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Abstract
The designof webbases, databasesystemsfor supportingWeb-
basedapplications,is currentlyan active areaof research.In this
paper, we proposea 3-layerarchitecturefor designingandimple-
mentingwebbasesfor queryingdynamicWeb content(i.e., data
thatcanonly beextractedby filling out multiple forms). Thelow-
estlayer, virtual physicallayer, providesnavigationindependence
by shieldingtheuserfrom thecomplexitiesassociatedwith retriev-
ing datafrom raw Websources.Next, thetraditionallogical layer
supportssiteindependence. Thetoplayeris analogousto theexter-
nal schemalayer in traditionaldatabases.

Within this architecturalframework we addresstwo problems
unique to webbases— retrieving dynamic Web content in the
virtual physicallayer andqueryingof the externalschemaby the
enduser. The layeredarchitecturemakes it possibleto automate
dataextractionto amuchgreaterdegreethanin existingproposals.
Wrappersfor the virtual physical schemacan be createdsemi-
automatically, by askingthewebbasedesignerto navigatethrough
thesitesof interest— we call this approachmappingby example.
Thus,thewebbasedesignerneednothaveexpertisein thelanguage
that mapsthe physical schemato the raw Web (this should be
contrastedto otherapproaches,which requireexpertisein various
Web-enabledflavors of SQL). For the externalschemalayer, we
proposea semanticextensionof the universal relation interface.
This interfaceprovides powerful, yet reasonablysimple, ad hoc
queryingcapabilitiesfor the end usercomparedto the currently
prevailing “canned” form-basedinterfaceson the one hand or
complex Web-enablingextensionsof SQL on the other. Finally,
we discusstheimplementationof theproposedarchitecture.

1 Introduction
The trend of using the World Wide Web as the medium
for electronic commercecontinuesto grow. Web users
needto obtain information in ways that cannotbe directly
accomplishedby the current generationof Web search
engines. It is typical for a user to obtain information by
filling outHTML forms(e.g., to retrieveproductinformation
at a vendor’s siteor classifiedadsin newspapersites).This
processcanbecomerathertediouswhenusersneedto make
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complex queriesagainstinformationat multiple sites,e.g.,
makea list of usedJaguarsadvertisedin New York City area,
such that each car is a 1993or later model,hasgoodsafety
ratings,andits sellingprice is lessthanits BlueBookvalue.
Answeringsuchcomplex queriesis quiteinvolved,requiring
the user to visit several relatedsites, follow a numberof
links andfill out several HTML forms. Thus the problem
of developingtools andtechniquesfor creatingWeb-based
applicationsthatallow endusersto shoparoundfor products
andserviceson theWebwithout having to tediouslyfill out
multipleformsmanually, is bothinterestingandchallenging.
It is also of considerableimportancein view of a recent
survey thatcontendsthat ���
	 of all thedatain theWebcan
only beaccessedvia forms[18].

Not surprisingly, thedesignof databasesystemsfor man-
agingandqueryingdataon theWeb,calledwebbases(e.g.,
in [25]), is anactiveareaof currentdatabaseresearch.A sig-
nificantbodyof researchcoveringabroadspectrumof topics
includingmodelingandqueryingthe Web, informationex-
tractionandintegrationcontinuesto be developed(see[8]
for a survey). Neverthelessresearchon the designof tools
andtechniquesfor managingandqueryingthedynamicWeb
content(i.e., datathat can only be extractedby filling out
oneor moreforms)is still in a nascentstage.

There are several problemsin designingwebbasesfor
dealing with dynamic Web content. Firstly, there is the
problemof navigationcomplexity. For instance,while there
hasbeena numberof works that proposequery languages
for Webnavigation[27, 17, 16, 4], they areonly beginningto
addressthedifficult problemof queryingsitesin whichmost
of the information is dynamically generated. Navigating
such complex sites requiresrepeatedfilling out of forms
many of which themselvesare dynamically generatedby
CGI scriptsasa resultof previoususerinputs.Furthermore,
the decisionregardingwhich form to fill out next andhow,
or which link to follow might dependon the contentsof a
dynamicallygeneratedpage.

Secondly, given the dynamic nature of the Web, in
order to build a practical tool to retrieve dynamiccontent
from Web sites, one needsto devise automaticways to
extract and maintain navigation processesfrom the site
structure. Lastly, once navigation processeshave been
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derived,oneneedsto querythe informationthey represent.
Although� traditional databasesalso provide sophisticated
query languages,such as SQL or QBE, theseinterfaces
are rarely exposedto the casualuser, since they are still
consideredtoo complex. Naive usersare usually given
cannedqueriesneededto perform a set of specific tasks.
Thesecannedinterfacesserved well in the caseof fairly
structuredcorporateenvironments,but they aretoo limiting
for the wide audienceof Web users. A webbasewould
certainly benefit from a query languagethat is flexible
enoughto supportinterestingtypesof ad-hocqueryingand
yet is simpleandnaturalto use.

To addresstheseproblems,weproposealayeredarchitec-
ture, analogousto the traditional layeringof databasesys-
tems,for designingandimplementingwebbasesfor query-
ing dynamicWeb content. In our architecture,the lowest
layer, whichwecall thevirtual physicallayer, providesnav-
igation independencebecauseit shieldsthe user from the
complexities associatedwith retrieving datafrom raw Web
sources.Next up, the logical layer, which is akin to thetra-
ditional logical databaselayer, providessite independence.
Finally, theexternalschemalayer is functionallyanalogous
to thecorrespondinglayerin traditionaldatabases.

This analogy in terms of layering allows us to focus
on developing techniquesfor problems that are unique
to webbases,and for problemsthat are commonto both
webbasesandtraditionaldatabaseswe candirectly usethe
alreadyknown techniques.Basedon thedatabasesanalogy,
we can readily identify that the problem of mappingthe
logicalto thephysicallayerin traditionaldatabasesis similar
to what needsto be donein webbaseswith respectto the
correspondinglogical and the virtual physicallayer. Thus
all of the techniquesdevelopedin traditionaldatabasesfor
thismapping,suchasschemaintegrationandmediators,can
all bedirectly appliedto webbases.

On theotherhand,retrieving thedynamicWebcontentin
the virtual physicallayer is a problemuniqueto webbases.
Unlike the physicallayer in traditionaldatabases,we have
no controlover thedatasourcesin theWeb. Automatingre-
trieval of datafrom suchsources,especiallythosegenerated
by forms, is difficult. Similarly, thereareimportantdiffer-
encesat theexternalschemalayer. Indeed,Webusersform
a far largeraudienceandgenerallywith muchwider varia-
tion of skill levelsthancorporatedatabasesusers.For them,
traditional query languagessuchasSQL are too complex.
At thesametime, thediversenatureof theaudiencemakes
it difficult to preparesatisfactorycannedqueriesin many ar-
eas.Also, preparingcannedinterfacesfor eachdomaincan
beexpensive. Thus,it is desirableto have a queryinterface
thatpermitsbothadhocqueryingandis simpleto use.

In brief, our approachto both of the above problems
is as follows. Mapping the relational schemaonto the
raw Web requiresa calculus or algebraof some sort to
specify navigation expressionsthat “populate” the schema
with data. This part is not new asotherprojectsattempted

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.
Reportedexperiments[26] suggestthatusersresistthis idea,
becausethe underlying navigation languagesare hard to
master. In addition,giventhatWebsiteschangefrequently,
maintainingmanuallygeneratednavigationexpressionscan
beanarduoustask.

What is different in our approachis that by separating
the virtual physical layer from the logical layer we can
createnavigation expressionssemi-automatically, through
an interactive processthatdoesnot requiretheuserto have
any expertisein the formalism underlying the navigation
calculus,and the webbasedesignerdoesnot even needto
seewhat the navigation expressionslook like. To support
suchdegreeof automationandbeableto representcomplex
navigation processes,the underlyingformalism must have
theseproperties:

� It mustbehigh level anddeclarative,asit is mucheasierto
createhigh-level specificationsof navigationprocesses.� It must be compatiblewith the formalism that underlies
databasesquerylanguages(i.e., with relationalcalculus),so
that it is possibleto composeuserquerieswith navigation
expressionsin orderto createasingleexpressionthatwould
ultimatelyfetchthedesiredanswerto thequery. This is akin
to the processof answeringqueriesagainstviews, where
view definition is substitutedinto thequery. If theresulting
expressionis still part of somedeclarative formalism,then
the entirequerycanbe optimizedusingtechniquesthatare
akin to relational algebratransformations(but we do not
discusssuchtechniqueshere).� Due to the natureof the processesbeing modeled, the
navigationcalculusmustsupportproceduralanddeclarative
in the sameformalism. For instance,at a high level, the
calculusshould supportstatementssuch as “do this after
doingthat” or “do thisprovidedthat”.� The high-level specificationformalism must be object-
oriented. Web navigation hasto deal with complex struc-
turessuchasWebpagesandformsin a declarativeenviron-
ment, and thesestructuresare bestrepresentedas objects.
� Navigationcalculusexpressionsshouldbeexecutablespec-
ificationsthemselves.

In our system, we chose a 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] andTransaction
Logic [6]. Although our navigationcalculusis muchmore
powerful (andcomplex) thanotherproposedlanguagesfor
Web navigation, the Web designerdoesnot needto know
anything aboutit. Our approachmakesit possibleto create
all necessarywrappersfor thevirtual physicalschemasemi-
automatically, by simply asking the webbasedesignerto
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Figure 1: Traditional databasearchitecturevs. webbase
architecture

navigatethroughthesitesof interest.We call this approach
mappingby example. The virtual physical layer and the
navigationcalculusaredescribedin Sections3 and4.

For the external schemalayer, we proposea semantic
extensionof theuniversalrelationinterface[24, 23], which
we call structured universal relation. We argue that this
interfaceprovidespowerful, yet reasonablysimple ad hoc
queryingcapabilitiesfor theenduser(e.g., a Webshopper)
comparedto the currently prevailing canned,form-based
interfaces on the one hand and complex Web-enabled
extensionsof SQL on theother. Theexternalschemalayer
is describedin Section6.

Apart from the aforesaidsections,Section2 introduces
our layeredarchitecture.Section5 discussesthe problems
associatedwith the logical layer of a webbase;our imple-
mentationeffort of theproposedarchitectureis describedin
Section7; relatedwork appearsin Section8; andconcluding
remarksin Section9.

2 Architecture for the WebBase
The most significantdifferencebetweena webbaseand a
databaseis theabsenceof thephysicallevel in thetraditional
sense.Indeed,actualdatais theexclusivedomainof theWeb
server, andtheonly way thewebbasecanaccessthedatais
throughfiling requeststo theserverby following links or by
filling out forms.

Therefore,we introducethenotionof thevirtual physical
databaseschema(VPS), which representsall thedatathere
is to seeby filing requeststo the server. In many cases,
the VPS layer cannot be constructedcompletely (or we
might never know whether the known part of the VPS
is complete). While the role of the physical layer in
databasesis to describedata storage,the role of VPS in
webbasesis to specifyhow to navigateto thevarioussources

of information in the Web. In this way, VPS provides
navigationindependencefor webbasesystemsandpresents
a databaseview of the Web to the upper layers of the
webbase. In this paper, we use the relational model to
representdatain webbases.More detailson the VPS layer
appearin Sections3 and4.

We remark that, since the main focus in this paper is
querying and navigation, we do not discussupdatesand
methodsfor dataextractionfrom HTML pages.To thebest
of our knowledge,the former issuehasnot received much
attention,while thelatterhasbeenresearchedextensively.

At the VPS layer, datacollectedfrom different sources
residesin differentrelations,thussemanticandrepresenta-
tional discrepanciesare likely to exist betweentheserela-
tions.For instance,pricescouldberepresentedusingdiffer-
entcurrenciesandsemanticallyidenticalattributescanhave
differentnames.Thesedifferencesaresmoothedout at the
logical layer of the webbasearchitecture,which provides
site independence, i.e., independencefrom the specificsof
thedatasourcesthatsupplydatato thewebbase.Furtherde-
tails on the logical schemaarepresentedin Section5. We
shouldnotethatresolutionof semanticandrepresentational
differencesbetweensites is not the subjectof this paper.
Thereis a vastbodyof researchdedicatedto this topic, and
we couldusethetechniquesdevelopedthere.

The top level in the webbasearchitectureis the external
schemalayer, which targets specific applicationdomains
(e.g., used car ads, computer equipment, etc.) and is
supportedby a userinterfacethat permitsa high degreeof
adhocqueryingby naive Webusers.As mentionedearlier,
for such userstraditional query interfacesare either too
complex (SQL,QBE) or too rigid (cannedandform-based).
Thus, we needa query languagethat is flexible enough
to supportinterestingtypesof ad-hocqueryingand yet is
simpleto use. In searchof sucha language,we resurrected
theUniversal Relation(UR) queryinterface.Thedetailsof
our implementationof theUR arepresentedin Section6.

The following exampleillustratesthedistinctionsamong
differentlevelsof abstractionin a dynamicwebbase.
Example 2.1 (Used Cars) A webbasefor usedcar shop-
ping in the metropolitanNew York areamight accessthe
severalsites,suchasnewspapers(Newsdayu andNew York
Times),new carbuying services(CarPointandAuto Web),
bluebookprice references(Kelly’s), reliability information
(Car andDriver) andfinance(Car Finance). We presenta
possiblesetof VPSrelationsthatcanbeextractedfrom these
sites.v To make the tablesmorecompact,we use wyx
z asa
shorthandfor theattributes {|x~}~�
��{|���
�q�s������x
z .

Table1 showsexamplesof VPSrelationsfor variousWeb
sites. The first line in the table illustratesthat datafor the
Newsday’s sitemight bepresentedin multiple hyper-linked
�
Newsdayis a regional newspaperwith circulationin Long Islandand

New York City.�
Although this example describesthese sites fairly accurately, for

illustration purposeswe introduce simplifications as well as bring in
featuresfoundin othersites.
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Description VPSLevel Relations
UsedCarAds �'�U���.���U���2���U�����q���q�U���-���S���'���.���O�'�'�q� ,

�'�U���.�'�U���q�U�q�����.�� ����'�'���'�'���F�q���U�� ��q�'�'�s���q�.�U ������
���q¡���¢��'���2���U���-�q���U�� ��q�'�'�s�����q�.�������.�������.�'�

DealerCars ���U�����q�S�����2���.�
�s�����q�U���-�q���U�� ��q�'�'�-£'�S¤'�q�U���������S���'���.���
�. ��'�.¥��U¦~�2���U�����q���q�U�������q�U�� ������'��£'�S¤'�q�U�����-���.�q�'���.�'�

Blue Book Prices §����q�U�'���2���U�
�-���S�����.���U�.���s¨q¨q���'�q�U���
Reliability ���U�q©��q��ª����.«q�����2���U���F¬q�.­����q�'�
InterestRates ���U�q���F���.���U���2���U�
��£'�S¤'�q�U�����sªq ����U�����.�
��®'�U�����

Table1: VPSLevel Relations

pages,anddependingon the user’s request,dataextraction
might requirenavigatingmultiple pages.e.g., newsdayand
newsdayCarFeatures.

The logical level relations for our webbaseand their
associatedrelationalschemasarepresentedin Table2,along
with thecorrespondingmappingsto theVPSlayer.

Theexternalschemalayeris representedby thefollowing
universalrelation,UsedCarUR,which containstheunionof
all theattributesof thelogical layer:

�
�U�U�����U�U�q®~�2���U�
���������U���s�����.�� ����'�����q�.���'���S�
�
¨q¨������q�U���-¬q�U­������
�-£'�S¤'���.�����sªq ��'�.�����.���s®��.�����

The mapping betweenexternal and the logical layer in
the UniversalRelationmodel is a rathersubtle issue. In
Section6, we show that the known approaches(e.g., [23])
arenot suitablefor Webapplicationsanddiscussa possible
solution.

Now, the queryposedin Section1, “make a list of used
Jaguars advertisedin New York City area sitessuch that
each car is a 1993or later model,hasgoodsafetyratings,
andits sellingprice is lessthanits BlueBookvalue”, canbe
expressedagainstourwebbaseasfollows:

���U�������.�U��®~��¯q�.°� ��U�
�-±��'����²����U�
�����'�q�U���s���q�U�q���'�
�q�.���'���S�
�s¨q¨q�������U���s°'�q�.�
��£'�S¤'�q�U�����sªq ����U�����.�
��®'�U�����-�

²'���U��³µ´F¶q¶q·���¨�¨q�����q�.�¹¸º�������U� »

3 Virtual Physical Schema
An importantdifferencebetweenwebbasesand traditional
databasesis that webbasesdo not control the physical
dataand thereare limited ways in which this datacan be
retrieved. Given a virtual physical schema(VPS) for a
relation,thecorrespondingdatacanusuallybeobtainedonly
by filling out a form, which requiresthat the userspecify
valuesfor a certainselectionof attributes,someof which
might bemandatoryandsomeoptional. In fact,theremight
be several alternative setsof optional/mandatoryattributes
perrelationthatlimit thescopeof datato beretrieved.

In addition,we mustspecify the navigation processthat
needsto beexecutedin orderto getthedata.Thisprocessis
representedusingNavigationCalculus, which is described
in the next section. Therefore,for eachrelation schema¼

in the VPS layer, thereis a quadruple,calleda handle,
representedasfollows:

H = ½ mandatory-attrs,selection-attrs,R,expression¾

Thesetof mandatoryattributesspecifiestheminimuminfor-
mationthat the handleneedsin orderto invoke the naviga-
tion calculusexpression(thefourthcomponent)andretrieve
therequisitedata.Thesetof selectionattributesspecifiesthe
additionalattributesthatmight bealsospecified.Thesead-
ditionalattributesareusedby theexpressionandareeventu-
ally passedto thevariousWebserverswho,presumably, use
theseattributesto returnmorespecificanswers.For conve-
nience,we assumethatmandatory-attrs ¿ selection-attrs.

There can be several handles for the same relation.
Different handlesfor the samerelation must usedifferent
setsof mandatoryattributes. However, different handles
canhave the samesetsof selectionattributesandthe same
navigation expression(for instance,the sameHTML form
might have two alternative setsof attributes;at leastoneof
themmustbefilled in orderto geta result).

We assumethat all handlesfor the samerelation agree
with each other: if À u�Á ½4{ u �$Â u �

¼ ��Ã u ¾ and À vÄÁ ½W{ v �Â v �
¼ �-Ã v ¾ are two handlesfor the samerelation and we

specify concretevaluesfor a set of attributes Â suchthat
{ uÆÅ { v ¿ÇÂÈ¿ÇÂ uÊÉ Â v , thenhandlesÀ u and À v return
thesameresult.

Table 3 shows the sets of mandatory and selection
attributesfor somerelationsin theVPSof Example2.1.The
first column in the table lists relationschemas,the second
column shows mandatoryattributes for eachschema,and
the third shows the optional attributes(= selection-attrs –
mandatory-attrs).

4 Navigation Calculus
Navigation maps. The basic data structurethat enables
automatedaccessto virtual relationsresidingin theVPSof a
webbasearethenavigationmapsfor theparticipatingsites.
Intuitively, a navigation map codifies all possibleaccess
pathsthat a site presentsfor populatinga virtual relation.
A navigationmapis a labeleddirectedgraph(seeFigure2)
wherethenodesrepresentthestructureof staticor dynamic
Webpages,andthelabelededgesrepresentpossibleactions
(i.e., following a link or filling out a form) that can be
executedfrom a dynamicpage. Our navigation mapsare
closely relatedto the Web schemesof the Araneusproject
[25, 5], but our modelingof the Web is process-oriented,
which facilitatescreationof thenavigationexpressionsfrom
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Logical Level Relations Definitions
�U�q���q�q�S­��U�����'�2���U�
�������q�.���-���.���'�q�.�
�s�����.�� ����'�U� Ë�Ì2Í�ÎsÏ Ð2ÎWÑ�Ò�Ó�Ï Ì2Ô/Õ�ÖWÍ�Ò/ÖsÏ ×�Ó�Í2Ö�Ø4Î�ÓWÙ��/�'�U���.���U�yÚ

�'�U���.���U�����U�������U�� q���'���Û Ë�Ì2Í�ÎsÏ Ð2Î4Ñ2Ò�Ó�Ï Ì2Ô/ÕWÖ�Í�Ò/ÖsÏ ×WÓ2Í2Ö�Ø4Î�Ó4Ù��/�q�q¡���¢
�����
�q���q�����'���2���U�
�s���'�q�U���-���.�q�'���.�
�s�q���U�� ��q�'��� Ë�Ì2Í�ÎsÏ Ð2ÎWÑ�Ò�Ó�Ï Ì2Ô/Õ�ÖWÍ�Ò/ÖsÏ ×�Ó�Í2Ö�Ø4Î�ÓWÙ��W���U�����q�S���'�Û Ë�Ì2Í�ÎsÏ Ð2Î4Ñ2Ò�Ó�Ï Ì2Ô/ÕWÖ�Í�Ò/ÖsÏ ×WÓ2Í2Ö�Ø4Î�Ó4Ù����S ��'�.¥'�.¦��
¦'�. '� ¤����q�U���2���U�
�-���.�q���.�����S���s¨q¨q�������U��� Ë�Ì2Í�ÎsÏ Ì2Ô/Õ4Ü�Ñ/ÖWÑ�Ô�Õ�Ï Ý2Ý2Ð2ÎOÑ2Ò2Ó'��§����q�U�'���
�q�������.¦������.�q�
�2���U�
�$¬q�U­��U�q�'� ���.�q©�����ªq���.«����
�F�����������.���2���U���$£'�F¤'���U������ªq ��'�U�'���.���s®��U�q��� ���.�q���S���S���U�

Table2: LogicalLevel Relations

VPS Mandatory Optional
�'�U���.���U���/±��S§'���s±��U�����'�������q�U�����q�.���'���S�
�O�'�'�q� ±��S§'� ±��U���q�
�'�U���.���U�����U�������U�� q���'�����'�����$���q�U�� ������'�s���q�.�� q����� �'�'�
���q¡���¢��'���/±��S§'���s±��U�����'�s�����U�� q���'�'�s�������U�������.�q�'���.�'� ±��S§'�
§����q�U�'���/±��S§�����±'�U���������q�.�����.�'���.���s¨q¨q�q���q�U��� ±��S§'����±��U���q� ���.���'�.�����.�

Table3: Virtual PhysicalSchema

navigationmaps.
Mappingthevirtual physicalschemaontotheraw Webre-

quiresacalculusof somesort.Oneobviouscandidatewould
be the relationalcalculusor algebra,extendedwith Web-
specificprimitives(andsomeotherknown extensions,like
theunnestingoperatorof Ulixes[5]). TheAraneusandthe
Ariadneprojects[5, 15] take this approach.However, these
formalismsarenotpowerfulenoughtoexpresscomplex nav-
igationprocessesontheWeb. For instance,asshown in Fig-
ure2, a navigationprocessto accesstheusedcaradsin the
classifiedsectionat thesite Þ�Þ�Þàß áEâ�Þäã'å�æ�çäß+è'éqê requiresfol-
lowing alink (link(auto)), filling outaform (formf1(make)),
thenmakinganif-then-elsechoicedependingon theresult-
ing page— if thepageis notadatapage,anotherform (form
f2(model,featrs)) will haveto befilled out. Thelengthof the
sequenceis not fixed. It is usuallyoneor two, depending
on thenumberof answersthatmatchtheinitial query. Once
the final datapageis reached,an iterationto collect datais
needed(repeatedlyhitting the“More” button).

Exampleslike this andour experiencewith other, more
complex, sites shows that navigation processesare best
representedusinga calculusthat allows recursionandhas
the notion of orderingof events. In addition, the calculus
must deal with complex structures,such as Web pages,
forms,etc.,whicharebestrepresentedasobjects.ë

Unlike otherprojectsthatdealwith navigationprocesses
on the Web, we do not invent yet another, new navigation
algebra or 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

ì
Observe that the user-level view of the databaseis representedusing

therelationalmodel.However, theunderlyingnavigationprocess(which is
invisible to theenduser)is basedon theobjectmodel,sinceit hasto deal
with Webpagesandotherobjects,whicharenot partof theuserview.

collectible_cars

link(l1)

new_car_dealer UsedCarPg sport_utility

form f1(make)

link(more)

newdayCarFeatures(features, picture)

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

carPg
form f1(make)

newsday

link(auto) link(l3) link(l4)

form f2 (model, featrs)

link(car_features)link(listing)

Figure2: Navigationmapfor NewsdayClassifiedCarAds

to bevery successfulfor Web applications.BecauseFlorid
lackstheTransactionLogic component,it is not suitableto
beusedasa calculusfor encodingnavigationprocesses.

The object model. F-logic extends classical logic by
makingit possibleto representcomplex objectsonaparwith
traditionalflat relations.A navigationmapis a collectionof
F-logic objects,suchasthefollowing objectthat represents
oneof theformsto befilled out at theNewsday’ssite:

�S �¦.¢~�.� ­'�U�S¢îíq���.�����S�~ï ­'�U�S¢Äðñ­'�U�F¢
ò
´qï �.°��óðôOõ �.°'�÷öø¦��S� õ �����q�q�q�.��ùqª�ª�ú û õ.ü�ý
¢�����þ��U�ÿð ô ¤����S� ü�ý
¢
�.���'�U���U�q�'ð2ð���¢��S§����W¢��U������� ý
�S¤������.�'�q�qð2ð��F�����U����� ý

�U�. ����U�ÿð ���q��ú �'�U���S�'�U�
ú ���$¢��
In the first line, �
	���
���� �ä�qz�
�� x���������� saysthat the object�
	���
���� �ä�qz�
 belongsto class action. It has attributes
form andsource. The attribute form hasthe value form01,
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�S ������U���U���'���/¤��.���- ����q� CurrentURL of browsingprocessPID

���.�'���.�~ï Declarationof ClassAction
�.¦'¯��'�.�����U���F��§~�s­'�U�F¢�� Action canapplyto a form or a link
���S ����U���  ��'� ý Pagewheretheactionbelongs
�'�.�q°������
��� �'�U¦ ¤��U°q� ý Wherethis couldleadus
�'�q�.��� �U�q���! ��q�.�'���.��� �'�.¦ ¤'�U°��
� Methodto executeaction

�S q¦S¢~�.� ­'�U�S¢ í'�q�.�����.� Formfillout is anaction
­'�q���q�.� ���S��§ í'�q�.�����.� Following a link is anaction

�'�U¦ ¤��.°��
ï Declarationof ClassWebPage
�.�q�q���'���!�º ���� ; URL of page
�'�.�'����� �.�q���F��° ; Title of thepage
�U�.�����U�q���!� �.�����S��° ; HTML contentsof page
�q�.�����.���!�"���U�q�.�����.����� List of actionsfoundin thepage

�'�U��� ¤'�U°���í7íU�'�U¦ ¤��U°q� Theclassof dataWebpagesis a subclassof �'�U¦ ¤��.°��
�'�U��� ¤'�U°��
ï ��ûq���'���.��� �q���q�U���U�.��� Datapageshave a dataextractionmethod

���S�U§�ï Declarationof ClassLink
�'�$¢
��� �.�q���S�q° ; Nameof link
�.�q�q���'���!�º ���� ] URL of link

­'�U�F¢!ï Declarationof ClassForm
�S°��!�  ��'� ; CGI script’sURL associatedwith this form
¢�����þ��U��� ¢
���Uþ ; CGI invocationmethod
¢
�.���'�U���U�q���"� �.�q�q���S¦� ���� ; Mandatoryattributesof this form
�S¤������.�'�q���"� �U���q���S¦q q��� ; Optionalattributesof this form
�S�'�U�����"� �U�q�q�! '�q�.�����S� ] Stateof form (setof attribute-valuepairs)

�U�q���! ��q�.�'���.��ï Declarationof ClassAttrValPair
�.�q�q��ù���¢
��ð �.�����S��° ; Nameof theattributepart
����¤'��ð ���.�q°��U� ; Checkbox,select,radio,text etc.
�q��­'�. ��.�'ð�#.¦'¯��'�.� ; Default valueof theattribute
«��q�. '��ð�#.¦�¯����.�!� Thevaluepart

Figure3: CommonWWW DataStructuresRepresentedin NavigationCalculus

�'�U���S�'�U���/±��F§�����±��U�����'�������q�U�������.���'�q�.�
���'�'�q�%$ Find caradsat Newsday:
�'�U���.�'�U���q°
ú ���.�����S���¹íq­��q�q�q�.� ���S�U§�ï �.¦�¯��'�S��ð �q�S��§����. q�'�q� ý Follow link(auto)

�'���.��� ����ð �
�.�������U�U��°!� to usedcarads;& �
�.�������U�U��°
ú ���.���U�.��� í��S q¦.¢~�S� ­'�U�F¢!ï �.¦�¯��'�S��ðñ­��U�S¢!��­�´F� ý
�'�q�.��� �/±��S§'����ð ���.����°�´'� Fill form(f1) usingMake;& �2���.����°�´ íq�'�.�'� ¤��U°��
ï ��û��q�'���.��ð�ð �U q¤����
�2�q�.���'���S�
�s�����q�U���s���'�q�(� Eitherextractdata,) �2���.����°�´�ú ���S�����.����í��S q¦S¢~�.� ­'�U�S¢!ï �.¦'¯��'�.�'ð ­'�U�S¢!��­�*q� ý or fill form(f2)
�'�q�.��� �/±��U�q���q��ð �q�U����°�*+� usingModel,& �q�U����°�* í��'�U�'� ¤��U°���ï �Uûq�q�'���S�'ð2ð �� q¤��U�
�2���.�������.�
�������q�.���O�'�'�q�(� thenextractdata

Figure4: TheNavigationProcessof Retrieving UsedCarAdvertisementsfrom NewsdaySite

which representsthe form to be filled out. form01 is itself
a complex objectwith four attributes: cgi andmethodare
single-valued, andmandatoryandoptionalaremulti-valued.
Theattributesourceof theobjectsubmitform representsthe
pageto which theactionbelongs.In addition,theobjecthas
a method,doit (definedbelow), whosepurposeis to execute
theaction.

Figure3 presentstheschemas(calledsignatures)of some
of theobjectsweuseto modelnavigationmaps.Thedouble-
shaftedarrows , and ,(, (asopposedto - and -.- in the
previousexample)signify thattheseexpressionsdeclarethe
typesof theattributesandmethodsratherthantheir states.

Navigation expressions. F-logic provides a declarative
calculusfor representingcomplex objectson the Web, but
to modelnavigationprocessesoneneedsaformalismfor the
representationand sequencingof actions. Thesefacilities
are provided by TransactionLogic [6], a conservative ex-
tensionof classicallogic, which is suitablefor representing
complex declarative processesthat both querythe underly-
ing databasestateand updateit. The following subsetof
serial-HornTransactionLogic complementsthesubsetof F-
logic describedaboveandprovidesanexpressivenavigation
calculusfor enablingaccessto raw Webdata.

For the purposeof this paper, it suffices to explain the
informal, proceduralreadingof someof the connectivesof
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TransactionLogic. Underlying the logic andits semantics
is a set/ of databasestatesanda collectionof paths. A path
is a finite sequenceof databasestates.For instance,if � u �� v �.ß�ß+ß��'�!0 aredatabasestates,then ½.� u �'� v �.ß�ß+ß��'�!0�¾ is a path
of length � . Justas in classicallogic, TransactionLogic
formulas assumetruth values. However, unlike classical
logic, the truth of theseformulasis determinedover paths,
not at states.If a formula, 1 , is trueovera path ½.� u �Uß+ß�ß+���!0�¾ ,
it meansthat 1 canexecutestartingat state � u . During the
execution,thecurrentstatewill changeto � v , � ë , ...,etc.,and
theexecutionterminatesat state� 0 .

Procedurally, a TransactionLogic formulacanbe under-
stoodasa transactionor a query(dependingon whetherit
changesthe databasestateor not). Semantically(andpro-
cedurally)theseformulashaveseveralcommonattributesof
databasetransactions,suchasatomicityandisolation.With
this in mind, the intendedmeaningof the new connectives
of TransactionLogic canbesummarizedasfollows:

� 13254 means: execute1 thenexecute4 .� 17684 means: execute1 or execute4 non-deterministically.
Thisconnectiveis usefulfor specifyingalternativeexecution
branchesin a navigationprocess.

Figure4 shows the navigation processto 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 reader who is not
fluent in TransactionF-logic, we annotatedeachclausein
Figure4,sothemeaningof thenavigationexpressionshould
be self-explanatory. Navigation expressionsdo not always
needto be that complex. For instance,navigating to the
NewsdayCarFeaturespage,which is part of our VPS, can
beachievedusingthemuchsimplerexpression:

���U���.�'�.�����U�q�q���U�� ��q�'�����'�'�'�F�����U�U ����'�'�s�����.�� ����q�9$
�/ª'�U�'�.��°�í��'�U�'� ¤��U°��q�-ú �q�.�����.����ï �.¦�¯��'�S�¹ð

���S��§�� ��ï ���$¢
�óð “ ���.�q�����U�U ����'� ” � ý
�'���.��� ���Zð ï �U�q�����'�q� ð �'��� ý
��ûq�q�'�q�.�yð �� q¤��U�
�������U�U ����'�'�����q�S�� ������(�:�

This expressionsays that to get to a car featurespage,
we must first get to a datapage(DataPg) that hasa link
called“Car Features”,follow this link, andthenextract the
featuresfrom the page. Of course,in a biggersystem,we
would have to qualify this initial pageevenfurther to avoid
mis-navigation. The interestingpoint hereis that the page
denotedasDataPg is not an entry point to any navigation
processthat a regular Web usermight perform. Indeed,as
seenin Figure4, onehasfill out oneor two forms to reach
thispage.However, this is notaconcernat theVPSlayer. It
is a job of the logical layer, describedin Section5, to order
joins in sucha way that the relationnewsdayof Figure4 is
computedfirst (to retrieve thedesiredpage,DataPg).

Even if the above TransactionF-logic expressionslook
a bit complex to the reader, the most importantaspectof
our webbasearchitectureis thatnobody, exceptthe system
builder, needsto everseetheseexpressions.It is easyto see
thattheaboveexpressionscloselymimic thestructureof the
navigationmapin Figure2 and,in fact,they canbederived

automaticallydirectly from that map in linear time in the
sizeof themap. Dueto spacelimitation, we do not present
thetranslationalgorithm,becausethiswouldrequirethatwe
spelloutthestructureof thenavigationmapsin muchgreater
detail.Detailsaregivenin thefull versionof thispaper.;

It is importantto realizethatthetranslationfrom themap
to thecalculusexpressionhasbeengreatlyfacilitatedby:

� our process-orientedobject model, whoseobjectscorre-
spondto nodesandlinks of thenavigationmap;� the fact that the F-logic componentof our navigation
calculusnaturallysupportsthis objectmodel;and� the TransactionLogic componentthat representsthe pro-
cessstructureencodedin thenavigationmap.

Finally, oncethetranslationis done,theresultingnavigation
expressionscan be directly executedby a TransactionF-
logic interpreterwhenuserqueriesposedagainsttheexternal
schemalevel of the webbaseeventually turn into queries
againsttheVPSlayer.

5 Logical Layer
The VPS layer providesa relationalview of datathat can
be retrieved from a Web site, thereby hiding navigation
details.In contrastto this,weusea logical layer to providea
uniform interfaceto dataarriving from multiplesources.By
separatingtheselayers,we achieve site independence. This
meansbothindependencefrom thedifferencesin vocabulary
andrepresentationusedbydifferentsitesaswell ascomplete
transparency with respectto 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 exampleshow a view of the Web datathat
is completelytransparentwith respectto the locationof the
datasource.

In this paper, we are not concernedwith the issues
pertainingthe mappingof the logical layer ontoVPS.This
mappingcan be doneusing conventionaltechniques(e.g.,
relationalalgebra,or Datalogrules)or we could usemore
advancedtechniques,which might offer certainadvantages
in theWebenvironment(e.g., [8, 19]).

However, one issue related to this mapping must be
addressed.Theproblemis thatunlike traditionaldatabases,
VPSrelationscanonly beaccessedby supplyingvaluesfor
certainsetsof mandatoryattributes. Sincelogical relations
are mappedonto the physical ones, it is clear that they
also can be accessedonly by providing valuesfor certain
attributes.Theprocessof determiningthesesetsof attributes
is called binding propagation (because,in abstractterms,
setsof mandatoryattributesin HTML forms correspondto
variablebindingsin programminglanguages).

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

Thefull-versionof thispaperavailableathttp://www-db.research.bell-
labs.com/users/juliana.
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we proposea muchsimplerdescription,which alsodiffers
from= other works in two respects:(1) it handlesnot only
conjunctivequeries,but alsoall relationalalgebraicqueries;
and (2) insteadof deriving bindingsfor a given query on
thefly, it staticallydeterminesall allowedbindingsfor each
logical relation.

Let > 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
describedby thefollowing rules,eachcorrespondingto one
of theallowedrelationaloperators:
� Let > Á

?
, where

?
is a VPSrelation,if { is a binding

for
?

, then { is alsoa bindingfor > .� Let > Á Ã u Å Ã v or > Á Ã uA@ Ã v , where Ã u and Ã v are
relationalexpressionsoverVPSrelations,if { u is abinding
for Ã u and { v isabindingfor Ã v , then { u Å { v is abinding
for > . B� Let > ÁDCFE

G ÃIH or > ÁDJLK
G ÃIH , if { is a binding for Ã

then { is alsoa bindingfor > .� Let > Á Ã u�M Ã v , if { u � { v arebindingsfor Ã u �÷Ã v ,
respectively, then { u Å

G { vN@
G Ã u É Ã v HOH and { v Å

G { u9@G Ã u É Ã v HPH arebothbindingsfor > . Here Ã u É Ã v denotes
thesetof commonattributesof therelationschemasfor Ã u
and Ã v .
From theserules, it is alsoeasyto derive an algorithmfor
join orderingunderthegivensetof bindings,i.e., anordering¼
u �.ß�ß+ß��

¼ 0 that guaranteesthat for each � ( QSRT�URV� ), all
mandatoryattributesof

¼XW
belong to the union Å

W"Y
uZO[ u
¼ Z .

Clearly, the existence of such an ordering is necessary
andsufficient for a join to be computableunderthe given
set of mandatoryattributes. However, in the presenceof
multiple setsof mandatoryattributesperVPSrelation,such
analgorithmwould beexponential.In fact,[29] shows that
theproblemis NP completein this case.

To illustrate the above binding propagationalgorithm,
considerthe logical level relation classifiedsfrom Exam-
ple 2.1. Since {|x�}�� is the only mandatoryattribute of
the relation newsdayand \ z�� is the only mandatoryat-
tribute of � �!]^����x`_�wyx
z�a��qx`��	 zq��� , by the join rule above,b {|x~}~�dc turnsoutalsoto betheonly mandatorybindingfor� �
]X�U�
x`_ M � �
]X�U�
x`_�wyx�z�a��qx`��	!z���� . Similarly, {|x~}~� is
the only mandatoryattributeof nyTimes. Therefore,by the
union andprojectionrules,

b {|x~}~�dc is the only mandatory
bindingfor classifieds.

6 External Schema
Casualusersquerythewebbasethroughtheexternalschema.
Traditionally, endusershavebeengivenaccessto limited in-
terfacesthatallow only a fixedsetof cannedqueries.Thesee

Herewe assumethattheuserwantsall availableanswersto thequery.
If theuseris willing to acceptonly someavailableanswersbecauseshedoes
notwantor careto fill outall therequiredattributesin aform, thenwecould
definea relaxedunion. In a relaxed union,both f � and f � (separately)
would beacceptablebindingsfor g .

cannedinterfacesservedwell in thecaseof fairly structured
businessenvironments,but, asremarkedearlier, they aretoo
limiting for acasualWebuser. Ontheotherhand,moreflex-
ible querylanguages,suchasSQLor QBE,aretoocomplex.
In searchof a suitablequeryinterfacefor webbases,we res-
urrectedtheideaof theUniversal Relation(UR) [24].

The basic idea is simple and appealing. The user is
presentedwith a list of all attributesthatmightbeof interest
for a particularapplicationdomain. To posea query, the
usersimply pointsto a setof outputattributesandimposes
conditionsonsomeotherattributes.Thisis it: nojoins,sheer
simplicity. Of course,to realizesuchanagenda,thesystem
(andtheuser)mustknow whatsucha queryexactly means,
and the understandingof that meaningby both the system
andtheusermustcoincide.

Simplistically, thesemanticsof a universalrelationquery
is explainedasa naturaljoin of the underlyingrelationsat
the logical layer, which cover the outputand the selection
attributesspecifiedin thequery. Moreover, thejoin mustbe
lossless. Losslessnessis requiredbecausethis is a formal
analogof the commonsenseidea of connectionsbetween
conceptsthat“makesense”.

Underlyingthis ideaaretwo basicassumptions:

1. The unique relationship assumption: The relationship
betweenany given subsetof attributes in the universal
relationschemais unambiguousandunique;and
2. The uniquerole assumption:The nameof an attribute
unambiguouslydeterminestherole of thatattribute.

The first problem ariseseven in very simple schemas
that contain just four attributes. For instance,a customer
and a bank might be connectedbecausethe customerhas
an account in 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 underlying logical schema
(e.g., acyclicity [21]) to additionallayersof semantics(e.g.,
Maximal Objects,Window Functions[23, 22]).

Unfortunately, on the Web, we cannotassumethe very
basiclosslessjoin semanticsfor UR, sincewe cannoteven
assumeany dependencies(join, functional,or multivalued)
on which the very idea of losslessnessis based. Nor can
we usemostof the approachesto enforcingor relaxingthe
uniquerelationshipassumption,becausetheseapproaches
rely heavily on theuseof constraints.

The secondproblem, the unique role assumption,was
assumedto be solvable by simple renamingof attributes.
However, this solution was never thought to be practical
and may have been responsiblefor the general lack of
enthusiasmfor theUR approach.

In ourattemptto adapttheUR asaWebinterface,wekept
the basicideaof a simplequery interface,but rejectedthe
losslessjoin semanticsandthetwo uniquenessassumptions.
We call this approachstructured universal relation. The
basic idea is to replacelosslessnessand constraintswith
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compatibilityrules. A compatibilityrule haseithertheform¼
u �.ß�ß+ß��

¼ih - ¼
or the form

¼
u �.ß�ß+ß��

¼ih -kj ¼ . In the first
case, the rule says that if you already joined

¼
u �.ß�ß+ß��

¼ih
then joining with

¼
also “makes sense”. This is our

“poor man’s losslessjoin requirement”.The secondrule is
really a constraint. It saysthat if we have alreadyjoined¼
u �.ß�ß+ß��

¼ h
, then joining with

¼
would createan incorrect

relationship(in theUR model,suchconnectionsareknown
as“navigationtraps”).

With theseconstraints,wecanformulatethesemanticsof
a queryasfollows: Let Q be a querythat mentionsthe set
of attributes l Á l u �Uß+ß�ß+�'lnm . Then the semanticsof this
query is said to be the join

¼
Á

¼
u M ß�ß+ß M ¼ 0 , where¼

u �.ß�ß+ß��
¼ 0 is a minimal (with respectto inclusion)subsetof

logical relationsthat satisfy the compatibility rules,and
¼

containsall attributesin l . o This is essentiallyouranalogue
of the maximalobjectsapproach[23]. If thereareseveral
maximalobjectscoveringthe queryattributesthenwe take
the union of resultsobtainedfrom eachobject. Depending
on theexactstructureof thecompatibility rules,algorithms
with variousefficiency canbe constructed.For instance,if
the rulesareof the form

¼ -qp , thenwe have a restricted
join-orderingproblemmentionedin Section5.

To addressthe problemof uniquenameassumption,we
proposeto organizetheattributesin theUR into a hierarchy
of concepts. Each concept is a relation schemawhose
attributes are conceptsof a lower layer. As shown in
Figure 5, the top layer in this hierarchy is the universal
relation itself, and the conceptsare the attributes of that
relation.

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

UsedCar(Car, Price, Contact) 

Loan TradeInValue

BlueBook(Car, BBPrice)

Dealers Lease
Retail

Coverage
Full

Value

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

Classifieds Liability

Figure5: ConceptHierarchyfor theUsedCarsUR

Example 6.1 (Concept Hierarchy) The concepthierar-
chy describesthe following: (1) A usedcar is eitheradver-
tisedatadealersiteor it is in theclassifiedsectionof anews-
papersite; (2) Thebluebookpriceof a carcaneitherbeits
trade-inpriceor its selling price; (3) The interestratefor a
usedcar dependson whetherit will be financedor leased;
and (4) the insurancerate dependson whetherit provides
full or liability coverage. r

The idea behind concept hierarchiesis that the user
starts by selecting top-level conceptsand then proceeds
to subconcepts. This makes it possibleto build queries
incrementally, by restricting the searchto various sub-

s
Compatiblemeansthatfor every tvu3wLxzy , thereis arule {F|�}�~����9�

suchthat {F|�}�~v�5��� ����������� �9��� �'� ; andthereis no rule {L|'}�~������ such
that {L|'}�~`�^��� � ����� ���P������� �%� � .

conceptsand to specific rangesfor attributes at the leaf
level. Theuniquenameassumptionis not an issuehere—
for the useror the system— sinceboth canseethe entire
concepthierarchyto which the attributesbelong, and the
relationshipsamongconceptsandattributesaredefinedby
thecompatibilityrules.

Webelievethatwebbaseswill bedesignedfor application
domains(suchascars,jobs,houses)by theexpertsin those
domains,anddesigningconcepthierarchiesandcompatibil-
ity constraintsis a feasibletaskfor 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 theUsedCarURof Example6.1.

CompatibilityConstraints Semantics
���q�q�q�q�.­��.�����ÿð����'�����U� We cannot leasea car

from its owner�'���q�U�óð �� ��q� ���.«����'�U°q� Leasedcarshave to be
fully insured

�
�U�U� ���.��� ð�� ¡q�'�U�q���S�  '�q�. '� Trade-invaluesare not
applicable

Considerthefollowing query:makea list of usedJaguars
advertisedin New York City areasitessuch thateach car’s
monthlypaymentsare lessthan1,000dollars,andits
sellingprice is lessthanits BlueBookprice. Thisquerycan
beexpressedas:

�
�U�U� ���.� �q®~��¯q�U°� '�U�
�s±��U���q����²'���U���������q�U����¨q¨q�������U���
®��.�����'�S��� �����S�'�-�������q�.���º¨q¨������q�U���
�/���'�q�U���Ä®��.�������S��� �����S�'�F� ´+*X����´Fò�òqò

Usingcompatibilityconstraints,ouralgorithmgeneratesthe
following maximalobjectsandthecorrespondingrelational
expressions:

ª'���q���U���óÚ��'���q�U�óÚº�� '�q� Ú ®'�U�'�����  ��q�Û ª����q�����'�óÚ����q�.� Ú �� ��q� Ú ®'���'�q���  '�q�Û ª����q�����'�óÚ����q�.� Ú������.¦������.�q� Ú ®'���'���U�  ����Û �q�q���q�q�S­��U�����óÚS�'�q�.� ÚS�����.¦����q�.�q� Ú ®'�U�'�����  ��q�Û �q�q���q�q�S­��U�����óÚS�'�q�.� Úº�U ��q� Ú ®����'�����  ��q� »
Now assumingtheexistenceof a mappingfunction from

external schemarelations to the logical level, maximal
objectsmadeup from the UR relationscan be translated
into conjunctive queriesover logical level relations. Once
translated,thesequeriescanbeoptimizedandevaluatedby
standardqueryevaluationtechniques.

7 Implementation and Experiences
Wehaveimplementedthemostessentialcomponentsof two
of themodulesin our webbasearchitecture:thenavigation
mapbuilder and the queryevaluator. In what follows we
describetheideasunderlyingour implementation.

Navigation Map Builder. We use the methodologyof
mappingby exampleto extract the navigationmapsfrom
Web sites. The main idea behindmappingby exampleis
to discover the structure(or schema)of a site while the
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webbasedesignermoves from pageto page,filling forms
andfollo

�
wing links. Therearetwo key componentsto this

methodology:(1) discovery of accesspathsto the dataof
interest;and(2) extractionof actionobjects(seeFigure2).

In orderto build a practicaltool, therearetwo important
requirements:the mappingprocessshouldbe as transpar-
entaspossibleto thewebbasedesigner(its operationshould
closely mimic the browsing experience);and the mapping
tool mustbe portable(e.g., it shouldnot requiremodifica-
tionsto thebrowser).

Thenavigationmapbuilderachievesthesegoalsby using
JavaScripteventsto capturebrowsing actions. Actions are
dynamically interceptedby JavaScript handlers(inserted
into the retrievedpagesby the mapbuilder), andareadded
as edgesof the navigation map. When a new page is
loaded into the browser, it is parsed, and a new node
correspondingto the pageis insertedinto the navigation
map.  In order to guide the designer, an appletdisplaysa
graphicalrepresentationof thenavigationmapasit is being
constructed,highlightingin themapthenodecorresponding
to thepagedisplayedin thebrowser.

The map builder parsesan HTML pageand generates
a set of F-logic objects (as detailed in Section 4). It
extendsPiLLoW ¡ , apubliclyavailableProlog-basedsystem,
to extractall necessaryinformationfor following links and
submitting forms found inside the page. Since not all
information is storedin the HTML object structure(e.g.,
labels denotingthe domainvaluesof someattributesand
attributesdefinedthrougha setof links) we take advantage
of HTML tagsandanchorsandotherstructuringprimitives
(e.g., tables,enumeration)to extract suchinformation. For
forms, the extractor is also able to infer which attributes
are mandatoryfrom their widget (i.e., if an attribute is
representedby 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 datapages,asdescribedin Figure3, we
assumethatthedesignerprovidesanextractionscript.

Of course there are instanceswhere input from the
designeris needed.For instance,thedesignerhasto indicate
whethera text field is mandatory. Also, it is not uncommon
in formsfor attributesto haverathercrypticsymbolicnames
— in thesecases(to facilitatesubsequentquerying)theuser
might want to provide a moreinformative name.Thereare
alsoinstanceswhereattributesareimplicitly definedthrough
asetof links (e.g., a list of links with carmodels).Sincethis
kind of attributesis not part of a form, the designerhasto
specifya nameaswell asthe setof links that relateto this
attribute. It is worth pointingout that in many instancesour
parseris ableto find theselinks by consideringtheir HTML
environment(e.g., atable),or theusercanprovideadditional

¢
Sincebuilding mapsis anincrementalprocess,our tool checkswhether

actionsandWebpageobjectsarenew beforeaddingthemto amap.£
http://www.clip.dia.fi.upm.es/Software/pill ow/pillow.html

hints.We arecurrentlybuilding agraphicaluserinterfaceto
simplify theinputof suchinformationby thedesigner.

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 attributes in total) were automaticallyextracted.
Less than 5% of the information in the map was added
manually, which consistedof 10 to 12 factsto standardize
attribute anddomainvaluenames.For othersitessuchas
New York TimesandDaily News,theratiowassimilar. The
processof mappingeachof thesesitestook on average30
minutes.It is worth pointingout that themainproblemwe
facewhile mappingsitesis thepresenceof faultyHTML, in
which casethe parserneedsto be ableto recover from the
ill-formed documents.

Some points are worthy of note with respect to the
maintenanceof such maps. Modifications to Web sites
can be automaticallydetectedby periodically comparing
the navigation mapagainstits correspondingsite, or when
thecorrespondingnavigationprocessfails. Whereascertain
structural changessuch as the addition of a new form
attribute requiremanualintervention,otherscanbeapplied
automatically(e.g., theadditionof a cell in a selectionlist).
Since we first built navigation mapsfor car-relatedsites,
we have noticed quite a few changesto thesesites. For
example,in Kelly’s Blue Book (www.kbb.com)new links
with informationabout1999carshavebeenadded.In order
to updatenavigationmap,we only hadto navigatethrough
themodifiedpages,aprocessthattook a few minutes.

Query Evaluator. As describedin Section4, oncea map
is built, navigationexpressionsareautomaticallygenerated.
This processrequiresa simple traversalof the navigation
map,andthuscanbe donein linear time in the sizeof the
map.Individually, eachexpressioncanbeseenasashortcut
to retrievedatafrom a Website. Insteadof filling formsand
following links, one can simply specify a set of attributes
andexecutethe appropriatenavigationexpression(e.g., for
the querySELECTmake,model,year,price,contactWHERE
make=ford AND model=escort), executenewsday(ford,es-
cort,Year,Price,Contact)(describedin Figure4). It is worth
pointing out that as a byproduct,the processof retrieving
such data is madefastersince during the execution of a
navigationprocessnoextraneousobjectssuchasfiguresand
Java animationsareretrieved.

Navigation expressionsareprocessedby the Transaction
F-logic interpreter, which translatesthem into logic pro-
gramsthat are executedby a deductive engine, the XSB
system.¤ Ontop of XSB, weusetheHTTP library provided
by PiLLoW to follow links, submitformsandretrievedocu-
mentsfrom theWeb.

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

http://www.sunysb.edu/¦ sbprolog
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manually specify thesemappings. If a mapping is not
provided for a certain attribute name, we employ fuzzy
matchingtechniques,which evidentlyarenot full-proof and
mayleadto errors.Weintendto incorporatetechniquesfrom
mediatorsystemssuchas[10, 30] to addressthis problem.

We have built navigation maps for a numberof sites.
To give an idea of the complexity of the sitesand query
execution times, below we show the number of pages
navigatedand (someof the best)evaluationtimes for the
querySELECTmake,model,year,price WHEREmake=ford
AND model= escort over 10 car-related sites. These
timingsu�§ indicatethat to ensureacceptableresponsetimes
whenqueryinga largenumberof sites,we mayneedto use
techniquessuchasparallelizationandcaching. It is worth
pointingout thatasignificantportionof thetimein querying
is spentnotonly in fetching,but alsoparsingtheWebpages.
We believe thesetimescanbe greatly improved if a faster
parseris used.

Site # of pages cputime elapsedtime
©U ��'�.¥'�.¦ * *'ú ¨
© ¨�ú òqò
¥�¥q¥qþ'�q�q��� * ´Uú *U¶ ª�ú ¨�*
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�q�U��®'��«'�U�U��� · ·�ú ªU¶ ´Fò�ú7´Fò
ù��U�q²��U�.§�ª������.� · ·�ú ©q· ´q´�ú «qò
�q�U��¬ ª����S«���� · ·�ú ª­© ´+*�ú7´�©
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8 Related Work
The problem of retrieving data from and querying Web
sourceshasreceived considerableattentionin the database
literature(see[8] for a survey). Managinginformationon
theWebencompassesseveral tasksthat includelocatingin-
terestingdata,modelingWeb sites,extractingandintegrat-
ing relatedinformationfrom multiplesites.

Web querylanguagessuchasW3QL [16], WebSQL[3],
WebLog[17], andFlorid [9] addresstheproblemof finding
andretrieving datafrom the Web. They improve on search
enginesby combining textual retrieval with structureand
topology-basedqueries. Theselanguagesview the Web
as a collection of unstructureddocumentsorganizedas a
graph,anduserscandeclaratively expresshow to navigate
portionsof theWebto 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 thoughour navigation calculusrequiresan
even greaterdegree of programmingexpertise, it is not
designedto be usedby a programmer. Instead,navigation
expressionsaregeneratedautomaticallyfrom themap.
��±

The timeswerecollectedon a SunUltra workstation,with dual 330
MHz processors,1 GB of memory, andSolaris5.6operatingsystem.

Web information integration systems[20, 5, 2, 10] are
morecloselyrelatedto our work in that they try to present
the Web througha unifieddatabaseinterface. TheAraneus
project [5] providesa rich model (ADM) to describeboth
the topologyandthe contentsof Web sites. Their concept
of the ADM schemeis analogousin many respectsto our
navigationmaps.Navigationprocessesto populatedatabase
views are expressedin a newly developeddeclarative al-
gebra,called Ulixes. Ulixes is intendedto be usedby a
databasedesignerto createWeb views for the enduser. In
contrastto this, we usea well-known, existing formalism
(TransactionF-logic [12]), which functionally is a super-
setof Ulixes. However, asmentionedearlier, it is not in-
tendedto be usedby a designeror an end user. Instead,
navigationexpressionsthatusethis languagearegenerated
automaticallyfrom thenavigationmap.Theinterpreterthan
simply executestheseexpressionswhenuserqueriesneed
to be evaluated.This is possiblein our architecturedueto
the clear separationbetweenthe VPS and the logical lay-
ersof the databaseandalsodueto the useof our process-
orientedobjectmodel. It is worth pointing out that main-
tenanceof navigation expressionsin our approachis much
simpler, sincethenavigationmapsfrom whichtheprocesses
aregenerated,canbe updatedsemi-automatically(through
mappingby example).

Ariadne [15] is a systemfor extracting and integrating
datafrom semi-structuredWeb sources. Ariadne hastwo
foci: dataextractionfrom unstructuredWebpagesandwhat
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 techniquesfor
extractinginformationfrom semi-structureddata[31] could
beusedin oursystem.

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

Thereis a largebody of work on informationmediators,
suchasTSIMMIS [10], Hermes[1] andGarlic [30], which
helpsmooththesemanticandsyntacticdifferencesbetween
heterogeneousinformationsources.Techniquesdeveloped
for informationintegrationsystemssuchasthesecanbeused
in ourarchitecturefor semanticintegrationof VPSrelations
that comefrom differentsources.On the otherhand,these
systemscould useour VPS automationtechniquesto gain
accessto dynamicWebcontent.
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Finally, we shouldnotethe growing commercialinterest
in inte² grationof informationfrom diverseWebsources(e.g.,
Junglee,CenterStage[11, 28]). Techniquesdescribedin this
papercanfacilitaterapiddevelopmentof suchservices.

9 Conclusions and Future Directions
In this paperwe describeda layeredarchitecturefor design-
ing webbases. The separationof layers, which is analo-
gousto traditionaldatabases,simplifiesthecreation,mainte-
nance,anduseof webbasesfor retrieving informationavail-
ableon the Web. We have implementedthe main compo-
nentsof a prototypeimplementationof our architectureand
reportedonsomepreliminaryexperimentalresults.

Wehaveshown thatnavigationmapscanbecreatedsemi-
automaticallyas the webbasedesignerbrowsessites, and
that navigation expressionscan be automaticallyderived
from thesemaps. Theseexpressionsare executedwhen
evaluatinga query, andthusoptimizingsuchexpressionsis
animportantproblemthatneedsto bestudied.

Our experimentssuggestthat parallelization of query
evaluationis crucialfor obtainingacceptableresponsetimes.
Finally, while theideaof structuredUR asa queryinterface
seemsto bepromisingin thecontext of webbases,moreex-
perimentalwork needsto bedoneto evaluatethepracticality
of theidea.
Acknowledgements: We would like to thankvariouspeo-
ple thatcontributedto thiswork: VinodAnupamfor sugges-
tions on how to implementnavigation by example;Daniel
LieuwenandC.R.Ramakrishnan,for carefully readingthis
manuscript;andNarainGehani,David WarrenandGuizhen
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