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Abstract

The designof webbasesdatabasesystemsfor supportingWeb-
basedapplicationsjs currentlyan active areaof research.In this
paper we proposea 3-layerarchitecturefor designingandimple-
mentingwebbasedor queryingdynamic Web content(i.e., data
thatcanonly be extractedby filling out multiple forms). The low-
estlayer, virtual physicallayer, providesnavigationindependence
by shieldingtheuserfrom thecompleities associatevith retriev-
ing datafrom raw Web sources.Next, thetraditionallogical layer
supportssiteindependenceThetop layeris analogougo theexter-
nal schemalayer in traditionaldatabases.

Within this architecturalframewvork we addresgwo problems
unique to webbases— retrieving dynamic Web contentin the
virtual physicallayer and queryingof the externalschemaby the
enduser Thelayeredarchitecturemalesit possibleto automate
dataextractionto amuchgreaterdegreethanin existing proposals.
Wrappersfor the virtual physical schemacan be createdsemi-
automatically by askingthe webbasalesigneito navigatethrough
the sitesof interest— we call this approachmappingby example
Thus,thewebbasalesigneneednothave expertisein thelanguage
that mapsthe physical schemato the raw Web (this should be
contrastedo otherapproacheswhich requireexpertisein various
Web-enabledlavors of SQL). For the external schemaayer, we
proposea semanticextensionof the universal relation interface.
This interface provides powerful, yet reasonablysimple, ad hoc
querying capabilitiesfor the end usercomparedto the currently
prevailing “canned” form-basedinterfaceson the one hand or
complex Web-enablingextensionsof SQL on the other Finally,
we discussheimplementatiorof the proposedarchitecture.

1 Introduction

The trend of using the World Wide Web as the medium
for electronic commercecontinuesto gronv. Web users
needto obtaininformationin ways that cannotbe directly
accomplishedby the current generationof Web search
engines. It is typical for a userto obtaininformation by
filling outHTML forms(e.g., to retrieve productinformation
atavendorssite or classifiedadsin newspapersites). This
procestanbecomerathertediouswhenusersneedto make
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complex queriesagainstinformation at multiple sites,e.g.,
maleallist of usedJaguarsadvertisedn New York City area,
sud thatead caris a 1993o0r later model,hasgoodsafety
ratings,andits sellingpriceis lessthanits BlueBookvalue
Answeringsuchcomplex querieds quiteinvolved,requiring
the userto visit several relatedsites, follow a numberof
links andfill out several HTML forms. Thusthe problem
of developingtools andtechniquedor creatingWeb-based
applicationghatallow endusergo shoparoundfor products
andserviceson the Webwithout having to tediouslyfill out
multipleformsmanuallyis bothinterestingandchallenging.
It is also of considerablamportancein view of a recent
surwey thatcontendshat80% of all thedatain theWebcan
only beaccessedia forms[18].

Not surprisingly the designof databaseystemdor man-
agingandqueryingdataon the Web, calledwebbasege.g.,
in [25]), is anactive areaof currentdatabaseesearchA sig-
nificantbodyof researcltoveringabroadspectrunof topics
including modelingand queryingthe Web, information ex-
traction andintegration continuesto be developed(see[8]
for a surwey). Neverthelesgesearchon the designof tools
andtechniguedor managingandqueryingthedynamic\Web
content(i.e., datathat canonly be extractedby filling out
oneor moreforms)is still in anascenstage.

There are several problemsin designingwebbasedor
dealing with dynamic Web content. Firstly, thereis the
problemof navigationcomplexity. For instancewhile there
hasbeena numberof works that proposequery languages
for Webnavigation[27, 17, 16, 4], they areonly beginningto
addresshedifficult problemof queryingsitesin whichmost
of the information is dynamically generated. Navigating
such complex sites requiresrepeatedfilling out of forms
mary of which themselvesare dynamically generatedby
CGl scriptsasaresultof previoususerinputs. Furthermore,
the decisionregardingwhich form to fill out next andhow,
or which link to follow might dependon the contentsof a
dynamicallygenerateghage.

Secondly given the dynamic nature of the Web, in
orderto build a practicaltool to retrieve dynamiccontent
from Web sites, one needsto devise automaticways to
extract and maintain navigation processedrom the site
structure. Lastly, once navigation processeshave been



derived, oneneedsto querytheinformationthey represent.
Although traditional databaseslso provide sophisticated
query languages,such as SQL or QBE, theseinterfaces
are rarely exposedto the casualuser sincethey are still
consideredtoo complex. Naive usersare usually given
cannedqueriesneededto perform a set of specifictasks.
Thesecannedinterfacessened well in the caseof fairly
structuredcorporateervironments but they aretoo limiting
for the wide audienceof Web users. A webbasewould
certainly benefit from a query languagethat is flexible
enoughto supportinterestingtypesof ad-hocqueryingand
yetis simpleandnaturalto use.

To addressheseproblemswe proposealayeredarchitec-
ture, analogousgo the traditional layering of databasesys-
tems,for designingandimplementingwebbasegor query-
ing dynamicWeb content. In our architecture the lowest
layer, whichwe call thevirtual physicallayer, providesnav-
igation independencéecausét shieldsthe userfrom the
compleities associatedvith retrieving datafrom raw Web
sourcesNext up, thelogical layer, which is akinto thetra-
ditional logical databaséayer, providessite independence
Finally, the external schemalayer is functionally analogous
to thecorrespondindayerin traditionaldatabases.

This analogyin terms of layering allows us to focus
on developing techniquesfor problemsthat are unique
to webbasesand for problemsthat are commonto both
webbasesndtraditionaldatabasesve candirectly usethe
alreadyknown techniquesBasedon the databaseanalogy
we can readily identify that the problem of mappingthe
logicalto thephysicallayerin traditionaldatabaseis similar
to what needsto be donein webbaseswith respectto the
correspondindogical and the virtual physicallayer Thus
all of the techniquesdevelopedin traditional database$or
this mapping suchasschemantegrationandmediatorscan
all bedirectly appliedto webbases.

Ontheotherhand,retrieving the dynamicWeb contentin

the virtual physicallayeris a problemuniqueto webbases.

Unlike the physicallayerin traditional databasesye have
no controloverthe datasourcesn theWeh Automatingre-
trieval of datafrom suchsourcesespeciallythosegenerated
by forms, is difficult. Similarly, thereareimportantdiffer-
encesat the externalschemdayer. Indeed,Web usersform
a far larger audienceand generallywith muchwider varia-
tion of skill levelsthancorporatedatabasessers.For them,
traditional query languagessuchas SQL are too complex.
At the sametime, the diversenatureof the audiencemakes
it difficult to preparesatishctorycannedjueriesn mary ar
eas.Also, preparingcannednterfacesfor eachdomaincan
be expensve. Thus,it is desirableto have a queryinterface
thatpermitsbothadhocqueryingandis simpleto use.

In brief, our approachto both of the abose problems
is as follows. Mapping the relational schemaonto the
raw Web requiresa calculusor algebraof somesort to
specify navigation expressionghat “populate” the schema
with data. This partis not new asother projectsattempted

the same (see e.g,, [5]). However, these approaches
have shortcomings. The webbasedesigneris requiredto
have expertisein the underlyingcalculus,which is usually
someWeb-enablingextensionof SQL or relationalalgebra.
Reportedexperiment426] suggesthatusergesistthisidea,
becausethe underlying navigation languagesare hard to
master In addition,giventhat Web siteschangefrequently
maintainingmanuallygeneratechavigation expressionsan
beanarduoudask.

What is differentin our approachis that by separating
the virtual physical layer from the logical layer we can
createnavigation expressionssemi-automatically through
aninteractve procesghatdoesnot requirethe userto have
ary expertisein the formalism underlying the navigation
calculus,and the webbasedesignerdoesnot even needto
seewhat the navigation expressiondook like. To support
suchdegreeof automatiorandbe ableto representomplex
navigation processesthe underlyingformalism must have
theseproperties:

¢ It mustbehigh level anddeclaratve, asit is mucheasierto
createhigh-level specification®f navigationprocesses.

¢ It must be compatiblewith the formalism that underlies
databasequerylanguagegi.e., with relationalcalculus),so
thatit is possibleto composeuserquerieswith navigation
expressionsn orderto createa singleexpressiorthatwould
ultimatelyfetchthe desiredanswerto thequery Thisis akin
to the processof answeringqueriesagainstviews, where
view definitionis substitutednto the query If theresulting
expressionis still partof somedeclaratve formalism, then
the entirequerycanbe optimizedusingtechniqueghatare
akin to relational algebratransformationgbut we do not
discusssuchtechniquesere).

e Due to the natureof the processedeing modeled,the
navigationcalculusmustsupportprocedurabnddeclaratve
in the sameformalism. For instance,at a high level, the
calculusshould supportstatementssuch as “do this after
doingthat” or “do this providedthat”.

¢ The high-level specificationformalism must be object-
oriented. Web navigation hasto dealwith complex struc-
turessuchasWeb pagesandformsin a declaratve erviron-
ment, and thesestructuresare bestrepresenteds objects.

o Navigationcalculusexpressionshouldbeexecutablespec-
ificationsthemseles.

In our system, we chosea subsetof TransactionF-
logic [12], which to the bestof our knowledge,is the only
languagethat supportsall the above featuresin a uniform
fashion. TransactionF-logic is an amalgamationof two
otherwell-known formalisms:F-logic [14] and Transaction
Logic [6]. Although our navigation calculusis muchmore
powerful (andcomplex) thanotherproposedanguagedgor
Web navigation, the Web designerdoesnot needto know
arnything aboutit. Our approachmakesit possibleto create
all necessarwrapperdor thevirtual physicalschemasemi-
automatically by simply asking the webbasedesignerto
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navigatethroughthe sitesof interest.We call this approach
mappingby example The virtual physicallayer and the
navigationcalculusaredescribedn Sections3 and4.

For the external schemalayer, we proposea semantic
extensionof the universalrelationinterface[24, 23], which
we call structuied universal relation We argue that this
interface provides powerful, yet reasonablysimple ad hoc
gueryingcapabilitiesfor the enduser(e.g., a Web shopper)
comparedto the currently prevailing canned,form-based
interfaces on the one hand and complex Web-enabled
extensionsof SQL on the other The externalschemdayer
is describedn Section6.

Apart from the aforesaidsections,Section2 introduces
our layeredarchitecture.Section5 discusseshe problems
associatedvith the logical layer of a webbasepur imple-
mentationeffort of the proposedarchitectures describedn
Section7; relatedwork appearsn Section8; andconcluding
remarksin Section9.

2  Architecture for the WebBase

The most significant differencebetweena webbaseand a
databasés theabsencef thephysicallevel in thetraditional
senselndeedactualdatais theexclusive domainof theWeb
sener, andthe only way the webbasecanaccesghe datais
throughfiling requestgo the sener by following links or by
filling outforms.

Thereforewe introducethe notion of thevirtual physical
databaseschema(VPS) which representsill the datathere
is to seeby filing requestgo the sener. In mary cases,
the VPS layer cannotbe constructedcompletely (or we
might never know whetherthe known part of the VPS
is complete). While the role of the physical layer in
databasess to describedata storage,the role of VPS in
webbasess to specifyhow to navigateto thevarioussources

of information in the Weh In this way, VPS provides
navigationindependencéor webbasesystemsandpresents
a databaseview of the Web to the upper layers of the

webbase. In this paper we use the relational model to

representiatain webbasesMore detailson the VPS layer

appeatin Sections3 and4.

We remark that, since the main focus in this paperis
qguerying and navigation, we do not discussupdatesand
methodsfor dataextractionfrom HTML pages.To the best
of our knowledge,the former issuehasnot receved much
attentionwhile the latterhasbeenresearchedxtensiely.

At the VPS layer, datacollectedfrom different sources
residesin differentrelations,thussemanticandrepresenta-
tional discrepanciesre likely to exist betweentheserela-
tions. For instance pricescould berepresentedsingdiffer-
entcurrenciesandsemanticallyidenticalattributescanhave
differentnames. Thesedifferencesare smoothedut at the
logical layer of the webbasearchitecture which provides
site independenceé.e., independencérom the specificsof
thedatasourceghatsupplydatato thewebbaseFurtherde-
tails on the logical schemaare presentedn Section5. We
shouldnotethatresolutionof semanticandrepresentational
differencesbetweensitesis not the subjectof this paper
Thereis a vastbody of researchdedicatedo this topic, and
we couldusethetechniqueslevelopedthere.

Thetop level in the webbasearchitectureis the external
schemalayer, which targets specific applicationdomains
(e.g., used car ads, computerequipment,etc.) and is
supportedby a userinterfacethat permitsa high degreeof
ad hoc queryingby naive Web users.As mentionedearlier,
for such userstraditional query interfacesare either too
complex (SQL, QBE) or toorigid (cannedandform-based).
Thus, we needa query languagethat is flexible enough
to supportinterestingtypesof ad-hocqueryingand yet is
simpleto use. In searchof suchalanguagewe resurrected
the Universal Relation(UR) queryinterface. The detailsof
ourimplementatiorof the UR arepresentedn Section6.

The following exampleillustratesthe distinctionsamong
differentlevelsof abstractiorin a dynamicwebbase.
Example 2.1 (Used Cars) A webbasdor usedcar shop-
ping in the metropolitanNew York areamight accesshe
severalsites,suchasnewvspapergNewsday andNew York
Times),new carbuying serviceqCar Pointand Auto Web),
blue book price referencegKelly’s), reliability information
(Car and Driver) andfinance(Car Finance). We presenta
possiblesetof VPSrelationsthatcanbeextractedrom these
sites? To make the tablesmore compactwe useCar asa
shorthandor theattributesM ake, Model, Y ear.

Tablel shavs examplesof VP Srelationsfor variousWeb
sites. Thefirst line in the tableillustratesthat datafor the
Newsdays site might be presentedn multiple hyperlinked

INewsdayis a regional newspapemwith circulationin Long Islandand
New York City.

2Although this example describesthese sites fairly accurately for
illustration purposeswe introduce simplifications as well as bring in
featuredoundin othersites.



Description VPSLevel Relations

UsedCarAds newsday(Car, Price, Contact, Url),
newsdayCarFeatures(Url, Features, Picture)
nyTimes(Car, Features, Price, Contact)
DealerCars carPoint(Car, Price, Features, ZipCode, Contact)

autoWeb(Car, Price, Features, ZipCode, Contact)
Blue Book Prices | kellys(Car, Condition, BBPrice)

Reliability

carAndDriver(Car, Safety)

InterestRates

carFinance(Car, ZipCode, Duration, Rate)

Tablel: VPSLevel Relations

pagesanddependingon the users requestdataextraction
might requirenavigating multiple pages.e.g., nevsdayand
newsdayCarEatues

The logical level relations for our webbaseand their
associatedelationalschemasirepresentedh Table2, along
with the correspondingnappinggo the VPSlayer.

Theexternalschemdayeris representetly thefollowing
universalrelation,UsedCarURwhich containgthe union of
all theattributesof thelogicallayer:

UsedCarUR(Car, Price, Features, Contact,

BBPrice, Safety, ZipCode, Duration, Rate)
The mapping betweenexternal and the logical layer in
the Universal Relation model is a rather subtleissue. In
Section6, we shav thatthe known approachege.g., [23])
arenot suitablefor Web applicationsanddiscussa possible
solution.

Now, the queryposedin Sectionl, “male a list of used
Jaguars advertisedin New York City area sitessud that
ead car is a 1993or later model,hasgoodsafetyratings,
andits sellingprice is lessthanits Blue Bookvalu€’, canbe
expresseagainsiour webbaseasfollows:

UsedCarUR(jaguar, Mdl, Year, Price, Featrs,
Contact, BBPrice, good, ZipCode, Duration, Rate),
Year > 1993, BBPrice > Price O

3  Virtual Physical Schema

An importantdifferencebetweenwebbasesnd traditional
databaseds that webbasesdo not control the physical
dataand thereare limited waysin which this datacanbe
retriecved. Given a virtual physical schema(VPS) for a
relation,thecorrespondinglatacanusuallybeobtainedonly
by filling out a form, which requiresthat the userspecify
valuesfor a certainselectionof attributes, someof which
might be mandatoryandsomeoptional. In fact,theremight
be several alternatve setsof optional/mandatonattributes
perrelationthatlimit the scopeof datato beretrieved.

In addition, we mustspecifythe navigation procesghat
needgo beexecutedn orderto getthedata.This processs
representedising NavigationCalculus which is described
in the next section. Therefore,for eachrelation schema
R in the VPS layer, thereis a quadruplecalled a handle
representedsfollows:

H = {mandatory-atts, selection-atts, R, expression

Thesetof mandatonattributesspecifiegheminimuminfor-
mationthatthe handleneedsn orderto invoke the naviga-
tion calculusexpression(thefourth componentandretrieve
therequisitedata. Thesetof selectiorattributesspecifieghe
additionalattributesthat might be alsospecified. Thesead-
ditional attributesareusedby the expressionandareeventu-
ally passedo thevariousWebsenerswho, presumablyuse
theseattributesto returnmore specificanswers.For corve-
nience we assumehatmandatory-atts C selection-atts.

There can be several handlesfor the same relation.
Different handlesfor the samerelation must use different
setsof mandatoryattributes. However, different handles
canhave the samesetsof selectionattributesandthe same
navigation expression(for instance the sameHTML form
might have two alternatve setsof attributes;at leastone of
themmustbefilled in orderto getaresult).

We assumehat all handlesfor the samerelation agree
with each other. if H; = (M;, 51, R, E1) andHy = (Mo,
Sa, R, ) are two handlesfor the samerelation and we
specify concretevaluesfor a set of attributes.S suchthat
M; UM, C S C S NS, thenhandlesH; and H, return
thesameresult.

Table 3 shavs the sets of mandatory and selection
attributesfor somerelationsin theVPSof Example2.1. The
first columnin the table lists relation schemasthe second
column shavs mandatoryattributes for eachschema,and
the third shows the optional attributes (= selection-atts —
mandatory-atts).

4  Navigation Calculus

Navigation maps. The basic data structurethat enables
automatedccesso virtual relationsresidingin theVPSof a
webbaserethe navigationmapsfor the participatingsites.
Intuitively, a navigation map codifies all possibleaccess
pathsthat a site presentsfor populatinga virtual relation.
A navigationmapis a labeleddirectedgraph(seeFigure?2)
wherethe nodesrepresenthe structureof staticor dynamic
Web pagesandthe labelededgesepresenpossibleactions
(i.e., following a link or filling out a form) that can be
executedfrom a dynamicpage. Our navigation mapsare
closelyrelatedto the Web schemef the Araneusproject
[25, 5], but our modelingof the Web is process-oriented,
whichfacilitatescreationof the navigationexpressiongrom



Logical Level Relations

Definitions

classifieds(Car,Price, Contact, Features)

T'Car,Price,Contact,Features (neWSday X
newsdayCarFeatures)

U TCar Price,Contact,Features (IlyTimeS)

dealers(Car, Price, Contact, Features)

T'Car,Price,Contact,Features (carPOint)
U TCar,Price,Contact,Features (aUtoweb)

blue_price(Car, Condition, BBPrice)

TGar,Condition BEPrice (K€11yS)

reliability(Car, Safety)

carAndDriver

interest(Car, ZipCode, Duration, Rate)

carFinance

Table2: Logical Level Relations

VPS Mandatory | Optional
newsday(Make, Model, Price, Contact, Url) Make Model
newsdayCarFeatures(Url, Features, Picture) Url

nyTimes(Make, Model, Features,Price, Contact) | Make

kellys(Make, Model, Condition, BBPrice) Make,Model | Condition

Table3: Virtual PhysicalSchema

navigation maps.

Mappingthevirtual physicalschemantotheraw Webre-
quiresacalculusof somesort. Oneobviouscandidatevould
be the relational calculusor algebra,extendedwith Web-
specificprimitives (and someotherknown extensions like
the unnestingoperatorof Ulixes[5]). The Araneusandthe
Ariadneprojects[5, 15] take this approach However, these
formalismsarenotpowerful enougho expresscomplex nav-
igationprocessesntheWeh For instanceasshownin Fig-
ure 2, a navigation procesgo accesshe usedcaradsin the
classifiedsectionat the site www.newsday.com requiresfol-
lowing alink (link(auto)), filling outaform (formfl(male)),
thenmakinganif-then-elsechoicedependingon the result-
ing page— if thepageis notadatapage anotheform (form
f2(model,feats)) will haveto befilled out. Thelengthof the
sequences not fixed. It is usually oneor two, depending
onthenumberof answerghatmatchtheinitial query Once
thefinal datapageis reachedaniterationto collect datais
neededrepeatedhhitting the“More” button).

Exampleslik e this and our experiencewith other more
comple, sites shawvs that navigation processesare best
representedising a calculusthat allows recursionand has
the notion of orderingof events. In addition, the calculus
must deal with complex structures,such as Web pages,
forms, etc.,which arebestrepresentedsobjects?

Unlike otherprojectsthat dealwith navigation processes
on the Web, we do not invent yet another new navigation
algebraor calculus. The calculus that satisfiesall the
requirementsstatedabove is actually well-known: it is a
subsetof serial-Horn TransactionF-logic [12], a natural
crossbetweenTransactionLogic [6] and F-logic [14]. In
fact, the Florid system[9], basedon F-logic, has proved

30Obsere thatthe usetlevel view of the databases representedising
therelationalmodel. However, theunderlyingnavigationprocesgwhichis
invisible to the enduser)is basedon the objectmodel,sinceit hasto deal
with Webpagesandotherobjects whicharenot partof theuserview.

newsday

new_car_dealer UsedCarPg collectible_cars sport_utility

carPg

for model, featrs)

link(more) Q

link(listing) link(car_features)

carData (make, model, year, ...)

newdayCarFeatures(features, picture)

Figure2: Navigationmapfor NewsdayClassifiedCar Ads

to be very successfufor Web applications.Becauséd-lorid
lacksthe TransactiorLogic componentijt is not suitableto
beusedasa calculusfor encodingnavigationprocesses.

The object modd. F-logic extends classical logic by
makingit possibleto representomplex objectsonaparwith
traditionalflat relations.A navigationmapis a collectionof
F-logic objects,suchasthefollowing objectthatrepresents
oneof theformsto befilled out atthe Newsdays site:
submit_form: action[form — formOl[cgi —

“/cgi — bin/nclassyNDD.x/”;

method — “post”;

mandatory—»{make, model};

optional—{year}];

source — www.newsday.com|

In the first line, submit_form:action saysthatthe object
submit_form belongsto classaction It has attributes
form andsource The attribute form hasthe value form01,



currentUrl(pid, url)

action|
object=>{1link, form}
source=url;
targets==>web_page;
doit@attrValPair=>web_page]

submit_form: action
follow_link : action
web_page|
address=-url,;
title=string;
contents= string;
actions=2{action}]
data_page :: web_page
data_page[extract=>relation)]
link|
name=string;
address=url]

form|
cgi=url;
method=>meth;
mandatory=s-attribute;
optional=2-attribute;
state=>attrValPair]

attrValPair|
attrName—string;
type—widget;
default—0bject;
value—(0bject]

CurrentURL of browsing procesID

Declarationof ClassAction

Action canapplyto aform or alink
Pagewheretheactionbelongs
Wherethis couldleadus
Methodto executeaction

Formfillout is anaction
Following alink is anaction

Declarationof ClassWebRage
URL of page

Title of thepage

HTML contentof page

List of actionsfoundin the page

Theclassof dataWebpagess a subclasf web_page
Datapageshave a dataextractionmethod

Declarationof ClassLink
Nameof link
URL of link

Declarationof ClassForm

CGl script's URL associateavith this form
CGl invocationmethod
Mandatoryattributesof this form
Optionalattributesof thisform

Stateof form (setof attribute-\aluepairs)

Declarationof ClassAttrValPair
Nameof theattribute part
Checkboxselectradio, text etc.
Default valueof theattribute
Thevaluepart

Figure3: CommonWWW DataStructuredRepresenteth Navigation Calculus

newsday(Make, Model, Price, Contact, Url)
newsdayPg.actions : follow_link[object — link(auto);
doit@()—UsedCarPg)]

Find caradsat Newsday:
Follow link(auto)
to usedcarads;

® UsedCarPg.actions : submit_form[object — form(f1);

® (CarPgl : data_page[extract—»tuple(Contact,Price, Url)]

V (CarPgl.actions :

doit@(Make)—CarPg1] Fill form(f1) usingMake;
Eitherextractdata,
submit_form[object—form(£2); or fill form(f2)
doit@(Model)—CarPg2] usingModel
thenextractdata

® CarPg2: data_page[extract—»tuple(Contact,Price, Url)]

Figure4: The Navigation Proces®f Retrieving UsedCar Advertisement$rom NewsdaySite

which representshe form to befilled out. form01is itself
a complex objectwith four attributes: cgi and methodare
single-valuedandmandatoryandoptionalaremulti-valued.
Theattribute source of the objectsubmitform representthe
pageto which theactionbelongs.In addition,the objecthas
amethod doit (definedbelow), whosepurposeis to execute
theaction.

Figure3 presentshe schemagcalledsignaturespf some
of theobjectswe useto modelnavigationmaps.Thedouble-
shaftedarronvs = and=» (asopposedo — and—» in the
previousexample)signify thattheseexpressiongleclarethe
typesof theattributesandmethodgatherthantheir states.

Navigation expressions. F-logic provides a declaratve
calculusfor representinggcomplex objectson the Web, but
to modelnavigationprocessesneneedsaformalismfor the
representatiorand sequencingf actions. Thesefacilities
are provided by TransactionLogic [6], a conserative ex-
tensionof classicallogic, which is suitablefor representing
comple declaratve processeshat both querythe underly-
ing databasestateand updateit. The following subsetof
serial-HornTransactiorLogic complementshe subsebf F-
logic describedhbove andprovidesanexpressve navigation
calculusfor enablingaccesto raw Webdata.

For the purposeof this paper it sufficesto explain the
informal, procedurakeadingof someof the connectvesof



TransactionLogic. Underlyingthe logic andits semantics
is a setof databasetatesanda collectionof paths A path
is a finite sequencef databasestates. For instance|f s,
Sa,..., 8, aredatabasestatesthen (sy, s2, ..., 8,) is a path
of lengthn. Justasin classicallogic, TransactionLogic
formulas assumetruth values. However, unlike classical
logic, the truth of theseformulasis determinedover paths,
not at statesIf aformula, ¢, is trueoverapath(sy, ..., s,),
it meansthat ¢ canexecutestartingat states;. Duringthe
execution thecurrentstatewill changdo ss, ss, ..., etc.,and
the executionterminatesat states,, .

Procedurallya Transaction_ogic formulacanbe under
stoodasa transactioror a query (dependingon whetherit
changeghe databasestateor not). Semantically(and pro-
cedurally)theseformulashave severalcommonattributesof
databaséransactionssuchasatomicity andisolation. With
this in mind, the intendedmeaningof the new connectves
of TransactiorLogic canbe summarizedsfollows:

* ¢ ® 1) means executep thenexecutery.

* ¢V 1) means executep or executey) non-deterministically
Thisconnectveis usefulfor specifyingalternatve execution
branchesn a navigationprocess.

Figure 4 shows the navigation procesdo extract car ads
from the Newsday site. Here we use path expressions
as shortcutsfor longer F-logic expressions,as described
in [14, 13]. For the benefit of the readerwho is not
fluentin TransactionF-logic, we annotateceachclausein
Figure4, sothemeaningof thenavigationexpressiorshould
be self-explanatory Navigation expressiongdo not always
needto be that complex. For instance,navigating to the
NewsdayCarleatules page,which is part of our VPS, can
be achievedusingthe muchsimplerexpression:

newsdayCarFeatures(Url, Features,Picture) +

(DataPg : data_page).actions[object —

link(_)[name — “CarFeatures”];

doit@() — _[address — Url;

extract — tuple(Features,Picture)]]
This expressionsaysthat to get to a car featurespage,
we mustfirst getto a datapage(DataPg that hasa link
called“Car Features”follow this link, andthenextractthe
featuresfrom the page. Of course,in a biggersystem,we
would have to qualify this initial pageevenfurtherto avoid
mis-navigation. The interestingpoint hereis that the page
denotedas DataPgis not an entry point to ary navigation
procesghat a regular Web usermight perform. Indeed,as
seenin Figure4, onehasfill outoneor two formsto reach
this page.However, thisis notaconcernatthe VPSlayer. It
is ajob of thelogical layer, describedn Section5, to order
joinsin suchaway thatthe relationnewsdayof Figure4 is
computedirst (to retrieve the desiredoage DataPg).

Evenif the above TransactionF-logic expressiondook
a bit comple to the readey the mostimportantaspectof
our webbasearchitectures thatnobody exceptthe system
builder, needgo ever seetheseexpressionsilt is easyto see
thattheabove expressiongloselymimic the structureof the
navigationmapin Figure2 and,in fact,they canbe derived

automaticallydirectly from that mapin linear time in the
sizeof the map. Dueto spacdimitation, we do not present
thetranslationalgorithm,becaus¢his would requirethatwe
spelloutthestructureof thenavigationmapsn muchgreater
detail. Detailsaregivenin thefull versionof this paper*

It is importantto realizethatthetranslationfrom the map
to the calculusexpressiorhasbeengreatlyfacilitatedby:

e our process-orientedbject model, whose objectscorre-
spondto nodesandlinks of the navigationmap;

o the fact that the F-logic componentof our navigation
calculusnaturallysupportghis objectmodel;and

¢ the Transaction_ogic componenthat representshe pro-
cessstructureencodedn the navigationmap.

Finally, oncethetranslationis done theresultingnavigation

expressionscan be directly executedby a TransactionF-

logic interpretemwhenuserquerieposedagainstheexternal
schemalevel of the webbaseeventually turn into queries
againstheVPSlayer.

5 Logical Layer
The VPS layer provides a relational view of datathat can
be retrieved from a Web site, thereby hiding navigation
details.In contrasto this,we usealogical layerto providea
uniforminterfaceto dataarriving from multiple sourcesBy
separatingheselayers,we achieve siteindependenceThis
meandothindependenckom thedifferencesn vocalulary
andrepresentationsedby differentsitesaswellascomplete
transparengwith respecto wherethedatais comingfrom.

Table 2 shows a possiblemappingof Logical relations
into VPS relations. While VPS layer has eight relations
that shieldthe userfrom navigation details,the five logical
relationsin the exampleshowv a view of the Web datathat
is completelytransparentvith respecto thelocationof the
datasource.

In this paper we are not concernedwith the issues
pertainingthe mappingof the logical layer onto VPS. This
mappingcan be done using corventionaltechniqueqe.g.,
relationalalgebra,or Datalogrules) or we could usemore
adwancedtechniqueswhich might offer certainadvantages
in the Webervironment(e.g., [8, 19]).

However, one issue related to this mapping must be
addressedThe problemis thatunlike traditionaldatabases,
VPSrelationscanonly be accessethy supplyingvaluesfor
certainsetsof mandatoryattributes. Sincelogical relations
are mappedonto the physical ones, it is clear that they
also can be accessednly by providing valuesfor certain
attributes. Theproces®f determininghesesetsof attributes
is called binding propagation (becausejn abstractterms,
setsof mandatoryattributesin HTML forms correspondo
variablebindingsin programmindanguages).

The problem of binding propagationhas been well-
studiedin theliterature(seee.g., [7, 29]). In the following,

4Thefull-versionof this paperavailableat http://www-dbresearch.bell
labs.com/users/juliana.



we proposea much simplerdescription,which also differs
from otherworks in two respects:(1) it handlesnot only
conjunctive queriesput alsoall relationalalgebraicqueries;
and (2) insteadof deriving bindingsfor a given query on
thefly, it staticallydeterminesll allowed bindingsfor each
logical relation.

Let o denotea relationalalgebraicexpressionover VPS
relations,and we needto determinethe bindings (or sets
of mandatoryattributes) for the resulting relation of this
expression. The binding propagationalgorithm can be
describedvy the following rules,eachcorrespondingo one
of theallowedrelationaloperators:

eleta = V, whereV is aVPSrelation,if M is abinding
for V, thenM is alsoabindingfor «.

eleta = E; U Ey ora = Ey — Ey, whereE; andE, are
relationalexpression®verVPSrelations,if M; is abinding
for £, andM, isabindingfor E,, thenM; UM, isabinding
for a.%

eleta = mx(E) ora = o4(E), if M isabindingfor E

thenM is alsoabindingfor a.

eleta = E; X Es, if My, M, arebindingsfor E;, E,,

respectiely, thenM; U (Ms — (E1 N Ey)) and M, U (M —

(E1 N E5)) arebothbindingsfor «. Here E; N E> denotes
the setof commonattributesof therelationschemador E;

andEs.

Fromtheserules, it is alsoeasyto derive an algorithmfor
join orderingunderthegivensetof bindings,.e., anordering
Ry, ..., R, thatguaranteeshatfor eachi (1 < i < n), all
mandatoryattributes of R; belongto the union U_] R;.
Clearly, the existence of such an ordering is necessary
and sufficient for a join to be computableunderthe given
set of mandatoryattributes. However, in the presenceof
multiple setsof mandatoryattributesperVPSrelation,such
analgorithmwould be exponential.In fact,[29] shows that
the problemis NP completein this case.

To illustrate the above binding propagationalgorithm,
considerthe logical level relation classifiedsfrom Exam-
ple 2.1. Since Make is the only mandatoryattribute of
the relation newsdayand Url is the only mandatoryat-
tribute of newsdayCarFeatures, by the join rule above,
{M ake} turnsoutalsoto betheonly mandatorybindingfor
newsday X newsdayCarFeatures. Similarly, Make is
the only mandatoryattribute of nyTimes Therefore by the
union andprojectionrules,{ Make} is the only mandatory
bindingfor classifieds.

6 External Schema

Casualisergjuerythewebbas¢hroughtheexternalschema.
Traditionally, endusershave beengivenaccesso limited in-
terfacesthatallow only afixed setof cannedqueries.These

5Herewe assumehatthe userwantsall availableanswergo the query
If theuseris willing to acceponly someavailableanswerdecausshedoes
notwantor careto fill outall therequiredattributesin aform, thenwe could
definearelaxedunion In arelaxed union, both M; and M> (separately)
would be acceptabléindingsfor a.

cannednterfacessenedwell in the caseof fairly structured
busineservironmentsput, asremarledearlier they aretoo
limiting for acasuaMWebuser Ontheotherhand,moreflex-
ible querylanguagessuchasSQL or QBE, aretoo complex.
In searchof a suitablequeryinterfacefor webbasesye res-
urrectedtheideaof the Universal Relation(UR) [24].

The basicidea is simple and appealing. The useris
presentedvith alist of all attributesthatmightbe of interest
for a particularapplicationdomain. To posea query the
usersimply pointsto a setof outputattributesandimposes
conditionsonsomeotherattributes.Thisisit: nojoins,sheer
simplicity. Of courseto realizesuchanagendathe system
(andtheuser)mustknow whatsucha queryexactly means,
andthe understandingf that meaningby both the system
andthe usermustcoincide.

Simplistically, the semanticof a universalrelationquery
is explainedasa naturaljoin of the underlyingrelationsat
the logical layer, which cover the outputand the selection
attributesspecifiedn the query Moreover, thejoin mustbe
lossless Losslessness requiredbecausehis is a formal
analogof the commonsenseidea of connectionshetween
conceptghat“make sense”.

Underlyingthisideaaretwo basicassumptions:

1. The unique relationship assumption: The relationship
betweenary given subsetof attributes in the universal
relationschemas unambiguousindunique;and

2. The uniquerole assumption: The nameof an attribute
unambiguouslyeterminegherole of thatattribute.

The first problem ariseseven in very simple schemas
that containjust four attributes. For instance,a customer
and a bank might be connectedbecausehe customerhas
an accountin the bank, a loan, or both. Which one
did the user have in mind when she selectedBank and
Customerasoutputattributes?A numberof solutionswere
proposedto addressthe first problem, which rangefrom
restricting the topology of the underlyinglogical schema
(e.0., agyclicity [21]) to additionallayersof semanticge.g.,
Maximal Objects,Window Functiong23, 22]).

Unfortunately on the Web, we cannotassumethe very
basiclosslesgoin semanticfor UR, sincewe cannoteven
assumeary dependencie§oin, functional,or multivalued)
on which the very idea of losslessnesis based. Nor can
we usemostof the approacheso enforcingor relaxingthe
unique relationshipassumption becausegheseapproaches
rely heavily ontheuseof constraints.

The secondproblem, the unique role assumption,was
assumedo be solvable by simple renamingof attributes.
However, this solution was never thoughtto be practical
and may have beenresponsiblefor the generallack of
enthusiasnfior the UR approach.

In our attemptto adapthe UR asaWebinterface we kept
the basicideaof a simple queryinterface,but rejectedthe
losslesgoin semanticandthetwo uniquenesassumptions.
We call this approachstructuied universal relation The
basicidea is to replacelosslessnesand constraintswith



compatibilityrules A compatibilityrule haseithertheform
Ry,...,Ry—R or the form Ry, ..., Rp——R. In the first
case, the rule saysthat if you alreadyjoined Ry, ..., Ry
then joining with R also “makes sense”. This is our
“poor man’s losslesgoin requirement”. The secondrule is
really a constraint. It saysthat if we have alreadyjoined
Ry, ..., Ry, thenjoining with R would createan incorrect
relationship(in the UR model,suchconnectionsareknown
as“navigationtraps”).

With theseconstraintsye canformulatethe semanticof
a queryasfollows: Let Q be a querythat mentionsthe set
of attributes A = A,,..., A,,. Thenthe semanticof this
queryis saidto bethejoin R = R; X ... X R,, where
Ry, ..., R, isaminimal (with respecto inclusion)subsebf
logical relationsthat satisfy the compatibility rules,and R
containsall attributesin 4.6 Thisis essentiallyour analogue
of the maximalobjectsapproach23]. If thereare several
maximal objectscoveringthe query attributesthenwe take
the union of resultsobtainedfrom eachobject. Depending
on the exact structureof the compatibility rules, algorithms
with variousefficiency canbe constructed.For instancef
the rulesare of the form R—(@), thenwe have a restricted
join-orderingproblemmentionedn Section5.

To addresghe problemof uniquenameassumptionwe
proposeto organizethe attributesin the UR into a hierarchy
of concepts. Each conceptis a relation schemawhose
attributes are conceptsof a lower layer As shawvn in
Figure 5, the top layer in this hierarchyis the universal
relation itself, and the conceptsare the attributes of that
relation.

Full Retail

Dealers Classifieds Lease Loan Coverage Liability Value TradelnValue

Interest(Car, Rate) Insurance(Car, Cost)

UsedCar(Car, Price, Contact BlueBook(Car, BBPrice)

UsedCarUR ( Car, Price, BBPrice, Rate, Contact, Cost)

Figure5: ConceptHierarchyfor the UsedCarsUR

Example 6.1 (Concept Hierarchy)  The concepthierar
chy describeghe following: (1) A usedcaris eitheradwer-
tisedatadealersiteorit is in theclassifiedsectionof anews-
papersite; (2) The blue book price of a car caneitherbeits
trade-inprice or its selling price; (3) Theinterestratefor a
usedcar dependn whetherit will be financedor leased;
and (4) the insurancerate dependson whetherit provides
full or liability coverage. O
The idea behind concept hierarchiesis that the user
starts by selectingtop-level conceptsand then proceeds
to subconcepts. This makes it possibleto build queries
incrementally by restricting the searchto various sub-

6Compatiblemeanghatfor every 1 < i < n, thereis arule Le ft— R;
suchthatLeft C {Ru,..., R;j—1}; andthereis norule Le ft——R such
thatLeft U{R} C {R1,..., Rn}.

conceptsand to specific rangesfor attributes at the leaf
level. The uniquenameassumptioris not anissuehere—
for the useror the system— sinceboth can seethe entire
concepthierarchyto which the attributes belong, and the
relationshipsamongconceptsand attributesare definedby
the compatibility rules.

We believethatwebbaseswvill bedesignedor application
domains(suchascars,jobs, houses)y the expertsin those
domainsanddesigningconcepthierarchiesandcompatibil-
ity constraintgs afeasibletaskfor them.We illustratethese
ideaswith an example,leaving out the detailsdueto space
limitation.

Example 6.2 (Structured UR in Action)  The following
compatibility constraintsspecify the meaningful connec-
tionsfor the UsedCarURof Example6.1.

Semantics

We cannotleasea car
fromits owner
Leasedcars have to be
fully insured
Trade-invaluesare not
applicable

CompatibilityConstaints
Classifieds — — Lease

Lease — Full_Coverage

Used_Cars — - TradeIn_Value

Considerthefollowing query: male a list of usedJaguars
advertisedn New York City areasitessud thatead car’s
monthlypaymentsre lessthan 1,000dollars, andits
sellingpriceis lessthanits BlueBookprice. This querycan
beexpresseds:
Used_Car_UR(jaguar, Model, Year, Price, BBPrice,

Rate, Ins_Cost),Price < BBPrice,

(Price x Rate + Ins_Cost) + 12 < $1000
Using compatibility constraintspur algorithmgenerateshe
following maximalobjectsandthe correspondingelational
expressions:

Dealers X Lease X Full X Retail_Val

U Dealers X Loan X Full X Retail_Val

U Dealers X Loan M Liability X Retail_Val

U Classifieds X Loan X Liability X Retail _Val
U Classifieds X Loan X Full X Retail_Val O

Now assuminghe existenceof a mappingfunctionfrom
external schemarelations to the logical level, maximal
objectsmadeup from the UR relationscan be translated
into conjunctive queriesover logical level relations. Once
translatedthesequeriescanbe optimizedandevaluatedby
standardjueryevaluationtechniques.

7 Implementation and Experiences

We have implementedhe mostessentiatomponentsf two
of the modulesin our webbasearchitectureithe navigation
map builder andthe query evaluator. In what follows we
describeheideasunderlyingourimplementation.

Navigation Map Builder. We use the methodologyof
mappingby exampleto extract the navigation mapsfrom
Web sites. The main idea behindmappingby exampleis
to discover the structure(or schema)of a site while the



webbasedesignermoves from pageto page,filling forms
andfollowing links. Therearetwo key componentgo this
methodology: (1) discovery of accesgathsto the dataof
interest;and(2) extractionof actionobjects(seeFigure?).

In orderto build a practicaltool, therearetwo important
requirementsthe mappingprocessshouldbe astranspar
entaspossibleto thewebbasealesignel(its operatiorshould
closely mimic the browsing experience);and the mapping
tool mustbe portable(e.g., it shouldnot requiremodifica-
tionsto thebrowser).

The navigationmapbuilder achievesthesegoalsby using
JavaScripteventsto capturebrowsing actions. Actions are
dynamically interceptedby JavaScript handlers(inserted
into the retrieved pageshy the mapbuilder), andareadded
as edgesof the navigation map. When a new pageis
loaded into the browser it is parsed,and a new node
correspondingo the pageis insertedinto the navigation
map? In orderto guidethe designeran appletdisplaysa
graphicalrepresentationf the navigationmapasit is being
constructedhighlightingin themapthennodecorresponding
to thepagedisplayedn the browset

The map builder parsesan HTML pageand generates
a set of F-logic objects (as detailed in Section4). It
extendsPiLLoW?, apublicly availableProlog-basedystem,
to extractall necessarynformationfor following links and
submitting forms found inside the page. Since not all
information is storedin the HTML object structure(e.g.,
labels denotingthe domainvaluesof someattributes and
attributesdefinedthrougha setof links) we take advantage
of HTML tagsandanchorsandotherstructuringprimitives
(e.g., tables,enumeration}o extract suchinformation. For
forms, the extractor is also able to infer which attributes
are mandatoryfrom their widget (i.e., if an attribute is
representecby a radio button we can safely assumeit
is mandatory),as well as other information such as the
domain of attributes (e.g., from the valuesof a selection
list), maximumlength (e.g., for a text field), default value,
to namea few. For datapagesasdescribedn Figure3, we
assumehatthedesigneiprovidesan extractionscript.

Of course there are instanceswhere input from the
designeis neededFor instancethedesignehasto indicate
whethera text field is mandatory Also, it is notuncommon
in formsfor attributesto have rathercryptic symbolicnames
— in thesecaseqto facilitatesubsequeruerying)the user
might wantto provide a moreinformative name. Thereare
alsoinstancesvhereattributesareimplicitly definedthrough
asetof links (e.g., alist of links with carmodels).Sincethis
kind of attributesis not part of a form, the designerhasto
specifya nameaswell asthe setof links thatrelateto this
attribute. It is worth pointingoutthatin mary instancesur
parseiis ableto find theselinks by consideringheir HTML
ervironment(e.g., atable),or theusercanprovide additional

7Sincebuilding mapsis anincrementaprocesspurtool checkswvhether
actionsandWebpageobjectsarenew beforeaddingthemto amap.
8http://wwwclip.dia.fi.upm.es/Softare/pll ow/pillow.html

hints. We arecurrentlybuilding a graphicaluserinterfaceto
simplify theinput of suchinformationby the designer

We usedour initial prototypeof the mapbuilder to map
varioussites. To give an ideaof the degreeof automation
achieved, for the Newsday site depictedin Figure 2, all
objectsthat describethe navigation map (85 objectswith
over 600 attributesin total) were automaticallyextracted.
Lessthan 5% of the information in the map was added
manually which consistedof 10 to 12 factsto standardize
attribute and domainvalue names. For othersitessuchas
New York TimesandDaily News, theratio wassimilar. The
processof mappingeachof thesesitestook on average30
minutes. It is worth pointing out thatthe main problemwe
facewhile mappingsitesis the presencef faulty HTML, in
which casethe parsemeedsto be ableto recover from the
ill-formed documents.

Some points are worthy of note with respectto the
maintenanceof such maps. Modifications to Web sites
can be automaticallydetectedby periodically comparing
the navigation map againstits correspondingite, or when
the correspondingnavigationprocesdails. Whereasertain
structural changessuch as the addition of a new form
attribute requiremanualintervention,otherscanbe applied
automatically(e.g., the additionof a cell in a selectionlist).
Since we first built navigation mapsfor carrelatedsites,
we have noticed quite a few changesto thesesites. For
example,in Kelly’s Blue Book (www.kbb.com) new links
with informationabout1999carshave beenadded.In order
to updatenavigation map, we only hadto navigatethrough
themodifiedpagesa procesghattook afew minutes.

Query Evaluator. As describedn Section4, oncea map
is built, navigationexpressionareautomaticallygenerated.
This processrequiresa simple traversal of the navigation
map, andthuscanbe donein lineartime in the size of the
map.Individually, eachexpressiorcanbe seenasa shortcut
to retrieve datafrom a Webssite. Insteadof filling formsand
following links, one can simply specify a setof attributes
andexecutethe appropriatenavigation expression(e.g., for
the query SELECTmale model,yeaprice,contactWHERE
male=ford AND model=escor, executenensday(fod,es-
cort,Year,Price Contact)(describedn Figure4). It is worth
pointing out that as a byproduct,the processof retrieving
such datais madefastersince during the execution of a
navigationprocessho extraneoubjectssuchasfiguresand
Javaanimationsareretrieved.

Navigation expressionsare processedby the Transaction
F-logic interpreter which translatesthem into logic pro-
gramsthat are executedby a deductve engine,the XSB
system’ Ontop of XSB, we usethe HTTP library provided
by PiLLoW to follow links, submitformsandretrieve docu-
mentsfrom the Weh

In order to combine information from different sites
(or maps),the attribute namesand their domainsmust be
standardized. In our current implementation,one must

http://mwwsuryshedu7sbprolog



manually specify these mappings. If a mappingis not
provided for a certain attribute name, we employ fuzzy
matchingtechniqueswhich evidently arenot full-proof and
mayleadto errors.We intendto incorporatéechniquegrom
mediatorsystemssuchas[10, 30] to addresshis problem.

We have built navigation mapsfor a numberof sites.
To give an idea of the complexity of the sitesand query
execution times, belov we shov the number of pages
navigated and (someof the best) evaluationtimes for the
guery SELECTmalke,model,yeaprice WHEREmale=ford
AND model= escort over 10 carrelated sites. These
timings'® indicatethatto ensureacceptableesponsdimes
whenqueryinga large numberof sites,we may needto use
techniquessuchas parallelizationand caching. It is worth
pointingoutthatasignificantportionof thetime in querying
is spentnotonly in fetching,but alsoparsingthe Web pages.
We believe thesetimescanbe greatlyimproved if a faster
parseiis used.

Site #of pages | cputime | elapsedime
AutoWeb 2 2.84 8.00
WWWheels 2 1.29 5.82
NYTimes 3 0.92 5.08
CarReviews 3 3.59 10.10
NewYorkDaily | 3 3.43 11.70
Car&Driver 3 3.54 12.14
AutoConnect 3 7.26 14.70
Newsday 4 1.01 4.77
YahooCars 5 3.12 10.48
Kelly's 5 2.54 7.63

8 Rdated Work

The problem of retrieving data from and querying Web
sourceshasreceved considerablattentionin the database
literature (see[8] for a surwey). Managinginformationon
the Web encompassesereraltasksthatincludelocatingin-
terestingdata,modelingWeb sites, extractingandintegrat-
ing relatedinformationfrom multiple sites.

Web querylanguagesuchasW3QL [16], WebSQL[3],
WebLog[17], andFlorid [9] addresghe problemof finding
andretrieving datafrom the Weh They improve on search
enginesby combiningtextual retrieval with structureand
topology-basedqueries. Theselanguagesview the Web
as a collection of unstructureddocumentsorganizedas a
graph,anduserscandeclaratvely expresshow to navigate
portionsof the Webto find documentswith certainfeatures.
Conceptually these languagesare equivalent to various
subsetsof our navigation calculus. More importantly
however, these are fairly sophisticatedquery interfaces
designedto be used by a fairly sophisticateduser In
contrast,even though our navigation calculusrequiresan
even greaterdegree of programmingexpertise, it is not
designedo be usedby a programmer Instead,navigation
expressionaregeneratedutomaticallyfrom themap.

10The timeswere collectedon a Sun Ultra workstation,with dual 330
MHz processors] GB of memory andSolaris5.6 operatingsystem.

Web information integration systems[20, 5, 2, 10] are
morecloselyrelatedto our work in thatthey try to present
the Web througha unified databasénterface. The Araneus
project[5] providesa rich model (ADM) to describeboth
the topology and the contentsof Web sites. Their concept
of the ADM schemeis analogousn mary respectgo our
navigationmaps.Navigationprocesset populatedatabase
views are expressedn a newly developeddeclaratve al-
gebra, called Ulixes Ulixes s intendedto be usedby a
databaselesignerto createWeb views for theenduser In
contrastto this, we usea well-known, existing formalism
(TransactionF-logic [12]), which functionally is a super
setof Ulixes. However, as mentionedearlier it is not in-
tendedto be usedby a designeror an end user Instead,
navigation expressionghat usethis languageare generated
automaticallyfrom the navigationmap. Theinterpreterthan
simply executestheseexpressionsvhen userqueriesneed
to be evaluated. This is possiblein our architecturedueto
the clear separatiorbetweenthe VPS and the logical lay-
ersof the databaseand alsodueto the useof our process-
orientedobjectmodel. It is worth pointing out that main-
tenanceof navigation expressionsn our approachis much
simpler, sincethe navigationmapsfrom whichtheprocesses
are generated¢an be updatedsemi-automatically{through
mappingby example).

Ariadne [15] is a systemfor extracting and integrating
datafrom semi-structuredMeb sources. Ariadne hastwo
foci: dataextractionfrom unstructuredVeb pagesandwhat
in our architectureamountsto mappingfrom the logical
layer to the virtual physical layer Both of theseissues
are orthogonalto our work. For instance,Ariadne’s data
extraction facilities as well as the body of techniquedor
extractinginformationfrom semi-structuredata[31] could
beusedin our system.

From the perspectie of our architecture,the focus of
thework in the InformationManifold (IM) [20, 19] project
can be viewed as mappingthe logical layer to VPS. IM
approacheshe problem by first specifying the reverse
(physical-to-logical)mapping, which they call source de-
scription The requiredlogical-to-physicaimappingis then
generatedautomatically The benefitof this indirect ap-
proachis claimedto be the easeof maintenanceof the
logical-to-physicalmappingin view of addingor deleting
the Web sources.In this way, IM is complementaryo our
work, sinceour focusis on building the VPS andthe con-
ceptuallayersof thewebbase.

Thereis a large body of work on informationmediators,
suchasTSIMMIS [10], Hermes[1] and Garlic [30], which
help smooththe semanticandsyntacticdifferencedetween
heterogeneoumformation sources. Techniquesdeveloped
for informationintegrationsystemsuchasthesecanbeused
in our architecturdor semantidntegrationof VPSrelations
that comefrom differentsources.On the otherhand,these
systemscould useour VPS automationtechniquego gain
accesgo dynamicWeb content.



Finally, we shouldnotethe growing commercialinterest
in integrationof informationfrom diverseWebsourcege.g.,
JungleeCenterStagg11, 28]). Techniqueslescribedn this
papercanfacilitaterapid developmeniof suchservices.

9 Conclusionsand Future Directions

In this papermwe describedh layeredarchitecturdor design-
ing webbases. The separationof layers, which is analo-
gousto traditionaldatabasesimplifiesthecreation mainte-
nance anduseof webbase$or retrieving informationavail-
able on the Weh We have implementedthe main compo-
nentsof a prototypeimplementatiorof our architectureand
reportedon somepreliminaryexperimentakesults.

We have showvn thatnavigationmapscanbecreatedsemi-
automaticallyas the webbasedesignerbrowsessites, and
that navigation expressionscan be automatically derived
from thesemaps. Theseexpressionsare executedwhen
evaluatinga query andthusoptimizing suchexpressionss
animportantproblemthatneedgo be studied.

Our experimentssuggestthat parallelization of query
evaluationis crucialfor obtainingacceptableesponsé¢imes.
Finally, while theideaof structuredJR asa queryinterface
seemgo be promisingin the context of webbasesmnoreex-
perimentalwork needgo bedoneto evaluatethepracticality
of theidea.
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