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ABSTRACT

A decade of experience with research proposals as well as standardized query
languages for the conventional Web and the recent emergence of query languages
for the Semantic Web call for a reconsideration of design principles for Web and
Semantic Web query languages. This chapter first argues that a new generation of
versatile Web query languages is needed for solving the challenges posed by the
changing Web: We call versatile those query languages able to cope with both
Web and Semantic Web data expressed in any (Web or Semantic Web) markup
language. This chapter further suggests that well-known referential transparency
and novel answer-closedness are essential features of versatile query languages.
Indeed, they allow queries to be considered like forms and answers like form-
fillings in the spirit of the query-by-example paradigm. This chapter finally suggests
that the decentralized and heterogeneous nature of the Web requires incomplete
data specifications (or incomplete queries) and incomplete data selections (or
incomplete answers); the form-like query can be specified without precise
knowledge of the queried data, and answers can be restricted to contain only an
excerpt of the queried data.
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INTRODUCTION tic Web areconsideration of design prin-
ciplesfor Web and Semantic Web query

After adecade of experiencewith languagesiscalledfor.
research proposalsaswell as standard- The Semantic Webisan endeavor
ized query languagesfor theconventionadl  Widely publicizedin2001 by aninfluential
Web, and after following therecent emer-  but also controversia article from Tim
genceof query languagesfor theSeman-  Berners-Lee, James Hendler, and Ora
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Lassila(Berners-Leeetal., 2001). The
Semantic Web visonisthat of the current
Web which consists of (X)HTML and
documents in other XML formats ex-
tended by metadata specifying the mean-
ing of thesedocumentsinformsusableby
both humansand computers.

One might see the Semantic Web
metadata added to today’s Web docu-
mentsassemanticindicessmilar toency-
clopedias. A consderableadvantage over
paper-printed encyclopediasisthat the
relationshipsexpressed by Semantic Web
metadata can befollowed by computers,
very much like hyperlinks, and be used
for drawing conclusionsusing automated
reasoning methods:

For the Semantic Web to function,
computers must have access to
structured collections of information
and sets of inference rules that they can
use to conduct automated reasoning.
(Berners-Lee et al., 2001, p. 000)

A number of formalismshave been
proposedinrecent yearsfor representing
Semantic Web metadata (e.g., RDF
[Klyneet al., 2004], Topic Maps[ISO,
1999], and OWL [Bechhofer et al.,
2004]). Whereas RDF and Topic Maps
provide merely asyntax for representing
assertionsonrelationshipslike“atext Tis
authored by person P,” schemaor ontol-
ogy languagessuchasRDFS(Brickley et
al., 2004) and OWL allow oneto state
properties of theterms used in such as-
sartions(e.g., that no person can beatext).
Building upon descriptions of resources
and their schemas, asdetailed inthear-
chitectura road mapfor the Semantic Web

(Berners-Lee, 1998), rulesexpressedin
SWRL (Horrockset d., 2004) or RuleML
(Boley et d., 2002), for example, alow
the specification of actionsto betaken,
knowledgeto bederived, or constraints
to beenforced.

Essentid for redizingthisvisonisthe
integrated accessto all kindsof datarep-
resented in any of these representation
formalismsor evenin standard Web lan-
guages such as (X)HTML, SVG. Con-
sidering thelargeamount and thedistrib-
uted storage of dataalready availableon
theWeb, the efficient and convenient ac-
cessto such databecomesthe enabling
requirement for the Semantic Web vision.
It has been recognized that reasonably
high-levd, declarativequery languagesare
needed for such efficient and convenient
access, as they alow separation of the
actual datastoragefrom theview of the
datathat aquery programmer operates
on. Thischapter presentsanove position
ondesign principlesfor guiding thedeve -
opment of query languagesthat alow ac-
cessto both standard and Semantic \Web
data. Theauthorsbelievethat itisworth-
whileto reconsider principlesthat have
been stated dmost adecade ago for query
languagessuchas XML-QL (Deutsch et
a., 1998) and XQuery (Boag et al.,
2004), then agnogtic of thechallengesim-
posed by the emerging Semantic Web.

Three principles are at the core of
thischapter:

+ Asdiscussed above, the same query
language should provide convenient and
efficient accessto any kind of dataex-
pected to be found on the Semantic
Web (e.g., to documents written in
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(X)HTML, to RDF descriptions of
these documents, and even to ontolo-
gies). Only by intertwining datafrom
all thedifferent layersof the Semantic
Web canvision berealizedinitsfull
potentidl.

+ Conveniencefor theuser of thequery
language requiresthereuse of knowl-
edge obtained in another context.
Therefore, the query language should
be based upon the principlesof refer-
ential transparency and answer-
closedness (see Section 2.4) redlized
by rulesand patterns. Together, these
principlesalow for (1) querying exist-
ing and constructing new data by a
form-filling gpproach (smilar to but ar-
guably moreexpressvethanthequery-
by-example paradigm [Zloof, 1975]);
and (2) basicreasoning capabilitiesin-
cludingtheprovisonof different views
of the same dataeven represented in
different Web formaisms.

+ Thedecentralized and heterogeneous
nature of the Web requiresquery lan-
guagesthat allow queriesand answers
to be incomplete: In queries, only
known partsof therequested informa:
tion are specified, similar to aform,
leaving other partsincomplete. Con-
versely, the answer to a query may
leave out uninteresting parts of the
matching data.

Itisworth noting that thesecoreprin-
ciplesand themoredetail ed discussion of
thedesign principlesin Section 2 arede-
scribing genera principlesof query lan-
guagesrather than specificissuesof an
implementation or storagesystem. There-
fore, implementation issues, such aspro-

cessing model (in-memory vs. database
vs. datastream) or distributed query evau-
ation, are not discussed in this chapter.
Rather, thelanguagerequirementsare con-
sidered independently of such issuesbut
alow for further extensonsor restrictions
of the language, if necessary, for apar-
ticular setting or application.

Thesedesignprinciplesresultinlarge
part from experienceinthedesign of Web
guery languages by the authors, in par-
ticular fromtheexperienceindesgningthe
Web query language X cerpt (Schaffert &
Bry, 2004).

DESIGN PRINCIPLES

Therest of thischapter isorganized
around 13 design principles deemed es-
sentid for versatile Web query languages,
dartingwith principlesconcerning thedud
useof aquery languagefor both Web and
Semantic Web data (Section 2.1), the
specific requirements on how to specify
data selection (Section 2.2), the makeup
of ananswer (Section 2.3), further prin-
ciplesregarding declarativity and structur-
ing of query programs (Section 2.4), rea
soning support (Section 2.5), andfinally,
thoseregarding therdation of queryingand
evolution (Section 2.6) areouitlined.

Ver satility:
Data, Syntax, and Interface

A Query Language for the
Standard Web and Semantic Web

A hypothesisof thischapter isthat a
common query language for both con-
ventional Web and Semantic Web appli-
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cationsisdesirable(thisrequirement for a
Web query language al so has been ex-
pressed by other authors (e.g., Olken &
McCarthy, 1998). Therearetwo reasons
for thishypothesis:

First, in many cases, dataisnot in-
herently conventiond Web dataor Seman-
tic Web data. Instead, it isthe usagethat
givesdataaconventiona Web or Seman-
tic Web status. Consider, for example, a
computer scienceencyclopedia. It canbe
queried likeany other Web document us-
ing aWeb query language. If itsencyclo-
pediarelationships(i.e., formalizing ex-
pressonssuchas“see” “seeds0,” or “use
instead,” commonly used in traditional
encyclopedia) are marked up using, for
example, XLink or any other ad hoc or
generic formalism, asone might expect
from an onlineencyclopedia thentheen-
cyclopediaalso can beused as Semantic
Web data (i.e., metadata) in retrieving
computer sciencetexts(e.g., theencyclo-
pedia could relate a query referring to
Linux to Web content referring to * oper-
ating systemsof the 90s”) or enhancethe
rendering of Web contents (e.g., adding
hypertext linksfrom somewordsto their
definitionsintheencyclopedia).

Second, Semantic Web applications
most likely will combineand intertwine
gueriesto Web data and to metadata (or
Semantic Web data) in all possible man-
ners. There isno reason to assume that
Semantic Web applicationswill rely only
on metadataor that querying of conven-
tional Web dataand Semantic Web data
will takeplaceintwo (or several) succes-
svequerying phases, refarring eachtodata
of onesinglekind. Congder aganthecom-
puter science encyclopediaexample. In-

stead of one single encyclopedia, one
might useseverd encyclopediasthat might
belisted in a(conventional Web) docu-
ment. Retrieving the encyclopediasre-
guiresaconventiona Web query. Merg-
ing theencyclopediasislikely to call for
specificfeaturesof aSemantic Web query
language. Enhancing therendering of a
conventiona Web document usingthere-
sulting (merged) encyclopediaislikely to
require (a) conventiona Web queries(for
retrieving conventional Web documents
and the addresses of the relevant ency-
clopedias), (b) Semantic Web queries(for
merging theencyclopedias), or (¢) mixed
conventiona and Semantic Web queries
(for adding hypertext linksfrom words
defined inthemerged encyclopedia).

Integrated View of Standard and
Semantic Web Data: Graph Data

Both XML and semi-structured data
ingeneral, aspredominantly used onthe
(standard) Web, and RDF, theenvisioned
standard for representing Semantic Web
data, can berepresented in agraph data
model. Although XML isoften seenasa
treemodd only (see XML Information Set
[Cowan & Tobin, 2004] and the X Query
datamodel [Fernandez et al., 2004]), it
does provide nonhierarchical relations
(e.g., by usng ID/IDREF linksor XLink
[DeRoseet dl., 2001)).

Similar to the proposal for aninte-
grated datamodel and (model-theoretic)
Semanticsof XML and RDF presented
in Patel-Schneider and Simeon (2002), a
query languagefor both standard and Se-
mantic Web must be able to query any
such datainanatural way. In particular,
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an abstraction of the various linking
mechanismsisdesirablefor easy query
formulation; onegpproachistheautometic
dereferencing of ID/IDREF-linksin XML
data, and another isthe unified treatment
of typed relations provided bothin RDF
and XLink.

Therestrictionto hierarchical (i.e.,
acyclic) relationsisnot realistic beyond
the smplest Semantic Web use cases.
Evenif eachrelationfor itself isacyclic,
inferencebased not only onrelationsof a
single type must be able to cope with
cycles. Therefore, a(rooted) graph data
model iscalledfor.

Three Syntaxes: XML, Compact
Human-Readable, and Visual

Whileitisdesrablethat aquery lan-
guagefor the (conventiond and/or Seman-
tic) Web hasan XML syntax, becauseit
makesit easier to exchange query pro-
gramson theWeb and to manipulatethem
using thequery language, asecond, more
compact syntax easier for humanstoread
andwriteisdesrable. Therefore, twotex-
tua syntaxesshould beprovided: apurely
term-oriented XML syntax and another
onethat combinesterm expressionswith
non-term expressonslikemost program-
ming languages. Thisother syntax should
be more compact than the XML syntax
and better readable for human beings.
Both syntaxes should beinterchangeable
(thetrandation being alow cost process).

Third, avisud syntax cangresetly in-
creasetheaccessibility of thelanguage, in
particular for non-experts. Thisvisua syn-
tax should beamererendering of thetex-
tua language, anovel approachto devel-

oping avisual languagewith several ad-
vantages. It resultsin avisual language
tightly connected to thetextual language;
namely, itisarendering of thetextua lan-
guage. Thistight connection makesit pos-
sibletouseboththevisua andthetextua
languagein the devel opment of applica
tions. Last, but not least, avisual query
language conceived asahypertext appli-
caionisespecialy accessiblefor Web and
Semantic Web application devel opers.

Modeling, Verbalizing, and Visualizing

Authoring and Modeling.
Authoring correct and consistent queries
oftenrequirescong derableeffort fromthe
guery programmer. Therefore, semi-au-
tomated or fully automated tool support
both for authoring and for reading and
understanding queriesisessential.

Ver balization. For verbaizing que-
ries, aswell asthar input and output, some
form of controlled natural language pro-
cessing ispromising and can providean
interface to the query language for un-
trained users. Theimportance of sucha
seemingly free-form“natural” interface
for the Web is demonstrated by the
widespread success of Web search en-
gines.

Visualization. Asdready discussed,
avisuaization based on styling of queries
ishighly advantageousinaSemantic Web
setting. Asdemonstrated in Berger et al.
(2003], it dso can serve asafoundation
for interactivefeaturessuch asauthoring
of queries. Onthisfoundation, more ad-
vanced authoring tools(e.g., for verifica-
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tion and validation of queries) can be
implemented.

Data Selection:
Patter n-Based, Incomplete

Every query language hasto define
meansfor accessing or sHecting data This
section discusses principlesfor datase-
lectioninaWeb context.

Pattern Queries

Patterns, as used in Xcerpt
(Schaffert & Bry, 2004) and XML-QL
(Deutschetd., 1998), for example, pro-
vide an expressive and yet easy-to-use
mechanismfor specifying thecharacteris-
tics of data sought. In contrast to path
expressions, asused in XPath (Clark &
DeRose, 1999) and languages building
uponit, for example, they allow an easy
realization of answer-closednessinthe
spirit of “query by example’ query lan-
guages. Query patternsareespecidly well
suited for avisua language, becausethey
givequeriesastructurevery closeto that
of possible answers. One might say that
query patternsarelikeformsand answers
arelikeformfillings.

Incomplete Query Soecifications

I ncomplete queriesspecify only part
of thedatatoretrieve(i.e., only some of
thechildren of an XML dement (referring
to the tree representation of XML data
caled“incompletenessin breadth”) or an
element at unspecified nesting depth (re-
ferring to thetreerepresentation of XML
datacalled “incompletenessin depth”).

Such queries areimportant on the con-
ventional Web because of its heteroge-
neity; one often knowsonly part of the
structure of the XML documentsto re-
trieve.

Incompl ete queries specifying only
part of the datato retrieve are also im-
portant on the Semantic Web. Thereare
threereasonsfor this: first, Semantic Web
data such as RDF or Topic Map data
might befoundindifferent (XML) formats
that, ingeneral, areeasier to comparein
termsof only some salient features. Sec-
ond, themerging of Semantic Web datais
often doneintermsof componentscom-
mon to distinct dataitems. Third, most
Semantic Web datastandards allow data
itemswith optiona components. Inaddi-
tion, query languagesfor the conventiona
and Semantic Web should easeretrieving
only partsof (completely or incompletely
specified) dataitems.

Incomplete Data Selections

Because Web dataisheterogeneous
initsstructure, oneisofteninterestedin
“incompleteanswers.” Two kindsof in-
complete answers can be considered.
First, onemight not beinterested in some
of the children of an XML (sub-) docu-
ment retrieved by aquery. Second, one
might beinterested in somechild dements
if they are available, but would accept
answerswithout such elements.

Anexampleof thefirst casewould
beaquery againg alist of studentsasking
for thenameof studentshaving ane-mall
addressbut specifying that thee-mail ad-
dress should not be delivered with the
answer.
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An example of the second case
would beaquery against an addressbook
asking for names, e-mail addresses, and,
if available, cellular phonenumbers.

But thelimitation of ananswverto®in-
teredting” partsof theselected dataishelp-
ful not only for XML data. A common
desirewhen querying descriptionsof Web
sites, documents, or other resources
stored in RDF isto query adescription of
aresource(i.e., everything related to the
resource hel ping to understand or identify
it). Inthiscase, for example, one might
want to retrieve only datarelated by, at
most, nrelationsto theoriginal resource
and also avoidfollowing certainrelation
typesnot hel pful inidentifyingaresource.

Polynomial Core

Thedesgnprinciplesdiscussedinthis
chapter point toward ageneral-purpose,
and dueto general recursion, most likely
Turing-compl ete, database programming
language. However, itisessentid that for
the most frequently used queries, small
upper bounds on the resourcestaken to
evauatequeries(i.e.,, main memory and
query evduation time) can beguaranteed.
Asaconsequence, itisdesirabletoiden-
tify aninteresting and useful fragment of a
query languagefor whichtermination can
be guaranteed and which can be evalu-
ated efficiently.

When studying the complexity of
database query languages, one distin-
guishesbetween at |east three complexity
measures. datacomplexity, wheretheda
tabaseisconsidered to betheinput and
the query isassumed fixed; query com-
plexity, where the database is assumed

fixed and the query istheinput; and com-
bined complexity, which takes both the
database and the query asinput and ex-
pressesthe complexity of query evalua
tionfor thelanguageintermsof thesizes
of both (Vardi, 1982).

For a given language, query and
combined complexity are usually much
higher than datacomplexity. Inmost rela
tiona gquery languagesare by one expo-
nential factor harder (e.g.,inPSPACE vs.
LOGSPACE-complete for first-order
queries and EXPTIME-complete vs.
PTIME-complete for Datalog, cf.
[Abiteboul et al., 1995]). On the other
hand, since datasizesare usually much
larger than query sizes, thedatacomplex-
ity of aquery languageisthe dominating
measure of the hardness of queries.

Onecomplexity classthat isusudly
identifiedwithefficiently solvableproblems
(or queries) isthat of all problemssolv-
ablein polynomia time. PTIME queries
dill canberather inefficient onlargedata-
bases. Another even moredesirableclass
of querieswould thusbethat of thoseque-
riessolvableinlinear timeinthesizeof the
data.

Databasetheory providesuswitha
number of negative results on the com-
plexity of query languagesthat suggest thet
neither polynomid-timequery complexity
nor linear-time datacomplexity arefea
siblefor data-transformation languages
that construct complex structuresasthe
result. For example, even conjunctivere-
lational queriesare NP-completewithre-
spect to query complexity (Chandra &
Merlin, 1977). Conjunctive queriesonly
can apply selection, projection, and joins
to the input data, all features that are
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among the requirements for query lan-
guagesfor the Semantic Web. Thereare
anumber of structural classesof tractable
(polynomial-time) conjunctive queries,
such asthose of so-called  bounded tree-
width” (Flum et al., 2002) or “ bounded
hypertree-width” (Gottlob et al., 2002),
but theserestrictionsare not transparent
or easy to grasp by users. Moreover, even
if such restrictionsaremade, generd data
transformation queriesonly need very ba-
sicfeatures(i.e., joinsor pairing) to pro-
ducequery resultsthat are of super-linear
gze Thatis, justwriting theresultsof such
queriesisnot feasbleinlinear time.

If oneconsdersmoreredrictiveque-
riesthat view dataasgraphsor, more pre-
cisaly, as trees, and which only select
nodes of thesetrees, there areanumber
of pogitiveresults. Themost important is
the onethat monadic (i.e., node-sel ect-
ing) queriesin monadic second-order logic
ontreesareinlinear timewith respect to
data complexity (Courcelle, 1990) but
have non-elementary query complexity
(Grohe & Schweikardt, 2003). Reason-
ing on the Semantic Web naturally hap-
penson graph data, and resultsfor trees
remain relevant because many graphsare
trees. However, thelinear timeresultsal-
ready fail, if very smple comparisons of
datavaluesinthetreesare permitted.

Thus, the best we can hopeforina
datatransformation query languagefrag-
ment for reasoning on the Semantic \Web
iISPTIME datacomplexity. Thisisusualy
rather easy to achievein query languages
by controlling theexpressvenessaf higher-
order quantification and recurson. In par-
ticular, thelatter isrelevant inthe context
of thedesign principleslaid out here. A

PTIME upper bound on the data com-
plexity of recursive query languagesis
achieved either by disallowing recursion
or by imposing an appropriate monoto-
nicity requirement (i.e., thosethat formthe
basisof PTIME datacomplexity in stan-
dard Datal og or Datdl og withinflationary
fix-point semantics (Abiteboul et al.,
1995).

Finding alargefragment of adata-
base programming languageand determin-
Ing itsprecise complexity isanimportant
first step. However, even moreimportant
than worst-case complexity boundsisthe
efficiency of query evauationin practice.
Thisleadsto the problem of query opti-
mization. Optimizationasoisusualy best
doneon restricted query languagefrag-
ments, in particular if such fragmentsex-
hibit dternativedgebraic, logicd, or game-
theoretic characterizations.

Answers: Arbitrary XML, Ranked
Answers as Arbitrary XML Data

XML isthelingua franca of data
interchange on the Web. As a conse-
guence, answersshould beexpressiblein
every possible XML application. Thisin-
cludesbothtext without markup and fredy
chosen markup and structure. Thisrequire-
ment isobviousand widely accepted for
conventional Web query languages. Se-
mantic Web query languagesa so should
be capable of delivering answersinevery
possible XML application in order to
makeit possible, for instance, to mediate
between RDFand XTM (an XML serial-
ization of Topic Maps|Pepper & Moore,
2001]) dataor totrandate RDF datafrom
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one RDF syntax into another RDF syn-
tax.

Answer Ranking and Top-k Answers

In contrast to queries posed to most
databases, queries posed to the conven-
tional and Semantic Web might havea
rather unpredictable number of answers.
Asaconsequence, itisoften desirableto
rank answersaccording to some applica
tion-dependent criteria. Itisdesirablethat
Web and Semantic Web query languages
offer (a) basic meansfor specifying rank-
ing criteriaand, (b) for efficiency reasons,
evaluation methods computing only the
top-k answers(i.e., agiven number k of
best-ranked answersaccording to auser-
gpecified ranking criterion).

Query Programs.
Declarative, Rule based

Thefollowing design principlescon-
cernthedesign of query programsbeyond
the dataselection facilitiesdiscussed in
Section 2.2.

Referential Transparency

This property meansthat withina
definition scope, al occurrencesof anex-
pression havethesamevaue(i.e.,, denote
thesamedata). Referentia transparency
isanessential, precisely-defined trait of
therather vaguenotion of “ declarativity.”

Referentid transparency isatypical
featureof modern functiona programming
languages. For example, evaluating the
expressonf 5inthelanguage Haske | will
adwaysyiddthesamevdue(assumingthe

samedefinition of f isused). Contrasting
withlanguageslike C or Java: theexpres-
sonf(5) mightyield different resultsevery
timeitiscalled becauseitsdefinition de-
pendson constantly changing stateinfor-
mation.

Referentialy transparent programs
areeasier to understand and, therefore,
easer todevelop, maintain, and optimize
asreferential transparency allowsquery
optimizersto dynamically rearrangethe
evaluation order of (sub-) expressions
(e.g., forevduatingina“lazy manner” or
computing an optimal query evaluation
plan). Therefore, referential transparency
surely isoneof theessentia propertiesa
guery languagefor the Web should sat-

idy.
Answer-Closedness

Wecall aquery language“ answer-
closed” if replacing asub-query inacom-
pound query by apossible (not necessar-
ily actual) singleanswer dwaysyieldsa
syntactically valid query. Answer-closed
query languagesensurein particul ar that
every dataitem (i.e., every possiblean-
swer tosomequery) isasyntecticaly vaid
guery. Functional programscan but are
not required to be answer-closed. Logic
programming languages are answer-
closed, but SQL isnot (e.g., theanswer
person(a) to the Datal og query person(X)
isitsalf apossiblequery, whiletheanswer
“name="‘a " tothe SQL query SELECT
name FROM person cannot (without Sig-
nificant syntactical changes) beused asa
guery. Answer-closednessisthedistin-
guishing property of the “query by ex-
ample” paradigm (Zloof, 1975), even
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thoughitiscalled differently there, sepa-
rating it from previous approaches for
query languages. Answer-closedness
easesthe specification of queriesbecause
it keepslimited the unavoidable shiftin
syntax from the data sought for and the
query specifying thesedata.

Toillustrate theimportance of an-
swer-closednessin the Web context, as-
sumean XML document containing alist
of bookswith titles, authors, and prices
(e.g., the XML Query Use Case XMP
[Chamberlainet a., 2003]). The X Path
(Clark and DeRose, 1999) query

Ibib/bookftitleftext()

selectsthe (text of) titles of books, while
asmilar query inthe (answer-closed) lan-
guage X cerpt ([ Schaffert and Bry, 2004)
IS

bib {{ book {{ title { var T } }} })

XPath doesnot allow to substitution
(e.g., thestring“DataontheWeb” for the
guery is thus not answer-closed). In
Xcerpt, ontheother hand, thefollowing
isboth an answer to the query and aper-
fectly vaidquery initsdf:

bib {{ book {{ title { “Data on the
Web”" } }} }}

Answer-closednessisuseful (e.g.,
when joining severa documents). For in-
stance, a query first could select book
titlesin aperson’sfavorite book list and
then substitutethesetitlesin the previous

query:

and {
my-favorite-books {{ title { var T } }},
bib {{ book {{ title { var T} }} }}

}

Rule-Based, Chaining, and Recursion

Rule-Based. Rulesare understood
here as meansto specify novel, maybe
virtual, dataintermsof queries(i.e., what
iscaled”views’ in(relational) databases,
regardless of whether thisdataismateri-
alized or not). Views (i.e., rule-defined
data) aredesirablefor both conventiona
and Semantic Web gpplications. Thereare
threereasonsfor this:

First, view definitionsor rulesarea
meansfor achieving the so-cdled” sepa-
ration of concerns’ inquery programs(i.e,
the stepwise specifications of datatore-
trieveand/or to congtruct). In other words,
rulesand view definitionsareameansfor
“procedural abstraction” (i.e., rules[view
definitions, resp.] are the Prolog and
Datalog (SQL, resp.) counterpart of func-
tionsand/or procedures.

Second, rulesand view definitions
giveriseto easily specifying inference
methods needed (e.g., by Semantic Web
goplications).

Third, rulesand view definitionsare
meansfor “ datamediation.” Datamedia
tion meanstrand ating datato acommon
format from different sources. Datame-
diation is needed both on today’s Web
and on the emerging Semantic Web be-
causeof their heterogeneity.

Backward and Forward Chaining.
On the Web, backward chaining (i.e.,
computing answers starting from rule
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heads) is, ingenerd, preferabletoforward
chaining (i.e., computing answersfrom
rule’ sbodies). Whileforward chainingis,
ingenerd, consderedto bemoreefficient
then backward chaining, there are many
gtuationswherebackward chainingisnec-
essary, in particular when dealing with
Web data. For example, a query might
dynamically query Web pagesdepending
on the results of previous queries and,
thus, unknown in advance. Thus, afor-
ward chaining evaluation would require
considering the whole Web, which is
clearly unfeasible.

Recur sion. Onthe Web, recursion
isneeded at least for:

« traversng arbitrary-length pathsinthe
datastructure;

« querying on the standard \Web when
complex transformationsare needed,;

« uerying on the Semantic Web when
inferencerulesareinvolved.

Note that afree recursion is often
desirableand that recursivetraversals of
XML documentsasoffered by therecur-
svecomputationmodel of XSLT 1.0are
not sufficient.

Separation of Queries
and Constructions

Two standard and symmetrical ap-
proachesarewidespread, asfar asquery
and programming languagesfor the \Web
areconcerned:

+ Queriesor programsareembeddedin
aWeb page or Web page skeleton giv-

ing the structure of answersor datare-
turned by callsto the programs.

+ Parts of a Web page specifying the
sructureof thedatareturnedtoaquery
or program eval uation are embedded
inthequeriesor programs.

Itisahypothesisof thischapter that
both approachesto queriesor programs
are hard to read and, therefore, hard to
writeand maintain.

Instead of either approach, astrict
separation of queriesand “ congtructions’
(i.e., expressonsspecifying the structure
of answers) isdesirable. Witharule-based
language, condtructionsareruleheads, and
gueriesarerulebodies. In order torelate
arule' scondructiontoarule squery (logic
programming), variablescan beemployed.

Asdiscussed in Section 2.13, the
construction of complex resultsoftenre-
quires considerable computation. The
separation of querying and construction
presented here allows for the separate
optimization of both aspects, allowing
eas e adoption of efficient evauationtech-
niques.

Reasoning Capabilities

Versatility (Section 2.1) allowsac-
cesstodatain different representation for-
mats, thereby addressing format hetero-
geneity. However, inaWeb context, data
oftenwill beheterogeneousnot only inthe
chosen representation format, but alsoin
terms, structure, and so forth. Reasoning
capabilities offer ameansfor the query
author to ded with heterogeneousdataand
toinfer new data.
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Soecific Reasoning as Theories

Many practical applicationsrequire
specia formsof reasoning; for instance,
efficient equality reasoning isoften per-
formed using theso-caled paramodul &tion
ruleingtead of theequality axioms(trang-
tivity, substitution, and symmetry). Also,
temporal datamight require conversions
between different time zonesand/or cal-
endar systemsthat areexpressedinasim-
pler format and moreefficiently performed
using arithmeticingtead of logica axioms.
Findly, reesoningwithintervasof possble
valuesinstead of exact values (e.g., for
appointment scheduling) isconveniently
expressed and efficiently performed with
congraint programming.

For thisreason, itisdesirablethat a
query languagefor the (conventiona and
Semantic) Web can be extended with so-
called“theories’ implementing specific
formsof reasoning.

Such “theory extensons’ canbere-
dizedintwomanners.

First, atheory can beimplemented
asan extension of the runtime system of
thequery languagewith additiond languege
congtructsfor usng theextension.

Second, a theory can be imple-
mented using thequery languageitself and
madeavailableto usersof thisquery lan-
guagethrough program libraries. Inthis
case, theoriesareimplemented by rules
and queries. Based uponthe XML syntax
of the query language (Section 2.12), for
example, such rulebasescanthen beque-
ried using the query languageitself and
maintained and updated by areectivelan-
guagesuchasX Change(Bry & Patranjan,
2005).

Querying Ontologiesand
Ontology-Aware Querying

In aSemantic Web context, ontolo-
gies can be used in several aternative
ways. First, they can be dealt with by a
specialized ontology reasoner (themain
disadvantage being theimpossibility of
adding new domain-specific constructs).
Second, they can beregarded asdescrip-
tionsto be used by aset of rulesimple-
menting the Semantics of the constructs
employed by theontology. (Thisissmilar
to ameta-interpreter and may beslow.)
Alternatively, theontology may be* com-
piled” toaset of rules.

Asdiscussed inthe previouspoint,
the query language should alow for both
gpproaches. extending thequery language
by specific theory reasonersfor acertain
ontology language (e.g., OWL-DL) as
well astheability to useruleswrittenin
the query language asmeansfor imple-
menting (at least certain aspects) of an
ontology language. Examplesfor suchas-
pectsarethetrangtivity of thesubsumption
hierarchy represented in many ontologies
or thetypeinferencebased ondomainand
rangerestrictionsof properties.

The latter approach isbased upon
theability to query the ontology together
with the dataclassified by the ontology.
Thisispossbleduetothefirst designprin-
ciple. Stated intermsof ontologies, we
believethat aquery language should be
designed in such away that it can query
standard Web data(e.g., an article pub-
lished onaWeb site) insome XML docu-
ment format metadata describing such
Web data(e.g., resourcedescriptionsin
RDF gtating author, usagerestrictions, re-
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lationsto other resources, reviews, etc.),
and the ontol ogy that providesthe con-
ceptsand their relationsfor theresource
descriptioninRDF.

Queryingand Evolution

When considering thevision of the
Semantic Web, the ability to cope with
both quickly evolving andrather satic deta
iscrucid. Thedesign principlesfor aWeb
query language discussed intheremain-
der of thissection aremostly agnostic of
changesin the data; only a snapshot of
the current dataisconsidered for query-
ing; synchronizationand digtributionissues
aretransparent to thequery programmer.

In many cases, such anapproachis
very appropriate and allows the query
programmer to concentrate on the cor-
rect Soecification of thequery intent. How-
ever, therearedsoalargenumber of cases
whereinformation about changesin the
dataand the propagation of suchand smi-
lar eventsiscaledfor (e.g., event notifi-
cation, change detection, and publish-sub-
scribe systems).

For programming thereactivebehav-
ior of such systems, one often employs
“event-condition-action” (or ECA) rules.
We believethat the specification of both
guerieson occurring events (the“ event”
part of ECA-rules) and on the condition
of the data, which should hold for aspe-
cific action to be performed, should be
closely related to or even embed thegen-
erd purpose query languagewhose prin-
ciplesarediscussed inthischapter (e.g.,
thereactivelanguage XChange [Bry &
P tranjan, 2005] integrating the query
language X cerpt [ Schaffert & Bry, 2004]).

RELATED WORK

Althoughthere have been numerous
approachesfor accessing Web data, few
approachesconsider thekind of versatil-
ity asked for by thedesign principlespre-
sentedinthischapter. Thissection briefly
discusseshow thedesign principlespre-
vioudy introduced rel ateto sdlected query
languages for XML and RDF data, but
doesnot aim at afull survey over current
Web query languages as presented
(Furcheetd., 2004).

Ver satility

Most previous approachesto Web
query languages beyond format-agnostic
information retrieval systems such as
search engineshavefocused on accessto
one particular kind of data only (e.g.,
XML or RDF data). Therefore, suchlan-
guagesfall short of realizing thedesign
principleson versatility described in Sec-
tion 2.1. Connected to therealizationthat
thevision of a* Semantic Web” requires
joint accessto XML and RDF data, ver-
satility (at least when restricted to these
two W3C representation standards) has
been increasingly recognized asadesir-
ableif not necessary characteristic of a
Web query language (Patel-Schneider &
Simeon, 2002). The charter of theW3C
working group on RDF DataAccesseven
asks“for RDF datato beaccessblewithin
an XML Query context [and] away to
takeapieceof RDF Query abstract syn-
tax andmapitintoapieceof XML Query”
(Prud’ hommeaux, 2004).

Thisrecognition, however, hasled
mostly to approaches where access to

Copyright © 2005, Idea Group Inc. Copying or distributing in print or electronic forms without written

permission of Idea Group Inc. is prohibited.



14 Int'l Journal on Semantic Web & Information Systems, 1(2), 1-20, April-June 2005

RDF dataisadded to a ready established
XML query languages. Robieet d. (2001)
proposes alibrary of XQuery accessor
functionsfor normaizing RDF/ XML and
queryingtheresulting RDF triples. Nota-
bly, thefunctionsfor normalizing and que-
ryingactudly areimplementedin X Query.
In contrast, TreeHugger (Steer, 2003)
providesaset of (externd) extensonfunc-
tionsfor XSLT (1.0) (Clark, 1999). Both
approachessuffer fromthelack of expres-
sivenessof the XQuery and XSLT data
model when considering RDF data;
XQuery and XSLT consider XML data
astreedatawherereferences (expressed
using ID/IDREF or XLink) haveto be
resolved explicitly (eg., by anexplicitjoin
or a specialized function). Therefore,
Robieet a., (2001) maps RDF graphsto
aflat, triple-like XML structurerequiring
explicit, value-based joinsfor graph tra-
versal. TreeHugger mapsthe RDF graph
toan XML tree, thususing the moreeffi-
cient structural access, where possible,
requiring special treatment, however, of
RDF graphsthat arenot tree shgped. None
of these approachesfulfillsentirely the
designprinciplesproposedin Section2.1,
but they represent important stepsinthe
direction of aversatile Web query lan-

guage.
Data Selection

For theremainder of thedesignprin-
ciples, Web query languages specialized
for acertain representation format such
as XML or RDF areworth considering.
Oneof themost enlightening viewsonthe
state-of-the-art in both XML and RDF
query languagesisaview conddering how

data selection is specified in these lan-
guages. Both dataformats allow struc-
tured information, and dataselection fa-
cilities emphasize the selection of data
based onits own structure and its posi-
tionin somecontext (e.g., an XML docu-
ment or an RDF graph). For specifying
such gtructura relations, threegpproaches
can be observed:

1. purely relational, wherethe structural
relationsarerepresented smply asre-
lations, e.g., child(CONTEXT,
X)Udescendant(X, Y) for sdecting the
descendants of achild of some node
CONTEXT. Thisstyleisusedin sev-
era RDF query languages (e.g., the
widely used RDQL [Seaborne, 2004])
and current draftsof theupcomingW3C
RDF query language SPARQL
(Prud’ hommeaux & Seaborne, 2004).
For XML querying, this style has
proven convenient for formal consid-
erations of expressiveness and com-
plexity of query languages, for example.
Inactual Web query languages, it can
be observed only sparsely (e.g., inthe
Web extraction language Elog
[Baumgartner et al., 2001]).

2. path-based, wherethe query language
dlowsseverd dtructurd relaionsalong
apathinthetree of graph structureto
be expressed without explicit joins,
e.g., child::*/descendant::* for select-
ing thedescendantsof childsof thecon-
text. Thisstyle, originating in object-
oriented query languages, isusedinthe
most popular XML query languages
such as XPath (Clark & DeRose,
1999), XSLT ([Clark, 1999), and
XQuery (Boag et d., 2004), but aso
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inanumber of other XML query lan-
guages (X pathL og, 2004) that shows
that thisstyle of dataselectionaso can
beused for dataupdates. Several ideas
to extend thisstyleto RDF query lan-
guages have been discussed (Palmer,
2003), but only RQL (Karvounarakis
etd., 2004) proposesafull RDF query
language using path expressonsfor data
sdlection.

3. pattern-based, asdiscussed in Section
2.2.1. Thisstyleisused (e.g.,in XML-
QL [Deutschet al., 1998] and X cerpt
[Schaffert & Bry, 2004]) butisadsowell
established for relational databasesin
the form “query-by-example” and
Datdog.

Most Web query languagesconsider
to some extent incomplete query specifi-
cations, as\Web dataisinherently incon-
sistent, and few assumptions about the
schema of the data can be guaranteed.
However, only few query languagestake
into account thetwo flavorsof incomplete
dataselectiondiscussedin Section 2.2.3
(e.g., Xcerpt [ Schaffert & Bry, 2004] and
SPARQL [Prud’ hommeaux & Seaborne,
2004)).

Polynomid coreshavebeeninvesti-
gated most notably for X Path (and, there-
fore, by extension XQuery [Boag et al.,
2004] and X SLT [Clark, 1999]); there-
ultsare presented, for example, in Gottlob
et a. (2003) and Segoufin (2003).

Answers
Naturally, most XML query lan-

guagescan congtruct answersin arbitrary
XML. This, however, isnot true of RDF

query languages, many of which, suchas
RDQL (Seaborne, 2004) do not even al-
low the congtruction of arbitrary RDF, but
rather outputsonly (n-ary) tuplesof vari-
ablebindings.

Answer ranking and top-k answers
historically haverarely been provided by
the core of Web query languages, but
rather have been added as an extension
(Amer-Yahiaeta., 2004), aW3Cinitia
tiveon adding full-text search and answer
ranking to XPath and X Query (Boag et
al., 2004). Inrelational databases, onthe
other hand, top-kanswersareavery com-
mon languagefeature.

Query Programs

Dedadivity andreferentid trangoar-
ency have long been acknowledged as
important design principlesfor any query
language, asadedlaratively specified query
ISmore amenableto optimization while
asoeasing query authoringinmany cases.

Most of the Web query languages
claim to be declarative languages and,
oftentimesclaimto offer areferentially
transparent syntax. Inthe case of XQuery
(Boagetd., 2004), thereferential trans-
parency of thelanguageisdoubtful dueto
sdeeffectsduring e ement construction.
For instance, the XQuery let $x = <a/>
return $x is $x, whereisthe X Query node
comparator (i.e., testswhether two nodes
areidentical, evaluatesto true, whereas
the query <a/>is <a/> evaluatestofalse,
athoughitisobtained fromthefirst query
by replacing all occurrencesof $x withits
vaue.! Thereasonfor thisbehavior liesin
the way elements are constructed in

XQuery: Inthefirgt query, asngle(empty)
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aiscreated, whichis, of course, identica
toitself. However, inthe second case, two
adementsare constructed, which arenot
identical, and, therefore, thenodeidentity
comparisonugngisfals Interestingly, this
behavior isrelated to X Query’sviolation
of design principle 2.4.4, that stipul ates
that querying and construction should be
separated in aquery language.

In contrast to referential transpar-
ency, answer-closedness cannot be ob-
servedinmany Web query languages. With
the exception of Xcerpt (Schaffert & Bry,
2004), Web query languages provide, if
a all, only alimited form of answer-
closedness, where only certain answers
also can beused asqueries.

Related to answer-closednessisthe
desireto beableto easily recognizethe
result of aquery. Thiscan beachieved by
astrict separation of querying and con-
struction, where the construction speci-
fiesakind of formfilled with datasd ected
by the query. Such astrict separationis
not used in most XML query languages
but can be observed inmany RDF query
languages(e.g., RDF and SPARQL) due
totherestricted form of construction con-
sidered in these languages (following a
smilar syntax as SQL, but restricting the
SELECT clausetolistsof variables, for
example).

Section 2.4.3 proposes the use of
(possibly recursive) rulesfor separation
of concern, view specification. Thishas
been apopular choicefor Web query lan-
guages(e.g., XSLT [Clark, 1999], Algee
[Prud’ hommeauix, 2004]), in particular
when combined with reasoning capabili-
ties (e.g., in TRIPLE [Sintek, 2002],
XPathLog [May, 2004]).

Reasoning Capabilities

Reasoning capabilities, asdiscussed
in Section 2.5, arevery convenient means
to handle and enrich heterogeneous Web
data. Nevertheless, the number of XML
query languagesfeaturing built-in reason-
ing capabilitiesisrather limited, examples
being X PathL og (May, 2004) and X cerpt
(Schaffert & Bry, 2004). In contrast, sev-
erd RDF query languagesprovideat least
limited formsof reasoning for computing
thetrangitiveclosureof arbitrary relaions
(e.g., TRIPLE [Sintek, 2002], Algae
[Prud’ hommeaux, 2004]. Some RDF
query languagesa so consider ontology-
aware querying with RDFS (Brickley et
a., 2004) asontology language. For XML
guery languages, thishas not been con-
Sdered at length.

CONCLUSION AND
OUTLOOK

Inthischapter, design principlesfor
(Semantic) Web query languages have
been derived from the experience with
previousconventiond Web query language
proposalsfrom academiaand industry as
well as recent Semantic Web query ac-
tivities

In contrast to most previous propos-
as, thesedesign principlesarefocused on
ver satile query languages(i.e., query lan-
guages) ableto query datain any of the
heterogeneousrepresentation formatsused
in both the standard and the Semantic
Web.

Asarguedin Section 3, most previ-
ous approachesto Web query languages
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fail to addressthedesign principlesdis-
cussed inthischapter; most notably, very
few consider access to heterogeneous
representationformats.

Currently, the Web query language
Xcerpt (Schaffert & Bry, 2004), which
aready reflectsmany of thesedesignprin-
ciples, isbeing further refined to atrue
versatile query language along the prin-
ciplesoutlinedinthischapter.

Webelievethat versatilequery lan-
guageswill beessentid for providing effi-
cient and effective accessto dataon the
Web of thefuture, effective asthe use of
datafrom different representation formats
allowsto serve better answers(e.g., by
enriching, filtering, or ranking datawith
metadataavailablein other representation
formats). Efficient aspreviousgpproaches
suffer from the separation of dataaccess
by representation formatsrequiring either
multiplequery languagesor hard to com-
prehend and expensive datatransforma
tions.
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