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Abstract

Motivatedto a large extentby the substantiahndgrowing prominenceof the World-Wide Weband
the potentialbenefitsthat may be obtainedby applyingdatabaseonceptsandtechniquedo web data
managementen datamodelsandquerylanguagesiave emepgedthatcontendwith the semistructured
natureof web data. Thesemodelsorganizedatain graphs. The nodesin a graphdenoteobjectsor
values,andeachedgeis labeledwith a singleword or phrase Nodesaredescribedy the labelsof the
pathsthatleadto them,andthesedescriptionsene asthe basisfor querying.

This paperproposesn extensibleframenork for capturingandqueryingpropertiesin a semistruc-
tureddatamodel. The paperconsiderdemporalpropertiesof data,pricesassociatedavith dataaccess,
quality ratingsassociatewvith thedata,andaccessestrictionsonthedata.ln thisway, it accommodates
notionsfrom temporaldatabaseslectroniccommerceinformationquality, anddatabassecurity The
additionalinformationis storedin propertiesassociateavith edges.

Thepaperdefinegheextensibledatamodelandanaccompaying querylanguagehatprovidesnew
facilitiesfor matching slicing, collapsing,andcoalescingropertiesit alsodescribesanimplemented,
SQL-like querylanguagdor theextendeddatamodelthatincludesadditionalconstructgor theeffective
queryingof graphswith properties.
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1 Intr oduction

The World-Wide Web (“web”) is arguablythe world’s mostfrequentlyusedinformationresource.While
currentwebdatahaslittle andmostlylocal structure webdatawill likely have far morein the nearfuture.
Specifically the eXtendedMarkup Language(XML), which includesa datadefinition language|s ex-
pectedo replacethe Hypertext MarkupLanguagdCKR97,BL98]. An XML webpagecanhave aschema
of exactly how the datain the pageis structured.Thiswill notresultin highly-structureddatabecauséhe
page-leel schemasnay (andlikely will) vary widely from pageto page. XML will at bestonly provide
semistructure.The ability of semistructuredlatamodelsto accommodateélatathat lacks a well-defined
schemanalesthemattractve candidate$or queryingandmanagingKML data[FLM98, Suc9§. In addi-
tion, semistructuredlatamodelsmay alsobe appliedto web meta-datacf. the the RDF standardLS99].
Somavhatunlike databaseneta-datawebmeta-datas typically takento meanadditionalinformationabout
a documentsuchasthe author subjectclassificationJanguage URL, etc. In this paperwe usethe term
‘meta-data‘to meanbothdatabasandwebmeta-data.

Semistructuredlatamodelsorganizedatain graphs[Bun97, FLM98] whereeachnoderepresentsn
objector avalue,andeachedgerepresents relationshipbetweerthe objectsor valuesrepresentetyy the
edges nodes. Edgesarebothdirectedandlabeled.Thelabelsareimportantbecaus¢hey make nodesself-
describingin the sensahata nodeis describedy the sequencesf labelson pathsthroughthe graphthat
leadto thenode[Bun97].

This paperintroducesan extensible semistructurediatamodelthatgeneralizegxisting semistructured
models.In this model,eachlabelis a setof descriptivepropertiessuchasthe nameof the edge thetime
whenthe edgeis valid in the realworld, the time during which the edgeexists ascurrentin the database,
thelevel of securitythatprotectsthe edge the quality of theinformationsource(sjhatthe edgeidentifies,
andthe price chagedfor usingthe edgein a query Theseor ary otherpropertiescanbe usedin alabelto
describehenodeshatarereachablehroughthatedge.

To the bestof our knowledge, this is the first work that treatslabelsas somethingotherthan single
wordsor strings. Researchn semistructure@nd unstructurediatamodelshasconcentrateen basicis-
suessuchas querylanguagedesign[BDS95, BDHS96, QRUT97, AQMT97, LHL 798|, restructuringof
qgueryresults[FFLS97, AM98], toolsto help naive usersqueryunknavn semistructurefGW97, GW9§,
techniquegor improving implementatiorefficienoy [QRU 97, FS98 MDS99], andmethoddor extracting
semistructuredatafrom theweb[HGMC 197, NAM97]. But existing researchhasyetto address variety
of moreadwanceddatamodelingissuessomeof which areaddresseth this paper thathave alreadybeen
addresseih the contets of differenttraditionaldatamodels. For example,only onepaperhasaddressed
supportfor temporaldata] CAW98], andnone(to the bestof our knowledge)have addressedatasecurity
or quality.

To exemplify edgelabels,considerFigurel. Part (a) shavs a corventionaledgethatis labeled'em-
ployee’ andconnectsiodes&A CME' and‘&joe’. In contrastpart(b) shavs thekind of labelintroduced
in this paper This labelis a setof ‘property name propertyvalué pairs. Eachpair is collectively re-
ferredto asaproperty Thislabelhastwo propertiesnameandtransaction time. Thegeneralizegxisting
semistructuresincethe labelin part (a) canbe assumedo specify an implicit name property with the
valueemployee

Theparadigmof usinglabelswith propertiescanberecursvely applied.For instancethelabelnamein
Figure1(b) coulditself betransformednto alabelwith two propertiesnameandlanguage e.g.,English,
indicatingthatnameis anEnglishword. While therecursve natureof labelswith propertiess theoretically
appealingit is of limited utility sincemeta-meta-datéandmeta-meta-meta-datetc.)is uncommorin the
real-world. Sowhile thisframewvork couldcaptureandqueryrecursvely nestedpropertiesin this papermwe
focusexclusively on a singlelevel of meta-data.

The paperis organizedasfollows. Section2 motivatesthe extendedsemistructurednodel, aguing



name: employee
employee trans. time: [31/Jul/1998 - 31/0ct/1998]

&joe &joe

Uy
;

(a) atypicaledge (b) alabelwith properties

Figurel: Thenew kind of labels

the utility of introducinga richer structurefor labels. Section3 presentshe extendedmodel. Initially, the
format of a databases defined. An importantfeatureis thatthe setof propertiespresentmay vary from
labelto label. Section3.2 proceedgo introduceseveral new or extendedqueryoperatorgo contendwith
propertiesn labels.Sectiond incorporateshe nev queryoperationsnto aderivative of the SQL-like Lorel
querylanguagd QRUT97, MAG197, AQM™97), called AUCQL, for queryingsemistructurediatawith
properties Theremainingsectionscover relatedwork, futurework, andsummarizehe paper

TheURL <www.cs.auc.dk /°c urti s/ AUCQL> providesaninteractve queryenginefor the ex-
ampledatabasgivenin this paper documentatiomndexampleson usingAUCQL, anda freely-available
implementatiorpackage.

2 Motivation and background

This sectionaimsto describethe new type of semistructurediatabas@roposedwith an emphasion its
backgroundtheunderlyingdesignideas,andits relationto existing semistructures.

2.1 An exampledatabase

A samplemovie databasepanssemistructuredatafrom atotal of six sites. The InternetMovie Database
sitecontainsawealthof movie data;Videotastids a monthly on-linemovie industrymagazineportionsof
which areavailableonly by subscriptionthe Hausdu Flicks site chagesafeein e-cashor accesdo each
of its mary film clips, thefee beingcollectedby ane-cashbroker whenaclip is accessedhe Joe Doeis a
YankeeOn-line Usersite devotedto sciencdiction movies;the site Horsing AroundMovieshasdataabout
R-andNC-18ratedfilms, portionsof which arerestrictedo websurfersovertheageof 18; andthelnternet
Archivessite offersmaovie datacollectedby arobotthatperiodicallytraversegpartof theweh

Figure2 shaws a portion of the movie databaseEdgesaredirectedarravs, valuesaregivenin italics,
andobjectsaredepictedasovals. Thelabelsin thefigurearesetsof ‘ property name: propertyvalue’ pairs.
This differsfrom atypical semistructuredatabasevherethelabelis justa singleword or phrase Most of
thesemistructurés not shavn—mary otheredgesandnodesexist in thecompletemovie database.

The databasenodelsthe following pertinentfacts. Informationabouta new movie, StarWars IV, was
addedto the databas®n July/31/1998.A review of this movie appearedn the Juneissueof Videotastic
whichwasmadeavailableon 25/May/1988.Thereview is only availableto paidsubscribersJoe Doealso
hasa review of Star Wars 1V, but sincehe is a Yankee On-line User it is deemedo be of low quality.
Haus du Flicks that offers movie clips chages$2 dollarsfor a Star Wars IV film clip, but undera deal
with Videotasti¢ paid subscribergangetthe clip for freein oneof the magazines reviews. Bruce Willis
starsin StarWars IV. His misspellechamewascorrectedon 2/Apr/1997.Finally, Horsing AroundMovies



name: movie
trans. time: [31/Jul/1998 - uc]

&Star Wars IV

name: review
quality: low

name:  movie
security! over 18

&Color of Night
name: stars name: clip

name: stars price: $2
/ security! paid

@ @ &by Joe Doe

name:. name name: e-mail name: text
trans. time: [2/Apr/1997 - uc]

Al

name: review

quality: high

security! subscriber

trans. time: [25/May/1998 - uc]

valid time:  [1/June/1998 - 31/June/1998]

name: name

trans. time: [31/Jul/1994 - 1/Apr/199 joe@yol.com This movie...

Bruce Wilis Bruce Willis

Figure2: A webmovie database

hasdataaboutthe NC-18ratedmovie, Color of Night, which alsostarsBruceWillis. Only surferswith an
appropriatesecurityclearancearepermittedto view this movie.
We will usethis sampledatabaséor illustrationthroughouthe paper

2.2 Sampleproperties

The datamodelpresentedn this paperis capableof capturingthe factsdescribedabore, in part, by using
propertiesin labels. Labelsarethe mostappropriatdocationsfor propertiessincenodesare completely
describedby the pathsthat lead to them. For instance,while the ‘&Willis ' nodein Figure 2 hasa
meaningfulinternalname, &Willis  ’, this nameis of no importanceandthe nodemay just aseasilybe
called‘&foo . It is only known that'&Willis  ’ ‘stars ’ in a‘movie ' becausé¢hereexistsanincoming
edgelabeled’stars ’, which is turn is reachedafter traversinga ‘movie ' edge. Otherdescriptionsof
‘&Willis ', sayasa‘father ' orasa‘person ’, would only be availableaslabelsalongotherpathsto
thenode(notshawn in thefigure).

Thedatamodelis extensible jn thatary propertiesnaybeused.Below, we discussa partiallist of such
properties.Noneof themarerequired in a label. Indeed,for mostlabels,one or more propertiesmay be
missing
name Thenameis atext description.The domainfor namess the setof finite-lengthstringsover some
alphabefi(e.g.,Unicodecharacters)In generalthe valueof this propertycould be a setof nameshut for
simplicity this paperonly considersinglenames.
security Somedatahassecurityrestrictionswhich areintendedo indicatethatonly qualifying usersare
allowedaccesso thedata.Theessentiaingrediento supportinghis kind of securityis to provide amethod
torestrictacces$o edgesn queries We userequiredoropertiesor thispurposeaswill bediscussedurther
in Section3.2.2.

This paperassumethatsecurityis controlledthroughNetscape-lik certificate$. Soamoredescriptve
propertynamewould besecurity.netscape.ead, but for brevity we have shortenedt. Severalprotocolsex-
ist for obtainingandmanaginghesecertificates Onceobtaineda certificateor combinationof certificates

INetscapesecurityHomePage,<http://home.mcom.com/products/secur ity/in  dex.ht ml>.



permitsaccesso variousserviceanddocumentskFor clarity, we renderacertificatein plaintext ratherthan
in its encryptedorm. Thesecurityis givenasaformulabuilt of individual certificatesAND, andOR. For
instancea securityof ‘over 18 AND subscriberwould meanthata userneedsboth certificatedo accesa
service;anda securityof ‘over 18 OR subscriberwould meanthata eithercertificatealonewould sufice.
Thisis only onepossiblesecurityproperty;the extensibledatamodelcanbe usedto supportothers.

transaction time The transactiortime is the time whenthe edgeis currentin the databaselt is called
transactiortime sinceit is the time intenal betweenthe time of the transactiorthat led to the edgeand
thetime of the transactiorthat deletedor updatedhe edge[JD9§. Edgesthatarecurrenthave a special
transactioniime endvalue,until changed, whichindicateghattheedgeis currentandwill remainsountil it
is changeddeletedor updated) Thespeciakole of transactiortime in databasenodificationds elaborated
in Section3.4.

It shouldbe notedthatseparatéransaction-timéimestamp®n nodesareredundantslong astheroots
of the semistructurare maintained(e.g.,by addingexplicit root edgesandtimestampinghoseedges).
The transactiontime of a nodemustcontainall the transactiontimes of incoming edges,sincean edge
canonly connectexisting nodes. And if the nodeis currentat a time whenno incomingedgeis current,
thenfor thattime, thenodeis aroot node.Obsere thatassociating transactiortime ‘attribute’ with each
nodewould beinsuficient sincesereraledgeanaypointto anodeanda singleattribute couldnot possibly
distinguishbetweerthe lifetimesof themultiple description®f thatnode.

valid time Thevalid time of a databaséactindicateswhenthatfactis truein themodeledreality [JD9§,.
In our context, thevalid-time propertythusindicatesvhenthatedgereflectsthe realworld. Oftenthevalid
time andthetransactiortiime arethesame put thisis only oneof mary possiblerelationshipbetweerthese
times[JS94. Valid-timetimestampsreclosedintenals.

price  Whendatais spreadover a network, accessingomedatamay have substantiallygreatercostthan
otherdata.e.qg.,in termsof size time,or mong. Thepricepropertyreflectsthesediffering costsn obtaining
data.Multiple pricepropertiescancomfortablycoexist, but we assumehatthepriceisaU.S.dollaramount,
somorepreciselythe nameof this propertyin the contet of this exampleis price.usdollars

quality Informationon the web arisesfrom mary sources,someof which are far more crediblethan
others. For instance onewould commonlyrateinformationfrom the CNN sener asmore crediblethan
informationfrom a users personahomepage.Thequality propertyrecordshe quality of the sourceof the
information.We will assumehatthe quality is anintuitive rankingfrom low to high.

The above list only coverspropertiesusedin the movie databasenddoesnot exclude otherproperties
suchaslanguagebPublin Coretags,or URL space.

2.3 Featuresof propertiesin labels

Many labelsconsistof several properties.For example,the two edgesfrom the ‘&Willis * nodeshavn
in Figure2 have the samevaluefor the name property but differenttransactiortimes. The mostcommon
propertyis name—only in unusuakircumstancewill anedgebeunnamed.

An importantpropertyof a semistructuredand unstructuredgatamodelis thatit is flexible, so that
it is capableof accommodatingnary of the schemarregularitiesfoundin webdata. In keepingwith this
requirementthe datamodelpresentedh the paperhassereralfeaturesvorth mentioning.

The mostimportantfeatureis thatthe label semistructuresanalso have irregular schemasthatis, a
propertyfoundin onelabel canbe missingfrom otherlabels. In Figure2 the transactiortime propertyis
in only a few of the labels. Generally a propertyis missingbecausaét is dont care information,asin,
this propertyis missingbecauseve don't careif it is presentjt is not germaneo or will notimprove the
descriptionof thedata.



While irregularschemasireafeatureof all semistructureghenext featureis unique,asfaraswe know,
to ourmodel.In alabel,a propertycanbe specifiedasbeingrequired A requiredpropertyis requiredto be
matchedn a queryto gainaccesgo nodesbelon thatedge but otherwiseis just like ary otherproperty?
The security propertyon the edgeto ‘&Color of Night ' is a requiredproperty(speciallyindicated
by affixing a‘!" to the propertyname). It is meantto indicatethata usermusthave a matchingsecurity
clearancei.e., an appropriatecertificate,to traversethat edge. Furtherdetailson requiredpropertiesare
presentedh Section3.2.2.

Therearefew restrictionsonthepropertiesn labels.Commonpropertiesnaybesharecy anumberof
labels.Meta-datds oftenspecifiedor a bagor containerfor a collectionof objectgLS99]. Sincealabelis
aset,it caneasilybesharedin partor in whole,amonga numberof labels.In addition,multiple edgesnay
connectthe samepair of nodeswith overlappingor redundantabels. Requiringlabelsto containdisjoint
descriptionsvould beanunnecessargestriction.

Multiple propertiesn alabelcancapturemoredatasemanticdut they breakexisting querylanguages.
To take oneexample,considerthe pathfrom ‘&movies ' through'&Star Wars IV’ to the misspelled
valueBruceWlis. It would beeasyto retrieve thatpathby usinganappropriateegularexpressiorover the
namepropertyin eachlabel(e.g.,movie.stars.nam  e). While thisis a path,it is notavalid pathsince
thetransactiortimesof thefirst andlastedgesn the patharedisjoint: whenthefirst edgein the pathwas
insertedthefinal edgewasalreadydeleted.Soat no time did thetwo edgescoexist in the currentdatabase
state.

A contrilution of this paperis a minimal collection of query languageoperatorsto more correctly
manipulateheextendededgeabels.Eachoperatoiis extensiblen thesensdhatthesemanticef properties
arenotfixedin the datamodel;rather the meanings suppliedby a databaselesignerFor instancefo test
thevalidity of a path,thetransaction time propertywill betestedquitedifferentlythanthenameproperty
Several new query operatorsare also described. LabelMatd comparegwo labelsto determineif they
match. This is a commonoperationperformedin all querieswhenmatchingthe labelsin a pathregular
expressiono the labelsalonga pathin the semistructure Collapsecollapsesntire pathsto singleedges
thathave their labelscomputedrom thelabelson eachedgein the path. Coalescecomputeghevalueof a
propertywhichis distributedamonga numberof differentlabelson edgeshetweerthe samepair of nodes.
Finally, Slicerestructureshelabelsalongpathsby slicing a portionfrom selectegropertiesn eachlabel.

2.4 Contrast with existing semistructured data models

Our proposedmnodelis not the only one capableof representingneta-datagxisting semistructurediata
modelswith simplestring labelscanalsoexplicitly capturemeta-dataFor example,the “property” infor-
mationin alabel could be encodedy splitting an edgeinto separatelataand meta-dataedgeswith the
propertiesbranchingfrom the end of the meta-dataedge. But thereare at leasttwo problemswith this
approachof encodinghe meta-datdaogethemith thedata.

First, meta-datdnasno specialstatusin sucha model,soqueriesmay unintentionallyaccessneta-data
ratherthandata. Considerthe following Lorel-like query which usesa wildcardto follow all pathsin the
database.

SELECT X FROM%* X

This querywill retrieve both dataand, unintentionally meta-data.A usercould formulatea query that
follows only dataedgeshut this is challengingand, we believe, unnecessarylt shouldnot beleft to the
userto guesshow the meta-datas representeth the databasendto write queriesto explicitly avoid such
data.

2A requiredpropertyis similarto the MUST keyword in a proposafor privagy meta-datdw3C99].



A secondmorefundamentaproblem,is thatsomeof the meta-datdasspecialsemanticshatmustbe
accountedor in queries.For instanceassumehatin a semistructuredlatabasevith simplestringlabels,
thetransactiortime for anobjectis representedsatrans-time edgefrom thatnode.As discusse@dbore, a
pathis only valid if its edgesareconcurrenin the database—anothersemanticss justwrong. Belov we
give a Lorel-like queryto correctlyretrieve only movie.starnames thatare concurren{assuminghatthe
INTERSECToperationcomputegheintersectiorof two time intenals).

SELECT N

FROM movie M, Mstar S, S.name N

WHERE NOT_EMPTY(M.trans-t ime INTERSECT S.trans-time
INTERSECT N.trans-time)

The WHERE clauseteststhetransactioniimesof objectsalongthe pathto ensurahatthey areconcurrent.

Althougha usermay explicitly formulateeachqueryto correctlymanipulatethe transactiortime and
otherproperties sucha stratgy hasseveral highly undesirabldeatures.First, all propertiesmustbe ac-
countedor in all queries.For example thequerygivenabove is incorrectsinceit doesnot correctlyhandle
the securityproperty Secondthe semanticof a propertycannotbe enforced.For example,a usercould
simply omitthe WHERE clausein thequerygivenabaove, or testsomeotherconditionon transactiortime.
Thequerywill runto completionandreturnaresult. But sincethe semantic®f the transactiortime prop-
erty hasnotbeenobsered,theresultmayincludefictive paths.Third, naive userscannotformulatequeries.
A userhasto know which propertiesexist, be familiar with the semanticof thoseproperties and must
appropriatelycontendwith all propertiesin every query Fourth, queriesbecomebrittle. Even correctly
formed querieswill have a shortshelf-life sinceaddinga nev property or deletingan existing one can
breakexisting queries.

In summaryit is theoreticallypossible put unattractre andbeyondthecapabilitieof usergo represent
andquerypropertiesisinganordinarysemistructuredatabaseT heextensibledatamodelpresentedh this
papercanbeviewedas,andperhapsanevenbeimplementedis,alayerontop of anormalsemistructured
datamodel. The layer implementsthe semanticdor eachpropertyand correctly translategjueriesand
resultsbetweerthe userandtheunderlyingdatabase.

3 Extending a semistructured data modelwith properties

This sectionfirst definesa semistructursvith propertiesthendefineghefoundationnecessarjor querying
suchasemistructureandfinally considersipdate.

3.1 A semistructured modelwith properties

A semistructuredatabaseDB = (V, E, &root, T'), consistof asetof nodes}), asetof labeleddirected
edges,E, asingleroot node,&root, anda collectionof so-calledpropertyoperations[’, thatdetermine
the semanticf properties.We alsodefineROOTS C E to bethe setof edgesemanatingrom &root.
(Theseedgedeadto whatwould normally be consideredhe rootsof the semistructurethe extra level of
indirectionsenesto recordthe propertiesof theroot nodes.)An edgein E from nodev to nodew with the

label £ is denotedy - w. £ is alabelwith properties

Definition 3.1 [Labelwith properties]

A labelwith properties,C, is asetof m pairs,{(p1: z1), (p2: z2), ... , (pm: Tm)}, Where(i) eachp; is
the nameof a property (ii) z; is avaluedravn from the propertys domain,thatis z; € domain(p;), (iii)
propertyfunctionsexist in I" for eachp;, and(iv) eachpropertynameis unique,thatis, Vi, j(p; = p; =
i=17).



A required property sayp; with valuez;, is denotedp;! z;). |

Example 3.2 In Figure2 a singleedgeconnects&movies ' to ‘&Color of Night . Thelabelis the
setof properties{(name: movie), (security! over 18)}. The security propertyis a requiedproperty It is
intendedo limit accesso thenodeto individualsover 18 yearsof age. |

To accommodatpropertiesn queriesseveraloperationgor eachpropertyareneededseeSection3.2).
Theseoperationsieterminghe semantic®f propertiesandareincludedin T'.

Definition 3.3 [Propertyoperations]
For eachpropertyp in alabel,operationsvith thefollowing signatureshouldbe presenin I'. For brevity,
let T be domain(p).

e PropertyCollapse, : T x T' — T'|J undefined

e PropertyMatch, : T x T — BOOLEAN

e PropertyCoalesce,, : 2T 5 oT

e PropertySlice, : T x T — T |J undefined |

New propertieamaybeintroducedat ary time, by registeringthe appropriateperationswith the database.
Default semanticsare availablefor the operationsasdiscussedn Section3.4.2. Therole of the property
operationwill be comeclearwhenqueryingis considerednext.

3.2 Retrieving information from semistructureswith properties

This sectionextendsthe informationretrieval capability of an ordinary semistructuredjuerylanguageto
handlelabelswith propertiesEmphasiss onthequerylanguagespectshatareaffectedby thenew labels.
Thseaspectarequitelocalized,sincelabelsareusedonly in so-calledpathregular expressiongo traverse
pathsin thesemistructureTherearetwo partsto the extension.First,whenretrieving data,only valid paths
shouldbefollowed,asdiscussedh Section2. We definea Path\alid predicateo testwhethera pathis valid
by determiningvhethetthepathcanbecollapsedo asingleedgewith alabelthatpreserestheinformation
contentof all the labelsalongthe path. Secondpathregular expressionsnustbe generalizedo support
labelswith propertiesandrequiredpropertieswithin thoselabels. This involvesredefininghow labelsare
matchedn theevaluationof anexpression We concludeby observinghattheextensionis strictly additive,
theextendedretrieval mechanisnworksasexpectedon a semistructurevith simplestringlabels.

3.2.1 Path validity

Only someof the pathsin the semistructurarevalid. Intuitively a pathis valid if it transitsthroughsome
“common” properties The commonalityis computedy collapsingthelabelson the path.

Considerthe caseof a pathto a movie stars name.Onesuchpathis shavn in Figure3(a). Intuitively
thepathis akind of virtual edge from aroot (in this case, &movies ’) to aname.In thefigure,thevirtual
edgeis depictedasa dashedine. Thevirtual edgeshouldhave a labelthatdescribest, justlike any other
edge.Thislabelis determinedy collapsingthelabelsalongthe pathinto a singlelabel.

A pathis collapsedy recursvely collapsingpairsof labelsalongthe path.A pair of labelsis collapsed
by determiningtheir commonproperties. If only one of the labelshassomeproperty that propertyis
propagatedo the collapsedabel. This is becausa missingpropertyin a labelis dont careinformation,
meaningthatary valueof the propertyis acceptabldor thelabel. For propertieghatappeatn bothlabels,
a property-specificollapsingconstructoris usedto computethe value of the property This constructor
couldresultin anundefinedvalue,which signifiesthattheselabelsdo not have ary commonalityfor that

property



/ /
/ name: movie / name: movie
/ trans. time: [31/Jul/1998 - uc] / trans. time: [31/Jul/1998 - uc]
/ /
? / name:  movie.stars.name  /
//@ trans. time: [31/Jul/1998 - uc] //@
/ /
// name: stars // name: stars
/ /
/ /
/ /
/ /
/ /
// name: name // name: name
4 trans. time: [2/Apr/1997 - uc] 14 trans. time: [2/Apr/1997 - uc]
Bruce Willis Bruce Willis
(a) uncollapsed (b) collapsed

Figure3: A (virtual) edgefor thenameof amovie star

Definition 3.4 [CollapsePathy : PATH — EDGE]

CollapsePath takesapathandcomputeshe labelfor the virtual edgebetweerthefirst andlastnodesin
the path. The operationis extensiblein thatit depend®n thesemanticof the propertyasgivenby T'. The
constructoProperty Collapse , in T is property-specifi@ndis usedto collapsea pair of propertyvaluesfor
propertyp. In this operationyequiredpropertiesaretreatedhe sameasotherproperties.

CollapsePathr(v £, w) 2y L w
CollapsePathp (v EENCN w) 2y £ wwhere
L ={(p: PropertyCollapse,(z, y) | (p:x) € L1 N (p:y) € L2} U
{(p:2) | (p:x) € L1 A (p:y) & L2} U
{(p:y) | (p:2) & L1 A (pry) € Lo}
CollapsePathr (v N NN w) 2 CollapsePathr(v L, CollapsePathr(z L2y L w)) i

The collapsingconstructar Property Collapse,,, dependn the semanticof the property AppendixA.1
suggestgonstructordor a few commonproperties.In general sinceeachpropertyis collapsedndepen-
dently the collapseconstructorfor a propertyshouldeitherbe a mutator which transformsone domain
valueinto anothere.g.,concatenationgr a restrictor, which reduceghe extentof the domainvalue, e.g.,
timeintenal intersection.

Example 3.5 [The transactioniime of a pathto BruceWillis]

Thetransaction time propertyin the collapsedpathin Figure3(b)is [31/Jul/1998- uc]. Thisis theinter
sectionof thetransactionimesontheedgesnthepath. It follows thatthevalueBruceWillis wasdescribed
in thedatabasasa movie.stars.na mefrom 31/Jul/19980 the currenttime (until it is changed)Note
thatthis is not an exclusivedescription—adifferentmovie.stars.na mepath (through‘&Color of
Night ) is currentover aslightly longertransaction-timéntenal. |

To determindf apathis valid, the pathis “collapsed”andtheneachpropertyis checled to ensurehat
it is defined.

Definition 3.6 [PathValidr : PATH — BOOLEAN]
A path,P, is valid if aftercollapsingthe path,thereareno propertieswith undefinedralues.

PathValidr (P) 2 Vp [ (p:undefined) & L AN v Ly w= PathCollapser(P) | |
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Example 3.7 [The transactioniime of a pathto BruceWlis]

Considerthe pathfrom ‘&movies ' through'&Star Wars IV’ to the misspelledvalue BruceWilis in
Figure2. Whenthepathis collapsedthenamepropertyin theresultinglabelhasthevaluemovie.stars.na
But thetransaction time propertyis undefined Thetransactiortimesof thefirst andlastedgesn the path
aredisjoint,andsotheirintersectiordoesnot produceavalid transactioriime value. Consequentlyhe path
is notvalid. |

Thecostof checkingpathvalidity is O(n - m), wheren is thelengthof the pathandm is themaximum
numberof propertiesn a label. We expectthatin practicern will usuallybe muchsmallerthann. Path
validity canbe checledasa pathis matchedasdiscussedhext.

3.2.2 Path Match

In this sectionwe provide meansof determiningvhethera usergiven descriptormatcheslabel. Thenext
sectionshaws how to usethesedescriptorsn regularexpressiongo matchpaths.

Label matchingin existing semistructuredjuerylanguagess straightforvard. The descriptoris typ-
ically a singleword or phrasethatis comparedusing string comparisonto the label. For example,in
theregular expression(person | employee).name ?, the descriptorsthe basicbuilding blocks of
the regular expression,are person , employee , andname. During evaluationof this expression the
descriptomperson would only matcha labelperson onanedge.More flexible stringcomparisonde-
tweendescriptorsandlabelsaresupportedn somelanguagessuchasLorel [AQM™97], which reuseshe
wildcardoperator % from SQL. Sothedescriptomper% would matchary labelthatstartswith ‘per’.

The semantic®f thelabelmatchingis moreinvolvedin our modelsinceeachlabelis a semistructure.
In addition,stringcomparisoris insuficient becausenary propertiesarenot strings.

Thesecomplicationsareaddresseh the LabelMatd operationdefinedbelow. In general LabelMatd
succeed§ everyindividual propertyin thedescriptothasa matchin the labelor is missingfrom thelabel.
Extrapropertiesareignored anddifferentPropertyMatch,, operationsnaybeusedfor differentproperties.
Thereareseveralcasego consider

e A required propertyin onelabelis missingfrom the otherlabel. In this case the matchdoesnot
succeedA requiredpropertymustbe presenin bothlabels.

e A non-requiregropertyin onelabelis missingfrom the otherlabel. In this case thematchsucceeds
becausenissingpropertiesaretreatedasdon' careinformation.

e The propertyis presenin bothlabels. The predicate,PropertyMatch,,, specificto the property is
usedto determindf the propertyvaluesmatch.Requiredandnon-requirecpropertiesaretreatedthe
same.

Definition 3.8 [LabelMatchr : LABEL x LABEL — BOOLEAN]
Label £ is matchedagainstiabel S asfollows. LabelMatd depend®n the semanticof the propertiesas
specifiedn T', sincepropertiesn thelabelsareindividually matched.

LabelMatchr (L, S) 2 Vp, z[(p! z) € L = Jy[(p: y) € S A PropertyMatch,,(z,y)]]
Vp,yl(p!y) € S = Ix[(p: ) € L A PropertyMatch,,(z,y)]]
Vp, z,y[(p: ) € LA (p:y) €S = A PropertyMatch,,(z,y)] |

Which definitionto usefor PropertyMatch,, to matchtwo valuesdepend®n the specificsof the property

For example equalitymaybeusedfor name, andtime intenal overlapsmaybeusedfor transaction time.
AppendixA.2 discussesnatchingof commonproperties.

11
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Example 3.9 [Looking for amovie]
Below is alabelthatrequiresa movie description.

Lmovie := {(name! movie)}

In Figure2, therearetwo labelswith a ‘movie ' nameproperty Onedescribes&Color of Night ’;
theother ‘&Star Wars IV .

Scolor := {(Name: movie), (security! over 18)}
Swars := {(name: movie), (trans-time: [31/Jul/1998- uc])}

Thesdabelsarematchedasfollows.
e LabelMatchr(Lmovie, Secolor) = False; therequiredsecurity, over 18,is missingfrom £ ,,,yie -

e LabelMatchr(Lmovie; Swars) = True; theextratransaction time propertyin Sy,,s isignored. 1

LabelMatd is the basisfor interpretingregular expressionsof descriptors. Generally theseregular
expressiongare interpretedexactly asin othersemistructuredjuerylanguagesandthe usualfeaturesof
regularexpression$iave their standardneaning.

Definition 3.10 [Regularlanguage]

Let X beawell-formedregularexpressiorover analphabebf labels. ThenW (X) is the setof sequences
of labelsthatform valid sentence$or thatexpressioncomposedisfollows. Symbole denoteghe empty
sequence.

W(L) ={L} (Lisalabel)

W(X.Y)=W(X) x W(Y)

W(Xx)={e} UW(X+)

W(X+) = W(X) U W(X.X) U

W(X7) = {c} UW(X)

WX[Y) =w(X) U W() |

Theonly essentiatlifferencebetweerourlanguageindstandardgemistructureduerylanguagess that
the matchedpathis checled to ensurethatit is valid. Thefollowing operationextendsa setof pathsin a
semistructureif the sequencef labelson the extendedpathmatchesheregularexpressiorandthe pathis
valid.

Definition 3.11 [Matchpp : 2FATH x REGEXP — 2PATH]

A descriptorregular expression X, mathesapath, P, if thesequencef labelson the pathis containedn
W (X), theregularlanguagespecifiedby X . This pathmay extenda pathin a startingsetof paths,S, as
follows.

A c c c Li—y
Matchpg(S, X)={v1 = ... "D vyt |y — ... =S v, €SA
L; Lit L
Vi = Vg1, Vitl — Vit2, -+, Vm — U1 € B A

Yi...Vm € W(X) A
Vil <j<m A (LabelMatchr(Y;, L;)] A

PathValidr(vy Ly Um+1)} |
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We note that the presenceof cyclesin the semistructurecan lead to an infinite result set, just like
matchingin ary semistructuredjuerylanguage Consequentlywhenthis operationis implementedsome
stratgy mustbeadoptedo eitherbreakcycles(e.g.,nodemarkingis usedfor Lorel) or otherwisegenerate
afinite resultsets(e.g.,stopafterthe first N matches).Which stratgy to useis a decisionbestleft to a
languageadesignerAUCQL usesnodemarkingto breakcycles.

Thecostof Match is essentiallthe sameaspathmatchingn anormalsemistructuredatabaseatworst
the entiresemistructurés explored. The pathvalidity canbe computedaseachpathis explored,although
it costsan extra factorof O(m), the numberof propertiesin eachlabel. LabelMatt is alsoan O(m)
operationassuminghatthe propertiesn alabelaresortedor hashed.So overall, the costof matchingin
ourframeawvork grows by afactorof the sizeof eachlabel.

Sometime®nly thesetof final nodesn asetof pathsis desired.

Definition 3.12 [ Nodes : 2PATHS _, 9NODES]
Let P beasetof paths.

Nodes(P)é{wh)i)...ﬂweP} i

Example 3.13 [Movie stars’'namesasof 31/Jul/1998]
A useris interestedn retrieving informationaboutmovie starsasof 31/Jul/1998 Thatsetof nodescanbe
obtainedasfollows.

Lmovie = {(name! movie), (trans-time: [31/Jul/1998 31/Jul/1998])
Lsiars = {(name! stars) (trans-time: [31/Jul/1998- 31/Jul/1998])
Lpame := {(hame! name) (trans-time: [31/Jul/1998- 31/Jul/1998])
Nodes(Matchpp(ROOTS, Lyovie-Lstars-Lname))

RecallthatROOT Sis the setof edgedrom &root to rootsin the semistructureTheregularexpression
in this exampleis asequencef descriptorsin eachdescriptorthe nameis required(soanedgewithouta
namewill not match),but thetransactiortime is not required(anedgethatis missinga transactiortime is
presumedo exist atall transactiortimes).Propertiesiot mentionedn thedescriptorareignoredin thepath
matching,unlessthe propertyis required,in which casethe labelis not matched.Four pathsin Figure2
matchthe name propertycriteria.

1. Thepaththrough'&Color of Night ' tothemisspelledvalue’BruceWlis’ is notmatchedsince
therequiredlevel of security (over 18) is missingfrom the descriptors.The usermusthave a digital
certificatethatauthenticateler or him asbeingover 18, andmustaddthatto the first descriptorto
matchthatedge.

2. Thepaththrough'&Color of Night ' tothevalue'BruceWillis’ is alsonotmatchedor thesame
reason.

3. Thepaththrough'&Star Wars V' tothemisspelledvalue‘BruceWlis’ matchegsheregularex-
pressionput is notavalid path(seeExample3.7).

4. Thepaththrough*'&Star Wars IV ' to thevalue'BruceWllis’ is the only paththatboth matches
theregularexpressiorandis a valid path. |
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3.2.3 Backwards compatibility

Compatibilitywith currentsemistructurednodelsis achiered by assuminghatstringlabelsin thosemod-
elsimplicitly default to name properties.Henceour framevork canrepresenary existing semistructured
databasdy modelingit asa databasén which every label containsexactly onename property Usingthe
samedefault assumptionretrieval queriesalsoremainunchangedin existing semistructuredatabaseall
pathsarevalid. In our framewvork if every labelconsistf a singlename property thenall pathsarevalid
(names are collapsedusing string concatenationvhich never resultsin an undefinedvalue). In existing
semistructurediatabaseshe labelsare matchedusing string comparisonjust like in our framework, so
regular pathexpressionsnatchexactly the samepathsin bothmodels.Finally, we obsere thatour frame-
work seamlesslgupportgshemixing of datafrom existing semistructurewith datathathasrichermeta-data
sincepropertiescanvary from labelto label. Henceasmuchor aslittle dataasdesiredcanbe migratedto
thenew framavork.

3.3 Additional query operators

In this sectionwe presentsereral querylanguageoperatorghatare usefulwhenqueryingthe information
within labels.First, alabelrestructuringoperationcalledSlice is givento care a portionfrom eachlabel
onapath.Next, PathCollapseés trivially generalizedo operateontheresultof aMatch. Finally, aCoalesce
operationis definedto extractthe valueof a propertythatis distributedin severallabels.

3.3.1 Slice

It is oftenusefulto sliceaportionfrom apropertyin eachlabelalonga path. The mostcommonexampleis
atransaction-timelice,or rollbadk, querythatdetermineshe otherpropertiesasof a particulartransaction
time. A pathis slicedby slicing eachpropertyin alabel on the path,andcheckingwhetherthe resulting
pathis valid.

Definition 3.14 [Slicer : LABEL x 2PATHS _, 9PATHS]
A descriptor L, slicesthelabelsalongeachpathin a setof paths,S, asfollows.

Sticer(L, §) 2 fv 5 . Emuy v Ly L Emy e § A PathValide(v S5 ... Emy o) A
Vi [1 <i<mA L, = LabelSlicer (L, L;)]} i

A labelis slicedpropertyby property This slicing is complicatedoy missingproperties.Specifically
if a propertyis missingfrom the descriptorbut presenin thelabel, it is passedinchangednto the result.
A missingpropertyin alabelis alsomissingin theresult,exceptif the descriptomrequiresthe property in
which casethe propertyfrom thedescriptoiis addedo theresult.Finally, if thepropertyis bothin thelabel
andthe descriptorthena property-specificonstructorslicesthe propertyappropriatelyand addsit to the
result.

Definition 3.15 [LabelSlicer : LABEL x LABEL — LABEIL]
A label, L, slicesalabel,S, asfollows.

LabelSlicer (L, S) 2 {(p! PropertySlice,(z, y)) | (p! z) (
{(p! PropertySlice,(x, y)) | (p'y) € SA((p:z) € LV (p! z) € L)
{(p: PropertySlice,(x, y)) | (p:z) € LA (p:y) €S} U

{('y) | (ply) € SA-Tz[(p:z) € LV (plx) € L]} U

{(plz) | (p!z) € LA ﬂy%(p: y) e LV (ply) € LI}U

{(p:2) | (p:z) € LA-Fy[(p:y) €SV (ply) € S|} i

"3

| (p'z) € LA (p:y)ESV(p!y)ES)}iU
U
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PropertySlice,, is a property-specificonstructorthat slicesa property AppendixA.3 discusseshe
slicing of commonproperties.

Example 3.16 [Transaction-timslicefor movie stars’namesasof now]
A useris interestedn retrieving the otherpropertiesaboutmovie starsnamesasof the currenttime. That
setof pathscanbeobtainedasfollows.

Lmovie = {(name! movie)}

Lstars = {(name! stars}

Lpame = {(hame! name}

Lpow = {(trans-time: [now - now]) }

Sl’iCEr(ﬁnow, MatchDB (ROOTS, ﬁmovie-[fstars-[rname))

Note that a Slicer with L,,, asits first agumentdiffers from a Match with that descriptorsincethe
transaction time propertyof every label (that hasa transactiortime) in the sliced pathis [now - now],
whereaghetransaction time propertyin thematchedgathwould beunchangedrom theunderlyingdata i

3.3.2 Collapse

In thissectionthe Path Collapser operationintroducedn Section3.2.1is trivially generalizedo collapse
every pathin a setof paths. Typically, Matchpp first choosesa setof pathsthat matchsomeregular
expressionthenthe pathsarecollapsedanda propertyis coalescedrom the collapsedhaths.

Definition 3.17 [Collapser. : 2PATHS _, 9EDGES]
A setof paths,S, is collapsedy collapsingeachpathindependently

Collapser(S) 2 {CollapsePathP | P € S A PathValidr(P)} |

Theutility of anoperationlike Collapsehasbeeninvestigatedn othersemistructureduerylanguages
whereit hasbeencalled“pull-up” [AKM94]. In Lorel, Collapseis not anoperationat the querylanguage
level, ratherit is usedin theimplementatiorito computethe valueof a pathvariable

3.3.3 Coalescinga property

Several (virtual) edgesmay connecta pair of nodes.For example,two edgesconnectthe pair of nodesin
Figure4. Thefirst edgewasaddedwhenthereview beganto be developedon 15/Mar/1998.The security
wassetto restrictthe edgeto pagedevelopers.By 25/May/1998the edgewaspublicly releasedispart of
theJuneissueandsothe securitywaswealenedto includepaid subscribers.

Whenseveral edgesconnecta pair of nodes,informationabouta single propertymay be distributed
amongmultiple labels. In orderto determinethefull extentof a propertythat (conceptuallypertainsto a
relationshipbetweena pair of nodes regardlesof whetherinformationaboutthat propertyis distributed
amonga numberof edgesit is advantageouso coalescehe propertyfrom the setof edges.

Definition 3.18 [ Coalescer : PROPERTY NAME x 2BPGES _, oPROPERTY VALUES)
A setof edges/F, is coalescedor asinglepropertyasfollows.

Coalescer(p, F) 2
{(v, (p: 2), w) | 2= PropertyCoalesce,({x | ((p:z) €LV (p'z) € L) N v Lywe FHil

The PropertyCoalesceperationis a property-specificonstructar But, unlike the collapsingconstructar

the coalescingconstructoidoesnot have to be a restrictoror mutator Also, theresultis notalabel;rather
it is alist of bothnodesanda single,coalescegbroperty
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w:\movie
&Star Wars IV

name: review
security! subscriber
trans. time:  [25/May/1998 - uc]

name: review
security! developer
trans. time: [15/Mar/1998 - 24/May/1998

Figure4: Evolving informationaboutthe Videotasticreview of StarWars IV

Example 3.19 [The coalescedransactiortime for the StarWars IV review]

The following stratgly canbe usedto determinethe transaction time for the review of StarWars IV by
\Videotasti¢ irrespectie of the security, valid time, etc. First, find all the pathsfrom a root to the review.
Note thatthis requiresa certainlevel of security. Secondgollapseeachpathinto a virtual edge.Finally,
coalesceahetransaction time from thevirtual edges.

Lmovie = {(name! movie), (security: developer}

Lreview := {(Name! review), (security: developer}

E = {X | X = Collapser (Matchpp(ROOTS, Lmovie-Lreview) }
Coalescer (trans-time, E)

Theresultis {(&root , (trans-time: [15/Mar/1998- uc]), &by Videotastic  )}. Thecoalescedrans-
actiontime property [15/Mar/1998- uc], is the union of the two transactiortime intenals in Figure 4.

3.4 Updates

Whentransactiortime is oneof the supportecpropertiesspecialsemanticgor updateshouldbe enforced
to accommodatéransactiortime. In atransaction-timelatabasehe databases trustedto enforcethese
semantics.On theweb, no suchtrustedmechanisnis available for updates.However, individual sitesor
evencollectionsof pageswithin a sitecanbearchivedto correctlysupporttransactioniime. Becausef the
flexibility of ourframework, informationfrom pageghatsupporttransactioriime canbefreely mixedwith
informationfrom pageghatdo not.

In this section,we describethe constraintghat shouldexist to correctly supporttransactiortime, but
leave opentheissueof how theseconstraintsareenforcedon update.An updatecanbe eitherat the data
level, consistingof a changetio anedge label,or node,or at the meta-datdevel, consistingof the addition
of aproperty We discussachkind of modificationin detail.

3.4.1 Dataupdates

An edgecanbeinsertedat ary timeinto the databaseOn insertion thetransactiortime of thelabelonthe
insertededgeis setto [current time — uc].

Definition 3.20 [Edgeinsertion]
Let 7' be the currenttransactiortime. An edgeis insertedinto a databaseDB = (V, E, &root, T'), as
follows.
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Insertpp (v i>w) 2 (VU A{v, w}, EU {v il)w}, &root, T')
wherel' = £ |J {(trans-time: [T' — uc])}. |

Redundantaindoverlappinglabelsare permittedon edgesj.e., the datais not storedcoalesced Note also

thatedgeinsertioninsertsnodesif the nodesnot alreadyexist in the databaseWe do not give a separate

operatiorto insertonly anode(ourfocusis on therelevantchangesieededo supportpropertiesn labels).
Edgesare(logically) deletedby terminatingtheir transaction-timéntenal.

Definition 3.21 [Edgedeletion]
Let T bethe currenttransactiortime. An edgeis deletedfrom adatabaseDB = (V, E, &root, T), as
follows.

Deletepp (T, v £, w) 2 (V, (B — {v £, w}) U {v £, w}, &root, T')

wherethelabel £' is exactly the sameas £ exceptin the transactiortime property If £ hasatransaction
time property say(trans-time: z), then

L= L — {(trans-time: z)} U {(trans-time: (z (" [beginning — 77))}.
Otherwisethetransactiortime propertyis missingfrom £, so
L' = L | {(trans-time: [beginning — T1)}. |

Finally, anodecanbe (logically) deletedoy remaving all incomingedgesandan edgemodificationis
modeledasanedgedeletionfollowed by anedgeinsertion.

Example 3.22 [The transaction$or movie review]
Thetransactionshatcreatedhetwo edgesn Figure4 aregivenbelow. Let

e y:= &Star Wars IV,
e w:= &by Videotastic
e L1 := {(name:review), (security! developer),(trans-time: [15/Mar/1998- uc])}, and

e Lo := {(name:review), (security! paidsubsriber)(trans-time: [25/May/1998- uc])}.

On15/Mar/1998thefirst edgeis inserted:  Insert pp(15/Mar/1998yp L w)
On24/May/1998thefirst edgeis deleted:  Delete pp(24/May/1998p <5 w)
On 25/May/1998the secondedgeis inserted: Insert pp (25/May/1998 L2, w) |

3.4.2 Adding and removing properties

Justasdataevolvesovertransactioriime, propertiecanalsobeaddedand(logically) deleted.Thisrequires
no changego thedatamodel.

A propertymay be addedto a label at ary time. For all existing labels,the new propertyis sim-
ply missing. Whena labelis subsequentlynsertedor updatedthe nenv propertycanbe usedasneeded.
Eachproperty consistsof a uniguename a domainor type, and four operations: Property Coalesce,,,
PropertyCollapse,,, PropertySlice,, and PropertyMatch,. A databaselesigneraddthis informationto
the semanticof properties[", within DB. For mostpropertiesghe default semanticgor operationsgiven
belav, will sufice.
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Definition 3.23 [Default propertysemantics]
Let¢; andt, beary valuesfor the property

° PropertyCollapsep(t1 X ta) = At1 ta. to
e PropertyMatch,,(t1,t2) = Aty tp. if t; = {3 then True otherwise False
e PropertySlice,(t1,12) = Semanticrror

e PropertyCoalesce,({t1,...,t,}) = Semanticrror |

Two propertiesareby default collapsedo the secondsincepathsarecollapsedop-davn, from arootto a
leaf. The “closest” or mostrecentpropertyto a leafis takento be the relevant property Considera URL
propertythat givesthe URL at which a datumresides. The URL of the pagethat containsthe datumis
morerelevantthanthe URL of a parentpage,andthis is exactly whatis computedoy the default collapse
constructar Two propertiesnatchonly if they areequal.No defaultsareprovidedfor PropertyCoalesce,,
and PropertySlice,, sinceno reasonablegeneraldefault exists. Furthermoretheseoperationsare only
invoked by mentioningthe propertynamein an additional,specificquerylanguageoperation(they arein
somesenseptional).

A propertycanbe deletedby remaving the propertysemanticsrom I'. Althoughexisting labelsin the
datastorewill mentionthe property the propertyis ignoredin all subsequendperationgexceptfor labels
with a requiredpropertyin the deletedproperty which will fail to matchary subsequenquery). To save
spaceandremove requiredpropertiesthe propertyshouldalsobe deletedfrom eachedge but this might
be costlyanddisruptie.

This simple supportfor propertiescan be enhancedy maintaininga history of propertyinsertions
anddeletionsasmeta-meta-datal his canbe accomplishedy usingnameandtransactiortime properties
within eachabelin themeta-dataThenpreviousdatabasstatecanbequeriedwith thepropertiesvailable
asof thatpreviousstate but thisissueof transactiontime supportfor propertychangess beyondthescope
of this paper

4 AUCQL

This sectionis a brief overvien of an SQL-like querylanguagecalledAUCQL, for queryinga semistruc-
tureddatabas¢hathasbeenextendedwith propertiesAUCQL is like Lorel [AQM*97], but hasadditional
constructgo permitqueriesto exploit properties.The focusof this presentatioris on the smallchangego

the SELECTstatemento supportthe extendedjuerylanguageperatorgliscussedh theprevioussections.
Severalexamplesof AUCQL areprovided, andthereaderis encouragedo interactvely try theseor other
gueriesatthe AUCQL website:<www.cs.auc.dk/~  curti s/ AUCQ >.

4.1 Variablesin AUCQL

The key to understandindAUCQL is understandinghe specificationand use of variables. Variablesin
AUCQL arevery muchlike variablesin Lorel, the primarydifferencebeingthatin AUCQL, a variablecan
rangeover theresultof ary of the extendedqueryoperatorgliscussedh Section3.2. Below isan AUCQL
(or Lorel) queryto find the namesf movie stars.

SELECT Name
FROM movie.stars.na me Name;
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(This is not the shortestor bestpossiblequery but is adequatdor the purpose®f this discussion).This
guerysetsup avariableNamethatrangesovertheterminalnodesof pathsthatmatchtheregularexpression
movie.stars.nam  e. In termsof the operationsliscussedn Section3.2,thevariablehasthefollowing

meaning.

Lmovie = {(name! movie)}

Lstars = {(name! stars}

Lpame = {(name! name}

Name € Nodes(Matchpp(ROOTS, Lpovie-Lstars-Lname))

In fact,in AUCQL, thisinterpretatiorcanbe givenexplicitly.

SELECT Name
FROM NODES(MATCH(rmts , (NAME! movie).(NAME! stars).(NAME! name)))

Name;

In AUCQL, a barevord descriptor(e.g.,movie ) defaultsto a requireduseof the name property(e.g.,to

(NAME! movie) ), sincethatwill bethe mostcommonlyusedproperty

In generalthe FROM clauseis a list of variable specifications The technicaldetailsare presentedn
AppendixB. The appendixhasa completeBNF and denotationakemanticdor a value specificationin
AUCQL s FROM clause Essentiallytheformal detailsconfirmthatthe valuesassignedo variablescanbe
theresultof ary of the extendedqueryoperatorsFor example,the namesof movie starsasof ‘now’ could

bedetermined.

SELECT Name
FROM movie.stars Star,
Star.(NAME! name, TRANSACTION_TME [now - now]) Name;

Thesamequeryis givenbelow, exceptthatthe extendedqueryoperatorsareexplicitly coded.

SELECT Name
FROM MATCH(roots, (NAME! movie).(NAME! stars)) Star,
NODES(MATCH(Sar, (NAME! name, TRANSACTION_TME [now - now])))

Alternatively, thepathsasof now couldbeslicedfrom the semistructure.

SELECT Name
FROM SLICE((TRANSACTION_TI ME [now - now]), movie.stars.nam e) Name;

Or perhapsauserwould like to determinevhich movie starswereaddedo thedatabas¢his year

SELECT Name
FROM movie.stars.nam e Name,

COALESCE(TRANSBTION TIME, COLLAPSE(Name)) TT
WHERENOT (TT OVERLAPS[beginning - 31/Dec/1997]);

Name;

In theabove query the meaningof the variableName asa nodeor asa setof paths,is context-dependent.
An alternatve would be to usea pathvariable,e.g., N@ to distinguishthe uses,but path variablesare

currentlyunsupportedh AUCQL.
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4.2 Failurein AUCQL

TheSLICE, MATCHCOLLAPSEandCOALESCBperationgnayreturnanemptyset. At leasttwo strate-
giesfor copingwith thisresultarepossible.

¢ null value— An inapplicablenull valueis generateAQM™97]. Thisvalueindicateshatthedesired
path,node,edge,or propertyis missingfrom the schema.This flexible stratgly enabledisjunctve
queriegquerieghathave oneor moredisjunctsin the WHERE clause}o make progresonirregular
schemas.

e failure — This“round” of queryevaluationfails andsono variableassignmentaregeneratedThis
stratgy, while lessflexible, ensureghatonly combinationf paths,nodesandpropertieshatactu-
ally existin thegraphareusedin queries.

AUCQL usesthe null-value stratgy; essentiallythe sameis usedin Lorel. For example,the following
guerywould permitVideotastic subscribergo obtainthe freefilm clips, which are availablethrough
their reviews, for BruceWillis movies or moviesthatwerepanneddespitethe factthatthereis no text in
thedatabaséor theStar Wars IV review.

SELECT R.clip
FROM movie. M,

M.(NAME! review, SECURITY: paid subscriber)) R
WHEREM.stars.name = 'Bruce  Willis’ OR R.text = 'movie stinks’;

4.3 Defaults

Default propertiescanbe setto simplify queries.Oncea default is set,thatvalueis usedfor the property
in all subsequergperationsPropertiespecificallymentionedn anoperatiornoverridetheir default values.
The syntaxfor settingdefaultsis straightforvard. Below is an examplethat retrieves movie stars’names
thatarecurrentin the semi-structure.

SET DEFAULT PROPERTY(TRANSACTION_TIME: [now-now]);
SELECT movie.star.nam e;

Securityis oneof the mostcommondefault settings.A usercanadertisetheir securitycertificatesn all
subsequenjueriesby settinga default.

SET DEFAULT PROPERTY(SECURITY: over 18 AND paid subscriber);
SELECT movie, movie.review.c li p;

5 RelatedWork

This papersynthesizesesearctfrom several areas. Thereis an extensve body of researchin semistruc-
turedandunstructuredjuerylanguagesandseveralwell-designedanguage$iave beenpresentedBDS95,
AQMT97, LHL 198, FFLS97 FLM98]. Theclosestrelatedwork in this areais the Chlorelquerylanguage
for the DOEM datamodel[CAW98]. DOEM extendsOEM with specialannotation®n edgesto record
informationaboutupdatesijn particular the (transaction}ime andkind of update.This permitsa history
of changego a semistructureéo be maintained.We further extendthe scopeandpower of the annotations
on edgelabelsinto amoregeneraframevork. Chlorelis alanguagdor queryingthe extendeddatamodel.
Chlorelsupportsa limited kind of temporalguery which lacksboth coalescingandcollapsing.We believe
theseoperationsareimportantto correctlysupportingemporalsemantic§BSS96].
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TemporadatabaseesearcHastraditionallyseparatedeta-datavolution (schemavolution, cf. [Rod92
RS95a])rom dataevolution (transaction-timeatabasesf. [JMR91, LS93,MS87, RS951)). A transaction-
time databas&ecordsthe history of tuple transactionsindependenof table-lezel modifications. Schema
evolution researcton the otherhandstudieschangego the schemaover time, independenof changego
thetupleswithin thosetables.In a semistructurediatamodel,thereis not a crisp separatiorbetweerdata
andmeta-datalnsteadthe schemas “folded into” the data,andmodificationsto bothmustbe considered
in tandemalongwith modificationgo othermeta-datasuchassecurity| CFMS94.

6 Summary and Future Work

This paperproposesan extensibleframeavork for capturingmore datasemanticin semistructurediata
models.Theframavork is extensiblesothatit canincorporatehelatestadvancesn diversedomainsfrom
web securityand e-commercdo transaction-timedatabases.The additionalsemanticsor eachdomain
are capturedn enrichedlabels. The new labelsare setsof descriptve properties.The propertiesusedas
examplesin this paperincludetransactiortime, price, security quality, andvalid time. But the properties
donothaveto bethe samefor every databaser evenfor every labelwithin adatabassincethis frameavork
permitsmissingproperties Supporffor requiredpropertiesto modelpropertiesuchassecurity is alsobuilt
into the framevork. Several newv operationsare neededo manipulatethe labelswith properties. Match
choosesa setof pathsfrom the semistructurghat matcha usergiven pathregular expression. Collapse
combineghe propertiesn labelsalonga pathto createa new labelfor the entirepath. Sliceslicesa portion
from eachlabel on a path. Finally, Coalescecoalesces propertyfrom a setof edges. Theseoperations
arebuilt into the AUCQL querylanguageAUCQL is animplementedl.orel-like querylanguagewhichis
briefly describedn this paper

Thiswork maybe extendedin a numberof directions.Currentlythe semanticdor propertiesarestati-
cally scoped A singlesemanticgor eachpropertyis suppliedby a databaselesignerDynamicscopingof
the semanticsvould morecloselymodelthe lack of cooperatiorandorganizationramongsiteson theweh
With dynamicscoping,the semantic®f a propertycanbe loadedalongwith the data,sothe meaningof a
propertycanchangealonga pathasthe pathtransitsthroughvarioussites.

The query languagecould be extendedto include so-calledsequencedjueries. A sequencedjuery
computeghelabelsin oneor more propertieswith respecto yet anothemproperty For instanceto deter
mine what quality ratingsexists over what valid-time intervals, a userwould give a sequenceduery for
guality with respecto valid time. The querymight determinethatlow quality holdsfrom 1995-1996and
high quality from 1997-nev. Sequencedjuerieshave beenresearcheavith respectto two propertiesin
bitemporaldatabasedut not, to our knowledge,for moreproperties.

Labelscanbe further extendedto includea setof labels. This doesnot greatlyincreasehe modeling
power sincemultiple description®of the samerelationshipcanbe split into individual labelson a multitude
of edgesHowever, it is essentiato storingcoalescedabels whichmaybeof someconvenienceo theuser

We alsoneedto researchranslatingneta-datan XML, suchasRDF[LS99] or P3P[W3C99, to aset
of properties.Thetranslationshouldbe relatively straightforvard sincethereis a clearmappingbetween
pathsin anXML data-seandpropertieseachpathmapsto a property thelabelsalongthe pathcollapseto
the propertys name while theterminalvalueof the pathis the propertys value.

Finally, andperhapsnostimportantly theimpactof our framevork on pathindexesmustbeaddressed.
We expectthataspatialor (bi)-temporaindex canbegeneralizedo index pathsthroughpropertiesn labels,
andwe planto investigatethisissuein thefuture.
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A Property specificoperations

Al

Collapsing of commonproperties

The PropertyCollapse,, operations usedfor collapsingpropertiesvhenthe propertiesof virtual edgesare
derived. The operationdependsn the type of property p. Below aregiven somesuggestediefinitionsof
this operatiorfor commonproperties.

A.2

name (string concatenationfA nameis a string. A pair of namess collapsedby concatenatinghe
names. An additionalcharacter(e.g.,’.’) canbe insertedasdesired. For example,the pathwith
nameproperties’(name: movies) (name: stars)(name: name)”would be collapsednto the string
“movies.stars.name”.

security (AND) To access path,the securityrestrictionof eachedgeon the pathmustbe satisfied.
The securityrestrictionpropertyof a pathis thenthe conjunctionof the securityrestrictionsof each
edgein thepath.

transaction time (time interval intersection)For a pathto be accessiblet a particulartime, each
individual edgeon the pathmustbe currentatthattime, andsoa pathis accessibldéf thetransaction-
time propertieof eachlabelon the pathhave anon-emptyintersection.

valid time (time intenal intersection)/alid time s collapsedik e transactiortime.

price (sum)Theindividual pricesalonga pathto obtainan overall price for a pathis atypical col-
lapsingconstructorfor this property Alternatively, the maximumprice could be chosento model
“network flow” situationgHol89].

quality (minimum) The lowestquality, thatis, the leastcredibleinformation, is the quality of the
overall path.

Matching of commonproperties

The PropertyMatch,, predicatds usedfor matchingpropertiesn queries Below aregivensomesuggested
definitionsof this predicatefor commonproperties.

name (=) Theequalgpredicatas a goodchoicefor singlenames.The namesnustmatchexactly.

security (truth assignmentYhe securityis usuallya requiredproperty Thesecurityin thefirst label
is the setof certificatesownedby a user andthe securityin the secondabelis the setof certificates
required(expressedsaboolearformula). All certificategpresenin thefirst labelareassignedalue
True (meaningyes,the certificateis ownedby a user),andall othersvalueFalsevalue(meaningno,
the certificateis not ownedby a user). Thenthe formula giving the secondabelis evaluatedwith
theseassignmentsFor instancethe property“(security: subscriber)’would not match“(security!
subscribe AND over 18)”, but would match*“(security! subscribelOR over 18)”.

transaction time (time intenal overlaps)Overlapsdeterminesf two intenals overlap.

valid time (time intenal overlaps)Valid time is matchedik e transactiontiime.

price (>) Thepricein thefirst labelshouldbe equalto or largerthanthe priceon the secondabel.
quality (<) Thequality of thefirst labelmustbelessthanor equalto thatof the secondabel.
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A.3 Slicing of commonproperties

Below aregivensomesuggestedefinitionsof the PropertySlice,, operatoifor commonproperties.

e name (semanticerror) Slicing doesnot have to be implementedor every property Alternatively a
substringoperationcouldbeused.

e security (conjunctelimination) Thiswould limit the securitycertificatesn alabelto thosethatover-
lap oneof the conjunctsin in the descriptor so a slice with ‘over 18’ on a securityof ‘over 18 OR
paidsubscriberwould resultin ‘over 18'.

e transaction and valid time (intersectionSlicing asof apointin time will bethe mostcommonkind
of slice.

e price (greateithanpruning) The slice eliminatescostly edgesge.g.,slice with respecto labelsthat
have apriceof $1 or less.

e quality (less-tharpruning)Slicing canbe usedto eliminatelow quality edges.

A.4 Coalescingof commonproperties

Typically apropertyis coalescedrom asetof collapsegaths.Thecoalescingonstructo®roperty Coalesce,,
depend®nthesemanticof the property

e name(union)A pairof namesds coalescedhroughunion;thisimpliesthecoalesce@&dgeis accessi-
ble usingeithername.

e security (OR) Thecoalescedecurityis ary of the securityover thesetof agumentedges.

e transaction and valid time (temporalcoalesceyWhenmorethanoneedgeconnects pair of nodes,
accesss availableat ary time thatat leastoneof the edgesexists. Temporalcoalesce&eomputeghe
setof maximalintervals equialentto the setof agumentintenals.

e price (min) In the computatiorof the coalescegrice, the minimum price dominatessincethe user
will typically wantthecheapesprice.

e quality (average)A weightedaverageof the quality is computedsincethe expertsdisagreeon the
quality. Alternatively, a max quality could dominateif the userwill accepthe highestratingasthe
“right” rating.

Coalescinglike slicing, is anoptionaloperatiorfor a property andnotall propertiemeedto supportit.

B AUCQL'sFROM Clause

In thisdiscussionthe GROUPBY, HAVING, andORDERINGclausesn aSELECTstatemenareignored.
We alsodependnthereaders understandingf the SELECTstatemenin SQL,andto amuchlesseiextent,
in Lorel.

Oneinterpretationof the meaningof a SELECT statements thatit hasthreemain phases.First, the
Cartesiarproductof the tablesin the FROM clauseis determined.The Cartesiarproductcomputesall of
theinformationnecessaryo evaluatethe query Next, the WHERE clausepredicates evaluatedfor each
tuplein the Cartesiarproduct. Tuplesthatsatisfythe WHERE clausepredicateareretained Finally, values
from the satisfyingtuplesareprojectedasspecifiecby the generalizedttribute list in the SELECTclause.

In AUCQL only the first phase the FROM clause differs. The meaningof the otherclausesemain
essentialljunchangedrom SQL. The FROM clausen AUCQL alsoconstructa “Cartesiarproduct”table,
but notin the sameway, nor with the samemeaningasin anSQL query
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AUCQL s FROM clauseis alist of variableassignmentsEachvariablein thelist is assignedhevalue
that resultsfrom one of the operationsdiscussedn Section3.2. Thereis one columnin the Cartesian
producttablefor eachvariablein the FROM clauseandonetuplein thetablefor eachlegal combinatiorof
variableassignmentsConsiderthe exampleFROM clausebelow that collectsmovie starnamesandtheir
transactiortiimes.

FROMMATCH(roots, (NAME! movie).(NAME! stars).(NAME! name)) NamePath,
NODES(NamePathh NameNode,
COLLAPSE(NameRt h) CollapsedName,
COALESCE(TRANACTION_TI ME CollapsedName)  TransTime

Thefirst assignmenmatchesall the pathsusinga regular expressiorover the name property Thesecond
assignmengxtractsthenodedrom thosepaths.Thethird assignmentollapseghepathsto namesFinally,
thefourth assignmentoalescethetransactiortime from the collapsedaths.

This FROM clausewould build onetablewith four columns:NamePath throughTransTime . The
domainsof the columnin thetablevary; the NamePath andCollapsedName columnsaredefinedon
pathdomainsNameNodeis anodecolumn,andTransTime is definedonthedomainof setsof intenals.

Eachtuplein the Cartesiarproducttablerepresenta valid combinationof columnvalues.Someof the
columnsareindependentthatis, their computationdoesnot utilize a valuein anothercolumn. The only
independentolumnis NamePath. All combinationof valuesin independentolumnsis representech
the Cartesiarproduct.But somecolumnsaredependendn othercolumnvalues.For instanceNameNode
is dependenvn NamePath . We assuméhatdependentolumnsarepopulatedappropriately

AUCQL supportghefollowing BNF for the specificatiorof avalue(assignedo avariable).

(valuespeg¢ = (path | (node | (coalescedialug | (propertyvalue

(path = (path | (collapsedpath) | (slicedpath | (mathedpath | roots
(collapsedpath) = COLLAPSKH (path )

(slicedpath = SLICE ( (descripto} , (path )

(matdhedpath = MATCH (path , (descriptorregexp) )

(node = (identifie | NODE§ (path) )

(coalescedialue ::= COALESCE (propertynamé , (collapsedpath) )
(descriptorregexp) ::= regularexpressiorover (descriptols

(descriptol = ( (propertylist) )

(propertylist) = (property [, (propertylist) ]

(property = (propertynamé : (literal) | (propertynamé ! (literal)
(propertynamé  ::= NAME TRANSACTIONTIME | ...| VALID_TIME
(propertyvalue = PROPERTY (propertyname , (path )

(literal) = (stringliteral) | (integer literal) | (timeliteral) | ...| (identifien

Below arewhitespac@andcase-insensite (the SQL defaults)examplesof legal valuespecifications.

thedescriptorfor anedgematchingthenamemovie
(NAME! movie)
thedescriptorfor matchingmovie.review
(NAME! movie).(NAME! review)
avariableM (previously matchedo a setof nodes)
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M
thedescriptorfor M.review

M.(NAME: review)
movie asof [1992-nav]

(NAME! movie, TRANSACTIONTIME: [1992-now])
movie valid overlapg[1994-1998]

(NAME! movie).(VALID _TIME: [1994-1998])
movie reviews asof [1992-nav]

(NAME! movie, TRANSACTIONTIME: [1992-now]).(NA  ME! review)
collapsedathto movie reviews

COLLAPSE(MATCH oots, (NAME! movie).(NAME!  reviews)))
movie transactiortimescoalesced

COALESCE(TRANACTI ONTIME, COLLAPSE(MATCH oots , (NAME! movie))))

The denotationakemanticgor this BNF is givenbelov. We assumehat Value,, projectsthe property
valuefor propertyp.

[ MATCH(path), (descriptorregexp)) | 2 Match pa([ (path ], (descriptorregexp))

[ NODES(path) ] 2 Nodes([ (path )

[ SLICE( (descripto}, (path) ] = Slicer({descriptop, [ (path ])

[ COALESCE(propertyname, (collapseopaﬁ»(f}cﬂalescep((propertyname, [ {collapsedpath) ])
[ COLLAPSE(path) ] 2 Collapser([ (path) ])

[ PROPERTY((propertyname, (path)) | = Value (propertyname) ([ (Path )

[roots ] 2 ROOTS

Oncethe Cartesiarproducttable hasbeenconstructedthe WHERE and SELECT clausesaretrivial
to compute.Wherea variableappearsn oneof theseclausesit justrefersto thevaluein the appropriate
columnin the Cartesiarproduct. Like Lorel, we assumehatnodesare coercedasneededn expressions
(e.g.,intheexpressiorRegNode = 'Ph.D.” ,if RegNode representanodethatis avalue,thevalueis
retrieved, coercedo astring,andthencompared).
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