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Semantic Modelling of 3D Multi-
Utility Networks for Urban 
Analyses and Simulations:
The CityGML Utility Network ADE
Tatjana Kutzner, Chair of Geoinformatics, Technical University of Munich, Munich, Germany

Ihab Hijazi, Urban Planning Engineering, An-Najah National University, Nablus, Palestine & Technical University of 
Munich, Munich, Germany

Thomas H. Kolbe, Chair of Geoinformatics, Technical University of Munich, Munich, Germany

ABSTRACT

Currentdatamodelsforrepresenting,exchanging,andstoringutilitynetworksoftenmeettheneedsof
specificdomainsonly,i.e.theydonotconsidertheintegrationofdifferentnetworksystems,mutual
relationsbetweennetworksandtheembeddinginto3Durbanspace.Theseimportantprerequisitesfor
urbananalysesandsimulationsaremetbytheCityGMLextensionUtilityNetworkADE.Originally
developedfordisastermanagement, thisarticlepresents thefurtherdevelopmentof theADEby
newandrevisedconceptsthatresultfromanextensiveanalysisofrelevantusecases.Acatalogueof
requirementsispresented,currentdatamodelsareevaluatedagainsttheserequirements,andtherecent
developmentsandrefinementsoftheADEareexplainedindetail.Thisincludestheconceptsofinter-
featurelinksandnetworklinks,thelinkingofnetworkcomponentswithcityobjects,themodelling
offunctionalcharacteristics,arefinednetworkcomponentsmodule,andanewelectricitynetwork
package.Inaddition,anoverviewofprojectsthatsuccessfullyhaveappliedtheADEisprovided.

KEywoRDS
3D City Models, 3D Data Models, 3D Utility Networks, CityGML, Multi-Utility Networks

1. INTRoDUCTIoN

Semantic 3D city models represent city objects, such as buildings, bridges, tunnels, roads, and
vegetation, thatmainlyconstitute thevisiblepartsofacity.Cities,however,alsoexhibita large
numberofcityobjectsthatarenotapparentatfirstsight,butthatarecrucialtothefunctioningof
thecityasasystem.Thesecityobjects,whichare(often)hiddenbelowground,contributetothe
infrastructureofacityintheformofnetworksforwater,electricity,sewage,gas,telecommunication,
andotherpublicutilities.Modernsocietydependsonastableandcomplexarrayofthesenetworks
todeliverthevariouscommodities.Utilitynetworkinfrastructuresrequireasophisticatedmodelfor
managingthenetworksandtheirrelationstoothernetworksystemsandforprovidinganintegrated
viewtounderstandtheinteractionbetweencityentitiesandutilitynetworks.

Onewell-knownstandardforrepresenting3DcitymodelsistheinternationalOGCstandard
CityGML(Grögeretal.,2012).However,UtilityNetworksarenotincludedinthestandard.CityGML
allowsforsystematicallyextendingthecoremodelwithapplication-specificattributesandobject
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typesbymeansof so-calledApplicationDomainExtensions (ADE), toenable representingcity
objectswithin3DcitymodelswhicharenotpartoftheCityGMLcoremodel.Acomprehensivelist
ofADEsthathavebeencreatedoverthepastyearsfordiverseapplicationsisgivenin(Biljeckiet
al.,2018).Specifically,forapplicationsdealingwithsupplyanddisposalnetworks,theCityGML
UtilityNetworkADE(Beckeretal.,2011;Beckeretal.,2012b;Kutzner&Kolbe,2016)provides
conceptsthatallowformodellingdifferenttypesofnetworks.

TheCityGMLUtilityNetworkADEwasoriginallydevelopedbasedontheusecaseofdisaster
management.Thedevelopmentstartedin2009aspartofaprojectcalledSIMKAS3Dthataimed
atidentifyingandanalyzingthemutualinterdependenciesofcriticalinfrastructuresandsimulating
cascadingeffectsinthefailureofsupplyinfrastructures(Beckeretal.,2012a).Thedevelopment
wasfurthercontinuedin2015aspartoftheprojectRiskAnalysisSupplyInfrastructurethatstudied
thepossibilitiesofutilizingsupplyinfrastructuresintrainingsimulatorsforcrisisscenariosandfor
simulatingtheimpactoffailuresonthepopulation.

In2016,aninternationalandinterdisciplinaryworkinggroupformedthatsystematicallyanalyzed
abroadvarietyofusecasesbeyonddisastermanagement,collectedrequirementstomaketheUtility
NetworkADEusableforawiderrangeofusecasesandevaluatedtheADEagainsttheserequirements
tobeabletoprovideawell-groundedrationalefortheconceptsdefinedintheADE.Asaresultof
thiswork,theADEwasrevisedandshortcomingswerefixed.Conceptsthatarerequiredbyspecific
usecases,butarenotyetsupportedbytheADEorarenotyetelaboratedindetail,havebeenadded.
Alreadyexistingconceptsthatprovedtobemodellednotsemanticallypreciseenoughhavebeen
refined.Inaddition,testdatasetshavebeendevelopedandusedinevaluatingtheconceptsdefined
intheADEbasedonselectedusecases.

ThispaperpresentstheresultsoftheusecaseanalysisandthenewdevelopmentsoftheUtility
NetworkADE.Severalusecasesinthecontextofutilitynetworksareintroduced,acatalogueof
requirementsspecifictoutilitynetworksispresented,anditisshownthateachusecasehasdiffering
requirementstobefulfilled.Inaddition,severaldatamodelsprevalentinthegeospatialdomainfor
representingutilitynetworksareevaluatedagainsttheseextensiverequirementstoanalyzetowhich
extenttheycovertheneeds;theevaluationshowsthattheCityGMLUtilityNetworkADEprovidesthe
bestcoverage.Afterwards,thepaperexplainsthenewandrevisedconceptsoftheADE;thisincludes
networklinks,arefinednetworkcomponentsmodule,themodellingoffunctionalcharacteristics,
andanewelectricitynetworkpackage.Inaddition,existingconceptswhichturnedouttobeeasily
misunderstoodwhenapplyingtheUtilityNetworkADEinpracticeareexplainedmoreprecisely;this
includesinter-featurelinksandthelinkingofnetworkcomponentswithcityobjectssuchasbuildings,
hydrants,orstreetlights.Inaddition,thepapergivesanoverviewofprojectsthatsuccessfullyhave
appliedtheUtilityNetworkADEandwhichalsoofferpubliclyaccessibletestdata.

Thepaperissubdividedintosixsections.Section2discussesusecasesforutilitynetworksand
theirrequirements.Section3reviewsdifferentutilitynetworkdatamodelsandevaluatesthemagainst
therequirementsidentified.Section4describesthenewandrevisedconceptsoftheCityGMLUtility
NetworkADE,section5presentsprojectsthathavesuccessfullyappliedtheADE,andsection6
concludesthispaper.

2. USE CASES AND THEIR REQUIREMENTS

2.1. Utility Network Use Cases
Theexplorationoftheinformationrequirementsforutilitynetworkapplicationswascompletedwith
agroupof20personsfromdifferentfirmsandorganizations.Thepersonsaredealingwithawide
rangeofutilitynetworktasksfromdifferentdomainssuchasstormdrainage,water,electricity,energy
planning,andfacilitymanagement.During theworkshopsa listofusecaseareaswhich include
electricitygridplanningandsimulation,wastewaternetworkplanningandoperation,navigation
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withinutilitynetworks,urbanfacilitymanagementandcitysystemsimulationandsmartcitieswas
compiled.Inthefollowing,specificusecasesfromtheseareasarediscussed.Wewereespecially
interestedinthoseusecasesrequiringanintegrationof1)utilitynetworkswithcitymodels,or2)
multipletypesofutilitynetworks,or3)functionalmodelingwithinutilitynetworks.

2.1.1. Storm Drainage Network
Waterauthoritieshavetheresponsibilitytoplanandmanagestormdrainagenetworks,toreducethe
overflowinstormdrainagesystems,andtosecurethecityfromflooding.Waterauthoritiesneed
toknowthebuildingsites(area/volume,private/public),buildingroofsandsewersystemsthatare
connected to thestormdrainagenetwork, theareasof roofsand the landsurface type.Thiswill
allowthecitytoestimatetheamountofwaterthatwillbedischargedintothestormdrainagesystem.
Therefore,thereisaneedtocalculatethebuildingroofareas,thedifferentbuiltupareasandtheir
coveringmaterials.Moreover,thisinformationisofgreatimportancetothecityinordertocalculate
thefeestheyneedtochargefromcitizens(Ofwat,2019).Theusecaseisanexampleof(1)integration
ofutilitynetworkswithcitymodels.

Waterauthoritiesdonotyethaveatoolthatallowsthemtosearchthenetworkandquicklyaccess
the information thatenables them toconnect to thebuildingsandget informationabout its roof
properties;also,theyneedtogetinformationaboutbuilt-upareasthatareusedasparkingorasphalt
yards.Thewaterauthorityneedstobeabletogettheareaofbuildingsandnon-permeablesurfaces
thatareconnectedtospecificpartsofthenetwork.Retrievaloftherelevantinformationaboutthe
roofsandothersurfacesisimportantinordertotakeactionstochangethesesurfacestoapermeable
onewherewatercansoakin.Also,atextualdescriptionthatisprovidingareferencetothelocations
ofthebuildingandtheirownerswouldbeuseful.Informationabouttheareaoftheroofs,surfaces
andbuildingusesisofgreatimportance(Haoetal.,2012;Sohailetal.,2005).

2.1.2. Clean Water Act
Thesecondusecase refers to the inspectionofwastewater (Figure1).Cityauthoritiesperform
regularinspectionsofsomebuildingsinthecity(e.g.chemicallabs,factories)toensurethatthewater
dischargedfromthesebuildingsdoesmeetthesafetystandardsofpublicwaterresources(EPA,2019).
Theinspectionteamneedstofindthelocationoftheseelementsinsidethesebuildingstotestwhether
theyareworkingproperly.Also,thereisaneedtoestablishalinkagetonaturalwaterresourcessuch
asstreams.Amethodthatprovidesthewaterauthoritywiththeabilitytoforcerulesonthenetwork
thatcanbelinkedtothenaturalwaterresourceisusefulinthisusecase.Usingconnectivityrule
techniques,thenetworkauthoritycancontrolhowtoconnecttoothersystems(Hijazietal.,2012).
Thisusecaseprovidesanexampleof(1)and(2);itrequirestheconnectionbetweenutilitynetworks
andcitymodelsaswellasbetweenmultipletypesofutilitynetworks.

2.1.3. Vulnerability Assessment and Disaster Management Emergency Response
Thisusecasereferstodisastermanagementindifferentstages,i.e.,vulnerabilityassessmentand
emergencyresponse.Theusecaseisanexampleof(3),i.e.itrequiresfunctionalmodelingwithin
utilitynetworks.Vulnerabilityassessmentisofgreatimportance,ascitiesneedtoknowtheeffectsof
naturalorman-madedisastersonutilitynetworks.Importantinformationtoknowistheareathatcan
beaffectedandhowthiscanaffectspecificnetworksystems.Thecityneedstoknowthebuildings
andcityfacilitiesthatwillbeoutofservicebasedonanaturalorman-madedisaster.Abovethe
interdependencybetweenaspecificnetworksystemandothernetworksystemsisofgreatimportance.
Havingthedifferentnetworksystemsandthecityobjectslinkedinonedatamodel(cf.Figure2)
willfacilitatevulnerabilityassessmentofthecityinfrastructureinordertodevelopmitigationplans.

Inemergencysituations,whentheprecise locationofashut-offvalveandtheresponseina
timelymannerarekeyissues,e.g.duringfireincidents,thecrewteamshouldbeabletodisconnect
anypart(s)oftheservicesystem.Inaddition,damageinnetworksystemscanaffectaccessibilityto
thecityandcanthereforeaffectcitylife(Beckeretal.,2012a;Ouyang,2014).
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2.1.4. Maintenance Operations and Facility Management
Thisusecasefocusesonnotifyingresidentsaboutascheduledorunscheduledmaintenance.Facility
managersneedtoperformmaintenanceoperations,whichcaneitherbecausedbyafailureinthe
networkorbyplanned(preventive)operation(duetodateofexpirationorcleaning).Bothcaseswill
causeanoutageofservice,becausereplacingofelementsisrequired.Therefore,occupantsofprivate
buildingsorpublicfacilitiesneedtobenotified.Theoperationalworkflowstartsbyannouncingthe
maintenanceoperationpriortoitsdateafterwhichthelocationoftheshut-offvalvemustbedefinedand
submittedtothefieldcrew.Theprocessinthefieldstartsbyclosingtheshut-offvalve.Insomecases,
thereismorethanoneoption,andthebestonetoselectwillbethatwhichaffectstheleastnumberof
occupantsandcityfacilities(althoughthisisnoteasytodefineinthecurrentsystem).Theteamneeds
tobeabletoinputthelocationofthemaintenanceandhavetheGISreturnaninformationproduct
thatincludesa3Dviewthatdescribesthelocationoftheshut-offandprovidesatextualdescription
ofthelocationoftheshut-offinahuman-orientedform.Theviewshouldprovideaperspectiveof
thespacewheretheshut-offis,includingthestructureelements(e.g.manholes,walls,orslabs)and
thenetworksegmentsundersuspicion,thesegmentsbeingconnectedtothestructureelementsboth
upstreamanddownstream,aswellasanyotherstructureelementsthatimmediatelysurroundthe
shut-offlocation.Finally,theteamneedstodefinethenetworkelementsandtheircontainedspace,
orcityobjectsthatwouldbeoutofservicewhentherewillbeashut-off.Also,atextualdescription
isneededprovidingareferencetothelocationofthespacewithinthecityfeature(e.g.buildingor
alongstreet)(Hijazietal.,2012;Haoetal.,2012;Sohailetal.,2005).Theusecaseisanexample
of(2)and(3),astheconnectionofmultipletypesofutilitynetworksandthefunctionalmodeling
withinutilitynetworksisofgreatimportancehere.

2.1.5. Smart Energy Planning, Simulation and Operation
Thisusecaseprovidesanexampleof(1),(2),and(3);itillustratestheneedforaconnectionbetween
utilitynetworks and citymodels and for a connectionbetweenmultiplenetworks.Theuse case
considersco-simulationofelectricalgrid,heatingandcoolingnetworksaswellasenergydemand
estimationusecasesaslistedin(Biljeckietal.,2015).Electricityplannersandenergyauthorities

Figure 1. Building discharge into the storm drainage network, flash signs represent buildings that need to clean the water before 
it is discharged into the storm drainage network, red pipes represent the parts of the network that are connected to the building 
under investigation, blue color represents the natural resource that the network discharges into (Hijazi et al., 2012)
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needtoknowhowachangeinlandusecanaffecttheenergyconsumptionsandproduction.Also,
thereisaneedtomodelinterdependenciesbetweendifferentnetworks.Inmanycases,thestateand
functionalityofelementsinonenetworkaredirectlyinfluencedbychangesinanother.Thereisaneed
toprovidemodellingcapabilitiesofthesedependencies.Connectingnetworkwithsmartcitymodels
willenabletheplannerstoknowthevolumeofnetworkconnectedtospecificelectricitygenerators.
Inordertoenabletheaccumulationoftheloadinthenetworkatdifferentscales,i.e.buildingto
specificblockandblocktocityordistrict.Therefore,networkelementscanbeevaluatedbasedon
thestresstheyhave.Cascadingeffectsassociatedwiththechangeinthenetworkoranewconnection
canbedirectlyevaluated.Moreover,linkingsmartcitymodelstothenetworkwillenableplanners,
forinstance,toselectthebestlocationtofixsolarcellsinthenetwork(IBPSA,2019).

Another important information is related to the ability to perform network analyses of the
differentutilitiesconsideringdifferentscalelevels.Forsimulationpurposes,theabilitytoprovide
networkobjectsthemselveswithinformationaboutthepotentialandcurrentsupplyofcommodities
tothemisimportant.Inaddition,astheissueofsecurityisofgreatimportance,theavailabilityof
supplyareascanbeimportantinthismatter,becausesupplyareasareinparticularusefulwhenthe
detailedmodelingofthesupplylinesisnotavailable(Kutzner&Kolbe,2016).Thisusecasealso
requiresthatenergyplanningauthoritiescandefinerulesofhowtoconnectnetworkfeaturestocity
entitiesandothernetworktypes.Furthermore,thereisaneedofcouplingsmartgridswithbuildings
tosimulatevariousissuesconcerningenergyproduction,consumption,anddistribution(Widletal.,
2018;Agugiaroetal.,2015).

2.2. Utility Network Requirements
Onthebasisoftheusecasespresentedintheprevioussection,keyaspectsthatareimportantto
theseusecasesareidentified.Theseaspectscanbeconsideredasmodelingcriteriaordatamodeling
requirementsregardlessoftheapplicationorthefinalgoal.Theseaspectswillbeusedfortheevaluation

Figure 2. Integrated representation of city objects and different network systems at the Ernst-Reuter-Platz in Berlin as realized 
in the SIMKAS 3D project (Becker et al., 2012a)
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ofselectednetworkmodelsthatwillbediscussedinthenextsection.Asetof18genericandsub-
genericrequirementswereidentifiedintotalandsubdividedintofivegroups:

• Spatialscope:Theusecasesprovideuswiththespatialextentthatisrequiredtofacilitatethe
workflowintheusecase.Someoftheusecaseoperationsneedtobemodeledoncityblock
level,othersoncity levelordistrict level.Providingamodelingmechanismtoaggregateor
disaggregatethemodelstodifferentscopesandextentsisofimportance.

• Spatialrepresentation:Topographicrepresentationisoneofthemostimportantaspectsfor2Dand
3Drepresentationofnetworkobjects.Abilitytooperatewithdifferentgeometricrepresentations
ascomplexesofobjectsisindicatedasanimportantconsiderationforaGIS(Frank,1991;Flick,
1996).Inthispartoftherequirementsinvestigation,weconsiderthefollowingaspects:
◦ Levelsofdetailasanothermethodusedtodecreasethecomplexityof3Drepresentations.
◦ Resolutionand2Dand3Drepresentationofnetworkobjectsandothercityobjects.

• Semanticrepresentation:Mostoftheusecasesrequireasemanticcategorizationofthenetwork
objectsbasedontheirroleinthenetwork.Moreover,othersemanticinformationrelatedtothe
dimensionalities,materials,volume,functions,andgeometricpropertiesofnetworkobjectsare
required.Utilitynetworkobjectsneed to receivesemantic specifications inorder toachieve
interoperability(Montello&Freundschuh,2015;Mark&Turk,2003).

• Spatial and logical relationships:The investigationof theoperation tobeperformedon the
differentusecasesprovidesuswiththerelationshipsthatshouldbepreserved.Thesespatial
relationshipsarerelationshipsbetweennetworkobjectsthemselveswithinthesamenetwork,
betweendifferentnetworks,orbetweennetworkobjectsandothercityfeatures.Topologicaldata
structuresarerequiredasaframeworkforthemanagementof3Dspatialrelationships,i.e.,the
3Dspatialqueryingisoneofthekeyissuesofafunctional3DGIS(Boguslawski&Gold,2008;
Coors,2003;Egenhofer,1995;Ellul,2007).Theserelationshipscanbesummarizedasfollows:
◦ Thereisaneedtolinkatthedatalevelnetworkfixtures(e.g.lamps,sinks)andcityfeatures

(e.g.space,street)inordertoselectthespaces–orpartofbuildingsorcityfeatures–that
wouldbeoutofservice.

◦ Thereisaneedforalinkbetweennetworkelementsthemselvesinordertobeabletotrace
thecommoditiesthataremovingthroughthenetworkobjects.

◦ Thereissomenetwork-to-networklinkagethatmustbemadebetweenthenetworksystems;
i.e.,thelogicalrelationshipbetweenthehotwaterandtheelectricitynetworkthatneedsto
bemaintainedinthenetwork.

◦ Therelationbetweentheexteriorandinteriornetworksneedstobemaintained.

Figure 3. Outdoor and indoor network integrated with 3D building features (Hijazi et al., 2012)
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◦ Finally,thereisaneedtoforceconstraintsonhowtoestablishthedifferentrelationships
mentionedabove.

◦ Networkforindoornavigationtoroutingtogettothelocationoffailureintheutilitynetwork,
i.e.easyaccesspoint.

• Visualization:Realismandinteractionarenecessaryforinformationtobeunderstoodquickly.
Manyauthors(Kofleretal.,1998;Raperetal.,1998;Tempflietal.,1996)recommendutilization
of real images to texture themodel insteadof comprehensivemethods for illumination and
shading.Inthispartoftherequirementsinvestigation,weconsidertherepresentationmethods
suchasiconicandrealisticvisualization.

• Connectiontosensors–timeseriesdata:Someofthedecisionsrelatedtonetworkmanagementor
planningrequiresup-to-date/real-timeinformationaboutthestatusofthenetworkelementsorthe
amountofstocks(e.g.waterlevelinabasin,energylevelofabattery)availableataspecifictime.

Themethodologytodeterminetheimportanceoftheaboverequirementstothedifferentusecases
wasbasedontheauthorsthoroughanalysisoftheusecases,thefeaturesrequiredbyeachusecase
andtheirproperties.Therequirementswererankedusingordinalscale:notneeded,basics,needed
andverymuchneeded.TheresultsoftheanalysisareprovidedinTable1.Itclearlyshowsthatthe
informationrequirementsstronglydependontheapplication.Emergencyresponseposesthehighest
requirementsintotal.Tobeabletosupportemergencyanddisastermanagementandperformrescue,
response,andnavigationintimelymanner,thereisaneedtohavealinkagebetweendifferentnetwork
systemsandalsotohaveaconnectiontocityobjects.Therefore,intheevaluationitgets“verymuch
needed,”butthestormdrainagenetworkusecasegotthe“notneeded.”Geometrical,topological
(connectivityandadjacency),andsemanticinformationshallbeavailable.Manyapplicationsneed
atimecomponentindicatingthestatusofthenetworkobjects,e.g.theavailabilityofcommodities,
eitherthroughthesupplylineorthroughstorage,ataspecificpointintime.Maintenanceoperation
needsinformationaboutthestatusofthecommoditiesinthenetworkataspecificlocationatthetime
ofthemaintenanceoperation,butfacilitymanagementneedsmorematuredrepresentationoftime
dataincludingtimeseriesinordertosupportpredicativemaintenanceoperations.Allapplications
needsemanticinformationtobeabletoaddressthenetworkoperationsinthebestpossibleway.
Althoughnotofgeneralinterest,connectivityrules(hownetworkobjectsconnecttoeachotheror
othernetworktypes)arecriticalforplanningandsimulationofdifferentscenarios.Therefore,itgets
thehighestlevelofimportance,butitneedsbasiccapabilitiestosupportmaintenanceoperations.The
tableshowsthatseveralapplicationsneedreal-timeinformationandconnectiontosensors.

3. REVIEw oF RELATED DATA MoDELS

A range of data models for representing, exchanging, analyzing, and storing utility network
infrastructures exist already. In the course of the development of the CityGML Utility Network
ADE,severalofthesedatamodelshavealreadybeendiscussedindetailinBeckeretal.(2011)and
Beckeretal.(2012b).Thissectionprovidesashortoverviewofthosemodelswhicharecurrently
mostrelevantinthegeospatialdomain.

• The EU Directive INSPIRE provides the INSPIRE Utility Networks model (JRC, 2013a)
whichisbasedontheINSPIREGenericNetworkModel(JRC,2013b).TheINSPIREUtility
Networksmodeldefinesa2Dtopologicalrelationshipbetweennetworkobjectsandallowsfor
representingfivedifferenttypesofnetworks(water,electricity,wastewater,districtheat,and
oil/gas/chemicals).However,thesemanticcategorizationofnetworkobjectsisbasic,i.e.,the
datamodeldefines,forinstance,pipesandcables,butdoesnotprovideafurtherdomain-specific
classificationofthesenetworkelements.Linksbetweendifferenttypesofnetworkscannotbe
represented.
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• TheIndustry Foundation Classes(IFC)isanISOstandard(ISO,2013)whichispredominantly
usedinBuildingInformationModeling.IFCprovidesa2Dand3Drepresentationofnetwork
objects. Relationships between network objects are described using a connectivity concept,
whichcomprisesboththephysicalandlogicalconnectivity.Thus,withtheIFCdatamodelit
ispossibletoestablishalinkagebetweendifferentnetworktypes.IFCprovidesarichsemantic
categorizationofnetworkobjectsbasedontheirroleinthenetwork.However,theIFCdatamodel
wasdevelopedwiththeintensiontoprovideawaytomodelutilitiesatthebuildinglevel.The
integrationofcityscalenetworkonsmallscale(largeareas)isnotsupported.

• ArcGISprovidestwosetsofnetworkdatamodelstomanagethelogicalandphysicalrelations
inanetwork.TheESRI Geometric Networkmodel(Esri,2017a)representsthebasicstructure
foranyutilitynetworktype.Thenetworkiscomposedfromnodesandjunctionswhichcanbe
generatedautomaticallybyArcGISbasedonthephysicalconnectivityofnetworkobjectsthat
arerepresentedaspointsandlinesinthedatabase.ArcGIS Schematics(Esri,2017b)provides
a mechanism to represent the logical relations in a network. Using a relationship class that
representsassociationsbetweennetworkobjects,itispossibletogenerateagraphrepresenting
thelinkagebetweendifferentnetworkobjects.ArcGIShasasetof industry-specificdomain
datamodelsforgas,water,andelectricitythatarecustomizedbasedontheGeometricNetwork
model.However,themodelislackingthetopographicrepresentationofnetworkobjectsin3D
andalsomanagingthelogicalrelationbetweennetworkobjectsisachallenge.

• Another ISOstandard,whichallowsfor representingutilitynetworks, isSEDRIS (Synthetic
EnvironmentDataRepresentationand InterchangeSpecification) (SEDRIS,2006).SEDRIS
focusesontherepresentationandexchangeofsyntheticenvironmentsandallowsformodeling
networksforelectricity,waterandwastewateraswellasforoil,gas,andchemicals.SEDRIS
was developed for training simulation and is to date only applied in the military domain.

Table 1. Requirements relevant to different use cases

Storm 
Drainage 
Network

Clean 
Water Act

Vulnerability and 
Emergency

Maintenance 
Operation

Facility 
Management

Smart 
Energy

SpatialScope
•City ++ ++ + • -- +
•Block + • ++ + ++ ++
•Building • • ++ ++ ++ +

Spatial
Representation

•LOD ++ ++ + + + +
•2Dutilities ++ ++ ++ ++ + •
•3Dutilities ++ • ++ ++ ++ •
•2Dcityfeatures ++ • + + + +
•3Dcityfeatures + + ++ ++ ++ •

Semantics ++ ++ ++ ++ ++ ++

Spatialand
Logical
Relationships

•Indoortooutdoor
network • + + + ++ ++

•Connectivityrules + ++ + • ++ ++
•NetworktoCity
features + ++ ++ + + ++

•Networkitself + + + + + +
•NetworktoNetwork -- + + + + +
•Networkforindoor
navigation -- • ++ + + --

Vis
•Realistic + + + ++ ++ •
•Iconic/Symbols -- + + + • +

Sensors/Timeseriesdata • ++ + • ++ ++

‒ = no needed, • = basics, + = needed, ++ = very much needed
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Disadvantages,however,arethehighrepresentationalambiguityoftheformatatruntimeand
thelimitedsoftwaresupport.

• PipelineML is a GML-based data interchange standard for the exchange of pipeline data
focusingontheoilandgasindustrywhichiscurrentlyunderdevelopmentbytheOGC(OGC,
2016).Initscurrentstageofdevelopment,thestandardfocusesondistributioncomponentsand
2Dgeometriesonly,terminalelementssuchaspumpstationsarenotconsidered,neitherisa
topologicalrepresentationofnetworks.

• MUDDI (Model for Underground Data Definition and Integration)isaconceptualmodelproposed
asengineeringreportbytheOGCwhichaimsatrepresentingsubsurfacenetworkinfrastructures
includingthesubsurfaceenvironment(OGC,2017).Thedatamodeldefinesclasses,butalsouses
interfaceswhichallowforintegratingconceptsfromotherdatamodelssuchasIFCorCityGML.
Inthisway,MUDDIisinterestedtoserveasaunifiedmodelatthegranularityrequiredtoaddress
variousutilitynetworkusecases.

Thedifferentdatamodelswereanalyzedregardingtheirsupportoftherequirementsdefinedin
Section2.Table2providesanestimationofthefitnessofthedifferentdatamodelsfortherequirements
underconsideration.AlthoughtheintroductionoftheCityGMLUtilityNetworkADEwillfollow
inthenextsection,thiscomparisonalreadyincludestheUtilityNetworkADEtobeabletobetter
identifyadvantagesanddisadvantagesofthedifferentdatamodels.

Themethodologyforevaluatingthedatamodelswasbasedontheauthorsrevisionsofthedata
modelsspecificationsforgatheringcapabilities.Thedatamodelswereevaluatedaccordingtothe
criteriadefinedintheprevioussection.Anordinallevelofmeasurementwasused,i.e.nosupport,
basicsupport,sophisticatedsupportandcomprehensivesupport.Forexample,theINSPIREdatamodel
doesnotsupportLOD,therefore,itgets“nosupport”.Ontheotherhand,itprovidesasophisticated
supportof2Dutilities,buttheESRIutilitynetworkdatamodelgets“comprehensivesupport”,because
ofitsextraordinarycapabilitiestorepresentutilitiesnetworkin2D.

4. THE CITyGML UTILITy NETwoRK ADE

TheCityGMLUtilityNetworkADEprovidesconceptswhichallowformodellingdifferenttypesof
networks,suchaselectricity,freshwater,wastewater,gasortelecommunicationnetworks,whichis
inparticularimportantfor3Dcitymodelapplicationsdealingwithsupplyanddisposalnetworks.
Beckeretal.(2011)andBeckeretal.(2012b)provideadetailedintroductiontothedesignprinciples
oftheUtilityNetworkADEaswellasbackgroundandmotivationbehinditsinitialdevelopment.
Inthefollowing,themaincharacteristicsoftheUtilityNetworkADEwillshortlybesummarized.
Afterwards,adetaileddescriptionofthenewandrevisedconceptsthathavebeenaddedtotheADE
inthecourseofitsfurtherdevelopmentisprovidedwithreferencetotherequirementsfromSection
2.2thataresupportedbytheseconcepts.

4.1. Design Principles
ThefollowinglistsummarizesthemaincharacteristicsoftheUtilityNetworkADE:

• Representation of Heterogeneous Utility Networks:TheUtilityNetworkADEisnotrestricted
tospecificnetworktypes;variousutilitynetworksofaregioncanberepresentedsimultaneously
whichallowsformodelingmulti-utilityscenarios.

• Dual Representation: Each network component and each network can be represented
topographicallyandtopologicallyin3Dwithinthesameapplication.

• Hierarchical Modeling at the Feature and Network Level: Network components can be
representedasaggregationsofindividualpartsthatmakeuptheinternalstructureofanetwork
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componentandthat,inturn,representcomponentsofthenetworkthemselves.Networkscanbe
splituphierarchicallyintosubnetworks,superordinateandsubordinatenetworks.

• Representation of Different Levels of Detail:Networksandtheirnetworkcomponentscanbe
representedatvariouslevelsofgranularity,i.e.,aslineandpointrepresentationsorasvolumetric
objects,theycancompriseonlythemostimportantcomponentstobuildupaconnectednetwork
orincludeeverysinglecomponenttoobtainadetailedrepresentationofthenetwork.

• Representation of Functional Aspects:TheADEsupportsthemodellingofsupplyareasand
thecharacterizationofcityobjectsandnetworkfeaturesaccordingtofunctionalroles(e.g.source
andsink)whicharenecessaryforrepresentingsupplyanddisposaltasksandforanalyzingthe
impactoffailuresonregions.

• Linking of Utility Networks with 3D City Models:SincetheUtilityNetworkADEisdefined
asanextensionoftheCityGMLstandard,utilitynetworkscaneasilybelinkedwith3Dcity
models.Thisallowsforperformingcomprehensiveanalysesthatrequireanintegratedmodelling
ofcitiesandtheirutilities.

• Usage as Integration Platform and Information Hub:TheADEdoesnotaimatreplacingother
modelsorsystems,butatprovidingacommonbasisfortheintegrationofthediversemodels
inordertofacilitatejointanalysesandvisualizationtasks,e.g.bymappingdatawhichisbased
ontheIFCorArcGISmodeltotheADE.Inaddition,theADEcanserveasinformationhub
forvariousstakeholdersandvarioususecases.DataconformingtotheADEcanbesharedand
integratedseamlesslywithotherutilities,withoutlossofinformationorfunctionality.

Table 2. Support of requirements by different data models

INSPIRE 
Utility 

Networks

IFC ArcGIS 
Utility 

Networks

SEDRIS Pipeline 
ML

MUDDI CityGML 
Utility 

Network 
ADE

Spatial
Scope

City + ‒ ++ + + + ++

Block + ‒ ++ + + + ++

Building ‒ ++ • • ‒ • ++

Spatial
Representation

LOD ‒ • ‒ • ‒ ‒ ++

2Dutilities + + ++ + + + +

3Dutilities ‒ ++ ‒ + ‒ ++ ++

2Dcityfeatures ++ ‒ ++ + ‒ ‒ ++

3Dcityfeatures ‒ ‒ + + ‒ ‒ ++

Semantics + ++ • + • + ++

SpatialandLogical
Relationships

Indoorto
outdoor
network

‒ ‒ ‒ • ‒ • +

Connectivity
rules ‒ • ++ ‒ ‒ ‒ •

Networkto
Cityfeatures ‒ • ‒ • ‒ • ++

Network
itself + + ++ ++ + + ++

Networkto
Network ‒ ++ ‒ ‒ ‒ + ++

Network
forindoor
navigation

‒ • ‒ ‒ ‒ • •

Visualization Realistic • ++ ‒ + • • ++

Iconic/
Symbols • ‒ ++ ‒ • • •

Sensors/Timeseriesdata ‒ • ‒ + ‒ • •

‒ = no support, • = basic support, + = sophisticated support, ++ = comprehensive support
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• Usage Beyond City Boundaries:TheADEcannotonlybeappliedinurbanareas,butalsoin
suburbanandruralareastorepresentthetransmissionofresourcesfromgenerationplants,wells
andreservoirslocatedoutsideurbanareas.

TheUtilityNetworkADEisstructuredintofivethematicmodulesasisalsoshowninFigure4:

• Network Core: The most important module of the ADE, it defines the topographic model
(featureandnetwork)andthetopological/functionalmodel(featuregraphandnetworkgraph)
(cf.sections4.2-4.5).

• Network Components: Provides the individual components of utility networks including
distributionelements,protectionelements,andfunctionalelements(cf.section4.6).

• Feature Material:Definestheexterior,interiorandfillingmaterialsofnetworkcomponents.
• Network Properties:Defines the liquid,gaseous, solid,electrical, andopticalcommodities

transportedbynetworksandtheircharacteristics(e.g.temperature,electricconductivity,pressure,
flammability).

• Functional Characteristics:Providesthefunctionalconceptssupplyarea,functionalroles,and
suppliability/suppliednessofcityobjects(cf.section4.7).

Thesefivemodulesdefineconceptswhicharerelevanttoalltypesofutilitynetworks.Abovethat,
conceptsmayexistwhicharerequiredbyindividualnetworktypesonly.Forthispurpose,individual
network-specificpackagesfordistrictheating,electricity,gas,freshwater,etc.,areforeseenaspart
oftheUtilityNetworkADE,asisexemplifiedinFigure4bythepackagesDistrictHeatingNetwork,
ElectricityNetwork,andFreshWaterNetwork.Thesenetwork-specificpackagesfacilitatethedetailed
spatialrepresentationandvisualizationofnetwork-specificcomponentsaswellasamoreprecise
modellingofspatialandlogicalrelationshipsinmanyoftheusecasesanalyzedinsection2.2.Section
4.8providesmoredetailson theElectricityNetworkpackagewhich is the firstnetwork-specific
packagedefinedfortheADE.

4.2. Network Core Module
TheNetwork Core moduleshowninFigure5definesthecentralconceptsforrepresentingutility
networks.Topographically,anetworkisrepresentedasanaggregationofnetworkfeatures,i.e.,of
theindividualcomponentsthenetworkisconstructedfrom.Topologically,anetworkisrepresented
throughanetworkgraph,whichiscomposedofthefeaturegraphsoftheindividualnetworkfeatures.
TheseconceptsaredefinedinthedatamodelbytheclassesNetworkandAbstractNetworkFeature
aswellasNetworkGraphandFeatureGraph.Anin-depthintroductiontotheconceptsdefinedinthe
datamodelarepresentedinBeckeretal.(2011)andBeckeretal.(2012b).

ApplicationoftheUtilityNetworkADEtovarioususecasesrevealedthattheaspectsofprecise
semanticsofnetworksandtherepresentationofrelationshipsbetweendifferentnetworksandbetween
networksandcityobjects,asstatedinsection2.2andrequiredbytheseusecases,arenotsufficiently
representedintheoriginaldatamodel.Toovercomethesedeficits,thefollowingrefinementswere
realized:

• Originally, the class Network supported the definition of subnetworks only in the sense of
subordinateandsuperordinatenetworks.Sincetheconceptsofsubordinateandsuperordinate
networkdifferfromtheconceptofsubnetwork,anewbi-directionalassociationwiththerole
names subOrdinateNetwork and superOrdinateNetwork was added to be able to explicitly
distinguish subordinate and superordinate networks from subnetworks. Section 4.4 further
describestheseconcepts.

• FollowingtheattributionoffeatureclassesintheCityGMLspecification,theattributesclass,
function,andusageareaddedtoNetworkaswell.Theattributeclassallowsfordenotingthe
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typeofanetwork.Theattributefunctioncanbeusedtodenotetheintendedusageofanetwork,
whereastheattributeusageshouldbeusedtodenotetheactualusageofanetwork.

• Sometimes,differenttypesofcommoditycanbetransportedsimultaneouslywithinanetwork.
Power lines, for instance, cannot only distribute electricity, but they can also be used for
transferringdatasimultaneously,whichisreferredtoaspowerlinecommunication.Toallow
forthetransportofmorethanonecommoditywithinthesamenetwork,themultiplicityofthe
association transportedMedium between Network and AbstractCommodityType was changed
from0..1to0..*(notshowninFigure5).

• Originally, a composition between Network and NetworkLink existed allowing for explicitly
expressinglinksbetweennetworksofdifferentnetworktypes,suchasbetweenamedium-voltage
andalow-voltagenetwork.SinceNetworkLinkrepresentsatopologicalconceptandNetwork
a topographical concept, the composition should rather link the network topologies of the
correspondingnetworks.Furthermore,networklinksarealwaysrealizedbyindividualnetwork
componentswhichexhibitconnectionstotwoormoredifferentnetworks.Forthisreason,the
compositionisnowmodelledbetweenNetworkGraphandNetworkLink.Section4.4providesa
moredetaileddescriptionofthenetworklinkconcept.

• TheclassNetworkextendsnowtheclassAbstractCityObjectinsteadofAbstractFeature,sincenot
onlytheindividualnetworkcomponentsrepresentcityobjects,butalsothenetworksthemselves.

• NetworkfeaturescanbelinkedtocityobjectsdefinedintheCityGMLstandardsuchasbuildings
orstreetlightsviatheattributeconnectedCityObjectintheclassAbstractNetworkFeature.The
typeoftheattributewasoriginallyprovidedasURI,however,tospecifymoreexplicitlythat
thereferencedcityobjectsarecityobjectsdefinedbytheCityGMLstandard,theattributewas
changedintoanassociationreferencingtheclassAbstractCityObject.Section4.5providesfurther
informationonhowtolinknetworkfeatureswithcityobjects.

4.3. Inter-Feature Link Concept
Whenrepresentingnetworksbytheirnetworktopologies, traditionalapproachesusuallymapthe
completenetworkstructureontoonesinglenetworkgraph,i.e.,linearobjectsaremappedtoedges

Figure 4. Modules of the CityGML Utility Network ADE (UML Package diagram)
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andpoint-likeobjectstonodes.Thismappingapproachbringsaboutseveraldisadvantages:1)Point-
likeobjects,evenwhentheyareofconsiderableheightorlength,cannotberepresentedasedges.
2)Point-likeobjectscanhaveseveralpointsofconnectiontootherlinearobjects.Theseconnection
pointscannotberepresentedtopologicallywhenthepoint-likeobjectismappedtoanode.3)When
removingobjectsfromthetopologicalnetwork,thegraphcanbecomedisconnectedoreveninvalid,
whenedgesdonotstartorendwithanodeanymore.ThisisshownintheupperpartofFigure6.
ThenetworkconsistsoftwopipesthatareconnectedviaaT-fitting,thepipesarerepresentedas
edgesandtheT-fittingasnode.RemovingtheT-fittingresultsinanetworkgraph,wheretheedges
oftheleftandrightpipearenolongerterminatedbystartandendnodesand,thus,thetopological
validityofthewholenetworkgraphcannolongerbemaintained.

Toovercomethesedisadvantages,theUtilityNetworkADEusesadifferentapproachtorepresent
networkstopologically:eachnetworkcomponentisrepresentedbyitsownfeaturegraphandthe
wholenetworkgraphisanaggregationoftheindividualfeaturegraphs.Afeaturegraphconsistsof
exteriornodes,interiornodes,andinteriorfeaturelinksthatarerepresentedbytheclassesNode(the
attributetypeindicateswhetherthenodeisexteriororinterior)andInteriorFeatureLink(cf.Figure
5).Theexteriornodesrepresenttheconnectionpointstootherobjects, theinteriornodescanbe
usedtomodelstructuralorlogicalaspectsinsidethenetworkcomponent,andtheinteriorfeature
linksrepresentedgesthatconnecttheexteriorandinteriornodes(cf.Beckeretal.(2011)foramore
detailedintroductiontothefeaturegraphrepresentationofnetworkcomponents).Thenetworkgraph
ofthewholenetworkiscreatedbyconnectingtheexteriornodesofthedifferentfeaturegraphsvia
so-calledinter-featurelinks,representedintheADEbytheclassInterFeatureLink.Thisisshownin
thelowerpartofFigure6.Thepipesarenowrepresentedasindividualfeaturegraphs,eachfeature
graphconsistsoftwoexteriornodesthatareconnectedbyoneinteriorfeaturelink.Thefeaturegraph
oftheT-fittingconsistsofthreeexteriornodesandoneinteriornodethatislocatedattheintersection
ofthetwoaxesoftheT-fitting,allnodesbeingconnectedviainteriorfeaturelinks.Theconnection
betweenthefeaturegraphsisestablishedviainter-featurelinks.WhentheT-fittingisnowremoved,
thepipesegmentsstillhaveavalidgraphrepresentation,maintainingalsothetopologicalvalidityof
thewholenetworkgraphinthisway.

TheInterFeatureLinkconceptiscomparabletothePortconceptusedinIFCandtheconcepts
ConnectivityNodeandTerminalusedinCIM(CommonInformationModel,cf.section4.8)(EPRI,
2015).Representingthenetworktopologybasedonfeaturegraphsandinter-featurelinksmightat
firstsightlookunnecessarilycomplex,however,onlyinthiswayusecaseswhichrequireextensive
topologicalanalysescanbedealtwithinasatisfactoryway(cf.therequirementonspatialandlogical
relationshipsinsection2.2).Furthermore,withthisapproachitisstillpossibletorepresentnetwork
graphsaccordingtothetraditionalapproachesdescribedabove,supportinginteroperabilitybetween
systemsfollowingthetraditionalapproach(e.g.ArcGIS)andtheUtilityNetworkADE.

4.4. Network Link Concept
Bymeansofnetworklinks,theUtilityNetworkADEallowsforexpressingtopologicalandfunctional
relationshipsbetweennetworks transporting thesame typeofcommodityandbetweennetworks
transportingdifferenttypesofcommodity.Thenetworklinkfulfilsthenetwork-to-networkrelationship
requirementofsection2.2.Therelationshipsareestablishedthroughspecificnetworkcomponents
whichrepresentpointsofcontactor interfacesbetween twoormorenetworks. In the following,
theserelationshipsarediscussedinmoredetailandareillustratedbycommonexamplesofnetwork
componentsactingasnetworklinks.

4.4.1. Network Links Between Networks Transporting the Same Type of Commodity
Atransformerrepresentsacommonexampleofanetworkcomponentactingasnetworklinkbetween
aprimaryelectricalcircuitandtwoormoresecondaryelectricalcircuitstotransferelectricalenergy
betweenthem.Atransformerconsistsoftwoormorecoilsofwire,calledwindings,whicharewrapped
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aroundanironcore,seeFigure7(a).Thewindingconnectedtotheprimarycircuitiscalledprimary
winding,thewindingsconnectedtothesecondarycircuitsarereferredtoassecondarywindings.In
addition,theironcorecanbeconsideredanetworkofitsownwhichtransportsthemagneticflux.
Withincircuitdiagrams,specificsymbolsareusedforrepresentingtransformers.Figure7(b)shows

Figure 5. Refined UML model of the Network Core module. (Blue classes are CityGML classes, yellow classes are defined by the 
Utility Network ADE, green classes are geometry classes from ISO 19107)
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thesymbolofa transformerwithoneprimaryandonesecondarywinding,Figure7(c)withtwo
secondarywindings.

Fromthesetransformersymbols,thetopologicalrepresentationofatransformerintheUtility
NetworkADEcanbederived.AsisshowninFigure8,eachcomponentofthetransformer,i.e.,
primarywinding,secondarywinding,andironcore,ismappedtoanexteriornode.Thenodesof
theprimaryandthesecondarywindingsareconnectedtothenetworkgraphsoftheprimaryand
secondarycircuits,respectively,andthenodeoftheironcoreisconnectedtothenetworkgraphof
theironcorenetwork(thegraphsareindicatedbycircleshere).Theactualnetworklinkbetweenthe
primaryandthesecondarycircuitcanberepresentedintwoways.InFigure8(a),twonetworklinks
areused,onenetworklinkconnectstheprimarycircuitwiththeironcorenetwork,theothernetwork
linkconnectsthesecondarycircuitwiththeironcorenetwork.Thisrepresentationexplicitlyshows
thatitistheironcore,thatestablishesthefunctionalrelationshipbetweenthetwocircuits.Inaddition,
thenetworklinksexplicitlymodelthetransformationofelectricalenergyintomagneticfluxand
viceversa.Alternatively,asinglenetworklinkcanbeusedtoconnecttheprimaryandthesecondary
circuitsdirectly,asisshowninFigure8(b).Atransformercontainingtwosecondarywindingscan
berepresentedinthesamemannerintheADEasisillustratedinFigure9.Usingnetworklinks,we
cannoweasilyexpressthatbyswitchingofftheprimarynetwork,noelectricalpowerisinducedany
moreinthesecondarynetwork(s).

Networklinksbetweennetworkstransportingthesametypeofcommodityoftenrelatenetworks
thatcanbeclassifiedhierarchicallyintosuperordinateandsubordinatenetworks,whereassubnetworks
areratherlinkedbyinter-featurelinks:

• Asubnetworkispartofamoreextensive,interconnectednetwork,allsubnetworksbeinglocated
atthesamehorizontallevel.Anexampleinthefieldofpowersupplyarewide-areasynchronous
gridssuchastheEuropeanelectricitytransmissionnetwork(www.entsoe.eu)whichinterconnects
the transmission networks of 42 electricity transmission system operators, the individual

Figure 6. The role of the inter-feature link in network topologies
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transmissionnetworksbeingsubnetworksoftheinterconnectedEuropeannetwork.Similarly,
adistributionnetworkoperatedbyacertaindistributionsystemoperatorcanbesplitupinto
severalsubnetworks,eachsubnetworkdistributingpowerfromacertaindistributionsubstation
totheconnectedendusers(cf.Figure10).

• Superordinate and subordinate networks, in contrast, represent separate networks which are
locatedatdifferentverticallevels.Allnetworkstransportthesamecommodity,however,the
commoditiesmayexhibitdifferentparameters,suchasdifferentpressurelevels,differentvoltage
levels,ordifferentsignalfrequencies.Power,forinstance,istransmittedanddistributedbasedon
differentvoltagelevels.High-voltagenetworksareusedtotransmitpoweracrosslargedistances,
e.g.frompowerstationstosupplyregions,whereasmedium-voltagenetworksdistributepower
withinasupplyregion.Bymeansofdistributionsubstations,mediumvoltageistransformedtolow
voltageanddistributedvialow-voltagenetworkstotheendusers(cf.Figure10).Hierarchically,
thelow-voltagenetworkrepresentsasubordinatenetworkandthemedium-voltagenetworkits
superordinatenetwork;themedium-voltagenetwork,inturn,issubordinatetothehigh-voltage
network.Inthesameway,gasnetworkstransmitanddistributegasbasedondifferentpressure
levels, commonlydistinguishingbetweenhigh-pressure,medium-pressure, and low-pressure
networks.Anotherexamplearecable-televisionnetworks,whichcommonlyoperateon four
networklevels,thecontentnetwork,theheadendnetwork,thedistributionnetwork,andthehome
network,thesignalfrequencyvaryingbetweenthedifferentnetworks.

4.4.2. Network Links Between Networks Transporting Different Types of Commodity
Severalnetworkcomponentsestablishrelationshipsbetweennetworkstransportingcommoditiesof
differenttypes.Commonexamplesofsuchcomponentsareelectricalpumpsandheatexchangers.
Anelectricalpumpisusedtomovefluidsbymeansofanelectricallypoweredimpeller;thus,the
pumpestablishesarelationshipbetweenafluidcommoditynetworkandanelectricitynetwork.Heat
exchangersareusedtotransferheatbetweendifferentcommodities,commonlyonecommoditybeing
liquidandtheotheronegaseous,orbothcommoditiesbeingeithergaseousorliquid.Heatexchangers
areusedindistrictheatingtotransferheat,whichistransportedindistrictheatingnetworksinthe
formofhotwater,totheheatingsystemsofbuildingstoheatupdrinkingwaterandradiators.

Thesenetworkcomponentscanberepresentedinthesamewayasthetransformersabove.Figure
11exemplifiesthisfortheelectricalpump.Relevantpartsofthepumptoberepresentedasnodes
arethemotor,whichisconnectedtotheelectricitynetwork,theimpeller,whichisconnectedtothe
fluidcommoditynetwork,andtheshaft,whichtransferstheenergyfromthemotortotheimpeller.
Similartothetransformer,wheretheironcoreestablishesthefunctionalrelationshipbetweenthe

Figure 7. Transformer representations
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Figure 8. Representation options of a transformer acting as network link between a primary and a secondary electrical circuit

Figure 9. Representation options of a transformer acting as network link between a primary and two secondary electrical circuits

Figure 10. Decomposition and hierarchical structuring of networks in the context of power supply (Kutzner & Kolbe, 2016, modified)
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differentnetworks,itistheshaftthatestablishesthisrelationshipinelectricalpumps.IntheADE,this
caneitherbeexpressedexplicitlyagain,byconnectingthemotorandimpellernodeswiththeshaft
nodethroughnetworklinks,orimplicitly,asshownhere,bycreatingadirectnetworklinkbetween
themotornodeandtheimpellernode.

Aheatpumprepresentsacommonexampleofanetworkcomponent linking threedifferent
networks.Aheatpumpisadevicethatextractsheatfromonecommodity(source)andtransfersit
toanothercommodity(sink).Heatpumpsareusedforspaceheating,however,thesameprincipleis
appliedinreverseorderforspacecoolingsuchasinairconditionersorrefrigerators.Aheatpump
consistsofanevaporator,acompressor,acondenser,anexpansionvalve,anda refrigerantas is
showninFigure12(a).Theevaporatorisconnectedtothenetworkprovidingtheheatsource(usually
air,ground,orwater), thecompressor isconnected to theelectricitynetwork,andthecondenser
isconnectedtothenetworkrepresentingtheheatsink(usuallyheatingsystemsinbuildings).The
refrigerantcirculateswithinaclosedcircuitoftheheatpumpandactsastransmitteroftheheat.The
evaporatorextractsheatfromair,ground,orwater,andpassesitontotherefrigerant,therefrigerant
changingitsstateofmatterfromliquidtogaseous.Next,thecompressorincreasesthepressureof
thegaseousrefrigerant,whichfurtherincreasesthetemperatureoftherefrigerant.Inthecondenser,
theheatoftherefrigerantisthentransferredtotheheatingsystemofthebuilding,therefrigerant
coolingdownandbecomingliquidagain.Finally,theexpansionvalvefurtherreducesthepressureand
temperatureoftherefrigerant,beforethecyclerepeatsagain.Theheatpumpisalsoagoodexample
showingthatcommoditiescanchangetheirstateofmatterwhilecirculatingwithinanetwork,as
doestherefrigerantwhilecirculatingwithintheheatpump.

WithintheADE,theevaporator,thecompressor,thecondenser,andtherefrigerantarerepresented
asnodesthatareconnectedtodifferentnetworks.Theconnectionbetweenthenodesvianetwork
linkscaneitherberealizedidenticallytothetransformerinFigure9(a),i.e.,byconnectingthenodes
ofevaporator,compressor,andcondenserwiththerefrigerantnode,orimplicitlybycreatingdirect
networklinksbetweenthenodesofevaporator,compressor,andcondenser,asshowninFigure12(b).

4.5. Connection Between Network Elements and City objects
Accordingtosection2.2,spatialandlogicalrelationshipsbetweennetworksandcityobjectsare
considered relevant by all analyzed use cases. The ADE meets this requirement and allows for
linkingnetworkelementstoanycityobjectdefinedintheCityGMLstandard.Theconnectionis
specifiedviatheassociationconnectedCityObjectbetweentheclassesAbstractNetworkFeatureand
AbstractCityObject(cf.Figure5.Theassociationisparticularlyrelevantfornetworkelementsofthe
typeTerminalComponent(cf.Figure15).Terminalcomponentsrepresentendpointsofanetwork,e.g.
pointswhereacommodityentersorleavesthenetwork(Beckeretal.,2012b).Hydrants,forinstance,
representsuchendpointsinwaternetworksandstreetlightsinelectricitynetworks.Theendpoints,
however,arenottobeconfusedwiththecityobjectsrepresentingthesehydrantsorstreetlights.The
endpointsratherrefertothatspot,wherethenetworkisconnectedtothehydrantorstreetlight,i.e.
wherethewaterandelectricityenterthehydrantandstreetlight,respectively.

ThisconnectionisillustratedinFigure13betweenawaterpipeandtwohydrantsthatexhibit
terminalcomponentswherethewaterentersthehydrantsthroughtheopeningsofthepipe.Thepipe
and the terminalcomponentsareelementsof thewaternetwork; thehydrants,however,arecity
furnitureobjects,and,thus,arepartofthecitymodel.Theconnectionfromtheterminalelementsto
thehydrantsisrealizedviatheassociationconnectedCityObject.Topologically,thefeaturegraphof
eachterminalcomponentisrepresentedbyoneexteriornode.Thefeaturegraphofthepipeconsists
ofinteriorandexteriornodeswhichareconnectedviainteriorfeaturelinks.Inter-featurelinksare
usedtoconnecttheexteriornodesoftheterminalcomponentswiththoseexteriornodesofthepipe
representingtheopeningpointstothehydrants.
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4.6. Network Components Module
TheNetwork Components moduledefinestheindividualcomponentsautilitynetworkcanconsist
of. This includes distribution elements for the transport and distribution of a commodity (e.g.
cables,canals,pipes), functional elements for the linkage,control,maintenance,andobservation
of a commodity or transport element (e.g. manholes, valves, transformers), and protection 
elements for network security (e.g. beddings, ductwork, protection shells). This classification is
represented in the Utility Network ADE through the three classes AbstractDistributionElement,
AbstractFunctionalElement,andProtectiveElementasisshowninFigure14.Theclassesaresubclasses
ofthebaseclassAbstractNetworkFeature;fromtheseclasses,furthersubclassesarederivedthatdefine
theindividualnetworkelementsindetail(cf.Beckeretal.(2012b)foranin-depthintroductiontothe
variousnetworkcomponents).Inthisway,everynetworkcomponentinheritstheattributesfromthe
baseclassAbstractNetworkFeatureand,furthermore,canalsoberepresentedthroughafeaturegraph.

Originally, theclassificationwasbasedonsixclassesasdescribed inBeckeretal. (2012b).
SubsequentapplicationoftheUtilityNetworkADEtovarioususecases,however,revealedthatthis
classificationisnotpreciseenoughanddoesnotallowforunambiguouslyrelatingnetworkcomponents
fromtheusecasestotheseclasses.Inparticular,therelationofnetworkcomponentstofunctional
elementsposedsomeproblems,whilethestructureofthedistributionandprotectionelementsproved
tobestable.AccordingtoBeckeretal.(2012b),functionalcomponentsarerequiredforoperating
ormaintaininganetwork,butdonotrepresentelementsofthenetwork.Inpractice,however,also
thesecomponentsneedtobeconsideredintegralpartofthenetworkitself.Manholes,forinstance,
areusedforinspectingsewernetworks,thus,theyhaveamaintainingrole,butatthesametimethey
alsoconnecttheindividualsewerpipesintoasewernetworkandareusedtochangethedirectionor

Figure 11. Electrical pump representations as schematic drawing and acting as network link

Figure 12. Heat pump representations as schematic drawing and acting as network link
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thematerialofsewerpipes,whichmeans,theyalsorepresentacomponentofthenetworkthemselves
(denDuijn,2018a).Furthermore,topologicalrepresentationsofnetworkswillexhibitgapswhen
theydonotincludethefunctionalcomponents.Transformers,forinstance,arefunctionaldevices,
butwithoutincludingthefeaturegraphofthetransformerinthenetworktopology,thenetworklink
betweenthetwoelectricalcircuitscannotberepresented.

Figure 13. Connection between a network element (pipe) and city objects (hydrants)

Figure 14. Classification of network components into distribution, functional, and protective elements and provision of information 
on owners and operators of network components
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Basedonthesefindings,thefunctionalelementsstructureoftheNetworkComponentsmodule
wasrefinedtobettermeetthedemandsoftheseusecases.Inparticular,thisrefinementfulfilsthe
requirementsontherepresentationofspatialandlogicalrelationshipswithinthesamenetworkand
betweendifferentnetworks,indooraswellasoutdoor,andoncorrectsemanticandspatialrepresentation
andvisualizationof2Dand3Dutilitiesatdifferentspatialscopesasdefinedinsection2.2.Figure15
presentsthenewstructurethatisbasedonthreefundamentalclasses:AbstractFunctionalElement,
whichactsassuperclassforallfunctionalelements,SimpleFunctionalComponent,whichisthebase
classforindividualfunctionalcomponents,andComplexFunctionalComponent,whichrepresents
functionalcomponents thatareaggregatedfromsimpleorcomplexcomponentsrecursively.The
classes StorageComponent, MeasurementComponent, ControllerComponent, OtherComponent,
and TerminalComponent are reused from the previous model (their suffix Device was renamed
toComponent tobeconsistentwith thegeneralnaming)andarenowmodelledassubclassesof
SimpleFunctionalComponent.Inaddition,anewsubclassConnectionComponentisintroducedas
suggestedbydenDuijn(2018a),since theyrepresentoneof themostessentialcomponentsofa
networkbesidesdistributionelementswithoutwhichnoconnectednetworkexists,thus,theyshould
berepresentedexplicitlybytheirownclass.

TheintroductionoftheElectricityNetworkpackage(cf.section4.8)requiresnetworkelements
tobeclassifiableintopassiveandactiveelements.Tomeetthisdemand,theattribute isActive is
addedtotheclassSimpleFunctionalComponent.InthecontextoftheUtilityNetworkADE,active
elementsaredefinedasnetworkelementsthatplayanactiveroleinthenetwork(e.g.pump,valve,
generator).Theseelementscangenerate,process,oramplifyacommodityandrequiresomeform
ofpower(e.g.electric,manual)tooperate.Incontrast,passiveelementsrepresentnetworkelements
thatplayapassiveroleinthenetwork(e.g.busbar,resistor,teefitting).Theseelementspassively
supportthetransportofcommoditiesanddonotrequirepowertooperate.

Thecomplexfunctionalclassandeachsimplefunctionalsubclassdefinetheattributeclassthat
canbeusedtospecifythetypeofthefunctionalelementexplicitly.Forthispurpose,codelistswith
commonvaluesofdifferenttypesofnetworksareprovided(cf.Figure15).Thecodelistsprovided
herearenotcomplete,theycanbeextendedbyfurthervaluesorevenberedefineddependingonthe
usecase.However,ifausecaserequiresamoredetailedmodellingofaspecificfunctionalelement,
asubclasswithadditionalattributescanbedefinedinstead.Inthisway,amanhole,forinstance,can
eitherbedefinedusingtheclassConnectionComponent,theattributeclassholdingthevaluemanhole
inthiscase,or,aspecificclassManholecanbeintroducedassubclassofConnectionComponent
whichallowsforaddingadditionalattributessuchastheheightandthediameterofthemanhole.
Creatingsubclassesofindividualfunctionalelementsisofparticularinterestforthemodellingof
specificnetworkpackagesasisshowninsection4.8fortheElectricityNetworkpackage.

Specificutilitiesmaydifferentiatemorepreciselybetweensomeof thenetworkcomponents
defined in the Network Components module. For instance, the electricity domain differentiates
between‘cables’and‘lines’,cablesbeingburiedinthegroundandlinesbeingaboveground,and
between‘transmission’and‘distribution’cables/lines.WithintheUtilityNetworkADE,however,
thisclassificationisrealizedattheleveloftheclassattributesandnotthroughindividualfeaturetypes.

InadditiontorestructuringtheNetworkComponentsmodule,anewclassActorisintroduced(cf.
Figure14)whichcanbeusedtoprovideinformationontheownerandoperatorofnetworkelements.
TheclassislinkedwiththeclassAbstractNetworkFeatureviatwoassociationswiththerolenames
ownerandoperator.Theassociationsneedtobeaddedtothenetworkcomponentsandnottothe
networkitself,sincedifferentcomponentswithinoneandthesamenetworkcanbeoperatedbydifferent
utilityprovidersandonecomponentcanevenbeoperatedbyseveralproviders.Thisinformationis
importantforvarioususecasesinthecontextofenergy-relatedanalysesandmanagementofutilities.
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4.7. Functional Characteristics Module
Originally,theUtilityNetworkADEfocusedontopographicalandstructuralaspectsthatallowfor
representingindetailthestructureofanetworktogetherwithallthediscretenetworkcomponentsthe
networkiscomposedofandforderivingspatialandcomputer-graphic-relatedanswerstherefrom.For
representingsupplyanddisposaltasks,oftenfunctionalaspectsareofrelevanceaswell.Functional
aspectscanberepresentedthroughthetopologicalconnectionofthenetworkcomponentswhich
allowsforsimulatingthepropagationoffailuresacrossmulti-networkstructures.However,dueto
dataprivacyissuesorotherreasons,noinformationreflectingthedetailedmodellingofanetwork
supplyingacertainareawithacommoditymightbeavailable;nevertheless,itmuststillbepossible
toanalyzetheimpactanetworkfailurehasonacertainregionandontheconcretecityobjectslocated
inthatregion.Forthisreason,theFunctional Characteristics modulewasintroducedwhichallowsfor
modellingsupplyareas,definingfunctionalroles,andprovidinginformationoncommoditysupply

Figure 15. Refined modelling of the functional network elements
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(Kutzner&Kolbe,2016).Theconceptscanbeusedatdifferentspatialscopes,provideadditional
semantics,supportlogicalrelationships,andcanbecoupledwithreal-timesensordataasdefinedin
therequirementsinsection2.2.

4.7.1. Representation of Supply Areas
Thesupplyarearepresentsthatgeographicregionaspecificcommodityissuppliedtobyanetwork.
Whenafailureinoneofthenetworkcomponentsoccurs,adetailedmodellingofthenetworkallows
for easily analyzingwhichparts of thenetwork itself andwhich cityobjects that are connected
tothenetworkareaffectedbythisfailure.Tobeabletoperformanalysesalsowithoutadetailed
modellingofthenetwork,asupplyareacanbespecifiedwhichisexplicitlybeingrelatedtooneor
moresourcessupplyingacommoditytothatarea;furthermore,correspondingsinkscanbedefined.
Inthepowersupplycontext,forinstance,adistributionsubstationprovidingelectricitytoacertain
areacouldberegardedassuchasourceandthebuildingsinthisareasuppliedwiththeelectricity
assinks(cf.Figure16).

ThesupplyareaisrepresentedintheUtilityNetworkADEbytheclassSupplyArea(cf.Figure
17).BydefiningSupplyAreaasasubclassofCityObjectGroup,eachsupplyareacanbeprovided
withageometrydefining thespatialextentof thesupplyarea.Thecityobjects locatedwithina
supplyareacanbedeterminedintwoways:Eitherimplicitlybyintersectingthegeometryofthe
supplyareawiththegeometriesofthecityobjects,assuminginthiswaythatallcityobjectslocated
withinthesupplyareaaresinks,orexplicitly,byrelatingasupplyareatothecityobjectslocatedin
thatareathroughtheassociationgroupMemberbetweenSupplyAreaandAbstractCityObject.A1:1
associationbetweenSupplyAreaandNetworkrelateseachsupplyareatothecorrespondingnetwork
supplyingthatareaandviceversa.

4.7.2. Characterization of Infrastructure Objects According to their Functional Role
Anotherimportantfunctionalaspectisthepossibilityofrepresentingtheflowofcommoditiesina
networkbydenotingnetworkfeaturesandcityobjectswithoneoftherolessource,sink,distribution,
orstorage.Thisinformationisalsorequiredforrelatingasupplyareawithcorrespondingsources
andsinks.

ThemodellingofthisaspectwasalreadypartiallyavailableintheUtilityNetworkADE.The
classAbstractNetworkFeaturealreadyprovidestheattribute function tostatetheintendedroleof
anetworkfeature(thevaluesfeedinganddraininginthecodelistFunctionValuearerepresenting
therolessourceandsink,respectively).Toallowalsoforexpressingtheactualroleofanetwork
feature,whichmightchangewhenanetworkfeatureisuseddifferentlyfromitsintendedusage,the
attributeusageisnewlyadded(cf.Figure18).Furthermore,theclassRoleInNetworkisspecifiedto

Figure 16. The relationship between supply area, source, and sink (Kutzner & Kolbe, 2016)
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enableaddingtheserolestocityobjectsaswell.TheclassdefinestheattributesfunctionInNetwork
andusageInNetworkwhichallowfordenotingtheintendedandactualrolesofacityobjectwithina
specificnetwork.Eachcityobjectcanbeprovidedsimultaneouslywithroleinformationspecificto
differentnetworks,i.e.abuildingcan,forinstance,atthesametimebedenotedassinkinapower
networkandassourceinawastewaternetwork.

The connection between the supply area and the roles the city objects located in that area
play,isestablishedthroughthetransitiverelationshipbetweenAbstractCityObjectandSupplyArea
via the classes RoleInNetwork and Network. Similarly, the transitive relationship between
AbstractNetworkFeatureandSupplyAreaviaNetworkestablishestheconnectionbetweenthesupply
areaandtherolesthenetworkfeatureslocatedinthatareaplay.

4.7.3. Representation of the Potential and Current 
Supply of Commodities to City objects
Inthecontextofvarioussimulations,andalsoingeneralwhennoinformationatallisavailableon
networks,itcanbeusefultoprovidethecityobjectsthemselveswithinformationonthepotentialand
currentsupplyofcommoditiestothem.Theconceptsuppliabilitydefinesthepotential supplyofa
commoditytoacityobject,thereliabilityofthesupplyandwhetherstorageisavailableallowingfor
autonomoussupplywithacommodityincasethesupplyviaanetworkisinterrupted,forinstance
duetoanaturaldisaster.Theconceptsuppliednessdefinestheactual supplyofacommoditytoacity
objectataspecificpointintimeaswellastheactualreliabilityofthesupplyandtheactualstateof
thestorageatthatpointintime.Forinstance,abuildingthatisconnectedtoanelectricitynetwork
exhibitsasuppliabilitywithelectricity.Whentheelectricitynetworkisworking,thebuildingalso
exhibitsasuppliednesswithelectricity;however,whentheelectricitynetworkisoutofservice,e.g.
duetoathunderstorm,thesuppliednessisinterrupted.

TheseconceptsarerepresentedintheUtilityNetworkADEbytheclassAbstractMediumSupply
(cf.Figure19).TheattributespotentialSupplyandcurrentSupplyofthisclassexpressthesuppliability
andsuppliedness,respectively,andallowforexplicitlystatingtheflowRateandthesupplyreliability
ofthecommodity(status),whichcanbeuninterrupted(inUse),intermittent(tempOutOfService),
or unsupplied (outOfService or destroyed). The attribute storage allows for providing detailed
informationonthe typeofastorage,itspotentialandactualcapacity(maxCapacity, fillLevel)as

Figure 17. Representation of supply areas in the CityGML Utility Network ADE (Kutzner & Kolbe, 2016)
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well as the rate the commodity is flowing in and out of the storage (inflowRate, outflowRate).
In addition, AbstractMediumSupply defines five subclasses to be able to classify the suppliable
commoditiesaccordingtotheirphysicalcondition:ElectricalMediumSupply,GaseousMediumSupply,
LiquidMediumSupply, OpticalMediumSupply, and SolidMediumSupply. This classification
conformstotheclassificationintheNetworkPropertiesmodule,whichdefinesthecommodities
thatcanbetransportedbynetworks(cf.Beckeretal.,2012b).Tobeabletoaddtheinformation
onsuppliednessandsuppliabilitytoacityobject,theclassAbstractCityObjectisextendedbythe
attributemediumSupply, themultiplicity0..*allowingforaddingsupplyinformationofdifferent
commoditiestoeachcityobject.

4.8. Electricity Network Package
Forbettersupportofelectricity-relatedapplications,anewElectricity Network packageisdefined
asfirstnetwork-specificpackageoftheUtilityNetworkADE.Inthecontextofelectricitynetworks,
theCommonInformationModel(CIM)playsanimportantrole.CIMconsistsoftwointernational
standardsaswellasseveralprofilespublishedbytheInternationalElectrotechnicalCommission(IEC)
thatfocusonmodellingvariousaspectsrelatedtoelectricitynetworks(EPRI,2015).CIMdefines
a datamodel for representing electricity networks including the individual network components
andallowsformodellingenergymanagementsystems,planningandoptimization,metering,asset
management,enterpriseresourceplanning,andcustomerinformationsystems.

TheCIMbasemodelspecifiesvariouselectricalandmechanicaldevicesthatarereferredto
asequipmentandconductingequipment.Thesedeviceswereusedas startingpoint fordefining
theElectricity Network package.TheaimofthispackageisnottoduplicatetheCIMmodel,but
toallowforinteroperabilitybetweentheCIMmodelandtheUtilityNetworkADEbyrepresenting
thoseconceptsfromCIMthatarerequiredforapplyingrelevantusecasesinthecontextof3Dcity
modelsonelectricitynetworks.

Figure 18. Representation of functional roles in the CityGML Utility Network ADE (Kutzner & Kolbe, 2016)
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Figure20providesanoverviewoftheelectricitynetworkelementsthatarepartoftheElectricity
Network package. The individual elements are defined as subclasses of corresponding network
elementsfromtheNetworkComponentspackage(cf.section4.6).Atransformeranditstransformer
windings, for instance, are represented in the CIM model by the classes PowerTransformer and
TransformerEnd.TheseclassesaretakenoverintotheElectricityNetworkpackageassubclasses
ofComplexFunctionalElementandControllerElement,respectively.Thesameisdonefortheother
electricityelementsdefinedintheCIMmodel.AnOCLconstraintisaddedtotheTransformerEnd
classtoindicatethatthewindingsarepassiveelements.SimilarOCLconstraintscanbeaddedtothe
otherclasses.Inaddition,theclassescanbecomplementedbyattributesadoptedfromtherespective
CIMclassestoprovidefurtherinformationontheelectricalequipment.

5. APPLICATIoNS

TheUtilityNetworkADEhasbeenapplied invarious researchprojectsand studies,proving its
usabilityandmaturityinthecontextofdiverseusecases,thenecessityandusefulnessofthevarious
conceptsdefinedbytheADE,anditsapplicabilityallovertheworld,alsoindevelopingcountries.

Withintheresearchproject‘Simulationofintersectorialcascadingeffectscausedbyafailureof
supplyinfrastructuresusingthe3DcitymodelofBerlin’(SIMKAS3D),theUtilityNetworkADE
wasappliedforthefirst timetosimulateinterdependentcrisissituations, thelinkingofsituation
informationwiththeurbanspace,andtheimplementationofacommonsituationmapwhichalso
allowsforindividualviewsandanalysesbyeachprovider.Theprojectinvolvedstakeholdersfrom
variousresearchinstitutions,utilityproviders,andpublicauthorities.Thedataoftheutilityproviders
(electricity,districtheating,gas,freshwater,wastewater)werestoredinanArcGISgeodatabase
whichwasimplementedbasedontheUtilityNetworkADE.PleaserefertoBeckeretal.(2012a)and
Beckeretal.(2012b)forfurtherinformationontheproject.

Theresearchproject‘RiskAnalysisSupplyInfrastructure’focusedonthepossibilitiesofutilizing
supply infrastructures in training simulators for crisis scenarios (e.g. evacuation), for simulating

Figure 19. Representation of the suppliability and suppliedness of city objects in the CityGML Utility Network ADE (Kutzner & 
Kolbe, 2016). The data types ElectricalMediumValue, GaseousMediumValue, LiquidMediumValue, etc., are defined in the Network 
Properties module and, thus, are not displayed here.
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theimpactofafailureonthepopulation,andforsimulatingtheimpactontacticaloperations.The
projectmadeuseofelectricity,water,andsewernetworksaswellasCityGMLbuildingsinLoD1.
ThenetworkdatawasoriginallyprovidedasDXFandShapefilesandwastransformedtotheUtility
NetworkADEusingthesoftwareFME.Theusecaseappliedintheprojectsimulatesthecascading
effectofapowerfailureduetoanexplosioninadistributionstationascanbeseeninFigure21(a)
wherethestreetlightsareoutofserviceinpartsofthecity.Thepowerfailurepropagatesbycausing
afailureofthewaterworksthatresultsinashortageofwatersupplytothepopulation,seeFigure
21(b).Analyzingthenumberofpeopleaffectedbythesefailureshelpsintakingsuitableactions,
e.g.inprovidingenoughdrinkingwatertothepopulationviawatertanks,asshowninFigure21(c).

DenDuijn(2018a)anddenDuijnetal.(2018b)analyzehowabove-ground3Dcityobjectscan
efficientlybelinkedwiththebelow-groundsewerandelectricitynetworkofRotterdam,Netherlands,
tofacilitateassetmanagement.Furthermore,theyperformtopologicalroutingonthesenetworksto
analyzeandvisualizewhichnetworkfeaturesandcityobjectsareaffectedincaseofautilitystrike
(cf.Figure22).

Boatesetal.(2018a)model,simulate,andvisualizedependenciesbetweenthewaternetwork
andelectricalnetworkatahydroelectricpowergenerationfacilityinNanaimo,BritishColumbia,
Canada(cf.Figure23).Furthermore,varioustopologicalroutingtaskssuchasthecalculationofthe
least-costpaththewithinthewaternetworkareperformed.

Gilbertetal.(2018)presentasystemforBIM-GISintegrationofmulti-scalenetworktopologies
basedonIFCandUtilityNetworkADEmodelsandforenrichingtheintegratedtopologynetwork
withreal-timesensordatadescribingdynamicresourceflows.Inaddition, thesystemallowsfor
disseminatingstatesandchangesofthenetworkviaamessagebrokerforfurtheruseinanalysis
andvisualization.Theydemonstratetheapplicabilityoftheirsysteminacasestudyonelectricity
demand-supply visualization spanning multiple scales from intra-building circuits to intra-urban
electricitydistributionfeedernetworks.

TheresearchofVishnu&Saran(2018)focusesonusingtheUtilityNetworkADEformodelling
thewatersupplynetworkofDehradunCity,India,basedonfieldvisitsandvarioussecondarydatasets
aswellforapplyingusecasessuchasdeterminingtheareasaffectedbynetworkfailureorthestreet
spaceaffectedbynetworkmaintenance.

Publicly-availabletestdatasetshavebeencreatedinthepastmonthstofacilitatetheapplication
of theUtilityNetworkADEinvarioususecases.This includeswastewaternetworkdataof the
CityofRotterdam,Netherlands(denDuijn,2018c),andwaterandelectricitynetworkdataofthe
CityofNanaimo,Canada(Boates,2018b);thedatasetscanbedownloadedviathelinksprovided
inthereferences.Furtherdatasetsarecurrentlyunderdevelopmentincludingsyntheticdatasetsof
freshwater,electricity,andgasnetworks.ResourcesontheUtilityNetworkADEincludingthelatest
UMLmodelandXMLschema,linkstotestdatasetsaswellasinformationonhowtousetheADE
withFMEareavailablefromthegithubrepositoryoftheUtilityNetworkADE(Kutzner,2018).
WorkshopresultsofthejointSIG3DandOCGworkinggroupontheCityGMLUtilityNetwork
ADEareavailableontheWikipageoftheworkinggroup(SIG3D,2018).

6. CoNCLUSIoN AND oUTLooK

Thispaperpresents the furtherdevelopmentof theCityGMLUtilityNetworkADEbynewand
revisedconceptsthatresultfromasystematicanalysisofavarietyofusecasesinthecontextof
utilitynetworks.Severaloftheseusecases,suchas‘maintenanceoperation’,‘emergencyresponse’,
‘inspectionoperation’,‘stormdrainagenetwork’,and‘energyplanningandsimulation’,areintroduced
in the paper. A catalogue of requirements specific to utility networks is presented and several
utilitynetworkdatamodelscommonlyusedinthegeospatialdomainwereevaluatedagainstthese
requirementstoanalyzetowhichextenttheindividualdatamodelsfulfiltherequirements,alsoin
comparisontotheCityGMLUtilityNetworkADE.Thenewandrevisedconceptsthatwereaddedto
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theADEareexplainedindetail.Inaddition,thepapergivesanoverviewofpastandrecentprojects
thatsuccessfullyhaveappliedtheUtilityNetworkADE.

TheUtilityNetworkADEprovidesseveraladvantagesoverotherdatamodelsforutilitynetworks.
Whilesomedatamodelsfocusonspecifictypesofnetworksonly,theUtilityNetworkADEhas
beendefinedinasuchgenericwaythatitcanbeusedforajointrepresentationofdifferenttypes
ofnetworksand,thus,alsoforanalysesandvisualizationofmulti-utilityscenarios.Inaddition,the
ADEfulfilstheneedsofapplicationsanddomainsthatrequireadetailedrepresentationofnetwork
elementsspecifictocertainnetworktypesbyprovidingnetwork-specificpackages.Anexampleis
thenewelectricitynetworkpackageprovidingnetworkelementsspecifictotheelectricitydomain
toallowforimproveduseoftheADEinelectricity-relatedusecasesandtoestablishinteroperability
withtheCIMstandard.Ongoingworkfocusesonthespecificationofasewernetworkpackagethat
improvesinteroperabilitywithISYBau,aGermanstandardizedexchangeformatforsewernetworks.

Figure 20. UML model of the Electricity Network package defining various components of electricity networks. Blue-colored 
classes are from the Utility Network ADE package.
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Establishing interoperability with these standards does, however, not mean that the Utility
NetworkADEisintendedtoreplacetheotherstandards;theADEratherprovidesacommonbasis
fortheintegrationofdiversemodelsinordertofacilitatejointanalysesandvisualizationtasks.Future
workwillfocusonidentifyingmethodstofacilitatetheexchangeofdatabetweenthedifferentdata
modelsandtheADEandonidentifyingcommonfeaturessupportingtheintegration.Inaddition,it
willalsobeusefultoevaluatetheADEagainstmodelingandsimulationtools,e.g.networkdesign

Figure 21. Power failure and water failure, making water supply by tanks necessary

Figure 22. Representation of networks with related above-ground street lights and manhole covers (left). Visualization of street 
lights affected by a utility strike (right). (© 2018, Xander den Duijn. Used with permission.)
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andmanagementtoolsorhydrologicalmodelingtools,tolearnaboutadditionalrequirementsfrom
thesetoolsandenhancetheintegrationoftheADEwiththem.

AnotheradvantageoftheADEisthatitallowsforlinkingutilitynetworkswith3Dcitymodels;
thisiscurrentlynotsupportedbyanyotherstandard.SincetheUtilityNetworkADEisdefinedasan
extensionoftheCityGMLstandard,utilitynetworkscaneasilybelinkedwithCityGML-based3D
citymodels.Thisallowsforperformingcomprehensiveanalysesthatrequireanintegratedmodelling
ofcitiesandtheirutilities.Itisplannedtoconductfurtherprojectsandstudiestodemonstratethe
strengthofthislinkage,forinstanceinthecontextofcombineddistrictheatingandelectricalpower
generationanddistribution.

TheUtilityNetworkADEallowsforadualrepresentationindifferentLevelsofDetail(LoD),
i.e.utilitynetworkscanberepresentedtopographicallyandtopologicallyeithercomprisingonlythe
mostimportantcomponentsorincludingeverysinglecomponenttoobtainadetailedrepresentation
ofthenetwork.However,theADEisusefulevenwhennodetailedinformationonthestructureof
anetworkisavailable,astheADEisabletorepresentthefunctionalinteractionbetweennetworks
andcitymodelsthroughsupplyareas,functionalroles,andtherepresentationofthepotentialand
currentsupplyofcommoditiestocityobjects.Inthisway,theapplicabilityoftheADEbecomes
evenmoreversatileandapplicationsdonotnecessarilyhavetorelyontheavailabilityofnetwork
information.FutureworkincludesthedefinitionofamoreelaborateLoDconcept.LoDsneedtobe
consideredseparatelyfortopographical,topological,andfunctionalrepresentations,andalsoseparately
fordifferentformsofrepresentationsofutilitynetworkswithregardtosingle-linediagrams,block
diagrams,orevenmoredetailedschemas.Thisgoesalongwiththequestionofhowtorepresent
networksgeometrically,e.g.whentouse1D-pointor2D-linerepresentationsandwhen3D-extrusions.

Prototypesareanotherinterestingaspectwhichrequiresfurtherresearch.Withinanetwork,the
samemodelofanetworkcomponent,suchasaT-fitting,pipe,orvalve,isusuallyinstalledmultiple
times.Itcouldbeusefultodefinetheindividualmodelsasprototypesandthentosimplyinstantiate
themattheirspecificlocations.

ThedevelopmentoftheUtilityNetworkADEuptonowtookplacewithoutsynchronizingwith
otherADEs.FromthecomprehensivelistofADEsgivenin(Biljeckietal.,2018),theEnergyADE
(Agugiaroetal.,2018)canbeseenasthemostrelevantcomplementarydevelopmenttotheUtility
NetworkADE.TheEnergyADEextendstheCityGMLstandard,inparticularbuildings,byenergy-
relevantinformationrequiredfordoingenergysimulationsandenergyassessmentonthebuilding
andcitylevel.Energy-relatedusecaseswillbenefitfromanintegrateduseofbothADEs,asWidlet
al.(2018)demonstrateinaprojectthatusesCityGMLandbothADEsinenergy-relatedsimulations.

Tosupportsimulations,theADEcanbeusedtostoresimulation-specificdatawiththeindividual
networkcomponentsandderivecompletesimulationdatasetsfromtheintegrated3Dcitymodel.

Figure 23. Simulation of 24 hours of network operation at a hydroelectric power generation facility. (© 2018, Isaac Boates. Used 
with permission.)
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AconcepttobeincludedinCityGML3.0istheso-called‘Dynamizer’conceptwhichallowsfor
modelingdynamicproperties(Chaturvedi&Kolbe,2016).Thisconceptcouldbeusedformaking
thefunctionalpropertiesintroducedinthispaperdynamic,i.e.,theactualsupplyofcommodities
tocityobjects(includingcurrentflowrates,voltages,etc.)andtheactualrolesofcityobjectsand
networkfeatures,anddirectlylinkthesepropertieswithsensorslikesmartmeters.

The3DCityDatabase(3DCityDB)allowsforstoring,managingandvisualizingCityGML-
based3Dcitymodels(Yaoetal.,2018).Thelatest3DCityDBreleaseversion4.0addedsupportfor
CityGMLADEs,makingitnowpossibletostoreandmanageutilitynetworkstogetherwith3Dcity
modelswhichwebeexploredinmoredetailinfuturework.

ItisplannedinthemediumtermtoincludetheCityGMLUtilityNetworkADEinoneofthenext
versionsoftheCityGMLspecification(version3.x).Inthisway,theUtilityNetworkADEwould
becomeanintegralpartoftheCoreCityGMLdatamodel.Iflateronfurtherextensionstothedata
modelarerequired,theycanbeaddedthroughanADEagain.

ACKNowLEDGMENT

TheauthorswouldliketothankthemembersoftheJointSIG3DandOCGworkinggrouponthe
CityGMLUtilityNetworkADEfortheirvaluablecontributionstotheusecasesanddiscussionsrelated
totheconceptspresentedinthispaper.Wealsothankthereviewersfortheirconstructivecomments.



International Journal of 3-D Information Modeling
Volume 7 • Issue 2 • April-June 2018

32

REFERENCES

Agugiaro,G.,Benner,J.,Cipriano,P.,&Nouvel,R.(2018).TheEnergyApplicationDomainExtensionfor
CityGML: Enhancing interoperability for urban energy simulations. Open Geospatial Data. Software and 
Standards,3(1),1–30.

Agugiaro,G.,Hauer,S.,&Nadler,F.(2015).CouplingofCityGML-basedSemanticCityModelswithEnergy
SimulationTools: someExperiences. InREAL CORP 2015. PLAN TOGETHER–RIGHT NOW–OVERALL. 
From Vision to Reality for Vibrant Cities and Regions,Proceedings of 20th International Conference on Urban 
Planning,Regional Development and Information Society(pp.191-200).CORP–CompetenceCenterofUrban
andRegionalPlanning.

Becker,T.,Bartels,M.,Hahne,M.,Hempel,L.,&Lieb,R.(2012a).CascadingEffectsandInterorganisational
CrisisManagementofCriticalInfrastructureOperators.InS.Zlatanova,R.Peters,&E.Fendel(Eds.),Proceedings 
of the 8th International Conference on Geo-Information for Disaster Management(pp.105-116).

Becker,T.,Nagel,C.,&Kolbe,T.H. (2011). Integrated3DModelingofMulti-utilityNetworksandTheir
InterdependenciesforCriticalInfrastructureAnalysis.InT.H.Kolbe,G.König,&C.Nagel(Eds.),Advances 
in 3D Geo-Information Sciences, Lecture Notes in Geoinformation and Cartography(pp.122–138).Springer.
doi:10.1007/978-3-642-12670-3_1

Becker,T.,Nagel,C.,&Kolbe,T.H.(2012b).Semantic3DModelingofMulti-UtilityNetworksinCitiesfor
Analysisand3DVisualization.InJ.Pouliot,S.Daniel,F.Hubert,&A.Zamyadi(Eds.),Progress and New 
Trends in 3D Geoinformation Sciences, Lecture Notes in Geoinformation and Cartography(pp.41–62).Springer.

Biljecki,F.,Kumar,K.,&Nagel,C.(2018).CityGMLApplicationDomainExtension(ADE):Overviewof
developments.Open Geospatial Data.Software and Standards,3(1),1–13.

Biljecki,F.,Stoter,J.,Ledoux,H.,Zlatanova,S.,&Çöltekin,A.(2015).Applicationsof3DCityModels:State
oftheArtReview.ISPRS International Journal of Geo-Information,4(4),2842–2889.doi:10.3390/ijgi4042842

Boates,I.(2018b).SampleofUtilityNetworkADEdatamodelusingwaternetworkfromNanaimo,Canada.
Retrievedfromhttps://github.com/iboates/CityGML-UtilityNetwork-ADE-Nanaimo-Water-Network-Sample

Boates,I.,Agugiaro,G.,&Nichersu,A.(2018a).NetworkModellingandSemantic3DCityModels:Testing
theMaturityof theUtilityNetworkADEforCityGMLwithaWaterNetworkTestCase. ISPRS Annals of 
Photogrammetry.Remote Sensing and Spatial Information Science,IV-4,13–20.

Boguslawski,P.,&Gold,C.(2008).ConstructionOperatorsforModelling3DObjects.InPlassmann,P.&
Roach,P.(Eds.),3rd Research Student Workshop(pp.70-74),UniversityofGlamorgan,UK.

Chaturvedi,K.,&Kolbe,T.H.(2016).IntegratingDynamicDataandSensorswithSemantic3DCityModels
inthecontextofSmartCities.InISPRS Annals of Photogrammetry, Remote Sensing and Spatial Information 
Sciences, IV-2/W1, 11th 3D Geoinfo Conference(pp.31-38).

Coors,V.(2003).3D-GISinnetworkingenvironments.Computers, Environment and Urban Systems,27(4),
345–357.doi:10.1016/S0198-9715(02)00035-2

denDuijn,X.(2018a).A 3D data modeling approach for integrated management of below and above ground 
utility network features[Master’sthesis].DelftUniversityofTechnology,Netherlands.

denDuijn,X.(2018c).UtilityNetworkADEtestdatasetofsewernetworkinRotterdam,Netherlands.Retrieved
fromhttps://github.com/XanderdenDuijn/CityGML-Utility-Network-ADE/tree/master/data

den Duijn, X., Agugiaro, G., & Zlatanova, S. (2018b). Modelling Below- and Above-Ground Utility
NetworkFeatureswiththeCityGMLUtilityNetworkADE:ExperiencesfromRotterdam.ISPRS Annals of 
Photogrammetry.Remote Sensing and Spatial Information Science,IV-4(W7),43–50.

Egenhofer,M.J.(1995).Topological relations in 3D. Technical report.USA:UniversityofMaine.

Ellul,C.(2007).Functionality and Performance - Two Important Considerations when Implementing Topology 
in 3D[DoctoralDissertation].UniversityCollegeLondon.

EPA.(2019).CleanWaterAct.Retrievedfromhttps://www.epa.gov/cwa-methods/methods-update-rule-2019

http://dx.doi.org/10.1007/978-3-642-12670-3_1
http://dx.doi.org/10.3390/ijgi4042842
https://github.com/iboates/CityGML-UtilityNetwork-ADE-Nanaimo-Water-Network-Sample
http://dx.doi.org/10.1016/S0198-9715(02)00035-2
https://github.com/XanderdenDuijn/CityGML-Utility-Network-ADE/tree/master/data
https://www.epa.gov/cwa-methods/methods-update-rule-2019


International Journal of 3-D Information Modeling
Volume 7 • Issue 2 • April-June 2018

33

EPRI.(2015).CommonInformationModelPrimer(Thirded.).PaloAlto,CA:EPRI.

ESRI. (2017a). What are geometric networks? Retrieved from http://desktop.arcgis.com/en/arcmap/latest/
manage-data/geometric-networks/what-are-geometric-networks-.htm

ESRI. (2017b). What is Schematics? Retrieved from http://desktop.arcgis.com/de/arcmap/latest/extensions/
schematics/what-is-schematics-.htm.

Flick,S.(1996).Anobject-orientedframeworkfortherealizationof3DGeographicInformationSystems.In
Second Joint European Conference & Exhibition on Geographical Information,Barcelona,Spain(pp.187-196).

Frank,A.U.(1991).Propertiesofgeographicdata:Requirementsforspatialaccessmethods.InO.Günther&H.J.
Schek(Eds.),Advances in Spatial Databases. SSD 1991(pp.225–234).Springer.doi:10.1007/3-540-54414-3_40

Gilbert,T.,Barr,S.,James,P.,Morley,J.&Ji,Q.(2018).SoftwareSystemsApproachtoMulti-ScaleGIS-BIM
UtilityInfrastructureNetworkIntegrationandResourceFlowSimulation.ISPRS International Journal of Geo-
Information, 7(8),1-20.

Goodrich,M.T.,Tamassia,R.,&Goldwasser,M.H.(2014).Data Structures and Algorithms in Java.Wiley
Publishing.

Gröger,G.,Kolbe,T.H.,Nagel,C.,&Häfele,K.-H.(Eds.).(2012).OGCCityGeographyMarkupLanguage
(CityGML)EncodingStandard,Version2.0.0.OpenGeospatialConsortium.

Hao,T.,Rogers,C.D.F.,Metje,N.,Chapman,D.N.,Muggleton,J.M.,Foo,K.Y.,&Saul,A.J.et al.(2012).
Conditionassessmentoftheburiedutilityserviceinfrastructure.Tunnelling and Underground Space Technology,
28,331–344.doi:10.1016/j.tust.2011.10.011

Hijazi,I.H.,Ehlers,M.,&Zlatanova,S.(2012).NIBU:Anewapproachtorepresentingandanalysinginterior
utilitynetworkswithin3Dgeo-informationsystems.International Journal of Digital Earth,5(1),22–42.doi:
10.1080/17538947.2011.564661

IBPSA.(2019).BIM/GISandModelicaFrameworkforbuildingandcommunityenergysystemdesignand
operation.Retrievedfromhttps://ibpsa.github.io/project1/

ISO(2013).ISO 16739:2013 Industry Foundation Classes (IFC) for data sharing in the construction and facility 
management industries.

JRC. (2013a). D2.8.III.6 INSPIRE Data Specification on Utility and Governmental Services – Technical 
Guidelines.EuropeanCommissionJointResearchCentre.

JRC.(2013b).D2.10.1: INSPIRE Data Specifications – Base Models – Generic Network Model, Version 1.0rc3.
EuropeanCommissionJointResearchCentre.

Kofler,M.,&Gruber,M.(1997).Towarda3DGISDatabase.GIM,11(5),55–57.

Kutzner, T. (2018). CityGML Utility Network ADE github repository. Retrieved from https://github.com/
TatjanaKutzner/CityGML-UtilityNetwork-ADE/

Kutzner,T.,&Kolbe,T.H.(2016).ExtendingSemantic3DCityModelsbySupplyandDisposalNetworks
forAnalysing theUrbanSupplySituation. InKersten,T.P. (Ed.),Lösungen füreineWelt imWandel,36.
Wissenschaftlich-TechnischeJahrestagungderDGPF(Vol.25,pp.382-394).München:DeutscheGesellschaft
fürPhotogrammetrie,FernerkundungundGeoinformation(DGPF).

Mark, D. M., & Turk, A. G. (2003). Landscape Categories in Yindjibarndi Ontology, Environment, and
Language.InSpatial Information Theory - Foundations of Geographic Information Science(pp.31–49).Springer.
doi:10.1007/978-3-540-39923-0_3

Montello,D.,&Freundschuh,S.(2005).CognitionofGeographicInformation.InR.McMaster&E.Usery
(Eds.),A research agenda for geographic information science(pp.61–91).CRCPress.

Ofwat.(2019).Surfacewaterdrainage.Retrievedfromhttps://www.ofwat.gov.uk/households/your-water-bill/
surfacewaterdrainage/

OGC.(2016).PipelineML.Retrievedfromhttp://www.pipelineml.org/

http://desktop.arcgis.com/en/arcmap/latest/manage-data/geometric-networks/what-are-geometric-networks-.htm
http://desktop.arcgis.com/en/arcmap/latest/manage-data/geometric-networks/what-are-geometric-networks-.htm
http://desktop.arcgis.com/de/arcmap/latest/extensions/schematics/what-is-schematics-.htm
http://desktop.arcgis.com/de/arcmap/latest/extensions/schematics/what-is-schematics-.htm
http://dx.doi.org/10.1007/3-540-54414-3_40
http://dx.doi.org/10.1016/j.tust.2011.10.011
http://dx.doi.org/10.1080/17538947.2011.564661
https://ibpsa.github.io/project1/
https://github.com/TatjanaKutzner/CityGML-UtilityNetwork-ADE/
https://github.com/TatjanaKutzner/CityGML-UtilityNetwork-ADE/
http://dx.doi.org/10.1007/978-3-540-39923-0_3
https://www.ofwat.gov.uk/households/your-water-bill/surfacewaterdrainage/
https://www.ofwat.gov.uk/households/your-water-bill/surfacewaterdrainage/
http://www.pipelineml.org/


International Journal of 3-D Information Modeling
Volume 7 • Issue 2 • April-June 2018

34

Tatjana Kutzner studied computer science at the Technical University of Munich between 2001 and 2008. Since 
2008 she is working as a research associate at the Chair of Geoinformatics at the Technical University of Munich. 
She was awarded her doctoral degree in 2017. Her key research areas are virtual 3D city and landscape models, 
semantic data modelling, model-driven transformation of geospatial data, and interoperability. Dr. Kutzner is 
co-author of the upcoming version 3.0 of the international standard CityGML for 3D city and landscape models.

Ihab Hijazi is associate professor of Geographic Information System at Urban Planning Engineering Department, 
An-Najah National University in Palestine. Also, he is a research associate at the chair of Geoinformatics at Technical 
University of Munich. He worked as a postdoc scholar at the chair of information architecture, ETH Zurich. Dr Hijazi 
was a researcher at ESRI – the world leader in GIS and the Institute for Geoinformatic and Remote Sensing (IGF) 
at the University of Osnabrueck in Germany.

Thomas H. Kolbe studied computer science at the University Dortmund between 1988 and 1993. After completing 
his studies, he worked as a research assistant at the Institute for Computer Science III at the University of Bonn 
and the Institute for Environmental Sciences at the University of Vechta until 1999. He was awarded his doctoral 
degree in 1999. From 1999, he was a research assistant, and later a senior research assistant, at the Institute 
for Cartography and Geoinformation at the University of Bonn. Between 2006 and 2012, he held the Chair of the 
Department of Geoinformation Technology at TU Berlin. In 2012, Professor Kolbe was appointed to the Chair 
of Geoinformatics at TU Munich. His key research areas are virtual 3D city and landscape models; city system 
modeling and Smart Cities; 3D geodatabases and 3D geoinformation systems; BIM; GIS & simulations; indoor 
navigation. Prof. Kolbe is initiator and co-author of the international standards CityGML for 3D city and landscape 
models and IndoorGML for indoor navigation.

OGC.(2017).Model for Underground Data Definition and Integration (MUDDI) Engineering Report.

Ouyang, M. (2014). Review on modeling and simulation of interdependent critical infrastructure systems.
Reliability Engineering & System Safety,121,43–60.doi:10.1016/j.ress.2013.06.040

Raper,J.,McCarthy,T.,&Unwin,D.(1998).MultiDimensionalVirtualRealityGeographicInformationSystem
(VRGIS):ResearchGuidelines.InProceedings GISRUK 98,Edinburgh,UK.

SEDRIS.(2006).SEDRISstandards.Retrievedfromhttp://standards.sedris.org/

SIG3D.(2018).CityGMLUtilityNetworkADEWiki.Retrievedfromhttps://en.wiki.utilitynetworks.sig3d.org

Sohail,M.,Cavill,S.,&Cotton,A.P.(2005).SustainableOperationandMaintenanceofUrbanInfrastructure:
Myth or reality? Journal of Urban Planning and Development, 131(1), 39–49. doi:10.1061/(ASCE)0733-
9488(2005)131:1(39)

Tempfli,K.,&Pilouk,M.(1996).PracticalPhotogrammetryfor3D-GIS.ISPRS,31(PartB4),Vienna,Austria,
859-867.

Vishnu,E.,&Saran,S.(2018).SemanticModelingofUtilityNetworkImplementationofUseCasesforDehradun
City.The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences,
XLII-5,139–145.doi:10.5194/isprs-archives-XLII-5-139-2018

Widl,E.,Agugiaro,G.,&Puerto,P.(2018).Firststepstowardslinkingsemantic3Dcitymodellingandmulti-
domainco-simulationforenergymodellingaturbanscale,ISPRS Annals of Photogrammetry.Remote Sensing 
and Spatial Information Science,IV-4,227–234.

Yao,Z.,Nagel,C.,Kunde,F.,Hudra,G.,Willkomm,P.,Donaubauer,A.,&Kolbe,T.H.et al.(2018).3DCityDB
-a3Dgeodatabasesolutionforthemanagement,analysis,andvisualizationofsemantic3Dcitymodelsbased
onCityGML.Open Geospatial Data.Software and Standards,3(5),1–26.

http://dx.doi.org/10.1016/j.ress.2013.06.040
http://standards.sedris.org/
https://en.wiki.utilitynetworks.sig3d.org
http://dx.doi.org/10.1061/(ASCE)0733-9488(2005)131:1(39)
http://dx.doi.org/10.1061/(ASCE)0733-9488(2005)131:1(39)
http://dx.doi.org/10.5194/isprs-archives-XLII-5-139-2018

