.

AttributeList=



(att name, att type, modi�er, AID, calc att, link path,type, aggfunc) �

att type � DataTypes 
 modi�er �




?,1 �


 type �




measure,descriptive�


 aggfunc �




SUM,COUNT,MIN,MAX,AVG,NULL ���

This set describesthe name,datatype, modi�er, Attribute Identi�er (AID), formula,
link path,type, anddefault aggregatefunction for eachattribute associatedwith a class.
Here,att nameis a uniquenameidentifying theattribute,att typeis thedatatype of the
attribute, modi�er indicateswhetheror not NULL valuesare allowed for the attribute,
andAID is an identi�er uniquelyidentifying thesourceandlocationof theattribute. The
locationof eachattributeis describedexplicitly sinceall attributesin aclassdoesnothave
to originatefrom thesamedatasource.If theattributeoriginatesfrom anXML document,
theAID tupleelementis aconcatenationof theURI ��� UMLClasses, thepathin theXML
documentto theattribute,andtheattribute's namein theXML document.If theattribute
originatesfrom a relationaldatasource,theAID is a concatenationof theURI of thedata
source,the table name,and the attribute name. Further, calc att is a formula usedfor
calculatingtheattributeatt name. If a formulais associatedwith anattribute,theattribute
is denotedacalculatedattribute. All attributeswhicharenotcalculatedattributeshavethe
elementcalc att setto NULL, indicatingthat this particularattribute is not dependenton
any calculations.Furthermore,whende�ning a calculatedattributetheAID tupleelement
is NULL, indicatingthat thecalculatedattributedo not exist in any datasource.Thetype
distinguishmeasureattributesfrom descriptive dimensionattributes. For measures,the
defaultaggregatefunction,which is usedwhenaggregatingthevaluesto higherlevels,has
to bespeci�ed. For descriptiveattributes,this is NULL.

The following context-freegrammar(in Backus-Naurform) canbeusedfor specifying
calculatedattributes,de�ning the expressionsallowed for formulas. The grammarde-
scribestheconstructionof arithmeticexpressionspreservingthestandardoperatorprece-
dence.Parenthesesareusedto overridethis precedence.The grammarincorporatesthe
possibility of using unary and binary functions ( f and g, respectively) belongingto
somefunction library (e.g. the standardfunctionsnormally usedin relationalDBMSs
(Meltonet al., 1995)).

�

EXPR� �

�

EXPR���

�

TERM���

�

EXPR���

�

TERM���

�

TERM�

�

TERM� �

�

TERM���

�

FACTOR���

�

TERM���

�

FACTOR���

�

FACTOR�

�

FACTOR��� �

�

EXPR��!�� f �

�

EXPR�"!�� g �

�

EXPR�$#

�

EXPR�%!��'&

Theterminalsymbol & is a metavariablede�ned as:
&���(*)




AttributeList[att name+ ] �

Thespeci�cationof themetavariablerestrictscalculatedattributeformulasto only include
realnumbersand/orattributesfrom theclassin which thecalculatedattribute is de�ned.
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link path is a comma-separatedlist of AIDs, attribute names,or Links betweenclasses
listing in correctorderthe locationof the attributesparticipatingin the establishmentof
thenecessaryrelationshipswhenaddingattributesto a class.This elementis setto NULL

if the attribute is native within the class. The processof addingattributesis described
below.

Link = Z (classname, link type, link role) [

The Link set describesa link betweentwo classesin a UML diagram,classnameis
thenameidentifying theclassfor which a link exist, link typeis eitheran associationor
aggregation,andlink role is usedfor naminganassociationtypelink.

PointsTo = Z (classname, link type, source card, target card) \

source card ]^Z 0..*, 1..* [*_ target card = 1 [

The PointsTo setdescribeslinks betweenclassesin the UML snow�ak e diagram. The
attributeclassnameis theuniquenameidentifying theclassfor which a link exist. Each
link isacardinalityspeci�edassociationor aggregationdescribedby theattributelink type.
Further, source card and target card is the cardinality speci�ed for the sourceand the
targetof thelink, respectively. Thevalueof source card is dependingonwhetherlink type
is anassociationor aggregation,accordingto De�nition 1. Finally, target card is always
setto 1.

EXAMPLE: UML Snow�ak e Diagram Sets
Considerthe UML snow�ak e diagramseenin Figure2. The attribute list for dimension
class“ec” is de�ned as:

AttributeListec `

Zba id, NUMERIC, 1, URLcomponent:class/ec.id,NULL,
NULL, descriptive,NULL ),

a name,TEXT, 1, URLcomponent:class/ec.name,NULL, NULL,
descriptive,NULL ) [

It speci�es that class“ec” hastwo attributes;“id” and“name”. Notice that the “id” at-
tribute is implicit in thegraphicalrepresentationof theUML snow�ak e diagramin terms
of the associationbetweenclass“ec” and class“f act”. “name” has data type TEXT,
and NULL valuesare not allowed for this attribute. Furthermore,“name” is locatedat
URLcomponent:class/ec.name,where“class/ec.name”indicatesthat “name” is an attribute
within the “ec” elementnestedbeneaththe “class” element. The two NULL-valueele-
mentsin thetuplespeci�esthat“name” is notacalculatedattributeandthatit hasnotbeen
addedto theclassthrougha link path.ThePointsTo setfor class“f act” is de�ned as:

PointsTofact `

ZHa ec,ASSOCIATION, 0..*, 1 c , a customer, ASSOCIATION, 0..*, 1 c ,
a day, ASSOCIATION, 0..*, 1 cd[

It speci�esthatclasses“ec”, “customer”,and“day” arethe lowesthierarchylevels in the
dimensionsof “f act”.
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4.2. UML Snow�akeDiagramConstruction

ThedesignerconstructstheUML snow�ak e diagramby choosingelementsfrom various
datasourcesdescribingthe domainof themodel. Eachdatasourceis described(visual-
ized)by a UML diagramandthedesignercreatesclassesin theUML snow�ak e diagram
by choosingoneor moreUML classesfrom diagramsdescribingthedatasources.Several
UML classesfrom thediagramscanbeusedto createonesingleUML snow�ak ediagram
class,aswell asoneUML classin adiagramcanbeusedto createmultipleUML snow�ak e
diagramclasses.As mentionedabove, this processis supportedby built-in “designpat-
terns”in theGUI designtool. Eachclassin theUML snow�ak ediagramis constructedby
choosingoneclassin a UML diagramasthefoundationfor theUML snow�ak e diagram
class.This classis extendedby addingattributesfrom otherclasses,eitherfrom thesame
diagramor from UML classesoriginatingfrom otherdatasources.

EXAMPLE: Creatinga Fact Class
ConsidertheUML diagramto theleft in Figure3 modelingsalesof components.Eachsale
hasa uniqueid identifying the sale(“salesID”) andan id identifying the customerwho
boughtthe components(“customerID.value”). The class“item” describesthe price and
id of the sold components.The aggregationrelationshipbetweenthe two classeshaving
cardinalities1 and1..* modelsthat oneor morecomponentsaresold to a customerat a
time. Theclass“time” statesthetimeof thesale.

Figure3. UML DiagramsDescribingSalesandtheFactClass

A factclassfor analyzingsalesof componentscanbeconstructedfrom theclassesin the
UML diagram.In thiscase,thefacttableis constructedfrom theclasses“sales”and“item”
whichtogethercontainthedatato beused.Thefacttableis simplycreatedby constructing
a new elementin thesetSnow�akeDiagram, namingtheclassandsettingtheelementsin
theAttributeListto thenameandlocationof theattributesselectedto beusedasfactdata.
Theclass“item” is usedasthefoundationfor the factclassasit hastheright cardinality
(oneoccurrencepersaleof a givencomponent).Attributesfrom class“sales” is addedto
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thefactclass,yielding thefollowing attributelist for thefactclass(someof theattributes
havebeenrenamed):

AttributeListfact ŠŒ‹O•

customerID,NUMERIC, 1, URLsales:sales.customerID.value,
NULL, NULL, descriptive,NULL Ž ,

•

date,DATE, 1, URLsales:sales.date.value, NULL, NULL,
descriptive,NULL Ž ,

•

internComponentID,NUMERIC, 1,
URLsales:sales/item.componentID.value, NULL,
( (item,AGGREGATION, NULL) ), descriptive,NULL Ž ,

•

salesprice,NUMERIC, 1, URLsales:sales/item.price.value,
NULL, ( (item,AGGREGATION, NULL) ), measure,SUM Ž••

The constructedfact classis illustratedto the right in Figure3 containingthemeasure
attribute“salesprice”.

Adding Attrib utesto UML Snow�ak e Diagram Classes Whenconstructingclassesin
theUML snow�ak ediagrameachclassoftenconsistsof anumberof attributesoriginating
from a single classin somedatasource. In many casesthough, it is desirableto add
additionalattributesto the UML snow�ak e diagramclass. As an example,if a retailer
would like to analyzepro�t for speci�c products,datamustexist thatdescribetheactual
saleof the productalongwith datastatingthe amountof money paid by the retailer for
the product. If the UML classcontainingthe attributesusedto constructthe fact class
doesnot containthe requireddata,theattributesetfor the classhasto be extendedwith
extra data. If a UML class ‘ is extendedwith additionalattributesfrom anotherUML
class’”“ , it is requiredthata pathof UML classes’”•—–˜’�™g–.šNš›š›–œ’Q“ ( •�ž Ÿ ) exists,wherethe
cardinalityof the relationshipbetween’”• and ’Q“ is many-to-one. It is not requiredthat
the pathfrom ’Q• to ’Q“ is locatedentirely within oneUML diagram,makingit possible
to includeattributesfrom differentdatasources.Furthermore,theattributesusedto create
new links betweenclassesmusthave modi�er equalto 1, in orderto avoid NULL values
in comparisonexpression.Thefollowing OQL expressionis a generaldescriptionof how
to rede�neclass‘ to ‘F¡ , whichincludesin its de�nition theattributesfrom class‘ andthe
attributes¢

™
–"¢K£?–Vš›šNš›–"¢—¤ from a UML class’

“ . NotethattheOQL is only a tool for getting
a precisespeci�cation,so thedesignerdoesnot have to write OQL. Instead,the OQL is
generatedby thedesignGUI, allowing thedesignerto stayat theconceptuallevel.

SELECT ¥§¦R‘¨–œ’”©'ª�™gš«’Q©'ª
£

šKš›šNšKš«’Q“Iš ¢¬™­–�š›š›š?–˜’Q©'ª�™gš«’Q©'ª
£

šKš›šNšKš«’Q“Iš ¢
¤

FROM‘¨–˜’I•Y–˜’�™g–�š›šNšK–œ’”“

WHERE‘¨š ¢7®¯®±°

Š

’
•

š ¢?®¯®%²Y³ AND
’

•
š ’

™
šKšNš›šKš ’”´%š ¢7®¯®%²­µ

Š

’Q´
ª�™

š ¢7®¯®%²­µN¶K· AND
’Q´

ª�™
š ’”´

ª
£—šKšNš›šKš ’3¸—š ¢7®¯®%²g¹

Š

’3¸
ªº™

š ¢?®¯®%²­¹»¶7· AND
š›š›š AND

’”¼¬š ’”¼
ª�™

š7š›šNšKš«’
©

š ¢7®¯®%²­½

Š

’
©'ª�™

š ¢7®¯®%²­½�¶K·

The SELECT-clauselists the attributesin class ‘¾¡ , in this caseall the attributes ¥ orig-
inally in ‘ and the attributes ¢

™ to ¢—¤ (¿ÀžÂÁ ) from class ’
“ . The path expression
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ÍQÎ'Ï�Ð­Ñ ÍQÎ'Ï”Ò—Ñ'ÑNÑ›Ñ�Ñ«ÍQÓQÑ Ô—Õ

is usedto retrieve the attribute
Ô?Õ

by going through the path
ÍQÎ'Ï�Ð­Ñ ÍQÎ'Ï”Ò—ÑKÑNÑ›ÑKÑ ÍQÓ

, de�ned within oneUML diagram.
Sinceit is notrequiredthatthepathfrom

Í”Ö

to
ÍQÓ

is locatedentirelywithin onediagram,
a connectionbetweenthediagramsusedto retrieve thedesiredattributesis neededwhen
addingattributesfrom anotherdatasource.This connectionis establishedin theWHERE-
clause,wherethe expressionde�nes a pathfrom × to a class

Í�Î'Ï�Ð

. The class
Í”Î'Ï�Ð

is
locatedin thediagramin which theclasscontainingtheattributes

ÔØÐgÙœÔ7Ò—ÙVÑ›ÑNÑ›Ù"Ô—Õ

is located.
In theWHERE-clauseabove, theattributes

Ô7Ú¯Ú"Û

and
Ô?Ú¯Ú"Ü­Ý

areusedto connectclass× and
Í Ö

. Theconnectionis establishedby matchingon thevaluesof theseattributes.Eachtime
aconnectionis establishedbetweentwo classes,anAND-clauseis addedto theexpression.
Thereasonfor establishinganexplicit connectionin theWHERE-clausebetweentheUML
diagramsandnotintegratingtheUML diagramsby addingassociationsor aggregationsbe-
tweenclasses,is thatthediagramsmayoriginatefrom differentdatasourcesandwe want
to eliminatetheoverheadinvolvedin conceptuallyintegratingthediagrams.Sincethees-
tablishmentof connectionsbetweenclassesin differentdatasourcesisbasedentirelyonthe
designer'sknowledgeaboutthedatasources,it is notpossibleto ensurethatamany-to-one
relationshipexist betweenthe involvedclasses,asis requiredto ensuresummarizability.
Thatthis constraintreallyholdshasto becheckedatquerytimewhentheactualmatching
of attributesis performed.TheFROM-clausestatesall theUML classesthatareusedin the
attribute-addingprocess.The namesof the addedattributes

Ô3Ð­Ù"ÔKÒ?ÙVÑ›ÑNÑ›Ù"Ô—Õ

arede�ned by
thedesigner. Theonly restrictionis thatthenamesof all attributesin class×HÞ aredistinct.

EXAMPLE: Adding an Attrib ute
As an exampleof how to addan attribute to a classconsiderthe following problem. A
retailerwould like to analyzepro�t of productssold. In orderto calculatepro�t, datais
neededthatdescribethecostof theproductalongwith datastatingthesalespriceof the
product. As it canbe seenfrom the UML diagramin Figure4 (a) only datastatingthe
salesprice is present.Therefore,additionaldatais needed.The informationneeded(the
purchaseprice) is available,but is locatedin anotherdatasource.The UML diagramof
interestis diagram(c) in Figure4, describingthe componentssold by the supplier. The
componentnumberingsystemusedby the retailer is different from the oneusedby the
supplier, so in order to mapbetweenthe two numberingsystems,the UML diagramin
Figure4 (b)hasbeenconstructedby theretailer. As it canbeseenfromFigure4,noexplicit
relationshipexist betweenclass“f act” (theclassto beextended)andclass“unitprice” (the
classde�ning the desiredattribute “price.value”). In order to retrieve the “price.value”
attribute an explicit path hasto be establishedfrom “f act” to “unitprice”. This path is
illustratedin Figure4 assolid lines from diagram(a) throughdiagrams(b) and(c). The
graphicalillustrationof pathestablishmentandattributeretrieval (dottedline in Figure4)
is accomplishedby executingthefollowing OQL expression:

SELECTfact.internComponentID,fact.salesprice,ec.unitprice.price.value
FROMfact,product,ec,unitprice
WHEREfact.internComponentID= product.ourid ANDproduct.id= ec.id

The retailer is able to extend the “f act” classwith attribute “price.value” (renamedby
the designerto “cost”) becausea many-to-onerelationshipexist betweenthe attributes
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Figure4. UML Diagrams(a), (b) and(c)

“internComponentID”and“our id”, andbetweenthe “id” attributesin classes“product”
and“ec”, respectively. Theserelationshipsarenot “physically” present(in form of either
associationsor aggregations),but is tacit knowledgetheretailerhasaboutthedomain.As
describedabove,eachattributein aUML classis describedby differenttypesof elements.
Illustratednext is theAttributeListelementdescribingtheattribute “cost” in class“f act”.
Notice the elementlink path (the last elementin the tuple) describingthe orderedlist of
AIDs locatingtheattributesusedin theestablishmentof thenecessaryrelationships.It is
assumedthat UML diagrams(a), (b), (c) in Figure4 arelocatedat URLfact, URLsupplier
andURLcomponent, respectively.

ø

cost,NUMERIC, 1, URLcomponent:class/ec/unitprice.price.value,NULL,
(internComponentID,URLsupplier:supplier/product.ourid,
URLsupplier:supplier/product.id,URLcomponent:class/ec.id)ù
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4.3. SpecifyingOLAPDBsonXML Documents

WhenspecifyingOLAPDBswith theUML snow�ak ediagram,somepropertiesinherently
connectedto XML datacanbeexploited. As mentionedabove, this is supportedby built-
in “designpatterns”that the designercanchoosefrom in order to easethe speci�cation
process.

Thegeneralstructureof XML dataisahierarchicaltree-structureof dataelementscaused
by thenestingstructureof XML. Thenestingstructureof XML is mostlyusedfor group-
ing andsub-groupingrelatedinformationwhereastheactualdatais oftenfoundat theleaf
level of theXML tree.(Abiteboul,1997, Pinnocketal., 2000) This meansthat thereis a
high probabilityof �nding relevant fact datafor usein theOLAP DB at the leaf level of
the XML tree. The fact datais the ultimatechild in somenestingpathoriginatingfrom
theroot, correspondingto a hierarchicaldescriptionof thefactdata.In otherwords,for a
givenelementin theXML tree,theelement'sancestorstogetherde�ne ahierarchicallyor-
ganizeddimension.ThealgorithmgenerateUML (Jensenet al., 2001a) is designedsuch
that the hierarchicalstructureof the original XML documentis preserved andvisible in
theUML diagram.In thegeneratedUML diagram,thenestingrelationshipbetweenele-
mentsin theXML documentis preservedby relatingthenestedclassesusingaggregation.
This correspondscloselyto the“consistsof” relationshipimplied by nestingelementsin
XML, andtherebyalsoto the multidimensionalunderstandingof a hierarchywherethe
ALL-element(correspondingto theroot in theXML document)de�nes themostgeneral
case(Grayet al. 1997). However, a few specialcasesoccurringin someXML designs
needsspecialattentionwhenspecifyinganOLAP DB usingaUML diagramderivedfrom
a DTD. Thespecialcasesare:

� A UML classhaving multiple parents

� ID-referencesbetweenelements

� Recursionbetweenelements

Thewayof handlingthesespecialcasesin thedesignof anOLAP DB is describedbelow.

A UML classhaving more than oneparent If a classhasmorethanoneparentin the
UML diagram(i.e. it is pointedto by morethanoneclass),it is ambiguousto which part
of theoverlying hierarchytheclassbelongs.This problemcanberesolvedin threeways.
First,we can“split up” theoverlying hierarchyin asmany partsasthenumberof parents
to theelement,andthenchoosewhichpartof thehierarchyto use.As anexampleof this,
considerFigure5. Theclass“unitprice” hastwo parents,“ec” and“device”. If thepurpose
of the OLAP DB is to analyzethe salesof componentsonly (no devicesaresold by the
retailer),thedesigner- knowing thatonly componentsaresold- wouldchooseto useonly
thepartof thehierarchywhere“ec” is parentof “unitprice”.

Second,if the purposeof the OLAP DB is to analysesalesof both componentsand
devices, but independently, the fact table and the productdimensionhasto be split by
producttype. This will result in two fact tablesand two dimensiontables,one set for
componentsandonefor devices.Thesplittingof heterogeneousfacttablesanddimensions
is a commonmultidimensionalmodelingissueandwill not be explainedin detail here,
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Figure5. UML DiagramDerivedFromTheComponentDocumentDTD

see(Kimball, 1996) for a detailedexplanation. Third, we can merge all the parentsof
a classinto one single class. In the exampledescribedin the previous paragraph,this
would meanthat“ec” and“device” aremergedinto oneclass,actingasa singleparentto
“unitprice”. This enablesanalysisof “unitprice” asa descendentof a new commonclass,
which in this examplecould be called“item”. Which solutionto useis a decisionto be
madewhendesigningtheOLAP DB, dependingon thepurposeof thedatabase.

ID-r eferencesbetweenelements In XML it is possibleto makereferencesbetweenele-
mentsusingIDREF/ID constructs.Thesereferencesarerepresentedin theUML diagram
asdirectedassociationsbetweenthe classeshaving an ID-referencerelationship. When
designingtheOLAP DB, a decisionhasto bemadeof how to handlethesereferences.In
this case,two solutionsarepossible.The �rst solutionis to simply ignorethe reference.
If makinganalysisof salescomparedto classesof components,thedesignercouldargue
that the referencefrom “ec” to “device” (Figure5) indicatingthat thecomponentis used
to build that particulardevice, is of no relevanceto theanalysisandthereforeignorethe
reference.The secondsolutionis to includethe informationfrom the elementbeingre-
ferredto in thereferringelement.In theexamplethis would meanthattheattributesfrom
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the“device” classarecopiedto the“ec” class,therebycapturingtherelationshipbetween
“ec” and“device”. To include informationfrom the elementbeingreferredto, a many-
to-onerelationshipmustexist betweenthe referringandthe referredelementin orderto
ensuresummarizability. In caseof anoptionalIDREFattributeor anIDREFSattributethis
constraintis clearlynotsatis�edandthereforesuchdatacannotbeusedin thespeci�cation.

Recursion betweenelements The possibility of de�ning elementsrecursively in XML
causessomeproblemswhendesigningtheOLAP DB. Recursively de�ned elementscan
- in theory- generatean in�nitely deephierarchysoa decisionhasto be madeaboutthe
maximumdepthof thehierarchy. In thehierarchygeneratedby a recursivede�nition, the
sameclassde�nesdifferentlevelsin thehierarchy. As anexample,in arecursively de�ned
XML documenthaving a recursive depthof C , the sameclassde�nes C different levels
in the generatedhierarchy. A hierarchyin OLAP termsis a hierarchyof generalization
wherethe top level de�nes the mostgeneralcaseand the lowest level de�nes the most
speci�c case.Again,two solutionsarepossible.First,thedesignercanchooseto ignorethe
recursivede�nition by settingthemaximumrecursivedepthto zero.Second,therecursive
de�nition canbe un-foldedto a �x eddepth,usuallyonly D or E , allowing the referenced
informationto beusedin thespeci�cationof thecube.This choicemustbemadeby the
designer. However, the problemof recursionis not necessarilya big one. As claimed
in (Pinnocket al., 2000), recursion,eventhoughpossiblein XML, is not usedextensively
for conventionaldatamodeling,makingrecursionunlikely to appearin thedatausedfor
building theOLAP DB.

4.4. Example:Constructionof a UML Snow�akeDiagram

The following exampleillustratestheconstructionof a UML snow�ak e diagramaccord-
ing to De�nition 1. TheUML snow�ak ediagramconstructedis thediagramin Example1
which enablesanalysisof componentsales.Thediagramhasthreedimensionsdescribing
customers,components,and time. The snow�ak e diagramis constructedfrom two dif-
ferentXML documentsandonerelationaldatasource.The UML diagramderivedfrom
the salesdocumentDTD, which describessalesof componentsis seenin Figure3. It is
assumedthat the XML documentis locatedat URLsales. The componentdocumentde-
scribingthesupplier'sproductsusedin thisexampleis seenin Figure5. It is assumedthat
theXML documentis locatedat URLcomponent. Datadescribingcustomers is storedin a
relationaldatabase.As assumedin Section3 a UML diagramis availabledescribingthe
relationaldatasource.The URI statingthe locationof the datasourceis assumedto be
URIcustomer. For eachcustomer, datais storedin the relationaldatabasestatingthe id of
thecustomer, thename,theaddress(streetandnumber),thecity, andthecountryin which
thecustomerlives.

Wenow proceedto describetheconstructionof aUML snow�ak ediagramfrom thedata
sourcesdescribedabove. The constructedsnow�ak e diagramenablesanalysisof pro�t
dimensionedbycustomer, componenttype,andtime. TheOLAPDB canbeusedto answer
queriessuchas“What is thetotalpro�t of componentsbelongingto class“semiconductor”
soldin theyear2000”. Theintuition is to constructafactclasscontainingameasurestating
thepro�t for eachsale.Furthermore,dimensionsdescribingcustomers,components,and
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timeareaddedto theUML snow�ak ediagram.Thefollowing describetheconstructionof
thefactclassandthethreedimensions.

Thecontentof thefact classis primarily composedof datafrom thesalesdocument(as
describedin Example4.2). Additionally, to calculatethepro�t for a sale,datastatingthe
costof theproductsold is needed.Theattribute“cost” statingthis amountis addedfrom
thecomponentdocumentasdescribedin Example. Theattribute“pro�t” is calculatedby
subtracting“cost” from “salesprice”. ThesetAttributeListfact is shown below.

AttributeListfact _a`,b

customerID,NUMERIC, 1, URLsales:sales.customerID.value,
NULL, NULL, descriptive,NULL c ,

b

date,DATE, 1, URLsales:sales.date.value, NULL, NULL,
descriptive,NULL c ,

b

internComponentID,NUMERIC, 1,
URLsales:sales/item.componentID.value, NULL,
( (item,AGGREGATION, NULL) ), descriptive,NULL

c

,
b

salesprice,NUMERIC, 1, URLsales:sales/item.price.value,
NULL, ( (item,AGGREGATION, NULL) ), measure,SUM

c

,
b

componentID,NUMERIC, 1, URLsupplier:supplier/product.id,
NULL, (internComponentID,URLsupplier:supplier/product.ourid) ,
descriptive,NULL

c

b

cost,NUMERIC, 1, URLcomponent:class/ec/unitprice.price.value,
NULL, (componentID,URLcomponent:class/ec.id),measure,SUM

c
,

b

pro�t, NUMERIC, 1, NULL, salesprice- cost,NULL,
measure,SUM c d

PointsTofact is the set of classesthat “f act” is connectedto throughassociationswith
cardinalitiesasde�ned in De�nition 1. Theclassesparticipatingin thePointsTo setis the
classes“ec”, “customer”,and“day”, indicatingthat thesearethe lowesthierarchylevels
in thedimensionsto thefactclass.

PointsTofact _a`%e

ec,ASSOCIATION, 0..*, 1 f ,
e

customer, ASSOCIATION, 0..*, 1 f ,
e

day, ASSOCIATION, 0..*, 1 fgd

Component Dimension The componentdimensioncontainsdataoriginatingonly from
thecomponentdocument.Only a subsetof thedocumentis usedto createthedimension
classes.The classesparticipatingin the dimensionare “ec” and “class”, which due to
theiraggregationrelationshipcanbeuseddirectlyasahierarchicallyorganiseddimension,
therebyexploiting thehierarchicallystructureof theXML document.ThesetAttributeList
for thedimensionclass“ec” is shown below.

AttributeListec
_h`

( id, NUMERIC, 1, URLcomponent:class/ec.id,NULL, NULL ),
( name,TEXT, 1, URLcomponent:class/ec.name,NULL, NULL ) d

The PointsTo set for class“ec” is shown below. The setcontainsan aggregationtype
link, indicatingthatclass“class” is a hierarchylevel immediatelyabovethe“ec” level.

PointsToec
_a`

( class,AGGREGATION, 1..*, 1 ) d
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ThesetAttributeListfor thedimensionclass“class” is shown below.

AttributeListclass sut

( name,TEXT, 1, URLcomponent:class.name,NULL, NULL ) v

The PointsTo set for class“class” is shown below. The set is empty, indicating that
“class” is thetop level in thecomponentdimensionhierarchy.

PointsToclass swt

v

Customer Dimension The datadescribedby the UML diagramin Figure6 is usedto
createthecustomerdimension. Thedimensioncontainstwo hierarchylevels,“customer”
and“country”. “country” is chosenasa hierarchylevel becauseit is moregeneralthana
speci�c address.The“customer”level containstheattributes“cust id”, “name”,“address”,
and“city”. The“country” level containstheattribute“country”.

Figure6. UML DiagramDescribingCustomerData

ThesetAttributeListfor thedimensionclass“customer”is shown below. TheAttribute
Identi�er (AID) for the attributesis the URI statingthe locationof the relationalsource,
thetablename,andthenameof theattribute.

AttributeListcustomer
sxt

( cust id, NUMERIC, 1, URIcustomer:customer.custid, NULL,
NULL ),

( name,TEXT, 1, URIcustomer:customer.name,NULL, NULL ),
( address,TEXT, 1, URIcustomer:customer.address,NULL,

NULL ),
( city, TEXT, 1, URIcustomer:customer.city, NULL, NULL ) v

The PointsTo set for class“customer” is shown below. The set containsan aggrega-
tion type link, indicatingthat class“country” is a hierarchylevel immediatelyabove the
“customer”level.

PointsTocustomer
sat

( country, AGGREGATION, 1..*, 1 ) v

ThesetAttributeListfor thedimensionclass“country” is shown below.

AttributeListcountry
sut

( country, TEXT, 1, URIcustomer:customer.country, NULL,
NULL ) v

The PointsTo setfor class“country” is shown below. The setis empty, indicatingthat
“country” is thetop level in thecustomerdimensionhierarchy.
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PointsTocountry ’w“ ”

Time Dimension Thetimedimensioncontainsdataoriginatingonly from thesalesdoc-
ument.Only the“date” attributein the“sales”classof thedocumentis usedto createthe
time dimension.As describedin Example1, thetime dimensioncontainstwo hierarchies.
Thedimensionhastwo hierarchiessincewe want to roll up from daysto bothweeksand
months,but weeksdonot roll up to neithermonthsor quarters.

ThesetsAttributeListandPointsTo for eachclassin thetimedimensionareshown below.
ThePointsTo setfor class“year” is empty, indicatingthat“year” is thetop level in thetime
dimensionhierarchies.

AttributeListday ’a“

( day name,TEXT, 1, URLsales:sales.date,NULL, NULL )
( date,DATE, 1, URLsales:sales.date,NULL, NULL )
( week id, NUMERIC, 1, URLsales:sales.date,NULL, NULL )
( month id, NUMERIC, 1, URLsales:sales.date,NULL, NULL )

”

PointsToday ’x“

( week,AGGREGATION, 1..*, 1 ), ( month,AGGREGATION, 1..*,
1 )

”

AttributeListweek ’a“

( weekname,TEXT, 1, URLsales:sales.date,NULL, NULL )
( week id, NUMERIC, 1, URLsales:sales.date,NULL, NULL )
( year id, NUMERIC, 1, URLsales:sales.date,NULL, NULL )

”

PointsToweek ’w“

( year, AGGREGATION, 1..*, 1 )
”

AttributeListmonth ’a“

( monthname,TEXT, 1, URLsales:sales.date,NULL, NULL )
( month id, NUMERIC, 1, URLsales:sales.date,NULL, NULL )
( quarterid, NUMERIC, 1, URLsales:sales.date,NULL, NULL )

”

PointsTomonth ’a“

( quarter, AGGREGATION, 1..*, 1 )
”

AttributeListquarter
’w“

( quartername,TEXT, 1, URLsales:sales.date,NULL, NULL )
( quarterid, NUMERIC, 1, URLsales:sales.date,NULL, NULL )
( year id, NUMERIC, 1, URLsales:sales.date,NULL, NULL )

”

PointsToquarter ’a“

( year, AGGREGATION, 1..*, 1 )
”

AttributeListyear ’a“

( yearname,TEXT, 1, URLsales:sales.date,NULL, NULL )
( year id, TEXT, 1, URLsales:sales.date,NULL, NULL )

”

PointsToyear ’a“ ”

Snow�ak eDiagram ThesetSnow�akeDiagramisconstructedbycreatingtuplesfor each
classparticipatingin thesnow�ak ediagram,in this case“f act”, “ec”, “class”,“customer”,
“country”, “day”, “week”, “month”, “quarter”, and“year”. Thecontentof thesetuplesis
thename,theAttributeList, andthePointsTo setsfor eachclass.Theresultingsnow�ak e
diagramis the seenin Figure 2. The diagramhasthreedimensionswith two or three
levelseachandthreemeasures,of which “pro�t” is calculated.Theprecisecontentsof the
snow�ak ediagramis speci�edbelow.
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Snow�akeDiagram= Ÿ ( fact,AttributeListfact, PointsTofact ),
( ec,AttributeListec, PointsToec ),
( class,AttributeListclass, PointsToclass),
( customer, AttributeListcustomer, PointsTocustomer),
( country, AttributeListcountry, PointsTocountry ),
( day, AttributeListday, PointsToday ),
( week,AttributeListweek, PointsToweek),
( month,AttributeListmonth, PointsTomonth),
( quarter, AttributeListquarter, PointsToquarter ),
( year, AttributeListyear, PointsToyear )  

5. Conclusionand Futur eWork

Motivatedby the increasinguseof OLAP tools for analyzingbusinessdata,and XML
documentsfor exchanginginformationon theWeb, this paperdescribedan approachfor
specifying(virtual) OLAP cubeson XML data,facilitatingtheuseof XML andrelational
databy existingOLAP toolswithout requiringphysicalintegrationof data.

This paperproposeda multidimensionalmodel,theUML snow�ak e diagram,enabling
a precisespeci�cation of an OLAP DB basedon multiple XML and/or relationaldata
sources.TheUML diagrammingmethodwasusedfor describingandvisualizingthelogi-
cal structureof XML documents,easingthedesignof theOLAP DB. Thepaperdescribed
how to handlethespecialconsiderationsthatneedto be takenwhendesigninganOLAP
DB on top of XML data. Also, an architecturefor integratingXML dataat the concep-
tual level waspresented.Thearchitecturealsosupportedrelationaldatasources,makingit
well suitedfor building OLAP DBswhicharebasedpartlyon in-houserelationaldataand
partly on XML dataavailableon the web. We improve on previous work on integration
of web-baseddataby focusingondataintegrationat theconceptualratherthanthelogical
level. Also, the dataintegrationapproachtakesspecialOLAP issues,suchashandling
dimensionswith hierarchiesandensuringsummarizability, into account.

Theimplementationof aprototypeusingtheapproachdescribedin thispaperis currently
in progress.A very importantaspectof theimplementationis to investigateef�cient query
processingtechniquessuchasquery translationsanddatacaching. Storinghigher-level
summariesof the datacan also speedup query processingconsiderably. Furthermore,
if XML Schemaadvancesto a W3C Recommendationit would beinterestingto consider
usingthisricherformalismfor describingXML datasourcesinsteadof usingDTDs. Other
aspectsof XML, suchaswhetherpreservationof documentorderis of relevanceto OLAP
analysisshouldalsobeinvestigated.

References

Abiteboul,S. QueryingSemistructuredData. In Proceedingsof theSixthInternationalConferenceonDatabase
Theory, pp.1–18,1997.

Abiteboul,S.et al. Toolsfor DataTranslationandIntegration. DataEngineeringBulletin22(1),pp.3-8,1999.
Bonifati, A. et. al. Comparative Analysesof Five XML QueryLanguages.SIGMODRecord 29(1):68–79,2000.
Cattell,R. TheObjectDatabaseStandard: ODMG3.0, Morgan-Kaufmann,2000.



¡
¢�£
¤�¥�¦�§�¥�¨�©�ª�«�¬�¢�¤�­�®�£
¡ ª�¨�¯�°#«%±&¬�²(¬�³+´,¥�².µ/¦(¥0©�­�¶.£
¡3· ¸j¹

Chamberlin,D. et. al. Quilt: An XML QueryLanguagefor HeterogeneousDataSources.In Proceedingsof the
Third InternationalWorkshopon theWebandDatabases, pp.53–62,2000.

ComputerAssociatesCorporation. ERwin ProductBrochure. www.cai.com/products/alm/erwin/erwin pd.pdf.
Currentasof July 19th,2001.

Deutsch,A. et al. StoringSemistructuredDatawith STORED. In Proceedingsof ACM SIGMODConference,
pp.431–442,1999.

Fernandez,M. F. et al. Declarative Speci�cationof Web Siteswith Strudel. VLDB Journal 9(1), pp. 38–55,
2000.

FlorescuD. andD. Kossmann.StoringandQueryingXML DatausinganRDMBS. Data EngineeringBulletin
22(3),pp.27–34,1999.

E. Gammaetal. DesignPatterns, Addison-Wesley, 1995.
Garcia-MolinaH. et al. The TSIMMIS Approachto Mediation: Data Models and Languages. Journal of

Intelligent InformationSystems8(2),pp.117–132,1997.
Gray, J.et. al. DataCube:A RelationalAggregationOperatorGeneralizingGroup-by, Cross-Tab,andSubTotals,

DataMining andKnowledge Discovery1(1):29–53,1997.
Hellerstein,J.M. etal. Independent,OpenEnterpriseDataIntegration. DataEngineeringBulletin, 22(1):43–49,

1999.
HyperionCorporation. HyperionEssbaseOLAP 6. www.hyperion.com/essbaseolap.cfm.Currentas of July

19th,2001
Jensen,M. R.,T. H. Møller, andT. B. Pedersen.ConvertingXML Datato UML DiagramsFor ConceptualData

Integration. In Proceedingsof theFirst InternationalWorkshoponData Integration OverTheWeb, pp.17–31,
2001.

Jensen,M. R., T. H. Møller, andT. B. Pedersen.SpecifyingOLAP Cubeson XML Data. Technical Report
R-01-5003,Departmentof ComputerScience, Aalborg University, 22pages,2001.

Kimball, R. et. al. TheDataWarehouseLifecycleToolkit, Wiley, 1998.
Kimball, R. TheDataWarehouseToolkit, Wiley, 1996.
Lahiri, T. et. al. Ozone:IntegratingStructuredandSemistructuredData.In Proceedingsof theSeventhInterna-

tional ConferenceonDatabaseProgrammingLanguages, pp.297–323,1999.
Lenz, H. andA. Shoshani. Summarizabilityin OLAP andStatisticalDatabases.In Proceedingsof the Ninth

InternationalConferenceonStatisticalandScienti�c DatabaseManagement, pp.39–48,1997.
Melton,J.et. al. UnderstandingtheNew SQL:A CompleteGuide, Morgan-Kaufmann,1995
Microsoft Corporation.SQL Server 2000AnalysisServicesWhite Paper. www.microsoft.com/sql/evaluation/

compare/analysisservicesWP.asp.Currentasof July19th,2001.
ObjectManagementGroup. OMG Uni�ed ModelingLanguage Speci�cation1.3. www.rational.com/uml/re-

sources/documentation/index.jsp, 1999.Currentasof July19th,2001.
OracleCorporation.OracleExpressOLAP. www.oracle.com/ip/analyze/warehouse/bus intell/index.html. Cur-

rentasof July19th,2001.
Pedersen,TorbenBach et. al. ExtendingPracticalPre-Aggregation in On-Line Analytical Processing. In

Proceedingsof theTwenty-Fifth InternationalConferenceonVeryLarge Databases, pp.663–674,1999
Pedersen,T. B. et. al. ExtendingOLAP QueryingTo ExternalObjectDatabases.In Proceedingsof theNinth

InternationalConferenceon InformationandKnowledge Management, pp. 405–413,2000.
Pinnock,J.et. al. ProfessionalXML, Wrox Press,2000.
Rafanelli,M. et. al. STORM: A StatisticalObjectRepresentationModel. In Proceedingsof theFifth Conference

onStatisticalandScienti�c DatabaseManagement, pp. 14–29,1990.
Roth,M. T. etal. TheGarlic Project.In Proceedingsof ACM SIGMODConference, pp.557,1996.
Shanmugasundaram,J. et. al. RelationalDatabasesfor QueryingXML Documents:Limitations andOpportu-

nities. In Proceedingsof the Twenty-Fifth InternationalConferenceon Very Large Databases, pp. 302–314,
1999.

Silicon IntegrationInitiative. TheElectronic ComponentInformationExchange QuickDataArchitecture. www.-
si2.org/ecix/.Currentasof July 19th,2001.

Thomsen,E. et. al. MicrosoftOLAPSolutions, Wiley, 1999.
Thomsen,E. OLAPSolutions:BuildingMultidimensionalInformationSystems, Wiley, 1997.
World Wide WebConsortium.ExtensibleMarkupLanguage (XML) 1.0 (SecondEdition), W3C Recommenda-

tion. www.w3.org/TR/2000/REC-xml-20001006.Currentasof July19th,2001.
World Wide Web ConsortiumXML Schema, W3C CandidateRecommendation.www.w3.org/XML/Schema-

.html. Currentasof July19th,2001.


