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ABSTRACT

Accessingand queryinggeographicabatain a uniform way has
becomeeasierin recentyears. Emeging standarddike WFSturn
the webinto a geospatialweb servicesenabledplace. Mediation
architecturedike VirGIS overcomesyntacticabndsemanticahet-
erogeneitypetweerseveraldistributedsourcesOn mobiledevices,
however, this kind of solutionis not suitable,due to limitations,
mostlyregardingbandwidth computatiorpower, andavailablestor
agespace. The aim of this paperis to presenta solutionfor pro-
viding powerful reasoningnechanismsaccessiblérom mobileap-
plicationsandinvolving datafrom several heterogeneousources.
By adaptingcontentsto time andlocation, mobile web informa-
tion systemscannot only increasehe value and suitability of the
serviceitself, but cansubstantiallyreducethe amountof datade-
liveredto users.Becausemary problemspertainto infrastructures
andtransportationn generalandto way nding in particular one
cornerstonef the architectures higherlevel reasoningon graph
networks with the Multi-ParadigmLocation LanguageMPLL. A
mediationarchitectureis usedas a “graph provider” in orderto
transferthe load of computationto the bestsuited component-
graphconstructiorandtransformatiorfor examplebeingheary on
resources Reasoningn generalcanbe conducteceithernearthe
“source” or nearthe enduser dependingon the speci ¢ usecase.
The conceptsunderlyingthe proposaldescribedn this paperare
illustratedby atypical andconcretescenaridor webapplications.

Categoriesand Subject Descriptors
G.2.2[DiscreteMathematics]: GraphTheory—Networkproblems,
Path problems H.2.4 [DatabaseManagemeni: Systems-Bis-
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DeductionandTheoremProving—Deduction,Resolution
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1. INTRODUCTION

Nowadaysqueryinga singlegeographiaatasourcefrom amobile

device is easily possibleand most GIS' proprietarysolutionsfa-

cilitate thesemobile functionalities[12, [13. With widespreadise
of commercialor opensourcesGlS, the amountof available spa-
tial datahasgrowvn substantially Although mary of the sources
for geospatiatiataareaccessiblevia the web, dueto the multitude

of proprietarystandardsformatsand protocols,standardiseénd

uniform accesss the exception. So, interoperabilityhasbeenand

still is a greatGIS challengenot only on traditionalworkstations,
but especiallyon mobile devicessuchascellular phonesor PDAs.

Thereis a demandfor new technologiesallowing the exploitation

of heterogeneouanddistributedsourcesn generalandin particu-

lar on mobiledevices.

1.1 Commonintegration approaches
Warehousingand mediationaretwo commonapproachesisedfor
databaseéntegration. The rst approachis basedon datarewrit-
ing, while the secondconcentratesn queryrewriting. Both come
with their own inherentadvantagesinddravbacks.Thewarehous-
ing architecturas not equallysuitableon all computingplatforms,
especiallyon mobile ones,asit requiresa large amountof local
datastorage. Furthermore,it also requiresreal time updatesof
datawhich is costly dueto bandwidthlimitations. The combina-
tion of low bandwidthandinsufcient network coverageandreli-
ability hamperghe transferof large amountsof data. Mediation
enginesare basedon queryrewriting. The mappingof the global
schemado thelocalsourcess animportantstep;thespeci cationof
thesecorrespondencasill determinehedif culty of queryrewrit-
ing andadding/remuing sourceso/fromthesystem.UsingGlobal
AsView [26,129], relationshipon globalschemareconsidereds
“views” on the local ones. Adding or remaving a sourceforcesto
completelyrevise the global schemalut queryrewriting leadsto
simplerule unfolding (asclassicaliews' executionin databases).
With LocalAs View [15 19,120, all relationshipsnlocal sources
arede nedasviewsontheglobalschemaThecompleity of query
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rewriting is increasingbut addingandremoring sourcess easier
astheglobalschemads setonly once.

Mostof thetime, theuseronly wantsto stateasimplequestionand
thenre ne theresult,by addingsomemore lters. Forthispurpose,
mediationis thebestchoice,asmapconsultatioris areadonly pro-
cessfor mostusers.The variousintegrationtechniquesisedin [[6]
helpedin building sucha geospatialveb service;our solutionfor
building a web basedmediatorusing WFS [23 partially solved
the syntacticaland semanticaproblemof integration. This article
describesspeci ¢ problemswhich arisefrom the mobile context.
On mobile devices, an ef cient solutionis to uselightweightdata
structuresand few network communications.lt is not possibleto
useGML andit's strongencodingdirectly, asthe equivalentof a
small XML-DBMS needsto be embedded.Reasoningat a high
level is partof the solutionwe propose Advancedreasoningcapa-
bilities on spatialconceptsareneededn embeddedsIS systems,
andwe usethe Multi-ParadigmLocationLanguageMPLL [2 [7] as
thecoreof thereasoningsystem,n orderto producevalid destina-
tionsandoptimisedroutes.

1.2 The SemanticWeb

The SemantidNVebis anende&our aiming at enhancingNVebdata
with meta-datanddataprocessingaswell asprocessingnethods
specifying the “meaning” of suchdataand allowing Web-based
systemsto take adwantageof “intelligent” capabilities. In a Sci-
enti c Americanarticle [3] which hasdiffusedthe SemanticWeb
vision, this ende&our is describedasfollows:

“The SemantidMebwill bringstructureo themean-
ingful contentof Web pagescreatingan ervironment
wheresoftwareagentsoamingfrom pageto pagecan
readily carry out sophisticatedasksfor users.

Reasonings centralto the SemanticWeb vision sincereasoning
is centralto processingleclamtive dataand specifyingintelligent
formsof dataprocessingln the abose-mentionedrticle, this cen-
tral role of reasonindor realizingthe SemantidVebvisionis stres-
sedasfollows:

“Forthesemantiavebto function,computersnust
haveaccess$o][. ..] setsof inferencerulesthatthey can
useto conductautomatedeasoning. [3]

Inferencerules operateon factsand axioms. Axioms specifyin
an abstractway a model of the world. For example, the axiom
8x maorway(x) ) road(x) sayssomethingaboutthe relationbe-
tweenthewords motorway' and'road'. Themostdetailedaxioma-
tisationswhich are currently being usedfor the semantioveb are
ontologies.They areformulatedn logicalformalismdik e Descrip-
tion Logics[] or OWL [31] anddescribemoreor lesscomple re-
lationshipsbetweerdifferentnotions(conceptsandrelations)used
in particulardomains. Purelogical formalismshave a somavhat
one-trackstyle of expressienessso logical axiomatisation®ften
give only a very coarsepicture of the world. A web service,for
example,which computeghe shortestvay to getfrom Munich to
Hamhirg needsa muchmoredetailedpictureof theworld, namely
digital road maps,thanary purelogical axiomatisationis ableto
provide.

To complementstandardgeneralpurpose Jogic-baseddatamod-
elling and reasoningmethods,as e.g. offered by RDF and OWL
andreasonersor theselanguagesgeospatiateasoningvith topo-
graphicaldatais besttackledusinggraphsfor datamodellingand
well-establishedraphalgorithmsfor handlinginference-the pur
poseof MPLL.

Completelygeneralreasoningechniquesmust, by their very na-
ture, be weakly committedto ary particularclassof problemand
arethusunableto take advantageof ary particularpropertieof that
class.We thereforeclaim not only thatthe classof geospatiatea-
soning problemsrequiresequally speci ¢ reasoningmethodsbut

thatlogic-basedgeneral-purposmethodsouldnever properly in-

tuitively, andefciently realizewhatis bestachiezed usinggraphs
andgraphalgorithms.

It hasbeenclaimedby Bry andMarchiori [8] that,on the Seman-
tic Web,“theoryreasoning’is adesirablecomplemento “standard
reasoning”. This articlessubstantiateshis claim with respectto

evidencefrom the practicalcaseof geospatiareasoningor geo-
graphicalguidance.

The paperis organisedasfollows: section describesa concrete
scenariowhich illustratesthe shortcomingf the VirGIS media-
tion architectureand the improvementsthat are needed. Section
B detailsthe theoreticaldevelopmentsand component®f the rea-
soningplatform particularlyadaptedo mobile devices. Sectiorid
present®neof thepossiblesolutionsfoundfor ourapplicationsce-
nario. Finally, we concludeandopennew perspectiesof work in
sectiord

2. APPLICATION SCENARIO

A persoris onvacationin someforeigncity onaSundayafternoon.
For somereasonthe personneedsa certainmedicationratherur-
gently thereforeahandheldevice with wirelessaccesso the Web
is usedto senda querysimilarto thefollowing: “Whereis thenear
estpharmag with medicationxyz in stock?”. A mapillustrating
this scenarids shavn in Fig.[l
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Figure 1: Whereis the nearestpharmacy?

In this case the term neaest pharmag doesnot pertainto metric
distanceshut to aroutingproblemdependingartly onuserprefer
encesandotherconstraintssuchasmodeof transportationis “on



foot”, specialqualitiesof the pharmacyare “curr ently open” and

“selling medicationin question’, etc. Producingthe correctan-

swerwith common“human” reasoningcapabilities(andthe usual
aidslike a mapor directions)is ratherstraightforvard, doing the

sameusing automatedreasoningrequireshigher level reasoning
techniques.

Thetopolagy of thesurroundingareaandtheresultingsemanticss

a key factor In this casethe semantianeaningof the mapis that
crossingthe river is only possibleat certainpointswherethereis

abridge (or anunderpass)The sameappliesto a numberof other
features,suchasrailway lines or highways [18] — dependingon

the modeof transportation Symbolicaspectssuchasthe borders
of countriesor districts for example, can have similar in uence,

althoughphysicalcounterpartsieednot exist.

Simple,or naive, solutionsalreadyexist for this problem for exam-
ple asshawn in [24], wherethe usercanspecifysomepreferences
for Itering the answer The resultsare given orderedaccording
to the linear distancefrom currentuserposition. The nearbyser
vices presentedas additionalinformationson the mapsare “pre-
computed” asuserscanonly choosewithin agivenset: f hotels,
restaurants, tourist attractions, car parks g. We can
thensupposehat thereis a speci ¢ optimisationwhile accessing
the databaseusing clustersor indexes. Achieving this would not
beef cient if thesetof servicesvould bemuchlarger, asnumerous
optimisationdik eindexesalsoaddoverheado thedatabassystem
asawhole,andsoshouldbe usedsensibly

2.1 Sketchinga concrete UseCase

Input of the queryis done (dependingon device capabilities)for
examplevia speechrecognitionor keyboardinput, in form of nat-
ural language After a shortwhile the device displaysoneor more
choiceof destinationsi.e. pharmaciesvith suitableopeninghours
which have therequestedtem in stock. In addition,the speci ci-
ties of the respectre routesare displayedaccordingto a person-
alisedranking system. Routesare for exampleorderedby travel
times, costor otherfactors. The usereitheracceptshe suggested
“best” routeor chooseoneof thealternatvesby hand.If noroute
is deemedsuitableby the user(or the routing system) userprefer
encesor searchcriteria could be readjusted.While following the
route,navigationinstructionsaregiven stepby stepasnaturallan-
guage optionallyaidedby a graphicalmap,until thedestinationis
reached.

2.2 Typical solution with realor virtual GIS

In the following, we call “real GIS” solutionslike [[11], and “vir -
tual GIS” mediationbasedsystemswheredatais not storedper
manently but accesseat query-time[l6]. With a single (real or
virtual) GIS we canonly write a querytakinginto accounthe pa-
rameterslin Fig.[l we supposehattheuserpositionis represented
by the black circle, and pharmaciesy the pointswith numberl
and2. Let U(xy;yu) users CartesiancoordinatesP1(Xp1;Yp1),
P2(Xp2;Yp2) the coordinatesof pharmaciesl and 2 respectiely,
anddistance: (pty; pt2) ! d the function computingdistancebe-
tweentwo points. If the userasksfor the nearespharmay, a pos-
sibleexecutionwould be rst thecalculusof d1 = distanc€U;P1)
andd2 = distancdU;P2). Thenasdl is shortethand2, we obtain
by comparisorthe correctresult: pharmacyl. Usingthe VirGIS
platform,this canbe expressedy the queryshavn in Fig., using
adedicatedanguagdor GML [5]. Theanswemwouldbepharmacy
1. Or, asinglelook atthe mapshaws thatnearespharmag is not

let $x:=current _pos

for $y in document(" pharmacies")//pharmacy

where distance($x,$y) <= min( (list) )

return  $y/adress;
where(list) is alist computeddy expression:

for $z in document( " pharmacies")//pharmacy

return  distance($x,$z);

Figure2: Typical geographicquery

numberone but two, locatedon the sameriver side. The correct
solutionis shavn asthesolid line, not the dottedone.

2.3 ProposedSolution

Experiencd14] shavsthatdevelopingatool for mobileGISaccess
is notatrivial task. Thelimited capabilitiesof boththenetwork and

the device have to betakeninto accountaswell asthefactthatthe

input of complex queriesis often not possible. Furtherproblems
have alreadybeendetailedin sectiorfll

As classicreasonings not sufcient, we proposean architecture
basedon reasoningtechniquesat a higher level. Basedmainly
on MPLL, wrapperdor graphsstructuresandVirGIS, this system
alsoaddsa degreeof supplementarye nementto solve geospa-
tial problemsusing context information. This “context” includes
amongotherthingsthe currentposition,users preferencesandde-
vice capabilities.Subsequent|ynot only Euclideandistancege.g.
[21]) canbe calculatedbut speci ¢ limitations can be taken into
account: a pedestriarcant walk alongthe highway, carscannot
passthroughpedestriarzonesgetc. The MPLL reasonindanguage
is coupledwith the VirGIS systemin the casewheregraphsex-
tractedfrom heterogeneouand distributed datasourcesare nec-
essary MPLL is not designedo solve suchintegrationproblems,
which falls into the domainof VirGIS. Mediationaidsin group-
ing sourcesfrom whichthe correspondingraphstructuresareex-
tracted. MPLL seeghe VirGIS engineasa provider of geospatial
entities,correspondingdo the onesdescribedn the GeoOntology
Details on eacharchitecturdayer can be found in the following
section.

3. GLOBAL ARCHITECTURE

Fromtop to bottom, the modelcanbe divided into threeparts,as

shawvn in Fig. & the userinterface (a completeGUI or a simple

inputform), thereasoningngine,andlocal heterogeneousources
seerasauniquedatabaséhroughVirGlS. The GraphWrappercan

beconsidereghartof theMPLL functionality the Context informa-

tion is just anothersourceof (mostly non-geospatialinformation

pertainingto thereasonindayer

Theaccesso geospatiatiatasourceby MPLL is doneeitherthrough
VirGIS or directly, dependingon the dataprovider, formatsand
otherfactors.Essentiallythegraphrepresentationseededy MPLL
are generatedbetweenthe data sourcesand the reasoninglayer
Thatalsomeanghat MPLL is not dependindgor exampleon Vir-
GISto provide the correctdataformat, althoughthe ability of Vir-
GIS to substantiallyreducedatasentto MPLL by generatinghe
graphrepresentationsearthe sourceis a substantialadvantage.
The outputformat could be GXL or GraphML if the transforma-
tion hasalreadybeendone,GML or anotherformatotherwise.



MPLL : reasoning layer

Graph Wrapper

VirGIS

Figure 3: Layers of the system

Reasonings thendoneonthe MPLL internaldatastructuresvhich
arebuilt by parsingthe graphdataeither generatedy MPLL or
input directly from VirGIS. The internal representatioiis of sec-
ondaryimportancefor the inter-working componentsut can be
considerectloseto the graphsources. Theoretically MPLL can
itself actasanintermediatdayer, if anothelinstanceof MPLL sent
a queryfor somegraphstructureonly — this might be necessaryn
caseswvherea numberof differentnetworks have to be processed
by differentinstanceof MPLL, whereaneinstances responsi-
ble for combiningresultsand/orhigherlevel reasoning.

Resultsarethenpresentedon anintermediatdevel, not necessar
ily meaningtextual or graphicalpresentatiorat 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. alsoaroute
to follow) which canbeinterpretedoy differentdevicesdepending
on their speci c abilities. A mobile phonefor examplemight rely
on audiocapabilitiesonly (e.g.usingVoxx [2] for spolen or writ-
tenoutput),while a device with abiggerscreermight additionally
display graphicalelementsor even completemaps. Anotherim-
portantadwantageis the possibility to usepartsof the result, i.e.
partsof a plan,to sendqueriesfor moredetailedinformation. If a
travel planincludesthe way to the airportin the users hometavn
for example thereis rarely a needfor very detailedrouteplanning
—theuserprobablyhasbeento theairportmary timesalready The
samesectionof a plan covering the local transportfrom the desti-
nationairportto, say a conferencesenue,very probablyhasto be
muchmoredetailed,it mightbetheusers rst visit. If theplanis
presentedisa combinationof a numberof sggments(e.g.home—
airport— ight — airport— hotel), then certainsegmentscould be
re-queriedfor moredetail, while othersareleft to be higherlevel
descriptions.

3.1 MPLL

Reasoningnlocationsnormallyoperatesatanumericalevel (e.g.
coordinates)pr at a symbolic level (e.g. graphs). Extensve re-
searchhas beenconductedin either case[1(], hencethereis a
broadchoiceof proven setsof calculi andalgorithmsto solve the
respectie tasks.As statedn sectiorld, when&er possiblereason-
ing shouldbe conductedn higherlevel data,whichis usuallyless
heary on the device's resources.The fundamentainsight is that
mary queriespertainingto locationinformationarecloselyrelated
to the problemof route planningandway nding, which reduces
the problemdomainconsiderably Therearetwo reasondor this.
First, wheneer a certainlocationis soughtafter, chancesre,that
theinquirerintendsto visit the location. Casedik e theseresultin
classicrouteplanningtasks.Secondwhenpeoplereferto the“dis-

tance” betweentwo locationsin the senseof locomotion, nearly
never arethey talking aboutdistanceger se (metres kilometres)
but the time neededto overcomethesedistanceg“a ten minute

walk” or “half an hour by train”). In fact,in mary scenarioghe

exact distancebetweertwo pointshasa rathersubordinatenean-
ing from atraveller's viewpoint, especiallyin urbanervironments.
MPLL (Maple) aimsfor producinga setof reasoningechniques
andfor providing aframeawvork for SemantidVebapplications This

framework will includesuitabledatatypesandontologiesfor pro-

cessingandpresentingocationdata.

FromGML to Graphs

Routingandway nding usuallyinvolvesalgorithmswhich oper

ateon graphstructuresepresentingherealworld. Dataaboutreal
world entitiescomein different a vours. To be more precise the
greatvariety of (proprietary)standard$or GIS data,deriving from

the speci city of therespectie systemgoneGIS is optimisedfor

cadastrabpplications anotherfor suneying, a third onefor con-
struction,etc.) hasbeena substantiaproblemin dataintegration.
The Gearaphy Markup Language (GML) [24] provides a uni-

ed formatto facilitatedatainterchangéetweerdifferentsystems.
MPLL providesinput mechanismgor GML, while otherformats
canbe supportedy just providing a customisedmport Iter .

Internally however, the form of datastructuresusedfollows their
purpose or ratherthe purposeof the reasoningprocessesperat-
ing on the data. In the caseof MPLL theseprocessesre mainly
graph(genericsearchshortespaths,andrelated)algorithms.The
preferreddatastructurefor thesetasksis a graphstructurerepre-
sentingthe real world network structures.A simple exampleis a
network of streetswhich are connectedo eachotherat junctions.
A usercan move alongthis network by travelling via streetsand
changingdirectionsatjunctions— in the graphanaloguehis would
betraversingalongedgesandchangingdirectionsat nodes.

Togeneratgraphstructure§rom GML (or otherformats)wethere-
foreneedmechanism#o achiese thisin anautomatedashion.Sev-
eralissuesarisein this process:

Uni ed Representationof Graphs. Thestructuresatthedifferent
levels of the hierarchyareall graphs.Thereforethereshouldbe a
uni ed representationf thesegraphs.The graphsneed,however,
berepresenteth differentforms.

We needa persistentepresentationf graphswhich canbe
storedin les or databases.

We needan in-memory representatiorof the graphswith
awell de ned applicationprogrammingdnterface,probably
similarto the DOM structuref XML data.

We alsoneedgeometricrepresentationsf the graphswhich
can be usedto display the graphson the screen. As long
asthe nodesof the graphhave coordinatesthis is not a big
problem. Graphsat the symboliclevel of the hierarchyusu-
ally don't have coordinatesFortunatelytherearewell devel-
opedgraphlayoutalgorithmswhich we canusehere.

Sincegraphsat differentlevels of the hierarchycanrepresenthe
sameobjects,road crossingsfor example, it is very importantto
maintainthelinks betweerthe sameobjectsin thedifferentgraphs.



Thesdinks enablealgorithmsto choosédhelevel of detailthey need
for doingtheir computations.

It mustalsobepossibleto usethetransitionlinks betweerdifferent
graphsof the samelevel to join severalgraphsinto onegraph.For
example,a route plannerfor somebodywithout a car may needa
combinedgraphof all publictransportsystems.

As mentionedabore, it shouldbe possibleto addextrainformation
to thegraphswhichis notderivablefrom graphsatthelowerlevels.
In orderto do this, we needto develop aneditor for thegraphs. =

“Geospatial' Ontology. We needto develop an ontology of in-
terestingstructuresvhich canoccurwithin graphsroadcrossings,
roundaboutspors, train stationsetc.). Suchanontologywould be
theanchorpointfor variousauxiliary structuresandalgorithms,in
particular:

patternawhich allow oneto identify the structurein agraph,
aroundaboutfor example;

transformationalgorithmswhich simplify the structuresto
generatehe nodesandedgesn the graphsat the higherlev-
elsof thehierarchy;

transformatioralgorithmswhich generategraphicalor ver-
bal representationf the structureon thescreen.

The ontology will also be usedto annotatethe structuresin the
graphs. u

Ontology of Graph Types The graphsat the differentlevels of
the hierarchyprovide the datafor solving differentkinds of prob-
lem. We needto classifythe graphtypes,suchthatit is possibleto
chooseheright graphfor a givenproblem.Exampledor this (e.g.
“driver level” vs. “planninglevel”) canbefoundin [[30].

Geospatiabatais availablein mary differentformatswhich con-
taininformationof differentlevelsof detail,coarsenesandgeneral
structure.Justasthereis no singleideal formator structure there
alsodoesnt exist anideallevel of detail. Eachtype of application
mightrequireacertainlevel of compleity and/orresolutionof de-
tail, thetwo of which in generalarecomplementaryComple ob-

jectsor featuresareusedin orderto hide theirinherentcomplexity

andto simplify their handling. Thesecomplex objectsare com-

posedof simple(or simpler if thereexist multiple differentlevels)

featureswhich in turn containinformationof higherdetail. Ona

larger scaletherefore complex objectsfacilitateef cient handling
and sene on an overview level. Wheneer the applicationoper

ateson a comparablylarge scale processings not hamperedy a

hugeamountof highly detailed,smallerscaleinformation- which

is atthis point mostlikely not evenof ary use.Renderinga cadas-
tral mapof a town which shaws streets propertyboundariesand
positionsof buildingsis normallynotrelianton sub-centimetrees-
olution. Moving to a smallerscaleervironment,howvever, reveals
theimportanceof higherdetail. Whatever super uousinformation
could be disrggardedbefore might be essentiafor smallerscale
processing.Samecadastrabata,whenprocessedor examplefor

taxationpurposesbetterbe highly accurate.

Thefollowing sectionsdiscussrepresentationsf the sameobject.
Adheringto the underlyingproblemdomainwe take a closerlook

atanintersectiorof streetavhichis modelledatthreedifferentlev-
elsof detail. Subsequentlyve dicusspossibletransitionsbetween
thesdevels.

Figure 4: High detail

Fig.d shavs arichly detailedrepresentatiomf an intersectionof
two streetsjncludinganunderpas¢dashedines), streetsggments
(numberedhodes) and pedestriarpathways (alphabetisedhodes).
Even someroadfurniture — in this casesignswhich constrainthe
directionof trafc ow —is implicitly givenby the directededges
betweenthe nodes. For example getting from node 1 to node7
is achieved by traversingthe nodes2,3,4,5,6in betweenwhereas
fromnode9 or 10thereexistsnofeasibletraversalto node7 within
thelimits of this particularsectionof the graph. Similar rulescan
be deducedor the pedestriametwork.

An intermediatesimpli ed versionof thiscrossings shavn in Fig.
It containseenoughinformationatthe planninglevel for standard
navigationpurposes.

Figure5: Medium detalil

Finally, onecancollapsethewholeroadcrossingnto asinglenode
of the road network asseenin Fig.l@ This is sufcient for path
planningon alargerscale.

Figure 6: Low detalil

Thede nition of thesedifferentlevelsis dependinchighly on the
speci ¢ purpose. A conceptuaimodel proposedfor routing pur
posesof cartrafc on a highway network [29] consistsof three
differentlevels: planning instructionanddriving. In this model,
someoperation®n onelevel canbebrokendown into correspond-
ing operationsat a lower level. Thus, the instruction“take exit
510a” correspondso aserieof driving operationsimilarto “c han-
ge to theright lane slow downto 25 MPH, take exit lane at exit
510a”. Note that lowerlevel operationsdo not necessarilyneed



to have a higherlevel counterpartasfor examplethe driving in-
structions“slow down” or “accelerate” cannotbe found on the
planninglevel. In this speci ¢ conceptuaimodel, this constraint,
dueto the inherenttop-dawvn approachcan be properly handled.
Othermodelscouldfavour a bottom-upor otherapproach. u

Ontology of Means of Transportation. A graphin generalrep-
resentonly routes,i.e. the roadsof a roadnetwork or the tracks
of arailway network. Becauseof theirimportancefor the routing
processa lot of additionalinformationis neededthough. Char
acteristicsof a connection suchasspeedimits, numberof lanes,
etc. areequallyimportantastrain schedule®r travel times. Many

other attributesnot only pertainingto the network characteristics

(e.g.signagetrafc lawsandregulations roadcapacitiesetc.) but

alsoto other elements ;such as vehiclesand their characteristics

have to betakeninto account.

Thereforewe needto develop anontologyfor all kinds of objects
which are connectedvith the graphs. Sectiori3.d describesvork
in progressiealingwith the expansionandfurther developmentof
anexisting ontology u

Context Modelling. In the introductoryexampleswe shavedthat
querieswhich require‘locationalreasoning’'needto take into ac-
countthe contet of the user We mustthereforedevelop a formal
modelof the context. The context can,for example,bethecurrent
situationof a humanuser:whetherhe hasa caror not, whetherhe
hasluggageor not, his ageandsex, andmary otherfactors. u

CustomisedGraph Construction. As we have seenin the intro-

duction,mary “locationalreasoningproblemsrequirethe solution
of shortestpath problemsin a graph. The concretegraphwhich

is relevantfor the given problem,may, however, not be oneof the
graphswhich are permanentlyavailable. It may be a combination
of subgraphdgrom differentgraphs,andthe combinationmay be
determinedby the contet of the problem. Thereforewe needto

develop mechanismgor determiningand constructingfor a given
problemtheright combinationof subgraphsstheinputto therel-

evantproblemsolvingalgorithm.

Aiding in graphconstructionand alsoin solving the problem of
level of detailwould be mechanismswhich transformunderlying
datato whatever level of detailis neededor acertaintask.Depend-
ing on the underlyingmodel, eitheror both automatedyeneration
of more detail andlessdetail thanthe original dataprovide is de-
sirable. Wheneer necessarythe level of detail could be statedin
conjunctiorwith aqueryandsubsequerdqueriesshouldbepossible
with eitherthe sameor increased/decreaséalel of detail. While
increasinghe coarsenessf dataseemdik e a feasible albeitnon-
trivial, task,thereverseprocesseemdar lessintuitive.

StellandWorboys [27] proposegeneralisatiorof graphlike struc-
turesby de ning selectiorandamalgamatiorastwo differentkinds
of operationsvhicharecombinedn asocalledsimpli cation. Par
tially basednorin uencedby work of PuppoandDettori[25] and
Bertolotto[4] they applytheirconcept®nexampleof railway net-
worksin Britain. In this paperwe try to incorporatedifferentideas
andconceptsincludingtheonesmentionedibove, into amoregen-
eralapproachwhichis suitablefor our speci ¢ problemdomainof
routingandway nding. L]

The Main Problem Solvers. Finally we needto adaptor develop
the algorithmsfor solving the main problems. Theserangefrom
“shortespathin agraph'algorithmsto logical calculifor reasoning
with symbolicinformation. Fortunatelymostof thesealgorithms
arewell developedandcan,hopefully betakenoff theshelf. =

Graphs

Apart from classicexamplesbasedon roadtrafc asseenin Fig.
@ thevery sameprinciplescanbe appliedundervery differentcir-
cumstanceandevenonasymboliclevel.

@)

@)

Figure 7: Plain Floor Plan without and with Network Overlay

Indoor navigation of autonomousehiclesrequiresa detailed oor

plan,asshavnin gure (1) of Fig. 7. In orderto planaway from,
say the entranceof the building to a particularof ce, suchade-
tailed oor planis not necessary A simpli ed netplan, suchas
shavn in picture(2) of Fig. 7 is muchmore suitablefor this pur-
pose.Thesimpli ed plancanbe generatedrom the detailed oor

plan.

Finally, one cancollapsethe whole building to a singlenodein a
biggercity map. Thenodeis sufcient for planninga paththrough
the city to this building. In a similar way, symbolicdatacanbe
represented.

The left handside of Fig. 8 shawvs the boundariesof two of the
Germarstatesandsomecities. Theboundarieganberepresented
aspolygons,andtheseare againjust graphs. In the right picture
the polygonsarecollapsednto singlenodesof agraph. Therela-
tion “polygonA is containedn polygonB' is turnedinto anNTTP
edge(Non TangentialProperPart) of the new graph. The relation
“polygonA touchespolygonB' is turnedinto an EC edge(Exter
nally Connectedpf the new graph.For moreinformationon these
RCCB8relationssee[9].

SampleQueries

Apart from the query underlyingthe main scenariopresentedn
section2, we presenta few exampleswhich illustratethe different
applicationpossibilities.

Example 1. Considerthe query“give me all cities betweerMu-
nich andFrankfurt”. Whatdoesbetweermeanhere?If we take a
map of Germany anddraw a straightline from Munich to Frank-
furt, it doesnot crossmary cities. A more elaborate(and still
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Figure 8: Symbolic Data Representation

too simple) formalisationof betweencould be: in orderto check
whethera city B is betweerthe cities A andC, computethe short-
estroute R; from A to B, the shortestroute R, from B to C and
the shortestroute R3 directly from A to C. If the extra distance
d = lengh(Ry) + lengh(Rz) lengh(Rs3), | needto travel from
Ato C via B, comparedo the directroutefrom A to C, is smaller
thana certainprede nedthresholdvalug B canbe consideredo
be locatedbetweenA andB. Of course,the thresholdvalueis of
discretionarynature. Also, solutionsbasedon fuzzy valuesmight
prove usefulhere.In ary casethedistanced couldbeusedto order
theanswergo thequery u

Example 2. Supposea company looks for a building site for a
new factory Thesite shouldbe closeto the motorway. “Closeto”
doesin this caseof coursenot meanthe geographidistanceo the
motorway. It meanghetime it takesfor avehicleto getto the next
junction of the motorway. The length of the shortestpathto the
next junctioncanbeturnedinto afuzzy valuewhich,in turncanbe
usedto orderthe answergo the query

Weturnedtherelationcloseto( poirt;line) into ashortespathprob-
lem whoseresultis thenturnedinto a fuzzy value asthe resultof
closeto( poirt;line). [

Example 3. Supposehe databaseontainsa road map, together
with dynamicinformationabout,say traf ¢ jams.Theinformation
abouttraf ¢ jamsis usuallynotvery precise .t couldbesomething
like“thereis atrafc jamontheM25 2 mileslongbetweerjunction
8 andjunction10”.

If the M25 is taken asa straightline thenthetrafc jamis aone-
dimensionalinterval whoselocationis not exactly determinedIn-
steadwe have someconstraintsiength= 2 miles, startafter coor
dinateof junction8, andendbeforecoordinateof junction10.

So querieslike “is therea trafc jam on the westernpart of the
M25” give riseto a constraint-solvingroblem. u

3.2 GeoOntology- OTN

As alreadymentionedin section3.1 a transportnetwork oriented
ontologyis needed MPLL usesthis ontologyfor differentaspects
of the reasoningprocesssuchas decidingwhat networks to use,
how to handleconstraintsand preferencegthe useris 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
TransportNetworkOntolagy (OTN) is basedon prior work in this

area.Theideasandprinciplesunderlyingthe GeayraphicDataFile

format(GDF) [17] senesasthe basisfor OTN. For acomprehen-
sive introductionto GDF andtechnicalissuesbetweenGDF and
OTN se€[16].

GDF wasprimarily designedo facilitateanaccuratanodelling of
streetnetworks with someextensionsto waterways (in the sense
of an extensionto the streetnetwork). Since OTN shall not be
restrictedto roadtrafc, othermodesof transportatiorhadto be
representedvith the mainfocuson seamleséintegrationof differ-
entspeci cities. Thealreadycomprehense coverageof roadnet-
works is expandedwith public transportnetworks, suchasbuses,
trainsandair planes.

Thecompletedescriptionof the currentstateof developmentof the
ontologyis beyondthescopeof this paper neverthelessheauthors
wantto give one examplefor a necessananduseful extensionin
the senseof interactionbetweerMPLL andthe ontology Thefol-
lowing paragrapliealswith anaspecbf transpornetworks,which
haspreviously notbeencoveredby GDF, time tablesandschedules
for publictransporisystemsOtherdesirableextensionsarefor ex-
amplemodellingthe useand pricing of taxicabs differentpricing
schemedor public transportsystemsdynamicsof trafc o w in-
cludingcongestionsandmary otheraspects.

Time Tables— Oneof themostimportantextensionsn OTN is the
modelling of time tables,which containthe operatve scheduleof
publictransportsuchasferries,trains,etc. While GDF only allows
for specifyingthe hoursof operation(from - until), this part has
beensubstantiallyextendedfor OTN to caterfor the requirements
of routing tasks. As the following exampleshaws, all necessary
detailsde ning a connectiorcanberepresented.

Eachconnectionsuchasa ferry connectioror a railway segment
betweenwo stationscanown atimetable which containsat least
oneTimetable Eachoneis valid within a certainvalidity_ Period,

i.e. duringthistime,theserviceis operational Fromstarting. Date
on, for a periodof time. duration the serviceoperatesvery loop-

Time The startingnodeis denotedby a referencein starts at,

the durationof travel is de ned in travel Time Optionally wait-
ing_ Time speci esthe idle period beforedeparture for example
for boardingor disembarkinga ferry.

The following timetablede nes a serviceoperatinghourly from
6:30to 18:30,from nodeA to nodeB, whichhasatravel time of 30
minutesanda waiting time of 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
Thereasonindayerqueriesdealwith:



differentlocations
boundingboxes
overlappingnetworks

secondarylata(landmarksaddressestc.)

Adaptationof the datais necessarysincewe needgraphsstruc-
turesfor working with MPLL (examplesare given in section4).
Whatever the underlyingdatasourcemay be, we needto translate
the communicatiorformatinto a MPLL compatibleone. Ideally;
graphsprecomputedr generatesn the y for speci ¢ purposes.
The necessanattributesare differentregardingdifferent network
structures,i.e. different attributes are neededfor pedestriamet-
works asopposedo carnetworks or railway networks. Although,
inherentlysimilar networks have similar attributes,e.g.the sched-
ulesof busestrams,subways,andregionaltrains. Thegraphwrap-
pertakesa queryfrom MPLL, andsendshe correspondingneto
the mediationengine. Thenhe takesbackthe answerand sendst
to the reasonindayer level. We avoid ef ciency problem,asthe
translationstepis locatedon the sener side. If directly accessing
known databaseye simply getthe data,andthenMPLL canwork
with it. Using VirGIS helpsin gettinga speci ¢ geospatiakntity
without having to dealwith integrationproblem.

VirGIS is a geographicmediationsystemthat provides an inte-

gratedview of thedatatogethemith a spatialquerylanguageRe-

sultsareprovided usingGML format,andtheneasilytranslatable,
into graphsstructureusing XML suitableoperators MPLL works

on oneor moregraphs.Eachgraphrepresents homo-genicnet-

work structurewith certainnodeandedgeattributeswhicharenec-

essarnyfor routing (e.g. travel times, distancesspeedsgcongestion
information, etc.). If morethanone graphis neededj.e. when-
ever differentmodesof transportatiorarecombinedthenthereare
speciallydesignatedransitionpointswhich facilitatechangingoe-

tweendifferentgraphs(i.e. networks). Thesetransitionpoint have

specialattributesand sometimeghey representa network them-
seles, for examplethe airport buildings, which arelogically lo-

catedbetweertravel by planeandthe subsequertravel by taxi or

train.

As shawvn in Fig. 9, we usea mediationengineas the interme-
diate layer betweenthe reasoningengineand the local sources.
Whendealingwith an entity hostedin a single source the medi-
ator transmitsqueriesandresults. If the datais distributed over
several databasesthe mediationprocedureshelp in splitting the
global queryreceired from the MPLL engine,andbuilding anin-
tegratedresponsérom local results.In practice whenusingamo-
bile device to solve the problempresentedn section2, we may
have to querybotha singledatasourceproviding the pedestrian
streets  graph,andtwo heterogeneousourceproviding bridges

If bridges aredistributedasin Fig. 9, we facebothwith vertical
(district1isin GIS1andGIS3)andhorizontal(districts1to 6 cover
the whole town) integration. This would add an integration prob-
lemto thereasoningone. That's why we chooseo useVirGIS for
computingthe bridges  graphstructure. Next sectiondetailsthe
differentstepsof the queryexecutionwhensolving the “pharma-
ciesproblem”.

4. A SOLUTION FOR THE USE CASE
We detail belav the examplepresentedn Fig. 1. For this classic
routing problem,we dealwith:

pedestrian streets

m

( wrapper )

Mediator

) o0 asa
GIS 1 : bridges of districts 1,2,3

GIS 2 : pedestrian streets
GIS 3 : bridges of districts 1,4,5,6

Figure9: Accessingthe local sources

Startingposition(by context and/ordevice)

Goal position(s)- this canbe explicit or implicit, i.e. there
mightbeagoaldescriptionwhich expressesertainqualities
the goal mustfull (e.g. openinghours, serviceprovided,
price,neighbourhoodegtc. —therearecountlespossibilities)

Userpreferenceandcontet information

<GetFeature>
<QuerytypeName="pedestrian_streets">
<ogc:Filter><ogc:Or>
<ogc:PropertylsEqualTo>
<ogc:PropertyName>district</ogc:PropertyName>
<ogc:Literal>2</ogc:Literal>
</ogc:PropertylsEqualTo>
<ogc:PropertylsEqualTo>
<ogc:PropertyName>district</ogc:PropertyName>
<ogc:Literal>4</ogc:Literal>
</ogc:PropertylsEqualTo>
</ogc:Or></ogc:Filter>
</Query>
</GetFeature>

Figure 10: Local WFS query extracting pedestrianstreets

Oncethecriteriasaresetatthe higherlevel, we obtaina setof rules
thatareto be appliedon graphsnetworksin relationwith speci ¢

needgfor answeringhe query Theseruleswill thenbetranslated
by the graphwrapperin orderto querythe right sourceshrough
VirGIS andgetbackthe graphs. In the main example,we would

needpedestriarstreetsandbridgescovering districts2 and4. The
queryin Fig. 10 extractssuitablestreetfrom a singledatasource.

Both queriesin Fig. 11 areexecutedon distinct sourcesandtheir
resultsaremergedby the mediationengineto build a singlegraph,
transmittedo thereasonindayer

Globalschemausedby themediationengineis basedn geospatial
entitiesdescribedn the ontology so we have no correspondence
problemswith featuresmanipulatecby the reasoningayer asex-
plainedin 3.1



<GetFeature>
<QuerytypeName="bridges">
<ogc:Filter><ogc:PropertylsEqualTo>
<ogc:PropertyName>area</ogc:PropertyName>
<ogc:Literal>2</ogc:Literal>
</ogc:PropertylsEqualTo>
<logc:Filter>
</Query>
</GetFeature>

Local WFS queryextractingbridgeson GIS1

<GetFeature>
<QuerytypeName="geo_feature_bridge">
<ogc:Filter><ogc:PropertylsEqualTo>
<ogc:PropertyName>district</ogc:PropertyName>
<ogc:Literal>4</ogc:Literal>
</ogc:PropertylsEqualTo>
<logc:Filter>
</Query>
</GetFeature>

Local WFS queryextractingbridgeson GIS3

Figure 11: Fusion of data for building a singlegraph

5. CONCLUSIONS

One of the key featuresof the SemanticWeb is that dataon the
web canbeinterpretedwith respecto their meaningtheir seman-
tics. The meaningcanbe representedéh variousways, asontolo-
gies,asaxiomsin somelogic, asrulesin somerule languageand
evenwith specialpurposeproceduresWe shaw thatfor a number
of problemsthe useof higherlevel reasoningnechanismsnainly
basedon graphsand graphalgorithmsis a very ef cient solution,
especiallyfor mobile applications. The graphrepresentationare
to be found on differentlevels with respectto differentapplica-
tions. At thebottomendof the hierarchywe have detailedmapsof
the geographi@ntities(roadmaps,undegroundmaps, oor plans
etc.) At theupperendwe have purely symbolicrepresentationef
conceptsaandrelations. The correlationbetweerthe differentlev-
elsis achieved by “mappings”of the lower level graphsto nodes
or edgesin the higherlevel graphs(roadcrossingshuildings, city
boundarie®tc.) 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
presentatiomn all kindsof differentdeviceswith very differentca-
pabilites. Coupling the reasoningcapabilitiesof MPLL with the
VirGIS mediationengineis oneof the key issueswhich opennen
perspectiesfor the integratedapproach.While this paperreports
onwork in progressthebroadpossibilitiesfor the conceptsappli-
cationsin concretesystemsaswell asthe re nementof different
aspectsn furtherresearchindicatedts potential.
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