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Abstract. The SemanticWeb is an endeavour aiming at enhancingWeb data
with meta-dataanddataprocessing,aswell asprocessingmethodsspecifyingthe
“meaning” of suchdataandallowing Web-basedsystemsto take advantageof
“intelligent” reasoningcapabilities.Therepresentationof themeaningof dataes-
sentiallyrequiresthedevelopmentof aworld model.Ontologies,for example,are
logical descriptionsof world models.In this paperwe investigatewhat it means
to developaworld modelfor “geospatial”datathatcanbeusedfor SemanticWeb
applications.Differentaspectsareanalysedanda proposalfor a concretearchi-
tectureis developed.Thearchitecturetakesinto accountthatgeospatialdata(road
mapsetc.)areusuallyownedby companiesandonly accessiblethroughtheir in-
terfaces.The article alsoarguesthat, to complementstandard,generalpurpose,
logic-baseddatamodellingandreasoningmethods,ase.g.offeredby RDF and
OWL andreasonersfor theselanguages,locationreasoningis besttackledusing
graphsfor datamodellingandwell-establishedalgorithmsfor reasoning.Hence,
the article illustrates,for the practicalcaseof location reasoningfor providing
guidance,thethesisthat,on theSemanticWeb,“theory reasoning”is a desirable
complementto “standardreasoning”.

1 Intr oduction

TheSemanticWebis anendeavour aimingat enhancingWebdatawith meta-dataand
dataprocessing,aswell asprocessingmethodsspecifyingtheªmeaningºof suchdata
andallowing Web-basedsystemsto take advantageof ªintelligentºcapabilities.In a
Scienti�c Americanarticle [1] which hasdiffusedthe SemanticWeb vision, this en-
deavour is describedasfollows:

ªThesemanticweb will bring structureto themeaningfulcontentof Web
pages,creatingan environmentwheresoftwareagentsroamingfrom pageto
pagecanreadilycarryout sophisticatedtasksfor users.º

Reasoningis centralto theSemanticWebvision sincereasoningis centralto process-
ing declarativedataandspecifyingintelligent formsof dataprocessing.In theabove-
mentionedScienti�c Americanarticle, this centralrole of reasoningfor realizingthe
SemanticWebvision is stressedasfollows:
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ªFor thesemanticwebto function,computersmusthaveaccessto [. . . ] sets
of inferencerulesthatthey canuseto conductautomatedreasoning.º [1]

Inferencerulesoperateon factsandaxioms.Axioms specifyin an abstractway a
modelof the world. For example,the axiom 8x motorway(x) ) road(x) sayssome-
thing aboutthe relationbetweenthewords`motorway' and`road'. Themostdetailed
axiomatisationswhich arecurrentlybeingusedfor the SemanticWeb areontologies.
They areformulatedin logical formalismslike DescriptionLogics[2] or OWL [3] and
describemoreor lesscomplex relationshipsbetweendifferentnotions(conceptsandre-
lations)usedin particulardomains.Purelogical formalismshaveasomewhatone-track
styleof expressiveness,sologicalaxiomatisationsoftengiveonly averycoarsepicture
of theworld. A webservice,for example,whichcomputestheshortestway to getfrom
Munich to Hamburg needsa muchmoredetailedpictureof theworld, namelydigital
roadmaps,thanany purelogical axiomatisationis likely to provide.

In this paperwe arguethat ªgeospatialºnotionsplay an importantrole for theSe-
manticWeb, and that a very sophisticatedworld model is necessaryfor giving them
a usefulsemantics.The world modelconsistsof concretedata,roadmaps,train con-
nections,�oor plansetc.,aswell as logically formalisedontologiesof, for example,
transportnetworks.We sketcha �rst approachwhich combinesconcretecomputations
with datafrom GeographicalInformationSystems(GIS), for examplerouteplanning,
andhigherlevel logical formalisations.Ourapproachalsotakesinto accountveryprac-
tical constraints,suchascompaniesowningandnot releasingGIS data.

Wealsoarguethatto complementstandard,generalpurpose,logic-baseddatamod-
elling andreasoningmethods,ase.g.offeredby RDFandOWL andreasonersfor these
languages,geospatialreasoningwith topographicaldatais besttackledusinggraphsfor
datamodellingandwell-establishedgraphalgorithmsfor handlinginference.

Completelygeneralreasoningtechniquesmust, by their very nature,be weakly
committedto any particularclassof problemsandarethusunableto take advantage
of any particularpropertiesof that class.We thereforeclaim not only that the class
of geospatialreasoningproblemsrequiresequallyspeci�c reasoningmethodsbut that
logic-based,general-purposemethodscouldnever properly, intuitively, andef�ciently
realizewhatis bestachievedusinggraphsandgraphalgorithms.

It hasbeenclaimedby Bry andMarchiori [4] that,on theSemanticWeb, ªtheory
reasoningºis a desirablecomplementto ªstandardreasoningº.This articlessubstanti-
atesthis claim with respectto evidencefrom thepracticalcaseof geospatialreasoning
for geographicalguidance.

2 Moti vating Examples

Beforewe presentour approachwe illustratepotentialapplicationswith simpleexam-
plesandcasestudies.The�rst groupof examplesconcernsqueryingXML or ordinary
databases.

Example1. Supposewehavesomedataaboutcities,statesandcountries.Entriescould
be:
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1. SanFranciscois a city
2. SanFranciscois in California
3. SanFranciscohas3 million inhabitants
4. Californiais in theUSA.

A querycouldbe:ªgivemeall metropolisesin theUSAº. In orderto evaluatethisquery
we needto:

– formulatethedatabaseentriesin a logic basedknowledgerepresentationlanguage,
for exampleOWL or its underlyingDescriptionLogic.

– de�ne the conceptªmetropolisºin the sameknowledgerepresentationlanguage,
e.g.

metropolis = city^ atleast 1000000has inhabitant (1)

(A ametropolisis a city with at least1 million inhabitants.)
– make a so called instancetest for the databaseentries.The instancetest would

concludefrom (2) and(4) thatSanFranciscois in theUSA, andfrom (1) and(3)
thatSanFranciscois a metropolis.

Example2. Supposethedatabasecontainstheyellow pagesentries,i.e.businesseswith
their addresses.A querycould be: ªgive me the nearestpharmacyº, with the context
informationthatI amataparticularlocationX in thecity, andwith all theothercontext
informationaboutmycurrentsituation(availability of acar, luggage,myageandgender
etc.).

This querycould be evaluatedin a naive way by selectingthe pharmacy with the
smallestgeographicdistancesbetweenit andthe locationX. This might bea �rst ap-
proximation,but it cangive completelyuselessresults.A pharmacy which is located
verycloseby, but unfortunatelyit is ontheothersideof theriver, andthenext bridgeis
milesaway, maynotbeagoodchoice.

Theanswerswould bemuchmoreappropriateif we use,insteadof thegeographic
distance,a metricwhich is determinedby the local transportsystems.This means,the
nearestpharmacy is the onewhich canbe reachedin the shortesttime. This problem
amountsto arouteplanningproblem.Thesystemmustcomputetheshortestroutefrom
thelocationX to thepharmaciesandchoosetheonewith theshortestroute.Theroute
plannermusttake into accountthetransportnetworks(roadmaps,tramlines,buslines
etc.),aswell asthecontext informationabouttheuserscurrentsituation.

Reasoningaboutlocationsnormallyoperatesat anumericallevel (e.g.coordinates)
or at a symbolic level (e.g.graphs).Extensive researchhasbeenconductedin either
case[5], hencethereis a broadchoiceof provensetsof calculi andalgorithmsto solve
the respective tasks[6–9]. The fundamentalinsight is thatmany queriespertainingto
locationinformationarecloselyrelatedto theproblemof routeplanningandway �nd-
ing. Therearetwo reasonsfor this. First, whenever a certainlocationis soughtafter,
thechancesarethat the inquirer intendsto visit the location.Caseslike theseresultin
classicrouteplanningtasks.Second,whenpeoplereferto theªdistanceºbetweentwo
locationsin thesenseof locomotion,they arealmostnevertalkingaboutdistancesperse
(metres,kilometres)but thetime neededto cover thesedistances(ªatenminutewalkº
or ªhalfanhourby trainº).In fact,in many scenariostheabsolutedistancebetweentwo
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pointsis of rathermarginal signi�cancefrom a traveller's point of view, especiallyin
urbanenvironments.

As statedin section1, generalpurposereasoningis not the ideal choicefor more
complex reasoningtaskslikerouteplanningwhichinvolveanumberof locationsand/or
additionalconstraints.Of course,generalpurposereasoningcanbeusedfor somesub-
tasks,suchasderiving from thesymbolicinformationshown in �gure 5, thatfor exam-
ple ªMunichºis locatedin ªGermanyº (sinceit is locatedin ªBavariaº,which in turn
is part of ªGermanyº). More complex tasks,suchas �nding out which pharmacy or
hospitalcanbereachedin theshortesttime involvesa numberof subtasksandhigher
level reasoningtechniques.

Example3. Considerthe query ªgive me all cities betweenMunich and Frankfurtº.
Whatdoesbetweenmeanhere?If we take a mapof Germany anddraw a straightline
from Munich to Frankfurt, it doesnot crossmany cities. A moreelaborate(andstill
too simple) formalisationof betweencould be: in order to checkwhethera city B is
betweenthe cities A andC, computethe shortestroute R1 from A to B, the shortest
routeR2 from B toC andtheshortestrouteR3 directly from A toC. If theextradistance
d = length(R1) + length(R2) � length(R3), I needto travel from A toC via B, compared
to thedirect routefrom A to C, is smallenough,B canbeconsideredto bebetweenA
andB. Sincethe condition ªis small enoughºis not very precise,onecould usethe
distanced directly to ordertheanswersto thequery.

Example4. Supposea company looks for a building site for a new factory. The site
shouldbe closeto themotorway. ªClosetoº doesin this caseof coursenot meanthe
geographicdistanceto themotorway. It meansthetime it takesfor a caror for a lorry
to get to thenext junctionof themotorway. The lengthof theshortestpathto thenext
junctioncanbeusedto ordertheanswersto thequery.

Example5. Supposethe databasecontainsa roadmap,togetherwith dynamicinfor-
mationabout,say, traf�c jams.The informationabouttraf�c jamsis usuallynot very
precise.It couldbesomethinglike ªthereis a traf�c jam on theM25 2 miles long be-
tweenjunction8 andjunction10º.

If theM25 is takenasastraightline thenthetraf�c jamis aone-dimensionalinterval
whoselocationis not exactly determined.Instead,we have someconstraints:length=
2 miles,startaftercoordinateof junction8, andendbeforecoordinateof junction10.

Soquerieslike ªis therea traf�c jam on thewesternpartof theM25º give riseto a
constraint-solvingproblem.

Theability to solverouteplanningproblemsis obviouslyveryimportantfor auseful
geospatialworld model.If this is solved,andtherearegoodsolutionsalreadyavailable,
onecanthink of moreinterestingexamples.

Example6 (AppointmentScheduling).For a routeplanningalgorithmit makesno dif-
ferenceif a routeis to beplannedsuchthata traveller catches,say, a particulartrain in
aparticulartrainstation,or thathemeetsaparticularpersonin hisof�ce. Appointment
schedulingwith a singlepersonis thereforean instanceof a routeplanningproblem.
More interestingareproblemswhereseveralpersonswantto meetataparticularplace.
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In this caseonehasto solve two problems.The �rst problemis to �nd the time slots
wherethey canmeet.This is a constrainthandlingproblem.The secondproblemis
to synchronisethe routesof the differentpersonssuchthat they really meetat their
meetingplace.

3 Practical Constraints

A usefulgeospatialworld modelneedsgeographicaldataof variouskinds,roadmaps,
public transportnetworks, �oor plansof buildings,wherethe booksare in the book-
shelvesof libraries,or wherethe itemsareon the shelvesof supermarketsetc. This
dataareownedby variouscompaniesandorganisations:thegovernmentwhich oper-
atesthehighwaysor thepublic transportsystemswithin a city, thecompany that runs
anairline or a taxi service,or theownerof a building. Somecompanieshave built up
largedatabasesof geographicaldataandearnmoney by grantinglimited accessto them.
CompanieslikeNAVTEQ [10] or TeleAtlas [11] operateandmaintaindatabasesabout
infrastructures,which otherparties(governments,companies)areresponsibleto build,
maintainand operate.NAVTEQ, for example,took someseven yearsto build their
databaseabouttheGermanroadandhighwaynetwork, whichwas�nished in 2000and
now containsaround7.5GBytesof data.For NAVTEQ alone,over500�eld employees
areworking worldwideondataacquisitionandmaintenance[12].

The operatorsof purely commercialnetworks, such as airlines or public trans-
port systems,are– of course– inclined to inform customersasoptimally aspossible
abouttheir services.Not all commercialprovidersaredoingthis equallythough,pub-
lic providersevenlessso.And, with thefew thatalreadyprovidegoodservicesin this
respect,thereis very little interactionbetweendifferentservices.They aremostly in-
compatible,eithertechnicallyor by design.Interactionoccursonly in thosecaseswhen
the networksarecomplementaryin nature– suchasEasyJetoffering train ticketsfor
the StanstedExpressfrom LondonStanstedairport to the centreof London,or hotel
bookingswhichcanbemadein connectionwith a �ight booking.Apart from theseex-
ceptions,thosewho own themostdetaileddataaboutinfrastructuresaregenerallynot
the�rst in line to sell their informationor to providea serviceof somekind.
Theconsequencesfor ourgeospatialworld modelare

– it will never be possibleto have centralisedaccessto a completeworld model.
Instead,the datawill be distributed and only accessiblethroughparticularweb
services;

– thewebserviceswill not revealdatain awaythatthewholedatabasecanberecon-
structedby suitablesequencesof queries.For example,if thewebserviceprovides
routeplanningthenthe routesneedto be describedwithout detailedreferenceto
theunderlyingroador transportnetwork.

The�rst point requiresanarchitecturewherethereis only a centralcoordinatorof the
world model,but thedetailsof themodelarehiddenbehindtheinterfacesof thevarious
providers.This requiresa quite complicatedarchitecture,but it offers the possibility
to changeand extend the world model dynamicallyby linking new servers into the
network.
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3.1 Existing Approaches

Geospatialreasoningisaratherbroadnotionthathasbeenlookedatfromvariousangles
from within computerscienceandAI.

On the very concreteside thereare the GeographicInformation Systems(GIS),
i.e. databasesandalgorithmswhich dealwith the representationanduseof concrete
geographicaldata,roadmaps,landcoverageetc.

`Shortestpath'algorithmshavebeendevelopedto solvethepathplanningproblems,
for examplein transportationnetworks.Thepathplanningproblemin a concrete2- or
3-D environmentis oneof the robot navigation problems,andtherearea numberof
moreor lesspracticallyusefulalgorithmsto solve it [13].

Shortestpath algorithmstypically do not take into accountcontext information
aboutthe traveller, e.g. if the traveller hasa car available,or if he dependson public
transportsystems.Oneway to usecontext informationin a shortestpathalgorithmis
to constructaproblem-speci�cgraphsothat,for example,if thetravellerhasabicycle,
the systemmight �rst constructa graphconsistingof pathsandroads,togetherwith
thoserailwayandbuslineswherea bicyclecanbetakenonboard.

GIS techniquesdependon the availability of concretecoordinates.If coordinates
arenot available,symbolicdatarepresentationandreasoningis necessary. Oneof the
symboliclocationalreasoningsystemsis the`regionconnectioncalculus'(RCC8,[14]).
It generalisestheideasof Allen's interval calculusfrom oneto two dimensions.RCC8
providesbasicrelationsbetweentwo-dimensionalareasandhasrulesfor reasoningwith
therelations.

A verygeneralknowledgerepresentationandreasoningtechniquearetheDescrip-
tion Logics [2], with OWL as its WWW version[3]. In DescriptionLogics onecan
de�ne `concepts',correspondingto setsof objects,andonecanrelateindividualsto the
concepts.Theformula(1) is anexampleof aconceptde�nition in aDescriptionLogic.

Planningalgorithms,originally developedwithin AI. [15] constituteoneparticular
classof shortestpathalgorithmsthatcanbehandledveryef�ciently by precompilingan
axiomaticproblemrepresentationinto a graph.Certainly, routeplanningservicescan
beregardedfrom this perspective.

Yet route planningservicesof different kinds will needto presentthe resultsof
planningto users.Therequiredstyleof presentationcanvaryenormously, bothin terms
of detail,andalsoin termsof modality(visual,verbal,audio,multi-modal).

One of the advantagesof using graphstructuresas the basisof planningis that
the outputof a planningprocessis itself a graph- of a particularkind, with a formal
structurethat actsasa point of departurefor a wide variety of differentpresentation
styles.

Suchvariety needsto be anticipatedto accommodatethe unforeseeablenatureof
theenvironmentunderwhichtheinformationmightneedto beaccessed.This is partic-
ularly thecasefor theSemanticWeb. For example,auserplanningatrip from anof�ce
deskmight pro�t from a presentationemploying high resolutiongraphicsandaudio;a
mobile userdriving a car might avoid visual distractionsby requestingspoken verbal
description;a tourist on foot with a mobile phonemight well prefera low resolution
sketchof theroutethroughthecity.
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All thesedifferentpresentationtechniquescanbebaseduponthesame,underlying
abstractplanstructureby relatively straightforwardgenerationtechniquesasillustrated
by RosnerandMizzi [16] andRosnerandScicluna[17] which respectively dealwith
thepresentationof naturalverbalandvisualinstructions.

Thereasonthis is possibleis becausethereis a kind of isomorphismbetweenthe
planstructure,andtheelementsoutof whichthepresenteddescriptionis basedwhether
this beverbal,visual,or a mixtureof thetwo.

4 Towards a GeospatialWorld Model

The examplesin the introductionshow that ªgeospatialreasoningºis very heteroge-
neous.Thereforewe tried to developa uni�ed view of the area,which allows oneto
incorporatethevarioustechniquesandresultsin asinglesystem.

4.1 Graphs, Graph Transformations and Ontologies

Thebasisof theuni�ed view is theobservationthatin mostof theapproachesthedata
canberepresentedasgraphs,andthattherearecloseconnectionsbetweenthedifferent
typesof graphs.We illustratethis observationwith someexamples.

N

1

2
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3

8 9

10A

B

C

D

E

Fig.1. RoadCrossing:High detail

Example7 (Road Crossings).Figure 1 shows a detailedrepresentationof an inter-
sectionof two streets,includingan underpass(dashedlines)andpedestrianpathways
(shown in red).This graphis suitablefor guiding an autonomousvehiclethroughthe
areaof thecrossing.A simpli�ed versionof this crossingis shown in �gure 2. It con-
tainsenoughinformationfor a standardnavigationsystem.
Finally, onecancollapsethewholeroadcrossinginto asinglenodeof theroadnetwork
asseenin �gure 3. This is suf�cient for pathplanningona largerscale.
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N

Fig.2. RoadCrossing:Mediumdetail

N

Fig.3. RoadCrossing:Low detail

In all threepictureswe seethesameroadcrossing,but on differentlevel of detail.We
areworking at a languagefor describinghow to generatethe graphswith lessdetail
from thegraphswith moredetail.

Dif ferentlevels of detail arealsopertinentto the problemof presentingsolutions
to geospatialplanningproblemsin a way that is sensitive to theparticularsituationof
the userandthe resolutioncapabilitesof the displaydevice at hand.RosnerandSci-
cluna[17] discussandimplementtheuseof graph-reductionalgorithmsfor simplifying
thedataat handfor ef�cient communicationof information.

Example8 (Floor Plans).Indoornavigationof autonomousvehiclesrequiresadetailed
�oor plan, as shown in �gure (1) of �gure 4. In order to plan a way from, say, the
entranceof thebuilding to aparticularof�ce, suchadetailed�oor planis notnecessary.
A simpli�ed net plan,suchasshown in picture(2) of �gure 4 is muchmoresuitable
for this purpose.The simpli�ed plan can be generatedfrom the detailed�oor plan.
Theconvenientsimilaritiesbetweentheexamples7 and8, whichpresentverydifferent
situations,areby design.

Finally, onecancollapsethewholebuilding to a singlenodein a biggercity map.
Thenodeis suf�cient for planningapaththroughthecity to this building.

Example9 (SymbolicData Representation).This exampleshows the transitionfrom
GIS styledatarepresentationto apuresymbolicknowledgerepresentation.

The left handsideof �gure 5 shows the boundariesof two of the Germanstates,
andsomecities.The boundariescanbe representedaspolygons,andtheseareagain
justgraphs.In theright picturethepolygonsarecollapsedinto singlenodesof agraph.
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(1)

(2)

Fig.4. PlainFloor Planwithoutandwith Network Overlay

Therelation`polygonA is containedin polygonB' is turnedinto anNTTP edge(Non
TangentialProperPart) of thenew graph.Therelation`polygonA touchespolygonB'
is turnedinto anEC edge(ExternallyConnected)of thenew graph.

Theexamplesillustratea numberof observations

1. Thereis ahierarchyof graphs.At thelowestlevel therearegraphswith theconcrete
geographicaldetailswhicharenecessaryfor, say, guidingautonomousvehicles.At
thehighestlevel therearegraphswhichrepresentlogicalrelationsbetweenentities.

2. Therearecorrelationsbetweenthenodesandedgesof thegraphsatdifferentlevels
of thehierarchy. Theseneednot bea oneto onecorrespondence.Usuallya whole
subgraphof a lower level graphcorrespondsto a singlenodeor edgeof thehigher
level graph.A typical exampleis the representationof the city of Munich in Ex-
ample9, asa polygonin theleft handgraphandasa singlenodein theright hand
graph.

3. A transitionfrom a lower level graphto a higher level graphcan be facilitated
by identifying speci�c structuresin the lower level graph,andtransformingthem
into structuresof thehigherlevel graphwith thesamemeaning.In example7 this
structureis a roadcrossing.In example8 thesestructuresare�oors, doors,rooms
etc.In example9 thesearecities,statesetc.
Thesestructuresare in generalpart of an ontology. In parallelwith the develop-
ment of the graphs,we thereforeneedto develop the correspondingontologies.
Theelementsof theontologyaretheanchorpointsfor controllingthegraphtrans-
formationsandfor choosingsuitablegraphsto solveagivenproblem.
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Fig.5. SymbolicDataRepresentation

4. It is in generalnot a goodideato put all informationinto onesinglegraph,evenif
it is informationof thesamelevel of detail.In atypicalcity wehave,for example,a
roadmapasa graph,thebuslinesasa graph,theundergroundlinesasa graphetc.
We thereforeneedto considercollectionsof graphswith transitionlinks between
thegraphs.Typical transitionlinks betweena roadmapandan undergroundmap
are the undergroundstations.The transitionlinks, can,however, be little graphs
themselves,for examplethenetwork of corridorsandstairsin a big underground
station.

5. Thegraphsat thehigherlevelsof thehierarchycanandshouldusuallybeextended
with additionalinformationwhich is not representedin thelower level graphs.For
example,the graphin example9 with the symbolic informationaboutcities and
statescaneasilybeextendby addingfurthercitiesandstates.

4.2 A RoadMap for the Developmentof Hierar chical Graphs

One of the most importantgoalsis the developmentof a technologyof `geospatial'
knowledgerepresentationwith hierarchiesof graphs.Thehierarchyconnectsthecoor-
dinatebasedGIS like informationprocessingwith thelogic basedsymbolicreasoning.
Thefollowing stepsarenecessaryto achievethis goal.

Step1: Uni�ed Representationof Graphs.
The structuresat the different levels of the hierarchyareall graphs.Thereforethere
shouldbeauni�ed representationof thesegraphs.Thegraphsneed,however, berepre-
sentedin differentforms.

– Weneedapersistentrepresentationof graphswhichcanbestoredin �les ordatabases.
– Weneedanin-memoryrepresentationof thegraphswith awell de�nedapplication

programminginterface,probablysimilar to theDOM structuresof XML data.
– We alsoneedgeometricrepresentationsof thegraphswhichcanbeusedto display

thegraphsonthescreen.As longasthenodesof thegraphhavecoordinates,this is
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notabig problem.Graphsat thesymboliclevel of thehierarchyusuallydon't have
coordinates.Fortunatelytherearewell developedgraphlayout algorithmswhich
we canusehere.

Sincegraphsat differentlevels of the hierarchycanrepresentthe sameobjects,road
crossings,for example,it is very important to maintainthe links betweenthe same
objectsin the differentgraphs.Theselinks enablealgorithmsto choosethe level of
detailthey needfor doingtheir computations.

It mustalsobe possibleto usethe transitionlinks betweendifferentgraphsof the
samelevel to join severalgraphsinto onegraph.For example,arouteplannerfor some-
bodywithouta carmayneeda combinedgraphof all public transportsystems.

As mentionedabove, it shouldbepossibleto addextra informationto thegraphs,
which is not derivablefrom graphsat the lower levels.In orderto do this, we needto
developaneditor for thegraphs.

Step2: `Geospatial'Ontology.
Weneedto developanontologyof interestingstructureswhichcanoccurwithin graphs
(roadcrossings,roundabouts,�oors, trainstationsetc.).Suchanontologywouldbethe
anchorpoint for variousauxiliarystructuresandalgorithms,in particular:

– patternswhich allow one to identify the structurein a graph,a roundabout,for
example;

– transformationalgorithmswhich simplify thestructuresto generatethenodesand
edgesin thegraphsat thehigherlevelsof thehierarchy;

– transformationalgorithmswhich generatea graphicalor verbalrepresentationof
thestructureson thescreen.

Theontologywill alsobeusedto annotatethestructuresin thegraphs.

Step3: Ontologyof GraphTypes.
Thegraphsat thedifferentlevelsof thehierarchyprovide thedatafor solvingdifferent
kindsof problem.Weneedto classifythegraphtypes,suchthatit is possibleto choose
theright graphfor a givenproblem.

Step4: Ontologyof Meansof Transportation.
A graphfor a railway network, for example,representsonly routes,but not thecharac-
teristicsof thetrainswhich areusedon theseroutes.It can,for example,be important
to know, which trainscantake a bicycle on board,or which trainshave wirelessLAN
on boardetc.Thereforewe needto developanontologyfor theobjectswhich arecon-
nectedwith thegraphs.If thegraphsrepresenttransportationnetworks,thismustbean
ontologyof thevehiclesusedonthenetwork. If, ontheotherhand,thegraphrepresents,
for example,alocalareacomputernetwork, it mustbeanontologyof thecharacteristics
of thecablestogetherwith anontologyof thedevicesconnectedto thecables.

Step5: Context Modelling.
In theintroductoryexampleswe showedthatquerieswhich require`locationalreason-
ing' needto take into accountthe context of the user. We must thereforedevelop a
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formal modelof thecontext. Thecontext can,for example,be thecurrentsituationof
a humanuser:whetherhehasa caror not,whetherhehasluggageor not, his ageand
sex, andmany otherfactors.

Step6: CustomisedGraphConstruction.
As we have seenin theintroduction,many `locationalreasoning'problemsrequirethe
solutionof shortestpathproblemsin a graph.Theconcretegraphwhich is relevantfor
thegivenproblem,may, however, notbeoneof thegraphswhicharepermanentlyavail-
able.It maybea combinationof subgraphsfrom differentgraphs,andthecombination
maybedeterminedby thecontext of theproblem.Thereforeweneedto developmech-
anismsfor determiningandconstructingfor a givenproblemtheright combinationof
subgraphsastheinput to therelevantproblemsolvingalgorithm.

Step7: TheMain ProblemSolvers.
Finally we needto adaptor develop the algorithmsfor solving the main problems.
Theserangefrom `shortestpathin a graph' algorithmsto logical calculi for reasoning
with symbolic information.Fortunatelymostof thesealgorithmsarewell developed
andcan,hopefully, betakenoff theshelf.

4.3 Distrib uted GeospatialServices

Thepracticalconstraints,i.e.thatbusinesses,organisationsor governmentsmakeaccess
to their datadif�cult andharbourpotentiallycommercialinterestsleadsto theneedfor
a distributedarchitecture.Eachandeveryprovider in this architectureoffersgeospatial
dataeitherdirectlyor throughasetof services,asdescribedin thefollowing paragraph.

Whenever thereexistsaninfrastructureof somekind (seesection4.1 for someex-
amples),a correspondingweb informationserver provideseithera setof servicesre-
gardingtheinfrastructure,or atleastgrantsaccessto thenecessarydata.By services,we
meantheprocessingof datain form of theabove mentionedrepresentationof geospa-
tial dataasgraphs.Typical processingcanbe partly basedon shortestpaths,nearest
neighbours,etc.Furthermore,from a softwareengineeringpoint of view, servicescan
easilybedevelopedashighly reusablecomponentswhichcanbeintegratedwithin one
device aswell interoperatingcomponentsovera network of distributedsystemson the
web. A setof servicesmight includethefollowing:

– Routing Service: Within asinglegraph,providea routefrom onenodeto another.
– ConnectionService: Provide a setof othergraphs,which canbeaccessedfrom a

givengraph,includingtransitionnodes.
– Listing Service: Providea list of nodesor edges.
– Integrity Service: Checkfor the existenceof connectionsbetweennodeswithin

oneor moregraphs;e.g.ªisof�ce 136in this building?º.

The reasonfor not providing datadirectly, but insteadthe above mentionedservices,
is dataprotection.Whenever a provider wantsto protecttheir assetsby not disclos-
ing information,they still have theopportunityof providing abovementionedservices.
Consideringthesubstantialefforts requiredfor geospatialdatamodellingandacquisi-
tion, dataprotectionis likely to remaina centralrequirementfor the service-oriented
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view. Thedatathatis returnedasananswerto aquerymightbeprovidedin someform
that doesnot allow for reconstructionof the original datasets– or at leastmake this
operationtoo cumbersomeandthereforenot economicallyworthwhile.In caseswhere
the infrastructureis publicly accessible,suchasa streetor public transportnetwork,
theneedfor dataprotectionmight have lessimportance.Fromtheuser'spoint of view,
theremight belittle differencebetweenthetwo, becausewhethertheservicesanddata
areoperatedand/orprovidedby thesamepartyor not, is typically irrelevant.

Themainincentivesfor any provider to offer eitherdataor servicesor botharethe
following:

– Incr easedRevenue: The better the quality and accessibilityof the services(or
data)provided, the morecustomersareattracted.An airline or railway company
whichprovideseasyto useinformationservicesandcomfortablebookingservices
ontheinternetwill haveanadvantageovercompetitorswith lowerqualityservices.

– Incr easedEf�ciency: By controllingthe informationand/orservicesabouta net-
work, a provider cansigni�cantly in�uence theuseof thenetwork itself. In cases
whereno direct revenueis generated,becausetheuseof thenetwork itself is free
of charge,this maybethemostpowerful incentive.Therearenumerouspossibili-
tiesfor examplein loadbalancingor directingtraf�c. Thegovernmentof acity for
examplehasgreatinterestin optimisingtraf�c �o w, which is increasinglydif�cult
to achieveby staticmeans(signage)only.

– Incr easedValue: Thevalueof anetwork increaseswith thenumberof connections
to other networks. The more possibilitiesthereare of accessingfor examplean
airport, the moretravellerswill be attractedby theservicesprovidedthere.If the
only possibility to get thereis ªbycarº,thenquitea big percentageof passengers
will stayaway.

4.4 Data ExchangeLanguages

We mentionedalreadyavery importantpoint,dataprotection.Theresultsof aqueryto
aservermustbesuchthattheunderlyingdatacannotbereconstructed.For arouteplan-
ningservicethismeansthatthegeneratedroutemustberepresentedin alanguagewhich
doesnot referdirectly to theunderlyinggraph.Insteadonemustusemorehigherlevel
instructionslike ªdrivealongthemainstreetuntil thefourth traf�c lightº or ªboardthe
train in PiccadillyStationºor ªclimbthestairsup to thethird levelºetc.This exchange
languagefor routesrefersto conceptsin an ontology of actionslike ªdrive alongº,
ªboarda trainºor ªclimbthestairsºetc.Thelanguagemustbeableto representroutes
in a waysuchthat

– partialroutescanbeconcatenatedto form longerroutes
– particularstepsin a routecanbere�ned. For example,a routecansayªdriveto the

airportº,ªboardtheplaneº.A re�nementmight beªdrive to theairportº,ªparkin
thegarageº,ªgoto thecheck-incounterº,ªgoto thepassportcontrolº,ªgoto the
departuregateºandªboardtheplaneº.

– theroutedescriptionscanbeverbalisedor visualised.Prototypesof averbalisation
module[16] andavisualisationmodule[17] havealreadybeendeveloped.
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A routedescriptionor plan languageis oneof thedataexchangelanguages,probably
the mostcomplicatedone.Otherservicesof the distributedworld modelwill require
other languages.The resultingplan itself is a formal structurethat actsasa point of
departurefor awide varietyof differentpresentationstyles.

5 Summary

One of the key featuresof the SemanticWeb is that dataon the web can be inter-
pretedwith respectto their meaning,their semantics.Themeaningcanberepresented
in variousways,asontologies,asaxiomsin somelogic, asrulesin somerule language,
andeven with specialpurposeprocedures.In this paperwe consideredthe meaning
of `geospatial'notions.Examplesare`in Munich', `betweenMunich andFrankfurt',
`along the highway', `next to the shelf with the milk' etc. We argue that a suitable
representationof themeaningof thesenotionsrequiresthedevelopmentof ageospatial
worldmodel.Suchamodelisessentiallyacompleterepresentationof all thegeographic
factsandrelationsof therealworld out there.

Mostof thegeographicfactsarealreadỳ computerised'in GISdatabases.Theprob-
lem is thatmostof themareownedby companieswith primarily commercialinterests.
In this paperwe presenteda proposalfor a geospatialworld modelwhich canbeused
asthe basisfor interpretinggeospatialnotionsin the SemanticWeb. The basisof the
world modelarehierarchiesof networksof graphs.At thebottomendof thehierarchy
we have detailedmapsof thegeographicentities(roadmaps,undergroundmaps,�oor
plansetc.)At theupperendwe have purelysymbolicrepresentationsof conceptsand
relations.Thecorrelationbetweenthedifferentlevelsis by a,yet to bedeveloped,lan-
guage,which allows oneto describestructuresin the lower level graphs,which repre-
sentnodesor edgesin thehigherlevelgraphs(roadcrossings,buildings,city boundaries
etc.)

The fact that GIS dataareusuallynot publicly availableis taken into accountby
having a distrubutedarchitecture.A centralserver only coordinatesthe accessto var-
iousotherserverswhich provide accessto their data.Theresponseto suchanaccess,
however,mustbeadescriptionof aproblemsolutionwhichdoesnotallow oneto recon-
structtheunderlyingdata.Sincemany of thegeospatialnotionsimplicitly referto route
planningproblems,a routeplanningservicewill be oneof the importantcomponents
of thegeospatialworld model.Theresultof arouteplanningrequest,however, mustbe
describedin a moreabstractway thanjust asa sequenceof edgesin a graph.A ªroute
markuplanguageºis neededwhich,ontheonehand,hidestheunderlyingconcretedata,
and,on theotherhad,containsstill enoughinformationsuchthatvisualisationandver-
balisationmodulescangenerateusefulpresentations.Sucha routemarkuplanguageis
only one,probablythemostcomplicated,examplefor adataexchangelanguagefor the
geospatialservers.Everyclassof queriesto sucha server needsanappropriateanswer
language.

Theproposedroadmapfor thedevelopmentof hierarchicalgraphsandtheconcept
of distributeddataandservicesfor geospatialapplicationsfor theSemanticWebpose
an interestingchallengewith theprospectof far greaterintegrationthanis offeredon
thewebtoday.
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