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Abstract

Motivatedto a largeextentby thesubstantialand
growing prominenceof theWorld-Wide Weband
thepotentialbenefitsthatmaybeobtainedby ap-
plying databaseconceptsand techniquesto web
datamanagement,new datamodelsandquerylan-
guageshave emergedthatcontendwith webdata.
Thesemodelsorganizedatain graphswherenodes
denoteobjectsor valuesand edgesare labeled
with singlewordsor phrases.Nodesaredescribed
by the labelsof the pathsthat lead to them,and
thesedescriptionsserveasthebasisfor querying.

This paperproposesan extensibleframework for
capturingandqueryingmeta-datapropertiesin a
semistructureddata model. Propertiessuch as
temporalaspectsof data,pricesassociatedwith
data access,quality ratings associatedwith the
data,andaccessrestrictionson the dataarecon-
sidered. Specifically, the paperdefinesan ex-
tensibledatamodeland an accompanying query
languagethat provides new facilities for match-
ing, slicing,collapsing,andcoalescingproperties.
It also briefly introducesan implemented,SQL-
like query languagefor the extendeddatamodel
thatincludesadditionalconstructsfor theeffective
queryingof graphswith properties.

1 Intr oduction
TheWorld-WideWeb(“web”) is arguablytheworld’smost
frequentlyusedinformationresource.While currentweb
data has little and mostly local structure,web data will
likely have far more in the nearfuture. Specifically, the
eXtendedMarkupLanguage(XML) is expectedto replace
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the Hypertext Markup Language[12, 4]. An XML web
pagecan have a schemaof how the data in the pageis
structured. XML will at best only provide somestruc-
ture for datasincethepage-level schemasmay(andlikely
will) vary from pageto page.Theability of semistructured
datamodelsto accommodatedatathatlacksa well-defined
schemamakesthemattractive candidatesfor queryingand
managingXML data[14, 26]. XML-lik e representationof
web meta-datahasalsobeenproposed,cf. the RDF stan-
dard[21]. Somewhatunlikedatabasemeta-data,webmeta-
datais typically takento meanadditionalinformationabout
a document,suchastheauthor, subject,language,or URL.
In thispaperweusetheterm‘meta-data’to encompassboth
databaseandwebmeta-data.

Semistructureddatamodelsorganizedatain graphs[8,
14] whereeachnoderepresentsan objector a value,and
eachedgerepresentsa relationshipbetweentheobjectsor
valuesrepresentedby theedge’s nodes.Edgesarebothdi-
rectedandlabeled.The labelsareimportantbecausethey
make nodesself-describingin the sensethat a nodeis de-
scribedby the sequencesof labelson pathsthrough the
graphthatleadto thenode[8].

Thispaperintroducesanextensible,semistructureddata
modelthat generalizesexisting semistructuredmodels. In
this model,eachlabel is a setof descriptive properties. A
propertyis a kind of meta-data.Typical propertiesarethe
nameof theedgeandthelevel of securitythatprotectsthe
edge,but any propertycanbeusedin a labelto describethe
nodesthatarereachablethroughthatedge.

To exemplify edgelabels,considerFigure 1. Part (a)
shows a conventionaledgethat is labeledemployee and
connectsnodes&ACMEand &joe . In contrast,part (b)
shows the kind of label introducedin this paper. This la-
bel is asetof ‘property name: propertyvalue’ pairs.Each
pair is collectively referredto asa property. This labelhas
two properties:name and transaction time. This gener-
alizesexistingsemistructuressincethelabelin part(a) can
beassumedto specifyan implicit nameproperty, with the
valueemployee.

Theparadigmof usinglabelswith propertiescanbere-
cursively applied.For instance,thepropertyname in Fig-
ure 1(b) could itself be transformedinto a label with two
properties:name and language, e.g., English, indicating
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Figure1: TheNew Kind of EdgeLabels

that name is anEnglishword. While the recursive nature
of labelswith propertiesis theoreticallyappealing,it is of
limited utility sincemeta-meta-data(andmeta-meta-meta-
data,etc.) is uncommonin the real-world. So although
this framework couldcaptureandqueryrecursively nested
properties,we focusexclusively on a singlelevel of meta-
datain thispaper.

Previous researchin semistructuredand unstructured
data modelshas focussedon basic issuessuch as query
languagedesign[6, 7, 25, 3, 20], restructuringof query
results[13, 2], tools to help naive usersquery unknown
semistructures[16, 17], techniquesfor improving imple-
mentationefficiency [25, 15, 23], andmethodsfor extract-
ing semistructureddata from the web [18, 24]. Several
well-designedlanguageshavealsobeenpresented[6, 3,20,
13, 14].

Our paperis different,in part,becauseit treatsedgela-
belsassomethingotherthansinglewordsor strings.Bune-
manet al. alsoproposea semistructuredmodelwith com-
plex labels[9]. In their model,key informationfrom ob-
jectsin thedatabaseis addedto labelsmakingeachpathin
thedatabaseunique.We focuson addingmeta-datarather
thandatato thelabelsandontheadditionaloperationsnec-
essaryto manipulatethemeta-datain labels.Anotherpaper
with augmentedlabelspresentstheChlorelquerylanguage
for theDOEM datamodel[10]. DOEM extendsOEM with
specialannotationson edgesto recordinformation about
updates;in particular, the(transaction)timeandkind of up-
date. This permitsa historyof changesto a semistructure
to bemaintained.Wefurtherextendthescopeandpowerof
the annotationson edgelabelsinto a moregeneralframe-
work. Chlorelis a languagefor queryingtheextendeddata
model. Chlorelsupportsa limited kind of temporalquery,
which lacks both coalescingand collapsing. We believe
theseoperationsareimportantto correctlysupportingtem-
poralsemantics[5].

Thepaperis organizedasfollows. Section2 motivates
the extendedsemistructuredmodel, arguing the utility of
introducinga richerstructurefor labels.Section3 presents
the extendedmodel. Initially, the format of a databaseis
defined. An importantfeatureis that the setof properties
presentmayvary from label to label. Section3.2proceeds
to introduceseveral new or extendedquery operatorsto
contendwith propertiesin labels. Section4 incorporates

thenew queryoperationsinto a derivative of theSQL-like
Lorel querylanguage[25, 22, 3], calledAUCQL, for query-
ing semistructureddatawith properties. The last section
coversfuturework andsummarizesthepaper.

The URL � www.cs.auc.dk/˜curtis/AUCQL �
provides an interactive query engine for the example
databasegiven in this paper, documentationandexamples
on using AUCQL, and a freely-available implementation
package.

2 Moti vation and Background

This sectionaims to describethe new type of semistruc-
tured databaseproposed,with an emphasison its back-
ground,theunderlyingdesignideas,andits relationto ex-
istingsemistructures.

2.1 An ExampleDatabase

A samplemovie databasespanssemistructureddatafrom
a total of six sites.The InternetMovie Databasesitecon-
tainsa wealthof movie data;Videotasticis a monthly, on-
line movie industrymagazine,portionsof which areavail-
ableonly by subscription;theHausdu Flicks sitecharges
a feein e-cashfor accessto eachof its many film clips, the
feebeingcollectedby ane-cashbroker whena clip is ac-
cessed;Joe Doe is a YankeeOn-line Usersite devotedto
sciencefiction movies;thesiteHorsingAroundMovieshas
dataaboutR- andNC-18ratedfilms, portionsof whichare
restrictedto websurfersover theageof 18; andthe Inter-
netArchivessiteoffersmovie datacollectedby arobotthat
periodicallytraversespartof theweb.

Figure2 shows a portionof themovie database.Edges
aredirectedarrows,valuesaregivenin italics, andobjects
are depictedas ovals. Most of the semistructureis not
shown—many otheredgesandnodesexist in thecomplete
movie database.

The databasemodelsthe following pertinentfacts. In-
formationabouta new movie, StarWars IV, wasaddedto
the databaseon 31/Jul/1998. A review of this movie ap-
pearedin the Juneissueof Videotastic, which was made
availableon 25/May/1988.Thereview is only availableto
paid subscribers.Joe Doe alsohasa review of Star Wars
IV, but sincehe is a YankeeOn-lineUser, it is deemedto
be of low quality. Hausdu Flicks charges$2 dollars for
a StarWars IV film clip, but undera dealwith Videotastic,
paidsubscriberscangettheclip for freein oneof themaga-
zine’s reviews. BruceWillis starsin StarWars IV. His mis-
spellednamewascorrectedon 2/Apr/1997.Finally, Hors-
ing AroundMovieshasdataabouttheNC-18ratedmovie,
Color of Night, whichalsostarsBruceWillis. Only surfers
with anappropriatesecurityclearancearepermittedto view
thismovie.

Wewill usethissampledatabasefor illustrationthrough-
out thepaper.



name:

name:
trans. time:
�

name:

name:
trans. time:
�

&movies

quality: low
�review

textname:

This movie...

clip
price:

movie

over 18

&Star Wars IV

name:
quality:

review
high
�
subscriber

trans. time:
�
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:
� 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

2.2 SampleProperties

Thedatamodelpresentedin thispaperis capableof captur-
ing thefactsdescribedabove,in partby usingpropertiesin
labels.Labelsarethemostappropriatelocationsfor proper-
tiessincenodesarecompletelydescribedby thepathsthat
lead to them. For instance,while the &Willis nodein
Figure2 hasa meaningfulinternalname,&Willis , this
nameis of no importance,andthenodemayjust aseasily
be called&foo . It is only known that &Willis stars
in a movie becausethereexistsanincomingedgelabeled
stars , which in turn is reachedaftertraversinga movie
edge.Otherdescriptionsof &Willis , sayasa father or
asaperson , wouldonly beavailableaslabelsalongother
pathsto thenode(notshown in thefigure).

Thedatamodelis extensible,in thatany propertiesmay
beused.Below, wediscussa partiallist of suchproperties.
Noneof themaremandatory. Indeed,for mostlabels,one
or morepropertiesmaybemissing.

name: The nameis a text description. The domain for
namesis the set of finite-lengthstringsover somealpha-
bet(e.g.,Unicodecharacters).In general,thevalueof this
propertyis a setof names.For simplicity, in this paperour
examplesonly useasinglename.

security: Somedatahassecurityrestrictions,whicharein-
tendedto indicatethat only qualifying usersare allowed
accessto the data. The essentialingredientto supporting
this kind of securityis to provide a methodto restrictac-
cessto edgesin queries.Weuserequiredpropertiesfor this
purpose,aswill bediscussedfurtherin Section3.2.2.This
paperassumesthatsecurityis controlledthroughNetscape-
like certificates. So a more descriptive property name
would be security.netscape.read, but for brevity we have
shortenedit. Severalprotocolsexist for obtainingandman-
agingthesecertificates.Onceobtained,acertificateorcom-
bination of certificatespermitsaccessto variousservices
anddocuments.For clarity, we rendera certificatein plain

text ratherthanin its encryptedform. Thesecurityis given
asa formulabuilt of individual certificates,AND, andOR.
For instancea securityof over 18 AND subscriber
would meanthat a userneedsboth certificatesto accessa
service;and a securityof over 18 OR subscriber
wouldmeanthateithercertificatealonewouldsuffice. This
is only onepossiblesecurityproperty;the extensibledata
modelcansupportothers.

transactiontime: Thetransactiontimeis thetimewhenthe
edgeis currentin thedatabase.It is calledtransactiontime
sinceit is thetime interval betweenthetimeof thetransac-
tion thatled to theedgeandthetimeof thetransactionthat
deletedor updatedthe edge[19]. Edgesthat are current
have a specialtransaction-timeend value, until changed,
which indicatesthat theedgeis currentandwill remainso
until it is changed(deletedor updated).Thespecialrole of
transactiontime in databasemodificationsis elaboratedin
Section3.4.

valid time: Thevalid timeof adatabasefactindicateswhen
thatfact is truein themodeledreality [19]. In our context,
the valid-time propertythus indicateswhen that edgere-
flects the real world. As for transactiontime, valid-time
timestampsareclosedintervals.

price: Whendatais spreadoveranetwork,accessingsome
datamay have substantiallygreatercost than other data,
e.g.,in termsof size,time,or money. Thepricepropertyre-
flectsthesedifferingcostsin obtainingdata.Multiple price
propertiescancomfortablycoexist, but we simply assume
thatthepriceis a U.S.dollaramount.

quality : Informationon thewebarisesfrom many sources,
someof which are far morecrediblethanothers. For in-
stance,one would commonly rate information from the
CNNserverasmorecrediblethaninformationfromauser’s
personalhomepage.Thequalitypropertyrecordsthequal-
ity of the sourceof the information. We will assumethat
thequality is anintuitiverankingfrom low to high.



The above list only covers propertiesusedin the movie
database� anddoesnotexcludeotherpropertiessuchaslan-
guage,Dublin Coretags,or URL space.

2.3 Featuresof Propertiesin Labels

Many labelsconsistof severalproperties.For example,the
two edgesfrom the&Willis nodeshown in Figure2 have
thesamevaluefor thenameproperty, but differenttransac-
tion times. Themostcommonpropertyis name—only in
unusualcircumstanceswill anedgebeunnamed.

The ability to accommodatethe schemairregularities
found in web datais an importantfeatureof a semistruc-
tured (or unstructured)datamodel. In keepingwith this
requirement,thedatamodelpresentedin thepaperhassev-
eralfeaturesworthmentioning.

Onefeatureis thata propertyfoundin onelabelcanbe
missingfrom otherlabels.In Figure2, thetransactiontime
propertyis in only afew of thelabels.Generally, aproperty
is missingbecauseit is don’t care information,as in, this
propertyis missingbecausewedon’t careif it is present,it
is notgermaneto or will not improvethedescriptionof the
data.

Anotherfeatureis thatapropertycanbespecifiedasbe-
ing required. A requiredpropertyis requiredto bematched
in a query to gain accessto nodesbelow that edge,but
otherwiseis just like any other property.1 The security
propertyontheedgeto &Color of Night is arequired
property(indicatedby affixing an‘!’ to thepropertyname).
It is meantto indicatethata usermusthave a matchingse-
curity clearance,i.e., anappropriatecertificate,to traverse
that edge. Furtherdetailson requiredpropertiesarepre-
sentedin Section3.2.2.

Thereare few restrictionson the propertiesin labels.
Commonpropertiesmaybesharedby a numberof labels.
Meta-datais oftenspecifiedfor abagor containerfor acol-
lectionof objects[21]. Sincea label is a set,it caneasily
be shared,in part or in whole,amonga numberof labels.
In addition,multiple edgesmay connectthe samepair of
nodeswith overlappingor redundantlabels. Requiringla-
belsto containdisjoint descriptionswould be anunneces-
saryrestriction.

Multiple propertiesin a labelcancapturemoredatase-
mantics,but they breakexisting querylanguages.To take
one example, considerthe path from &movies through
&Star Wars IV to themisspelledvalueBruceWilis. It
would be easyto retrieve that pathby usingan appropri-
ateregularexpressionoverthenamepropertyin eachlabel
(e.g.,movie.stars.name ). While this is a path, it is
not a valid pathsincethe transactiontimesof thefirst and
lastedgesin thepatharedisjoint: whenthefirst edgein the
pathwas inserted,the final edgewasalreadydeleted. So
atno timedid thetwo edgescoexist in thecurrentdatabase
state.

This paperoffers a collectionof query languageoper-
atorsthat supporta morecorrectmanipulationof the ex-

1A requiredpropertyis similarto theMUST keyword in aproposalfor
privacy meta-data[27].

tendededgelabels.Eachoperatoris extensiblein thesense
that the semanticsof propertiesare not fixed in the data
model; rather, the meaningis suppliedby a databasede-
signer. For instance,to testthevalidity of apath,thetrans-
action time propertywill be testedquite differently than
the name property. Several new queryoperatorsarealso
described.Match matchesa so-calledpathregular expres-
sionto thelabelsalongapathin thesemistructure.Collapse
collapsesentirepathsto singleedgesthathave their labels
computedfrom the labelson eachedgein the path. Coa-
lescecomputesthevalueof a propertywhich is distributed
amonga numberof differentlabelson edgesbetweenthe
samepair of nodes. Finally, Slice restructuresthe labels
alongpathsby slicinga portionfrom selectedpropertiesin
eachlabel.

2.4 Contrast With Existing Semistructured Data
Models

Our proposedmodel is not the only one capableof rep-
resentingmeta-data;existing semistructureddatamodels
with simplestring labelscanalsoexplicitly capturemeta-
data. For example,the “property” information in a label
could be encodedby splitting an edgeinto separatedata
and meta-dataedges,with the propertiesbranchingfrom
the endof the meta-dataedge. But thereareat leasttwo
problemswith this approachof encodingthemeta-datato-
getherwith thedata.

First,meta-datahasnospecialstatusin suchamodel,so
a querythatinvolvesa wildcard (whichmatchesany label)
may unintentionallyaccessmeta-dataratherthandata. A
usercouldformulatea querythat follows only dataedges,
but this is challengingand, we believe, unnecessary. It
shouldnot be left to the userto guesshow the meta-data
is representedin the databaseand to write queriesto ex-
plicitly avoid suchdata.

A second,more fundamentalproblem,is that someof
themeta-datahasspecialsemanticsthatmustbeaccounted
for in queries.For instance,assumethatin asemistructured
databasewith simplestring labels,thetransactiontime for
an object is representedas a ttime edgefrom that node.
As discussedabove, a path is only valid if its edgesare
concurrentin the database—any othersemanticsis incor-
rect.Below wegivea Lorel-likequeryto correctlyretrieve
only movie.star.name sthatareconcurrent(assuming
that the INTERSECToperationcomputesthe intersection
of two time intervals).

SELECT N
FROMmovie M, M.star S, S.name N
WHERENOT_EMPTY(M.ttime INTERSECT

S.ttime INTERSECT N.ttime)

The WHERE clauseteststhe transactiontimesof objects
alongthepathto ensurethatthey areconcurrent.

Althougha usermayexplicitly formulateeachqueryto
correctlymanipulatethetransactiontimeandotherproper-
ties,suchastrategy hasseveralhighly undesirablefeatures.
First, all propertiesmust be accountedfor in all queries.



For example, the query given above is incorrectsince it
does� not correctly handlethe securityproperty. Second,
the semanticsof a propertycannotbe enforced. For ex-
ample,a usercouldsimply omit theWHEREclausein the
querygiven above, or testsomeotherconditionon trans-
actiontime. The querywill run to completionandreturn
a result. But sincethe semanticsof the transactiontime
propertyhasnot beenobserved,theresultmayincludefic-
tive paths.Third, naive userscannotformulatequeries.A
userhasto know which propertiesexist, be familiar with
the semanticsof thoseproperties,andmustappropriately
contendwith all propertiesin every query. Fourth,queries
becomebrittle. Evencorrectlyformedquerieswill have a
shortshelf-life sinceaddinga new property, or deletingan
existingone,canbreakexistingqueries.

In summary, it is theoreticallypossible,but unattractive
andbeyondthecapabilitiesof usersto representandquery
propertiesusinganordinarysemistructureddatabase.The
extensibledatamodelpresentedin thispapercanbeviewed
as,andperhapscanevenbeimplementedas,a layeron top
of a normalsemistructureddatamodel. The layer imple-
mentsthesemanticsfor eachpropertyandcorrectlytrans-
latesqueriesandresultsbetweentheuserandtheunderly-
ing database.

3 Extending a Semistructured Data Model
With Properties

This sectionfirst definesa semistructurewith properties,
thendefinesthe foundationnecessaryfor queryingsucha
semistructure,andfinally considersupdate.

3.1 A SemistructuredModel With Properties

A semistructureddatabase,
����������������������! "��#%$ ,
consistsof a set of nodes, � , a set of labeled,directed
edges,� , asinglerootnode,�������! , andacollectionof so-
calledpropertyoperations,# , thatdeterminethesemantics
of properties.We alsodefine &('�'*),+.-/� to be the set
of edgesemanatingfrom �������! . (Theseedgesleadto what
would normally be consideredthe rootsof the semistruc-
ture;theextra level of indirectionservesto recordtheprop-
ertiesof therootnodes.)An edgein � from node0 to node1 with the label 2 is denoted043576 1 . 2 is a label with
properties.

Definition 3.1 [Labelwith properties]
A label with properties, 2 , is a set of 8 pairs,9 �;:=<!>@?=<A$"�B�;:DCE>D?DC�$"�GFHFAFI�B�J:DKL>@?7KM$"N , where(i) each:DO
is thenameof a property, (ii) ?DO is a valuedrawn from the
property’s domain,that is ?DOQPSRT�EU�VEWYXZ�J:7O�$ , (iii) property
operationsexist in # for each :DO , and (iv) eachproperty
nameis unique,thatis, [=\]�_^7�J:DO`�a:cbQde\f�g^h$ .

A required property, say : O with value ? O , is denoted�J:7Ojik?7Ol$ . m
Example3.2 In Figure2, an edgeconnects&movies to
&Color of Night . The label is the set of properties

9
(name:movie), (security! over 18)N . Thesecurity prop-

erty is a requiredproperty. It is intendedto limit accessto
thenodeto individualsover18yearsof age. m

To accommodatepropertiesin queries,several opera-
tions for eachpropertyare needed,namelypropertycol-
lapse( no�!pfq ), propertymatch( no�srtV ), propertycoalesce
( no�!pvu ), andpropertyslice( nw�s+Dq ) (seeSection3.2). These
operationsdeterminethesemanticsof propertiesandarein-
cludedin # .

Definition 3.3 [Propertyoperations]
For eachproperty: in alabel,operationswith thefollowing
signaturesshouldbe presentin # . For brevity, let x beRy�!U�V!WYXZ�J:=$ .
z nw�!pvqY{(>Ex}|~x 6 x�� 9y� X=RT���ZX=�]R=Nz nw�sr�VT{L>Ex}|~x 6 �B'M'��%�Z���z nw�!p%uH{(>y�T���B�s�A�E�"���h�T�_�H� 6 x�� 9�� X7RT���ZX=�sR7Nz nw�s+Dq�{(>Ex}|�x 6 x�� 9�� X7Ry����X7�sR7N m

Theseoperationscollapse,match,coalesce,andsliceprop-
ertyvalues.

New propertiesmaybeintroducedat any time by regis-
teringtheappropriateoperationswith thedatabase.Default
semanticsareavailablefor the operations,aswill be dis-
cussedin Section3.4.2. Table 1 lists operationsfor one
possibleimplementationof thepropertiesdiscussedin this
paper. Theroleof thepropertyoperationswill becomeclear
whenqueryingis considered,next.

3.2 Retrieving Information From Semistructures
With Properties

This sectionextendstheinformationretrieval capabilityof
anordinarysemistructuredquerylanguageto handlelabels
with properties. Emphasisis on the query languageas-
pectsthat are affectedby the new labels. Theseaspects
arequitelocalized,sincelabelsareusedonly in pathregu-
lar expressionsto traversepathsin thesemistructure.There
aretwo partsto theextension.First, whenretrieving data,
only valid pathsshouldbe followed, asdiscussedin Sec-
tion 2. We definea Valid predicateto testwhethera path
is valid by determiningwhetherthepathcanbecollapsed
to a single edgewith a label that preserves the informa-
tion contentof all the labelsalongthe path. Second,path
regular expressionsmustbe generalizedto supportlabels
with propertiesandrequiredproperties.This involvesre-
defininghow labelsarematchedin theevaluationof anex-
pression.We concludeby observingthat the extensionis
strictly additive—theextendedretrieval mechanismworks
asexpectedona semistructurewith simplestringlabels.

3.2.1 Path Validity

Only someof thepathsin thesemistructurearevalid. In-
tuitively a pathis valid if it transitsthroughpropertiesthat
sharesome“commonality.” Thiscommonalityis computed
by collapsingthelabelson thepath.



name valid time security transaction time price qualityno�srtVE{ = truthassignment overlaps overlaps � �no�!pfq�{ concatenation AND intersection intersection sum minimumno�!pvu"{ union OR coalesce coalesce ����� averageno�s+Dq�{ semanticerror conjunctelimination intersection intersection � pruning � pruning

Table1: PropertyOperations

Considerthecaseof a pathto a movie star’s name.One
suchpathis shown in Figure3,composedby thesolidlines.
Intuitively, thepathformsavirtual edge from &movies to
BruceWillis . In thefigure,thevirtual edgeis depictedasa
dashedline. Thevirtual edgeshouldhave a label that de-
scribesit, just likeany otheredge.This labelis determined
by collapsingthelabelsalongthepathinto asinglelabel.
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Figure3: A (Virtual) Edgefor theNameof a Movie Star

Theoperationdescribedbelow collapsesapathby recur-
sively collapsingthelabelsalongthepath.A pair of labels
is collapsedby determiningtheir commonproperties. If
only oneof the labelshassomeproperty, that propertyis
propagatedto the collapsedlabel. A missingpropertyin
a label is interpretedas“don’t careinformation,” meaning
thatany valueof themissingpropertyis acceptablefor the
label. For propertiesthatappearin bothlabels,a property-
specificcollapsingconstructoris usedto computethevalue
of the property. This constructorcould result in an unde-
finedvalue,whichsignifiesthattheselabelsdonothaveany
commonalityfor thatproperty. Thepathis collapsedback-
wards,thatis, from thesinkto thesource,whicheffectively
meansthateachcollapsingconstructoris left-associative.

Definition 3.4 [ pfq no ¥¤�>�n,�B)7¦ 6 �§
©¨�� ]
Collapsepath( pfq no j¤ ) takesa pathandcomputesthelabel
for thevirtual edgebetweenthefirst andlastnodesin the
path. Theoperationis extensiblein that it dependson the
semanticsof thepropertiesasgivenby # . Eachconstructorno�!pfqª{ in # is property-specificand is usedto collapsea
pair of propertyvaluesfor property : . In this operation,
requiredpropertiesaretreatedthesameasotherproperties.

pfq nw ¥¤«�¬0­3576 1 $¯®�°0±35D6 1
pfq nw ¤ �¬0²3D³576µ´ 3@¶576 1 $ ®� 0 3576 1 where2g� 9 �J:%>!nw�!pvq { ��?`�f·@$�¸��J:%>�?=$wP�2 <�¹ �;:`>k·@$oP�2 C N��

9 �;:`>�?7$w¸��J:`>�?7$¯P�2 <º¹ �J:%>k·c$Q»P�2 C Nw�9 �;:`>�·c$o¸��J:%>�?=$M»P�2 <�¹ �;:`>k·@$oP�2 C N
pvq no ¥¤«�¬0 3 ³576µ´ 3 ¶576 FHFHF 3@¼576 1 $ ®�

pfq no ¥¤`��0 3 ³576 pfq nw j¤«�¬? 3 ¶576 FHFAF 3@¼576 1 $�$ m
Thecollapsingconstructor, nw�!pvq�{ , dependson theseman-
ticsof theproperty. Table1 suggestsconstructorsfor a few
commonproperties.In general,sinceeachpropertyis col-
lapsedindependently, the collapseconstructorfor a prop-
erty shouldeitherbea mutator, which transformsonedo-
mainvalueinto another, e.g.,concatenation,or a restrictor,
which reducesthe extent of the domainvalue, e.g., time
interval intersection.

Example3.5 The transaction time property in the col-
lapsedpathin Figure3 is [31/Jul/1998- uc]. This is thein-
tersectionof thetransactiontimesontheedgesonthepath.
It follows that thevalueBruceWillis wasdescribedin the
databaseasa movie.stars.name from 31/Jul/1998to
thecurrenttime(until it is changed).Notethatthis is notan
exclusivedescription—adifferentmovie.stars.name
path (through &Color of Night ) is current over a
slightly longertransaction-timeinterval. m

To determineif a pathis valid, thepathis collapsedand
theneachpropertyis checkedto ensurethatit is defined.

Definition 3.6 [ ½DVEqJW�R ¤ >�n,�B)7¦ 6 �I'�'��`����� ]
A path, ¾ , is valid if aftercollapsingthepath,thereareno
propertieswith undefinedvalues.

½DV!qJW�R ¤ ��¾B$ ®�¿[�:ºÀT�;:`> � X7RT���ZX=�sRc$Q»P�2 ¹�J:%i � X=RT���ZX=�]Rc$�»P~2 ¹
0 3576 1 �Ápfq no j¤`��¾B$DÂ m

Example3.7 Considerthe path from &movies through
&Star Wars IV to themisspelledvalueBruceWilis in
Figure2. Whenthe pathis collapsed,the name property
in theresultinglabelhasthevaluemovie.stars.name .
The transaction time propertyis undefined. The transac-
tion timesof thefirst andlastedgesin thepatharedisjoint,
so their intersectiondoesnot producea valid transaction
timevalue.Consequentlythepathis invalid. m

Thecostof checkingpathvalidity is ÃÄ��ÅÇÆH8º$ , whereÅ
is the lengthof thepathand 8 is thenumberof properties
in a label. We expectthat 8 will usuallybemuchsmaller
than Å . Pathvalidity canbecheckedasa pathis matched,
asdiscussednext.



3.2.2 Path Match

In this section, we first provide a meansof determin-
ing whethera user-given descriptor, specifiedin a query,
matchesa label. The label matchingoperationis thenin-
corporatedinto anMatch operationto matcha pathregular
expressionto pathsin thesemistructure.

Label matchingin existing semistructuredquery lan-
guagesis straightforward. The descriptoris typically a
singleword or phrasethat is compared,usingstringcom-
parison,to the label. For example,in the regular expres-
sion(person | employee).name? , thedescriptors,
the basic building blocks of the regular expression,are
person , employee , and name. During evaluationof
this expression,thedescriptorperson would only match
a labelperson on anedge.More flexible stringcompar-
isonsbetweendescriptorsandlabelsaresupportedin some
languages,suchasLorel [3], which reusethewildcardop-
erator‘%’ from SQL. The descriptorper% would match
any labelthatstartswith ‘per’.

Thesemanticsof labelmatchingis moreinvolvedin our
modelsinceeachlabel is a setof properties.In addition,
string comparisonis insufficient becausemany properties
arenot strings. Thesecomplicationsareaddressedin the
labelmatchoperationLaMa, definedbelow. In general,op-
erationLaMa succeedsif every individual propertyin the
descriptorhasa matchin the label or is missingfrom the
label. Extrapropertiesin the labelareignored,anddiffer-
ent nw�sr�VT{ operationsareusedfor differentproperties,: .
Notethatthedescriptoris a labelin theoperatordefinition.

Therearethreecasesto consider. (1) A required prop-
erty in one label is missingfrom the other label. In this
case,thematchdoesnotsucceed.A requiredpropertymust
be presentin both labels. (2) A non-requiredpropertyin
onelabel is missingfrom theotherlabel. In this case,the
matchsucceedsbecausemissingpropertiesare treatedas
don’t careinformation. (3) Thepropertyis presentin both
labels. The predicate,nw�sr�VT{ specificto the propertyis
usedto determineif the propertyvaluesmatch. Required
andnon-requiredpropertiesaretreatedthesame.

Definition 3.8 [ �%VkrtVy¤~>��%�È�o�Z�É|��`�Q�Ê�Z� 6 �I'�'�� ]
Label 2 is matchedagainstlabel Ë asfollows. LaMa de-
pendson thesemanticsof thepropertiesasspecifiedin # ,
sincepropertiesin thelabelsareindividually matched.

�%VkrtVy¤«�¬2Q�`Ëw$w®�[�:%�j?vÀ��;:`i�?7$wP�2gdÍÌh·,À��J:`>k·@$oP�Ë ¹ nw�sr�VT{@�¬?%�j·@$_Â�Â ¹[�:%�j·,À��J:`iA·@$oP©Ë¿dÍÌc?%À��J:`>!?=$oPÇ2 ¹ nw�sr�V { �¬?%�j·@$_Â�Â ¹[�:%�j?%�j·,À��;:`>A?7$wP�2 ¹ �J:%>�·@$oP~Ë¿dÎno�srtV { �¬?`��·@$_Â m
Theproperty-specificpredicateno�srtV { matchestwo prop-
erty values.For example,equalitymaybeusedfor name,
and time interval overlapsmay be usedfor transaction
time. SeeTable1.

Example3.9 The label that follows requiresa movie de-
scription.

2wÏwÐjÑ�Ò � :=
9
(name! movie) N

In Figure 2, there are two labels with a movie name
property. Onedescribes&Color of Night ; the other,
&Star Wars IV .

Ë�Ó :=
9
(name: movie), (security! over18)NËvÔ :=
9
(name: movie), (trans. time: [31/Jul/1998- uc]) N

Theselabelsarematchedasfollows.

z �%VkrtV ¤ ��2 ÏwÐjÑ�Ò � �fË Ó $¯�ÖÕ`VEq×uH� ; therequiredsecurity,
over18, is missingfrom 2 Ï¯ÐjÑjÒ � .z �%VkrtV�¤«��2wÏwÐjÑ�Ò � �§ËvÔ§$È�e)@� � � ; theextra transaction
time propertyin ËvÔ is ignored. m

OperationLaMa is the basis for interpreting regular
expressionsof descriptors. Generally, theseregular ex-
pressionsareinterpretedexactly asin othersemistructured
query languages,and the usualregular expressionopera-
tions (+, *, ?, ¸ , and . for sequencing)have their usual
meaning. The only essentialdifferencebetweenour lan-
guageandstandardsemistructuredquerylanguagesis that
thematchedpathis checkedto ensurethat it is valid. The
following operationextendsa setof pathsin a semistruc-
ture,if thesequenceof labelson anextendedpathmatches
theregularexpressionandtheentirepathis valid.

Definition 3.10 [ rtVE _ØsÙ«Ú«ÛÜ>y�cÝ�Þ%ßyà,áÊ|Ê&È�M¨ 6 �cÝ�Þ%ßyà,á ]
Let â be a setof startingpaths(typically the rootsof the
semistructure)and ã be a regular expressionover an al-
phabetof (extended)labels.Then ã is saidto matchapath
in 
����ä�����¯���¯�������! å�w#%$ by extendinga pathin â as
follows.

r�VE _ØsÙ«Ú«Û¯��âf�vãæ$Ê®� 9 ?Ç¸A?ºP�ç/��â§�jãæ$ ¹ ½DVEqJW�Rh¤«��?7$sN ,
wherethematcher, ç , is definedasfollows.

ç/��âf��2o$Z� 9 0y< 3 ³5=6 FAFHF 3@¼5=6 0EKwè%<Q¸
0 < 37³576 FAFHF 3@¼fé ³576 0 K P�â ¹
0 K 3 ¼5D6 0 Kwè%< P�� ¹ �`V!r�V ¤ ��2È��2 K $sN

ç/��âf��ã�F ê($Z�Sç/�lç/��âf��ãæ$"�]ê*$
ç/��âf��ãÉëE$§�°âÁ�Áç/�lâf�jãGì�$
ç/��âf��ãÉì�$§�°ç/��â§�jã�F ãÉëE$
ç/��âf��ãæík$f�îâÁ�/ç/�¬ãæ$
ç/��âf��ãg¸ êB$Ê�°ç/��â§�jãæ$Ä�Áç/�lâf��ê($ m

In the definition, the matcher ç extendsa path in â by
recursively decomposinga pathregularexpression(theex-
pressionunifieswith the secondargument). The matcher
extendsa standardsemistructureddatabasematcherto use�%VkrtV ¤ to matchindividual labels,asdiscussedabove.

We notethatthepresenceof cyclesin thesemistructure
canleadto an infinite resultset,just like matchingin any
semistructuredquery language. Consequently, when this
operationis implemented,somestrategy mustbe adopted
to eitherbreakcycles(e.g.,nodemarkingis usedfor Lorel)



or otherwisegeneratea finite resultsets(e.g.,stopafterthe
firstï ð matches).Which strategy to useis a decisionbest
left to a languagedesigner;AUCQL usesnodemarkingto
breakcycles.

Thecostof Match is essentiallythesameaspathmatch-
ing in anormalsemistructureddatabase:atworsttheentire
semistructureis explored. The pathvalidity canbe com-
putedaseachpath is explored,althoughit costsan extra
factorof ÃÄ��8Ç$ , where 8 is thenumberof propertiesin a
label. �`V!rtV is alsoan Ã©�¬8º$ operation,assumingthat the
propertiesin a label aresortedor hashed.So overall, the
costof matchingin our framework growsby a factorof the
sizeof eachlabel.

Sometimesonly thesetof final nodesin a setof pathsis
desired.

Definition 3.11 [ �(�ARy�"uI>y�cÝ�Þ%ßyà,á 6 ��ñfò Ú«ó á ]
Let ¾ bea setof paths.

�(�ARy�"u���¾B$ ®� 9 1 ¸A0 3 ³5D6 FHFHF 3@¼576 1 P�¾LN m

Example3.12 A useris interestedin retrieving informa-
tion aboutmovie starsasof 31/Jul/1998.Thatsetof nodes
canbeobtainedasfollows.

2¯ÏwÐjÑjÒ � :=
9
(name! movie),
(trans. time: [31/Jul/1998- 31/Jul/1998])N2¯ô_õYöj÷_ô :=

9
(name! stars),
(trans. time: [31/Jul/1998- 31/Jul/1998])N2 � öjÏ � :=
9
(name! name),
(trans. time: [31/Jul/1998- 31/Jul/1998])N

�(�ARy�"u��ørtV! øØ]Ù Ú`Û ��&('�'*)«+��%2 ÏwÐjÑjÒ � F 2 ô_õYöj÷_ô F 2 � öjÏ � $j$
Recall that ROOTS is the set of edgesfrom �������! to

roots in the semistructure.The regular expressionin this
exampleis a sequenceof descriptors.In eachdescriptor,
thename is required(soanedgewithout a namewill not
match),but the transactiontime is not required(an edge
thatis missinga transactiontime is presumedto exist atall
transactiontimes).Propertiesnotmentionedin thedescrip-
tor areignoredin thepathmatching,unlessthepropertyis
required,in whichcasethelabelis notmatched.

It is instructive to consider four paths in Figure 2.
(1) The path through &Color of Night to the mis-
spelledvalueBruceWilis is not matchedsincetherequired
level of security (over 18) is missingfrom thedescriptors.
The usermusthave a digital certificatethat authenticates
herorhimasbeingover18,andmustaddthatto thefirstde-
scriptorto matchthatedge.(2) Thepaththrough&Color
of Night to the valueBruceWillis is alsonot matched
for the samereason.(3) The paththrough&Star Wars
IV to the misspelledvalue Bruce Wilis matchesthe reg-
ular expression,but is not a valid path(seeExample3.7).
(4) Thepaththrough&Star Wars IV to thevalueBruce
Willis is theonly paththatbothmatchestheregularexpres-
sionandis a valid path. m

3.2.3 BackwardsCompatibility

Compatibility with current semistructuredmodels is
achievedby assumingthat the string labelsin thosemod-
els default to nameproperties.Henceour framework can
representany existing semistructureddatabaseby model-
ing it asa databasein which every label containsexactly
onenameproperty.

Usingthesamedefault,retrieval queriesalsoremainun-
changed.In existing semistructureddatabasesall pathsare
valid. In our framework, if every labelconsistsof a single
nameproperty, thenall pathsarealsovalid (namesarecol-
lapsedusingstringconcatenation,whichneverresultsin an
undefinedvalue). In existing semistructureddatabases,the
labelsarematchedusingstringcomparison,just like in our
framework, so pathregular expressionsmatchexactly the
samepathsin bothmodels.

Finally, we observe thatour framework seamlesslysup-
portsthemixing of datafrom existing semistructureswith
data that has richer meta-datasince propertiescan vary
from label to label. Henceasmuchor aslittle dataasde-
siredcanbemigratedto usethenew typeof labels.

3.3 Additional Query Operators

In thissectionwepresentseveralquerylanguageoperators
thatareusefulwhenqueryingtheinformationwithin labels.
First, a label restructuringoperation,calledSlice, is given
that carvesa portion from eachlabel on a path. Next, the
previouslydefinedClPt operationis trivially generalizedto
operateon the resultof a Match. Finally, a Coalesceop-
erationis definedto extract the valueof a propertythat is
distributedin severallabels.

3.3.1 Slice

It is often useful to slice a portion from a property in
eachlabel alonga path. The mostcommonexampleis a
transaction-timeslice, or rollback, query that determines
the otherpropertiesasof a particulartransactiontime. A
pathis slicedby slicingeachpropertyin alabelonthepath,
andcheckingwhethertheresultingpathis valid.

Definition 3.13 [ +7qJW�Øs� ¤ >h�`�È�o�Z�t|~�cÝ�Þ%ßyà,á 6 �cÝ�Þ%ßyà,á ]
A descriptor, 2 , slicesthelabelsalongeachpathin a setof
paths,¾ , asfollows.

+DqJW�Øs�A¤«�¬2Q�f¾B$ ®� 9 0 3@ù³576 FHFHF 3@ù¼5D6 1 ¸
0 3 ³576 FHFAF 3ú¼576 1 PÇ¾ ¹2oû< �S�%Vk+7qY¤«�¬2Q�j2w<A$ ¹ FHFAF ¹ 2ÊûK �ü�%Vk+DqY¤«��2È��2ÊKI$ ¹
½7V!qJW�R@¤«�¬0 3úù³576 FAFHF 3@ù¼576 1 $ m

A label is sliced propertyby property. This slicing is
complicatedby missingproperties.Specifically, if a prop-
erty is missingfrom thedescriptor, but presentin thelabel,
it is passedunchangedinto theresult.A missingpropertyin
a labelis alsomissingin theresult,exceptif thedescriptor
requiresthe property, in which casethepropertyfrom the
descriptoris addedto theresult. Finally, if thepropertyis



bothin thelabelandthedescriptorthenaproperty-specific
constructor� slicesthepropertyappropriatelyandaddsit to
theresult.

Definition 3.14 [ �%Vk+7qY¤~>��%�È�o�Z�Ç|©�%�È�o�Z� 6 �%�È�o�Z� ]
A label, 2 , slicesa label, Ë , asfollows.

�%Vk+DqY¤«��2È�%Ëo$¯®�9 �J:%i!nw�s+Dq { �¬?%�%·@$j$o¸�;:`i�?7$wPÇ2 ¹ �j�;:`>k·@$oP�Ëæýæ�;:`i�·@$oP~Ëw$sN��9 �J:%i!nw�s+Dq { �¬?%�%·@$j$o¸�;:`i�·@$wP©Ë ¹ ���J:`>k?=$wP~2Éýæ�;:`i�?7$wPÇ2w$sNw�9 �J:%>!nw�s+Dq { �¬?%�%·@$j$o¸��J:%>�?=$oPÇ2 ¹ �;:`>k·@$oP�Ë�Nw�9 �J:%iA·@$o¸��J:`ik·@$oP~Ë ¹�þ Ìc?%À��J:`>!?=$wP�2æýÉ�J:`i�?7$¯P�2�Â�N¯�9 �J:%iA?=$w¸y�;:`ik?7$oPÇ2 ¹�þ Ìh·,À��J:`>k·@$oPÇ2æýæ�J:`ik·@$oPÇ2ZÂlNw�9 �J:%>A?=$w¸y�;:`>k?7$oPÇ2 ¹�þ Ìh·,À��J:`> ·@$oP~Ëæýæ�;:`ik·@$oP©Ë�Â�Nÿm
Recall that nw�s+Dq�{ is a property-specificconstructorthat
slicesa property. Table1 showstheslicingoperators.

Example3.15 A useris interestedin retrieving the other
propertiesaboutmovie starsnamesasof thecurrenttime.
Thatsetof pathscanbeobtainedasfollows.

2¯Ï :=
9
(name! movie) N2¯ô :=

9
(name! stars)N2 � :=
9
(name! name)N2 � ÐjÔ :=
9
(trans. time: [now - now]) N

+7qJW�Øs� ¤ �¬2 � ÐjÔ �HrtV! øØ]Ù Ú«Û ��&('�'*),+o�`2 Ï F 2 ô F 2 � $j$
Note that a +7qJW�Øs��¤ with 2 � ÐjÔ asits first argumentdiffers
from a Match with that descriptorsincethe transaction
time propertyof every label (that hasa transactiontime)
in the sliced path is [now - now], whereasthe transac-
tion time propertyin thematchedpathwouldbeunchanged
from theunderlyingdata. m
3.3.2 Collapse

In thissection,the ¾�� ��� pZ�!qYq�V��DuH� ¤ operationintroducedin
Section3.2.1is trivially generalizedto collapseevery path
in a setof paths.Typically, rtV! øØsÙ`Ú«Û first choosesa setof
pathsthatmatchsomeregularexpression,thenthepathsare
collapsed,anda propertyis coalescedfrom the collapsed
paths.

Definition 3.16 [ pZ�!qYq�V��DuH� ¤ >y� Ý�Þ%ßyà,á 6 � ó@Ú��«ó á ]
A setof paths,â , is collapsedby collapsingeachpathin-
dependently.

pZ�EqYq�V��7uå� ¤ ��âZ$ ®� 9 pfq no j¤`��¾B$o¸�¾.P�â ¹ ½DV!qJW�R@¤«��¾B$"N}m
Theutility of anoperationlikeCollapsehasbeeninves-

tigatedin othersemistructuredquerylanguageswhereit has
beencalled“pull-up” [1]. In Lorel, Collapseis not anop-
erationat thequerylanguagelevel; rather, it is usedin the
implementationto computethevalueof apathvariable.

3.3.3 Coalesce

Several (virtual) edgesmay connecta pair of nodes. For
example,two edgesconnectthepair of nodesin Figure4.
Thefirst edgewasaddedwhenthereview beganto bede-
velopedon 15/Mar/1998. The securitywasset to restrict
the edgeto pagedevelopers. By 25/May/1998,the edge
waspublicly releasedaspart of the Juneissueandso the
securitywasweakenedto includepaidsubscribers.

&Star Wars IV
	

name: review
subscriber

trans. time:



[25/May/1998 − uc]
security!

&by Videotastic
	

name: review

trans. time:

security! developer

�

name: movie

[15/Mar/1998 − 24/May/1998]

Figure4: Evolving InformationAbouta Review

Whenseveral edgesconnecta pair of nodes,informa-
tion aboutasinglepropertymaybedistributedamongmul-
tiple labels.In orderto determinethefull extentof a prop-
erty that(conceptually)pertainsto arelationshipbetweena
pair of nodes,regardlessof whetherinformationaboutthat
propertyis distributedamonga numberof edges,it is ad-
vantageousto coalescethepropertyfrom thesetof edges.

Definition 3.17 [ pZ��V!q��åuHØs� ¤ >Ö�M�Mr~� |Á� ó@Ú��«ó á 6
½T�È�
�,� ]
Assumethat a setof edges,� , connectsthe samepair of
nodes.� is coalescedfor a singleproperty, : , asfollows.

p§��V!q��"uHØs��¤«�J:%� � $ ®�îno�!pvuå{@�9 ?º¸��j�J:%>k?7$wP�2 ý �J:%ik?7$wP�2 ¹ 0­3576 1 P � N!$sN¯�9y� X=RT���ZX7�sR�¸��j�;:`>k?7$�»P�2 ¹ �J:`ik?=$Q»P�2w$ ¹
0 3576 1 P � Nk$ m

The no�!pvu { operationis a property-specificconstructor.
Unlike thecollapsingconstructor, thecoalescingconstruc-
tor doesnot have to be a restrictoror mutator. Also, the
resultis nota label,but a single,coalescedvalue.

Example3.18 The following strategy canbe usedto de-
terminethe 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,col-
lapseeachpath into a virtual edge. Finally, coalescethe
transaction timesof thevirtual edges.

2 ÏwÐjÑ�Ò � :=
9
(name! movie), (security: developer)N2 ÷ � ÑjÒ � Ô :=
9
(name! review), (security: developer)N�Ö>J� p§�EqYq�V��7uH� ¤ �ørtVE _ØsÙ Ú«Û ��&('�'B)«+��%2 ÏwÐjÑ�Ò � F 2 ÷ � ÑjÒ � Ô $j$p§��V!q��"uHØs� ¤ � trans. time �v�($



Theresultis
9
(&root , (trans. time: [15/Mar/1998- uc]),

&by� Videotastic ) N . The coalescedtransactiontime
property, [15/Mar/1998- uc], is theunionof thetwo trans-
actiontime intervalsin Figure4. m
3.4 Updates

Whentransactiontime is oneof the supportedproperties,
specialsemanticsfor updateshouldbeenforcedto accom-
modatetransactiontime. In a transaction-timedatabasethe
databaseis trustedto enforcethesesemantics.On theweb,
no suchtrustedmechanismis availablefor updates.How-
ever, individual sitesor evencollectionsof pageswithin a
site canbe archived to correctlysupporttransactiontime.
Becauseof the flexibility of our framework, information
from pagesthat support transactiontime can be freely
mixedwith informationfrom pagesthatdonot.

In this section,we describethe constraintsthat should
exist to correctlysupporttransactiontime, but leave open
the issueof how theseconstraintsareenforcedon update.
An updatecanbe eitherat the datalevel, consistingof a
changeto anedge,label,or node,or at themeta-datalevel,
consistingof the additionof a property. We discusseach
kind of modificationin turn.

3.4.1 Data Updates

An edgecanbeinsertedat any time into thesemistructure.
On insertion,the transactiontime of the label on the in-
sertededgeis setto ÀªØ � �"�]�åXD Z �WYU�� 5���� Â .
Definition 3.19 [Edgeinsertion]
Let x bethecurrenttime. An edgeis insertedinto a semi-
structure,��� �.�l�Z�f���f�����A�E "�v#v$ , asfollows.

� X@uH�H�" Ú«Û ��x��j0 3576 1 $ ®�
���Î� 9 07� 1 Ny�f�Î� 9 0ÿ3úù576 1 Ny�v�������! å�v#%$ ,

where2Êû=� 2 � 9
(transaction time: À x 5���� Â¬$sN�F m

Redundantandoverlappinglabelsarepermittedon edges,
i.e., the datais not storedcoalesced. Note alsothat edge
insertioninsertsnodesif thenodesnot alreadyexist in the
database.Wedonotgiveaseparateoperationto insertonly
a node(our focusis on therelevantchangesneededto sup-
portpropertiesin labels).

Edges are (logically) deleted by terminating their
transaction-timeinterval.

Definition 3.20 [Edgedeletion]
Let x be the current time. An edgeis deletedfrom a
semistructure,��� � �����v���v�������! å�v#%$ , asfollows.


L�Hq��å ø�TÚ«Û¯�¬x��%0 35=6 1 $ ®�
�����o��� 5 9 0 35=6 1 Nk$©� 9 0 3 ù5D6 1 N��v���]�A�E "�v#v$ ,

wherethe label 2Êû is exactly the sameas 2 except in the
transactiontimeproperty. If 2 hasa transactiontimeprop-
erty, say(transaction time: ? ), then

2oûD�°2 5 9 � transaction time: ?=$sNa�9 � transaction time: �¬?�� À �����T���@�@��� � 5 x¯Â¬$j$"NyF

If thetransactiontimepropertyis missingfrom 2 ,

2 û �°2 � 9 � transaction time: À �!�"�T���@�@��� � 5 x¯Â¬$sNyF m
Finally, a nodecanbe (logically) deletedby removing

all incomingedges,andanedgemodificationis modeledas
anedgedeletionfollowedby anedgeinsertion.

Example3.21 Thetransactionsthatcreatedthetwo edges
in Figure4 aregivenbelow. Let

0Ä>×� &Star Wars IV ,1 >J� &by Videotastic ,2w<¿>J� 9
(name: review), (security! developer)N , and2ÊC >J� 9
(name: review), (security! paidsubscriber)N .

On15/Mar/1998,thefirst edgeis inserted:� Xúuå�H�" Ú«Û � 15/Mar/1998,0²3D³576 1 $
On24/May/1998,thefirst edgeis deleted:


(�Hq��H _�TÚ«Û¯� 24/May/1998,0 3 ³576 1 $
On25/May/1998,thesecondedgeis inserted:� Xúuå�H�" sÚ«Û¯� 25/May/1998,0 3 ¶576 1 $ m
3.4.2 Adding and Removing Properties

Justasdataevolvesover time,propertiescanalsobeadded
and(logically) deleted.

A propertymaybeaddedto a labelat any time. For all
existing labels,thenew propertyis simply missing.When
a label is subsequentlyinsertedor updated,the new prop-
erty can be usedas needed. Eachpropertyconsistsof a
uniquename, adomainor type,andfour operations:no�!pfq {
(collapse),nw�sr�VT{ (match), no�s+7q�{ (slice),and no�!pvu"{ (co-
alesce).A databasedesigneraddsthis informationto the
semanticsof properties,# , within DB. For mostproperties,
the default semanticsfor operationsgiven below will suf-
fice.

Definition 3.22 [Defaultpropertysemantics]
Let

� < and
� C beany valuesfor theproperty.

nw�!pvqY{c� � <k� � Ck$Z�$# � < � CTF � Cnw�sr�VT{@� � <!� � Ck$Z�%# � < � CyF � <¯� � Cnw�s+Dq�{@� � <E� � CA$ = SemanticErrornw�!p%uH{c� 9 � <!�HFHFAFH� �'& Nk$ = SemanticError m
Two propertiesareby default collapsedto thesecondsince
pathsarecollapsedtop-down, from a root to a leaf. The
“closest” or most recentpropertyto a leaf is taken to be
therelevantproperty. Considera URL propertythatgives
the URL at which a datumresides.The URL of the page
that containsthe datumis morerelevant thanthe URL of
a parentpage,andthis is exactly what is computedby the
default collapseconstructor. Two propertiesmatchonly if
they areequal.No defaultsareprovidedfor and no�s+Dq { andno�!pvu { sinceno reasonable,generaldefaultsexists. Fur-
thermore,theseoperationsareonly invokedby mentioning
thepropertynamein anadditional,specificquerylanguage
operation(they arein somesenseoptional).



A propertycanbedeletedby removing thepropertyse-
mantics( from # . Althoughexisting labelsin thedatastore
will mentiontheproperty, thepropertyis ignoredin all sub-
sequentoperations(exceptfor labelswith a requiredprop-
erty in the deletedproperty, which will fail to matchany
subsequentquery). To save space,and remove required
properties,the propertyshouldalsobe deletedfrom each
edge,but thismightbecostlyanddisruptive.

This simplesupportfor propertiescanbe enhancedby
maintaininga history of propertyinsertionsanddeletions
as meta-meta-data.This can be accomplishedby using
nameandtransactiontime propertieswithin eachlabel in
themeta-data.Thenpreviousdatabasestatescanbequeried
with the propertiesavailableasof that previous state,but
this issueof transactiontime supportfor propertychanges
is beyondthescopeof thispaper.

4 AUCQL

This sectionoffersa brief overview of an SQL-like query
language,AUCQL, for queryinga semistructureddatabase
that hasbeenextendedwith properties. AUCQL is like
Lorel [3], but hasadditionalconstructsto permitqueriesto
exploit properties.Thefocusof this presentationis on the
smallchangesto theSELECTstatementto supporttheex-
tendedquerylanguageoperatorsdiscussedin theprevious
sections.The readeris encouragedto interactively try the
AUCQLqueriesgivenhere,orotherqueries,attheAUCQL
website: � www.cs.auc.dk/˜curtis/AUCQL � .

4.1 Variables in AUCQL

The key to understandingAUCQL is understandingthe
specificationanduseof variables.Variablesin AUCQL are
very much like variablesin Lorel, the primary difference
beingthat in AUCQL, a variablecanrangeover the result
of any of the extendedqueryoperatorsdiscussedin Sec-
tion 3.2. Below is anAUCQL (or Lorel) queryto find the
namesof movie stars.

SELECT Name
FROM movie.stars.name Name;

(This is not the shortest, or best possible query, but
is adequatefor the purposesof this discussion.) This
query setsup a variable Name that rangesover the ter-
minal nodesof paths that match the regular expression
movie.stars.name . In terms of the operationsdis-
cussedin Section3.2,thevariablehasthefollowing mean-
ing.

2¯Ï :=
9
(name! movie) N2¯ô :=

9
(name! stars)N2 � :=
9
(name! name)N

Name Pº�*��RT�åuy�¥r�VE _ØsÙ`Ú«Û¯��&('�'*),+Ê�%2¯Ï(F 2¯ôkF 2 � $j$
In fact,in AUCQL, this interpretationcanbegivenexplic-
itly.

SELECT Name
FROMNODES(MATCH(roots, (NAME! movie).

(NAME! stars).(NAME! name))) Name;

In AUCQL, a bareword descriptor(e.g.,movie ) defaults
to a requireduseof the name property(e.g., to (NAME!
movie) ), sincethatwill bethemostcommonlyusedprop-
erty.

4.2 Defaults

Default propertiescanbe set to simplify queries. Oncea
default is set,thatvalueis usedfor thepropertyin all sub-
sequentoperations.Propertiesspecificallymentionedin an
operationoverridetheir default values.Thesyntaxfor set-
ting defaultsis straightforward. Below is an examplethat
retrievesmovie stars’namesthat arecurrentin the semi-
structure.

SET DEFAULT PROPERTY
(TRANSACTION_TIME: [now-now]);

SELECT movie.star.name;

Securityis oneof themostcommondefault settings.Users
can advertise their security certificatesin all subsequent
queriesby settinga default.

SET DEFAULT PROPERTY
(SECURITY: over 18 AND subscriber);

5 Summary and Future Work
Thispaperproposesanextensibleframework for capturing
moredatasemanticsin semistructureddatamodels. The
framework is extensibleso that it can incorporatethe lat-
est advancesin diversedomains,from web securityand
e-commerceto transaction-timedatabases.Theadditional
semanticsfor eachdomainarecapturedin enrichedlabels.
Thenew labelsaresetsof descriptiveproperties.Theprop-
ertiesusedas examplesin this paperinclude transaction
time, price,security, quality, andvalid time. But theprop-
ertiesdonothaveto bethesamefor everydatabaseor even
for every labelwithin a databasesincethis framework per-
mits missingproperties. Supportfor requiredproperties,
to modelpropertiessuchassecurity, is alsobuilt into the
framework.

Severalnew operationsareneededto manipulatelabels
with properties. Match choosesa set of pathsfrom the
semistructurethat matcha user-givenpathregularexpres-
sion. Collapsecombinesthe propertiesin labelsalonga
pathto createa new label for the entirepath. Sliceslices
a portionfrom eachlabelon a path. Finally, Coalesceco-
alescesa propertyfrom a setof edges. Theseoperations
arebuilt into theAUCQL querylanguage,animplemented,
Lorel-likequerylanguage,whichis briefly describedin this
paper.

This work may be extendedin a numberof directions.
Labelscanbe further extendedto includea set of labels.
This doesnot greatly increasethe modelingpower since
multiple descriptionsof the samerelationshipcanbe split



into individual labelson a multitudeof edges. However,
it is essentialto storingcoalescedlabels,which maybeof
someconvenienceto theuser.

We alsoneedto researchtranslatingmeta-datain XML,
suchasRDF [21] or P3P[27], to a setof properties.The
translationshouldbe relatively straightforwardsincethere
is a clearmappingbetweenpathsin anXML data-setand
properties:eachpathmapsto a property, the labelsalong
thepathcollapseto theproperty’sname,while theterminal
valueof thepathis theproperty’svalue.

Finally, andperhapsmostimportantly, theimpactof our
framework on pathindexesmustbeaddressed.We expect
that a spatialor (bi)-temporalindex canbe generalizedto
index pathsthroughpropertiesin labels,andweplanto in-
vestigatethis issuein thefuture.
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