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Abstract

Motivatedto a largeextentby thesubstantialandgrowing prominenceof theWorld-Wide Weband
thepotentialbenefitsthatmaybeobtainedby applyingdatabaseconceptsandtechniquesto webdata
management,new datamodelsandquerylanguageshaveemergedthatcontendwith thesemistructured
natureof web data. Thesemodelsorganizedatain graphs. The nodesin a graphdenoteobjectsor
values,andeachedgeis labeledwith a singleword or phrase.Nodesaredescribedby thelabelsof the
pathsthatleadto them,andthesedescriptionsserveasthebasisfor querying.

This paperproposesanextensibleframework for capturingandqueryingpropertiesin a semistruc-
tureddatamodel. Thepaperconsiderstemporalpropertiesof data,pricesassociatedwith dataaccess,
qualityratingsassociatedwith thedata,andaccessrestrictionsonthedata.In thisway, it accommodates
notionsfrom temporaldatabases,electroniccommerce,informationquality, anddatabasesecurity. The
additionalinformationis storedin propertiesassociatedwith edges.

Thepaperdefinestheextensibledatamodelandanaccompanyingquerylanguagethatprovidesnew
facilitiesfor matching,slicing,collapsing,andcoalescingproperties.It alsodescribesanimplemented,
SQL-likequerylanguagefor theextendeddatamodelthatincludesadditionalconstructsfor theeffective
queryingof graphswith properties.
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1 Intr oduction

The World-Wide Web(“web”) is arguablytheworld’s mostfrequentlyusedinformationresource.While
currentwebdatahaslittle andmostlylocal structure,webdatawill likely have far morein thenearfuture.
Specifically, the eXtendedMarkup Language(XML), which includesa datadefinition language,is ex-
pectedto replacetheHypertext MarkupLanguage[CKR97,BL98]. An XML webpagecanhaveaschema
of exactly how thedatain thepageis structured.This will not resultin highly-structureddatabecausethe
page-level schemasmay (andlikely will) vary widely from pageto page.XML will at bestonly provide
semistructure.The ability of semistructureddatamodelsto accommodatedatathat lacksa well-defined
schemamakesthemattractive candidatesfor queryingandmanagingXML data[FLM98, Suc98]. In addi-
tion, semistructureddatamodelsmayalsobeappliedto webmeta-data,cf. the theRDF standard[LS99].
Somewhatunlikedatabasemeta-data,webmeta-datais typically takento meanadditionalinformationabout
a document,suchasthe author, subjectclassification,language,URL, etc. In this paperwe usethe term
‘meta-data’to meanbothdatabaseandwebmeta-data.

Semistructureddatamodelsorganizedatain graphs[Bun97, FLM98] whereeachnoderepresentsan
objector a value,andeachedgerepresentsa relationshipbetweentheobjectsor valuesrepresentedby the
edge’s nodes.Edgesarebothdirectedandlabeled.Thelabelsareimportantbecausethey make nodesself-
describingin thesensethata nodeis describedby thesequencesof labelson pathsthroughthegraphthat
leadto thenode[Bun97].

Thispaperintroducesanextensible,semistructureddatamodelthatgeneralizesexistingsemistructured
models.In this model,eachlabel is a setof descriptiveproperties,suchasthenameof theedge,thetime
whentheedgeis valid in therealworld, the time duringwhich theedgeexistsascurrentin thedatabase,
thelevel of securitythatprotectstheedge,thequality of theinformationsource(s)thattheedgeidentifies,
andthepricechargedfor usingtheedgein a query. Theseor any otherpropertiescanbeusedin a labelto
describethenodesthatarereachablethroughthatedge.

To the bestof our knowledge,this is the first work that treatslabelsassomethingother thansingle
wordsor strings. Researchin semistructuredandunstructureddatamodelshasconcentratedon basicis-
suessuchasquery languagedesign[BDS95,BDHS96,QRU 0 97, AQM 0 97, LHL 0 98], restructuringof
queryresults[FFLS97, AM98], tools to helpnaive usersqueryunknown semistructures[GW97, GW98],
techniquesfor improving implementationefficiency [QRU 0 97, FS98,MDS99],andmethodsfor extracting
semistructureddatafrom theweb[HGMC 0 97, NAM97]. But existing researchhasyet to addressa variety
of moreadvanceddatamodelingissues,someof which areaddressedin this paper, thathave alreadybeen
addressedin thecontexts of differenttraditionaldatamodels.For example,only onepaperhasaddressed
supportfor temporaldata[CAW98], andnone(to thebestof our knowledge)have addresseddatasecurity
or quality.

To exemplify edgelabels,considerFigure1. Part (a) shows a conventionaledgethat is labeled‘em-
ployee’ andconnectsnodes‘&A CME’ and‘&joe’. In contrast,part(b) shows thekind of label introduced
in this paper. This label is a setof ‘property name: propertyvalue’ pairs. Eachpair is collectively re-
ferredto asaproperty. This labelhastwo properties:nameandtransaction time. Thegeneralizesexisting
semistructuressincethe label in part (a) canbe assumedto specifyan implicit name property, with the
valueemployee.

Theparadigmof usinglabelswith propertiescanberecursively applied.For instance,thelabelnamein
Figure1(b)coulditself betransformedinto a labelwith two properties:nameandlanguage, e.g.,English,
indicatingthatnameis anEnglishword. While therecursivenatureof labelswith propertiesis theoretically
appealing,it is of limited utility sincemeta-meta-data(andmeta-meta-meta-data,etc.) is uncommonin the
real-world. Sowhile this framework couldcaptureandqueryrecursively nestedproperties,in thispaperwe
focusexclusively onasinglelevel of meta-data.

The paperis organizedas follows. Section2 motivatesthe extendedsemistructuredmodel,arguing
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employee

&ACME
1

&joe
1

&ACME
1

&joe
1

[31/Jul/1998 − 31/Oct/1998] 
name:
trans. time:
2 employee

(a)a typicaledge (b) a labelwith properties

Figure1: Thenew kind of labels

theutility of introducinga richerstructurefor labels.Section3 presentstheextendedmodel. Initially, the
format of a databaseis defined. An importantfeatureis that the setof propertiespresentmayvary from
label to label. Section3.2 proceedsto introduceseveralnew or extendedqueryoperatorsto contendwith
propertiesin labels.Section4 incorporatesthenew queryoperationsinto aderivative of theSQL-likeLorel
query language[QRU 0 97, MAG0 97, AQM 0 97], calledAUCQL, for queryingsemistructureddatawith
properties.Theremainingsectionscover relatedwork, futurework, andsummarizethepaper.

TheURL 3 www.cs.auc.dk /˜c ur ti s/ AUCQL4 providesaninteractive queryenginefor theex-
ampledatabasegiven in this paper, documentationandexampleson usingAUCQL, anda freely-available
implementationpackage.

2 Moti vation and background

This sectionaimsto describethe new type of semistructureddatabaseproposed,with an emphasison its
background,theunderlyingdesignideas,andits relationto existingsemistructures.

2.1 An exampledatabase

A samplemovie databasespanssemistructureddatafrom a total of six sites.The InternetMovie Database
sitecontainsawealthof movie data;Videotasticis amonthly, on-linemovie industrymagazine,portionsof
which areavailableonly by subscription;theHausdu Flickssitechargesa feein e-cashfor accessto each
of its many film clips, thefeebeingcollectedby ane-cashbroker whena clip is accessed;theJoeDoe is a
YankeeOn-lineUsersitedevotedto sciencefiction movies;thesiteHorsingAroundMovieshasdataabout
R- andNC-18ratedfilms,portionsof whicharerestrictedto websurfersover theageof 18;andtheInternet
Archivessiteoffersmovie datacollectedby a robotthatperiodicallytraversespartof theweb.

Figure2 shows a portionof themovie database.Edgesaredirectedarrows, valuesaregiven in italics,
andobjectsaredepictedasovals.Thelabelsin thefigurearesetsof ‘property name: propertyvalue’pairs.
Thisdiffersfrom a typical semistructureddatabasewherethelabelis just a singleword or phrase.Most of
thesemistructureis notshown—many otheredgesandnodesexist in thecompletemovie database.

Thedatabasemodelsthefollowing pertinentfacts.Informationabouta new movie, StarWars IV, was
addedto thedatabaseon July/31/1998.A review of this movie appearedin theJuneissueof Videotastic,
which wasmadeavailableon25/May/1988.Thereview is only availableto paidsubscribers.JoeDoealso
hasa review of Star Wars IV, but sincehe is a YankeeOn-line User, it is deemedto be of low quality.
Hausdu Flicks that offers movie clips charges$2 dollars for a Star Wars IV film clip, but undera deal
with Videotastic, paidsubscriberscanget theclip for free in oneof themagazine’s reviews. BruceWillis
starsin StarWars IV. His misspellednamewascorrectedon 2/Apr/1997.Finally, HorsingAroundMovies
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name:

name:
trans. time:
5

name:

name:
trans. time:
5

&movies

quality: low
6review

textname:

This movie...

clip
price:

movie

over 18

&Star Wars IV

name:
quality:

review
high
7
subscriber

trans. time:
5
valid time:

name
[2/Apr/1997 − uc]

paid
$2

&Color of Night

name:

name: movie

&wars clip

name: e−mail

name: clip

stars

name:
trans. time:
5 name

[31/Jul/1994 − 1/Apr/1997]

Bruce Wilis Bruce Willis

name: stars
[25/May/1998 − uc]
[1/June/1998 − 31/June/1998]

security!

security!

security!
[31/Jul/1998 − uc]

&Willis
&by Videotastic

&by Joe Doe

joe@yol.com

Figure2: A webmovie database

hasdataabouttheNC-18ratedmovie, Color of Night, which alsostarsBruceWillis. Only surferswith an
appropriatesecurityclearancearepermittedto view thismovie.

Wewill usethissampledatabasefor illustrationthroughoutthepaper.

2.2 Sampleproperties

Thedatamodelpresentedin this paperis capableof capturingthefactsdescribedabove, in part,by using
propertiesin labels. Labelsarethe mostappropriatelocationsfor propertiessincenodesarecompletely
describedby the pathsthat lead to them. For instance,while the ‘&Willis ’ nodein Figure 2 hasa
meaningfulinternalname,‘&Willis ’, this nameis of no importance,andthenodemayjust aseasilybe
called‘&foo ’. It is only known that‘&Willis ’ ‘stars ’ in a ‘movie ’ becausethereexistsanincoming
edgelabeled‘stars ’, which is turn is reachedafter traversinga ‘movie ’ edge. Otherdescriptionsof
‘&Willis ’, sayasa ‘ father ’ or asa ‘person ’, would only beavailableaslabelsalongotherpathsto
thenode(notshown in thefigure).

Thedatamodelis extensible,in thatany propertiesmaybeused.Below, wediscussapartiallist of such
properties.Noneof themarerequired in a label. Indeed,for mostlabels,oneor morepropertiesmaybe
missing.

name Thenameis a text description.Thedomainfor namesis thesetof finite-lengthstringsover some
alphabet(e.g.,Unicodecharacters).In general,thevalueof this propertycouldbea setof names,but for
simplicity this paperonly considerssinglenames.

security Somedatahassecurityrestrictions,whichareintendedto indicatethatonly qualifyingusersare
allowedaccessto thedata.Theessentialingredientto supportingthiskind of securityis to provideamethod
to restrictaccessto edgesin queries.Weuserequiredpropertiesfor thispurpose,aswill bediscussedfurther
in Section3.2.2.

Thispaperassumesthatsecurityis controlledthroughNetscape-like certificates1. Soamoredescriptive
propertynamewouldbesecurity.netscape.read, but for brevity wehaveshortenedit. Severalprotocolsex-
ist for obtainingandmanagingthesecertificates.Onceobtained,a certificateor combinationof certificates

1NetscapeSecurityHomePage, 8 http://home.mcom.com/products/secur ity/in dex.ht ml 9 .
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permitsaccessto variousservicesanddocuments.For clarity, werenderacertificatein plaintext ratherthan
in its encryptedform. Thesecurityis givenasa formulabuilt of individual certificates,AND, andOR.For
instancea securityof ‘over 18 AND subscriber’would meanthata userneedsbothcertificatesto accessa
service;anda securityof ‘over 18 OR subscriber’wouldmeanthata eithercertificatealonewouldsuffice.
This is only onepossiblesecurityproperty;theextensibledatamodelcanbeusedto supportothers.

transaction time The transactiontime is the time whentheedgeis currentin the database.It is called
transactiontime sinceit is the time interval betweenthe time of the transactionthat led to the edgeand
the time of the transactionthatdeletedor updatedtheedge[JD98]. Edgesthat arecurrenthave a special
transactiontimeendvalue,until changed, whichindicatesthattheedgeis currentandwill remainsountil it
is changed(deletedor updated).Thespecialroleof transactiontimein databasemodificationsis elaborated
in Section3.4.

It shouldbenotedthatseparatetransaction-timetimestampsonnodesareredundantaslongastheroots
of the semistructurearemaintained(e.g.,by addingexplicit root edgesandtimestampingthoseedges).
The transactiontime of a nodemustcontainall the transactiontimesof incomingedges,sincean edge
canonly connectexisting nodes.And if the nodeis currentat a time whenno incomingedgeis current,
thenfor thattime, thenodeis a root node.Observe thatassociatinga transactiontime ‘attribute’ with each
nodewouldbeinsufficient sinceseveraledgesmaypoint to anodeandasingleattributecouldnotpossibly
distinguishbetweenthelifetimesof themultipledescriptionsof thatnode.

valid time Thevalid timeof adatabasefactindicateswhenthatfactis truein themodeledreality [JD98].
In ourcontext, thevalid-timepropertythusindicateswhenthatedgereflectstherealworld. Oftenthevalid
timeandthetransactiontimearethesame,but this is only oneof many possiblerelationshipsbetweenthese
times[JS94]. Valid-timetimestampsareclosedintervals.

price Whendatais spreadover a network, accessingsomedatamayhave substantiallygreatercostthan
otherdata,e.g.,in termsof size,time,or money. Thepricepropertyreflectsthesedifferingcostsin obtaining
data.Multiple pricepropertiescancomfortablycoexist,but weassumethatthepriceis aU.S.dollaramount,
somorepreciselythenameof thispropertyin thecontext of this exampleis price.usdollars.

quality Informationon the web arisesfrom many sources,someof which are far more crediblethan
others. For instance,onewould commonlyrateinformationfrom the CNN server asmorecrediblethan
informationfrom auser’s personalhomepage.Thequalitypropertyrecordsthequalityof thesourceof the
information.Wewill assumethatthequality is anintuitive rankingfrom low to high.

Theabove list only coverspropertiesusedin themovie databaseanddoesnot excludeotherproperties
suchaslanguage,Dublin Coretags,or URL space.

2.3 Featuresof propertiesin labels

Many labelsconsistof several properties.For example,the two edgesfrom the ‘&Willis ’ nodeshown
in Figure2 have thesamevaluefor thenameproperty, but differenttransactiontimes.Themostcommon
propertyis name—only in unusualcircumstanceswill anedgebeunnamed.

An importantpropertyof a semistructured(andunstructured)datamodel is that it is flexible, so that
it is capableof accommodatingmany of theschemairregularitiesfoundin webdata. In keepingwith this
requirement,thedatamodelpresentedin thepaperhasseveralfeaturesworthmentioning.

The mostimportantfeatureis that the label semistructurescanalsohave irregular schemas,that is, a
propertyfound in onelabelcanbemissingfrom otherlabels. In Figure2 the transactiontime propertyis
in only a few of the labels. Generally, a propertyis missingbecauseit is don’t care information,as in,
this propertyis missingbecausewe don’t careif it is present,it is not germaneto or will not improve the
descriptionof thedata.
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While irregularschemasareafeatureof all semistructures,thenext featureis unique,asfarasweknow,
to ourmodel.In a label,apropertycanbespecifiedasbeingrequired. A requiredpropertyis requiredto be
matchedin a queryto gainaccessto nodesbelow thatedge,but otherwiseis just like any otherproperty.2

The security propertyon the edgeto ‘&Color of Night ’ is a requiredproperty(speciallyindicated
by affixing a ‘!’ to the propertyname). It is meantto indicatethat a usermusthave a matchingsecurity
clearance,i.e., an appropriatecertificate,to traversethat edge. Furtherdetailson requiredpropertiesare
presentedin Section3.2.2.

Therearefew restrictionsonthepropertiesin labels.Commonpropertiesmaybesharedby anumberof
labels.Meta-datais oftenspecifiedfor abagor containerfor acollectionof objects[LS99]. Sincea labelis
aset,it caneasilybeshared,in partor in whole,amonganumberof labels.In addition,multipleedgesmay
connectthesamepair of nodeswith overlappingor redundantlabels. Requiringlabelsto containdisjoint
descriptionswouldbeanunnecessaryrestriction.

Multiple propertiesin a labelcancapturemoredatasemanticsbut they breakexistingquerylanguages.
To take oneexample,considerthe pathfrom ‘&movies ’ through‘&Star Wars IV ’ to themisspelled
valueBruceWilis. It wouldbeeasyto retrieve thatpathby usinganappropriateregularexpressionover the
namepropertyin eachlabel(e.g.,movie.stars.nam e). While this is apath,it is nota valid pathsince
thetransactiontimesof thefirst andlastedgesin thepatharedisjoint: whenthefirst edgein thepathwas
inserted,thefinal edgewasalreadydeleted.Soat no timedid thetwo edgescoexist in thecurrentdatabase
state.

A contribution of this paperis a minimal collection of query languageoperatorsto more correctly
manipulatetheextendededgelabels.Eachoperatoris extensiblein thesensethatthesemanticsof properties
arenot fixedin thedatamodel;rather, themeaningis suppliedby a databasedesigner. For instance,to test
thevalidity of apath,thetransaction time propertywill betestedquitedifferentlythanthenameproperty.
Several new query operatorsare also described. LabelMatch comparestwo labelsto determineif they
match. This is a commonoperationperformedin all querieswhenmatchingthe labelsin a pathregular
expressionto the labelsalonga pathin thesemistructure.Collapsecollapsesentirepathsto singleedges
thathave their labelscomputedfrom thelabelsoneachedgein thepath.Coalescecomputesthevalueof a
propertywhich is distributedamonga numberof differentlabelsonedgesbetweenthesamepair of nodes.
Finally, Slicerestructuresthelabelsalongpathsby slicingaportionfrom selectedpropertiesin eachlabel.

2.4 Contrast with existingsemistructured data models

Our proposedmodel is not the only onecapableof representingmeta-data;existing semistructureddata
modelswith simplestring labelscanalsoexplicitly capturemeta-data.For example,the“property” infor-
mationin a label couldbeencodedby splitting anedgeinto separatedataandmeta-dataedges,with the
propertiesbranchingfrom the endof the meta-dataedge. But thereareat leasttwo problemswith this
approachof encodingthemeta-datatogetherwith thedata.

First,meta-datahasno specialstatusin sucha model,soqueriesmayunintentionallyaccessmeta-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 dataedges,but this is challengingand,we believe, unnecessary. It shouldnot be left to the
userto guesshow themeta-datais representedin thedatabaseandto write queriesto explicitly avoid such
data.

2A requiredpropertyis similar to theMUST keyword in aproposalfor privacy meta-data[W3C99].
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A second,morefundamentalproblem,is thatsomeof themeta-datahasspecialsemanticsthatmustbe
accountedfor in queries.For instance,assumethat in a semistructureddatabasewith simplestring labels,
thetransactiontimefor anobjectis representedasa trans-time edgefrom thatnode.As discussedabove,a
pathis only valid if its edgesareconcurrentin thedatabase—any othersemanticsis just wrong.Below we
give a Lorel-like queryto correctlyretrieve only movie.star.names thatareconcurrent(assumingthat the
INTERSECToperationcomputestheintersectionof two time intervals).

SELECT N
FROM movie M, M.star S, S.name N
WHERE NOT_EMPTY(M.tr ans -t im e INTERSECT S.trans-time

INTERSECT N.trans-time)

TheWHEREclauseteststhetransactiontimesof objectsalongthepathto ensurethatthey areconcurrent.
Althougha usermayexplicitly formulateeachqueryto correctlymanipulatethe transactiontime and

otherproperties,sucha strategy hasseveral highly undesirablefeatures.First, all propertiesmustbe ac-
countedfor in all queries.For example,thequerygivenabove is incorrectsinceit doesnotcorrectlyhandle
thesecurityproperty. Second,thesemanticsof a propertycannotbeenforced.For example,a usercould
simplyomit theWHEREclausein thequerygivenabove,or testsomeotherconditionon transactiontime.
Thequerywill run to completionandreturna result.But sincethesemanticsof thetransactiontime prop-
ertyhasnotbeenobserved,theresultmayincludefictivepaths.Third,naiveuserscannotformulatequeries.
A userhasto know which propertiesexist, be familiar with the semanticsof thoseproperties,andmust
appropriatelycontendwith all propertiesin every query. Fourth, queriesbecomebrittle. Even correctly
formedquerieswill have a short shelf-life sinceaddinga new property, or deletingan existing onecan
breakexistingqueries.

In summary, it is theoreticallypossible,but unattractive andbeyondthecapabilitiesof usersto represent
andquerypropertiesusinganordinarysemistructureddatabase.Theextensibledatamodelpresentedin this
papercanbeviewedas,andperhapscanevenbeimplementedas,a layerontopof anormalsemistructured
datamodel. The layer implementsthe semanticsfor eachpropertyand correctly translatesqueriesand
resultsbetweentheuserandtheunderlyingdatabase.

3 Extending a semistructureddata modelwith properties

Thissectionfirst definesasemistructurewith properties,thendefinesthefoundationnecessaryfor querying
suchasemistructure,andfinally considersupdate.

3.1 A semistructured modelwith properties

A semistructureddatabase,:<;>=@?BADCFEGCIHKJ�L�L�M�CONQP , consistsof asetof nodes,A , asetof labeled,directed
edges,E , a singleroot node, HKJ�L�L�M , anda collectionof so-calledpropertyoperations,N , that determine
thesemanticsof properties.We alsodefine RTS
SVUIWYXZE to be thesetof edgesemanatingfrom HKJ�L�L�M .
(Theseedgesleadto whatwould normallybeconsideredthe rootsof thesemistructure;theextra level of
indirectionservesto recordthepropertiesof therootnodes.)An edgein E from node[ to node\ with the

label ] is denoted[_^`ba \ . ] is a labelwith properties.

Definition 3.1 [Labelwith properties]
A labelwith properties,] , is a setof c pairs, d-?�eIf�g�hFf&P&C<?�ebijgkhbi�P&Cml�l�lnCn?�eboVgkhbo<P%p , where(i) eacherq is
thenameof a property, (ii) h q is a valuedrawn from theproperty’s domain,that is h qtsvu Ljwyxjz,{|?�e q P , (iii)
propertyfunctionsexist in N for eache q , and(iv) eachpropertynameis unique,that is, }b~�C��r?�e q =Ye+���
~�=��-P .
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A requiredproperty, sayebq with value hbq , is denoted?�erq���hrqBP .
Example3.2 In Figure2 a singleedgeconnects‘&movies ’ to ‘&Color of Night ’. The label is the
setof propertiesd (name: movie), (security! over 18)p . Thesecurity propertyis a requiedproperty. It is
intendedto limit accessto thenodeto individualsover 18yearsof age.

To accommodatepropertiesin queries,severaloperationsfor eachpropertyareneeded(seeSection3.2).
Theseoperationsdeterminethesemanticsof propertiesandareincludedin N .

Definition 3.3 [Propertyoperations]
For eachpropertye in a label,operationswith thefollowing signaturesshouldbepresentin N . For brevity,
let � be u L�w�x�z�{|?�e!P .

��� J�L�����J�M(���DLj����x&�r�����Kgj����� a ������{ u �¡ |{¢� u
��� J�L�����J�M(��£¤x�MB¥�¦ � gj�>��� a ;VS
S¨§ª©¨«$¬
��� J�L�����J�M(���DL�xj�­����¥�� � g�®°¯ a ®°¯
��� J�L�����J�M(��Wr��z¡¥&���Kg��>��� a �����+{ u �( |{!� u

New propertiesmaybeintroducedat any time,by registeringtheappropriateoperationswith thedatabase.
Default semanticsareavailablefor the operationsasdiscussedin Section3.4.2. The role of the property
operationswill becomeclearwhenqueryingis considered,next.

3.2 Retrieving information fr om semistructureswith properties

This sectionextendsthe informationretrieval capabilityof an ordinarysemistructuredquerylanguageto
handlelabelswith properties.Emphasisis onthequerylanguageaspectsthatareaffectedby thenew labels.
Thseaspectsarequitelocalized,sincelabelsareusedonly in so-calledpathregular expressionsto traverse
pathsin thesemistructure.Therearetwo partsto theextension.First,whenretrieving data,only valid paths
shouldbefollowed,asdiscussedin Section2. WedefineaPathValid predicateto testwhetherapathis valid
by determiningwhetherthepathcanbecollapsedto asingleedgewith alabelthatpreservestheinformation
contentof all the labelsalongthe path. Second,pathregular expressionsmustbe generalizedto support
labelswith propertiesandrequiredpropertieswithin thoselabels.This involvesredefininghow labelsare
matchedin theevaluationof anexpression.Weconcludeby observingthattheextensionis strictly additive,
theextendedretrieval mechanismworksasexpectedonasemistructurewith simplestringlabels.

3.2.1 Path validity

Only someof thepathsin thesemistructurearevalid. Intuitively a pathis valid if it transitsthroughsome
“common”properties.Thecommonalityis computedby collapsingthelabelson thepath.

Considerthecaseof a pathto a movie star’s name.Onesuchpathis shown in Figure3(a). Intuitively
thepathis a kind of virtual edge from a root (in this case,‘&movies ’) to aname.In thefigure,thevirtual
edgeis depictedasa dashedline. Thevirtual edgeshouldhave a label thatdescribesit, just like any other
edge.This labelis determinedby collapsingthelabelsalongthepathinto asinglelabel.

A pathis collapsedby recursively collapsingpairsof labelsalongthepath.A pairof labelsis collapsed
by determiningtheir commonproperties. If only one of the labelshassomeproperty, that propertyis
propagatedto thecollapsedlabel. This is becausea missingpropertyin a label is don’t careinformation,
meaningthatany valueof thepropertyis acceptablefor thelabel.For propertiesthatappearin bothlabels,
a property-specificcollapsingconstructoris usedto computethe valueof the property. This constructor
couldresultin anundefinedvalue,which signifiesthat theselabelsdo not have any commonalityfor that
property.
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³

name: stars

Bruce Willis
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³
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[31/Jul/1998 − uc]
µ

(a)uncollapsed (b) collapsed

Figure3: A (virtual) edgefor thenameof amovie star

Definition 3.4 [ �DLj�,��x&�r��� � x�M,¦�¶�g � «�UO· a ©�:G¸¨© ]
�DLj�,�/x��r��� � x�M,¦ ¶ takesa pathandcomputesthelabelfor thevirtual edgebetweenthefirst andlastnodesin
thepath.Theoperationis extensiblein thatit dependson thesemanticsof thepropertyasgivenby N . The
constructor� J�L&����J�M(���DLj�,�/x��r����� in N is property-specificandis usedto collapseapairof propertyvaluesfor
propertye . In thisoperation,requiredpropertiesaretreatedthesameasotherproperties.

�DL�����x&�r��� � xkM,¦�¶!?,[¹^`ba \
Ptº=»[_^`¢a \
�DL�����x&�r��� � xkM,¦ ¶ ?,[ ^r¼`ba¾½ ^�¿`ba \<P º= [_^`ba \ where

]À=Ád-?�eIg � J�L�����J�M(���DLj����x&�r��� � ?,hªCªÂ�P�Ã-?�eIg�h!P s ] fÅÄ ?�eIgjÂ�P s ] i p �
d-?�eªg�hOP�Ã-?�eIg�h!P s ]Æf Ä ?�eIg�Â�PnÇs ]�i°pQ�
d-?�eªg�Â�PÈÃ�?�eIg�h!PnÇs ] fÅÄ ?�eªg°Â�P s ] i p

�DL�����x&�r��� � xkM,¦�¶!?,[ ^ ¼`ba¾½ ^ ¿`ba l�l�l ^�É`¢a \<P º=Ê�DL�����x&�r��� � xkM,¦r¶!?,[ ^ ¼`!a �DLj�,��x&�r��� � x�M,¦b¶!?,h ^ ¿`¢a l�l�l ^�É`¢a \<P�P

Thecollapsingconstructor, � J�L&����J�M(���DLj�,��x&�r����� , dependson thesemanticsof theproperty. AppendixA.1
suggestsconstructorsfor a few commonproperties.In general,sinceeachpropertyis collapsedindepen-
dently, the collapseconstructorfor a propertyshouldeitherbe a mutator, which transformsonedomain
valueinto another, e.g.,concatenation,or a restrictor, which reducestheextentof thedomainvalue,e.g.,
time interval intersection.

Example3.5 [The transactiontimeof apathto BruceWillis ]
The transaction time propertyin thecollapsedpathin Figure3(b) is [31/Jul/1998- uc]. This is the inter-
sectionof thetransactiontimesontheedgesonthepath.It followsthatthevalueBruceWillis wasdescribed
in thedatabaseasamovie.stars.na mefrom 31/Jul/1998to thecurrenttime(until it is changed).Note
that this is not an exclusivedescription—adifferentmovie.stars.na mepath(through‘&Color of
Night ’) is currentoveraslightly longertransaction-timeinterval.

To determineif a pathis valid, thepathis “collapsed”andtheneachpropertyis checkedto ensurethat
it is defined.

Definition 3.6 [ � x�M,¦QË�xj�Ìz u ¶ g � «�UO· a ;VS
S¨§ª©¨«$¬ ]
A path, Í , is valid if aftercollapsingthepath,therearenopropertieswith undefinedvalues.

� x�M,¦QË�x���z u ¶ ?(ÍTP º=Î}-emÏk?�eIg���{ u �¡ |{¢� u PnÇs ] Ä [_^`ba \Ð= � x�M,¦¢�DLj�,��x&�r��� ¶ ?(ÍTP¢Ñ
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Example3.7 [The transactiontimeof apathto BruceWilis]
Considerthe pathfrom ‘&movies ’ through‘&Star Wars IV ’ to the misspelledvalueBruceWilis in
Figure2. Whenthepathiscollapsed,thenamepropertyin theresultinglabelhasthevaluemovie.stars.na me.
But thetransaction time propertyis undefined. Thetransactiontimesof thefirst andlastedgesin thepath
aredisjoint,andsotheir intersectiondoesnotproduceavalid transactiontimevalue.Consequentlythepath
is notvalid.

Thecostof checkingpathvalidity is Ò�?,ÓGÔ�cmP , whereÓ is thelengthof thepathand c is themaximum
numberof propertiesin a label. We expectthat in practicec will usuallybemuchsmallerthan Ó . Path
validity canbecheckedasapathis matched,asdiscussednext.

3.2.2 Path Match

In thissection,weprovidemeansof determiningwhetherauser-givendescriptormatchesa label.Thenext
sectionshows how to usethesedescriptorsin regularexpressionsto matchpaths.

Label matchingin existing semistructuredquerylanguagesis straightforward. The descriptoris typ-
ically a singleword or phrasethat is compared,usingstring comparison,to the label. For example,in
the regular expression(person | employee).name ?, the descriptors,the basicbuilding blocksof
the regular expression,areperson , employee , andname. During evaluationof this expression,the
descriptorperson would only matcha labelperson on anedge.More flexible stringcomparisonsbe-
tweendescriptorsandlabelsaresupportedin somelanguages,suchasLorel [AQM 0 97], which reusesthe
wildcardoperator‘%’ from SQL.Sothedescriptorper% wouldmatchany labelthatstartswith ‘per’.

Thesemanticsof thelabelmatchingis moreinvolved in our modelsinceeachlabelis a semistructure.
In addition,stringcomparisonis insufficient becausemany propertiesarenotstrings.

Thesecomplicationsareaddressedin theLabelMatch operationdefinedbelow. In general,LabelMatch
succeedsif every individual propertyin thedescriptorhasa matchin thelabelor is missingfrom thelabel.
Extrapropertiesareignored,anddifferent � J�L&����J�M(��£�x�MB¥�¦+� operationsmaybeusedfor differentproperties.
Thereareseveralcasesto consider.

� A required propertyin one label is missingfrom the other label. In this case,the matchdoesnot
succeed.A requiredpropertymustbepresentin bothlabels.

� A non-requiredpropertyin onelabelis missingfrom theotherlabel. In thiscase,thematchsucceeds
becausemissingpropertiesaretreatedasdon’t careinformation.

� The propertyis presentin both labels. The predicate,� J�L&����J�M(��£¤x�MB¥�¦�� , specificto the property, is
usedto determineif thepropertyvaluesmatch.Requiredandnon-requiredpropertiesaretreatedthe
same.

Definition 3.8 [ §Ix�Õ%����£�x�MB¥�¦ ¶ g-§I«$;Ö©¨§×�Ø§I«$;È©�§ a ;TS
S¨§ª©¨«$¬ ]
Label ] is matchedagainstlabel Ù asfollows. LabelMatch dependson thesemanticsof thepropertiesas
specifiedin N , sincepropertiesin thelabelsareindividually matched.

§Ix�Õ%����£�x�MB¥�¦ ¶ ?(]nCªÙtP º=Ú}-eIC�hQÏ�?�eI��h!P s ]À�ÜÛ�Â!Ï�?�eIg�Â�P s Ù Ä � J�L�����J�M(��£¤x�MB¥�¦-��?,hIC�Â�P�Ñ�Ñ
}-eIC�Â!Ï�?�eª�°Â�P s ÙÀ�ÝÛ+hQÏ�?�eIg�h!P s ] Ä � J�L�����J�M(��£¤x�MB¥�¦ � ?,hIC�Â�P�Ñ�Ñ
}-eIC�hIC�ÂOÏ�?�eIg�h!P s ] Ä ?�eIg�Â�P s ÙÀ� Ä � J�L&����J�M(��£�x�MB¥�¦ � ?,hªC�Â�P�Ñ

Whichdefinitionto usefor � J�L&����J�M(��£¤xkMB¥�¦-� to matchtwo valuesdependson thespecificsof theproperty.
For example,equalitymaybeusedfor name, andtimeinterval overlapsmaybeusedfor transaction time.
AppendixA.2 discussesmatchingof commonproperties.
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Example3.9 [Looking for amovie]
Below is a labelthatrequiresamovie description.

]ÆÞ�ß�àâáÌã := d (name! movie)p
In Figure2, therearetwo labelswith a ‘movie ’ nameproperty. Onedescribes‘&Color of Night ’;
theother, ‘&Star Wars IV ’.

ÙDä ß�å ß�æ := d (name: movie), (security! over 18)p
Ù�ç+è æ¡é := d (name: movie), (trans-time: [31/Jul/1998- uc])p

Theselabelsarematchedasfollows.

� §Ix�Õ%����£�x�MB¥�¦ ¶ ?(] ÞQß�àêá�ã CªÙDä ß�å ß�æ P|=ìëIxj�í��� ; therequiredsecurity, over18, is missingfrom ] ÞQß�àâáÌã .
� §Ix�Õ%����£�x�MB¥�¦ ¶ ?(] ÞQß�àêá�ã CªÙ�ç+è æ¡é P|=îU�J���� ; theextra transaction time propertyin Ù�ç+è æ¡é is ignored.

LabelMatch is the basisfor interpretingregular expressionsof descriptors.Generally, theseregular
expressionsare interpretedexactly as in othersemistructuredquery languages,andthe usualfeaturesof
regularexpressionshave theirstandardmeaning.

Definition 3.10 [Regularlanguage]
Let ï bea well-formedregularexpressionover analphabetof labels.Then ðZ?,ï×P is thesetof sequences
of labelsthat form valid sentencesfor thatexpression,composedasfollows. Symbol ñ denotestheempty
sequence.

ðò?(]tPD=>d�]Æp ( ] is a label)
ðò?,ïmlôóKP|=YðZ?,ï×P¤�îðò?(ó�P
ðò?,ï�õ�P|=>d°ñ�pm�öðZ?,ï×÷�P
ðò?,ï×÷�PD=ìðò?,ï�PK�øðò?,ïml�ï�PK�ùl�l�l
ðò?,ï×ú°P|=�d°ñ�pû�øðò?,ï�P
ðò?,ïüÃ óKP|=YðZ?,ï×PT�öðò?(óKP

Theonly essentialdifferencebetweenour languageandstandardsemistructuredquerylanguagesis that
thematchedpathis checked to ensurethat it is valid. Thefollowing operationextendsa setof pathsin a
semistructure,if thesequenceof labelson theextendedpathmatchestheregularexpressionandthepathis
valid.

Definition 3.11 [ £�x�MB¥�¦bý!þ#g�®�ÿ�� ��� �mR ©�¸¨© � � a ®�ÿ�� ��� ]
A descriptorregularexpression,ï , matchesapath, Í , if thesequenceof labelson thepathis containedin
ðò?,ï�P , theregular languagespecifiedby ï . This pathmayextenda pathin a startingsetof paths,� , as
follows.

£�x�MB¥�¦ ý!þ ?��QCQï�P º=�d�[ f ^b¼`¢a l�l�l ^ É`¢a [ o 0 f Ã�[ f ^b¼`¢a l�l�l ^��
	 ¼`!a [ qªs � Ä
[jq ^��`¢a [�q 0 f�C�[jq 0 f ^���� ¼`¢a [jq 0 i�C�l�l�l�C�[jo ^ É`ba [�o 0 f s © Ä
 q l�l�l 
 oYs ðZ?,ï×P Ä
}��rÏ���� ���Îc Ä ?B§Fx�Õ&���ô£¤x�MB¥�¦ ¶ ? 
 ��C�]��°P�Ñ Ä
� x�M,¦�Ë�xj�Ìz u ¶ ?,[+f ^b¼`ba l�l�l ^ É`¢a [jo 0 f�P%p
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We note that the presenceof cycles in the semistructurecan lead to an infinite result set, just like
matchingin any semistructuredquerylanguage.Consequently, whenthis operationis implemented,some
strategy mustbeadoptedto eitherbreakcycles(e.g.,nodemarkingis usedfor Lorel) or otherwisegenerate
a finite resultsets(e.g.,stopafter the first � matches).Which strategy to useis a decisionbestleft to a
languagedesigner;AUCQL usesnodemarkingto breakcycles.

Thecostof Match is essentiallythesameaspathmatchingin anormalsemistructureddatabase:atworst
theentiresemistructureis explored.Thepathvalidity canbecomputedaseachpathis explored,although
it costsan extra factorof Ò�?,cmP , the numberof propertiesin eachlabel. LabelMatch is alsoan Ò�?,cmP
operation,assumingthat thepropertiesin a labelaresortedor hashed.Sooverall, thecostof matchingin
our framework grows by a factorof thesizeof eachlabel.

Sometimesonly thesetof final nodesin asetof pathsis desired.

Definition 3.12 [ ¬TL u ���Vg-®�ÿ�� ����� a ®���� ý�� � ]
Let Í beasetof paths.

¬TL u ���-?(ÍTPtº=>d�\ Ã�[ ^b¼`ba l�l�l ^ É`¢a \ s Í�p

Example3.13 [Movie stars’namesasof 31/Jul/1998]
A useris interestedin retrieving informationaboutmovie starsasof 31/Jul/1998.Thatsetof nodescanbe
obtainedasfollows.

] Þ�ß�àâáÌã := d (name! movie), (trans-time: [31/Jul/1998- 31/Jul/1998])p
]Æé�� è æ¡é := d (name! stars),(trans-time: [31/Jul/1998- 31/Jul/1998])p
]���è Þ�ã := d (name! name),(trans-time: [31/Jul/1998- 31/Jul/1998])p
¬TL u ���-?B£¤x�MB¥�¦ ý¢þ ?BRVS
SVUIW�C�] Þ�ß�àâáÌã lô] é�� è æ¡é lô]���è Þ�ã P�P

RecallthatROOTSis thesetof edgesfrom HKJ�L�L�M to rootsin thesemistructure.Theregularexpression
in this exampleis asequenceof descriptors.In eachdescriptor, thename is required(soanedgewithouta
namewill not match),but thetransactiontime is not required(anedgethatis missinga transactiontime is
presumedto exist atall transactiontimes).Propertiesnotmentionedin thedescriptorareignoredin thepath
matching,unlessthe propertyis required,in which casethe label is not matched.Four pathsin Figure2
matchthenamepropertycriteria.

1. Thepaththrough‘&Color of Night ’ to themisspelledvalue‘BruceWilis’ is notmatchedsince
therequiredlevel of security (over 18) is missingfrom thedescriptors.Theusermusthave a digital
certificatethatauthenticatesheror him asbeingover 18, andmustaddthat to thefirst descriptorto
matchthatedge.

2. Thepaththrough‘&Color of Night ’ to thevalue‘BruceWillis ’ is alsonotmatchedfor thesame
reason.

3. Thepaththrough‘&Star Wars IV ’ to themisspelledvalue‘BruceWilis’ matchestheregularex-
pression,but is notavalid path(seeExample3.7).

4. Thepaththrough‘&Star Wars IV ’ to thevalue‘BruceWillis ’ is theonly paththatbothmatches
theregularexpressionandis a valid path.
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3.2.3 Backwardscompatibility

Compatibilitywith currentsemistructuredmodelsis achievedby assumingthatstringlabelsin thosemod-
els implicitly default to nameproperties.Henceour framework canrepresentany existing semistructured
databaseby modelingit asa databasein which every labelcontainsexactly onenameproperty. Usingthe
samedefault assumption,retrieval queriesalsoremainunchanged.In existing semistructureddatabasesall
pathsarevalid. In our framework if every labelconsistsof a singlenameproperty, thenall pathsarevalid
(names arecollapsedusingstring concatenationwhich never resultsin an undefinedvalue). In existing
semistructureddatabases,the labelsarematchedusingstring comparison,just like in our framework, so
regularpathexpressionsmatchexactly thesamepathsin bothmodels.Finally, we observe thatour frame-
workseamlesslysupportsthemixingof datafromexistingsemistructureswith datathathasrichermeta-data
sincepropertiescanvary from labelto label. Henceasmuchor aslittle dataasdesiredcanbemigratedto
thenew framework.

3.3 Additional query operators

In this sectionwe presentseveralquerylanguageoperatorsthatareusefulwhenqueryingthe information
within labels.First,a labelrestructuringoperation,calledSlice, is givento carve a portionfrom eachlabel
onapath.Next, PathCollapseis trivially generalizedto operateontheresultof aMatch. Finally, aCoalesce
operationis definedto extractthevalueof apropertythatis distributedin severallabels.

3.3.1 Slice

It is oftenusefulto sliceaportionfrom apropertyin eachlabelalongapath.Themostcommonexampleis
a transaction-timeslice,or rollback, querythatdeterminestheotherpropertiesasof aparticulartransaction
time. A pathis slicedby slicing eachpropertyin a labelon thepath,andcheckingwhetherthe resulting
pathis valid.

Definition 3.14 [ Wr�Ìz¡¥&� ¶ g-§I«$;È©�§×�û® ÿ�� ����� a ® ÿ�� ����� ]
A descriptor, ] , slicesthelabelsalongeachpathin asetof paths,� , asfollows.

Wb��z¡¥&� ¶ ?(]ÆC �|P º=>d�[ ^
!
¼`!a l�l�l ^

!
É`ba \>Ã�[ ^b¼`¢a l�l�l ^ É`¢a \ s � Ä � x�M,¦QË�x���z u ¶ ?,[ ^

!
¼`¢a l�l�l ^

!
É`!a \
P Ä

}b~|Ï��"��~ ��c Ä ]$#q =ì§Fx-Õ%����Wr�Ìz(¥�� ¶ ?(]nC�] q P�Ñ¡p
A label is slicedpropertyby property. This slicing is complicatedby missingproperties.Specifically,

if a propertyis missingfrom thedescriptor, but presentin the label,it is passedunchangedinto theresult.
A missingpropertyin a label is alsomissingin theresult,exceptif thedescriptorrequirestheproperty, in
whichcasethepropertyfrom thedescriptoris addedto theresult.Finally, if thepropertyis bothin thelabel
andthedescriptorthena property-specificconstructorslicesthe propertyappropriatelyandaddsit to the
result.

Definition 3.15 [ §Ix�Õ%���íWr�Ìz¡¥&� ¶ g+§I«$;Ö©¨§��Ø§I«$;È©�§ a §ª«n;Ö©�§ ]
A label, ] , slicesa label, Ù , asfollows.

§Ix�Õ%���íWb��z¡¥&� ¶ ?(]ÆCQÙÖP º= d-?�eI� � J�L&����J�M(�°Wb��z¡¥&� � ?,hªCªÂ�P�PÖÃ�?�eª�°hOP s ] Ä ?�?�eIg°Â�P s Ù&%�?�eI��Â�P s ÙÖP%pû�
d-?�eI� � J�L&����J�M(�°Wb��z¡¥&� � ?,hªCªÂ�P�PÖÃ�?�eª�°Â�P s Ù Ä ?�?�eIg°hOP s ]'%�?�eI��h!P s ]tP%pû�
d-?�eIg � J�L&����J�M(�°Wb��z¡¥&� � ?,hªCªÂ�P�PÖÃ�?�eªg°hOP s ] Ä ?�eIg°Â�P s ÙÆpÅ�
d-?�eI�jÂ�P�Ã-?�eI��Â�P s Ù Ä)( Û�hQÏ�?�eIg�h!P s ]'%×?�eI��h!P s ]|Ñ¡p �
d-?�eI�jhOP�Ã-?�eI��h!P s ] Ä)( Û+ÂOÏ�?�eIg�Â�P s ]*%×?�eª�°Â�P s ]¨Ñ¡pQ�
d-?�eIgjhOP�Ã-?�eIg�h!P s ] Ä)( Û+ÂOÏ�?�eIg�Â�P s Ù*%¤?�eI�°Â�P s Ù¨Ñ¡p
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� J�L&����J�M(�°Wb��z¡¥&� � is a property-specificconstructorthat slicesa property. AppendixA.3 discussesthe
slicingof commonproperties.

Example3.16 [Transaction-timeslicefor movie stars’namesasof now]
A useris interestedin retrieving theotherpropertiesaboutmovie starsnamesasof thecurrenttime. That
setof pathscanbeobtainedasfollows.

] Þ�ß�àâáÌã := d (name! movie)p
] é�� è æ¡é := d (name! stars)p
] ��è Þ�ã := d (name! name)p
]�� ß ç := d (trans-time: [now - now]) p
Wb��z¡¥&� ¶ ?(]+� ß çDC&£�x�MB¥�¦ ý!þ ?BRTS
SVUIW�C�] Þ�ß�àêá�ã lô] é�� è æ¡é lô]+��è ÞQã P�P

Note that a Wb��z¡¥&� ¶ with ]+� ß ç as its first argumentdiffers from a Match with that descriptorsincethe
transaction time propertyof every label (that hasa transactiontime) in the slicedpath is [now - now],
whereasthetransaction time propertyin thematchedpathwouldbeunchangedfrom theunderlyingdata.

3.3.2 Collapse

In thissection,the Í�,.-0/¨�DLj�,�/x��r���°¶ operationintroducedin Section3.2.1is trivially generalizedto collapse
every path in a set of paths. Typically, £�x�MB¥�¦rý!þ first choosesa set of pathsthat matchsomeregular
expression,thenthepathsarecollapsed,andapropertyis coalescedfrom thecollapsedpaths.

Definition 3.17 [ �DLj�,��x&�r���j¶�g-®�ÿ�� ����� a ® ��ý21.� � ]
A setof paths,� , is collapsedby collapsingeachpathindependently.

�DL�����x&�r��� ¶ ?��|P º=>db�DLj�,�/x&�b��� � x�M,¦ ¶ Í@Ã�Í s � Ä � x�M,¦QË�xj�Ìz u ¶ ?(ÍTP%p
Theutility of anoperationlike Collapsehasbeeninvestigatedin othersemistructuredquerylanguages

whereit hasbeencalled“pull-up” [AKM94]. In Lorel, Collapseis not anoperationat thequerylanguage
level, ratherit is usedin theimplementationto computethevalueof apathvariable.

3.3.3 Coalescinga property

Several (virtual) edgesmayconnecta pair of nodes.For example,two edgesconnectthepair of nodesin
Figure4. Thefirst edgewasaddedwhenthereview beganto bedevelopedon 15/Mar/1998.Thesecurity
wassetto restricttheedgeto pagedevelopers.By 25/May/1998,theedgewaspublicly releasedaspartof
theJuneissueandsothesecuritywasweakenedto includepaidsubscribers.

Whenseveral edgesconnecta pair of nodes,informationabouta singlepropertymay be distributed
amongmultiple labels. In orderto determinethefull extentof a propertythat (conceptually)pertainsto a
relationshipbetweena pair of nodes,regardlessof whetherinformationaboutthat propertyis distributed
amonganumberof edges,it is advantageousto coalescethepropertyfrom thesetof edges.

Definition 3.18 [ �DL�x�������¥&� ¶ g � RTS � ©¨R<U43v¬n«$£û© �m® �+ý 1.� � a ®�ÿ657�-ÿ � 5 ��8:9 �<;<= � � ]
A setof edges,> , is coalescedfor asinglepropertyasfollows.

�DL�xj������¥�� ¶ ?�eIC?>ÁP º=
d-?,[bC ?�eIg�@+P&CQ\
PÖÃA@T= � J�L&����J�M(���DL�xj�­����¥&����?âd�h�Ã�?�?�eIg�h!P s ]B%×?�eª�°hOP s ]tP Ä [_^`¢a \ s >�p�P%p

ThePropertyCoalesceoperationis a property-specificconstructor. But, unlike thecollapsingconstructor,
thecoalescingconstructordoesnot have to bea restrictoror mutator. Also, theresultis not a label; rather,
it is a list of bothnodesandasingle,coalescedproperty.
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&Star Wars IV
1

name: review
subscriber

trans. time:
2

[25/May/1998 − uc]
security!

&by Videotastic
1

name: review

trans. time:
2security! developer

C

name: movie

[15/Mar/1998 − 24/May/1998]

Figure4: Evolving informationabouttheVideotasticreview of StarWars IV

Example3.19 [Thecoalescedtransactiontime for theStarWars IV review]
The following strategy canbe usedto determinethe transaction time for the review of Star Wars IV by
Videotastic, irrespective of thesecurity, valid time, etc. First, find all thepathsfrom a root to thereview.
Note that this requiresa certainlevel of security. Second,collapseeachpathinto a virtual edge.Finally,
coalescethetransaction time from thevirtual edges.

] Þ�ß�àâáÌã := d (name! movie), (security: developer)p
] æ ãâàâáÌã ç := d (name! review), (security: developer)p
E g�=¹d�ï Ã�ï =Ê�DLj�,��x&�r���°¶O?B£¤xkMB¥�¦ ý!þ ?BRTS
SVUIW�C�] Þ�ß�àêá�ã lô] æ ãâàâáÌã çIPDp
�DL�xj������¥�� ¶ ? trans-time C�EÁP

Theresultis d (&root , (trans-time: [15/Mar/1998- uc]), &by Videotastic ) p . Thecoalescedtrans-
action time property, [15/Mar/1998- uc], is the union of the two transactiontime intervals in Figure4.

3.4 Updates

Whentransactiontime is oneof thesupportedproperties,specialsemanticsfor updateshouldbeenforced
to accommodatetransactiontime. In a transaction-timedatabasethe databaseis trustedto enforcethese
semantics.On theweb,no suchtrustedmechanismis availablefor updates.However, individual sitesor
evencollectionsof pageswithin asitecanbearchivedto correctlysupporttransactiontime. Becauseof the
flexibility of our framework, informationfrom pagesthatsupporttransactiontimecanbefreelymixedwith
informationfrom pagesthatdonot.

In this section,we describethe constraintsthat shouldexist to correctlysupporttransactiontime, but
leave openthe issueof how theseconstraintsareenforcedon update.An updatecanbeeitherat thedata
level, consistingof a changeto anedge,label,or node,or at themeta-datalevel, consistingof theaddition
of a property. Wediscusseachkind of modificationin detail.

3.4.1 Data updates

An edgecanbeinsertedat any time into thedatabase.On insertion,thetransactiontimeof thelabelon the
insertededgeis setto Ï�¥���J�J���{rMÈM(z�wG� `EDGF Ñ .
Definition 3.20 [Edgeinsertion]
Let � be thecurrenttransactiontime. An edgeis insertedinto a database,HJI = ?BADCÖEyC HKJ�L�L�M�CÖNQP , as
follows.
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K {�����J�M ý!þ ?,[_^`¢a \<P º=@?BA � d�[bCQ\VpkCDE¾� d�[ ^
!`ba \�pkC|HKJ�L�L�M�CQN�P

where] # =v] � d (trans-time: Ï � `&DGF Ñ,P%pkl
Redundantandoverlappinglabelsarepermittedon edges,i.e., thedatais not storedcoalesced. Notealso
thatedgeinsertioninsertsnodesif thenodesnot alreadyexist in thedatabase.We do not give a separate
operationto insertonly anode(our focusis on therelevantchangesneededto supportpropertiesin labels).

Edgesare(logically) deletedby terminatingtheir transaction-timeinterval.

Definition 3.21 [Edgedeletion]
Let � be thecurrenttransactiontime. An edgeis deletedfrom a database,HJI = ?BA|CÈEGCÖHKJ�L�L�M�CÖNQP , as
follows.

:K������M�� ý!þ ?��ÆCQ[_^`¢a \<P º=@?BADC ?(E ` d�[¹^`ba \�p�P � d�[ ^
!`ba \VpkC|HKJ�L�L�M�C�NQP

wherethe label ]L# is exactly thesameas ] exceptin the transactiontime property. If ] hasa transaction
timeproperty, say(trans-time: h ), then

]L#�=v] ` d-? trans-time: hOP%p � d-? trans-time: ?,hNM¾Ï O�PRQ�SUTGTGSVTWQ ` �ÆÑ,P�P%pkl
Otherwise,thetransactiontimepropertyis missingfrom ] , so

]L#�=v]Z� d-? trans-time: Ï O<PRQ�SVTGTGSVTGQ ` � Ñ,P%pkl
Finally, a nodecanbe(logically) deletedby removing all incomingedges,andanedgemodificationis

modeledasanedgedeletionfollowedby anedgeinsertion.

Example3.22 [The transactionsfor movie review]
Thetransactionsthatcreatedthetwo edgesin Figure4 aregivenbelow. Let

� [ g�= &Star Wars IV ,

� \�g�= &by Videotastic ,

� ] f g�= d (name: review), (security! developer),(trans-time: [15/Mar/1998- uc])p , and

� ] i g�= d (name: review), (security! paidsubsriber),(trans-time: [25/May/1998- uc])p .
On15/Mar/1998,thefirst edgeis inserted:

K {�����J�M ý!þ ? 15/Mar/1998,[ ^b¼`!a \
P
On24/May/1998,thefirst edgeis deleted: :K���­��M�� ý!þ ? 24/May/1998,[ ^b¼`¢a \<P
On25/May/1998,thesecondedgeis inserted:

K {�����J�M ý!þ ? 25/May/1998,[ ^ ¿`!a \
P

3.4.2 Adding and removing properties

Justasdataevolvesovertransactiontime,propertiescanalsobeaddedand(logically) deleted.Thisrequires
nochangesto thedatamodel.

A propertymay be addedto a label at any time. For all existing labels, the new property is sim-
ply missing. Whena label is subsequentlyinsertedor updated,the new propertycanbe usedasneeded.
Eachpropertyconsistsof a uniquename, a domainor type, and four operations: � J�L�����J�M(���DL�xj�­����¥�� � ,� J�L&����J�M(���DLj�,��x&�r����� , � J�L&����J�M(��Wr�Ìz(¥���� , and � J�L&����J�M(��£�x�MB¥�¦-� . A databasedesigneraddthis informationto
thesemanticsof properties,N , within DB. For mostpropertiesthedefault semanticsfor operations,given
below, will suffice.
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Definition 3.23 [Default propertysemantics]
Let - f and - i beany valuesfor theproperty.

��� J�L�����J�M(���DLj����x&�r��� � ?X-&fÆ�Y-�i�P¨=[ZW-&f -�i°l\-�i
��� J�L�����J�M(��£¤x�MB¥�¦-��?X- f C0- i PD=[ZG- f - i l.]X^+- f =_- ia`cbed�f ��g ½<h+i `�b7d6jlk ]nm d ëIxj�í���
��� J�L�����J�M(��Wr��z¡¥&�Ro�?X- f C0- i P = SemanticError

��� J�L�����J�M(���DL�xj�­����¥�� o ?âdA- f C�l�l�l�C0-qp�p�P = SemanticError

Two propertiesareby default collapsedto thesecondsincepathsarecollapsedtop-down, from a root to a
leaf. The“closest”or mostrecentpropertyto a leaf is taken to be therelevantproperty. Considera URL
propertythat gives the URL at which a datumresides.The URL of the pagethat containsthe datumis
morerelevant thantheURL of a parentpage,andthis is exactly what is computedby thedefault collapse
constructor. Two propertiesmatchonly if they areequal.No defaultsareprovidedfor � J�L&����J�M(���DL�x�������¥&� o
and � J�L&����J�M(��Wr�Ìz¡¥&� o sinceno reasonable,generaldefault exists. Furthermore,theseoperationsare only
invoked by mentioningthepropertynamein anadditional,specificquerylanguageoperation(they arein
somesenseoptional).

A propertycanbedeletedby removing thepropertysemanticsfrom N . Althoughexisting labelsin the
datastorewill mentiontheproperty, thepropertyis ignoredin all subsequentoperations(exceptfor labels
with a requiredpropertyin thedeletedproperty, which will fail to matchany subsequentquery). To save
space,andremove requiredproperties,thepropertyshouldalsobedeletedfrom eachedge,but this might
becostlyanddisruptive.

This simple supportfor propertiescan be enhancedby maintaininga history of propertyinsertions
anddeletionsasmeta-meta-data.This canbeaccomplishedby usingnameandtransactiontime properties
within eachlabelin themeta-data.Thenpreviousdatabasestatescanbequeriedwith thepropertiesavailable
asof thatpreviousstate,but this issueof transactiontimesupportfor propertychangesis beyondthescope
of this paper.

4 AUCQL

This sectionis a brief overview of anSQL-like querylanguage,calledAUCQL, for queryinga semistruc-
tureddatabasethathasbeenextendedwith properties.AUCQL is like Lorel [AQM r 97], but hasadditional
constructsto permitqueriesto exploit properties.Thefocusof this presentationis on thesmallchangesto
theSELECTstatementto supporttheextendedquerylanguageoperatorsdiscussedin theprevioussections.
Severalexamplesof AUCQL areprovided,andthereaderis encouragedto interactively try theseor other
queriesat theAUCQL website: s www.cs.auc.dk/˜ cu rti s/ AUCQL t .

4.1 Variables in AUCQL

The key to understandingAUCQL is understandingthe specificationand useof variables. Variablesin
AUCQL arevery muchlike variablesin Lorel, theprimarydifferencebeingthatin AUCQL, a variablecan
rangeover theresultof any of theextendedqueryoperatorsdiscussedin Section3.2. Below is anAUCQL
(or Lorel) queryto find thenamesof movie stars.

SELECT Name
FROM movie.stars.na me Name;
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(This is not theshortest,or bestpossiblequery, but is adequatefor thepurposesof this discussion).This
querysetsupavariableNamethatrangesover theterminalnodesof pathsthatmatchtheregularexpression
movie.stars.nam e. In termsof theoperationsdiscussedin Section3.2,thevariablehasthefollowing
meaning.

u�v�w0xzy|{
:= } (name! movie)~u����
�0���

:= } (name! stars)~u��A�0v�{
:= } (name! name)~�B�.���"�B���A��� �.���&�\���R���<�������"���7�¡  u v¢w?xzy|{l£ u �X�
�0���R£ u �A�0v�{¥¤0¤

In fact,in AUCQL, this interpretationcanbegivenexplicitly.

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

In AUCQL, a bareword descriptor(e.g.,movie ) defaultsto a requireduseof thenameproperty(e.g.,to
(NAME! movie) ), sincethatwill bethemostcommonlyusedproperty.

In general,theFROM clauseis a list of variablespecifications. Thetechnicaldetailsarepresentedin
AppendixB. The appendixhasa completeBNF anddenotationalsemanticsfor a valuespecificationin
AUCQL’sFROM clause.Essentially, theformaldetailsconfirmthatthevaluesassignedto variablescanbe
theresultof any of theextendedqueryoperators.For example,thenamesof movie starsasof ‘now’ could
bedetermined.

SELECT Name
FROM movie.stars Star,

Star.(NAME! name, TRANSACTION_TIME: [now - now]) Name;

Thesamequeryis givenbelow, exceptthattheextendedqueryoperatorsareexplicitly coded.

SELECT Name
FROM MATCH(roots, (NAME! movie).(NAME! stars)) Star,

NODES(MATCH(Star, (NAME! name, TRANSACTION_TIME: [now - now]))) Name;

Alternatively, thepathsasof now couldbeslicedfrom thesemistructure.

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

Or perhaps,auserwould like to determinewhichmovie starswereaddedto thedatabasethisyear.

SELECT Name
FROM movie.stars.nam e Name,

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

In theabove query, themeaningof thevariableName, asa nodeor asa setof paths,is context-dependent.
An alternative would be to usea path variable,e.g., N@, to distinguishthe uses,but path variablesare
currentlyunsupportedin AUCQL.
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4.2 Failur e in AUCQL

TheSLICE , MATCH, COLLAPSE, andCOALESCEoperationsmayreturnanemptyset.At leasttwo strate-
giesfor copingwith this resultarepossible.

¦ null value— An inapplicablenull valueis generated[AQM r 97]. Thisvalueindicatesthatthedesired
path,node,edge,or propertyis missingfrom theschema.This flexible strategy enablesdisjunctive
queries(queriesthathaveoneor moredisjunctsin theWHEREclause)to makeprogresson irregular
schemas.

¦ failur e — This “round” of queryevaluationfails andsono variableassignmentsaregenerated.This
strategy, while lessflexible, ensuresthatonly combinationsof paths,nodes,andpropertiesthatactu-
ally exist in thegraphareusedin queries.

AUCQL usesthe null-valuestrategy; essentially, the sameis usedin Lorel. For example,the following
querywould permitVideotastic subscribersto obtainthe freefilm clips, which areavailablethrough
their reviews, for BruceWillis moviesor movies thatwerepanned,despitethe fact that thereis no text in
thedatabasefor 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 propertiescanbesetto simplify queries.Oncea default is set,thatvalueis usedfor theproperty
in all subsequentoperations.Propertiesspecificallymentionedin anoperationoverridetheirdefault values.
The syntaxfor settingdefaultsis straightforward. Below is anexamplethat retrievesmovie stars’names
thatarecurrentin thesemi-structure.

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

Securityis oneof themostcommondefault settings.A usercanadvertisetheir securitycertificatesin all
subsequentqueriesby settingadefault.

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

5 RelatedWork

This papersynthesizesresearchfrom several areas.Thereis an extensive body of researchin semistruc-
turedandunstructuredquerylanguages,andseveralwell-designedlanguageshavebeenpresented[BDS95,
AQM r 97, LHL r 98, FFLS97, FLM98]. Theclosestrelatedwork in thisareais theChlorelquerylanguage
for the DOEM datamodel[CAW98]. DOEM extendsOEM with specialannotationson edgesto record
informationaboutupdates;in particular, the(transaction)time andkind of update.This permitsa history
of changesto a semistructureto bemaintained.We furtherextendthescopeandpower of theannotations
onedgelabelsinto amoregeneralframework. Chlorelis a languagefor queryingtheextendeddatamodel.
Chlorelsupportsa limited kind of temporalquery, which lacksbothcoalescingandcollapsing.We believe
theseoperationsareimportantto correctlysupportingtemporalsemantics[BSS96].
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Temporaldatabaseresearchhastraditionallyseparatedmeta-dataevolution(schemaevolution,cf. [Rod92,
RS95a])fromdataevolution(transaction-timedatabases,cf. [JMR91, LS93,MS87, RS95b]). A transaction-
time databaserecordsthe historyof tuple transactions,independentof table-level modifications.Schema
evolution researchon theotherhandstudieschangesto theschemaover time, independentof changesto
thetupleswithin thosetables.In a semistructureddatamodel,thereis not a crispseparationbetweendata
andmeta-data.Instead,theschemais “folded into” thedata,andmodificationsto bothmustbeconsidered
in tandem,alongwith modificationsto othermeta-data,suchassecurity[CFMS94].

6 Summary and FutureWork

This paperproposesan extensibleframework for capturingmore datasemanticsin semistructureddata
models.Theframework is extensiblesothatit canincorporatethelatestadvancesin diversedomains,from
web securityand e-commerceto transaction-timedatabases.The additionalsemanticsfor eachdomain
arecapturedin enrichedlabels. The new labelsaresetsof descriptive properties.The propertiesusedas
examplesin this paperincludetransactiontime, price,security, quality, andvalid time. But theproperties
donothave to bethesamefor everydatabaseor evenfor every labelwithin adatabasesincethis framework
permitsmissingproperties.Supportfor requiredproperties,to modelpropertiessuchassecurity, is alsobuilt
into the framework. Several new operationsareneededto manipulatethe labelswith properties.Match
choosesa setof pathsfrom the semistructurethat matcha user-given pathregular expression.Collapse
combinesthepropertiesin labelsalongapathto createanew labelfor theentirepath.Sliceslicesaportion
from eachlabel on a path. Finally, Coalescecoalescesa propertyfrom a setof edges.Theseoperations
arebuilt into theAUCQL querylanguage.AUCQL is animplemented,Lorel-like querylanguage,which is
briefly describedin thispaper.

This work maybeextendedin a numberof directions.Currentlythesemanticsfor propertiesarestati-
cally scoped. A singlesemanticsfor eachpropertyis suppliedby adatabasedesigner. Dynamicscopingof
thesemanticswould morecloselymodelthelack of cooperationandorganizationamongsiteson theweb.
With dynamicscoping,thesemanticsof a propertycanbeloadedalongwith thedata,sothemeaningof a
propertycanchangealongapathasthepathtransitsthroughvarioussites.

The query languagecould be extendedto include so-calledsequencedqueries. A sequencedquery
computesthe labelsin oneor morepropertieswith respectto yet anotherproperty. For instance,to deter-
mine what quality ratingsexists over what valid-time intervals, a userwould give a sequencedqueryfor
quality with respectto valid time. Thequerymight determinethat low quality holdsfrom 1995-1996,and
high quality from 1997-now. Sequencedquerieshave beenresearchedwith respectto two propertiesin
bitemporaldatabases,but not, to ourknowledge,for moreproperties.

Labelscanbe furtherextendedto includea setof labels. This doesnot greatlyincreasethemodeling
power sincemultipledescriptionsof thesamerelationshipcanbesplit into individual labelsonamultitude
of edges.However, it is essentialto storingcoalescedlabels,whichmaybeof someconvenienceto theuser.

Wealsoneedto researchtranslatingmeta-datain XML, suchasRDF[LS99] or P3P[W3C99], to a set
of properties.The translationshouldbe relatively straightforward sincethereis a clearmappingbetween
pathsin anXML data-setandproperties:eachpathmapsto aproperty, thelabelsalongthepathcollapseto
theproperty’s name,while theterminalvalueof thepathis theproperty’s value.

Finally, andperhapsmostimportantly, theimpactof our framework onpathindexesmustbeaddressed.
Weexpectthataspatialor (bi)-temporalindex canbegeneralizedto index pathsthroughpropertiesin labels,
andweplanto investigatethis issuein thefuture.
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A Property specificoperations

A.1 Collapsingof commonproperties

The §a¨ �ª©W� ¨«��¬G­ � �,��� © � �A® operationis usedfor collapsingpropertieswhenthepropertiesof virtual edgesare
derived. Theoperationdependson thetypeof property, ¯ . Below aregivensomesuggesteddefinitionsof
thisoperationfor commonproperties.

¦ name (stringconcatenation)A nameis a string. A pair of namesis collapsedby concatenatingthe
names. An additionalcharacter(e.g., ‘.’) canbe insertedasdesired. For example,the pathwith
nameproperties“(name: movies) (name: stars)(name: name)”would becollapsedinto thestring
“movies.stars.name”.¦ security (AND) To accessa path,thesecurityrestrictionof eachedgeon thepathmustbesatisfied.
Thesecurityrestrictionpropertyof a pathis thentheconjunctionof thesecurityrestrictionsof each
edgein thepath.¦ transaction time (time interval intersection)For a pathto be accessibleat a particulartime, each
individualedgeon thepathmustbecurrentat thattime,andsoapathis accessibleif thetransaction-
timepropertiesof eachlabelon thepathhave anon-emptyintersection.¦ valid time (time interval intersection)Valid time is collapsedlike transactiontime.¦ price (sum)The individual pricesalonga pathto obtainanoverall price for a pathis a typical col-
lapsingconstructorfor this property. Alternatively, the maximumprice could be chosento model
“network flow” situations[Hol89].¦ quality (minimum) The lowestquality, that is, the leastcredibleinformation, is the quality of the
overall path.

A.2 Matching of commonproperties

The §�¨ �«©W� ¨¥��¬l�&�\���R� ® predicateis usedfor matchingpropertiesin queries.Below aregivensomesuggested
definitionsof thispredicatefor commonproperties.

¦ name(=) Theequalspredicateis agoodchoicefor singlenames.Thenamesmustmatchexactly.¦ security (truth assignment)Thesecurityis usuallya requiredproperty. Thesecurityin thefirst label
is thesetof certificatesownedby a user, andthesecurityin thesecondlabel is thesetof certificates
required(expressedasabooleanformula).All certificatespresentin thefirst labelareassignedvalue
True (meaning,yes,thecertificateis ownedby auser),andall othersvalueFalsevalue(meaning,no,
the certificateis not ownedby a user). Thenthe formula giving the secondlabel is evaluatedwith
theseassignments.For instancetheproperty“(security: subscriber)”would not match“(security!
subscriberAND over 18)”, but wouldmatch“(security! subscriberORover 18)”.¦ transaction time (time interval overlaps)Overlapsdeterminesif two intervalsoverlap.¦ valid time (time interval overlaps)Valid time is matchedlike transactiontime.¦ price ( ° ) Thepricein thefirst labelshouldbeequalto or largerthanthepriceon thesecondlabel.¦ quality ( ± ) Thequalityof thefirst labelmustbelessthanor equalto thatof thesecondlabel.
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A.3 Slicing of commonproperties

Below aregivensomesuggesteddefinitionsof the §�¨ �«©W� ¨¥��¬��r��²�� � ® operatorfor commonproperties.

¦ name (semanticerror)Slicing doesnot have to be implementedfor every property. Alternatively a
substringoperationcouldbeused.¦ security (conjunctelimination)Thiswould limit thesecuritycertificatesin a labelto thosethatover-
lap oneof theconjunctsin in thedescriptor, soa slicewith ‘over 18’ on a securityof ‘over 18 OR
paidsubscriber’would resultin ‘over 18’.¦ transaction and valid time (intersection)Slicingasof apoint in timewill bethemostcommonkind
of slice.¦ price (greater-thanpruning)The sliceeliminatescostly edges,e.g.,slicewith respectto labelsthat
have a priceof $1or less.¦ quality (less-thanpruning)Slicingcanbeusedto eliminatelow qualityedges.

A.4 Coalescingof commonproperties

Typicallyapropertyiscoalescedfromasetof collapsedpaths.Thecoalescingconstructor§a¨ �ª©W� ¨«��¬G­ � ��� � �¥� � ®
dependson thesemanticsof theproperty.

¦ name(union)A pairof namesis coalescedthroughunion;this impliesthecoalescededgeis accessi-
bleusingeithername.¦ security (OR)Thecoalescedsecurityis any of thesecurityover thesetof argumentedges.¦ transaction and valid time (temporalcoalesce)Whenmorethanoneedgeconnectsa pairof nodes,
accessis availableat any time thatat leastoneof theedgesexists. Temporalcoalescecomputesthe
setof maximalintervalsequivalentto thesetof argumentintervals.¦ price ( ³�SUT ) In thecomputationof thecoalescedprice,theminimumpricedominatessincetheuser
will typically wantthecheapestprice.¦ quality (average)A weightedaverageof the quality is computedsincethe expertsdisagreeon the
quality. Alternatively, a ³µ´�¶ quality coulddominateif theuserwill acceptthehighestratingasthe
“right” rating.

Coalescing,like slicing, is anoptionaloperationfor aproperty, andnotall propertiesneedto supportit.

B AUCQL’s FROM Clause

In thisdiscussion,theGROUPBY, HAVING, andORDERINGclausesin aSELECTstatementareignored.
Wealsodependonthereader’sunderstandingof theSELECTstatementin SQL,andto amuchlesserextent,
in Lorel.

Oneinterpretationof the meaningof a SELECTstatementis that it hasthreemain phases.First, the
Cartesianproductof the tablesin theFROM clauseis determined.TheCartesianproductcomputesall of
the informationnecessaryto evaluatethequery. Next, theWHEREclausepredicateis evaluatedfor each
tuplein theCartesianproduct.TuplesthatsatisfytheWHEREclausepredicateareretained.Finally, values
from thesatisfyingtuplesareprojectedasspecifiedby thegeneralizedattributelist in theSELECTclause.

In AUCQL only the first phase,the FROM clause,differs. The meaningof the otherclausesremain
essentiallyunchangedfrom SQL.TheFROM clausein AUCQL alsoconstructsa“Cartesianproduct”table,
but not in thesameway, norwith thesamemeaningasin anSQLquery.
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AUCQL’sFROM clauseis a list of variableassignments. Eachvariablein thelist is assignedthevalue
that resultsfrom one of the operationsdiscussedin Section3.2. Thereis one column in the Cartesian
producttablefor eachvariablein theFROM clause,andonetuplein thetablefor eachlegalcombinationof
variableassignments.ConsidertheexampleFROM clausebelow thatcollectsmovie starnamesandtheir
transactiontimes.

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

Thefirst assignmentmatchesall thepathsusinga regularexpressionover thenameproperty. Thesecond
assignmentextractsthenodesfrom thosepaths.Thethird assignmentcollapsesthepathsto names.Finally,
thefourthassignmentcoalescesthetransactiontime from thecollapsedpaths.

This FROM clausewould build onetablewith four columns:NamePath throughTransTime . The
domainsof thecolumnin the tablevary; theNamePath andCollapsedName columnsaredefinedon
pathdomains,NameNodeis anodecolumn,andTransTime is definedonthedomainof setsof intervals.

Eachtuplein theCartesianproducttablerepresentsavalid combinationof columnvalues.Someof the
columnsare independent, that is, their computationdoesnot utilize a valuein anothercolumn. The only
independentcolumnis NamePath . All combinationsof valuesin independentcolumnsis representedin
theCartesianproduct.But somecolumnsaredependentonothercolumnvalues.For instance,NameNode
is dependentonNamePath . Weassumethatdependentcolumnsarepopulatedappropriately.

AUCQL supportsthefollowing BNF for thespecificationof avalue(assignedto avariable).

·
valuespeç ::=

·
patḩ |

·
nodȩ |

·
coalescedvaluȩ |

·
propertyvaluȩ·

patḩ ::=
·
patḩ |

·
collapsedpatḩ |

·
slicedpatḩ |

·
matchedpatḩ | roots·

collapsedpatḩ ::= COLLAPSE(
·
patḩ )·

slicedpatḩ ::= SLICE (
·
descriptoŗ ,

·
patḩ )·

matchedpatḩ ::= MATCH(
·
patḩ ,

·
descriptorregexp̧ )·

nodȩ ::=
·
identifieŗ | NODES(

·
patḩ )·

coalescedvaluȩ ::= COALESCE(
·
propertynamȩ ,

·
collapsedpatḩ )·

descriptorregexp̧ ::= regularexpressionover
·
descriptoŗs·

descriptoŗ ::= (
·
propertylist ¸ )·

propertylist ¸ ::=
·
property̧ [ ,

·
propertylist ¸ ]·

property̧ ::=
·
propertynamȩ :

·
literal ¸ |

·
propertynamȩ !

·
literal ¸·

propertynamȩ ::= NAME| TRANSACTIONTIME |
£R£R£

| VALID TIME·
propertyvaluȩ ::= PROPERTY(

·
propertynamȩ ,

·
patḩ )·

literal ¸ ::=
·
string literal ¸ |

·
integer literal ¸ |

·
timeliteral ¸ |

£R£R£
|
·
identifieŗ

Below arewhitespaceandcase-insensitive (theSQLdefaults)examplesof legalvaluespecifications.

thedescriptorfor anedgematchingthenamemovie
(NAME! movie)

thedescriptorfor matchingmovie.review
(NAME! movie).(NAME! review)

avariableM (previouslymatchedto a setof nodes)
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M
thedescriptorfor M.review

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

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

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

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

COLLAPSE(MATCH(r oots, (NAME! movie).(NAME! reviews)))
movie transactiontimescoalesced

COALESCE(TRANSACTI ONTIME, COLLAPSE(MATCH(r oots , (NAME! movie))))

Thedenotationalsemanticsfor this BNF is givenbelow. We assumethat ¹G�j�Ì� � ® projectstheproperty
valuefor propertȳ .

º º
MATCH(

·
patḩ ,

·
descriptorregexp̧ ) » » ¼½ �&�����¥� ��� (

º ºA·
patḩ�» » , · descriptorregexp̧ )º º

NODES(
·
patḩ ) » » ¼½ ���A��� � ( º ºl· patḩ�» » )º º

SLICE(
·
descriptoŗ,

·
patḩ ) » » ¼½ �r�|²�� �l¾ ( · descriptoŗ,

º ºA·
patḩ�» » )º º

COALESCE(
·
propertynamȩ,

·
collapsedpatḩ ) » »¼½ ­ � �j� � �¥� � ¾ ( · propertynamȩ,

º ºA·
collapsedpatḩ�» » )º º

COLLAPSE(
·
patḩ ) » » ¼½ ­ � �,��� © � � ¾ ( º ºA· patḩ�» » )º º

PROPERTY((
·
propertynamȩ,

·
patḩ ) » » ¼½ ¹G�j�Ì� �À¿�Á �Uw Á {Â����Ã0�A�0v�{ªÄ ( º ºl· patḩ�» » )º º

roots » » ¼½ ROOTS

Oncethe Cartesianproducttablehasbeenconstructed,the WHERE andSELECTclausesaretrivial
to compute.Wherea variableappearsin oneof theseclauses,it just refersto thevaluein theappropriate
columnin theCartesianproduct. Like Lorel, we assumethatnodesarecoercedasneededin expressions
(e.g.,in theexpressionReqNode = ’Ph.D.’ , if ReqNode representsanodethatis avalue,thevalueis
retrieved,coercedto astring,andthencompared).
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