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Abstract

Motivated to a large extent by the substantial and
growing prominence of the World-Wide Web and
the potential benefits that may be obtained by ap-
plying database concepts and techniques to web
data management, new data models and query lan-
guages have emerged that contend with web data.
These models organize data in graphs where nodes
denote objects or values and edges are labeled
with single words or phrases. Nodes are described
by the labels of the paths that lead to them, and
these descriptions serve as the basis for querying.

This paper proposes an extensible framework for
capturing and querying meta-dgieopertiesin a
semistructured data model. Properties such as
temporal aspects of data, prices associated with
data access, quality ratings associated with the
data, and access restrictions on the data are con-
sidered. Specifically, the paper defines an ex-
tensible data model and an accompanying query
language that provides new facilities for match-
ing, slicing, collapsing, and coalescing properties.
It also briefly introduces an implemented, SQL-
like query language for the extended data model
that includes additional constructs for the effective
querying of graphs with properties.
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the Hypertext Markup Language [12, 4]. An XML web
page can have a schema of how the data in the page is
structured. XML will at best only provide some struc-
ture for data since the page-level schemas may (and likely
will) vary from page to page. The ability of semistructured
data models to accommodate data that lacks a well-defined
schema makes them attractive candidates for querying and
managing XML data [14, 26]. XML-like representation of
web meta-data has also been proposed, cf. the RDF stan-
dard [21]. Somewhat unlike database meta-data, web meta-
data is typically taken to mean additional information about
a document, such as the author, subject, language, or URL.
In this paper we use the term ‘meta-data’ to encompass both
database and web meta-data.

Semistructured data models organize data in graphs [8,
14] where each node represents an object or a value, and
each edge represents a relationship between the objects or
values represented by the edge’s nodes. Edges are both di-
rected and labeled. The labels are important because they
make nodeself-describingn the sense that a node is de-
scribed by the sequences of labels on paths through the
graph that lead to the node [8].

This paper introduces an extensible, semistructured data
model that generalizes existing semistructured models. In
this model, each label is a set of descriptreperties A
property is a kind of meta-data. Typical properties are the
name of the edge and the level of security that protects the
edge, but any property can be used in a label to describe the
nodes that are reachable through that edge.

To exemplify edge labels, consider Figure 1. Part (a)

The World-Wide Web (“web”) is arguably the world’s most SNOWs & conventional edge that is labesenployee and
frequently used information resource. While current wetFOnnects node&ACMEand &joe . In contrast, part (b)
data has little and mostly local structure, web data wilShows the kind of label introduced in this paper. This la-
likely have far more in the near future. Specifically, theP€! iS @ set ofproperty name: property valuépairs. Each

extended Markup Language (XML) is expected to replacé’air is collectively referred to as a property. This label has

two properties:name andtransaction time. This gener-

Permission to copy without fee all or part of this material is granted pro- &liZ€s existing semistructures since the label in part (a) can

vided that the copies are not made or distributed for direct commerciabe assumed to specify an impliciame property, with the
advantage, the VLDB copyright notice and the title of the publication and;glueemployee
its date appear, and notice is given that copying is by permission of the

Very Large Data Base Endowment. To copy otherwise, or to republish, 1Nn€ paradigm of using labels with properties can be re-
requires a fee and/or special permission from the Endowment.
Proceedings of the 25th VLDB Conference,

Edinburgh, Scotland, 1999.

cursively applied. For instance, the propemgmein Fig-
ure 1(b) could itself be transformed into a label with two
properties:name andlanguage e.g., English, indicating
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the new query operations into a derivative of the SQL-like
Lorel query language [25, 22, 3], called AUCQL, for query-
ing semistructured data with properties. The last section

employee s time: E“Iﬂﬁﬁg% _3yocyr008)  COVErS future work and summarizes the paper.
The URL <www.cs.auc.dk/curtis/AUCQL >
provides an interactive query engine for the example
i . database given in this paper, documentation and examples
&] &]

on using AUCQL, and a freely-available implementation

package.
(a) atypical edge (b) a label with properties
Figure 1: The New Kind of Edge Labels 2 Motivation and Background

thatnameis an English word. While the recursive natureThis section aims to describe the new type of semistruc-
of labels with properties is theoretically appealing, it is oftured database proposed, with an emphasis on its back-
limited utility since meta-meta-data (and meta-meta-metaground, the underlying design ideas, and its relation to ex-
data, etc.) is uncommon in the real-world. So althouglisting semistructures.
this framework could capture and query recursively nested
properties, we focus exclusively on a single level of meta-
data in this paper. 2.1 An Example Database

Previous research in semistructured and unstructured ) )
data models has focussed on basic issues such as quéf?ample movie database spans semistructured data from
language design [6, 7, 25, 3, 20], restructuring of quen® _otal of six sites. Th_denternet Mowe_Databasene con-
results [13, 2], tools to help naive users query unknowr@inS a wealth of movie data/ideotastias a monthly, on-
semistructures [16, 17], techniques for improving imple-Jin@ movie industry magazine, portions of which are avail-
mentation efficiency [25, 15, 23], and methods for extract@Ple only by subscription; theaus du Flickssite charges
ing semistructured data from the web [18, 24]. Severad fee in e-cash for access to each of its many film clips, the

well-designed languages have also been presented [6, 3, #¢ Peing collected by an e-cash broker when a clip is ac-
13, 14]. cessedJoe Doeis a Yankee On-line User site devoted to

as_cience fiction movies; the sitéorsing Around Moviebtas

bels as something other than single words or strings. Bungata about R- and NC-18 rated films, port|or?s of which are
man et al. also propose a semistructured model with corrﬁ‘—asm(:tegj to \.NEb surfers over the age of 18; anditter-

plex labels [9]. In their model, key information from ob- net'Arc_:hlve$|te offers movie data collected by a robot that
jects in the database is added to labels making each pathrfﬁ’ rlgdlcally traverses par.t of the web. .

the database unique. We focus on adding meta-data ratherFigure 2 shows a portion of the movie database. Edges
than data to the labels and on the additional operations ne@te directed arrows, values are given in italics, and objects
essary to manipulate the meta-data in labels. Another pap@ie depicted as ovals. Most of the semistructure is not
with augmented labels presents the Chlorel query languag8oWn—many other edges and nodes exist in the complete
for the DOEM data model [10]. DOEM extends OEM with Movie database.

special annotations on edges to record information about The database models the following pertinent facts. In-
updates; in particular, the (transaction) time and kind of upformation about a new movi&tar Wars IV was added to
date. This permits a history of changes to a semistructuthe database on 31/Jul/1998. A review of this movie ap-
to be maintained. We further extend the scope and power gared in the June issue Wideotastic which was made
the annotations on edge labels into a more general framavailable on 25/May/1988. The review is only available to
work. Chlorel is a language for querying the extended datpaid subscribersJoe Doealso has a review dbtar Wars
model. Chlorel supports a limited kind of temporal query,|V, but since he is a Yankee On-line User, it is deemed to
which lacks both coalescing and collapsing. We believése of low quality. Haus du Flickscharges $2 dollars for
these operations are important to correctly supporting tena Star Wars [Vfilm clip, but under a deal witNideotasti¢
poral semantics [5]. paid subscribers can get the clip for free in one of the maga-

The paper is organized as follows. Section 2 motivateéine's reviews. Bruce Willis stars itar Wars I\ His mis-
the extended semistructured model, arguing the utility ofPelled name was corrected on 2/Apr/1997. Finadiyrs-
introducing a richer structure for labels. Section 3 preseni§d Around Moviesas data about the NC-18 rated movie,
the extended model. Initially, the format of a database i§0lor of Night which also stars Bruce Willis. Only surfers
defined. An important feature is that the set of propertie¥ith an appropriate security clearance are permitted to view
present may vary from label to label. Section 3.2 proceed&is movie.
to introduce several new or extended query operators to We will use this sample database for illustration through-
contend with properties in labels. Section 4 incorporatesut the paper.

Our paper is different, in part, because it treats edge |
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name: movie
trans. time: [31/Jul/1998 - uc]

&Star Wars IV

name: review
quality: low

name: movie
security! over 18

&Color of Night
name: stars name:  clip

name: stars price: $
/ secu'rit}! paid

@ &by Joe Doe

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

trans. time: [31/Jul/1994 - 1/Apr/1997]

name: review

quality: high

security! subscriber

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

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

&by Videotasti

joe@yol.com This movie...

Bruce Wilis Bruce Willis

Figure 2: A Web Movie Database

2.2 Sample Properties text rather than in its encrypted form. The security is given
as a formula built of individual certificates, AND, and OR.

The data model presented in this paper is capable of captWor instance a security afver 18 AND subscriber

ing the facts described above, in part by using properties Wvould mean that a user neekbsth certificates to access a

labels. Labels are the most appropriate locations for propegervice; and a security afver 18 OR subscriber

ties since nodes ammpletelydescribed by the paths that would mean that either certificate alone would suffice. This

lead to them. For instance, while tig&illis  node in s only one possible security property; the extensible data

Figure 2 has a meaningful internal nangaillis , this  model can support others.

name is ofno importance, and the node may just as easily ontime: Th iontime is the ti hen th
be called&foo . It is only known thai&Willis stars transaction time: The transaction time is the time when the

in amovie because there exists an incoming edge IabeleﬁdgIe i_s .curren_t in t.he database. It is call_ed iransaction time
stars , which in turn is reached after traversingravie since itis the time interval betwet_en the time of the transac-
edge. Other descriptions &Willis , say as dather or tion that led to the edge and the time of the transaction that
as aperson , would only be available as labels along otherd€léted or updated the edge [19]. Edges that are current
paths to the node (not shown in the figure). have a special transaction-time end valusfil changed

. which indicates that the edge is current and will remain so

Wintil it is changed (deleted or updated). The special role of

be used. Below, we discuss a partial list of such prOpertIeﬁ'ansaction time in database modifications is elaborated in
None of them are mandatory. Indeed, for most labels, ONE.ction 3.4

or more properties may baissing
name The name is a text description. The domain forvalid time: The valid time of a database fact indicates when
ption. that fact is true in the modeled reality [19]. In our context,

hames is thE.’ set of finite-length strings over some alph%e valid-time property thus indicates when that edge re-
bet (e.g.,_Unlcode characters). Ir.' ge.ngralz the.value of th\‘?ects the real world. As for transaction time, valid-time
property is a set of names. For simplicity, in this paper ou{imestamps are closed intervals

examples only use a single name. '

security: Some data has security restrictions, which are inPrice: When data is spread over a network, accessing some

tended to indicate that only qualifying users are allowecfjalta may have substantially greater cost than other data,

7 . .e.0., interms of size, time, or money. The price property re-
access to the datg. _The esse_ntlal ingredient to supportlﬂg%ts these differing costs in obtaining data. Multiple price
this kind of security is to provide a method to restrict ac-

cess to edges in queries. We use required properties for t [operties can comfortably coexist, but we simply assume

S . .
purpose, as will be discussed further in Section 3.2.2. Thishat the price is a U.S. dollar amount.
paper assumes that security is controlled through Netscapguality : Information on the web arises from many sources,
like certificates So a more descriptive property nhamesome of which are far more credible than others. For in-
would besecurity.netscape.readbut for brevity we have stance, one would commonly rate information from the
shortened it. Several protocols exist for obtaining and marENN server as more credible than information from a user’s
aging these certificates. Once obtained, a certificate or corpersonal home page. The quality property records the qual-
bination of certificates permits access to various serviceaty of the source of the information. We will assume that
and documents. For clarity, we render a certificate in plaithe quality is an intuitive ranking froow to high.
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The above list only covers properties used in the movi¢ended edge labels. Each operator is extensible in the sense
database and does not exclude other properties such as limt the semantics of properties are not fixed in the data

guage, Dublin Core tags, or URL space. model; rather, the meaning is supplied by a database de-
signer. For instance, to test the validity of a path,tthas-
2.3 Features of Properties in Labels action time property will be tested quite differently than

Many labels consist of several properties. For example, ththe hame property. Several new query operators are also

two edges from th&Willis  node shown in Figure 2 have ﬁ%snigtgﬁg ]I\aﬂlgfaﬁg gsrt]Ch:S :ﬂ? ?rﬁﬁg sl ertr:sr'ﬁalcj:lt?ﬁgeeli(;rgz-
the same value for threame property, but different transac- collapses entire athg topsin le edges that have thgir labels
tion times. The most common propertyriame—only in b b 9 9

unusual circumstances will an edge be unnamed. Iceosmput(re: frf)mttﬁe\ia:)els ]?n each etdgeh[nr:he ﬁhﬁt d
The ability to accommodate the schema irregularitie% cecompultes the va'ue ot a property which IS distribute
found in web data is an important feature of a semistruc: mong a_number of d|ff_erent I_abels on edges between the
| . .'same pair of nodes. Finallglice restructures the labels
tured (or unstructured) data model. In keeping with thlsalon aths by slicing a portion from selected properties in
requirement, the data model presented in the paper has S%\é'chglgbel y gap prop
eral features worth mentioning. '
One feature is that a property found in one label can b . - .
missingfrom other labels. In Figure 2, the transaction time‘E'4 l\C/liontrast With Existing  Semistructured - Data
o odels
property is in only a few of the labels. Generally, a property
is missing because it idon’t careinformation, as in, this Our proposed model is not the only one capable of rep-
property is missing because we don't care if it is present, itesenting meta-data; existing semistructured data models
is not germane to or will not improve the description of thewith simple string labels can also explicitly capture meta-
data. data. For example, the “property” information in a label
Another feature is that a property can be specified as beould be encoded by splitting an edge into sepadaia
ing required A required property is required to be matchedand meta-dataedges, with the properties branching from
in a query to gain access to nodes below that edge, bthe end of the meta-data edge. But there are at least two
otherwise is just like any other propefty.The security  problems with this approach of encoding the meta-data to-
property on the edge ®Color of Night is arequired gether with the data.
property (indicated by affixing an ‘" to the property name).  First, meta-data has no special status in such a model, so
It is meant to indicate that a useusthave a matching se- a query that involves wildcard (which matches any label)
curity clearance, i.e., an appropriate certificate, to travergeay unintentionally access meta-data rather than data. A
that edge. Further details on required properties are preser could formulate a query that follows ordgtaedges,
sented in Section 3.2.2. but this is challenging and, we believe, unnecessary. It
There are few restrictions on the properties in labelsshould not be left to the user to guess how the meta-data
Common properties may be shared by a number of labelis represented in the database and to write queries to ex-
Meta-data is often specified for a bag or container for a colplicitly avoid such data.
lection of objects [21]. Since a label is a set, it can easily A second, more fundamental problem, is teameof
be shared, in part or in whole, among a number of labelshe meta-data has special semantics that must be accounted
In addition, multiple edges may connect the same pair dbr in queries. For instance, assume that in a semistructured
nodes with overlapping or redundant labels. Requiring ladatabase with simple string labels, the transaction time for
bels to contain disjoint descriptions would be an unnecesxn object is represented adtame edge from that node.
sary restriction. As discussed above, a path is only valid if its edges are
Multiple properties in a label can capture more data sesoncurrent in the database—any other semantics is incor-
mantics, but they break existing query languages. To takect. Below we give a Lorel-like query to correctly retrieve
one example, consider the path framovies through only movie.star.name s that are concurrent (assuming
&Star Wars IV to the misspelled valuBruce Wilis It that the INTERSECT operation computes the intersection
would be easy to retrieve that path by using an approprif two time intervals).
ate regular expression over thame property in each label
(e.g.,movie.stars.name ). While this is a path, it is SELECT N_
not avalid path since the transaction times of the first and ROM movie M, M.star S, S.name N
last edges in the path are disjoint: when the first edge in th¢/HERE NOT_EMPTY(M.ttime INTERSECT
path was inserted, the final edge was already deleted. So S.ttime INTERSECT N.ttime)

at no time did the two edges coexist in the current databasg,e \WHERE clause tests the transaction times of objects
state. along the path to ensure that they are concurrent.

atorglfhp?per off?rs a collection ?f query Ilatrjguat_;]?hoper— Although a user may explicitly formulate each query to
at support a more correct manipuiation ot the ex60rrectly manipulate the transaction time and other proper-
1A required property is similar to thdUST keyword in a proposal for ~ ti€S, such a strategy has several highly undesirable features.
privacy meta-data [27]. First, all properties must be accounted for in all queries.
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For example, the query given above is incorrect since if(name: movie), Gecurity! over 18}. Thesecurity prop-
does not correctly handle the security property. Seconabrty is a required property. It is intended to limit access to
the semantics of a property cannot be enforced. For exhe node to individuals over 18 years of age. a
ample, a user could simply omit the WHERE clause in the
query given above, or test some other condition on trans- To accommodate properties in queries, several opera-
action time. The query will run to completion and returntions for each property are needed, namely property col-
a result. But since the semantics of the transaction timgpse ¢rCl), property match PrMa), property coalesce
property has not been observed, the result may indiede (PrCs), and property sliceRrSl) (see Section 3.2). These
tive paths. Third, naive users cannot formulate queries. Aperations determine the semantics of properties and are in-
user has to know which properties exist, be familiar withcluded inI".
the semantics of those properties, and must appropriately
contend with all properties in every query. Fourth, querie®efinition 3.3 [Property operations]
become brittle. Even correctly formed queries will have & or each property in alabel, operations with the following
short shelf-life since adding a new property, or deleting assignatures should be presentlin For brevity, letT be
existing one, can break existing queries. domain(p).
In summary, it is theoretically possible, but unattractive
and beyond the capabilities of users to represent and query® L7l : T xT =T U {undefined}
properties using an ordinary semistructured database. The® PrMa, : T x T — BOOLEAN
extensible data model presented in this paper can be viewede PrCs,, : 27 Y tundefined} — T {undefined}
as, and perhaps can even be implemented as, a layer ontop PrSl, : T x T — T U {undefined} O
of a normal semistructured data model. The layer imple-
ments the semantics for each property and correctly tranFhese operations collapse, match, coalesce, and slice prop-
lates queries and results between the user and the underdyty values.
ing database. New properties may be introduced at any time by regis-
. ) tering the appropriate operations with the database. Default

3 Extending a Semistructured Data Model semantics are available for the operations, as will be dis-

With Properties cussed in Section 3.4.2. Table 1 lists operations for one
Spossible implementation of the properties discussed in this
Paper. The role of the property operations will become clear
vthen querying is considered, next.

This section first defines a semistructure with propertie
then defines the foundation necessary for querying such
semistructure, and finally considers update.

3.2 Retrieving Information From Semistructures

3.1 A Semistructured Model With Properties With Properties

A semistructured databas&)B = (V, F, &root, '),  This section extends the information retrieval capability of
consists of a set of nodes’, a set of labeled, directed 5y, ordinary semistructured query language to handle labels
edgesFE, a single root .node&root, and a'collectlon of SO- \ith properties. Emphasis is on the query language as-
called property operatlonE,_ that determine the semantics pects that are affected by the new labels.” These aspects
of properties. We also definROOTS C E to be the set  grq quite localized, since labels are used only in path regu-
of edges emanating frofaroot. (These edges lead to what |5 expressions to traverse paths in the semistructure. There
would normally be considered the roots of the semistrucare o parts to the extension. First, when retrieving data,
ture; the extra level of indirection serves to record the PrOPanly valid paths should be followed, as discussed in Sec-
erties of the root nodes.) An edgﬁeﬁfrom nodev tonode  ion 2. \We define a/alid predicate to test whether a path

w with the labell is denotedv — w. L is alabel with s valid by determining whether the path candmlapsed

properties to a single edge with a label that preserves the informa-
tion content of all the labels along the path. Second, path
Definition 3.1 [Label with properties] regular expressions must be generalized to support labels
A label with properties, £, is a set of m pairs, with properties and required properties. This involves re-
{(p1: ®1), (p2: ®2), ..., (Pm: Tm)}, Where (i) eaclp;  defining how labels are matched in the evaluation of an ex-

is thenameof a property, (ii)z; is avaluedrawn from the pression. We conclude by observing that the extension is
property’s domain, that is; € domain(p;), (iii) property  strictly additive—the extended retrieval mechanism works
operations exist il for eachp;, and (iv) each property as expected on a semistructure with simple string labels.
name is unique, that i§, j(p; = p; = i = j).

A required property, sayp; with value z;, is denoted 3.2.1 Path Validity

(pi! i) ] : . . )
Only some of the paths in the semistructure eakd. In

tuitively a path is valid if it transits through properties that
Example 3.2 In Figure 2, an edge connedsnovies to  share some “commonality.” This commonality is computed
&Color of Night . The label is the set of properties by collapsing the labels on the path.
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I name | valid time | security | transactiontime | price | quality

PrMa, = truth assignment overlaps overlaps > <
Prcl, concatenation AND intersection intersection sum minimum
PrCs, union OR coalesce coalesce min average

PrSi, semantic erronl conjunct elimination| intersection intersection > pruning | < pruning

Table 1: Property Operations

Consider the case of a path to a movie star's name. One {(p:z)| (p:x) € L1 A (pry) & Lo} U
such path is shown in Figure 3, composed by the solid lines. {py) | (p:x) € L1 N (pry) € La}
Intuitively, the path forms &irtual edgefrom &movies to CIPtr (v N NN w) [

Bruce Willis In the figure, the virtual edge is depicted as a L Lo c

dashed line. The virtual edge should have a label that de- ClPir(v — ClPtr(z — ... =5 w)) =

scribes it, just like any other edge. This label is determined

by collapsing the labels along the path into a single label. The collapsing constructofrCl,, depends on the seman-
tics of the property. Table 1 suggests constructors for a few

_ common properties. In general, since each property is col-
@ lapsed independently, the collapse constructor for a prop-
/ . .
/ name:  movie erty should either be mutator, which transforms one do-
/ trans. time: [31/Jul/1998 - uc] . . N |
_ / main value into another, e.g., concatenation, sérictor,
name:  movietars name /@ which reduces the extent of the domain value, e.g., time
/ or e interval intersection.
// name: stars
/ Example 3.5 The transaction time property in the col-
/ lapsed path in Figure 3 is [31/Jul/1998 - uc]. This is the in-
/ @ tersection of the transaction times on the edges on the path.
/ ramer name It follows that the valueBruce Williswas described in the
’ trans. time: [2/Apr/1997 - uc] database as movie.stars.name from 31/Jul/1998 to
Bruce Wwillis the current time (until it is changed). Note that this is not an

Figure 3: A (Virtual) Edge for the Name of a Movie Star €Xclusivedescription—a differeninovie.stars.name
path (through&Color of Night ) is current over a

The operation described below collapses a path by recuslightly longer transaction-time interval. a
sively collapsing the labels along the path. A pair of labels
is collapsed by determining their common properties. If To determine if a path is valid, the path is collapsed and
only one of the labels has some property, that property @en each property is checked to ensure that it is defined.
propagated to the collapsed label. A missing property in
a label is interpreted as “don’t care information,” meaningPefinition 3.6 [ Validr : PATH — BOOLEAN]
that any value of the missing property is acceptable for thé path, P, is valid if after collapsing the path, there are no
label. For properties that appear in both labels, a propertyroperties wittundefinedzalues.
specific collapsing constructor is used to compute the value A
of the property. This constructor could result in ande-  Validr (P) = Vp [ (p:undefined) ¢ L A
finedvalue, which signifies that these labels do not have any (plundefined) & L N
commonality for that property. The path is collapsed back- v L w= CIPtr(P)] O
wards, that is, from the sink to the source, which effectively

means that each collapsing constructor is left-associative., . .
psing Example 3.7 Consider the path from&movies through

Definition 3.4 [CIPty : PATH — EDGE] &Star Wars IV to the misspelled valuBruce Wilisin

igure 2. When the path is collapsed, tieme property
Collapse path(P’tr) takes a path and computes the Iabeﬁ] the resulting label has the valo®vie.stars.name

for the virtual edge b_etween the fi_rst and_last nodes in thjIa'hetransaction time property isundefined The transac-
path. The operation is extensible in that it depends on thte

semantics of the properties as givenibyEach constructor ion times of the first and last edges in the path are disjoint,
. . prop S g . so their intersection does not produce a valid transaction

Pr_Clp in [ is property-specific and is use_d to coIIa_pse %ime value Consequently the path is invalid 0

pair of property values for properyy. In this operation, ' '

required properties are treated the same as other properties.-l-he cost of checking path validity @ (n - m), wheren

is the length of the path and is the number of properties

. . z . in a label. We expect that. will usually be much smaller
ClPtr(v =% u =% w) = v — w where thann. Path validity can be checked as a path is matched,
L ={(p: PrCly(z, y) | (p:x) € L1 A (p:y) € L2} U as discussed next.

ClPtr (v i>w) 2o 5w
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3.2.2 PathMatch Lmovie := {(Nname! movie)}

In this section, we first provide a means of determinin Figure 2, there are two labels with movie name

ing whether a user-givedescriptor specified in a query, property. One describe&Color of Night ; the other,
matches a label. The label matching operation is then irgStar Wars 1V

corporated into aMatchoperation to match a path regular
expression to paths in the semistructure. S. := {(name: movie), Gecurity! over 18}

Label matching in existing semistructured query lan- S, := {(name: movie), trans. time: [31/Jul/1998 - uc])
guages is straightforward. The descriptor is typically a sin-
gle word or phrase that is compared, using string compar."€S€ labels are matched as follows.
ison, to the label. For example, in the regular expression LaMar (Lomovie, Se) = False; the requiredsecurity,
(person | employee).name? , the descriptors, the over 18, is miséing frONE 0 0.
basic building blocks of the regular expression, peg-
son, employee , andname. During evaluation of this o LaMar(Lmovie, Sw) = True; the extratransaction
expression, the descriptperson would only match a la- time property inS,, is ignored. m|
belperson on an edge. More flexible string comparisons
between descriptors and labels are supported in some lan-operationLaMa is the basis for interpreting regular
guages, such as Lorel [3], which reuse the wildcard opergypressions of descriptors. Generally, these regular ex-
tor ‘9% from SQL. The descriptoper% would maich any  pressions are interpreted exactly as in other semistructured
label that starts with ‘per’. query languages, and the usual regular expression opera-

The semantics of label matching is more involved in outjons (+, *, 2, |, and . for sequencing) have their usual
model since each label is a set of properties. In additionmeaning. The only essential difference between our lan-
string comparison is insufficient because many properti€gyage and standard semistructured query languages is that
are not strings. These complications are addressed in ?%e matched path is checked to ensure that it is valid. The
label match operatiobaMa, defined below. In general, op- following operation extends a set of paths in a semistruc-
erationLaMa succeeds if every individual property in the yyre, if the sequence of labels on an extended path matches

descriptor has a match in the label or is missing from thene regular expression and the entire path is valid.
label. Extra properties in the label are ignored, and differ-

ent PrMa,, operations are used for different propertigs, Definition 3.10 [Matchpp : 2PATHS x REG — 2PATHS)

Note that the descriptor is a label in the operator definition.et S be a set of starting paths (typically the roots of the
There are three cases to consider. (Ie4uiredprop-  semistructure) andd be a regular expression over an al-

erty in one label igmissingfrom the other label. In this phabet of (extended) labels. Th&nis said to match a path

case, the match does not succeed. A required property mUistDB = (V, E, &root, ') by extending a path i§ as

be present in both labels. (2) A non-required property ifollows.

one label ismissingfrom the other label. In this case, the A

match succeeds because missing properties are treated &atchpp(S, X) ={z |z € M(S,X) A Validr(z)},

don't care information. (3) The property is present in both where the matched/, is defined as follows.

labels. The predicatePrMa, specific to the property is o c

used to determine if the prgperty values match. RequiredM(S’ L)={v— ... ? Um+1 |

and non-required properties are treated the same. vy Ly Ly Um €S A

VUrn Lm, Umt1 € E N LaMayp (L, L)}
M(S,X.Y) = M(M(S, X),Y)
M(S,X*x)=S U M(S,X+)
M(S, X+) = M(S, X.Xx)
M(S,X?)=S U M(X)
M(S, X|Y) = M(S,X) U M(S,Y) O

Definition 3.8 [LaMar : LABEL x LABEL — BOOL]
Label £ is matched against labél as follows. LaMa de-
pends on the semantics of the properties as specifi€d in
since properties in the labels are individually matched.

LaMar (L, S) 2
Vp,z[(p! ) € L = Jy[(p:y) € SA PrMay(z,y)]] A
Vp,yl(p'y) € S = Jx[(p: ) € LA PrMay(z,y)ll A |n the definition, the matchel/ extends a path i§ by
Vp,z,y[(p:w) € LA (py) €S = PrMay(z,y)] O recursively decomposing a path regular expression (the ex-
pression unifies with the second argument). The matcher
The property-specific predicafer-Ma, matches two prop- extends a standard semistructured database matcher to use
erty values. For example, equality may be usedfame,  LaMar to match individual labels, as discussed above.
and time interval overlaps may be used foansaction We note that the presence of cycles in the semistructure
time. See Table 1. can lead to an infinite result set, just like matching in any
semistructured query language. Consequently, when this
Example 3.9 The label that follows requires a movie de- operation is implemented, some strategy must be adopted
scription. to either break cycles (e.g., node marking is used for Lorel)
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or otherwise generate a finite result sets (e.g., stop after tl3e2.3 Backwards Compatibility
first N matches). Which strategy to use is a decision besé

left to a language designer; AUCQL uses node marking t%chieved by assuming that the string labels in those mod-

bre_ﬁ': CyCI?S'M tchi tially th th mat hels default toname properties. Hence our framework can
__1hecost olvialchis essentially the same as path matc .-represent any existing semistructured database by model-
ing in a normal semistructured database: at worst the enti

[fig it as a database in which every label contains exactl
semistructure is explored. The path validity can be com: g y y

. ; onenameproperty.
puted as each path is explored, although it COSt.S an extra Using the same default, retrieval queries also remain un-
factor of O(m), wherem is the number of properties in a

. : ) changed. In existing semistructured databases all paths are
label. LaMa is also anO(m) operation, assuming that the \ ;i "1 our framework, if every label consists of a single

properties in a label are sorted or hashed. So overall, trf?ameproperty then all paths are also valithnes are col-
cost of matching in our framework grows by a factor of theIapsed using string concatenation, which never results in an

size of ea_ch label. i . undefinedvalue). In existing semistructured databases, the
Sometimes only the set of final nodes in a set of paths i§pe|s are matched using string comparison, just like in our

ompatibility with current semistructured models is

desired. framework, so path regular expressions match exactly the
o same paths in both models.
Definition 3.11 [ Nodes : 2PATHS — gNODES] Finally, we observe that our framework seamlessly sup-
Let P be a set of paths. ports the mixing of data from existing semistructures with
N . . data that has richer meta-data since properties can vary
Nodes(P) = {w |v = ... = w € P} O from label to label. Hence as much or as little data as de-

sired can be migrated to use the new type of labels.

Example 3.12A user is interested in retrieving informa- 3 3 Additional Query Operators
tion about movie stars as of 31/Jul/1998. That set of nodes

can be obtained as follows. In this section we present several query language operators
that are useful when querying the information within labels.
Lmovie := {(name! movie), First, a label restructuring operation, callgtice is given
(trans. time: [31/Jul/1998 - 31/Jul/1998}) that carves a portion from each label on a path. Next, the
Lstars == {(name! stars), previously definedIPt operation is trivially generalized to
(trans. time: [31/Jul/1998 - 31/Jul/1998}) operate on the result of atch Finally, a Coalesceop-
Lpame = {(name! name), eration is defined to extract the value of a property that is

(trans. time: [31/Jul/1998 - 31/Jul/1998}) distributed in several labels.

Nodes(Matchpg(ROOTS, Liovie-Lstars-Lname)) 331 Slice

Recall thatROOTSis the set of edges frorkroot 10 |t is often useful to slice a portion from a property in
roots in the semistructure. The regular expression in thigsach label along a path. The most common example is a
example is a sequence of descriptors. In each descriptefansaction-time slice, aollback query that determines
the nameis required (so an edge withoutnamewill not  the other properties as of a particular transaction time. A
match), but the transaction time is not required (an edggath is sliced by slicing each property in a label on the path,
that is missing a transaction time is presumed to exist at adind checking whether the resulting path is valid.
transaction times). Properties not mentioned in the descrip- . | ) PATHS PATHS
tor are ignored in the path matching, unless the property {9€finition 3.13 [Slicer : LABEL x 2 — 207
required, in which case the label is not matched. A descriptor,C, slicesthe labels along each path in a set of

It is instructive to consider four paths in Figure 2.Paths.P’, as follows.

(1) The path through&Color of Night to the mis- ) A c c’

spelled valueruce Wilisis not matched since the required Slicer (£, P)={v — ... S w|

level of security (over 18) is missing from the descriptors. vES L EsweP A

The user must have a digital certificate that authenticates £} = LaSir(L,L1) A ... A L), = LaSIp (L, L) A

her or him as being over 18, and must add that to the first de- Valid ch c4 -
scriptor to match that edge. (2) The path throdg®olor alidr(v — ... w)

of Night to the valueBruce Willisis also not matched o L
for the same reason. (3) The path throgBtar Wars A Igbel is sllceq property by_ property. _Th|s §I|C|ng is
IV to the misspelled valuBruce Wilismatches the reg- Complicated by missing properties. Specifically, if a prop-
ular expression, but is not a valid path (see Example 3.7§" is missing from the descriptor, but present in the label,
(4) The path throug&Star Wars IV to the valueBruce it is passed unchanged into the result. A missing property in

Willis is the only path that both matches the regular expre label is also missing in the result, except if the descriptor
sion and is a valid path. O requiresthe property, in which case the property from the

descriptor is added to the result. Finally, if the property is
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both in the label and the descriptor then a property-specifi8.3.3 Coalesce
constructor slices the property appropriately and adds it t

the result. geveral (virtual) edges may connect a pair of nodes. For

example, two edges connect the pair of nodes in Figure 4.
The first edge was added when the review began to be de-
veloped on 15/Mar/1998. The security was set to restrict
the edge to page developers. By 25/May/1998, the edge
was publicly released as part of the June issue and so the

Definition 3.14 [LaSly : LABEL x LABEL — LABEL]
A label, L, slicesa label,S, as follows.

LaSir (L, S) 2 security was weakened to include paid subscribers.
{(p! PrSly(z, y)) |
(pl) € LA ((py) €SV (ply) € S)}U \&m
{(p! PrSly(z, y)) |
Ply) e SA((p:z) e LV (plz) € L)} U
p: PrSly(z, y)) | (p:z) € LA (p:y) € S} U

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

{( p

{(pty) | (ply) € SA—Ta[(p:x) € LV (plz) € L]} U ,

}E ! 17) € LA ﬁay%( : y) cLV (p' y) c E]} ! name: review
: S a

b ;
A security! developer
p:x) € LA —Ty[( S} trans. time:  [15/Mar/1998 — 24/May/1998]

Recall thatPrSi, is a property-specific constructor that i .

slices a property. Table 1 shows the slicing operators.

Example 3.15 A user is interested in retrieving the other Figure 4: Evolving Information About a Review
properties about movie stars names as of the current time. \yhen several edges connect a pair of nodes, informa-
That set of paths can be obtained as follows. tion about a single property may be distributed among mul-
tiple labels. In order to determine the full extent of a prop-
erty that (conceptually) pertains to a relationship between a
pair of nodes, regardless of whether information about that

property is distributed among a number of edges, it is ad-
vantageous taoalescdhe property from the set of edges.

p
py) €SV (ply)

Ly, = {(name! movie)}
L = {(name! stars}
L, = {(name! name}
Lnow :={(trans. time: [now - now])}
Slicer (L pow, Matchpg(ROOTS, L. Ls.Ly))
) ) L . Definition 3.17 [Coalescer : NAME x 2EPGES
Note that aSlicer with L, as its first argument differs 4, UE]

from a Match with that descriptor since thgansaction  agsyme that a set of edgeB, connects the same pair of
time property of every label (that has a transaction time},qqes F is coalesced for aingleproperty;, as follows.
in the sliced path is [now - now], whereas tlransac-

tion time property in the matched path would be unchanged

A
from the underlying data. Coalescer (p, ) = PrCsy(

(z|(mz)eLV (Pa)eL Av-we FHYU
{undefined | (p:z) ¢ L A (plz) &€ L) A
3.3.2 Collapse oLy we F}) O

In this section, théath Collapser operation introduced in

Section 3.2.1 is trivially generalized to collapse every paththe PrCs, operation is a property-specific constructor.

in a set of paths. Typically)/atch pp first chooses a set of ynlike the collapsing constructor, the coalescing construc-

paths that match some regular expression, then the paths gg does not have to be a restrictor or mutator. Also, the

collspsed, and a property is coalesced from the collapsedsult is not a label, but a single, coalesced value.

paths.

Example 3.18 The following strategy can be used to de-

termine thetransaction time for the review ofStar Wars

IV by Videotastic irrespective of theecurity, valid time,

etc. First, find all the paths from a root to the review. Note

A that this requires a certain level sécurity. Second, col-

Collapser(S) = {CIPtr(P) | P € S A Validr(P)} O |apse each path into a virtual edge. Finally, coalesce the
transaction times of the virtual edges.

Definition 3.16 [Collapsey : 2PATHS 5 9EDGES]
A set of paths,S, is collapsed by collapsing each path in-
dependently.

The utility of an operation lik€ollapsehas been inves-
tigated in other semistructured query languages where it hag ., := {(name! movie), Gecurity: developer)
been called “pull-up” [1]. In LorelCollapseis not an op- L eview := {(N@ame! review), Gecurity: developer)
eration at the query language level; rather, it is used in theE := Collapse(Match pg(ROOTS, Limovie-Lreview))
implementation to compute the value opath variable Coalescer (trans. time, E)
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The result is{(&root , (trans. time: [15/Mar/1998 - uc]), If the transaction time property is missing frafn
&by Videotastic  )}. The coalesced transaction time o o
property, [15/Mar/1998 - uc], is the union of the two trans- £ = £ U {(transaction time: [beginning — T])}. O
action time intervals in Figure 4. |
Finally, a node can be (logically) deleted by removing

3.4 Updates all incoming edges, and an edge modification is modeled as
When transaction time is one of the supported propertie&" €dge deletion followed by an edge insertion.
special semantics for update should be enforced to accofBxample 3.21 The transactions that created the two edges
modate transaction time. In a transaction-time database theFigure 4 are given below. Let
database is trusted to enforce these semantics. On the web,
no such trusted mechanism is available for updates. Howw := &Star Wars IV ,
ever, individual sites or even collections of pages within aw := &by Videotastic ,
site can be archived to correctly support transaction time.£; := {(name:review), Gecurity! developer}, and
Because of the flexibility of our framework, information L, := {(name:review), Gecurity! paid subscribet).
from pages that support transaction time can be freely, 15/Mar/1998, the first edge is inserted:
mixed with information from pages that do not. L1

In this section, we describe the constraints that should _ [7sertpp(15/Mar/1998p = w)
exist to correctly support transaction time, but leave opef?" 24/May/1998, the first edge 'f:‘ deleted:
the issue of how these constraints are enforced on update.  Delete pp(24/May/1998p — w)
An update can be either at the data level, consisting of @n 25/May/1998, the second edge is inserted:
change to an edge, label, or node, or at the meta-data level,  rqert ), (25/May/1998y BN w) O
consisting of the addition of a property. We discuss each
kind of modification in turn.

3.4.2 Adding and Removing Properties

3.4.1 Data Updates Just as data evolves over time, properties can also be added
. L . and (logically) deleted.
An edge can be inserted at any time into the semistructure. A property may be added to a label at any time. For all

On mseruonz the transacuon time of the label on the 'n'existing labels, the new property is simply missing. When
serted edge is set fourrent time — uc].

a label is subsequently inserted or updated, the new prop-

Definition 3.19 [Edge insertion] erty can be used as needed. Each property consists of a
Let T be the current time. An edge is inserted into a semiuniquename adomainor type, and four operation$rCl,,
structure DB = (V, E, &root, T'), as follows. (collapse),PrMa, (match),PrsSi, (slice), andPrCs, (co-
c A alesce). A database designer adds this information to the
Insertpp(T,v — w) = semantics of propertieE, within DB. For most properties,
(VU {v, w}, E U {v £ w}, &root, T), ']E_he default semantics for operations given below will suf-
wherel' = £ U {(transaction time: [T' — uc])}. o 'ce

Redundant and overlapping labels are permitted on edgd2€finition 3.22 [Default property semantics]
i.e., the data is not storezbalesced Note also that edge L€tt1 andt; be any values for the property.
insertion inserts nodes if the nodes not already exist in the _
database. We do not give a separate operation to insert only i:ﬁg(zi;tiz)__Aﬁltz t2t1 _ 4,
a node (our focus is on the relevant changes needed to sup- A L
port pro(perties in labels) ’ ° grgll’(tl’ tz) = SemantS|c Error E
NN - . .. = 0
Edges are (logically) deleted by terminating their rCsp({t1,-. -, tn}) = Semantic Error

transaction-time interval. . )
Two properties are by default collapsed to the second since

Definition 3.20 [Edge deletion] paths are collapsed top-down, from a root to a leaf. The

Let T' be the current time. An edge is deleted from acjosest” or most recent property to a leaf is taken to be
semistructureDB = (V, E, &root, I), as follows. the relevant property. ConsidefRL property that gives

C A the URL at which a datum resides. The URL of the page

Deletepp (T, v — w) = , that contains the datum is more relevant than the URL of

V, (E — {v5w}) U {v55 w}, &root, T), a parent page, and this is exactly what is computed by the

default collapse constructor. Two properties match only if
they are equal. No defaults are provided for &g, and
PrCs, since no reasonable, general defaults exists. Fur-
thermore, these operations are only invoked by mentioning
L' = L — {(transaction time: z)} U the property name in an additional, specific query language
{(transactiontime: (z N [beginning — T))}. operation (they are in some sense optional).

where the label’ is exactly the same a8 except in the
transaction time property. £ has a transaction time prop-
erty, say fransaction time: x), then
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A property can be deleted by removing the property seSELECT Name
mantics from[". Although existing labels in the data store FROM NODES(MATCH(roots, (NAME! movie).
will mention the property, the property is ignored in all sub- (NAME! stars).(NAME! name))) Name;
sequent operations (except for labels with a required prop-
erty in the deleted property, which will fail to match any In AUCQL, a bareword descriptor (e.gnovie ) defaults
subsequent query). To save space, and remove requirda required use of theame property (e.g., tqNAME!
properties, the property should also be deleted from eadhovie) ), since that will be the most commonly used prop-
edge, but this might be costly and disruptive. erty.

This simple support for properties can be enhanced by
maintaining a history of property insertions and deletioné.2 Defaults

as meta-meta-data. This can be accomplished by usiftgstault properties can be set to simplify queries. Once a
name and transaction time properties within each label igefault is set, that value is used for the property in all sub-
the meta-data. Then previous database states can be quedgguent operations. Properties specifically mentioned in an
with the properties available as of that previous state, biperation override their default values. The syntax for set-

this issue of transaction time support for property changegng defaults is straightforward. Below is an example that
is beyond the scope of this paper. retrieves movie stars’ names that are current in the semi-

structure.
4 AUCQL
SET DEFAULT PROPERTY

This section offers a brief overview of an SQL-like query (TRANSACTION_TIME: [now-now]);

language, AUCQL, for querying a semistructured databassELECT movie.star.name;

that has been extended with properties. AUCQL is like

Lorel [3], but has additional constructs to permit queries tg>ecurity is one of the most common default settings. Users
exploit properties. The focus of this presentation is on th€an advertise their security certificates in all subsequent
small changes to the SELECT statement to support the efueries by setting a default.

tend_ed query Ianguag_e operators dlscu_ssed in _the PrevioUs - ~ErAULT PROPERTY

sections. The reader is encouraged to interactively try the (SECURITY: over 18 AND subscriber):

AUCQL queries given here, or other queries, at the AUCQL ’ !

ite: .CS. .dk is/A L .
website:<www.cs.auc.dk/“curtisf AUCQ > 5 Summary and Future Work

4.1 Variables in AUCQL This paper proposes an extensible framework for capturing
more data semantics in semistructured data models. The
§ramework is extensible so that it can incorporate the lat-
st advances in diverse domains, from web security and
-commerce to transaction-time databases. The additional
emantics for each domain are captured in enriched labels.
The new labels are sets of descriptive properties. The prop-
erties used as examples in this paper include transaction
time, price, security, quality, and valid time. But the prop-
SELECT Name erties do not have to be the same for every database or even
FROM movie.stars.name Name: for every label within a database since this framework per-
mits missing properties. Support for required properties,
(This is not the shortest, or best possible query, buo model properties such as security, is also built into the
is adequate for the purposes of this discussion.) Thi§amework.
query sets up a variabldamethat ranges over the ter- ~ Several new operations are needed to manipulate labels
minal nodes of paths that match the regular expressiofiith properties. Match chooses a set of paths from the

The key to understanding AUCQL is understanding th
specification and use of variables. Variables in AUCQL ar
very much like variables in Lorel, the primary difference
being that in AUCQL, a variable can range over the resul
of any of the extended query operators discussed in Se
tion 3.2. Below is an AUCQL (or Lorel) query to find the

names of movie stars.

movie.stars.name . In terms of the operations dis- semistructure that match a user-given path regular expres-
cussed in Section 3.2, the variable has the following mearsion. Collapsecombines the properties in labels along a
ing. path to create a new label for the entire pa8iiceslices
a portion from each label on a path. Final§palesceco-
Ly = {(name! movie)} alesces a property from a set of edges. These operations
L, = {(name! stars} are built into the AUCQL query language, an implemented,
Ly :={(name! name} Lorel-like query language, which is briefly described in this
Namee Nodes(Matchpp(ROOTS, Ly,.Lg.Ly)) paper.

) o _ ) ) This work may be extended in a number of directions.
In fact, in AUCQL, this interpretation can be given explic- | abels can be further extended to includsed of labels.
itly. This does not greatly increase the modeling power since
multiple descriptions of the same relationship can be split
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into individual labels on a multitude of edges. However[12] D. Connolly, R. Khare, and A. Rifkin. The Evolution
it is essential to storing coalesced labels, which may be of of Web Documents: The Ascent of XMIXML special
some convenience to the user. issue of the World Wide Web Journa&l(4):119-128,

We also need to research translating meta-data in XML, 1997.
such as RDF [21] or P3P [27], to a set of properties. Th¢l3] M. Fernandez, D. Florescu, A. Levy, and D. Suciu. A
translation should be relatively straightforward since there  Query Language for a Web-Site Management System.
is a clear mapping between paths in an XML data-set and SIGMOD Record26(3), Sep. 1997.
properties: each path maps to a property, the labels alog4] D. Florescu, A. Levy, and A. Mendelzon. Database
the path collapse to the property’s name, while the terminal  Techniques for the World-Wide Web: A Surve§IG-
value of the path is the property’s value. MOD Record 27(3):59-74, Sep. 1998.

Finally, and perhaps most importantly, the impact of ouf15] M. Fernandez and D. Suciu. Optimizing Regular
framework on path indexes must be addressed. We expect path Expressions Using Graph SchemasiCIRE’98,
that a spatial or (bi)-temporal index can be generalized to  pp. 14-23, Feb. 1998.
index paths.th.rough. properties in labels, and we plan to ir{‘16] R. Goldman and J. Widom. Dataguides: Enabling
vestigate this issue in the future. Query Formulation and Optimization in Semistruc-
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