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Abstract. The SemanticWeb is an ende&our aiming at enhancingWeb data
with meta-datanddataprocessingaswell asprocessingnethodsspecifyingthe
“meaning” of suchdataandallowing Web-basedystemso take adwantageof
“intelligent” reasoningapabilities Therepresentationf themeaningof dataes-
sentiallyrequireghedevelopmenbf aworld model.Ontologiesfor example are
logical descriptionof world models.In this paperwe investigatewhatit means
to developaworld modelfor “geospatial’datathatcanbe usedfor SemantidNVeb
applicationsDifferentaspectsareanalysedanda proposalfor a concretearchi-
tectureis developed Thearchitectur@akesinto accounthatgeospatiatiata(road
mapsetc.)areusuallyownedby companiesndonly accessibléhroughtheirin-
terfaces.The article also arguesthat, to complemenstandardgeneralpurpose,
logic-baseddatamodellingandreasoningnethodsase.g. offeredby RDF and
OWL andreasoner$or theselanguageslocationreasonings besttackledusing
graphsfor datamodellingandwell-establishealgorithmsfor reasoningHence,
the article illustrates,for the practicalcaseof locationreasoningfor providing
guidancethethesisthat,on the SemantidMeb, “theory reasoning’is a desirable
complemento “standardreasoning”.

1 Intr oduction

The SemantidNVebis anendea&our aiming at enhancingMeb datawith meta-datand
dataprocessingaswell asprocessingnethodsspecifyingthe 2meaning®df suchdata
and allowing Web-basedsystemso take advantageof @intelligent°capabilities.In a
Scienti ¢ Americanarticle [1] which hasdiffusedthe SemanticWeb vision, this en-
deavouris describedsfollows:

aThesemantiovebwill bring structureto the meaningfulcontentof Web
pagescreatingan ervironmentwheresoftware agentsroamingfrom pageto
pagecanreadilycarryout sophisticatedasksfor users’

Reasonings centralto the SemantidMVeb vision sincereasonings centralto process-
ing declamative dataandspecifyingintelligentforms of dataprocessingln the above-
mentionedScienti c Americanarticle, this centralrole of reasonindor realizingthe
SemantidNVebvisionis stressedsfollows:



aForthesemantiavebto function,computersnusthaveaccesso]. ..] sets
of inferencerulesthatthey canuseto conductautomatedeasoning.[1]

Inferencerulesoperateon factsand axioms.Axioms specifyin an abstracway a
model of the world. For example,the axiom 8x maorway(x) ) road(x) sayssome-
thing aboutthe relationbetweenthe words "motorway' and road'. The mostdetailed
axiomatisationsvhich are currently being usedfor the SemanticWeb are ontologies.
They areformulatedin logical formalismslik e DescriptionLogics[2] or OWL [3] and
describemoreor lesscomple relationshipdetweerdifferentnotions(conceptsandre-
lations)usedin particulardomainsPurelogical formalismshave asomeavhatone-track
style of expressienesssological axiomatisation®ftengive only avery coarsepicture
of theworld. A webservice for example which computesghe shortestvay to getfrom
Munich to Hamhurg needsa muchmore detailedpicture of the world, namelydigital
roadmaps thanary purelogical axiomatisatioris likely to provide.

In this paperwe arguethat@geospatialfiotionsplay animportantrole for the Se-
mantic Web, and that a very sophisticatedvorld modelis necessaryor giving them
a usefulsemanticsThe world model consistsof concretedata,road maps,train con-
nections, oor plansetc.,aswell aslogically formalisedontologiesof, for example,
transportnetworks. We sketcha rst approachwhich combinesconcretecomputations
with datafrom GeographicalnformationSystemqGIS), for exampleroute planning,
andhigherlevel logical formalisationsOur approaclalsotakesinto accountvery prac-
tical constraintssuchascompanie®wning andnot releasingsIS data.

We alsoarguethatto complemenstandardgenerapurposelogic-basediatamod-
elling andreasoningnethodsase.g.offeredby RDF andOWL andreasonerfor these
languagesgeospatiateasoningvith topographicatiatais besttackledusinggraphgor
datamodellingandwell-establishedyraphalgorithmsfor handlinginference.

Completelygeneralreasoningtechniquesmust, by their very nature,be weakly
committedto ary particularclassof problemsand are thus unableto take advantage
of arny particularpropertiesof that class.We thereforeclaim not only that the class
of geospatiateasoningoroblemsrequiresequallyspeci ¢ reasoningnethodsbut that
logic-basedgeneral-purposmethodscould never properly intuitively, andef ciently
realizewhatis bestachiezedusinggraphsandgraphalgorithms.

It hasbeenclaimedby Bry and Marchiori [4] that, on the SemanticWeb, 2theory
reasoning®s a desirablecomplemento 2standardeasoning®This articlessubstanti-
atesthis claim with respecto evidencefrom the practicalcaseof geospatiateasoning
for geographicaguidance.

2 Motivating Examples

Beforewe presenbur approachwe illustrate potentialapplicationswith simpleexam-
plesandcasestudiesThe rst groupof examplesconcerngjueryingXML or ordinary
databases.

Examplel. Supposeve have somedataaboutcities,statesandcountriesEntriescould
be:



1. SanFranciscds acity

2. SanFranciscas in California

3. SanFranciscahas3 million inhabitants
4. Californiaisin the USA.

A querycouldbe:2give meall metropolise$n the USAC. In orderto evaluatethisquery
we needto:

— formulatethe databasentriesin alogic basednowledgerepresentatiofanguage,
for exampleOWL or its underlyingDescriptionLogic.
— de ne the concept®metropolisin the sameknowledgerepresentatiotanguage,
e.g.
meropolis= city” atleag 1000000hasinhabitant (1)

(A ametropolisis a city with atleastl million inhabitants.)

— make a so calledinstancetest for the databaseentries.The instancetest would
concludefrom (2) and(4) that SanFranciscas in the USA, andfrom (1) and(3)
thatSanFranciscds a metropolis. =

Example2. Supposéhedatabaseontaingheyellow pagesntriesj.e.businessewith
their addressesA query could be: 2give me the nearesipharmag®, with the context
informationthatl amata particularlocationX in thecity, andwith all the othercontext
informationaboutmy currentsituation(availability of acar, luggagemy ageandgender
etc.).

This querycould be evaluatedin a naive way by selectingthe pharmag with the
smallestgeographidistancedetweent andthelocationX. This mightbea rst ap-
proximation,but it cangive completelyuselesgesults.A pharmag which is located
very closeby, but unfortunatelyit is ontheothersideof theriver, andthe next bridgeis
milesaway, maynotbeagoodchoice.

Theanswersvould be muchmoreappropriateéf we use,insteadof the geographic
distancea metricwhich is determinedy the local transportsystemsThis meansthe
nearespharmay is the onewhich canbe reachedn the shortesttime. This problem
amountgo arouteplanningproblem.Thesystenmustcomputeheshortestoutefrom
thelocationX to the pharmaciesndchoosehe onewith the shortesroute. Theroute
plannemusttake into accounthetransporinetworks (roadmaps tramlines,buslines
etc.),aswell asthe contet informationaboutthe userscurrentsituation.

Reasonin@boutlocationsnormallyoperatest a numericallevel (e.g.coordinates)
or at a symboliclevel (e.g.graphs).Extensve researcthasbeenconductedn either
casg5], hencethereis a broadchoiceof provensetsof calculiandalgorithmsto solve
the respectie tasks[6—9]. The fundamentalnsightis that mary queriespertainingto
locationinformationarecloselyrelatedto the problemof routeplanningandway nd-
ing. Therearetwo reasondor this. First, wheneer a certainlocationis soughtafter,
the chancesrethattheinquirerintendsto visit the location.Casedik e theseresultin
classicrouteplanningtasks.Secondwhenpeoplereferto the 2distancebetweenwo
locationsn thesensef locomotion they arealmostnevertalkingaboutdistanceperse
(metreskilometres)but thetime neededo cover thesedistanceg®aten minutewalk®
or#halfanhourby train®).In fact,in mary scenariosheabsolutedistancebetweertwo



pointsis of rathermaminal signi cance from a traveller's point of view, especiallyin
urbanervironments.

As statedin sectionl, generalpurposereasonings not the ideal choicefor more
comple reasonindaskdik e routeplanningwhichinvolve anumberof locationsand/or
additionalconstraintsOf course generalpurposeaeasoninganbe usedfor somesub-
taskssuchasderiving from thesymbolicinformationshavn in gure 5, thatfor exam-
ple @Munich®is locatedin 2Germag® (sinceit is locatedin 2Bavaria®,which in turn
is part of 2Germag®). More complex tasks,suchas nding out which pharmag or
hospitalcanbe reachedn the shortestime involvesa numberof subtasksandhigher
level reasoningechniques. u

Example3. Considerthe query2give me all cities betweenMunich and Frankfurt®.
Whatdoesbetweermeanhere?f we take a mapof Germaly anddraw a straightline
from Munich to Frankfurt,it doesnot crossmary cities. A more elaborate(and still
too simple) formalisationof betweercould be: in orderto checkwhethera city B is
betweenthe cities A andC, computethe shortestroute R; from A to B, the shortest
routeR, from B to C andthe shortestouteRg3 directlyfrom Ato C. If theextradistance
d= lengh(R;) + lengh(R2) lengh(R3), | needto travel from Ato C via B, compared
to thedirectroutefrom A to C, is smallenough B canbe consideredo be betweem
and B. Sincethe condition@is small enoughds not very precise,one could usethe
distanced directly to ordertheanswerdo thequery L]

Exampled. Supposea compaly looks for a building site for a new factory The site
shouldbe closeto the motorway. 2Closeto® doesin this caseof coursenot meanthe
geographidistanceto the motorway. It meanghetime it takesfor a caror for alorry
to getto the next junction of the motorway. The lengthof the shortesipathto the next
junctioncanbeusedto ordertheanswerdo thequery =

Exampleb. Supposedhe databaseontainsa road map,togetherwith dynamicinfor-
mationabout,say trafc jams.Theinformationabouttrafc jamsis usuallynot very
preciselt could be somethindike 2thereis atrafc jam onthe M25 2 mileslong be-
tweenjunction8 andjunction10°.

If theM25istakenasastraightine thenthetraf c jamis aone-dimensionahterval
whoselocationis not exactly determinedinstead we have someconstraintsiength=
2 miles, startafter coordinateof junction8, andendbeforecoordinateof junction10.

Soqueriedikeisthereatraf ¢ jam onthewesternpartof the M25°giveriseto a
constraint-solvingroblem. =

Theability to solverouteplanningproblemss obviously veryimportantfor auseful
geospatialvorld model.If thisis solved,andtherearegoodsolutionsalreadyavailable,
onecanthink of moreinterestingexamples.

Example6 (AppointmenSdeduling).For arouteplanningalgorithmit makesno dif-
ferencef arouteis to be plannedsuchthata traveller catchessay a particulartrainin
aparticulartrain station,or thathe meetsa particularpersonin his of ce. Appointment
schedulingwith a single personis thereforean instanceof a route planningproblem.
More interestingareproblemswhereseveralpersonsvantto meetat a particularplace.



In this caseone hasto solve two problems.The rst problemis to nd thetime slots
wherethey canmeet. This is a constrainthandlingproblem. The secondproblemis
to synchronisethe routesof the different personssuchthat they really meetat their
meetingplace. =

3 Practical Constraints

A usefulgeospatiatvorld modelneedgyeographicatiataof variouskinds,roadmaps,
public transportnetworks, oor plansof buildings, wherethe booksarein the book-
shehes of libraries, or wherethe items are on the shehes of supermarktsetc. This
dataare ownedby variouscompaniesand organisationsthe governmentwhich oper
atesthe highwaysor the public transportsystemswithin a city, the compaty thatruns
anairline or a taxi service,or the owner of a building. Somecompaniesave built up
largedatabasesf geographicaflataandearnmoney by grantinglimited accesso them.
Companiedike NAVTEQ [10] or Tele Atlas[11] operateandmaintaindatabaseabout
infrastructureswhich otherparties(governmentsgcompaniesareresponsibleo build,
maintainand operate NAVTEQ, for example,took someseven yearsto build their
databasaboutthe Germarroadandhighway network, whichwas nished in 2000and
now containsaround7.5 GBytesof data.For NAVTEQ alone,over500 eld employees
areworking worldwide on dataacquisitionandmaintenanc§l?2].

The operatorsof purely commercialnetworks, such as airlines or public trans-
port systemsare— of course— inclined to inform customersasoptimally aspossible
abouttheir servicesNot all commercialprovidersare doingthis equallythough,pub-
lic providersevenlessso.And, with the few thatalreadyprovide goodservicedn this
respectthereis very little interactionbetweendifferentservices They aremostlyin-
compatible githertechnicallyor by design.Interactionoccursonly in thosecasesvhen
the networks are complementaryn nature— suchasEasyJebffering train ticketsfor
the StanstedExpressfrom London Stanstedairport to the centreof London, or hotel
bookingswhich canbemadein connectiorwith a ight booking.Apart from theseex-
ceptionsthosewho own the mostdetaileddataaboutinfrastructuresaregenerallynot
the rst in line to selltheirinformationor to provide a serviceof somekind.
Theconsequencesr our geospatialvorld modelare

— it will never be possibleto have centralisedaccesgo a completeworld model.
Instead,the datawill be distributed and only accessiblehrough particularweb
services;

— thewebservicewill notrevealdatain away thatthewholedatabaseanberecon-
structedby suitablesequencesf queriesFor example,if thewebserviceprovides
route planningthenthe routesneedto be describedwithout detailedreferenceto
theunderlyingroador transporinetwork.

The rst pointrequiresanarchitecturevherethereis only a centralcoordinatorof the
world model,but thedetailsof themodelarehiddenbehindtheinterfacesof thevarious
providers. This requiresa quite complicatedarchitecture put it offers the possibility
to changeand extend the world model dynamicallyby linking new senersinto the
network.



3.1 Existing Approaches

Geospatiateasonings aratherbroadnotionthathasbeenookedatfrom variousangles
from within computerscienceandAl.

On the very concreteside there are the Geographidnformation Systems(GIS),
i.e. databasesand algorithmswhich dealwith the representatiomnd useof concrete
geographicatlata,;roadmaps,and coverageetc.

“Shortespath'algorithmshave beendevelopedo solve thepathplanningproblems,
for examplein transportatiometworks. The pathplanningproblemin a concrete2- or
3-D ervironmentis one of the robot navigation problems,andthereare a numberof
moreor lesspracticallyusefulalgorithmsto solveit [13].

Shortestpath algorithmstypically do not take into accountcontext information
aboutthe traveller, e.g.if thetraveller hasa car available,or if he dependwn public
transportsystemsOneway to usecontect informationin a shortestpathalgorithmis
to constructa problem-speci cgraphsothat,for example,if thetravellerhasabicycle,
the systemmight rst constructa graphconsistingof pathsandroads,togetherwith
thoserailway andbuslineswhereabicycle canbetakenon board.

GIS techniquesiependon the availability of concretecoordinatesl|f coordinates
arenot available,symbolicdatarepresentatioandreasonings necessaryOneof the
symboliclocationalreasoningystemss the ‘regionconnectiorcalculus'(RCC8,[14]).
It generalisesheideasof Allen'sinterval calculusfrom oneto two dimensionsRCC8
providesbasicrelationsbetweertwo-dimensionahreasndhasrulesfor reasoningvith
therelations.

A very generaknowledgerepresentatioandreasoningechniquearethe Descrip-
tion Logics [2], with OWL asits WWW version[3]. In DescriptionLogics one can
de ne “concepts'correspondingo setsof objects andonecanrelateindividualsto the
conceptsTheformula(1) is anexampleof a conceptde nition in a DescriptionLogic.

Planningalgorithms,originally developedwithin Al. [15] constituteoneparticular
classof shortespathalgorithmsthatcanbehandledvery ef ciently by precompilingan
axiomaticproblemrepresentatiomto a graph.Certainly route planningservicescan
beregardedrom this perspecitie.

Yet route planningservicesof differentkinds will needto presentthe resultsof
planningto usersTherequiredstyleof presentatiomanvary enormouslybothin terms
of detail,andalsoin termsof modality (visual, verbal,audio,multi-modal).

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

Suchvariety needsto be anticipatedto accommodat¢he unforeseeabl@atureof
theenvironmentunderwhichtheinformationmight needto beaccessedrhisis partic-
ularly the casefor the SemantidVeh For example,auserplanningatrip from anof ce
deskmightpro t from a presentatioremploying high resolutiongraphicsandaudio;a
mobile userdriving a car might avoid visual distractionsby requestingspolen verbal
description;a tourist on foot with a mobile phonemight well prefera low resolution
sketchof theroutethroughthecity.



All thesedifferentpresentationechniquexanbe baseduponthesameunderlying
abstracplanstructureby relatively straightforvardgeneratiortechniquessillustrated
by RosnerandMizzi [16] andRosnerand Scicluna[17] which respectiely dealwith
the presentatiomf naturalverbalandvisualinstructions.

Thereasonthis is possibleis becausehereis a kind of isomorphismbetweernthe
planstructure andtheelementoutof whichthepresentedescriptioris basedvhether
this beverbal,visual,or a mixture of thetwo.

4 Towards a GeospatialWorld Model

The examplesin the introductionshav that 2geospatiateasoningis very heteroge-
neous.Thereforewe tried to developa uni ed view of the area,which allows oneto
incorporatethe varioustechniquesndresultsin a singlesystem.

4.1 Graphs, Graph Transformations and Ontologies

The basisof theuni ed view is the obsenationthatin mostof theapproachethe data
canberepresentedsgraphsandthattherearecloseconnectionbetweerthedifferent
typesof graphsWe illustratethis obsenationwith someexamples.

Fig. 1. RoadCrossingHigh detail

Example7 (Road Crossings).Figure 1 shawvs a detailedrepresentatiorof an inter-
sectionof two streetsjncluding an underpas¢dashedines) and pedestriarpathways
(shavn in red). This graphis suitablefor guiding an autonomousehiclethroughthe
areaof the crossing.A simpli ed versionof this crossingis shovn in gure 2. It con-
tainsenoughinformationfor a standarchavigationsystem.

Finally, onecancollapsethewholeroadcrossingnto a singlenodeof theroadnetwork
asseenn gure 3. Thisis sufcient for pathplanningon alargerscale.



Fig. 3. RoadCrossingLow detail

In all threepictureswe seethe sameroadcrossing put on differentlevel of detail. We
areworking at a languagefor describinghow to generatehe graphswith lessdetail
from the graphswith moredetail.

Differentlevels of detail arealso pertinentto the problemof presentingsolutions
to geospatiaplanningproblemsin a way thatis sensitve to the particularsituationof
the userandthe resolutioncapabilitesof the display device at hand.Rosnerand Sci-
cluna[17] discussaandimplementheuseof graph-reductiomlgorithmsfor simplifying
thedataat handfor ef cient communicatiorof information.

|

Example8 (Floor Plans).Indoornavigationof autonomousehiclesrequiresadetailed
oor plan,asshavn in gure (1) of gure 4. In orderto plan a way from, say the
entranceof thebuilding to a particularof ce, suchadetailed oor planis notnecessary
A simpli ed netplan, suchasshown in picture(2) of gure 4 is muchmoresuitable
for this purpose.The simpli ed plan canbe generatedrom the detailed oor plan.
The corvenientsimilaritiesbetweertheexamples? and8, which presenvery different
situations areby design.

Finally, onecancollapsethe whole building to a singlenodein a biggercity map.
Thenodeis sufcient for planninga paththroughthe city to this building. =

Example9 (SymbolicData Repesentation)This exampleshavs the transitionfrom
GIS styledatarepresentatioto a puresymbolicknowledgerepresentation.

The left handsideof gure 5 shaws the boundarieof two of the Germanstates,
and somecities. The boundariesan be representeés polygons,andtheseare again
justgraphs.in theright picturethe polygonsarecollapsednto singlenodesof agraph.
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Fig. 4. PlainFloor Planwithout andwith Network Overlay

TherelationpolygonA is containedn polygonB' is turnedinto anNTTP edge(Non
TangentialProperPart) of the new graph.Therelation polygonA touchegpolygonB'
is turnedinto an EC edge(ExternallyConnecteddf the new graph. =

The examplesdllustratea numberof obsenations

1. Thereis ahierarchyof graphsAt thelowestlevel therearegraphawith theconcrete
geographicatletailswhich arenecessaryjor, say guidingautonomousehicles At
thehighestevel therearegraphswvhichrepresentogical relationshetweerentities.

2. Therearecorrelationsetweerthenodesandedgeof thegraphsatdifferentlevels
of the hierarchy Theseneednot be a oneto onecorrespondencélJsually a whole
subgraptof alower level graphcorrespondso a singlenodeor edgeof the higher
level graph.A typical exampleis the representatiof the city of Munich in Ex-
ample9, asa polygonin theleft handgraphandasa singlenodein theright hand
graph.

3. A transitionfrom a lower level graphto a higherlevel graphcan be facilitated

by identifying speci ¢ structuresn the lower level graph,andtransformingthem
into structuref the higherlevel graphwith the samemeaningIn example7 this
structureis aroadcrossing.n example8 thesestructuresare oors, doors,rooms
etc.In example9 thesearecities, statesetc.
Thesestructuresarein generalpart of an ontology. In parallelwith the develop-
ment of the graphs,we thereforeneedto develop the correspondingntologies.
The elementf the ontologyarethe anchomointsfor controllingthegraphtrans-
formationsandfor choosingsuitablegraphsto solve agivenproblem.
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Fig. 5. SymbolicDataRepresentation

4. It isin generainotagoodideato put all informationinto onesinglegraph,evenif
it isinformationof the samdevel of detail.In atypical city we have,for example,a
roadmapasagraph,thebuslinesasa graph,theundegroundiinesasa graphetc.
We thereforeneedto considercollectionsof graphswith transitionlinks between
the graphs.Typical transitionlinks betweena road mapandan undegroundmap
are the undegroundstations.The transitionlinks, can, however, be little graphs
themseles,for examplethe network of corridorsandstairsin a big undeground
station.

5. Thegraphsatthehigherlevelsof the hierarchycanandshouldusuallybeextended
with additionalinformationwhichis not representeth the lower level graphsFor
example,the graphin example9 with the symbolicinformationaboutcities and
statecaneasilybe extendby addingfurthercitiesandstates.

4.2 A RoadMap for the Developmentof Hierar chical Graphs

One of the mostimportantgoalsis the developmentof a technologyof ‘geospatial’
knowledgerepresentatiowith hierarchieof graphs.The hierarchyconnectghe coor
dinatebasedGIS lik e informationprocessingvith thelogic basedsymbolicreasoning.
Thefollowing stepsarenecessaryo achieve this goal.

Step1: Uni ed Representationf Graphs.

The structuresat the differentlevels of the hierarchyare all graphs.Thereforethere
shouldbeauni ed representationf thesegraphs.Thegraphsneed however, berepre-
sentedn differentforms.

— Weneedapersistentepresentationf graphswvhichcanbestoredn les ordatabases.

— We needanin-memoryrepresentationf thegraphswith awell de ned application
programmingnterface,probablysimilarto the DOM structureof XML data.

— We alsoneedgeometriaepresentationsf the graphswhich canbe usedto display
thegraphsonthescreenAs long asthenodesof thegraphhave coordinatesthisis
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notabig problem.Graphsatthe symboliclevel of the hierarchyusuallydon't have
coordinatesFortunatelythereare well developedgraphlayout algorithmswhich
we canusehere.

Sincegraphsat differentlevels of the hierarchycanrepresenthe sameobjects,road
crossingsfor example,it is very importantto maintainthe links betweenthe same
objectsin the differentgraphs.Theselinks enablealgorithmsto choosethe level of
detailthey needfor doingtheir computations.

It mustalsobe possibleto usethe transitionlinks betweendifferentgraphsof the
samdevelto join severalgraphsnto onegraph.For example arouteplannerfor some-
bodywithout a carmayneeda combinedgraphof all public transportsystems.

As mentionedabove, it shouldbe possibleto add extra informationto the graphs,
which is not derivablefrom graphsat the lower levels. In orderto do this, we needto
developaneditor for thegraphs.

Step2: “GeospatialOntology

We needto developanontologyof interestingstructuresvhich canoccurwithin graphs
(roadcrossingsroundaboutspors, train stationsetc.). Suchanontologywould bethe
anchorpointfor variousauxiliary structuresandalgorithms,in particular:

— patternswhich allow one to identify the structurein a graph,a roundaboutfor
example;

— transformatioralgorithmswhich simplify the structurego generatehe nodesand
edgesdn thegraphsatthe higherlevelsof the hierarchy;

— transformatioralgorithmswhich generatea graphicalor verbal representatiorof
thestructureonthescreen.

Theontologywill alsobeusedto annotatehe structuresn thegraphs.

Step3: Ontologyof GraphTypes.

Thegraphsatthedifferentlevelsof the hierarchyprovide the datafor solvingdifferent
kinds of problem.We needto classifythe graphtypes,suchthatit is possibleto choose
theright graphfor a givenproblem.

Step4: Ontologyof Meansof Transportation.

A graphfor arailway network, for example representsnly routes but notthe charac-
teristicsof the trainswhich areusedon theseroutes.It can,for example,be important
to know, which trainscantake a bicycle on board,or which trainshave wirelessLAN
on boardetc. Thereforewe needto developan ontologyfor the objectswhich arecon-
nectedwith the graphslf thegraphsrepresentransportatiometworks, this mustbean
ontologyof thevehiclesusedonthenetwork. If, ontheotherhand thegraphrepresents,
for example alocalareacomputemnetwork, it mustbeanontologyof thecharacteristics
of the cablesogethemwith anontologyof the devicesconnectedo the cables.

Step5: Context Modelling.
In theintroductoryexampleswe shavedthatquerieswhich require’locationalreason-
ing' needto take into accountthe context of the user We mustthereforedevelop a
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formal modelof the context. The context can,for example,be the currentsituationof
a humanuser:whetherhe hasa caror not, whetherhe hasluggageor not, his ageand
se, andmary otherfactors.

Step6: CustomisedsraphConstruction.

As we have seenin theintroduction,mary “locationalreasoningproblemsrequirethe
solutionof shortesipathproblemsin agraph.Theconcretegraphwhich s relevantfor

thegivenproblem,may, however, notbeoneof thegraphsvhich arepermanentlavail-

able.lt maybeacombinationof subgraphdrom differentgraphsandthe combination
may be determinedy the context of the problem.Thereforewe needto developmech-
anismsfor determiningandconstructingfor a given problemthe right combinationof

subgraphsistheinputto the relevantproblemsolvingalgorithm.

Step7: TheMain ProblemSolvers.

Finally we needto adaptor develop the algorithmsfor solving the main problems.
Theserangefrom “shortesipathin a graph'algorithmsto logical calculi for reasoning
with symbolicinformation. Fortunatelymostof thesealgorithmsare well developed
andcan,hopefully, betakenoff the shelf.

4.3 Distrib uted GeospatialSewices

Thepracticalconstraintsi.e. thatbusinessegrganisation®r governmentsnake access
to their datadif cult andharbourpotentiallycommerciainterestdeadsto the needfor
adistributedarchitectureEachandevery providerin this architectureoffersgeospatial
dataeitherdirectly or througha setof servicesasdescribedn thefollowing paragraph.

Whenever thereexistsaninfrastructureof somekind (seesection4.1for someex-
amples),a correspondingveb information sener provideseithera setof servicesre-
gardingtheinfrastructurepr atleastgrantsaccesso thenecessargata.By servicesye
meanthe processingf datain form of the above mentionedepresentationf geospa-
tial dataas graphs.Typical processingcanbe partly basedon shortestpaths,nearest
neighboursetc. Furthermorefrom a software engineeringooint of view, servicescan
easilybe developedashighly reusablecomponentsvhich canbe integratedwithin one
device aswell interoperatingzomponentsver a network of distributedsystemson the
weh A setof serviceamightincludethefollowing:

— Routing Sewvice: Within asinglegraph,provide aroutefrom onenodeto another

— Connection Sewice: Provide a setof othergraphswhich canbe accesseftom a
givengraph,includingtransitionnodes.

— Listing Sewice: Provide alist of nodesor edges.

— Integrity Service: Checkfor the existenceof connectiondetweennodeswithin
oneor moregraphsie.g.2isof ce 136in this building?°.

The reasonfor not providing datadirectly, but insteadthe above mentionedservices,
is dataprotection.Wheneer a provider wantsto protecttheir assetdy not disclos-
ing information,they still have the opportunityof providing above mentionedservices.
Consideringhe substantiakfforts requiredfor geospatiaatamodellingandacquisi-
tion, dataprotectionis likely to remaina centralrequirementor the service-oriented
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view. Thedatathatis returnedasananswerto aquerymightbe providedin someform
thatdoesnot allow for reconstructiorof the original datasets— or at leastmale this
operationtoo cumbersomandthereforenot economicallyworthwhile.In casesvhere
the infrastructureis publicly accessiblesuchasa streetor public transportnetwork,
the needfor dataprotectionmight have lessimportance Fromthe users point of view,
theremightbelittle differencebetweerthetwo, becausavhetherthe servicesanddata
areoperatedand/orprovidedby the sameparty or not, is typically irrelevant.

Themainincentivesfor ary providerto offer eitherdataor servicesor botharethe
following:

— IncreasedRevenue: The betterthe quality and accessibilityof the services(or
data)provided, the more customersare attracted An airline or railway compary
which provideseasyto useinformationservicesandcomfortablebookingservices
ontheinternetwill have anadvantageover competitorsvith lower quality services.

— IncreasedEf ciency: By controllingthe informationand/orservicesabouta net-
work, a provider cansigni cantly in uence the useof the network itself. In cases
whereno directrevenueis generatedbecausehe useof the network itself is free
of chage, this may be the mostpowerful incentive. Therearenumerougossibili-
tiesfor examplein loadbalancingor directingtraf c. Thegovernmenbf acity for
examplehasgreatinterestin optimisingtrafc o w, whichis increasinglydif cult
to achieve by staticmeangsignagepnly.

— Increasedvalue: Thevalueof anetwork increasesvith thenumberof connections
to other networks. The more possibilitiesthereare of accessindor examplean
airport,the moretravellerswill be attractedby the servicesprovidedthere.If the
only possibility to getthereis 2by car®,thenquite a big percentagef passengers
will stayaway.

4.4 Data ExchangelLanguages

We mentionedalreadya very importantpoint, dataprotection.Theresultsof aqueryto
asenermustbe suchthattheunderlyingdatacannotbereconstructed-or arouteplan-
ningservicethis meanghatthegeneratedoutemustberepresenteth alanguagevhich
doesnotreferdirectly to the underlyinggraph.Insteadonemustusemorehigherlevel
instructiondik e 2drive alongthe main streetuntil thefourthtraf c light® or 2boardthe
trainin Piccadilly Station®r 2climbthe stairsup to thethird level® etc. This exchange
languagefor routesrefersto conceptsin an ontology of actionslike @drive along®,
apoardatrain®or aclimbthestairs®%tc. Thelanguagemustbe ableto representoutes
in away suchthat

— partialroutescanbe concatenatetb form longerroutes

— particularstepsin aroutecanbere ned. For example,aroutecansay@drive to the
airport®,2boardthe plane®.A re nementmight be 2drive to the airport®,2parkin
the garage®2goto the check-incounter®2goto the passportontrol®,2goto the
departuregate®and®boardthe plane®.

— theroutedescriptionganbeverbalisedr visualised Prototypesf averbalisation
module[16] andavisualisatiormodule[17] have alreadybeendeveloped.
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A routedescriptionor plan languagés one of the dataexchangdanguagesprobably
the mostcomplicatedone. Other servicesof the distributedworld modelwill require
otherlanguagesThe resultingplan itself is a formal structurethat actsasa point of
departurdor awide variety of differentpresentatiorstyles.

5 Summary

One of the key featuresof the SemanticWeb is that dataon the web can be inter
pretedwith respecto their meaningtheir semanticsThe meaningcanberepresented
in variousways,asontologiesasaxiomsin somelogic, asrulesin somerulelanguage,
and even with specialpurposeproceduresin this paperwe consideredhe meaning
of “geospatial'notions.Examplesare ‘in Munich', “betweenMunich and Frankfurt,
“along the highway', “next to the shelf with the milk' etc. We argue that a suitable
representationf the meaningof thesenotionsrequireshedevelopmeniof ageospatial
world model.Suchamodelis essentiallyacompleterepresentatioof all thegeographic
factsandrelationsof therealworld outthere.

Mostof thegeographidactsarealready computerisedin GIS databaseds heprob-
lemis thatmostof themareownedby companiesvith primarily commerciainterests.
In this paperwe presented proposalfor a geospatialvorld modelwhich canbe used
asthe basisfor interpretinggeospatiahotionsin the SemanticWeh The basisof the
world modelarehierarchieof networks of graphs At the bottomendof the hierarchy
we have detailedmapsof the geographientities(roadmaps,undegroundmaps, oor
plansetc.) At the upperendwe have purely symbolicrepresentationsf conceptsand
relations.The correlationbetweerthe differentlevelsis by a, yetto be developed Jan-
guage which allows oneto describestructuresn the lower level graphswhich repre-
sentnodesor edgesn thehigherlevel graphgroadcrossingsbuildings,city boundaries
etc.)

The factthat GIS dataare usually not publicly availableis taken into accountby
having a distrututedarchitecture A centralsener only coordinateghe accesso var
ious othersenerswhich provide accesgo their data. The responséo suchanaccess,
however, mustbeadescriptiorof aproblemsolutionwhichdoesnotallow oneto recon-
structtheunderlyingdata.Sincemary of thegeospatiahotionsimplicitly referto route
planningproblemsa route planningservicewill be one of the importantcomponents
of thegeospatialvorld model. Theresultof arouteplanningrequesthowever, mustbe
describedn a moreabstractvay thanjust asa sequencef edgesn agraph.A @route
markuplanguagefs neededvhich,ontheonehand hidestheunderlyingconcretedata,
and,ontheotherhad,containsstill enoughinformationsuchthatvisualisationandver-
balisationmodulescangenerateisefulpresentationsSucha routemarkuplanguages
only one,probablythe mostcomplicatedexamplefor adataexchangdanguagdor the
geospatiabeners.Every classof queriesto sucha sener needsanappropriateanswer
language.

Theproposedoadmapfor the developmenf hierarchicalgraphsandthe concept
of distributeddataandservicesfor geospatiahpplicationsfor the SemanticWeb pose
aninterestingchallengewith the prospectof far greaterintegrationthanis offeredon
thewebtoday
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