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ABSTRACT
Accessingandqueryinggeographicaldatain a uniform way has
becomeeasierin recentyears.Emerging standardslike WFSturn
the web into a geospatialweb servicesenabledplace. Mediation
architectureslike VirGIS overcomesyntacticalandsemanticalhet-
erogeneitybetweenseveraldistributedsources.Onmobiledevices,
however, this kind of solution is not suitable,due to limitations,
mostlyregardingbandwidth,computationpower, andavailablestor-
agespace.The aim of this paperis to presenta solutionfor pro-
viding powerful reasoningmechanismsaccessiblefrom mobileap-
plicationsandinvolving datafrom several heterogeneoussources.
By adaptingcontentsto time and location, mobile web informa-
tion systemscannot only increasethevalueandsuitability of the
serviceitself, but cansubstantiallyreducethe amountof datade-
liveredto users.Becausemany problemspertainto infrastructures
andtransportationin generalandto way �nding in particular, one
cornerstoneof the architectureis higherlevel reasoningon graph
networks with the Multi-ParadigmLocationLanguageMPLL. A
mediationarchitectureis usedas a “graph provider” in order to
transferthe load of computationto the bestsuitedcomponent–
graphconstructionandtransformationfor examplebeingheavy on
resources.Reasoningin generalcanbe conductedeithernearthe
“source”or neartheenduser, dependingon thespeci�c usecase.
The conceptsunderlyingthe proposaldescribedin this paperare
illustratedby a typicalandconcretescenariofor webapplications.

Categoriesand SubjectDescriptors
G.2.2[DiscreteMathematics]: GraphTheory—Networkproblems,
Path problems; H.2.4 [DatabaseManagement]: Systems—Dis-
tributeddatabases,Queryprocessing; I.2.3[Arti�cial Intelligence]:
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1. INTRODUCTION
Nowadaysqueryinga singlegeographicdatasourcefrom amobile
device is easily possibleand most GIS' proprietarysolutionsfa-
cilitate thesemobile functionalities[12, 13]. With widespreaduse
of commercialor opensourcesGIS, the amountof availablespa-
tial datahasgrown substantially. Although many of the sources
for geospatialdataareaccessiblevia theweb,dueto themultitude
of proprietarystandards,formatsandprotocols,standardisedand
uniform accessis theexception.So, interoperabilityhasbeenand
still is a greatGIS challenge,not only on traditionalworkstations,
but especiallyon mobiledevicessuchascellularphonesor PDAs.
Thereis a demandfor new technologiesallowing theexploitation
of heterogeneousanddistributedsourcesin generalandin particu-
lar onmobiledevices.

1.1 Common integration approaches
Warehousingandmediationaretwo commonapproachesusedfor
databaseintegration. The �rst approachis basedon datarewrit-
ing, while thesecondconcentrateson queryrewriting. Both come
with theirown inherentadvantagesanddrawbacks.Thewarehous-
ing architectureis notequallysuitableon all computingplatforms,
especiallyon mobile ones,as it requiresa large amountof local
datastorage. Furthermore,it also requiresreal time updatesof
datawhich is costly dueto bandwidthlimitations. The combina-
tion of low bandwidthandinsuf�cient network coverageandreli-
ability hampersthe transferof large amountsof data. Mediation
enginesarebasedon queryrewriting. Themappingof the global
schemato thelocalsourcesis animportantstep;thespeci�cationof
thesecorrespondenceswill determinethedif�culty of queryrewrit-
ing andadding/removing sourcesto/fromthesystem.UsingGlobal
AsView [26, 28], relationshipsonglobalschemaareconsideredas
“views” on thelocal ones.Adding or removing a sourceforcesto
completelyrevise the global schema,but queryrewriting leadsto
simplerule unfolding(asclassicalviews' executionin databases).
With LocalAsView [15, 19, 20], all relationshipson local sources
arede�nedasviewsontheglobalschema.Thecomplexity of query
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rewriting is increasing,but addingandremoving sourcesis easier,
astheglobalschemais setonly once.

Mostof thetime,theuseronly wantsto stateasimplequestion,and
thenre�ne theresult,by addingsomemore�lters. For thispurpose,
mediationis thebestchoice,asmapconsultationis areadonlypro-
cessfor mostusers.Thevariousintegrationtechniquesusedin [6]
helpedin building sucha geospatialwebservice;our solutionfor
building a web basedmediatorusing WFS [23] partially solved
thesyntacticalandsemanticalproblemof integration. This article
describesspeci�c problemswhich arisefrom the mobile context.
On mobiledevices,anef�cient solutionis to uselightweightdata
structuresandfew network communications.It is not possibleto
useGML andit' s strongencodingdirectly, asthe equivalentof a
small XML-DBMS needsto be embedded.Reasoningat a high
level is partof thesolutionwe propose.Advancedreasoningcapa-
bilities on spatialconceptsareneededon embeddedGIS systems,
andweusetheMulti-ParadigmLocationLanguageMPLL [2, 7] as
thecoreof thereasoningsystem,in orderto producevalid destina-
tionsandoptimisedroutes.

1.2 The SemanticWeb
TheSemanticWebis anendeavour aimingat enhancingWebdata
with meta-dataanddataprocessing,aswell asprocessingmethods
specifying the “meaning” of suchdataand allowing Web-based
systemsto take advantageof “intelligent” capabilities. In a Sci-
enti�c Americanarticle [3] which hasdiffusedthe SemanticWeb
vision, this endeavour is describedasfollows:

“TheSemanticWebwill bringstructureto themean-
ingful contentof Webpages,creatinganenvironment
wheresoftwareagentsroamingfrom pageto pagecan
readilycarryout sophisticatedtasksfor users.”

Reasoningis centralto the SemanticWeb vision sincereasoning
is centralto processingdeclarativedataandspecifyingintelligent
formsof dataprocessing.In theabove-mentionedarticle,this cen-
tral roleof reasoningfor realizingtheSemanticWebvisionis stres-
sedasfollows:

“For thesemanticwebto function,computersmust
haveaccessto [. . . ] setsof inferencerulesthatthey can
useto conductautomatedreasoning.” [3]

Inferencerules operateon factsand axioms. Axioms specify in
an abstractway a model of the world. For example, the axiom
8x motorway(x) ) road(x) sayssomethingabouttherelationbe-
tweenthewords`motorway' and`road'. Themostdetailedaxioma-
tisationswhich arecurrentlybeingusedfor the semanticweb are
ontologies.They areformulatedin logicalformalismslikeDescrip-
tion Logics[1] or OWL [31] anddescribemoreor lesscomplex re-
lationshipsbetweendifferentnotions(conceptsandrelations)used
in particulardomains. Purelogical formalismshave a somewhat
one-trackstyleof expressiveness,so logical axiomatisationsoften
give only a very coarsepictureof the world. A web service,for
example,which computestheshortestway to get from Munich to
Hamburg needsamuchmoredetailedpictureof theworld, namely
digital roadmaps,thanany purelogical axiomatisationis ableto
provide.

To complementstandard,generalpurpose,logic-baseddatamod-
elling and reasoningmethods,ase.g.offered by RDF andOWL
andreasonersfor theselanguages,geospatialreasoningwith topo-
graphicaldatais besttackledusinggraphsfor datamodellingand
well-establishedgraphalgorithmsfor handlinginference– thepur-
poseof MPLL.

Completelygeneralreasoningtechniquesmust,by their very na-
ture,be weakly committedto any particularclassof problemand
arethusunableto takeadvantageof any particularpropertiesof that
class.We thereforeclaim not only that theclassof geospatialrea-
soningproblemsrequiresequally speci�c reasoningmethodsbut
thatlogic-based,general-purposemethodscouldneverproperly, in-
tuitively, andef�ciently realizewhat is bestachievedusinggraphs
andgraphalgorithms.

It hasbeenclaimedby Bry andMarchiori [8] that,on theSeman-
tic Web,“theoryreasoning”is adesirablecomplementto “standard
reasoning”. This articlessubstantiatesthis claim with respectto
evidencefrom the practicalcaseof geospatialreasoningfor geo-
graphicalguidance.

The paperis organisedasfollows: section2 describesa concrete
scenariowhich illustratesthe shortcomingsof the VirGIS media-
tion architectureand the improvementsthat are needed.Section
3 detailsthe theoreticaldevelopmentsandcomponentsof the rea-
soningplatformparticularlyadaptedto mobiledevices. Section4
presentsoneof thepossiblesolutionsfoundfor ourapplicationsce-
nario. Finally, we concludeandopennew perspectivesof work in
section5.

2. APPLICATION SCENARIO
A personis onvacationin someforeigncity onaSundayafternoon.
For somereasonthe personneedsa certainmedicationratherur-
gently, thereforeahandhelddevicewith wirelessaccessto theWeb
is usedto sendaquerysimilar to thefollowing: “Whereis thenear-
estpharmacy with medicationxyz in stock?”. A mapillustrating
this scenariois shown in Fig. 1.
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Figure1: Where is the nearestpharmacy?

In this case,the termnearestpharmacy doesnot pertainto metric
distances,but to aroutingproblemdependingpartlyonuserprefer-
encesandotherconstraints,suchasmodeof transportationis “on



foot” , specialqualitiesof thepharmacyare “curr entlyopen” and
“selling medicationin question”, etc. Producingthe correctan-
swerwith common“human” reasoningcapabilities(andtheusual
aids like a mapor directions)is ratherstraightforward, doing the
sameusing automatedreasoningrequireshigher level reasoning
techniques.

Thetopologyof thesurroundingareaandtheresultingsemanticsis
a key factor. In this casethesemanticmeaningof themapis that
crossingthe river is only possibleat certainpointswherethereis
a bridge(or anunderpass).Thesameappliesto a numberof other
features,suchas railway lines or highways [18] – dependingon
themodeof transportation.Symbolicaspects,suchastheborders
of countriesor districts for example,can have similar in�uence,
althoughphysicalcounterpartsneednotexist.

Simple,or naive,solutionsalreadyexist for thisproblem,for exam-
ple asshown in [22], wheretheusercanspecifysomepreferences
for �ltering the answer. The resultsaregiven orderedaccording
to the linear distancefrom currentuserposition. The nearbyser-
vices presentedasadditionalinformationson the mapsare “pre-
computed”,asuserscanonly choosewithin agivenset: f hotels,
restaurants, tourist attractions, car parks g. We can
thensupposethat thereis a speci�c optimisationwhile accessing
the database,usingclustersor indexes. Achieving this would not
beef�cient if thesetof serviceswouldbemuchlarger, asnumerous
optimisationslikeindexesalsoaddoverheadto thedatabasesystem
asa whole,andsoshouldbeusedsensibly.

2.1 Sketching a concreteUseCase
Input of the query is done(dependingon device capabilities)for
examplevia speechrecognitionor keyboardinput, in form of nat-
ural language.After a shortwhile thedevice displaysoneor more
choicesof destinations,i.e.pharmacieswith suitableopeninghours
which have the requesteditem in stock. In addition,thespeci�ci-
ties of the respective routesaredisplayedaccordingto a person-
alisedrankingsystem. Routesare for exampleorderedby travel
times,costor otherfactors.Theusereitheracceptsthesuggested
“best” routeor choosesoneof thealternativesby hand.If no route
is deemedsuitableby theuser(or theroutingsystem),userprefer-
encesor searchcriteria could be readjusted.While following the
route,navigationinstructionsaregivenstepby stepasnaturallan-
guage,optionallyaidedby a graphicalmap,until thedestinationis
reached.

2.2 Typical solution with real or virtual GIS
In the following, we call “real GIS” solutionslike [11], and“vir -
tual GIS” mediationbasedsystems,wheredatais not storedper-
manently, but accessedat query-time[6]. With a single (real or
virtual) GIS we canonly write a querytakinginto accountthepa-
rameters.In Fig. 1, wesupposethattheuserpositionis represented
by the black circle, andpharmaciesby the pointswith number1
and 2. Let U(xu;yu) user's Cartesiancoordinates,P1(xp1;yp1),
P2(xp2;yp2) the coordinatesof pharmacies1 and 2 respectively,
anddistance: (pt1; pt2) ! d the functioncomputingdistancebe-
tweentwo points. If theuserasksfor thenearestpharmacy, a pos-
sibleexecutionwouldbe�rst thecalculusof d1 = distance(U;P1)
andd2 = distance(U;P2). Thenasd1 is shorterthand2, weobtain
by comparisonthe correctresult: pharmacy1. Using the VirGIS
platform,thiscanbeexpressedby thequeryshown in Fig. 2, using
adedicatedlanguagefor GML [5]. Theanswerwouldbepharmacy
1. Or, a singlelook at themapshows thatnearestpharmacy is not

let $x:=current pos
for $y in document(``pharmacies'')//pharmacy
where distance($x,$y) <= min( (list) )
return $y/adress;

where(list) is a list computedby expression:

for $z in document(``pharmacies'')//pharmacy
return distance($x,$z);

Figure2: Typical geographicquery

numberonebut two, locatedon the sameriver side. The correct
solutionis shown asthesolid line, not thedottedone.

2.3 ProposedSolution
Experience[14] showsthatdevelopingatool for mobileGISaccess
is notatrivial task.Thelimited capabilitiesof boththenetwork and
thedevicehave to betakeninto account,aswell asthefactthatthe
input of complex queriesis often not possible. Furtherproblems
have alreadybeendetailedin section1.

As classicreasoningis not suf�cient, we proposean architecture
basedon reasoningtechniquesat a higher level. Basedmainly
on MPLL, wrappersfor graphsstructuresandVirGIS, this system
alsoaddsa degreeof supplementaryre�nement to solve geospa-
tial problemsusingcontext information. This “context” includes
amongotherthingsthecurrentposition,user'spreferences,andde-
vice capabilities.Subsequently, not only Euclideandistances(e.g.
[21]) canbe calculated,but speci�c limitations canbe taken into
account: a pedestriancan't walk along the highway, carscannot
passthroughpedestrianzones,etc.TheMPLL reasoninglanguage
is coupledwith the VirGIS systemin the casewheregraphsex-
tractedfrom heterogeneousanddistributed datasourcesarenec-
essary. MPLL is not designedto solve suchintegrationproblems,
which falls into the domainof VirGIS. Mediationaids in group-
ing sources,from which thecorrespondinggraphstructuresareex-
tracted.MPLL seestheVirGIS engineasa provider of geospatial
entities,correspondingto the onesdescribedin the GeoOntology.
Details on eacharchitecturelayer can be found in the following
section.

3. GLOBAL ARCHITECTURE
From top to bottom,themodelcanbe divided into threeparts,as
shown in Fig. 3: the userinterface(a completeGUI or a simple
input form), thereasoningengine,andlocalheterogeneoussources
seenasauniquedatabasethroughVirGIS.TheGraphWrappercan
beconsideredpartof theMPLL functionality, theContext informa-
tion is just anothersourceof (mostly non-geospatial)information
pertainingto thereasoninglayer.

TheaccesstogeospatialdatasourcebyMPLL isdoneeitherthrough
VirGIS or directly, dependingon the dataprovider, formatsand
otherfactors.Essentially, thegraphrepresentationsneededbyMPLL
are generatedbetweenthe datasourcesand the reasoninglayer.
ThatalsomeansthatMPLL is not dependingfor exampleon Vir-
GIS to provide thecorrectdataformat,althoughtheability of Vir-
GIS to substantiallyreducedatasentto MPLL by generatingthe
graphrepresentationsnearthe sourceis a substantialadvantage.
The output format could be GXL or GraphML if the transforma-
tion hasalreadybeendone,GML or anotherformatotherwise.
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Figure3: Layers of the system

Reasoningis thendoneontheMPLL internaldatastructureswhich
arebuilt by parsingthe graphdataeithergeneratedby MPLL or
input directly from VirGIS. The internal representationis of sec-
ondary importancefor the inter-working componentsbut can be
consideredcloseto the graphsources.Theoretically, MPLL can
itself actasanintermediatelayer, if anotherinstanceof MPLL sent
a queryfor somegraphstructureonly – this might benecessaryin
caseswherea numberof differentnetworks have to be processed
by differentinstancesof MPLL, whereasoneinstanceis responsi-
ble for combiningresultsand/orhigherlevel reasoning.

Resultsarethenpresented(on an intermediatelevel, not necessar-
ily meaningtextual or graphicalpresentationat this point) in form
of a plan language. The rough idea behindthis languageis the
ability to have a high level descriptionof a plan (i.e. alsoa route
to follow) which canbeinterpretedby differentdevicesdepending
on their speci�c abilities. A mobilephonefor examplemight rely
on audiocapabilitiesonly (e.g.usingVoxx [2] for spokenor writ-
tenoutput),while a device with a biggerscreenmight additionally
displaygraphicalelementsor even completemaps. Another im-
portantadvantageis the possibility to usepartsof the result, i.e.
partsof a plan,to sendqueriesfor moredetailedinformation. If a
travel plan includestheway to theairport in theuser's hometown
for example,thereis rarelya needfor very detailedrouteplanning
– theuserprobablyhasbeento theairportmany timesalready. The
samesectionof a plancovering the local transportfrom thedesti-
nationairport to, say, a conferencevenue,very probablyhasto be
muchmoredetailed,it might betheuser's �rst visit. If theplan is
presentedasa combinationof a numberof segments(e.g.home–
airport – �ight – airport – hotel), thencertainsegmentscould be
re-queriedfor moredetail, while othersareleft to be higherlevel
descriptions.

3.1 MPLL
Reasoningonlocationsnormallyoperatesatanumericallevel (e.g.
coordinates)or at a symbolic level (e.g. graphs). Extensive re-
searchhas beenconductedin either case[10], hencethere is a
broadchoiceof proven setsof calculi andalgorithmsto solve the
respective tasks.As statedin section2, whenever possible,reason-
ing shouldbeconductedonhigherlevel data,which is usuallyless
heavy on the device's resources.The fundamentalinsight is that
many queriespertainingto locationinformationarecloselyrelated
to the problemof routeplanningandway �nding, which reduces
theproblemdomainconsiderably. Therearetwo reasonsfor this.
First, whenever a certainlocationis soughtafter, chancesare,that
the inquirer intendsto visit the location. Caseslike theseresultin
classicrouteplanningtasks.Second,whenpeoplereferto the“dis-

tance” betweentwo locationsin the senseof locomotion,nearly
never arethey talking aboutdistancesper se(metres,kilometres)
but the time neededto overcomethesedistances(“a ten minute
walk” or “half an hour by train”). In fact, in many scenariosthe
exact distancebetweentwo pointshasa rathersubordinatemean-
ing from a traveller's viewpoint,especiallyin urbanenvironments.
MPLL (Maple) aimsfor producinga setof reasoningtechniques
andfor providing aframework for SemanticWebapplications.This
framework will includesuitabledatatypesandontologiesfor pro-
cessingandpresentinglocationdata.

FromGML to Graphs
Routingandway �nding usuallyinvolvesalgorithmswhich oper-
ateongraphstructuresrepresentingtherealworld. Dataaboutreal
world entitiescomein different�a vours. To be moreprecise,the
greatvarietyof (proprietary)standardsfor GISdata,deriving from
thespeci�city of therespective systems(oneGIS is optimisedfor
cadastralapplications,anotherfor surveying, a third onefor con-
struction,etc.) hasbeena substantialproblemin dataintegration.
The Geography Markup Language (GML) [24] provides a uni-
�ed formatto facilitatedatainterchangebetweendifferentsystems.
MPLL providesinput mechanismsfor GML, while otherformats
canbesupportedby just providing a customisedimport �lter .

Internally however, the form of datastructuresusedfollows their
purpose,or ratherthe purposeof the reasoningprocessesoperat-
ing on the data. In the caseof MPLL theseprocessesaremainly
graph(genericsearch,shortestpaths,andrelated)algorithms.The
preferreddatastructurefor thesetasksis a graphstructurerepre-
sentingthe real world network structures.A simpleexampleis a
network of streetswhich areconnectedto eachotherat junctions.
A usercanmove alongthis network by travelling via streetsand
changingdirectionsat junctions– in thegraphanaloguethiswould
betraversingalongedgesandchangingdirectionsat nodes.

TogenerategraphstructuresfromGML (or otherformats)wethere-
foreneedmechanismsto achievethisin anautomatedfashion.Sev-
eralissuesarisein thisprocess:

Uni�ed Representationof Graphs. Thestructuresat thedifferent
levels of thehierarchyareall graphs.Thereforethereshouldbea
uni�ed representationof thesegraphs.Thegraphsneed,however,
berepresentedin differentforms.

� We needa persistentrepresentationof graphswhich canbe
storedin �les or databases.

� We needan in-memory representationof the graphswith
a well de�ned applicationprogramminginterface,probably
similar to theDOM structuresof XML data.

� We alsoneedgeometricrepresentationsof thegraphswhich
can be usedto display the graphson the screen. As long
asthenodesof thegraphhave coordinates,this is not a big
problem.Graphsat thesymboliclevel of thehierarchyusu-
ally don't havecoordinates.Fortunatelytherearewell devel-
opedgraphlayoutalgorithmswhich we canusehere.

Sincegraphsat different levels of the hierarchycanrepresentthe
sameobjects,roadcrossings,for example,it is very importantto
maintainthelinks betweenthesameobjectsin thedifferentgraphs.



Theselinks enablealgorithmsto choosethelevel of detailthey need
for doingtheir computations.

It mustalsobepossibleto usethetransitionlinks betweendifferent
graphsof thesamelevel to join severalgraphsinto onegraph.For
example,a routeplannerfor somebodywithout a car may needa
combinedgraphof all public transportsystems.

As mentionedabove, it shouldbepossibleto addextra information
to thegraphs,whichisnotderivablefrom graphsatthelowerlevels.
In orderto do this,we needto developaneditor for thegraphs.

`Geospatial' Ontology. We needto develop an ontology of in-
terestingstructureswhichcanoccurwithin graphs(roadcrossings,
roundabouts,�oors, trainstationsetc.).Suchanontologywouldbe
theanchorpoint for variousauxiliary structuresandalgorithms,in
particular:

� patternswhich allow oneto identify thestructurein a graph,
a roundabout,for example;

� transformationalgorithmswhich simplify the structuresto
generatethenodesandedgesin thegraphsat thehigherlev-
elsof thehierarchy;

� transformationalgorithmswhichgenerateagraphicalor ver-
bal representationof thestructureson thescreen.

The ontology will also be usedto annotatethe structuresin the
graphs.

Ontology of Graph Types. The graphsat the different levels of
thehierarchyprovide thedatafor solving differentkinds of prob-
lem. We needto classifythegraphtypes,suchthatit is possibleto
choosetheright graphfor a givenproblem.Examplesfor this (e.g.
“driver level” vs. “planninglevel”) canbefoundin [30].

Geospatialdatais availablein many differentformatswhich con-
taininformationof differentlevelsof detail,coarsenessandgeneral
structure.Justasthereis no singleideal formator structure,there
alsodoesn't exist an ideal level of detail. Eachtypeof application
might requireacertainlevel of complexity and/orresolutionof de-
tail, thetwo of which in generalarecomplementary. Complex ob-
jectsor featuresareusedin orderto hidetheir inherentcomplexity
and to simplify their handling. Thesecomplex objectsarecom-
posedof simple(or simpler, if thereexist multiple differentlevels)
features,which in turn containinformationof higherdetail. On a
largerscaletherefore,complex objectsfacilitateef�cient handling
andserve on an overview level. Whenever the applicationoper-
ateson a comparablylargescale,processingis not hamperedby a
hugeamountof highly detailed,smallerscaleinformation- which
is at this point mostlikely not evenof any use.Renderinga cadas-
tral mapof a town which shows streets,propertyboundaries,and
positionsof buildingsis normallynotreliantonsub-centimetreres-
olution. Moving to a smallerscaleenvironment,however, reveals
theimportanceof higherdetail. Whatever super�uousinformation
could be disregardedbeforemight be essentialfor smallerscale
processing.Samecadastraldata,whenprocessedfor examplefor
taxationpurposes,betterbehighly accurate.

Thefollowing sectionsdiscussrepresentationsof thesameobject.
Adheringto theunderlyingproblemdomainwe take a closerlook

atanintersectionof streetswhich is modelledat threedifferentlev-
elsof detail. Subsequentlywe dicusspossibletransitionsbetween
theselevels.
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Figure4: High detail

Fig. 4 shows a richly detailedrepresentationof an intersectionof
two streets,includinganunderpass(dashedlines),streetsegments
(numberednodes),andpedestrianpathways(alphabetisednodes).
Even someroadfurniture – in this casesignswhich constrainthe
directionof traf�c �o w – is implicitly givenby thedirectededges
betweenthe nodes. For examplegetting from node1 to node7
is achieved by traversingthe nodes2,3,4,5,6in between,whereas
from nodes9 or 10thereexistsnofeasibletraversaltonode7 within
the limits of this particularsectionof thegraph.Similar rulescan
bededucedfor thepedestriannetwork.

An intermediate,simpli�ed versionof thiscrossingis shown in Fig.
5. It containsenoughinformationat theplanninglevel for standard
navigationpurposes.

N

Figure5: Medium detail

Finally, onecancollapsethewholeroadcrossinginto asinglenode
of the roadnetwork asseenin Fig. 6. This is suf�cient for path
planningon a largerscale.

N

Figure6: Low detail

Thede�nition of thesedifferentlevels is dependinghighly on the
speci�c purpose. A conceptualmodel proposedfor routing pur-
posesof car traf�c on a highway network [29] consistsof three
different levels: planning, instructionanddriving. In this model,
someoperationsononelevel canbebrokendown into correspond-
ing operationsat a lower level. Thus, the instruction“take exit
510a” correspondstoaseriesof drivingoperationssimilarto “c han-
ge to the right lane, slow downto 25 MPH, take exit lane at exit
510a”. Note that lower-level operationsdo not necessarilyneed



to have a higher-level counterpart,as for examplethe driving in-
structions“slow down” or “accelerate” cannotbe found on the
planninglevel. In this speci�c conceptualmodel, this constraint,
due to the inherenttop-down approach,canbe properlyhandled.
Othermodelscouldfavoura bottom-upor otherapproach.

Ontology of Means of Transportation. A graphin generalrep-
resentsonly routes,i.e. the roadsof a roadnetwork or the tracks
of a railway network. Becauseof their importancefor therouting
process,a lot of additionalinformation is needed,though. Char-
acteristicsof a connection,suchasspeedlimits, numberof lanes,
etc. areequallyimportantastrain schedulesor travel times.Many
otherattributesnot only pertainingto the network characteristics
(e.g.signage,traf�c lawsandregulations,roadcapacities,etc.)but
also to other elements,suchas vehiclesand their characteristics
have to betakeninto account.

Thereforewe needto develop anontologyfor all kindsof objects
which areconnectedwith the graphs.Section3.2 describeswork
in progressdealingwith theexpansionandfurtherdevelopmentof
anexistingontology.

Context Modelling. In theintroductoryexampleswe showedthat
querieswhich require`locationalreasoning'needto take into ac-
countthecontext of theuser. We mustthereforedevelopa formal
modelof thecontext. Thecontext can,for example,bethecurrent
situationof a humanuser:whetherhehasa caror not,whetherhe
hasluggageor not,his ageandsex, andmany otherfactors.

CustomisedGraph Construction. As we have seenin the intro-
duction,many `locationalreasoning'problemsrequirethesolution
of shortestpathproblemsin a graph. The concretegraphwhich
is relevant for thegivenproblem,may, however, not beoneof the
graphswhich arepermanentlyavailable. It maybea combination
of subgraphsfrom differentgraphs,and the combinationmay be
determinedby the context of the problem. Thereforewe needto
develop mechanismsfor determiningandconstructingfor a given
problemtheright combinationof subgraphsastheinput to therel-
evantproblemsolvingalgorithm.

Aiding in graphconstructionand also in solving the problemof
level of detailwould bemechanisms,which transformunderlying
datato whatever level of detailis neededfor acertaintask.Depend-
ing on theunderlyingmodel,eitheror both automatedgeneration
of more detail andlessdetail thanthe original dataprovide is de-
sirable. Whenever necessary, the level of detail couldbestatedin
conjunctionwith aqueryandsubsequentqueriesshouldbepossible
with eitherthesameor increased/decreasedlevel of detail. While
increasingthecoarsenessof dataseemslike a feasible,albeitnon-
trivial, task,thereverseprocessseemsfar lessintuitive.

Stell andWorboys [27] proposegeneralisationof graphlike struc-
turesby de�ning selectionandamalgamationastwo differentkinds
of operationswhicharecombinedin asocalledsimpli�cation. Par-
tially basedonor in�uencedby work of PuppoandDettori [25] and
Bertolotto[4] they applytheirconceptsonexamplesof railwaynet-
worksin Britain. In this paperwe try to incorporatedifferentideas
andconcepts,includingtheonesmentionedabove,into amoregen-
eralapproachwhich is suitablefor our speci�c problemdomainof
routingandway �nding.

The Main Problem Solvers. Finally we needto adaptor develop
the algorithmsfor solving the main problems. Theserangefrom
`shortestpathin agraph'algorithmsto logicalcalculi for reasoning
with symbolic information. Fortunatelymostof thesealgorithms
arewell developedandcan,hopefully, betakenoff theshelf.

Graphs
Apart from classicexamplesbasedon roadtraf�c asseenin Fig.
4, thevery sameprinciplescanbeappliedundervery differentcir-
cumstancesandevenona symboliclevel.

(1)

(2)

Figure7: Plain Floor Plan without and with Network Overlay

Indoornavigationof autonomousvehiclesrequiresa detailed�oor
plan,asshown in �gure (1) of Fig. 7. In orderto plana way from,
say, the entranceof the building to a particularof�ce, sucha de-
tailed �oor plan is not necessary. A simpli�ed net plan, suchas
shown in picture(2) of Fig. 7 is muchmoresuitablefor this pur-
pose.Thesimpli�ed plancanbegeneratedfrom thedetailed�oor
plan.

Finally, onecancollapsethe whole building to a singlenodein a
biggercity map.Thenodeis suf�cient for planninga paththrough
the city to this building. In a similar way, symbolicdatacanbe
represented.

The left handside of Fig. 8 shows the boundariesof two of the
Germanstates,andsomecities.Theboundariescanberepresented
aspolygons,andtheseareagainjust graphs. In the right picture
thepolygonsarecollapsedinto singlenodesof a graph.Therela-
tion `polygonA is containedin polygonB' is turnedinto anNTTP
edge(Non TangentialProperPart) of thenew graph.Therelation
`polygonA touchespolygonB' is turnedinto anEC edge(Exter-
nally Connected)of thenew graph.For moreinformationon these
RCC8relationssee[9].

SampleQueries
Apart from the query underlyingthe main scenariopresentedin
section2, we presenta few exampleswhich illustratethedifferent
applicationpossibilities.

Example 1. Considerthe query“give me all cities betweenMu-
nich andFrankfurt”. Whatdoesbetweenmeanhere?If we take a
mapof Germany anddraw a straightline from Munich to Frank-
furt, it doesnot crossmany cities. A more elaborate(and still
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Figure8: SymbolicData Representation

too simple) formalisationof betweencould be: in orderto check
whethera city B is betweenthecitiesA andC, computetheshort-
est routeR1 from A to B, the shortestroute R2 from B to C and
the shortestroute R3 directly from A to C. If the extra distance
d = length(R1) + length(R2) � length(R3), I needto travel from
A to C via B, comparedto thedirect routefrom A to C, is smaller
thana certainprede�nedthresholdvalue, B canbe consideredto
be locatedbetweenA andB. Of course,the thresholdvalueis of
discretionarynature.Also, solutionsbasedon fuzzy valuesmight
proveusefulhere.In any case,thedistanced couldbeusedto order
theanswersto thequery.

Example 2. Supposea company looks for a building site for a
new factory. Thesiteshouldbecloseto themotorway. “Closeto”
doesin this caseof coursenotmeanthegeographicdistanceto the
motorway. It meansthetime it takesfor a vehicleto getto thenext
junction of the motorway. The lengthof the shortestpath to the
next junctioncanbeturnedinto a fuzzyvaluewhich, in turncanbe
usedto ordertheanswersto thequery.

Weturnedtherelationcloseto(point; l ine) into ashortestpathprob-
lem whoseresult is thenturnedinto a fuzzy valueasthe resultof
closeto(point; l ine).

Example 3. Supposethe databasecontainsa roadmap,together
with dynamicinformationabout,say, traf�c jams.Theinformation
abouttraf�c jamsis usuallynotveryprecise.It couldbesomething
like“thereis atraf�c jamontheM25 2 mileslongbetweenjunction
8 andjunction10”.

If theM25 is taken asa straightline thenthe traf�c jam is a one-
dimensionalinterval whoselocationis not exactly determined.In-
stead,we have someconstraints:length= 2 miles,startaftercoor-
dinateof junction8, andendbeforecoordinateof junction10.

So querieslike “is therea traf�c jam on the westernpart of the
M25” give riseto a constraint-solvingproblem.

3.2 GeoOntology­ OTN
As alreadymentionedin section3.1 a transportnetwork oriented
ontologyis needed.MPLL usesthis ontologyfor differentaspects
of the reasoningprocess,suchasdecidingwhat networks to use,
how to handleconstraintsand preferences(the user is travelling
with a child andbabycarriageor is unwilling to take a plane),and
mostimportantly, how to calculateandrankdifferentroutes.

As modelling transportnetworks is not a radically new idea, the
TransportNetworkOntology (OTN) is basedon prior work in this

area.TheideasandprinciplesunderlyingtheGeographicDataFile
format(GDF) [17] servesasthebasisfor OTN. For a comprehen-
sive introductionto GDF andtechnicalissuesbetweenGDF and
OTN see[16].

GDF wasprimarily designedto facilitateanaccuratemodellingof
streetnetworks with someextensionsto waterways (in the sense
of an extensionto the streetnetwork). SinceOTN shall not be
restrictedto road traf�c, othermodesof transportationhad to be
representedwith themain focuson seamlessintegrationof differ-
entspeci�cities. Thealreadycomprehensive coverageof roadnet-
works is expandedwith public transportnetworks, suchasbuses,
trainsandair planes.

Thecompletedescriptionof thecurrentstateof developmentof the
ontologyis beyondthescopeof thispaper, neverthelesstheauthors
want to give oneexamplefor a necessaryandusefulextensionin
thesenseof interactionbetweenMPLL andtheontology. Thefol-
lowing paragraphdealswith anaspectof transportnetworks,which
haspreviouslynotbeencoveredby GDF, timetablesandschedules
for public transportsystems.Otherdesirableextensionsarefor ex-
amplemodellingtheuseandpricing of taxicabs,differentpricing
schemesfor public transportsystems,dynamicsof traf�c �o w in-
cludingcongestions,andmany otheraspects.

Time Tables– Oneof themostimportantextensionsin OTN is the
modellingof time tables,which containthe operative scheduleof
publictransport,suchasferries,trains,etc.While GDFonly allows
for specifyingthe hoursof operation(from - until), this part has
beensubstantiallyextendedfor OTN to caterfor the requirements
of routing tasks. As the following exampleshows, all necessary
detailsde�ning a connectioncanberepresented.

Eachconnection,suchasa ferry connectionor a railway segment
betweentwo stationscanown a timetable, which containsat least
oneTimetable. Eachoneis valid within a certainvalidity Period,
i.e. duringthistime,theserviceis operational.Fromstarting Date
on, for a periodof time duration theserviceoperatesevery loop
Time. The startingnodeis denotedby a referencein starts at,
thedurationof travel is de�ned in travel Time. Optionally, wait-
ing Time speci�es the idle periodbeforedeparture,for example
for boardingor disembarkinga ferry.

The following timetablede�nes a serviceoperatinghourly from
6:30to 18:30,from nodeA to nodeB, whichhasatravel timeof 30
minutesanda waiting timeof 20 minutesbeforedeparture:

<Timetable rdf:ID="Timetbl_AB">
<starts_at rdf:resource="#A"/>
<waiting_Time>m20</waiting_Time>
<loop_Time>h1</loop_Time>
<travel_Time>m30</travel_Time>
<validity_Period>

<Validity_Period rdf:ID='validity_Timetbl_AB'>
<time_duration>h12</time_duration>
<starting_Date>h6m30</starting_Date>

</Validity_Period>
</validity_Period>

</Timetable>

3.3 Wrappers and Local sources
Thereasoninglayerqueriesdealwith:



� differentlocations

� boundingboxes

� overlappingnetworks

� secondarydata(landmarks,addresses,etc.)

Adaptationof the datais necessary, sincewe needgraphsstruc-
turesfor working with MPLL (examplesaregiven in section4).
Whatever theunderlyingdatasourcemaybe,we needto translate
the communicationformat into a MPLL compatibleone. Ideally,
graphsprecomputedor generatedon the �y for speci�c purposes.
The necessaryattributesaredifferent regardingdifferentnetwork
structures,i.e. different attributesare neededfor pedestriannet-
worksasopposedto carnetworksor railway networks. Although,
inherentlysimilar networkshave similar attributes,e.g.thesched-
ulesof buses,trams,subways,andregionaltrains.Thegraphwrap-
pertakesa queryfrom MPLL, andsendsthecorrespondingoneto
themediationengine.Thenhetakesbacktheanswerandsendsit
to the reasoninglayer level. We avoid ef�ciency problem,as the
translationstepis locatedon theserver side.If directlyaccessinga
known database,we simplygetthedata,andthenMPLL canwork
with it. Using VirGIS helpsin gettinga speci�c geospatialentity
withouthaving to dealwith integrationproblem.

VirGIS is a geographicmediationsystemthat provides an inte-
gratedview of thedatatogetherwith a spatialquerylanguage.Re-
sultsareprovidedusingGML format,andtheneasilytranslatable,
into graphsstructureusingXML suitableoperators.MPLL works
on oneor moregraphs.Eachgraphrepresentsa homo-genicnet-
work structurewith certainnodeandedgeattributeswhicharenec-
essaryfor routing(e.g. travel times,distances,speeds,congestion
information,etc.). If more thanonegraphis needed,i.e. when-
ever differentmodesof transportationarecombined,thenthereare
speciallydesignatedtransitionpointswhich facilitatechangingbe-
tweendifferentgraphs(i.e. networks). Thesetransitionpoint have
specialattributesand sometimesthey representa network them-
selves, for examplethe airport buildings, which are logically lo-
catedbetweentravel by planeandthesubsequenttravel by taxi or
train.

As shown in Fig. 9, we usea mediationengineas the interme-
diate layer betweenthe reasoningengineand the local sources.
Whendealingwith an entity hostedin a singlesource,the medi-
ator transmitsqueriesand results. If the datais distributed over
several databases,the mediationprocedureshelp in splitting the
globalqueryreceived from theMPLL engine,andbuilding an in-
tegratedresponsefrom local results.In practice,whenusingamo-
bile device to solve the problempresentedin section2, we may
have to querybotha singledatasourceproviding thepedestrian
streets graph,andtwo heterogeneoussourcesproviding bridges .
If bridges aredistributedasin Fig. 9, we facebothwith vertical
(district1 is in GIS1andGIS3)andhorizontal(districts1 to 6 cover
the whole town) integration. This would addan integrationprob-
lem to thereasoningone.That's why we chooseto useVirGIS for
computingthe bridges graphstructure. Next sectiondetailsthe
differentstepsof the queryexecutionwhensolving the “pharma-
ciesproblem”.

4. A SOLUTION FOR THE USE CASE
We detail below the examplepresentedin Fig. 1. For this classic
routingproblem,we dealwith:

Mediator

pedestrian streets

bridges

GIS 2

wrapper

GIS 3

GIS 2 : pedestrian streets
GIS 1 : bridges of districts 1,2,3

GIS 3 : bridges of districts 1,4,5,6

GIS 1

Figure9: Accessingthe local sources

� Startingposition(by context and/ordevice)

� Goalposition(s)– this canbeexplicit or implicit, i.e. there
mightbeagoaldescriptionwhichexpressescertainqualities
the goal must ful�l (e.g. openinghours,serviceprovided,
price,neighbourhood,etc.– therearecountlesspossibilities)

� Userpreferencesandcontext information

<GetFeature>
<QuerytypeName="pedestrian_streets">
<ogc:Filter><ogc:Or>

<ogc:PropertyIsEqualTo>
<ogc:PropertyName>district</ogc:PropertyName>
<ogc:Literal>2</ogc:Literal>
</ogc:PropertyIsEqualTo>
<ogc:PropertyIsEqualTo>
<ogc:PropertyName>district</ogc:PropertyName>
<ogc:Literal>4</ogc:Literal>
</ogc:PropertyIsEqualTo>

</ogc:Or></ogc:Filter>
</Query>

</GetFeature>

Figure10: Local WFS query extracting pedestrianstreets

Oncethecriteriasaresetat thehigherlevel, weobtainasetof rules
thatareto beappliedon graphsnetworks in relationwith speci�c
needsfor answeringthequery. Theseruleswill thenbetranslated
by the graphwrapperin order to query the right sourcesthrough
VirGIS andget backthe graphs. In the main example,we would
needpedestrianstreetsandbridgescoveringdistricts2 and4. The
queryin Fig. 10extractssuitablestreetsfrom a singledatasource.

Both queriesin Fig. 11 areexecutedon distinctsourcesandtheir
resultsaremergedby themediationengineto build a singlegraph,
transmittedto thereasoninglayer.

Globalschemausedby themediationengineis basedongeospatial
entitiesdescribedin the ontology, so we have no correspondence
problemswith featuresmanipulatedby the reasoninglayer asex-
plainedin 3.1.



<GetFeature>
<QuerytypeName="bridges">

<ogc:Filter><ogc:PropertyIsEqualTo>
<ogc:PropertyName>area</ogc:PropertyName>
<ogc:Literal>2</ogc:Literal>
</ogc:PropertyIsEqualTo>
</ogc:Filter>

</Query>
</GetFeature>

LocalWFSqueryextractingbridgeson GIS1

<GetFeature>
<QuerytypeName="geo_feature_bridge">

<ogc:Filter><ogc:PropertyIsEqualTo>
<ogc:PropertyName>district</ogc:PropertyName>
<ogc:Literal>4</ogc:Literal>
</ogc:PropertyIsEqualTo>
</ogc:Filter>

</Query>
</GetFeature>

LocalWFSqueryextractingbridgeson GIS3

Figure11: Fusion of data for building a singlegraph

5. CONCLUSIONS
One of the key featuresof the SemanticWeb is that dataon the
webcanbeinterpretedwith respectto their meaning,their seman-
tics. The meaningcanbe representedin variousways,asontolo-
gies,asaxiomsin somelogic, asrulesin somerule language,and
evenwith specialpurposeprocedures.We show that for a number
of problemstheuseof higherlevel reasoningmechanismsmainly
basedon graphsandgraphalgorithmsis a very ef�cient solution,
especiallyfor mobile applications.The graphrepresentationsare
to be found on different levels with respectto different applica-
tions.At thebottomendof thehierarchywe have detailedmapsof
thegeographicentities(roadmaps,undergroundmaps,�oor plans
etc.) At theupperendwe have purelysymbolicrepresentationsof
conceptsandrelations.Thecorrelationbetweenthedifferentlev-
els is achieved by “mappings”of the lower level graphsto nodes
or edgesin thehigherlevel graphs(roadcrossings,buildings,city
boundariesetc.) These“mappings”area partof MPLL which still
needsto be fully speci�ed anddeveloped. The resultingdescrip-
tion of a route,or moregenerallya plan,allows for renderingand
presentationonall kindsof differentdeviceswith verydifferentca-
pabilites. Coupling the reasoningcapabilitiesof MPLL with the
VirGIS mediationengineis oneof thekey issues,which opennew
perspectivesfor the integratedapproach.While this paperreports
onwork in progress,thebroadpossibilitiesfor theconcepts'appli-
cationsin concretesystemsaswell asthe re�nement of different
aspectsin furtherresearchindicatesits potential.
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