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i Abstract

CityGML is an open data model and XMiased format for the storage and exchange of virtual 3D city models.
It is anapplication schema for the Geography Markup Language version 3.1.1 (GML3), the extendibde intern
tional standard for spatial data exchange issued by the Open Geospatial Consortium (OGC) and the ISO TC211.

The aim of the development of CityGML is to reackaammon definition of the basic entities, attributes, and
relations of a 3D city model. This is especially important with respect to theeffestive sustainable maa
nance of 3D city models, allowing the reuse of the same data in different applfezten
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Foreword

Attention is drawn to the possibility that some of the elements of this documgnberthe subject of patent
rights. Open Geospatial Consortiughall not be held responsible for identifying any or all such patent rights.
However, to date, no such rights have been claimed or identified.

Recipients of this document are requested to sylwitih their comments, notification of any relevant patent
claims or other intellectual property rights of which they may be aware that might be infringed by aawy impl
mentation of the standard set forth in this document, and to provide supporting dociimnenta

Significant changes between CityGML versg.0 and CityGML version 1.0.0 (OGC document no-00gr1):
1 Newthematicmodulesfor the representation of tunnels dmitiges

1 Additional boundary surfaces fahe semanticclassificationof the outershell of buildings and building
parts(OuterCeilingSurfacendOuterFloorSurfacg

LODO representatioffootprint and roof egde representatiof®)buildings and building parts

Additional attributesdenotingac i t y o b j ewith @spect tahesartoundingerrain and water
surface(relative ToTerrainandrelativeT oWate);

Additional generic attributes for measured values and attributpasels

Redesign of the CityGML code list mechanismuymerative attributes are now of tygml:CodeType
which facilitates to providadditionalcode liss enumerating their possible attribute values

Migration of existing CityGML 1.0 instances to valid 2.0 instances only requires chatiggn@ityGML
namespace and schema location values in the docuntéiet actual.0values.
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0 Introduction

0.1 Motivation

An increasing number of cities and companies are building virtual 3D city models for different application areas
like urban planning, mobile telecommunication, disaster management, 3D cadastre, tourism, vehiclesand pede
trian navigation, facility management and environmental simulations. Furthermore, in the implementation of the
European Environmental Noise DirectivEND, 2002/49/E¢ 3D geoinformation and 3D city models play an
important role.

In recent years, ost virtual 3D city models have been defined as purely graphical or geometrical models,
neglectingthe semantic and topological aspects. Thus, these models could almost only be used for visualisation
purposes but not for thematic queries, analysis tasks, or spatial data mining. Since the limited reusability of
models inhibits the broader use of 3D aitpdels, a more general modelling approach had to be taken in order to
satisfy the information needs of the various application fields.

CityGML is a common semantic information model for the representation of 3D urban objects that can be shared
over diffelent applications. The latter capability is especially important with respect to theffeative sustai-

able maintenance of 3D city models, allowing the possibility of selling the same data to customers from different
application fields. The targeted diggation areas explicitly include city planning, architectural design, tourist and
leisure activities, environmental simulation, mobile telecommunication, disaster management, homeland secur
ty, real estate management, vehicle and pedestrian navigatibtmasring simulators.

CityGML is designed as an open data model and X)ked format for the storage and exchange of virtual 3D
city models. It is implemented as an application schema of the Geography Markup Language 3 (GML3), the
extendible internationiatandard for spatial data exchange and encoding issued by the Open Geospatial Conso
tium (OGC) and the ISO TC21CityGML is based on a number of standards from the 1ISO 191xx family, the
Open Geospatial Consortium, the W3C Consortium, the Web 3D Camspend OASIS.

CityGML defines the classes and relations for the most relevant topographic objects in cities and regional mo

el s with respect to their geometrical, topol ogical,
defined to compriseant | u st built structures, but al so elevatio
more. Included are generalisation hierarchies between thematic classes, aggregations, relations between objects,
and spatial properties. CityGML is applicable Farge areas and small regions and can represent the terrain and

3D objects in different levels of detail simultaneously. Since either simple, single scale models without topology

and few semantics or very complex migdtiale models with full topology arfithe-grained semantical differant

ations can be represented, CityGML enables lossless information exchange between different Gl systems and
users.

0.2 Historical background

CityGML has been developed since 2002 by the members of the Special Interest Grdsiiis3ED); Since

2010, thisgroup is part of the initiativ€patial Data Infrastructure Germany (GDE). Before 2010, the SIG 3D

was affiliated to the initiative Geodata Infrastructure North Riifestphalia (GDI NRW). The SIG 3D is an

open group consisting of more than 70 companies, municipalities, and resassitations from Germany, Great
Britain, Switzerland, and Austria working on the development and commercial exploitation of interoperable 3D
city models and geovisualisation. Another result of the work from the SIG 3D is the proposition of the Web 3D
Service (W3DS), a 3D portrayal service that is also being discussed in the Open Geospatial Consortium (OGC
Doc. No. 05019and OGC Doc. No09-104r7).

A first successful implementation and evaluation of a subset of CityGML has been performed in the project
iPoitl 3D0 of the GDI NRW in 2005. Participants came fr
scenarios and tourist applications. By the beginning of 2006, a CityGML project within Eurd3Dépéan

Spatial ata Researghstarted focusing on the European harmonisation of 3D city modelling. From June to
December 2006, CityGML was employed and evaluated in the CAD/GIS/BIM thread of the OpenGIS Web
Services Testbed #4 (OWA. Since 2008, CityGML (version 1.0.3)an adopteddGC standard.
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From that point in time, CityGML has disseminated worldwide. Many cities in Germany and in other countries
in Europe provide their 3D city model in CityGML (Berlin, Cologne, Dresden and Munich, to mention only a
few). In Francethe project Bati3D (IGN France) defines a profile of CityGMOI2 and provides data from
Paris and the city centres of Aen-Provence, Lille, Nantes and Marseille. CityGML also plays an important role

in the pilot 3D project to obtain a 3D geoinformatistandard and a 3D infrastructure for The Netherlands.
Many cities in Europe like Monaco, Geneva, Zurich, Leewarden use CityGOI 2 or 3 to represent and
exchange data, as well as cities in DenmarkRL2 and 3, partly DD4). CityGML has strongly influeced the
building model (version 2.0) of the INSPIRE initiative of the EU commission, which aims at the creation of an
European spatial data infrastructure providing public sector data in an interoperable way. In Asia, the 3D city
models of Istanbul (OD 1 and 2), Doha, Katar @D3), and Yokohama (DD2) are represented and exchanged

in CityGML. Moreover, CityGML plays a crucial role for the 3D Spatial data infrastructure in Malaysia.

Today many commerciandacademic tools support CityGML by providing impmnterfaces, export interfaces

or both. An examplés the 3D City Database whidh a freeand opersource3D geo database to store, represent,

and manage virtual 3D city modeia top of Oracle 10g R2 and 11g R1/R2 provided by the TechnischerUnive
sitatBerlin. It fully supportsCityGML and is shipped with a tool fdhe import and export a€ityGML models.
Furthermorean opensource Java class library and API for the processin@itylGML models(citygml4j) is
provided by the Technische Universitat BerThe conversion tool FME (Feature Manipulation Engine) from
Safe Software Inc., which is part of the interoperability extensides®t#b s Ar ¢ Gl S, has ¢ead and
es for CityGML. The same applies to CAD tools as BentleyMap from Bentley Systems as well as to GIS tools
like SupportGIS from CPA Gemformation. Many 3D viewers (which all are freely available) provide read
interfaces for CityGML: the Aristoteles Viewdrom the University of Bonn, LandXplorer CityGML Viewer

from Autodesk Inc. (the studio version for authoring and management is not free) and the FZKViewer for IFC
and CityGML from KIT Karlsruhe and BS Contact from Bitmanagement Software GmbH which offers a
CityGML plugin for the geospatial extension BS Contact @étis enumeration of software tools is not exsau

tive andsteadily growing Please refer to the official website of CityGMLHtp://www.citygml.orgas wellas

the CityGML Wiki athttp://www.citygmlwiki.orgfor more information.

0.3 Additions in CityGML 2.0

CityGML 2.0 is a mgor revisionof the previous version 1.0 of thimternational Standard (OGC Doc. No.-08
007r1) and introduces substantial additions and new features to the thematic model of CityGML. The revision
was originally planned to be a minor update to version 1.1. The emai@avorof the revision process was to
ensure backwards compatibility both on teedl of the conceptual model and on the level of CityGML instance
documentsHowever, sme changgcould notbe implemented consistent with directives for minor revisions and
backwards compatibility as enforced by OGC polf{cf OGC Doc. No.135r1]). The major version number
change to 2.0 is therefore a consequenamoforning to the OGC versioning policy witholiaving toabandon
anychange®r additionswhich reflect requests from the CityGML community.

CityGML 2.0 is backwards compatibieith vergon 1.0 in the following sense: each valid instances avalid

2.0 instanceprovided that theCityGML namespaceand schema locatiarin the document are changed toithe
actual2.0values This step is required because the CityGML version humbercisdexl in these values, but no
further actions have to be takdtence, there is a simple migration path from existing CityGML 1.0 instances to
valid 2.0 instances.

The following clauses provide an overview of what is mewityGML 2.0.

New thematic modules for the representation of bidges and tunnels

Bridges and tunnels are importaniijectsin city and landscape modelBhey are an essential part of the &an
portationinfrastructureand are often easily recognizabldandmarksof a city. CityGML 1.0has beerdacking
thematic modules dedicated boidges and tunnelsaand thussuch objecthad to be modelled and exchanged
usinga GenericCityObjecas proxy(cf. chapterl0.12). CityGML 2.0 now introduces two new thematic modules

for the explicit representation of bridges and tunnels which complement the thematic model of CityGML: the
Bridgemodule (cf.chapterl0.4) and theTunnelmodule €f. chapterl0.5).

Bridges and tunnels can be represented in LOD4lard the underlyinglatamodelshave a coherent structure
with the Building model. For example, bridges and tunnels can be decomposed into parts, thematic boundary
surface with openings are available to semantically classify parts of the shell, and ifwtakest well agnteri-
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or built structures can be represent&tiis coherent model structure facilitates the similar understanding of
semantic entities and helps to reduce software implementation efforts. Bdgidge and theTunnelmodel
introduce further concepts and model elements which are specific to bridges and tunnels respectively.

Additions to existing thematic nodules

1 CityGML Core modulécf. chapterl0.1)
Two new optional attributes have been added to the abstract base adessCityObjectwithin the
CityGML Coremodule:relativeToTerrainand relativeToWater.These attributeslenotet he f eat ur e 6
location with respect to the terraincawater surface in a qualitative way, and thus facilitate simple and
efficient queries (e.g., for the number of subsurface buildings) without theforema additional digital
terrain model or a model of the water body.

91 Building module (cf. chaptet0.3

0 LODO representation
Buildings can now be represented in LOBYfootprint and/orroof edgepolygons This d-
lows the easy integration ekisting2D dataand ofroof reconstructions froraerialandsatd-
lite imagery into a 3D city model The representations are restricted horizontal, 3
dimensionakurfaces

0 Additional thematic boundary surfaces
In order tosemanticallyclassify parts of the outer building shell which are neither horizontal
wall surfaces nor parts of the roof, two additional boundary surfaces are introduced:
OuterFloorSurfaceandOuterCeilingSurface

o Additional relations to thematic boundary surfaces
In addition to AbstractBuildingandRoom the surface geometries BiildingInstallationand
IntBuildinglInstallation featurescan now be semantically classified using thematic boundary
surfaces. For example, this facilitates the semantic differentiatwelen roof and wall su
faces of dormerw/hich are modeled aBuildingInstallation

o Additional use of implicit geometries
Implicit geometries (cf. chapte8.3) are now available for the representation @fpening
BuildingInstallation andIntBuildinglnstallationin addition toBuildingFurniture A prototyp-
ical geometryfor thesecity objectscan tus be stored onandinstantiated at different lee
tions in the 3D city model.

1 Generics module (cf. chapt&6.12
Two generic attributeshave beenadded to the Generics module: MeasureAttribute and
GenericAttributeSetA MeasureAttributdacilitates the representation of measured valagsther with
areferenceto the employed unitA GenericAttributeSets a named collection of arbitrary generie a
tributes. It provides an optionabdeSpaceatribute to denote the authority organizatiwho defined
the attribute set.

1 LandUse module (cf. chapt26.10
The $ope of the feature tydeandUsehas been broadened to comprise lotheas of t he eart h
dedicated to a specific | and use and areas of th
without vegetation

1 Attributesclass function, andusage(all modules)
In order to harmonize the use of the attributless function andusage this attribute triplehas been
complemented for all feature classes that at least provided one of the attributes in CityGML 1.0.

Additions to the CityGML code list mechanism

In CityGML, code listsproviding the allowed values for enumerative attributes suclelass function and
usagecan be specified outside the CityGML schema by any organization or information community according to
their specific informatin needs. This mechaniss) however not fully reflected inthe CityGML 1.0 encoding
schema, because in a CityGML 1.0 instance documeamrresponding attributeamot point tothe dictionary

with the used code list valueghis has beertorrectedfor CityGML 2.0: All attributes taking values from code

lists are now of typgml:CodeTypdollowing the GML 3.1.1 mechanism for the encoding of code list valefes
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chapter10.14 for more information).The gml:CodeTypeadds an optionatodeSpaceralue toenumerative
attributes whictallows forproviding a persistent URI pointing to the corresponding dictionary.

Changelog for CityGML 2.0

Changes on the level #ML schema components are providedAnnex F

Further edits to the specification document

1 Accuracy requirementir Levels of Detail (LOD) (cf. chaptér2)
The accuracy requirements for the different CityGML LODs proposeahepter 6.2 are nomn
normative. The wording of chaptér2in CityGML 1.0 is however inconsistent with regard to tlaist
and thus has been clarified for CityGNaLO.

1 Rework of the CityGML example daetgcf. Annex G
The CityGML examples provided iAnnex Ghave been reworked and extended. They now show a
consistent building model in dive LODs and demonstrate, for example, the semaatit geometric
refinement of the building throughout thdferent LODs as well as the usage of XLinks to sharemgeo
etry elements between features. The datasets are shipped with the CityGML XML Scheagg paio#t
are available atttp://schemas.@mngis.net/citygniexamples/2.0/

1 New example for the usage of Application Domain Extendicihénnex )
A second example for the usage of Application Dontaitensions in the field of Ubiquitous Network
Robots Services has been addedimex |.
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OpenGI$ Encoding Standard 0OGC12-01¢

OGC® City Geography Markup Language (CityGML)
Encoding Standard

1 Scope

This document is a®@GCEncoding Standard for the representation, storage and exchange of virtual 3D city and
landscape models. CityGML is implemented as an application schema of the Geography Markup Language
version 3.1.1 (GML3).

CityGML models both complex and georeferencedvébtor data along with the semantics associated with the
data. In contrast to other 3D vector formats, CityGML is based on a rich, general purpose information model in
addition to geometry and appearance information. For specific domain areas, CityGMir@lgles an exte

sion mechanism to enrich the data with identifiable features under preservation of semantic interoperability.

Targeted application areas explicitly include urban and landscape planning; architectural design; tourist and
leisure activities; 3D cadastres; environmental simulations; mobile telecommunications; disaster management;
homeland security; vehicle and pedestrian navigation; training simulators and mobile robotics.

CityGML is considered a source format for 3D portraying. $&mantic information contained in the model can

be used in the styling process which generates computer graphics represented e.g. as KML/COLLADA or X3D
files. The appropriate OGC Portrayal Web Service for this process is the OGC Web 3D Service (W8DS).
imagebased 3Dportrayal service fovirtual 3D landscape and city modetsprovided bythe OGCWeb View

Service (WVS)

Features of CityGML.:
1 Geospatial information model (ontology) for urban landscapes based on the ISO 191xx family
1 GML3 representation D geometries, based on the ISO 19107 model
1 Representation of object surface characteristics (e.g. textures, materials)
1

Taxonomies and aggregations
o Digital Terrain Models as a combination of (including nested) triangulated irregular networks
(TINS), regula rasters, break and skeleton lines, mass points

0 Sites (currently buildingsridges and tunnels)

0 Vegetation (areas, volumemnd solitary objects with vegetation classification)

0 Water bodies (volumes, surfaces)

0 Transportation facilities (both graph sttues and 3D surface data)

o Land use (representation of areas of the eartt
o City furniture

0 Generic city objects and attributes

0 Userdefinable (recursive) grouping

I Multiscale model with 5 weltlefined consecutive Mels of Detail (LOD):
0o LODOT regional, landscape
o LOD1T city, region
o0 LOD27 city districts, projects
0 LOD3T architectural models (outside), landmarks
0 LOD47 architectural models (interior)

1 Multiple representations in different LODs simultaneouglgneralisation relations between objects in
different LODs

Optional topological connections between feature (sub)geometries

Application Domain Extensions (ADE): Specp-fic fho
plication specific extensions, for exale for noise pollution simulation, or to augment CityGML by
properties of the new National Building Information Model Standard (NBIMS) in the U.S.
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2 Conformance

Conformance targets addressed by this International standard are CityGML instance doconhgntuture
revisions of this International Standard may also address consumers or producers as conformance targets.

Clauses3 to 10 of this International standard specify separate CityGML XML Schema definitions and normative
aspects, i.e. CityGML modules, which shall be used in CityGML instance documents in accordarmtauséh

7. Implementations are not required to support the full range of capabilities provided by the universe of all
CityGML modules. Valid partial implementatioase supported following the rules and guidelines for CityGML
profiles in chapter.2

CityGML instance documents claiming conformance to this International Stastuzid
a) conform to the rules and requirements specified in clause40;
b) pass all relevant test cases of the abstract test suite in Brinex

c) satisfy all relevant conformance classes of the abstract test suite related to CityGMEesrindinnex
B.2

3 Normative references

The following normative documents contain provisions which, through reference in this text, constitiste prov
sions of this part o©DGC12-019. For dated references, subsequent amendments to, or revisions of, any of these
publications do not apply. However, parties to agreements based on this P&Cdf2-019 are encouraged to
investigate the possibility of apphg the most recent editions of the normative documents indicated below. For
undated references, the latest edition of the normative document referred to applies.

The following documents are indispensable for the application of the CityGML standardedrhetgy model of
GML 3.1.1 is used except for some added concepts like implicit geometfiehdpter8.2). The appearance
model €f. chapter9) draws concepts from botK3D and COLLADA Addresses are represented using the
OASIS extensible Address Languagkl.

ISO 8601:2004Data elementsrad interchange formats Information interchangé Representation of dates
and times

ISO/TS 19103:20053eo0graphic Informatiofi Conceptual Schema Language

ISO 19105:2000Geographic informatiofi Conformance and testing

ISO 19107:2003Geographidnformationi Spatial Schema

ISO 19109:2005Geographic Informatiofi Rules for Application Schemas

1ISO 19111:2003Geographic informatiofi Spatial referencing by coordinates

ISO 19115:2003Geographic Informatiofi Metadata

ISO 19123:2005Geographic Inbrmationi Coverages

ISO/TS 19139:2007%Geographic Informatiofi Metadatai XML schema implementation

ISO/IEC 19775:2004¢3D Abstract Specification

OpenGI$ Abstract Specification Topic @verview, OGC documefy-084

OpenGI$ Abstract Specification Topi5, The OpenGIS Feature, OGC documenil@8r2

OpenGIS$ Abstract Specification Topic Relations between Features, OGC documerit @82
OpenGI$ Abstract Specification Topic 1Geature Collections, OGC document990

OpenGI$ Geography Markup Language Implementation Specificaliension 3.1.10GC document 0305r1
OpenGI$ GML 3.1.1 Simple Dictionary Profile/ersion 1.0.0, OGC document-099r2

IETF RFC 2045 & 2048\ultipurpose Internet Mail Extensions (MIME). (Novembe®@

IETF RFC 2396Uniform Resource Identifiers (URI): Generic Syntax. (August 1998)

W3C XLink, XML Linking Language (XLink) Version 1.0. W3C Recommendation (27 June 2001)
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W3C XMLName,Namespaces in XML. W3C Recommendation (14 January 1999)

W3C XMLSchemal, XML Schema Part 1: Structures. W3C Recommendation (2 May 2001)

W3C XMLSchema2, XML Schema Part 2: Datatypes. W3C Recommendation (2 May 2001)

W3C XPointer XML Pointer Language (XPointer) Version 1.0. W3C Working Draft (16 August 2002)

W3C XML Base XML Base, W3C Recommendation (27 June 2001)

W3C XML, Extensible Markup Language (XML) 1.0 (Second Edition), W3C Recommendation (6 October 2000)

OASIS (Organization for the Advancement of Structured Information Standards): extensible Address Language
(XAL v2.0).

Khronos Group Inc.: COLLADA Digital Asset Schema Release 1.4.1
The Schematron Assertion Language 1.5. Rick Jelliffe 2@p@1

4  Conventions

4.1 Abbreviated terms

The following abbreviated terms are used in this document:

2D Two Dimensional

3D Three Dimensipal

AEC Architecture, Engineering, Construction

ALKIS German National Standard for Cadastral Information
ATKIS German National Standard for Topographic and Cartographic Information
B-Rep Boundary Representation

bSI buildingSMART International

CAD ComputerAided Design

COLLADA Collaborative Design Activity

CSG Constructive Solid Geometry

DTM Digital Terrain Model

DXF Drawing Exchange Format

EuroSDR  European Spatial Data Research Organisation

ESRI Environmental Systems Research Institute

FM Facility Management

GDF Geographic Data Files

GDI-DE Spatial Data Infrastructure Germarygodateninfrastruktur Deutschlgnd
GDINRW  Geodata Infrastructure NorfRhine Westphalia

GML Geography Markup Language

1Al International Alliance for Interoperabilinow buildingSMART International (bS))
IETF Internet Engineering Task Force

IFC Industry Foundation Classes

ISO International Organization for Standardisation

LOD Level of Detall

NBIMS National Building Information Model Standard

OASIS Organisation for the Acancement of Structured Information Standards

0OGC Open Geospatial Consortium

OSCRE Open Standards Consortium for Real Estate
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SIG 3D Specal Interest Group 3D of the GIDE

TC211 ISO Technical Committee 211

TIC Terrain Intersection Curve

TIN Triangulated dregular Network

UML Unified Modeling Language

URI Uniform Resource Identifier

VRML Virtual Reality Modeling Language
wW3C World Wide Web Consortium

W3DS OGC Web 3D Service

WEFS OGC Web Feature Service

X3D Open Standards XMienabled 3D file format of thé/eb 3D Consortium
XML Extensible Markup Language

XAL OASIS extensible Address Language

4.2 UML Notation

The CityGML standard is presented in this document in diagrams using the Unified Modeling Language (UML)
static structure diagram (see Booch et al. 199 UML notations used in this standard are described in the
diagram belowKig. 1).

Association between classes

Class #1 | Class#2
Role
Association cardinality
Class Only one 1.7° Class One or more
* Class Zero or more Class
0.. n Specific number
0..1 Class Optional (zero or one)

Aggregation between classes Class inheritance (subtyping of classes)

Aggregate

Superclass
class

ﬁ. /"['-u.

Component
Class #1

Component
Class #2

|

Component
Class #n

Subclass #1

Subclass #2

Subclass #n

Fig. 1: UML notation(see ISO TS 19103, Geographic informati@@onceptual schema language

According to GML3 all associations between model elements in CityGML ardingational. Thus, assai

tions in CityGML are navigable in only one direction. The direction of navigati depictedby an arrowhead.

In general, the context an element takes within the association is indicated by its role. The role is displayed near
the target of the association. If the graphical representation is ambiguous though, the position efriae tiel

be drawn to the element the association points to.
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The following stereotypes are used:

<<Geometry>> represents the geometry of an object. The geometry is an identifiable and distinguishable object
that is derived from the abstract GML typbstractGeometryType

<<Feature>> represents a thematic feature according to the definition in ISO 19109. A feature is an identifiable
and distinguishable object that is derived from the abstract GMLAppactFeatureType

<<Object>> represents an identifiab&nd distinguishable object that is derived from the abstract GML type
AbstractGMLType

<<Enumeratior> enumerates the valid attribute valiles fixed list of named literal valueEnumerations are
specified inline the CityGML schema.

<<CodelList>> enunmates the valid attribute values. In contrasEtmumerationthelist of valuesis open and,
thus,not given inline theCityGML schemaTheallowed valuegan beprovided within an externalode list.
It is recommended that code lists are implemented as suligilenariesfollowing the GML 3.1.1 Simple
Dictionary Profile €f. chapter6.6and chaptei0.14.

<<Union>> is a list of attributes. The semantics are that only one of the attributes can be present at any time.
<<PrimitiveType>> is usef representations supported by a primitive type in the implementation.

<<DataType>> is used as a descriptor of a set of values that lack identity. Data types include primiive pred
fined types and usetefinable types. A DataType is thus a class with éevmo operations whose primary
purpose is to hold the abstract state of another class for transmittal, storage, encoding or persistent storage.

<<Leaf>> is used within UML package diagrams to indicate model elements that can have no further subtypes.

<<XSDSchema>> is used within UML package diagrams to denote the root element of an XSD Schema contai
ing all the definitions for a particular namespace. All the package contents or component classes are placed
within the one schema.

<<ApplicationSchema>> is udewithin UML package diagrams to denote an XML Schema definitionafund
mentally dependent on the concepts of another independent Standard within the XML Schema metala
guage. For example, ApplicationSchema indicates extensions of GML consistent with thé GMLI es f or
application schemasbo.

In order toenhancehe readability of the CityGML UML diagrams, classes depictedin different colorsif
they belong to different UML packagéseeFig. 8 for an overview of UML packaggsThe following coloring
scheme is applied:

1 Classegainted in yellowbelongto the UML package which isubject of discussiom that clauseof
the specificationin which the UML diagram isgiven For examplejn the context ofchapter10.1
which introduces th€ityGML Coremodule,the yellow color is ged to denote classes which aes d
fined in theCityGML CoreUML package. Likewise, the yellow classes shown in UML diagrams in
chapterl0.3are associated with tiguilding module which is subject of discussion in that chapter.

1 Classes painted in blleelong toa CityGML UML packagedifferent to that associated with the yellow
color. In order toexplicitly denotethe UML package ofsuch classesther class name cary a
namespace prefix which is uniquely associated with a CityGML module thwoutitis specification
(cf. sectiond.3for a list of namespaces and prefixdsor example, in the context of tiBaiilding mod-
ule, classes from th€ityGML Coremoduleare painted in blue and their class namespeeeededy
the prefixcore

1 Classes painted in greare defined in GML3 and their class naaaeepreceded by the prefiyml.
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The following example UML diagram demons#&sthe UML notation and coloring scheme used throughiat
specification. In this example, the yellow das are associated with the CityGMBuilding module, the blue
classes are from th@ityGML Coremodule, and the green class depicts a geometry element defined by GML3.

<<Feature>>
core::_CityObject

T

<<Feature>>
core::_Site

lod1Solid * %

- <<Feature>>
lod2Solid * _AbstractBuilding
lod3Solid * NS a—
<<Geometry>> lod4Solid * :
gml::_Solid
0.1 ZF
| |
<<Feature>> <<Feature>>
Building BuildingPart

consistsOfBuildingPart

Fig. 2: Example UML diagrandemonstrating the UML notation aedloring scheraused throughout the CityGML specification.

4.3 XML namespaces and namespace prefixes

The CityGML data model is thematically decomposed into a core module and thematic extension modules. All
modules including the core are specified by their XML schema file, each defining a globally unique XML
namespace. The extension modules are based on the core module and, thus, contain (by reference) the CityGML
core schema.

Within this document the module namespaces are associated with recommended. pféiese prefixes are
consistently used within the normative parts of this specification, for all UML diagrams and example CityGML
instance documents. The CityGML core and extension modules along with their XML namespace identifiers and

recommended namessge prefixes are listed fab. 1.

CityGML module Namespace identifier Namespace prefix
CityGML Core http://www.opengis.net/citygni/0 core
Appearance http://www.opengis.net/citygml/appearare€/ app
Bridge http://www.opengis.net/citygml/bridg2/0 brid
Building http://www.opengis.net/citygml/building/0 bldg
CityFurniture http://www.opengis.net/citygml/cityfurnitur2/0 frn
CityObjectGroup http://www.opengis.net/citygml/cityobjectgro@pd arp
Generics http://www.opengis.net/citygml/generi@sd gen
LandUse http://www.opengis.net/citygml/landuged luse
Relief http://www.opengis.net/citygml/reliet/0 dem
Transportation http://www.openggs.net/citygml/transportatiod/0 tran
Tunnel http://www.opengis.net/citygml/tunnel0 tun
Vegetation http://www.opengis.net/citygml/vegetati@d veg
WaterBody http://www.opengis.net/citygml/waterbo@yD wir
TexturedSurface [deprecate( http://www.opengis.net/citygml/texturedsurfa2«&f tex

Tab.1: List of CityGML modules, their associated XML namespace identifiers, and example namespace prefixes.
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Further XML Schema definitions relevant to this standard are showmbn2 along with the corresponding
XML namespace identifiers and namespace prefixes consystesgtti within this document.

XML Schema definition Namespace identifier Namespace prefix
Geography Markup Languag http://www.opengis.net/gml gml

version 3.1.1 (from OGC)

Extensible Address Languag urn:oasis:names:tc:cig:xsdschema:xAL:2.0 XAL

version 2.0 (from OASIS)

Schematron Assertion hba| http://www.ascc.net/xml/schematron sch

guage version 1.5

Tab.2: List of XML Schema definitions, their associated XML namespace identifiers, and example namesipeeused within this
document.

4.4 XML-Schema

The normative parts of the standard use the W3C XML schema language to describe the grammar of conformant
CityGML data instances. XML schema is a rich language with many capabilities. While a reader mfamis u

iar with an XML schema may be able to follow the description in a general fashion, this standard is not intended
to serve as an introduction to XML schema. In order to have a full understanding of this candidate standard, it is
necessary for the readto have a reasonable knowledge of XML schema.
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5 Overview of CityGML

CityGML is an open data model and XMiased format for the storage and exchange of virtual 3D city models.
It is an application schema for the Geography Markup Language version 3.1.1 (GML3), thebéxtenelira-
tional standard for spatial data exchange issued by the Open Geospatial Consortium (OGC) and the 1ISO TC211.

The aim of the development of CityGML is to reach a common definition of the basic entities, attributes, and
relations of a 3D city modelThis is especially important with respect to the -@ffdctive sustainable maat
nance of 3D city models, allowing the reuse of the same data in different application fields.

CityGML not only represents the graphical appearance of city models bulicacaddresses the represant

tion of the semantic and thematic properties, taxonomies and aggregations. CityGML includes a geometry model
and a thematic model. The geometry model allows for the consistent and homogeneous definition of geometrical
and tqgological properties of spatial objects within 3D city models (chaf)tefhe base class of all objects is
_CityObjectwhich is a subclass of the GML cladseature All objects inherit the properties fronCityObject

The thematic model of CityGML employs the geometry model for different thematic fields like Digital Terrain
Models, sites (i.e. buildingdridges and tunnels), vegetation (solitary objectsl also areal and volumetric
biotopes) Jand usewater bodies, transportation facilities, and city furniture (chal@erFurther objects, which

are not explicitymodelled yet, can be represented using the concept of generic objects and attributes (chapter
6.17). In addition, extensions to the CityGML data model applyingpecific application fields can be realised

using the Application Domain Extensions (ADE) (chafet?. Spatial objects of equal shape which appear
many times atifferent positions like e.g. trees, can also be modelled as prototypes and used multiple times in
the city model (chapte8.2). A grouping concept allows the cbimation of single 3D objects, e.g. buildings to a
building complex (chaptes.8). Objects which are not geometrically modelled by closed solids can be virtually
saled in order to compute their volume (e.g. pedestrian underpasses, tunnels, or airplane hangars). They can be
closed usingClosureSurfacegchapter6.4). The concept of th&errainintersection@rve is introduced to ird-

grate 3D objects with the Digital Terrain Model at their correct positions in order to prevent e.g. buildings from
floating over or sinking into the terrain (chap@).

CityGML differentiates five consecutive Levels of Detail (LOD), where objects become more detailed with
increasing LOD regarding both their geometry and thematic differentiatlap{er6.2). CityGML files can-

but do not have te contain multiple representations (and geometries) for each object in different LODasimult
neously. Generaliion relations allow the explicit representation of aggregated objects over different scales.

In addition to spatial properties, CityGML features can be assigned appearances. Appearances are not limited to
visual data but represent arbitrary observableopp er t i es of t he featureds surface
pollution, or earthquakanduced structural stregshapter9).

Furthermore, ojects can have external references to corresponding objects in external datasetsgdhapier
possible attribute values ofiemerative object attributesan be enumerated inode lists defined in external,
redefinable dictionaries (chapt@6).
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6 General characteristics ofCityGML

6.1 Modularisation

The CityGML data model consists of class definitions for the most important types of objects within virtual 3D
city models. These classes have been identified to be either required or important in many different application
areas. Hwever, implementations are not required to support the overall CityGML data model in order to be
conformant to the standard, but may employ a subset of constructs according to their specific information needs.
For this purpose, modularisation is appliedhe CityGML data model (cf. chapté).

The CityGML data model is thematically decomposed intmr@ moduleand thematiextension moduleg he

core module compses the basic concepts and components of the CityGML data model and, thus, must be
implemented by any conformant system. Based on the core module, each extension covers a specific thematic
field of virtual 3D city models. CityGML introduces the followitigirteenthematic extension module&ppea-

ance Bridge, Building, CityFurniture, CityObjectGroup Generics LandUse Relief Transportation Tunnel,
VegetationWaterBody andTexturedSurface [deprecated]

CityGML compliant implementations may support any combination of extension modules in conjunction with
the core module. Such combinations of modules are called City@idiiles Therefore, CityGML profiles
allow for valid partial implementations of the oa# CityGML data model.

6.2  Multi-scale modelling (5 levels of detail, LOD)

CityGML supports different Levels of Detail (LOD). LODs are required to reflect independent data collection
processes with differing application requirements. Further, LODs facilgHieient visualisation and data
analysis (se€ig. 3). In a CityGML dataset, the same object may be represented in different LOD simutaneou
ly, enabling the analysis and visualisation of the same object with regard to different degrees of resolution.
Furthermore, two CityGML data sets containing the same object in different LOD may be combined-and int
grated. However, it will be within the responéilyi of the user or application to make sure objects in different
LODs refer to the same realorld object.

The coarsest level LODO is essentially a two and a haiédsional Digital Terrain Modalver which an aerial
image or a map may be drapd&lildings may be represented in LODO by footprint or roof edge polygons.
LOD1 is the welknown blocls model comprising prismatic buildings with flat rosifuctures In contrast, a
building in LOD2 has differentiated roof structures and thematically differedtlaundarysurfaces. LOD3
denotes architectural models with detailed wall and roof strucpotntially including doors and windows
LOD4 completes a LOD3 model by adding interior structureb@ildings For example, buildingsy LOD4 are
composed ofooms, interior doors, stairs, and furnituta. all LODs appearance information such as high
resolution textures can be mapped onto the structures g¢f.

Fig. 3: The five levels of detail (LOD) defined by CityGML (source: IGG Uni Bonn)
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LODs are also characterised by differing accuracies and minimal dimensions of affjetéb (3). The accua-

cy requirements given in this standard are debatablamntbbe considered as discussion proposals. Accuracy

is described as standard deviat®rmof the absolute 3D point coordites. Relative 3D point accuracy will be
added in a future version of CityGML and it is typically much higher than the absolute accuracy. In LOD1, the
positional and height accuracy of poistsouldbe 5m or less, while all objects with a footprint ofeddt 6m by

6m shouldbe considered. The positional and height accuracy of LB0ORoposed tde 2m or better. In this

LOD, all objects with a footprint of at least 4x4m shouldbe considered. Both types of accuracies in LOD3
should bed.5m, and the mimnal footprint issuggested to b2m x 2m. Finally, the positional and height acaur

cy of LOD4 shouldbe 0.2m or less. By means of these figures, the classification in five LOD may be used to
assess the quality of 3D city model datasets. The LOD categorisation makes datasets comparable and provides
support for their integration.

LODO LOD1 LOD2 LOD3 LOD4
Model scale description regional, city, region city, city districts, | city districts, architectural
landscape projects architectural models (inter
models éxtei- or), landmark
or), landmark
Class of accuracy lowest low middle high very high
Absolute 3Dpoint accuracy lower than 5/5m 2/2m 0.5/0.5m 0.2/0.2m
(position / height) LOD1
Generalisation maximal object blocks as | objects as object as real constructive
generalisation | generalised generalised features; elements and
features; features; > 2*2m/1m openings are
> 6*6m/3m > 4*4m/2m represented
Building installations no no yes representative | real object form
exteriorfeatures
Roof structuréepresentation yes flat differentiated roof | real object form | real object form
structures
Roof overhanging parts yes no yes if known yes yes
CityFurniture no important objects | prototypesgener | real object form | real object form
alized objects
SolitaryVegetationObject no important objects | prototypes, higher| prototypes, prototypesreal
6m higher 2m object form
PlantCover no >50*50m >5*5m <LOD2 <LOD2
éto be continued for the other feature themes

Tab.3: LOD 0-4 of CityGML with their proposedaccuracy requirementdiscussion proposabased onAlbert et al. 2003).

Whereas in CityGML each object can have a different representation for every LOD, often different objects from
the same LOD will be generalised to be represented by an aggregate object in a lower LOD. CityGML supports
the aggregation / decomposition by yiding an explicit generalisation association betweign objects(further

details see UML diagram in chaptdd.]).

6.3 Coherent semanticatjeometrical modelling

Oneof the most important design principles for CityGML is the coherent modelling of semantics and-geome
rical/topological properties. At the semantic level, +walld entities are represented by features, such ag-buil

ings, walls, windows, or rooms. The ddption also includes attributes, relations and aggregation hierarchies
(partwholerelations) between features. Thus the p#ntelationship between features can be derived at the
semantic level only, without considering geometry. However, at the klestid, geometry objects are assigned

to features representing their spatial location and extent. So the model consists of two hierarchies: the semantic
and the geometrical in which the corresponding objects are linked by relationships (cf. Stadlele& 6@ih.

The advantage of this approach is that it can be navigated in both hierarchies and between both hierarchies
arbitrarily, for answering thematic and/or geometrical queries or performing analyses.

If both hierarchies exist for a specific object,threust be coherent (i.e. it must be ensured that they match and
fit together). For example, if a wall of a building has two windows and a door on the semantic level, then the
geometry representing the wall must contain also the geometry parts of bothvevinad the door.

6.4 Closure surfaces

Objects, which are not modelled by a volumetric geometry, must be virtually closed in order to compute their
volume (e.g. pedestrian underpasses or airplane hangars). They can be seake@losingSurfaceThese are
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special surfaces, which are taken into account, when needed to compute volumes and are neglected, when they
are irrelevant or not appropriate, for example in visualisations.

The concept o€losureSurfacés also employed to model the entrancesudfsurfae objects Those objects like

tunnels or pedestrian underpasses have to be modelled as closed solids in order to compute their volume, for
example in flood simulations. The entrances to subsurface objects also have to be sealed to avoid holes in the
digital terrain model (se€ig. 4). However, in clos@éange visualisations the entrance must be treated as open.
Thus,closure surfaceare an adequate way to model thoseaates.

JULIUS

TUCKN

BUROEINRI

BUCHHA

Fig. 4: Closure surfaces to seal open structures. Passages are subsurface objects (left). The entrance is sealed by a virtual
ClosureSurfacewhich is both part of the DTM and the subsurface object (right) (grai@@Uni Bonn).

6.5  Terrain Intersection Curve (TIC)

A crucial issue in city modelling is the integration of 3D objects and the terrain. Problems arise if 3D objects
float over or sink into the terrain. This is particularly the case if terrains and 3D objedifferent LOD are
combined, or if they come from different providers (Kolbe and Gréger 2003). To overcome this problem, the
Terrainintersection@rve (TIC) of a 3D object is introduced. These curves denote the exact position, where the
terrain touches th8D object (sed-ig. 5). TICs can be applied to buildings and building parts (cf. chatsy,

bridge, bridge parts and bridge construction elementsclefpter10.5, tunnel and tunnel part&f. chapter

10.4), city furniture objects (cf. chaptel0.9, and geesric city objects (cf. chaptet0.12. If, for example, a

building has a courtyard, thEC consists of two closed rings: one ring representing the courtyard bguadd

one which describes the building's outer boundary. This information can be used to integrate the building and a
terrain by O6pulling upd or 6pulTédrraimingersectiomOnvé TheDTM sur r ou
may be locally warped tfit the TIC. By this means, the TIC also ensures the correct positioning of textures or
the matching of object textures with the DTMince the intersection with the terrain may differ depending on

the LOD, a 3D object may have differéfrgrrainintersection@rvesfor all LOD.

Fig.5: TerrainintersectionCurvé or a bui l ding (left, black) and a tunnel object (r
triangulatedClosureSurfacégraphic: IGG Uni Bon).
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6.6 Codelists for enumerative attributes

CityGML feature types often include attributes whose values can be enumerated in a list of discretdwalues.
example is the attributeof typeof a building whose attribute values typically are saddle back, roipf roof,
semthip roof, flat roof, pent roof, or tent roof. If such an attribute is typed as string, misspellings or different
names for the same notion obstruct interoperabilitgreover, the list opossibleattribute valuesftenis not

fixed and mg substantially vary for different countries (e.g., due to national law and regulaiwh$dr differ-

ent information communities.

In CityGML, such enumerative attributes are of typmal:CodeTypeand thé& allowed attribute values can be
provided in acode listwhich is specified outside the CityGML schemfa.code listcontains coded attribute

values and ensures that the same code is used for the same notion or concept. If a code list is provided for an
enumerative attribute, the attribute may only takkies from this list. This allows applications to validate the
attribute value and thus facilitates semantic and syntactic interoperability. It is recommended that code lists are
implemented asimple dictionariegollowing the GML 3.1.1 Simple DictiongrProfile (cf. Whiteside2005)

The governance of code lisssdecoupled from the governance of the CityGML schema and specification. Thus,
code listsmay bespecifiedby any organisation or information community according to their information needs
There shall be one authority per code list who is in charge of the code list values amairitenancef the code

list. Further information on the CityGML code list mechanism is provided in chhpté4

Code lists can have references to existing models. For example, room codes defined by the Open Standards
Consortium for Real Estate (OSCRE) can be referenced or classifications of buildings and building parts intr
duced by theNational Building Information Model Standard (NBIMS) can be ugi&ginex Ccontains non
normative code listproposed by the SIBD for almost all enunrative attributes in CityGMLThey can be

directly referenced in CityGML instance documents and serve as an example for the definition of code lists.

6.7 External references

3D objects are often derived from or have relations to objects in other databdaés sets. For example, a 3D
building model may have been constructed from a-dimoensional footprint in a cadastre data set, or may be
derived from an architectural modedtig. 6). The reference of a 3D object to its corresponding object in an
external data set is essential, if an update must be propagated or if additional data is required, for example the
name and addr ess o fcadastrabinforni@mah systgnmdrdinfoonatioreon aniemnasaand doors

in a facility management system. In order to supply such information, &zitfObjectmay refer toexternal

data sets (for the UML diagram sEig. 21; and for XML schema definition see ann&xl) usingthe concept of
ExternalReferenceSuch a refance denotes the external information system and the unique identifier of the
object in this system. Both are specified ddrdform Resource Identifier (URIwhich is a generic format for
references to any kind of resources on the internet. The genedept of external references allows for any
_CityObjectan arbitrary number of links to corresponding objects in external information systems (e.g. ALKIS,
ATKIS, OS MasterMaP, GDF, etc.).

Telecommunication
database

Facility
Management

Cadastral database System

Fig. 6: External references (graphic: IG@i Bonn).
6.8 City object groups

The grouping concept of CityGML allows for the aggregation of arbitrary city objects according-ttefised
criteria, and to represent and transfer these aggregations as part of a city model (for the UML shagram
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chapterl0.11 XML schema definition see annéx6). A group may be aigned one or more hames and may be
further classified by specific attributes, for exampkscape route from room no. 43 in house no. 1212 in a fire
scenarid as a name andescape routeas type. Each member of the group can optionally be assigned a rol
name, which specifies the role this particular member plays in the group. This role name may, for example,
describe the sequence number of this object in an escape route, or in the case of a building complex, denote the
main building.

A group may conta other groups as members, allowing nested grouping of arbitrary depth. The grouping
concept is delivered by the thematic extension mo@itkObjectGroupof CityGML (cf. chapterl0.11).

6.9 Appearances

I nformation about a surfacebs appearance, i .e. obser\
of virtual 3D city models in addition to semantics and geometry. Appearance relates to anylmaséateeme,

e.g. infrared radiation or noise pollution, not just visual properties. Consequently, data provided by appearances

can be used as input for both presentation of and analysis in virtual 3D city models.

CityGML supports feature appearances for arti@ty number of themes per city model. Each LOD of a feature
can have an individual appearance. Appearances can repreaerdng other§ textures and georeferenced
textures. CityGMLG6s appearance modeAppearaste(¢f.zimite®yg ed wi t h

6.10 Prototypic objects / scene graph concepts

In CityGML, objects of equal shape like trees and other vegetation objects, traffic lights and traffic signs can be
represented as prototypes which are instantiated multiple times at different locgigprg. (The geometry of
prototypes is defined in local coordinate systems. Every instance is represented by a reference to the prototype, a
base point in the world coordinate reference system and a transformation matrix tiatefasicaling, rotation,

and translation of the prototype. The principle is adopted from the concept of scene graphs used in computer
graphics standards like VRML and X3D. As the GML3 geometry model does not provide support for scene
graph concepts, itsiimplemented as an extension to the GML3 geometry model (for further descdption
chapterB.2).

: g Signs & Signals for
Vegetation objects Traffic and Tram
e
y ¢ -'
People & Animals Cars

Fig. 7: Examples of prototypic shapésurce: Rheinmetall Defence Electronics).
6.11 Generic city objects and attributes
CityGML is being designed as a universal topographic information model that defines object types and attributes
which are useful for a broad range of applications. In pracigglications the objects within specific 3D city

models will most likely contain attributes which are not explicitly modelled in CityGML. Moreover, there might
be 3D objects which are not covered by the thematic classes of CityGML. CityGML providesffevendi
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concepts to support the exchange of such data: 1) generic objects and attributes, and 2) Application Domain
Extensions ¢f. chapter6.12).

The concept of gneric objects and attributes allows for the extension of CityGML applications during runtime,

i.e. any_CityObjectmay be augmented by additional attributes, whose names, data types, and values can be
provided by a running application without any chanf§ehe CityGML XML schema. Similarly, features not
represented by the predefined thematic classes of the CityGML data model may be modelled and exchanged
using generic objects. The generic extensions of CityGML are provided by the thematic extension module
Genericy(cf. chapterl0.12.

The current version of CityGML does not includer example,explicit thematic models foembankments,
excavationgandcity walls. These objects may be stored or exchanged using generic objects and attributes.

6.12 Application Domain Extensions (ADE)

Application Domain Extensions (ADE) specify additions to the CityGML data model. Such additions comprise
the introduction of new properties éxisting CityGML classes like e.g. the number of habitants of a building or

the definition of new object types. The difference between ADEs and generic objects and attributes is, that an
ADE has to be defined in an extra XML schema definition file wghoivn namespace. This file has to explicitly
import the XML Schema definition of the extended CityGML modules.

The advantage of this approach is that the extension is formally specified. Extended CityGML instance doc
ments can be validated against theyGML and the respective ADE schema. ADEs can be defined (and even
standardised) by information communities which are interested in specific application fields. More than one
ADE can be actively used in the same dataset (further description cf. chagdigr

ADEs may be defined for one or even several CityGML modules providing a high flexibility in adding mdditio
al information to the CityGML data model. Thus, ’BE mechanism is orthogonally aligned with the modula
isation approach of CityGML. Consequently, there is no separate extension module for ADEs.

In this specificationtwo examples for ADEs are included:

1 An ADE for Noise Immission Bnulation (Annex H which is employed in the simulation of enwviro
mental noise dispersion according to the Environmental Noise Directive of the European Commission
(2002/49/EC)

1 An ADE for Ubiquitous Network Robots Servicef\ninex ) which demonstrates the usage of
CityGML for the navigation of robots in indoor environments

Further examples for ADEare theCAFM ADE (Bleiful? et al., 2009jor facility managementhe UtilityNet-
workADE (Becker et al., 201) for theintegrated 3D modeling of multitility networks and their interdepenae
cies theHydroADE (Schulte and Coors, 2008) for hydrographicglagations and th&eoBIM (IFC) ADE(van
Berlo et al., 201) which combines BIM information from IFC (frorbSI) with CityGML and is implemented in
the open source modelserver BIMserver.org.
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7 Modularisation

CityGML is a rich standarddih on the thematic and geomettapological level of its data model. On iteth

matic level CityGML defines classes and relations for the most relevant topographic objects in cities and regio
al models comprising built structures, elevation, vegetatiatembodies, city furniture, and more. In addition to
geometry and appearance content these thematic components allow to employ virtual 3D city modelsfor sophi
ticated analysis tasks in different application domains like simulations, urban data miaility, faanagement,

and thematic inquiries.

CityGML is to be seen as a framework giving geospatial 3D data enough space to grow in geometrical, topolog
cal and semantic aspects over its lifetime. Thus, geometry and semantics of city objects may bestilecdbly

tured covering purely geometric datasets up to complex geormotogically sound and spatgemantically
coherent data. By this means, CityGML defines a single object model and data exchange format applicable to
consecutive process steps of 3By ¢hodelling from geometry acquisition, data qualification and refinement to
preparation of data for specific ender applications, allowing for iterative data enrichment and lossless info
mation exchangécf. Kolbe et al. 2009)

According to this idea o framework, applications are not required to support all thematic fields of CityGML in
order to be compliant to the standard, but may employ a subset of constructs corresponding to specific relevant
requirements of an application domain or process Jtep.use of logical subsets of CityGML limits thento

plexity of the overall data model and explicitly allows for valid partial implementations. As for vé.§iohthe

CityGML standard, possible subsets of the data model are defined and embraced bdsGity@ML mod-

ules A CityGML module is an aggregate of normative aspects that must all be implemented as a whole by a
conformant system. CityGML consists ofare moduleand thematiextension modules

The CityGML core module defines the basic concepid components of the CityGML data model. It is to be
seen as the universal lower bound of the overall CityGML data model and a dependency of all thematic exte
sion modules. Thus, the core module is unique and must be implemented by any conformanBsystéan

the CityGML core module, each extension module contains a logically separate thematic component of the
CityGML data model. The extensions to the core are derived by vertically slicing the overall CityGML data
model. Since the core module is contd (by reference) in each extension module, its general concepts and
components are universal to all extension modules. The folloWiimggeen thematic extension modules are
introduced by versioR.0 of the CityGML standard. They are directly related l@muses of this document each
covering the corresponding thematic field of CityGML:

1 Appearance (cf. clau$y,

Bridge (cf. clausd.0.5

Building (cf. clausel0.3),
CityFurniture (cf. clausé&0.9),
CityObjectGroup (cf. claus£0.11),
Generics (cf. claus#0.12),
LandUse (cf. claus#0.10,

Relief (cf. clausel0.2),
Transportation (cf. clausi.?),
Tunnel (cf. clausd0.4)
Vegetation (cf. claus#0.8),
WaterBody (cf. claus&0.6), and
1 TexturedSurface [deprecated] (cf. claGs®.

The thematic decomposition tife CityGML data model allows for implementations to support any combination
of extension modules in conjunction with the core module in order to be CityGML conformant. Thus, the exte
sion modules may be arbitrarily combined according to the informagedsof an application or application
domain. A combination of modules is called a CityGMtofile. The union of all modules is defined as the

=A =4 =4 =4 4 4 -4 -4 -4 A -4
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CityGML base profile The base profile is unique at any given time and forms the upper bound of the overall
CityGML data model. Any other CityGML profile must be a valid subset of the base profile. By following the

concept of CityGML modules and profiles, valid partial implementations of the CityGML data model may be
realised in a welllefined way.

As for future deelopment, each CityGML module may be further developed independently from other modules
by expert groups and information communities. Resulting proposals and changes to modules may be introduced
into future revisions of the CityGML standard without affegtithe validity of other modules. Furthermore,
thematic components not covered by the current CityGML data model may be added to future revisions of the
standard by additional thematic extension moduldsese additional extensions may establish dependency
relations to any other existing CityGML module but shall at least be dependent on the CityGML core module.
Consequently, the CityGML base profile may vary over time as new extensions are added. However, if a specific
application has information needs te modelled and exchanged which are beyond the scope of the CityGML
data model, this application data can al soAfpl®-i ncor po
tion Domain Extensiomechanism (cf. claus€0.13 or by employing the concepts of generic city objects and
attributes (cf. chaptetr0.12.

The introduced modul arisation approach supports City
exchange format addressing various application domains and different steps of ivaitjing. For sake of

clarity, applications should announce the level of conformance to the CityGML standard by declarimg the e

ployed CityGML profile. Since the core module is part of all profiles, this should be realised by enumerating the
implementedhematic extension modules. For example, if an implementation suppoBsitding module, the

Relief module, and thé/egetatonrmodul e in addition to the core, this
[ Buil di ng, Rel i ef, Ve getiat isounplpdo.r tlemd , c asheé st lrseholud dle ber
[full]o.

7.1 CityGML core and extension modules

Each CityGML module is specified by its own XML Schema definition file and is defined within an individual

and globally unique XML target namespace. Accordmmgependency relations between modules, each module

may, in addition, import namespaces associated to such related CityGML modules. However, a single
namespace shall not be directly included in two modules. Thus, all elements belonging to one modsig-are a
ated to the modul ebds namespace only. By this means,
and distinguishable in CityGML instance documents.

Compared to CityGML versionsefore 1.0 the aforementioned namespace conventions introaluextra level

of complexity to data files as there is no single CityGML namespace any more. In contrast, components of
different CityGML modules and, thus, of different hamespaces may be arbitrarily mixed within the same
CityGML instance document. Furtheore, an application might have to parse instance documents containing
elements of modules which are not employed by the application itself. These parsing problems though can easily

be overcome bynefi s c h&war e 0 appl i cat i on satpaise and inteappepGML apgdic i ons t |
tion schemas in a generic way. El ements from differe
empl oyed CityGML profile could be skipped. Comparabl e
Application Domain Extensiomechanism (cf. clausi.13.

As for version2.0 of the CityGML standard, there are no two thematic extension modules related by aepende
cy. Thus all extension modules are truly independent from each other and may be separately supported by
implementations. However, the CityGML core module is a dependency for any extension module. This means
that the XML schema file of the core module is impottgdeach XML schema file defining an extension.

The dependency relations bet wekRgn8udhganydMladage diagrdnu| es ar
Each module is represented by a package. The package names correspond to the module names. A dashed arrow

in the figure indicates that the schema at the tail of the arrow depends upon the schema at the head of the arrow.

For CityGML modules, a dependency occurs where one schema <import>s another schema and accordingly the
corresponding XML namespace. For example, the extension md@&liléing imports the schema of the

CityGML Coremodule. A short description of each modulgiigen inTab.4.
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1 ] 1 ! [ ] 1
<<Leaf>> <<Leaf>> <<Leaf>> <<Leaf>> <<Leaf>> <<Leaf>>
Appearance |- Bridge F Building - CityFurniture |- | CityObjectGroup |- Generics F
| | | i | |
| I I I I I
| | i | | |
| I ! I I I
] [ P [ P[] P P [ :
<<Leaf>> | <<Leaf>> i <<Leaf>> i <<Leaf>> i <<Leaf>> i <<Leaf>> |
LandUse 4: Relief 4: Transportation |4 Tunnel 4: Vegetation 4: WaterBody 4:
| | i i | |
| I ! I I I
| : v : : :
| | T “<import> | | |
e e e memeae J--_-_3| <<Application Schema>> L= _____ O bommmmccmmmaaa |
<<import>> CityGML Core <<import>> b
Y , i <<Leaf>>
| <<imbortss i o> | L - | TexturedSurface
I I
S mper MPort>=.y [deprecatad]
[ 1] 1
<<XSDschema>> <<XSDschema=>>
Geography Markup Language extensible Address Language
(from OGC) (from OASIS)

Fig. 8: UML package diagram illustrating the separate modules of CityGML and their schema dependencies. Each extersion modul
(indicated by the leaf packages) further imports the GML 3.1.1 schema definition in order to represent spatial propeitiesafic
classes. For readability reasons, the corresponding dependencies have been omitted.

Module name CityGML Core

XML namespace identifier | http://www.opengis.net/citygn/0

XML Schema file cityGMLBase.xsd

Recommended namespace | core

prefix

Module description The CityGML Coremodule defines the basic components of the CityGML

model. Primarily, this comprises abgitrdase classes from which all thems
classes are (transitively) derived. But also -sabstract content common
more than one extension module, for example basic data types, is d
within the core module.

The core module itself imports the XML scha definition files of GML
version 3.1.1 and the OASIS extensible Address Language xAL.

Module name Appearance

XML namespace identifier | http://www.opengis.net/citygml/appearariz€/

XML Schema file appearance.xsd

Recommended namespace | app

prefix

Module description The Appearancemodule provides the means to model appearance

CityGML features, i . e. observabt
ance data may be stored for each city object. Therefore, the abstract bag
_CityObjectdefined within the core module is augmented by an additi
propertyu s i ng CiApplicatidh Dosnain Extensiomechanism Thus,
the Appearancemodule has a deliberate impact on all thematic exten
modules.
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Modul name

Bridge

XML namespace identifer

http://www.opengis.net/citygml/bridg2/0

XML Schema file

bridge.xsd

Recommended namespace
prefix

brid

Module description

The Bridge module allows the representation of thematic and spatial as
of bridges, bridge parts, bridge installations, and interior bridge structur
four levels of detai(LOD 17 4).

Module name

Building

XML namespace identifier

http://www.opengis.net/citygml/building/0

XML Schema file

building.xsd

Recommended namespace
prefix

bldg

Module description

The Building module allows the representation of thematic and spatial as|
of buildings, building parts, building installations, and interior buildingcst
tures infive levels of detail (LODOT 4).

Module name

CityFurniture

XML namespace identifier

http://lwww.opengis.net/citygml/cityfurnitur2/0

XML Schema file

cityFurniture.xsd

Recommended namespace
prefix

frn

Module description

The CityFurniture module is used to represent city furniture objects in cif
City furniture objects are immovable objects like lanterns, traffic signsra
tising columns, benches, or bus stops that can be found in traffic areas)-r¢
tial areas, on squares, or inilbwp areas.

Module name

CityObjectGroup

XML namespace identifier

http://www.opengis.net/citygml/cityobjectgro@d

XML Schema file

cityObjectGroup.xsd

Recommended namespace
prefix

grp

Module description

The CityObjectGroupmodule provides a grouping concept for CityGM
Arbitrary city objects may be aggregated in groups according tededieed
criteria to represent and transfer these aggregations as part of the city m
group may be further classified by specifigiatites.

20
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Module name

Generics

XML namespace identifier

http://www.opengis.net/citygml/generi@sd

XML Schema file

generics.xsd

Recommended namespace
prefix

gen

Module description

The Genericsmodule provides generic extensions to the CityGML data m
that may be used to model and exchange additional attributes and featu
covered by the predefined thematic classes of CityGML. However, ge
extensions shall only be usedaippropriatethematic classes or attributes g
not provided by any other CityGML module.

In order to represent generic attributes, @Genericsmodule augments th
abstract base clas€ityObjectdefined within the core module by an additig
al property using CityGMLS sApplication Domain Extensionmechanism
Thus, theGenericsmodule has a deliberate impact on all thematic exten
modules.

Module name

LandUse

XML namespace identifier

http://lwww.opengis.net/citygml/landuged

XML Schema file

landUse.xsd

Recommended namespace
prefix

luse

Module description

The LandUsemo d u | e al |l ows for t he

surface dedicated to a specific land use.

repri

Module name

Relief

XML namespace identifier

http://www.opengis.net/citygml/reliet/0

XML Schema file

relief.xsd

Recommended namespace
prefix

dem

Module description

The Reliefmodule allows for the representation of the terrain in a city mg
CityGML supports terrain representations in different levels of detail, tef
ing different accuracies or resolutions. The terrain may be specified
regular raster or grid, as a TIN, by break lines, and by mass points.

Module name

Transportation

XML namespace identifier

http://lwww.opengis.net/citygml/transportati@rid

XML Schema file

transportation.xsd

Recommended namespace
prefix

tran

Module description

The Transportationmodule is used to represent the transportation fea
within a city, for example roads, tracks, railways, or squares. Transpor
features may be representesia linear network or by geometrically describ
their 3D surfaces.
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Module Name

Tunnel

XML namespace identifier

http://www.opengis.net/citygml/tunn@l0

XML Schema file

tunnel.xsd

Recommended namespace
prefix

tun

Module description

The Tunnel module facilitates the representation of thematic and spa
aspects of tunnels, tunnel parts, tunnel installations, and interior tunrel
tures in four level of detail (LOD 1L 4)

Module name

Vegetation

XML namespace identifier

http://www.opengis.net/citygml/vegetati@d

XML Schema file

vegetation.xsd

Recommended namespace
prefix

veg

Module description

The Vegetationmodule provides thematic classes to represent veget
objects. CityGMLOG6s v e g dvweantsoliany veged
tion objects like trees, and vegetation areas which represent biotope
forests or other plant communities.

Module name

WaterBody

XML namespace identifier

http://www.opengis.net/citygml/waterbo@yD

XML Schema file

waterBody.xsd

Recommended namespace
prefix

witr

Module description

The WaterBodymodule represents the thematic aspects and 3D geome
rivers, canals, lakes, and basins. It does, however, not inherit any hydrol
or other dynamic aspects so far.

Module name

TexturedSurface [deprecated]

XML namespace identifier

http://www.opengis.net/citygml/texturedsurfa2 €y

XML Schema file

texturedSurface.xsd

Recommended namespace
prefix

tex

Module description

The TexturedSurfacenodule allows for assigning visual appearance prope|
(color, shininess, transparency) and textures to 3D surfaces. Due to in
limitations of its modelling approach this module has been marked deprg
and is expected to be removed in futureyGNML versions. Appearanc
information provided by this Appea
ancemodule without information loss. Thus, the use of TexturedSurface
module isstrongly discouraged

Tab.4: Overview of CityGMIS s
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7.2  CityGML profiles

A CityGML profile is a combination of thematic extension modules in conjunction with the core module of
CityGML. Each CityGML instance document shall employ the CityGML profpjprapriate to the provided
data. In general, two approaches to employ a CityGML profile within an instance document can be differentia
ed:

1. CityGML profile definition embedded inline the CityGML instance document
A CityGML profile can be bound to an instamdocument using trechemalocatiomttribute defined
in the XML Schema instance namespace, http://www.w3.0rg/2001/XMLSchestaance (commonly
associated with the prefixsi). The xsi:schemalLocatiomttribute provides a way to locate the XML
Schema definition for namespaces defined in an XML instance document. Its value is a whitespace
delimited list of pairs of Uniform Resource Identifiers (URIs) where each pair consists of a namespace
folowedbyhe | ocation of that namespacebds XML Schema d

By this means, the namespaces of the respective CityGML modules shall be defined within a CityGML
instance document. Thesi:schemalocatiomttribute then shall be uséd provide the location to the
respective XML Schema definition of each mod#i#. example instance documergiven inAnnex G

follow this first approach.

2. CityGML profile definition provided by a separate XML Schema definition file
The CityGML profile may also be specified by its own XML Schema file. This schema file sihall co
bine the appropriate CityGML modules by importing the corresponding XML Schema defini&on
this purpose, theimport element defined in the XML Schema namespace shall be used,
http://www.w3.0rg/2001/XMLSchema (commonly associated with the prejixFor thexs:importel-
ement, the namespace of the imported CityGML module along with thetlacon o f t he name
XML Schema definition have to be declared. In order to apply a CityGML profile to an instance doc
ment, the profileds schema has t asischemahozationd t o t he
tribute. The XML Schema file of ehCityGML profile shall not contain any further content.

The targetNamespace f t he profileds schema shall di ffer f
CityGML modules. The namespace associated with the profile should be in control of the originator of
thenhst ance document and must be given as a previ ou:
XML Schema file must be available (or accessible on the internet) to everybody parsing the associated
CityGML instance document.

The second approach is illusted by the following example XML Schema definition for the base profile of
CityGML. Since the base profile is the union of all CityGML modules, the corresponding XML Schenia defin

tion imports each and every CityGML module. By this means, all componktite €ityGML data model are
available in and may be exchanged by instance documents referencing this example base profile. The schema
definition file of the base profileis shipped with the CityGML schema packagmd is accessiblat
http://schemas.opengis.net/citygml/profiles/base/2.0/CityGML .xsd

<xs:schemamlns="http:/AMww.opengis.nétitygml/profiles/bas&.0" xmins:xs="http://www.w3.0rg/2001/XMLSchema"
targetNamespacéhttp:/iwww.opengis.nétitygml/profiles/bas&.0' elementFormDefaultgualified"
attributeFormDefaulttunqualified"version=2.0.0">
<xs:importnamespacettp://www.opengis.net/citygml/appearance/2.0
schemal.ocationthttp://sclemas.opegis.net/citygml/appearance/2appearance. xst¥
<xs:importnamespacetttp://www.opengis.net/citygml/bridge/2.0
schemal.ocationthttp://schemas.op@is.net/citygmbbridge’2.0'bridge.xsdrf>
<xs:importnamespacéettp://www.opengis.net/citygml/building/2'0
schemalocationthttp://schemas.opais.net/citygmbuilding/2.0/building.xsd/>
<xs:importnamespacettp://www.opengs.net/citygml/cityfurniture/2.0
schemalocationthttp://schemas.op®is.net/citygmkityfurniture2.0/cityFurniture.xsd/>
<xs:importnamespacettp://www.opengiset/citygml/cityobjectgroup/2:0
schemalocationthttp://schemas.op®is.net/citygmkityobjectgroup2.0/cityObjectGroup.xsd>
<xs:importnamespacehttp://www.opengis.net/citygml/generics/2.0
schemalocationthttp://schemas.op®is.net/citygmigenerics2.0/generics.xsd*>
<xs:importnamespacéehttp://www.opengis.net/citygml/landuse/2.0
schemalocationthttp://schemas.op®is.net/citygmlandue2.0/landUse.xsd>
<xs:importnamespacehttp://www.opengis.net/citygml/relief/2'0
schemal.ocationthttp://schemas.op®is.net/citygmbfelief/2.0/relief.xsd'/>
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http://schemas.opengis.net/citygml/profiles/base/2.0/CityGML.xsd

<xs:importnamespacehttp://www.opengs.net/citygml/transportation/2.0
schemal.ocationthttp://schemas.opis.net/citygmitansportatior.0transportation.xsd
<xs:importnamespacehttp://www.opengis.net/citygml/tunnel/2'0
schemal.ocationthttp://schemas.op®is.net/citygmlunnel2.0/tunnel.xsdr>
<xs:importnamespacehttp://www.opengis.net/citygml/vegetation/2.0
schemal.ocationthttp://schemas.opgis.net/citygmVegetation2.0/vegetation.xsd>
<xs:importnamespacehttp://www.opengis.net/citygml/waterbody/2.0
schemal.ocationhttp://sclemas.opegis.net/citygmMaterbody?.0waterBody.xsd/>
<xs:importnamespacehttp://www.opengis.net/citygml/textadsurface/2.0
schemal.ocationthttp://schemas.op®is.net/citygmlexturedsurfac@/0texturedSurface. xsft
</xs:schema>

The following excerpt of a CityGML dataset exemplifies how to apply the base profile s€ig@ML.xsdto a
CityGML instance document. The dataset contains two building objects and a city object group. The base profile
defined byCityGML.xsdis referencedusing thexsi:schemalocatiorattribute of the root element. Thus, all
CityGML modules are employed by the instance document and no further referenbesX®L Schema
documents of th€ityGML modules are necessary.

<core:CityModelmIns="http://www.opengs.net/citygml/profiles/base/2'0
xmlns:core"http://www.opengis.net/citygml/2'0
xmins:bldg="http://www.opengis.net/citygml/building/2'0
xmlns:gr="http://www.opengiset/citygml/cityobjectgroup/2:0
xmlns:gmE"http://www.opengis.net/gml"
xmlIns:xAL="urn:oasis:names:tc:cig:xsdschema:xAL:2.0"
xmlns:xlink="http://mwww.w3.0rg/1999/xlink"
xmlns:xsE"http://www.w3.0rg/2001/XMLSchemanstance"
xsi:schemalocatiorthttp://www.opengs.net/citygml/profiles/base/2.0
http://schemas.opeignet/citygml/profiles/base/2/0ityGML.xsd">
<core:cityObjectMember>
<bldg:Buildinggml:id="Build0815">
<core:externalReference>
<core:informationSystent#tp://www.advonline.des/core:informationSystem>
<core:externalObject>
<core:urizurn:adv:oid:DEHE123400007084core:uri>
</core:externalObject>
<[core:externalReference>
<bldgfunction
codeSpacethttp://www.sig3d.org/codeliststandard/building/2 /0AbstractBuilding function xml*>1000</bldg:function>
<bldg:yearOfConstructiont985</bldg:yearOfConstruction>
<bldg:roofType
codeSpacethttp://www.sig3d.org/codeliststandardbuilding/2.0/_AbstractBuilding_roofType.xm¥1030</bldg:roofType>
<bldg:measuredHeightom="#m">8.0</bldg:measuredHeight>
<bldg:storeysAboveGroun@s=/bldg:storeysAboveGround>
<bldg:storeyHeightsAboveGrounsbm="#m">2.5 2.5/bldg:storeyHeightsAboveGround>
<bldg:lod2Solid>... </bldg:lod2Solid>
</bldg:Building>
</core:cityObjectMember>
<core:adtyObjectMember>
<bldg:Buildinggml:id="Build0817">
é

</bldg:Building>
</core:cityObjectMember>
<core:cityObjectMember>
<grp:CityObjectGroumml:id="Complex113%
<gml:name#+otel complex 'Scenic View/gml:name>
<grp:functionbuilding group:/grp:function>
<grp:groupMemberole="main building"xlink:href="#Build0817'/>
<grp:groupMembexlink:href="#Build0815'/>
</grp:CityObjectGroup>
</core:cityObjectMember>
</core:CityModel>
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8 Spatial model

Spati al properties of CityGML features are represent

based on the standard | SO 19107 o6Spati al Schemadé (He
well-known Boundary RepresentatidB-Rep,cf. Foley et al. 1995). CityGML actually uses only a subset of the

GML3 geometry package, defining a profile of GML3. This subset is depictédyir® and Fig. 10. Furthe-

more, GML306s explicit Boundary Representationnis exte
tation of the geometry of features withe same shape implicitly and thus more space efficiently (chag}er

8.1 Geometrictopological model

The geometry model of GML3 consists of primitives, which rhaycombined to form complexes, composite
geometries or aggregates. For each dimension, thergesraetrical primitive a zeredimensional object is a

Point, a onedimensional a Curve a twadimensional a Surface and a threglimensional a Solid (Fig. 9).

Each geometry can have its own coordinate reference system. A solid is bounded by surfaces and a surface by
curves. In CityGML, a curve is restricted to be a gtmailine, thus only the GML3 cladsneStringis used.

Surfaces in CityGML are represented Bglygons which define a planar geometry, i.e. the boundary and all
interior points are required to be located in one single plane.

<<Geometry>>

gml::_Geometry
/\
<<Geometry>>
gml::_GeometricPrimitive
| interior 0-* |
<<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>>
gml::_Solid N gml::_Surface gml::_Curve gml::Point
i exterior 1 — - —
solidMember, 1.% +position : gml::DirectPosition [1]
1 surf; b 17 ~ .2 baseSurface curveMembef |
- 0.1 0.1 2
* [ ]
<<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>>
gml::CompositeSolid gml::Solid gml::CompositeCurve gml::LineString
. | 1 +position : gml::DirectPosition [2..*]
<<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>>
gml::CompositeSurface gml::Surface gml::Polygon gml::OrientableSurface
Zﬁ I " +orientation : gml::SignType [0..1]
1.#\/ patches exterior 1
<<Geometry>> <<Geometry>> <<Geometry>>
gml::TriangulatedSurface 1 gml::_SurfacePatch 3 N gml::_Ring
interior

Zr trianglePatches
exterior 1
<<Geometry>> . B

gml::TIN <<Geometry>> <<Geometry>> exterior 7y ZF
+stopLines : gml::LineStringSegment [0..*] gml::Triangle gml::Rectangle
+breakLines : gml::LineStringSegment [0..¥] <<Geometry>>
+maxLength : gml::LengthType [1] *l gml::LinearRing
+controlPoint : gml::posList [1] +position : gml::DirectPosition [4..*]

Fig. 9: UML diagram of CityGMLO6s geometry model (subset and prof

Combined geometries can bggaegates, complexes or compositéprimitives (see illustration ifig. 11). For

an aggregate the spatial relationship between components is not restricted. They may be disjoint, overlapping,
touching, or disconnected. GML3 provides a special aggregate for each dimemdidtiPaint, aMultiCurve, a
MultiSurface anda MultiSolid (seeFig. 10). In contrast to aggregatescamplexis topologically structured: its

parts must be disjoinmust not overlap and are allowed to touch, at most, at their boundaries or share parts of
their boundaries. Aompositeis a special complex provided by GML3. It can only contain elements of the same
dimension. Its elements must be disjoint as well,tbay must be topologically connected along their baund
ries.A compositecan be a&CompositeSolida CompositeSurface, or CompositeCuriet. Fig. 9).
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<<Geometry>>

geometryMember

<<Geometry>>

gml::GeometricComplex

* 1.%

gml::_Geometry

element

<<Geometry>>
gml::_GeometricPrimitive

<<Geometry>>
gml::_AbstractGeometricAggregate

il

<<Geometry>>
gml::MultiGeometry

<<Geometry>>
gml::MultiSolid

<<Geometry>>
gml::MultiSurface

<<Geometry>>
gml::MultiCurve

<<Geometry>>
gml::MultiPoint

Fig. 10:
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solidMember

*
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surfaceMember

*

*
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curveMember

pointMember

*

<<Geometry>>
gml::_Solid

<<Geometry>>
gml::_Surface

gml::_Curve

<<Geometry>>

<<Geometry>>
gml::Point

di agram of

CityGMLOGs

geometry

model :

An OrientableSurfacds a surface with an explicit orientation, i.e. two sides, frort back, can be disti
guished. This may be used to assign textures to specific sides of a surface, or to distinguish the exterior and the

interior side of a surface when bounding a solid. Please noteuttvals andsurfaces have a default orientation
in GML which results from the order of the defining points. ThusQaientableSurfacenly has to be used, if

the orientation of a given GML geometry has to be reversed.

TriangulatedSurfaceare special surfaces, which specify triangulated irregular netvadtds used to represent
the terrain. While arriangulatedSurfacas a composition of expliciriangles the subclasJIN is used to

Compl exe

represent a triangulation in an implicit way by a set of control points, defining the nodes of the triangles. The
trianguldion may be reconstructed using standard triangulation methods (Delaunay triangulation). In addition,
break lines and stop lines define contobiaracteristicef the terrain.

The GML3 composite model realisesezursive aggregatioschema for every primitive type of the corresgron

Multi Surface

Geometri€omplex

Fig. 11: Combined geometries.

Composit&urface

ing dimension. This aggregation schema allows the definition of nested aggregations (hierarchy of components).

For example, duilding geometry CompositeSolidcan be composed of the house geomedynipositeSolid
and the garage geometr@dlid) ,

whi | e

(Solid and the geometry of the house bo8wpl{d).

t he

houseos

geometry i

S

furthe

CityGML provides the explicit modelling of topology, for example the sharing of geometry objects between
features or other geometries. One part of space is represented only once by a geometry object and is referenced

by all features or more complex geometrieschihire defined or bounded by this geometry object. Thusiredu

dancy is avoided and explicit topological relations between parts are maintained. Basically, there are three cases.

First, two features may be defined spatially by the same geometry. For exidmplath is both a transportation

feature and a vegetation feature, the surface geometry defining the path is referenced both by the transportation
object and by the vegetation object. Second, geometry may be shared between a feature and anotheAgeometry
geometry defining a wall of a building may be referenced twice: by the solid geometry defining the geometry of
the building, and by the wall feature. Third, two geometries may reference the same geometry, which is in the
boundary of both. For example building and an adjacent garage may be represented by two solids. The surface
describing the area where both solids touch may be represented only once and it is referenced by both solids. As

26
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it can be seen frorRig. 12, this requires partitioning of the respective surfaces. In general, Boundary Represe
tation only considers visible surfaces. However, to make topological adjacency explicit and to allow thé possibi
ity of deletion of one part of a composed object without leaving holes in the remaining aggregate touching
elements are included. Whereas touching is allowed, permeation of objects is not in order to avoid the multiple
representation of the same space. Howeabe use of topology in CityGML is optional.

In order to implement topology, CityGML uses the XML concepXhbinksprovided by GML. Each geometry
object that should be shared by different geometric aggregates or different thematic features is assigned
unique identifier, which may be referenced by a GML geometry property udingf attribute. CityGML does

not deploy the buittn topology package of GML3, which provides separate topology objects accompanying the
geometry. This kind of topology is wecomplex and elaborate. Nevertheless, it lacks flexibility when data sets,
which might include or neglect topology, should be covered by the same data model. The XLink topology is
simple and flexible and nearly as powerful as the explicit GML3 topologyeméiowever, a disadvantage of

the XLink topology is that navigation between topologically connected objects can only be performed in one
direction (from an aggregate to

int opology. An example for
Recursive aggregation with arbitrary depth
Wall face will be partitioned into 2 faces
Solid 1

> explicit topological connection
but goes beyond B-Rep

Solid 2

its components), not
CityGMLG6s topol Gy

Solid aggregate

Solid 1

Solid 2

>~

Fig. 12: Recursive aggregation objects and geometries in CityGML (graphic: IGG Uni Bonn).

represen

The following excerpt of a CityGML example file definegml:Polygonwith a gml:id wallSurface4711which
is part of the geometry propertyd2Solidof a building. Another building being adjacent to the first building

references thisharedbolygon in its geometryepresentation

<bldg:Building>
<bldg:lod2Solid>
<gml:surfaceMember>
<gml:Polygongml:id="wallSurface4711*
<gml:exterior>
<gml:LinearRing>

<gml:possrsDimension=3">32.0 31.0 2.5/gml:pos>

</gml:LinearRing>
</gml:exterior>
</gml:Polygon>
</gml:surfaceMember>

</bldg:lod2Solid>
</bldg:Building>

<bldg:Building>
<bldg:lod2Solid>
<gml:surfaceMember>
<gml:OrientableSurfacerientation=-">
<gml:baseSurfacelink:href="#wallSurface4711>
</gml:OrientableSurface>
</gml:surfaceMember>

<Ibldg:lod2Solid>
</bldg:Building>

Copyright © 2012 Open Geospatial Consortium.
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8.2  Spatial reference system

When dealing wh geoinformation andiirtual 3D city modelsin particular the exact spatial reference is of

utmost importancend a key requirement fothe integration ofdifferent spatial datasets insingle 3D city

model . CityGML inherits GML EdodlinateRaferéncelSysterasp@RS) whicht i e s
is the usual wapf denoting the spatial reference in GML 3.1Ak. CityGML is a true 3D standardeometry
elementsareassociated with a 3BRS. There are only few exceptions to this rule where CityGML allows a 2D

geometry element (for example, treferencePoinbf a GeoreferencedTextucke f i ned | nApp€a-t y GML 6 s
ancemodule must be given with 2D coordinate values, cf. ch&er

In general, a geometry may point to the CRS definition used by this geometry through the attsiNatee

which is inherited from the abstract GML superclgas:_Geomety. This may be a reference to a wiatlown

CRS definition provided by an authority organization such a€threpean Petroleum Survey Gro(FPSG),

but may also be a pointer to a CRS that is locally defined within the same CityGML instance document. The
OGC d o c uDefinitian idéntifier URNs in OGC namespace ( ¢ f . Wh;iOGE Boc. e 0702y 9
provides best practices for thlRN encoding of CRS references. Amongst otherdesicribeow to reference

a single wellknown 3D CRS definition (such as a 3jgographicCRS as well as a&compoundCRS which
combines two or more weknown CRS definitions (e.g.,@ojectedCRS for the planimetrwith avertical CRS

for the height reference).xeamples for denoting eompoundCRS for a CityGML instance document are given

in Annex G

GML3 also supports the definition ehgineeringCRS which areused in acontextually local sense. For exa

ple, this might be a local 3D Cartesian coordinate system tleasentiallybased on a flagarth approximation

of the eartho6s s ureffeatofeearth aurvaturetoh feastureigepmdidy obaptertlh 4 of

the GML 3.1.1 specification documé@ntocal engineeringCRSs arecommonly applied in the AEC/FM domain

and thus areisefulwhenintegratingCAD data or BIM modelsnto a 3D city model AnnexG.9 provides an

example demonstrating thefinition of an engineeringCRS within a CityGML instance documesmd the use

of local coordinate values for the feature geometitye definition of arengineeringCRS requiresan anchor

point which relates the origin of the | ocal coordinat
the transformation of coordinates from the loaajineeringCRS.

According to GML 3.1.1, if nsrsNaneattribute is given on a geometry element, then the CRS shall bie spec
fied as part of the larger context this geometry element is part of, e.g. a geometric aggoegatevenience in
constructing feature and feature collection instances, the vathe sfsNameattribute onthe gml:Envelopgor
gml:BoX which is the value of thgml:boundedByproperty of the feature shall beherited by all directly
expressed geometries in all properties of the feature or members of the collauss, overrulety the pre-
ence of a locasrsNameThus it is not necessary for a geometry to carrgrahlamaeattribute if it uses the same
CRSas given on thgml:boundedByproperty ofits parent feature. Inheritance of tRdRS continues to any
depth of nesting, but ibverruled by a locatrsNamedeclaration, then the ne@RSis inherited by all ithil-

dren in turn(cf. chapter 8.3 of the GML 3.1.1 specification document).

It is strongly recommendetthat any CityGML instance documeexplicitly specifies the CRS faall contained
geometry elements. This is especially important if the instance document is to be exchanged externally with third
parties or is to be integrated with other spatial datasets. A mixed usage of different CRSs within the same dataset
is possibleand conformant with GML 3.1,1wheres a single CRS referencgiven on the embracing
CityModelfeature collection (cf. chaptdi0.1) simplifiesthe processing of the datadst software systems#s

for CityGML 2.0, this recommendation is nerormative and thus not accompanied by a conformance class. The
main reason for this is to maintain backwards compatibility with CityGML 1.0.

8.3 Implicit geometies, prototypic objects, scene graph concepts

The concept of implicit geometries is an enhancement of the geometry model of GML3. It is, for example, used
i n Ci t buidding, dridge, tunnel, and vegetation model as wefoa<ity furniture and generiobjects.

Implicit geometries may be applied to features from different thematic fields of CityGML in order to geometr
cally represent the features within a specific level of detail (LOD). Thus, each extension module may define
spatial properties providingnplicit geometries for its thematic classes. For this reason, the concept of implicit
geometries is defined within the CityGML core module (cf. chab@el). However, its description is drawn here
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since implicit geometries are part of CiFiyBMheds spat
correspading XML schema definition is provided in ann&xl.

An implicit geometry is a geometric object, where the shape is stored only once as a prototypical gemmetry, f
example a tree or other vegetation oljeattraffic light or a traffic sign. This prototypic geometry object is re
used or referenced many times, wherever the corresponding feature occurs in the 3D city model. Each occu
rence is represented by a litdk the prototypic shape geometry (in a local cartesian coordinate system), by a
transformation matrix that is multiplied with each 3D coordinate of the prototype, and by an anchor pdint deno
ing the base point of the object in the world coordinate referegstem. This reference point also defines the
CRS to which the world coordinates belong after the application of the transformation. In order to determine the
absolute coordinates of an implicit geometry, the anchor point coordinates have to be dddedatix muli

plication results. The transformation matrix accounts for the intended rotation, scaling, and local translation of
the prototype. It is a 4x4 matrix that is multiplied with the prototype coordinates using homogeneoits coord
nates, i.e. (x,%,1). This way even a projection might be modelled by the transformation matrix.

<<Object>> referencePoint <<Geometry>> <<PrimitiveType=>
- ImplicitGeometry * 1 gml::Point TransformationMatrix4x4Type
+mimeType : gml::CodeType +gml::doubleList[16]
+transformationMatrix : TransformationMatrix4x4Type
0.1 [ <<Geometry>>

+libraryObject : xs::anyURI *

gml::_Geometry

relativeGMLGeometry

Fig. 13: UML diagram oflmplicitGeometriesPrefixes are used to indicate XML namespaces associated with model elements. Element
names without a prefix are defined within BigyGML Coremodule.

The reason for using the concept of implicit geometries in CityGML is space efficiency. Since the&Hap
example, trees of the same species can be treated as identical, it would be inefficient to model the detailed
geometry of each of the large number of trees explicitly. The concept of implicit geometries is similar to the well
known concept oprimitive instancingused for the representation sfene graphsn the field of computer
graphicg(Foley et al. 1995).

The termimplicit geometryrefers to the principle that a geometry object with a complex shape can be simply
represented by a base pointana t r ansf or mati on, implicitly wunfolding
the world coordinate system.

The shape of amplicitGeometrycan be represented in an external file with a proprietary format, e.g. a VRML

file, a DXF file, or a 3D Stuid MAX file. The reference to the implicit geometry can be specified by an URI

pointing to a local or remote file, or even to an appropriate web service. Alternatively, the shape can be defined

by a GML3 geometry object. This has the advantage that itbeastored or exchanged inline within the

CityGML dataset. Typically, the shape of the geometry is defined in a local coordinate system where the origin
lies within or near to the objectds ext enthederiottd t he sh
object has to be specified (e.g. fimodel/vrmlo for VRN

The implicit representation of 3D object geometry has some advantages compared to the explicit modelling,
which represents the objects using digoworld coordinates. It is more spagfficient, and thus more exte

sive scenes can be stored or handled by a system. The visualisation is accelerated since 3D graphjes cards su
port the scene graph concept. Furthermore, the usage of different shsipasvef objects is facilitated, e.g.
different seasons, since only the library objects have to be exchanged (see ex&igpE5)n

XML namespace

The XML namespacef the CityGML Coremodule defining the concept of implicit geometries is identified by
the Uniform Resource Identifier (URI) http://www.opengis.net/city@nfl/ Within the XML Schema definition
of the core module, this URI is also used to identify tHfaulenamespace.

ImplicitGeometryType, ImplicitRepresentationProperty Type

<xs:complexTypeame=ImplicitGeometryType>
<xs:complexContent>
<xs:extensiorbase=gml:AbstractGMLType>
<xs:sequence>
<xs:elemenhamemimeType"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=transformationMatrix'type="TransformationMatrix4x4TypethinOccurs=0"/>
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<xs:elemenhame=libraryObject"type="xs:anyURI"minOccurs=0"/>
<xs:elemenhame=relativeGMLGeometry'type="gml:GeometryProperty TypehinOccurs=0"/>
<xs:elemenhame=referencePointtype='gml:PointProperty Typd>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= >
<xs:elemenhame=ImplicitGeometry"type="ImplicitGeometry Type"substitutionGroup=gml:_GML"/>
<l--
<xs:complexTypaame=ImplicitRepresentationProperty Type"
<xs:sequenceinOccurs=0">
<xs:elementef="ImplicitGeometry/>
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroug>
<I/xs:complexType>

8.3.1 Code lists

The mimeTypeattributeof ImplicitGeometryis specified agml:CodeTypeThe values ofhis propery canbe
enumerated ia code list.A proposal for this code list can be founcaimexC.6.

8.3.2 Example CityGML datasets

An example for an implicit geometry is given by the following city furniture object (cf. chapté, which is
represented by a geometry in LOD2:

<frn:CityFurniture>
<l--c| ass 0 tspedfiedin the ande lisapsoposed by the SIG 3D (cf. anGef -->
<frn:classcodeSpacehttp://www.sig3d.org/codeliststandardityfurniture2.0/CityFurniture_class.xm#1000</frn:class>
<l-f unct i on fas specifiddn tlee cdde ligt proposed by the SIG 3D (cf. an@ef -->
<frn:functioncodeSpacethttp://www.sig3d.org/codeliststandaretityfurniture2.0/CityFurniture_function.xm1080</frn:function>
<frn:lod2ImplicitRepresentation>
<core:ImplicitGeoretry>
<core:mimeTypemodel/vrmk/core:mimeType>
<core:libraryObject>
http://www.some3d-library.com/3D/furnitures/TrafficLight434.wrl
<[core:libraryObject>
<core:referencePoint>
<gml:PointsrsName=urn:ogc:def:crs,crs:EPSG:6.12:31467,crs:EPSG:6.12:5783"
<gml:possrsDimension*3">5793898.77 3603845.54 44/gml:pos>
</gml:Point>
</core:referencePoint>
</core:ImplicitGeometry>
</frn:lod2ImplicitRepresentation>
</frn:CityFurniture>

The shape of the geometry of the traffic light (city
the code lists proposed in ann€xd) is defined bya VRML file which is specified by a URL. This library

object, which is defined in a local coordinate system, is transformed to its actual location by adding ihe coord

nates of the reference point.

The following clip of a CityGML file provides a more coleg example for an implicit geometry:

<frn:CityFurniture>
<l--c | as s f spedfiédn the abde lisapsoposed by the SIG 3D (cf. anGef -->
<frn:class41000</frn:class>
<l-f unct i on fassperifiedin ttee cdde ligt proposed by the SIG 3D (cf. an@ef -->
<frn:function>1080</frn:function>
<frn:lod2ImplicitRepresentation>
<core:ImplicitGeometry>
<core:mimeTypemodel/vrmk/core:mimeType>
<core:transformationMatrix>
0.866025 -0.5 0 0.7
0.5 0.866025 0 0.8
0 01 0
0 0 0 1
</core:transformationMatrix>
<core:libraryObject>
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http://www.some3d-library.com/3D/furnitures/TrafficLight434.wrl

</core:libraryObject>

<core:referencePoint>
<gml:PointsrsNamezurn:ogc:def:crs,crs:EPSG:6.12:31467,crs:EPSG:6.12:5783"

<gml:possrsDimension=3">5793898.77 3603845.54 44/gml:pos>

</gml:Paint>

</core:referencePoint>

</core:ImplicitGeometry>
</frn:lod2implicitRepresentation>
</frn:CityFurniture>

In addition to the first example, a transformation matrix is specified. It is a homogeneous matrix, serialized in a
row major fashion, i.e. the first four entries in the list denote the first row of the pettrixrhe matrix combines

a translation by the vector (0.7, 0.8,i0the origin of the local reference system is not the center of the dbject

and a rotation around theaxis by 30 degreesds(30) = 0.86602andsin(30) = 0.5. This rotation is necessary

to align the traffic light with respect to a road. The actual position of the traffic light is computed as follows:

1. each point of the VRML file (with homogeneous coordinates) is multiplied by the transformation
matrix;

2. for each resulting point, the reference point (5793898.77, 3603845.54, 44i8,af)ded, yielding the
actual geometry of the city furniture.

8.3.3 Conformance requirements

Base requirements

1. In order to geometrically represent a feature using the concept of ingglartetries, the corresponding
thematic class of the feature shall define a spatial property of thénypieitRepresentationPropert
Type Thus, for all CityGML extension modules only the tyimeplicitRepresentationPropertyType
shall be used for spatiptoperties providing implicit geometries.

2. If the shape of an implicit geometry is referenced by an URI usindjltrayObject property (type:
xs:anyUR) of the elemenimplicitGeometry also the MIME type of the denoted object must beispec
fied.

Referential integrity

3. The typelmplicitRepresentationPropertyTypraay contain arimplicitGeometryelement inline or an
XLink reference to a remotenplicitGeometryelement using the XLink concept of GML 3.1.1. In the
latter case, thelink:href attribute of the corresponding property of typ#licitRepresentationPrope
tyTypemay only point to a remotenplicitGeometryelement (where remotenplicitGeometryelements
are located in another document or elsewhere in the same docuBit).the ontained element or
the reference must be given, but neither both nor none.
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9 Appearance model

In addition to spatial properties, CityGML features haypearance§ obser vabl e properties ¢
surface. Appearances are not limited to visual data but represent arbitrary categoriethealkessuch as

infrared radiation, noise pollution, or earthquakéuced structural stress. Each LOD can have an hati

appearance for a specific theme. An appearance is composed of data for each surface geometry object, i.e.
surface data A single surface geometry object may have surface data for multiple themes. Similarly, surface

data can be shared by multiple sugfageometry objects (e.g. road paving). Finally, surface data values can

either be constant across a surface or depend on the exact location within the surface.

CityGMLO6s appearance model i s Ampearfanceicé dhaptei7)t The UMLt he e xt
diagram of the appearance model is illustratefign 14, for the XML Schema definition see annéx2.

<<Feature>>
aml:._Feature
PN
<<Feature>>
gml:._FeatureCollection
<<Fealture>> <<Feature>> -
core::CityModel core::_CityObject <<Enum eration>>
TextureTypeType
" " +specific
! <<Feature>> ! +ypical
appearanceMember Appearance appearance +unknown
+theme : xs::siring [0..1]
<<Enumeration>>
= WrapModeType
+none
<<Feature>> +Wral
SurfaceData surfaceDataMember +mirr';r
HsFront : xs::boolean [0..1] = true +clamp
ﬁl +border
| | <<Primitive Type>>
<<Feature>> <<Feature>> Color
X3DMaterial _Texture +core::doubleBelween0Oand1 [3]
+ambientlntensity : core::doubleBetween0and1 [0..1] +HmageURI : xs::anyURI [1]
+diffuseColor : Color [0..1] +mimeType : gml::CodeType [0..1] <<Primitive Type>>
+emissiveColor : Color [0..1] +extureType : Texture Type Type [0..1] ColorPlus Opacity
+specularColor : Color [0..1] +wraphMode : WrapModeType [0..1] +core:doubleBetweenOand1 [3..4]
+shininess : core::doubleBetween0and1 [0..1] +horderColor : ColorPlusOpacity [0..1]

Hransparency : core::doubleBetween0and1 [0..1]
+isSmooth : xs:boolean [0..1] %
Harget : xs:zanyURI[0..7]

<<Feature>>
GeoreferencedTexture
+preferWorldFile : xs::boolean [0..1] = true
“+orientation : core::Transform ationMatrix2x2 Type [0..1]
+Harget : xs::anyURI[0.."]

<<Feature>>
ParameterizedTexture

k3

<<QObject>>
_| TextureAssociation
Huri : xs::anyURI [1]

referencePoint <<Geometry>>

t 1 *
arge gml::Point

<<Object>> 0.1
_TextureParameterization

T
I I

<<Objeclt>> <<QObject>>
TexCoordGen TexCoordList
+worldToTexture : core::Transform ationMatrix3x4 Type [1] +extureCoordinates : gml::doubleList [1.."]
+ring : xs::anyURI [1..7]

Fig. 14: UML diagram of CityGMLOs appear ance mo doeidtedwithmedelelenerss. ar e used
Element names without a prefix are defined within the CityGAplpearancenodule.

In CityGMLO6s appearance model, themes are represent el
for a given theme is defined by a setA@ipearancebjects referencing this theme. Thus, Appearancebjects
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belonging to the same theme compaseirtual group. They may be included in different places within a
CityGML dataset. Furthermore a single CityGML dataset may contain several themAgpAaranceobject
collects surface data relevant for a specific theme either for individual featutles whole city model in any
LOD. Surface data is represented by objects of cl&sfaceDataand its descendents with each covering the
whole area of a surface geometry object. The relation between surface data andgaafaetyobjects is
expressed Y an URI (Uniform Resource Identifigrlink from a _SurfaceDataobject to an object of type
gml:AbstractSurfaceTyper typegml:MultiSurface

A constant surface property is modelled as material. A surface property, which depends on the location within

the surface, is modelled as texture. Each surfgmametryobject can have both a material and a texture per

theme and side. This allows for prdinig both a constant approximation and a complex measurement of a
surfacebs property simultaneously. An applicantion is
tation for its task (e.g. analysis or rendering). A specific mixing is nohe@fsince this is beyond the scope of
CityGML. If a surfacegeometryobject is to receive multiple textures or materials, each texture or material
requires a separate theme. The mixing of themes or their usage is not defined within CityGML and left to the
application.

XML namespace

The XML namespace of the CityGMAppearancemodule is identified by the Uniform Resource Identifier
(URI) http://www.opengis.net/citygml/appeararz® Within the XML Schema definition of thAppearance
module, this URI is alsased to identify the default namespace.

9.1 Relation between appearances, features and geometry

Despite the close relation between surface data and surface, surface data is stored separately in the feature to
preserve the original GML geometry model. Insteddwoface data being an attribute of the respective target
surface geometry object, each surface data object maintains aldRtsa$pecifying thegml:ids of the target

surface geometry objects (of tymenl:AbstractSurfaceTyper gml:MultiSurfac. In cag of a composite or
aggregate target surface, the surface data object is assigned to all contained surfaces. Other target types such as
features, solids, ogml:AbstractSurfacePatchTygehich includesgml:Triangle are invalid, even though the

XML schemalanguage cannot formally express constrains on URI target types. For the exact mapping function

of surface data values to a surface patch refer to the respective surface data type description.

The limitation of valid target types tml:AbstractSurface Typand gml:MultiSurfaceexcludinggml:Abstract
Surfacéatchlypeis based on the GML geometry model and its use in CityGML. In general, GML surfaces are
represented using subclassesgofl:AbstractSurfaceTypeSuch surfaces are required to be continuous. A
gml:MultiSurfacedoes not need to fulfill this requirement and consequently ignmoAbstractSurface Typf.

8.1). Since captured realorld surfaces often cannot be guaranteed to be continuous, CityGML allows for
gml:MultiSurfacet o r epresent a featureds boumdatnyousisurface.dd i ous |
treat such surfaces similarly togal:CompositeSurfagesurface data objects are allowed to linkgtal:Multi-

Surface objects. gml:AbstractSurfacePatchTypé no valid target type since it is not derived from
gml:AbstractGMLType Thus, a gml:AbstractSurfad@atchType (which includes gml:Triangle and
gml:Rectanglecannot receive gml:id and cannot be referenced.

Each surface geometry object can have per theme at most one activiadiogitmaterial, one active back

facing mateidl, one active fronfacing texture, and one active bafelcing texture. If multiple surface data

objects of the same category and theme are assigned to a surface geometry object, one is chosen to become
active. Multiple indirect assignments due to nestedace definitions are resolved by overwriting, e.g. the front

facing material of agml:Polygonbecomes active by overwriting the frefacing material of the parental
gml:CompositeSurface Mul t i pl e direct assi gn megmlidssrefeiencedmila sur f a
ple times within a theme, are not allowed and are resolved implemerdafi@mdently by choosing exactly one

of the conflicting surface data objects. Thus, multiple direct assignments within a theme need to be avoided.

Each_CityOhect feature can store surface data. Thus, surface data is arranged in the feature hierarchy of a
CityGML dataset. Surface data then links to its target surface using URIs. Even though the linking mechanism
permits arbitrary links across the feature hierary t o anot her featureds surface,
principle of locality: Surface data should be stored such that the linked surfaces only belong to the containing
_CityObjectf eat ure and its chil dr en. witlGthexcityanbdel Asihennftathee dat a
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locality principle also ensures that CityObjects retrieved from a WFS will contain the respective appearance
information.

The locality principle allows for the following algorithm to find all relevasurfaceDataobjeds referring to a
given surface geometry object (of typenl:AbstractSurface Typar gml:MultiSurfacé in a given CityObject

function findSurfaceData
in:  gmlSurface, cityObject
out: frontMaterial, frontTexture, backMaterial, backTexture

1:  frontMaterial := empty

2: frontTexture := empty

3: backMaterial := empty

4:  backTexture := empty

5. flip:=false

6:

7:  while (gmlISurface) { // traverse the geometry hierarchy from inner to outer
8: cObj := cityObject // start from the innermost cityobject

9:

10: while (cObj) { /I traverse the cityobject hierarchy for the current geometry object
11: /I search all surfaceData objects in all appearance containers

12: foreach (appearance in cObj) {

13: foreach (surfaceData in appearance) {

14: if (surfaceData refers to gmiSurface) { // if a surfaceData object refers to the geometry object, check its category
15: if (flip){ // consider flipping

16: /I only pick the first surfaceData for a particular category

17: if (surfaceData is frontside material AND backMaterial is empty) {
18: backMaterial := surfaceData

19: }

20: if (surfaceData is frontside texture AND backTexture is empty) {
21: backTexture := surfaceData

22: }

23: if (surfaceData is backside material AND frontMaterial is empty) {
24: frontMaterial := surfaceData

25: }

26: if (surfaceData is backside texture AND frontTexture is empty) {
27: frontTexture := surfaceData

28: }

29: }else {

30: /I only pick the first surfaceData for a particular category

31: if (surfaceData is frontside material AND frontMaterial is empty) {
32: frontMaterial := surfaceData

33: }

34: if (surfaceData is frontside texture AND frontTexture is empty) {
35: frontTexture := surfaceData

36: }

37: if (surfaceData is backside material AND backMaterial is empty) {
38: backMaterial := surfaceData

39: }

40: if (surfaceData is backside texture AND backTexture is empty) {
41: backTexture := surfaceData

42: }

43: }

44:

45: /I shortcut: could stop here if all 4 categories have been found

46: }

47: }

48:

49: cObj := cObj.parent // this also includes the global CityModel

50: }

51: gmliSurface := gmliSurface.parent // this also includes a root gml:MultiSurface
52: if (gmlISurface isA gml:OrientableSurface AND gmlSurface.orientation is negative) {
53: negate flip

54: }

55: }

Listing 1: Algorithm to find all relevant SurfaceDatabjects referring to a given surface geometry object (of dypleAbstractSurfaceType
or gml:MultiSurfacg in a given_CityObject
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The evaluation of thésFront property of a_SurfaceDataobject needs to takgml:OrientableSurface into
account, as those can flip the orientation of a surface. Assign#:@rientableSurfaces, which flips its base
surfacebs A front side texture targetingbs will appear on the actual front side lb§ If t targetsos it will
appear on the back sidelf If t targets botlosandbs it appears on both sideslmf since it becomes the front
and back side texture.

XLinks influence the hierarchy traversal in the pseudocode. In general, the separation of surface dataeand geom
try objects requires the reevaluation of the surface data assignment for each occurrence of a geometry object in
the context of the respectiveCityObject. Stepping up the (geometry o€ityObjec} hierarchy in the algorithm

takes XLinks into account, i.e., for the purpose of this algorithm, referenced objects are conceptually copied to
the location of the referring XLink. In particular, this appliesrtplicitGeometryobjects. If anmplicitGeone-

try object contains GML geometry (in thelativeGMLGeometrproperty), the surface data assignment needs to

be reevaluated in the context of each referri@ityObject Thus, the appearance (but not the relagiemetry)

of a givenimplicitGeometrycan differ between its occurrences. A consistent appearance results if all required
surface data objects are placed\ppearancebjects and the latter are stored either

1. in the_CityObjectcontaining the originalmplicitGeometrywith XLinks referencing the sanfppea-
anceobjects in all CityObjecs that refer to thémplicitGeometryor

2. in the globalCityModel

9.2 Appearance and SurfaceData

The feature clas&ppearancalefines a container for surface data objects. It providethémethat all contained

surface data objects are related to. All appearance objects with the same theme in a CityGML file are considered
a group. Surface data objects are stored instirfacdataMemberproperty. They can be used in multiple
themes simultaneously as remote properties.

The feature classSurfaceDatds the base class for materials and textures. Its only element is the boolean flag
isFront, which determines the side a surface data object applies to. Please note, that all classes of the appearance
model support CityGMLG6s &AIR2and1dé3x Tha hooks for applichtion spdtiicp t er s
extensions are rea@GéneedcApplt headei emEenopgert y Of é

AppearanceType,Appearance,AppearancePopertyType

<xs:complexTypaame=AppearanceType*
<xs:complexContent>
<xs:extensiorbase2gml:AbstractFeature Type"
<xs:sequence>
<xs:elemenhame=theme"type="xs:string"minOccurs=0"/>
<xs:elemenhame=surfaceDataMembeitype="SurfaceDataProperty TypeiinOccurs20" maxOccursfunbounded/>
<xs:elementef="_GenericApplicationPropertyOfAppearanaainOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=Appearancetype="AppearanceTypeSubstitutionGroup=gml:_Feature/>
<l-- -—>
<xs:elemenhame=_GenericApplicationPropertyOfAppearandgpe="xs:anyType“abstracttrue"/>
<= =
<xs:complexTypaame2AppearanceProperty Type"
<xs:sequenceninOccurs=0">
<xs:elementef="Appearance/>
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttribute Groupg>
</xs:complexType>

appearanceMember, appearance

<xs:elemenhame=zappearanceMembetype="gml:FeatureProperty TypeubstitutionGroup*gml:featureMember>
<l-- =

<xs:elemenhame=appearancetype="AppearanceProperty TypaubstitutionGroup*core:_GenericApplicationPropertyOfCityObjett"
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The definition ofappearanceMembeallows for an arbitrary or even mixed sequence ©ftyObjectfeatures
andAppearancdeatures within &ityModelfeature collection (cf. chapt&0.]).

In order to store appearance information within a singléyObjectfeature, the corresponding abstract class
_CityObjectof the core module is augmented by the property elemgpgarance The additional property
appearanceis injected into CityObjectusi ng Ci Applicatibh ®a@amain Extensiomechanism (cf.
chapterl0.13. By this means, each thematic subclass@ifyObjectinherits this property. Thus, th&ppea-
ancemodule has a deliberate impact on each extension module defining thematic subclaS#g®bjfect

AbstractSurfaceDataType, _SurfaceData, SurfaceDataProperty Type

<xs:complexTypaame=AbstractSurfaceDataTypelbstracttrue">
<xs:complexContent>
<xs:extensiorbase=gml:AbstractFeatureType"
<xs:sequence>
<xs:elemenhame=isFront"type="xs:boolean'default=true" minOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfSurfaceDatainOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<= =
<xs:elemenhame=_SurfaceDatatype="AbstractSurfaceDataTypelbstractztrue" substitutionGroup*gml:_Feature/>
<l-- >
<xs:elemenhame=_GenericApplicationPropertyOfSurfaceDatgpe="xs:anyType"abstract=rue"/>
<= =
<xs:compl&TypenamezSurfaceDataProperty Type"
<xs:sequenceinOccurs=0">
<xs:elementef="_SurfaceDatatinOccurs=0"/>
<I/xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroupg>
</xs:complexType>

9.3 Material

Materials define light reflection properties being constant for a whole surface geometry object. The definition of
the classX3DMaterialis adopted from the X3D and COLLADA specification (cf. X3D, COLLADA speeific

tion). diffuseColordefines the color of iffusely reflected light.specularColordefines the color of a directed
reflection. emissiveCololis the color of light generated by the surface. All colors use RGB values with red,
green, and blue between 0 and 1. Transparency is defined separatelthasragsparencyelement where 0

stands for fully opaque and 1 for fully transparearhbientintensitydefines the minimum percentage dif-
fuseColorthat is visible regardless of light sourcekininesscontrols the sharpness of the specular highlight. 0
produces a soft glow while 1 results in a sharp highligi&moothgives a hint for normal interpolation. If this
boolean flag is set to true, vertex normals should be used for shading (Gouraud shading). Otherwise, normals
should be constant for a suréapatch (flat shading).

Target surfaces are specified ustaggetelements. Each element contains the URI of one target surfacegeom
try object (of typegml:AbstractSurface Typar gml:MultiSurfacg.

X3DMaterialType, X3DMaterial

<xs:complexTypeaame=X3DMaterialType>
<xs:complexContent>
<xs:extensiorbase=AbstractSurfaceDataTypz"

<xs:sequence>
<xs:elemenhame=ambientIntensity'type="core:doubleBetweenOandilefault='0.2" minOccurs=0"/>
<xs:elemenhame=diffuseColor"type="Color" defaut="0.8 0.8 0.8'minOccurs=0"/>
<xs:elemenhame=emissiveColor'type="Color" default="0.0 0.0 0.0"minOccurs=0"/>
<xs:elemenhame=specularColor'type='Color" default='1.0 1.0 1.0'minOccurs=0"/>
<xs:elemenhame=shininess'type="core:doubleBetweenOanddl&fault="0.2" minOccurs=0"/>
<xs:elemenhame=transparencytype="core:doubleBetween0Oandiiefault='0.0" minOccurs0"/>
<xs:elemenhame=zisSmooth"type="xs:boolean'default="false" minOccurs=0"/>
<xs:elemenhame=target"type="xs:anyURI"minOccurs=0" maxOccurstunbounded/>
<xs:elementef="_GenericApplicationPropertyOfX3DMateriaftinOccurs20" maxOccursfunbounded/>

</xs:sequence>
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</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-
<xs:elemenhame=X3DMaterial" type="X3DMaterialType"substitutionGroup= SurfaceData’>
<l-- >

<xs:elemenhame=_GenericApplicationPropertyOfX3DMateriatype='xs:any Type"abstract=rue"/>

9.4 Texture and texture mapping

The abstract base class for texturesTigxture Textures in CityGML are always rasteased 2D textureS he

raster image is specified limageURIusing a URI and can be an arbitrary image data resource, even ia prefo
matted request for a web service. The image data format can be defined using standard MIME types in the
mimeTypeslement.

Textures can be gliied by the attributetextureType The textureTypdlifferentiates between textures, which

are specific for a certain objeapecifiQ and prototypic textures being typical for that object surfagaical).

Textures may also be classifieduagknown

The specification of texture wrapping is adopted from the COLLADA standard. Texture wrapping is required
when accessing a texture outside the underlying image rassgModecan have one of five valuebi¢. 15
illustrates the effect of these wrap modes):

1. none 1 the resulting color is fully transparent

2. wrap 1 the texture is repeated

3. mirror T the texture is repeated and mirrored

4. clamp i1 the texture is clampetw its edges

5. border i the resulting color is specified by therderColorelement (RGBA)

In wrap modemirror, the texture image is repeated both in horizontal and in vertical direction to fill the texture
space similar to wrap moderap. Unlike wrap, eachrepetition results from flipping the previous texture part

along the repetition direction. This behaviour removes the edge correspondence constraint for wrapped textures
and always results in a seamless texture.

0,2) 2.2) (0.2) (2,2) 0.2) (2.2) (0.2) (2.2) 0.2) (2.2)

]

'

0.1 (L)

a. b. c. = d. ¢ - e. f.
(0,0 (1,0) 0,-1) 2,-1) (0,-1) (2:-1) 0,-1) (2,-1) (0,-1) (2-1) (0.-1) (2-1)

Fig. 15: A texture(a) applied to a facade using different wrap modes: (b) none, (c) wrap, (d) mirror, (e) clamp and (f) border. The border
color is red. The numbers denote texture coordinates (image:-RidswerInstitute).

AbstractTextureType, _Texture, WrapModeType, TextureTypeType

<xs:complexTypaame=AbstractTexture Typeabstract=true">
<xs:complexContent>
<xs:extensiorbase=AbstractSurfaceDataType"
<xs:sequence>
<xs:elemenhamezimageURI"type="xs:anyURI'/>
<xs:elemenhame=mimeType"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=textureType'type="TextureTypeTypeminOccurs=0"/>
<xs:elemenhame=wrapMode"type="WrapModeType'minOccurs0"/>
<xs:elemenhame=borderColor"type="ColorPlusOpacity'minOccurs=0"/>
<xselementref="_GenericApplicationPropertyOfTextur@iinOccurs=0" maxOccurstunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=_Texture"type="AbstractTextureTypeabstract2true" substitutionGroup%x SurfaceData’>
&l >
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<xs:elemenhame=_GenericApplicationPropertyOfTextur&/pe="xs:anyType abstract=true"/>
s
<xs:simpleTypeame=WrapModeType*
<xs:restrictiorbase=xs:string'>
<xs:enumeratioralue='none'/>
<xs:enumerationalue=wrap"/>
<xs:enumeratioralue='mirror"/>
<xs:enumeratioralue="clamp'/>
<xs:enumerationalue=border7>
</xs:restriction>
</xs:simpleType>
= =
<xs:simpleTypesame=TextureTypeType*
<xs:restrictiorbase=xs:string'>
<xs:enumerationalue='specific'/>
<xs:enumeratioralue=typical"/>
<xs:enumeationvalue='unknown'/>
</xs:restriction>
</xs:simpleType>

_Textureis further specialised according to the texture parameterisation, i.e. the mapping function fram a loc
tion on the surface to a location in the texture image. CityGML uses the notitextofe space, where the
texture image always occupies the region [0,1]2 regardless of the actual image size or aspect ratio. The lower left
image corner is located at the origgome graphics APls may use other conventions and require texturé coord
nateconversion) The mapping function must be known for each surface geometry object to receive texture.

Fig. 16: A georeferenced texture applied to ground and roof surfaces (source: Senate of Berli®latassdnstitute).

The classGeoreferencedTextuescribes a texture that uses a planimetric projection. Consequently, it does not
make sense to texture vertical surfaces usir@@eareferencedTexturé&Such a texture has a unique mapping
function which is usually provided Wi the image file (e.g. georeferenced TIFF) or as a separate ESRI world
file'. The search order for an external georeference is determined by the booleamefa@/orldFile If this

flag is set to true (its default value), a world file is looked fort fnsd only if it is not found the georeference
from the image data is used.pfeferWorldFileis false, the world file is used only if no georeference from the
image data is available.

Alternatively, CityGML allows for inline specification of a georefece similar to a world file. This internal
georeference specification always takes precedence over any external georefeferemeePointefines the
location of the center of the upper left image pixel in world space and corresponds to values » amdEBRI
world file. SinceGeoreferencedTextungses a planimetric projectioreferencePoints two-dimensional orien-

tation defines the rotation and scaling of the image in form of a 2x2 matrix (a list of 4 doubles-majow
order corresponding to kees 1, 3, 2, and 4 in an ESRI world file). The CRS of this transformation is identical to

! Further information about the ESRI world file format is providehtit:/en.wikipedia.org/wiki/World_file
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the referencePoilis CRS. A pl (x,ly)T imteatt €RSds transformed to a poi(s\t)T in texture
space using the formula:

39 &/w 0 §. . .8xd _ 0 806
= - ERe- P
g SR L

with M denotingorientation P denotingreferencePointwt he | mage ds wi htthhe iinmapgiexdesl
height in pixelsThis transformation compensates for the difference between the image coordinate system used

in ESRI worldfiles (origin in upper left corner, positiveaxis rightwards, and positivegxis downwards) and

texture space in CityGML (origin in lower left corner, positivaxis rightwards, and positivegxis upwards).

If neither an internal nor an external gderence is given th&eoreferencedTexturs invalid. Each target
surface geometry object is specified by an URI targetelement. All target surface geometry objects share the
mapping function defined by the georeference. No other mapping functidlowsed Please note, that the
gml:boundedByproperty inherited frongml:AbstractFeatureTypeould be set to the bounding box of valid
image data to allow for spatial queri€$g. 16 shows a georeferenced texture applied to the ground and all roof
surfaces.

GeoreferencedTextureType, GeoreferencedTexture

<xs:complexTypaame=GeoreferencedTextureType"
<xs:complexContent>
<xs:extensiorbase=AbstractTextureType*
<xs:sequence>
<xs:elemenhame=preferWorldFile"type="xs:boolean'default=true" minOccurs=0"/>
<xs:elemenhame=referencePointtype="gml:PointProperty TypeminOccurs=0"/>
<xs:elemenhame=orientation"type="core: TransformationMatrix2x2fpe" minOccurs=0"/>
<xs:elemenhame=target"type="xs:anyURI"minOccurs=0" maxOccurs*unbounded/>
<xs:elementef="_GenericApplicationPropertyOfGeoreferenced Textung&iOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
<Ixs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=GeoreferencedTexturéype="GeoreferencedTexture TypslbstitutionGroup= Texture/>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfGeoreferencedTextuype="xs:anyType"abstracttrue"/>

The classParameterizedTexturdescribes a texture wittargetdependent mapping function. The mapping is
defined by subclasses of clasBextureParameterizatioas a property of the link to the target surface geometry
object. Each target surface geometry object is specified as URI inith#ribute of a segratetarget element.

Since target implements gml:AssociationAttributeGrouyp it allows referencing to a remote
_TextureParameterizationbject (using thelink:href attribute), e.g. for sharing a mapping function between
targets or textures in differenteimes. The mapping function can either use the concept of texture coordinates
(through clasSexCoordList or a transformation matrix from world space to texture space (throughTaass
CoordGe.

texture coordinates:
1. 0,1 ; 0,05
2 0,155 0,05
3. 0,155 0,5
4 08 ; 05

Fig. 17: Positioning of textureasing texture coordinates (image: IGG Uni Bonn).
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Texture coordinates are applicable only to polygonal surfaces, whose boundaries are described by
gml:LinearRing (e.g., gml:Triangle gml:Polygon or a gml:MultiSurfaceconsisting ofgml:Polygors). They

defnre an explicit mapping of a surfaceds vertices to
ring vertices must receive a corresponding coordinate pair in texture space (for the notion of coordinates, refer to
ISO 19111). These coordinatase not restricted to the [0,1] interval. Texture coordinates for interior surface
points are planarly interpolated from the verticesé

Texture coordinates for a target surface geometry object are specified alesssTexCoordListas a texture
parameteri zati on tadetjpreperty. Eaaextdridr and tnterboggmi:rinea®Ringcomposing

the boundary of the target surface geometry object (which also might enl&£ompositeSurface
gml:MultiSurface, or gml:TriangulatedSurfagerequires its own set of texture coordinates. A set of texture
coordinates is specified using tiextureCoordinateslement of clas§exCoordList Thus, aTexCoordList
contains as mangextureCoordinateslements as the tarmgsurface geometry object contaigsil:LinearRing.
textureCoordinatdé s ma n d at aingyprovadest thegmbidi df #he respective ring. The content is an o

dered list of double values where each two values defi(&:t)l texture coorthate pair withs denoting the

horizontal andt he verti cal texture axis. The 1ist cent ains
sponding to t hathe CityGML dozumernt @egardless dfearpossibly flipped surface arient

tion). If any ring point of a target surface geometry object has no texture coordinates assigned, the mapping is
incomplete and the respective surface cannot be textured. In case of aggregated target geometry objects, mapping
completeness is determined only feaf geometry objects.

‘ | !l!!!l!!-

Fig. 18: Projecting a photograph (a) onto multiple facades (b) usingdhnie ToTexturéransformation. The photograph does not cover the

Il eft facade completely. Thus, the t exon®(seurca BepateaofBerlint HasBlatmmerc | | pped .
Institute).

Alternatively, the mapping function can comprisexd &ansformation matrix specified by clabsxCoordGen

The transformation matrix, specified by therldToTextureelement, defines a linear transformation from a

spatial location in homogeneous coordinates to texture space. The use of homogeneowstaodadilitates

perspective projections as transformation, e.g. for projecting a photograph into a city mdegl {&). Texture

coordinates (st)’ are calculated from a space locatiofxy,z)’ as (st)’ =(syqiti/qi) with

(si,ti,qi)T =MC'()x,y,z,1)T. M denotes the 3x4 transformation matrix. Compared to a general 4x4 transfo

mation, the resulting component is ignored. Thus, the respective matrix row is omitted. Additionally, the
worldToTextureelement uses thgml:SRSReferenceGrouwgitributes to define its CRS. A location in world
space has to be first transformed into this CRS before the travagfon matrix can be applied.
The following construction results in worldToTexturetransformation that mimics the process of taking a
photograph by projecting a location in world space (in the city model) to a location in texture space:
r, , 06 al 0 O -R@

a05 0 058a2f/w 0 OOoae J uZ 09310 Po
M 0505 0 2f/h 0 ogoR W % MO -9

ae0 0 an / ) 4 d 00 01 - P P
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In this formula,f denotes the focal lengtiyandhr e pr esent t he i mage sreo,@mr 6s phy

Jdefine the camerabés frame of reference as right, wup
andPst ands for the c¢amerFg.dSskeiclesthigsettng. i n wor |l d space.

(1,1)
~—— T
\
(0.0) S
world space texture space

Fig. 19: Projective texture mapping. All points on a Rgtarting from the projection centBrare mapped to the same palrih texture
space (image: Hasg®lattnerInstitute, IGG TU Berlin).
Alternatively, if the 3x4 camera matrMp is known (e.g. through a calibration and registration process), it can
easily be adopted for use imorldToTexture Mp is derived from intrinsic and extrinsic camera parameters
(interior and exterior orientatiorgnd transforms a location in world space to a pixel location in the image.
Assuming the upper left image corner has pixel coordinates (0,0), the complete transformation to texture space
coordinates can be written asidthyageandheightma.gedenote themage size in pixels):

;’%/Width}nage 0 og
M= 0 - Yheighf..ge 16 OM,
89 0 0 19

Please note, thavorldToTexturecannot compensate for radial or other #iaear distortions introduced by a
real camera lens.

Another use ofvorldToTextures texturing a facade with complex geometry withqueefying texture cooriel
nates for eaclyml:LinearRing Il nstead, only the facadeds aggregated
TexCoordGenas parameterization. ThemjorldToTextureeffectively encodes an orthographic projection of
world space intdexture space. For the special case of a vertical facade this transformation is given by:
swidh o o0o0p 2 ™09 & 00-Rg
M= 0 Theight 0 ogcE® O 1 %00 10 -Ro
= 5 & 000 %®o01-F0

e ' 0 0 9 % y 8 8
O D2LLLDT B 098 899 3

Thisequationassumeﬁ'sdenot ing the facadebds overall nor mal vecto
parallel to the groundfF denoti ng t he f acadwdhsandheightepet ef yi poi hhe &E
dimensions in world units. For the general case of &itrary normal vector the facade orientation matrix

assumes a form similar to the camera orientation matrix:

ywidth 0 0 0og &V ° 88 % S g EO c_(ooaei
M=z 0 Jheight 0 060% ¥ * 20 vewith [0 0 1=n

® | 0 Olg%nynzof?%()1-58 c Cc

¢ @ 0012 @Boo0 18 U=
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ParameterizedTextureType, ParameterizedTexture, TextureAssociationType

<xs:complexTypeaame=ParameterizedTextureType"
<xs:complexContent>
<xs:extensiorbase=AbstractTextureType*
<xs:sequence>
<xs:elemenhame=target"type="TextureAssociationTypethinOccurs=0" maxOccurs=unbounded/>
<xs:elementef="_GenericApplicationProper@fParameterized TextureiinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
S =
<xs:elemenhame=ParameterizedTexturéype="Parameterized Texture TypslbstitutionGroup= Texture'/>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfParameterized Textuyp&="xs:anyType"abstract=true"/>
S =
<xs:complexTypeame=TextureAssociationType"
<xs:sequenceinOccurs=0">
<xs:elementef="_TextureParameterizatiot'
</xs:sequence>
<xs:attributename=uri" type="xs:anyURI"use=required’>
<xs:attributeGroupef="gml:AssociationAttributeGroug>
</xs:complexType>

AbstractTextureParameterizationType, TexCoordListType, TexCoordGenType

<xs:complexTypaame=zAbstractTexureParameterizationTypabstract4rue">
<xs:complexContent>
<xs:extensiorbase=gml:AbstractGMLType>
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfTextureParameterizatimiiOccurs20" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=_TextureParameterizatiomype="AbstractTextureParameterizationTypistracttrue"
substitutionGroup*gml:_GML"/>

=lm =
<xs:elemenhame=_GenericApplicationPropertyOfTextureParameterizatitype="xs:any Type"abstracttrue"/>
S =

<xs:complexTypaame2TexCoordListType*
<xs:complexContent>
<xs:extensiorbase=AbstractTextureParameterizationType"
<xs:sequence>
<xs:elemenhame=textureCoordinatesthaxOccurs2unbounded*
<xs:complexType>
<xs:simpleContent>
<xs:extensiorbasezgml:doubleList>
<xs:attributename=ring" type="xs:anyURI"use=required’>
</xs:extension>
</xs:simpleContent>
</xs:complexType>
<I/xs:element>
<xs:elementef="_GenericApplicationPropertyOfTexCoordListiinOccurs20" maxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I=- >
<xs:elemenhame2TexCoordList"type="TexCoordListType'substitutionGroup* TextureParameterizatiot#'
<l--
<xs:elemenhamez_GenericApplicationPropertyOfTexCoordLidt/pe="xs:anyType"abstracttrue"/>
<I=- =
<xs:complexTypamame=TexCoordGenType*
<xs:complexContent>
<xs:extensiorbasezAbstractTextureParameterizationType"
<xs:sequence>
<xs:elemenhame=worldToTexture*
<xs:complexType>
<xs:simpleContent>
<xs:extensiorbase=core: TransformationMatrix3x4 Type"
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<xsattributeGroupef="gml:SRSReferenceGrouf>'
</xs:extension>
</xs:simpleContent>
<Ixs:complexType>
</xs:element>
<xs:elementef="_GenericApplicationPropertyOfTexCoordGeminOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I--
<xs:elemenhame=TexCoordGen'type="TexCoordGenTypeSubstitutionGroup= TextureParameterizatiot*"
<l--
<xs:elemenhame=_GenericApplicationPropertyOfTexCoordGempe="xs:anyType“abstracttrue"/>

9.5 Related concepts

The notion of appearance clearly relates to the generic coverage approach (cf. ISO 19123 and OGC Abstract
specification, Topic 6). Surface data can be described as discrete or continuous coverage over a surface as two
dimensional domain with a specific m@apg function. Such an implementation requires the extension of GML
coverages (as of version 3.1) by suitable mapping functions and specialisation for valid domain and range sets.
For reasons of simplicity and comprehensibility both in implementation aagey CityGML does not follow

this approach, but relies on textures and materials askn@n surface property descriptions from the field of
computer graphics (cf. X3D, COLLADA specification, Foley et al.). Textures and materials store data as color
using an appropriate mapping. If such a mapping is impractical, data storage can be customised using ADEs. A
review of coverages for appearance modelling is considered for CityGML beyond \&@ston

Appearance is also related to portrayal. Portrayal de=ssrthe composition and symbolisation of a digital

model 6s i mage, i . e. presentation, whil e appearance
Even though being based on graphical terms such as textures and materials, surfacetitsiteddrto being
i nput for portrayal, but similarly serves as input

CityGML does not define mixing or composition of themes for portrayal purposes. Portrayal is left to viewer
applications ostyling specification languages such as OGC Styled Layer Descriptors (SLD) or OGC &ymbol
gy Encoding (SE).

9.6 Code lists

The mimeTypeattributeof the feature Textureis specified agml:CodeTypeThe values of this property can be
enumerated in a code ligt.proposal for this code list can be found in an@e&

9.7 Conformance requirements

Base requirements

1. A surface geometry object may be the target of at most two textures and two materials (one for front
and back respectively) per theme.

2. ThereferencePoinproperty (typegml:PointPropertyTypeof the elemenGeoreferencedTextumaay
only contain or referergca point geometry object with 2D coordinate values.

3. Texture coordinates given by thextureCoordinateproperty of the elementexCoordListdefine an
explicit mapping of a surfacebés boundary points
surface must receive a corresponding coordinate pair in texture space. The coordinate pair in texture
space shall be given as two doubles per boungaint The order of the coordinate pairs must follow
the order of the boundary poirits the CityGML document (regardless of a possibly flipped surface
orientation) Eachgml:LinearRingcomposing the boundary of the target surface geometry olgect r
quires its own set of texture coordinates.

4. A GeoreferencedTextumdement must provide either internal or extémgeoreference, otherwise it is
invalid. Internal georeference shall be declared by tleferencePoint property (type:
gml:PointPropertyTypeand theorientationproperty (typecore:TransformationMatrix2x2Typef the
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elementGeoreferencedTextur&xternd georeference may be provided by the texture image file itself
(e.g. GeoTIFF) or by an accompanying world file.

Referential integrity

5.

10.

11.

12.

TheappearanceMembearlement (typeAppearanceProperty Typenay contain ar\ppearanceslement

inline or an XLink reference to a remofpearanceslement using the XLink concept of GML 3.1.1.

In the latter case, thdink:href attribute of theappearanceMembeaslement may only point to a remote
Appearanceslement (where remo#&ppearanceslements are located in another document or elsewhere
in the same documentEither the contained element or the reference must be given, but neither both
nor none.

The appearanceproperty (type:AppearancePropertyTypef the elementore:_CityObjectmay ca-

tain anAppearanceelement inline or an XLink reference to a reméfgpearanceelement using the
XLink concept of GML 3.1.1. In the latter case, ttimk:href attribute of theappearanceroperty may
only point to a remotéppearanceslement (where remetAppearancezlements are located in another
document or elsewhere in the same documéitfier the contained element or the reference must be
given, but neither both nor none.

The surfaceDataMembeproperty (type:SurfaceDataPropertyTypeof the elemenAppearancemay
contain a_SurfaceDateelement inline or an XLink reference to a remo&urfaceDateelement using
the XLink concept of GML 3.1.1. In the latter case, xtiak:href attribute of thesurfaceDataMember
property may only point to a remoté&urfaceDataelement (where remoteSurfaceDataelements are
located in another document or elsewhere in the same docuBihéy. the contained element or the
reference must be given, but neither both nor none.

Thetargetproperty (typeTextureAssociatiolypg of the elemenParameterizedTextummay contain a
_TextureParameterizatioelement inline or an XLink reference to a remotéextureParameterization
element using the XLink concept of GML 3.1.1. In the latter casexlihiehref attribute of thetarget
property may only point to a remoteTextureParameterizatioalement (where remote TextureR-
rameterizationelements are located in another document or elsewhere in the same dochitiesrt).
the contained element or the reference must be givémngither both nor none.

Thetarget property (typexs:anyUR) of the elemenGeoreferencedTextughall specify thegml:id of
the target surface geometry object which may only be of tgpd:AbstractSurfaceTypeor
gml:MultiSurface

Theuri attribute of the complex typ€extureAssociationTyhall specify theyml:id of the target su
face geometry object which may only be of tygmel:AbstractSurfaceTypar gml:MultiSurface

Thering attribute of thetextureCoordinateproperty of the elementexCoordListshall specify the
gml:id of the target surface geometry object which may only be ofgypeLinearRing

Thetargetproperty (typexs:anyUR) of the elemenkK3DMaterial shall specify thgml:id of the target
surface geometry object which magly be of typegml:AbstractSurface Typar gml:MultiSurface
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9.8 Material model of previous CityGML versions [deprecated]

Since GML3 has no buiin concept for the representation of surface materials, previous versions of CityGML
extend the GML3 geometry model by the claxturedSurfagewhich allows for assigning appearance prepe

ties (colors, shininess, transparency) and textures to 3D surfaces. The definition of the appearance properties is
adopted from the X3D specification. Tkapproach for appearance modelling has lEprecatediue to inhe-

ent limitations. However, in order to provide a certain degree of backwards compatibility for already existing
CityGML implementations, the approach has been incorporated into CityGMIloretand versior2.0 as a

separate extension module calleekturedSurfaceBy this means, implementations may employ the old material
model by supporting this module. Please note, that appearance information modelled accordimgxtutiak
Surfacemodul e can be converted without infor mappeasancel oss t |
module that has been introduced in the previous clauses of this chapter. Thus, the uSextuthdSurface

module isstrongly discouragedand implementationshould only stick to theAppearancemodule instead.
Moreover, theTexturedSurfacenodule is expected to be removed in future versions of CityGML.

For the TexturedSurfacenodule, each surface or composite surface can be specializet@extuaedSurface
which can be assignddaterials (colors, shininess, transparencgr SimpleTextureg-ig. 20 depicts the UML
diagram, for XML schema definition see anei4.

<<Geometry>> — 8
gmi::_Surface 0.2 <<PrimitiveType=>> <<Enumeration>>
baseSurface Color TextureTypeType
+core::doubleBetweenOand1 [3] +specific
+typical
ﬁﬁ +unknown
<<Geometry>> 1
gml::OrientableSurface
+orientation : gml::SignType [0..1] Orientation
ﬁs +orientation : gml::SignType [0..1]
T
<<Geometry>> * : 1.* <<Object>>
TexturedSurface _Appearance
appearance le
I |
<<Object>> <<QObject>>
Material SimpleTexture
+shininess : core::doubleBetweenOand1 [0..1] +textureMap : xs::anyURI [1]
+transparency : core::doubleBetween0Oand1 [0..1] +textureCoordinates : gml::doubleList [1]
+ambientlntensity : core::doubleBetweenOand1 [0..1] | [+textureType : TextureTypeType [0..1]
+specularColor : Color [0..1] +repeat : xs::boolean [0..1]
+diffuseColor : Color [0..1]
+emissiveColor : Color [0..1]
Fig.200. UML diagram of CityGML6s material model. Please notae, that th

ed ands expected to be removed in future CityGML versions. Prefixes are used to indicate XML namespaces associated with model
elements. Element names without a prefix are defined within the CityGturedSurfacenodule.
The concept of positioning textures surfaces complies with the 3D computer graphics standard X3D (web 3D
2004), a successor of VRML97. CityGML adds the classturedSurfacéo the geometry model of GML3
because there has been no appropriate texturing concept in ISO 19107 and in GMLS3.

A texture is specified as a raster image referenced HyRI(Uniform Resource Identifigrand can be an arb
trary resource, even on the internet. Textures are positioned by employing the cotesforefcoordinates.e.

each texture coordinate matches with exactly one 3D coordinate degteredSurfacéFig. 17). The use of
texture coordinates allows an exact positioningtaingming of the texture on the surface geometry.

The color of a surface is defined by RGB values. These have to be in the range of 0 térdntOpacityand

the backOpacitydefine the level ofransparencyof each surface. Their values have also tonbné range of 0

to 1, where 1 means completely covering and O denotes a completely transparent surface. The colors can be
differentiated indiffuseColor(color when illuminated by a source of lighBmissiveColor(color when sel
illuminating) andspecuarColor/shininesgcolor for shiny surfaces).
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Textures can be qualified by the attribté&ture TypeThetextureTypalifferentiates between textures which are
specific for a certain objecspecifi and prototypic textures being typical for that objeatface fypical).
Textures may also be classifieduagknown

_Appearancas derived fromgml:AbstractGMLTypeo be referenced in aappearanceproperty. The attribute
gml:id is inherited, whose value may be referenced by a XLiAppearancés the parentclass ofMaterial and
SimpleTexture

XML namespace

The XML namespace of the CityGMLexturedSurfacenodule is identified by the Uniform Resource Identifier
(URI) http://www.opengis.net/citygml/texturedsurfa2€ Within the XML Schema definition of th€extured-
Surfacemodule, this URI is also used to identify the default namespace.

9.8.1 Textured surfaces
TexturedSurfaceType, TexturedSurface, AppearancePropertyType

<xs:complexTypaame=TexturedSurfaceType"
<xs:complexContent>
<xs:extensiorbase=gml:OriertableSurfaceType*
<xs:sequence>
<xs:elementef="appearancethaxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
<I/xs:complexContent>
</xs:complexType>
e =
<xs:elemenhame=TexturedSurfacetype="TexturedSurfaceTypesubstitutionGroup*gml:OrientableSurfacé*
<l-- >
<xs:elemenhame=appearancetype="AppearanceProperty Typ&*"
<l =
<xs:complexTypeame=AppearancePropertyTyps"
<xssequenceninOccurs=0">
<xs:elementef="_Appearance'>
</xs:sequence>
<xs:attributename=orientation"type="gml:SignType"default="+"/>
<xs:attributeGroupef="gml:AssociationAttributeGroupg>
</xs:complexType>

TexturedSurfacenay have one or more appearance properties, which can eithekate@al (Color,...) or a
Simplérexture The _Appearanceslement can either be represented inline as an element of this type or by an
XLink reference to a remoteAppearancelement. Eithethe reference or the contained element must be given,
but neither both nor none. The side of the surface #ippearanceaefers to is given by therientationattribute

(type gml:SignTypeof the appearance property element, which refers to the corresgamikntationattribute

of the orientable surface: + means the side with positive orientationth@dide with negative orientation.

AbstractAppearanceType, _Appearance

<xs:complexTypeame=AbstractAppearanceTypelbstracttrue">
<xs:complexContet»
<xs:extensiorbasezgml:AbstractGMLType/>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=_Appearancetype="AbstractAppearanceTypelbstract=true" substitutionGroup=gml:_GML"/>

MaterialType, Material

<xs:complexTypaame=Material Type'>
<xs:complexContent>
<xs:extensiorbase=AbstractAppearanceType"
<xs:sequence>
<xs:elemenhame=shininess'type="core:doubleBetweenOahtiminOccurs=0"/>
<xs:elemenhameztransparencytype="core:doubleBetweenOandirinOccurs20"/>
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<xs:elemenhame=ambientintensity'type="core:doubleBetweenOandiriinOccurs=0"/>
<xs:elemenhame=specularColor'type="Color" minOccurs=0"/>
<xs:elemenhame=diffuseColor"type="Color" minOccurs=0"/>
<xs:elemenhame=emissiveColor'type="Color" minOccurs=0"/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>

<l

<xs:elemenhame=Material" type='"MaterialType"substitutionGroupx Appearance'>

SimpleTextureType, SimpleTexture, TextureTypeType

<xs:complexTypaame=SimpleTextureType*
<xs:complexContent>
<xs:extasionbase=AbstractAppearanceType"
<xs:sequence>
<xs:elemenhame=textureMap"type="xs:anyURI'/>
<xs:elemenhame=textureCoordinatestype="gml:doubleList/>
<xs:elemenhame=textureType'type="TextureTypeType'minOccurs=0"/>
<xs:elemenhame=repeat"type='xs:boolean'minOccurs=0"/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>

<l

<xs:elemenhame=SimpleTexture"type='SimpleTextureTypeSubstitutionGroupx Appearance’>

<l

<xs:simpleTypename=TextureTypeTypes
<xs:restrictiorbase=xs:string'>
<xs:enumerton value='specific'/>
<xs:enumerationalue=typical"/>
<xs:enumerationalue='unknown'/>
</xs:restriction>
</xs:simpleType>

9.8.2 Conformance requirements

Referential integrity

1 Theappearanceroperty (typeAppearancePropertyTypef the elemenTexturedSurfacenay contain
an _Appearanceelement inline or an XLink reference to a remo#ppearanceelement using the
XLink concept of GML 3.1.1. In the latter case, ttimk:href attribute of theappearanceroperty may
only point to a remote Appeaanceelement (where remoteAppearanceslements are located im-a
other document or elsewhere in the same docunteitiler the contained element or the reference must

be given, but neither both nor none.
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10 Thematic model

The thematt model of CityGML consists of the class definitions for the most important types of objects within
virtual 3D city models. These classes have been identified to be either required or important in many different
application areas. Most thematic classes @ransitively) derived from the basic classeBeature and
_FeatureCollectionthe basic notions defined in ISO 19109 and GML3 for the representation of spatial objects
and their aggregations. Features contain spatial as well aspatial attributes wkh are mapped to GML3

feature properties with corresponding data types. Geometric properties are represented as associations to the
geometry classes described in chagteFhe thematic model also comprises different types of interrelationships
betweerfeatureclasses like aggregations, generalisations and associations.

The aim of the explicit modelling is t@ach a high degree of semantic interoperability between different appl
cations. By specifying the thematic concepts and their semantics along with their mapping to UML and GML3
different applications can rely on a weléfined set ofeature typesattribites and data types with a standardised
meaning or interpretation. In order to also allow for the exchange of objects and/or attributes that arechot expli

itly modelled in CityGML, the concepts gkneric city objectandattributesa s we | | a fppicatiany GML 6 s
Domain Extensiomechanism have been introduced (cf. chap®et2and chaptel0.13.

Each field of CityGML6s thematic model is cowvered by
sion modules are derived by vertically slicing the overall thematic data model of CityGMéxtahsion md-

ules are based on aadedependent from the CityGML core module. The core comprises the basic concepts and
components of the CityGML data model. Implementations may choose to combine CityGML extension modules

in conjunction with the core acoding to their specific information needs or application domain. As for version

2.0 of CityGML, the followingthirteenthematic extension modules are defindgpearanceBridge Building,

CityFurniture, CityObjectGroup Generics LandUse Relief Transportation Tunnel, Vegetation WaterBody

and TexturedSurface [deprecatedyalid combinations of CityGML modules are called CityGML profiles. By

this means, CityGML profiles explicitly allow for partial implementations of the overall CityGML dateeimod

(cf. chapter7).

The thematic fields covered by the CityGML data model are introduced within the sub clauses of this chapter.
Each sub clause is related to aafic CityGML module.
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10.1 CityGML Core
The CityGML Coremodule defines the basic concepts and components of the overall CityGML data model. It

forms the universal lower bound of the CityGML data model and, thus, is a dependency téraedloaxma-
ules. Consequently, the core module has to be implemented by any conformant system. Primarily, the core
module provides the abstract base classes from which thematic classes within extension modules are- (transitiv
ly) derived. Besides abstragpe definitions, the core also contains fadrstract content, for example basic data
types and thematic classes that may be used by more than one extension module. The UML diigr&h in

<<DataType>>
gml::CodeType

+name : xs::string[1]
+codeSpace : xs::anyURI[0..1]

Ci t y BdXKIMb Scheena definitiom see below and dndef.

il lustrates

<<Feature>>
gml::_Feature
+name : gml::CodeType [0..*]
JAN
<<Enumeration>>
RelativeToTerrainType
<<Feature>> multiPoint, <<Geometry>> +entirelyAboveTerrain

Address gml::MultiPoint +substantiallyAboveTerrain

* 0.1 +substantiallyAboveAndBelowTerrain
+substantiallyBelowTerrain

+entirelyBelowTerrain

<<Feature>>
gml::_FeatureCollection
1
1 <<DataType>>
XAL::AddressDetails
<<Enumeration>>

<<Feature>> Q
CityModel xalAddress
* <<Feature>> .
CityObject 1 . RelativeToWaterType
+creationDate : xs::date [0..1] P > <<DataType>> +entirelyAboveWaterSurface
externalReferenc ExternalReference +substantiallyAboveWaterSurface
> +informationSystem : xs::anyURI [0..1] +substantiallyAboveAndBelowWaterSurface
+substantiallyBelowWaterSurface
1 +entirelyBelowWaterSurface
+temporarilyAboveAndBelowWaterSurface

+terminationDate : xs::date [0..1]
+relativeToTerrain : RelativeToTerrainType [0..1] -
generalizesTo

cityObjectMember
+relativeToWater : RelativeToWaterType [0..1]
|
externalObject 1
<<Union>> <<PrimitiveType>>
TransformationMatrix4x4Type

ExternalObjectReference
+gml::doubleList [16]

referencePoint <<Geometry>>
aniERels +name : xs::string [1]
+uri : xs::anyURI [1]

1

*

<<Object>>
ImplicitGeometry "
+mimeType : gml::CodeType
+transformationMatrix : TransformationMatrix4x4Type
+libraryObject : xs::anyURI * 0.1 [ <<Geometry>>
- gml::_Geometry
relativeGMLGeometry
CityGML6s core modul e.
the minimal and maximal number of occurrences of the attribute per object. For exangmieisioptional (0) in the class-eatureor may

bracket edy:

The

Fig.2: UML diagram of
occur multiple times (star symbol), while €ityObjecthas none or at most ongeationDate Prefixes are used to indicate XML namespa
GityObjéct n

es associated with model elements. Element names without a prefix are defined williipGihéL Coremoduk.
c classes

base of al | t hemat i

number s

f

City

cl ass
_CityObijectprovides a creation and a termination date for the management of histories of features as well as the

The
possibility to model external referegs to the same object in other data saisthermore, twajualitativeattrib-
utesrelativeToTerrainand relativeToWaterare providedwhich enableto specify thef e a t locat® with

respect tadheterrain and water surface. The possible topologicatioais are illustrated iRig. 22. Both attrb-
utes facilitatesimple and efficientjueries likefor the number of subsurface buildinfentirelyBelowErrain)

without the needor an additional digital terrain modet a model of the water body
§
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Fig. 22: Topologicalrelations of &CityGML objectwith repect toa) theterrain and) thewater surface

_CityObijectis a subclass of the GML clasEeature thus it inherits the metadata property (which can be e.g.
information about the lineage, quality aspects, accurlbmal CRS and name property from the superclass
_GML A _CityObjectmay have multiple names, whiare optionally qualified by aodeSpaceThis enables

the differentiation between, for example, an official name and a popular name or of names in different languages
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(cf. the name property of GML objects, Cox et al. 2004). The generalisation prapeetyalizesToof
_CityObjectmay be used to relate features, which represent the samearclobject in different Levelsf-

Detall, i.e. a feature and its generalised counterpart(s). The direction of this relation is from the feature to the

correspondingeneralised feature.

Thematic classes may have further subclasses with relations, attributes and geometry. Features of the specialized
subclasses ofCityObjectmay be aggregated to a sin@l#¢yModel which is a feature collection with optional
metadataGenerally, each feature has the attribuiass function,andusage unless it is stated otherwise. The
classattribute can occur only once, while the attributeageandfunctioncan be used multiple times. Thiass
attribute allows for the classifition of features beyond the thematic class hierarchyCa§Object For exan-
ple, a building feature is represented by the thematic subd@g8uildingof _CityObjectin the first place (this

d e f i Bugdihg medute hcf. chptaCli0.B8).yAGuMhed dassification, e.g. as res
dential or administration building, may then be modelled usinglt#ssattribute of the claskldg:Building The

subcl ass i

attributefunctionnormally denotes the intended purpose or usage of the object, such as hotel or shopping centre

S

for a building, while the attributasagenormally defines its real or actual usage. Possible values for the-attri
utesclass function andusagecan bespecified in code listsvhich are recommended to be implemented as
simple dictionaries followinghe Simple Dictionary Profileof GML 3.1.1 (cf. chapte6.6 and10.14. Annex C
providescode lists proposed and maiimied bythe SIG 3Dwhich contain feasible attribute valuesid which
may be extended oedefined by users.

In addition to thematic content, the core module also provides the concept of implicit geometries as & enhanc

ment of the geometry model of GML3in8e this concept is strongly related to the spatial model of CityGML it
has already been introduced in chajgter

The top level class hierarchy of the thematic model in CityGML is presentédyir3. The subclags of

_CityObjectcomprise the different thematic fields of a city model covered by separate CityGML extension

modules: the terrain, buildingbridges, tunnelsthe coverage by land use objects, water bodies, vegetation,

generic city objects, city furnite objects, city object groups, and transportation. To indicate the extension

module defining a respective subclass GityObject the class names Fig. 23 are preededby prefixes. Each

prefix is associated with one CityGML extension module (see chd@and chapter f or a | i st of
extension modules and the corresponding prefixes).
<<Feature>>
gml::_Feature
<<DataType>>
[ﬁ cAtrib gen::_genericAttribute cttib
. N .
| gen::_genericAttribute x [ -0 = xs:string [4] gen::_genericAttribute
1.*
<<Feature>> 4
gml::_FeatureCollection [ [ |
<<DataType>> <<DataType>> <<DataType>>
Zr gen::stringAttribute gen::intAttribute gen::doubleAttribute
+value : xs::string [1] +value : xs::integer [1] +value : xs::double [1]
<<Feature>>
; O
CityModel s <<DataType>> <<DataType>> <<DataType>>
. gen::dateAttribute gen::uriAttribute | _gen::genericAttributeSet
+value : xs::date [1] +value : xs::anyURI [1] +codeSpace : xs:anyURI [0..1]
cityObjectMember|
. 0 1 <<DataType>>
<<Feature>> gen::measureAttribute
*\|, app::appearanceMember CityObject +value : gml::MeasureType [1]
<<Feature>> . +creationDate : xs::date [0..1]
“—|  app::Appearance épp..appearanceo +terminationDate : xs::date [0..1] *
+theme : xs::string [0..1] * « |trelativeToTerrain : RelativeToTerrainType [0..1] [~ generalizesTo
+relativeToWater : RelativeToWaterType [0..1]
<<Geometry>>
Zﬁ [ gml::_Surface
[ T T ] 0.2
<<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>> baseSurface "
dem::ReliefFeature luse::LandUse veg::_VegetationObject frn::CityFurniture wtr::_WaterObject 1
<<Geometry>>
ll<<Fee\ltur§>> o <<FeaFure>> ) <<Feature>l> o ”<l<Fea;gre>> gml::OrientableSurface
gen::GenericCityObject _Site tran::_TransportationObject grp::CityObjectGroup +orientation : gml::SignType [0.1]
[ 1 1 ZF
<<Feature>> <<Feature>> <<Feature>> <<Geometry>>
bldg:: AbstractBuilding tun:: AbstractTunnel brdg:: AbstractBridge tex::TexturedSurface
Fig.233 Ci t yGMLo6s top Il evel class hierarchy. Prefixes are used
names without a prefix are defined within tBieyGML Coremodule.
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The classeSenericCityObjecand _genericAttributedefined withn  Ci t y GelEridsreodule (cf. chapters
6.11and10.12 allow for moddling and exchanging of 3D objects which are not covered by any other thematic
class or which require attributes not represented in CityGML. For example, in the future, sites derived from the
abstract class Site of the core modulenay be completed by funer subclasses like excavatianity wall or
embankment. At present, the clasnericCityObjecshouldbe used in order to represent and exchange these
features. However, the concept of generic city objects and attributes may only be ajsejifriate hematic

classes or attributes are not provided by any other CityGML module.

If the Genericsmodule is employed, ead®ityObjectmay be assigned an arbitrary number of generic attributes
in order to represent additional properties of features. For this purpos€etiericsmodule augments the
abstract base classCityObject by the property element genericAttribute The additional property
_genericAttributds injected into CityObjectu s i n g CiApplicatdi Momain Extensiomechanism (cf.
chapter10.13. By this means, each thematic subclass@tyObjectinherits this property and, thus, the pess
bility to contain generic attributes. Therefore, fBenericsmodule has a deliberate impamt all CityGML
extension modules defining thematic subclasse£df/Object

Appearance information about a f e atAppeardnceprosided bya c e s
Ci t y G Mipdamncanodule (cf. chapte®). In contrast to the other thematic extensions to the éqmeea-
anceis not derived from CityObjectbut from the GML class Feature _CityObjectfeatures andippearance
features may be emhrad within a singleCityModelfeature collection in an arbitrary or even mixed sequence
using thecityObjectMembeiand appearanceMembeglements, both being members of the substitution group
gml:featureMembe(cf. chapte® and chaptet0.1.]). Furthermore, feature appearances may be stored inline the
_CityObjectitself. In order to enableity objectsto store appearance information, tAppearancemodule
augments the abstract base claSgyObjectby the property elememtppearancal s i n g CiApplicatidri 6 s
Domain Extensiomechanism (cf. chaptdi0.13. Consequently, thappearanceproperty is only available for
_CityObjectand its thematic subclasses if tAppearancemodule is supported. Therefore, like t@&nerics
module, theAppearanceanodule has a deliberate impact on any other extension module.

For sake of completeness, the clasxturedSurfacés also illustrated irFig. 23. This approach of appearance
modelling of previous versions of CityGML has been deprecated and is expected to be removed in future
CityGML versions. Since the information covered BgxturedSurfacean be losslessly converted to the-
pearancemodule, he use offexturedSurfaces strongly discouraged

XML namespace

The XML namespace of th€ityGML Core module is identified by the Uniform Resource Identifier (URI)
http://www.opengis.net/citygn/0. Within the XML Schema definition of the core modulkis URI is also
used to identify the default namespace.

10.1.1 Base elements
AbstractCityObjectType, _CityObject

<xs:complexTypaame=AbstractCityObjectTypeabstracttrue">
<xs:complexContent>
<xs:extensiorbase2gml:AbstractFeature Type"
<xs:sequence>
<xs:elemenhame=creationDate'type="xs:date"minOccurs=0"/>
<xs:elemenhame=terminationDate'type="xs:date"minOccurs=0"/>
<xs:elemenhame=externalReferenceype="ExternalReferenceTypehinOccurs=0" maxOccurs=unbounded/>
<xs:eementmame=generalizesTotype="GeneralizationRelationTypehinOccurs20" maxOccurs*unbounded/>
<xs:elemenhamezrelativeToTerrain'type="RelativeToTerrainTypeminOccurs0"/>
<xs:elemenhame=relativeToWater'type='"Relative ToWaterTypeminOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfCityObjecthinOccurs20" maxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>

<I-- >
<xs:elemenhame=_CityObject"type="AbstractCityObjectTypeabstractXrue" substitutionGroup*gml:_Feature/>
<I-- -->

<xs:elemenhame=_GenericApplicationPropertyOfCityObjectype="xs:anyType"abstracttrue"/>
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CityModelType, CityModel

<xs:complexTypaame=CityModelType'>
<xs:complexContent>
<xs:extensiorbase=gml:AbstractFeatureCollection Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfCityModeitiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= >
<xs:elemenhame=CityModel" type="CityModelType" substitutionGroup=gml:_FeatureCollectior*
<l--
<xs:elemenhame=_GenericApplicationProper@fCityModel" type="xs:anyType"abstract=true"/>

cityObjectMember

<xs:elemenhame=cityObjectMember'type="gml:FeatureProperty TypesubstitutionGroup=gml:featureMember>

AbstractSiteType, _Site

<xs:complexTypeaame=AbstractSiteType'abstractrue">
<xs:complexContent>
<xs:extensiorbase=AbstractCityObjectType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfSiteinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:complexType>

<l-- >
<xs:elemenhame=_Site"type="AbstractSite Type'abstract=true" substitutionGroup= CityObject/>
- >

<xs:elemenhame=_GenericApplicationPropertyOfSitéype="xs:any Type"abstractrue"/>

The abstract classSiteis intended to be the superclass for buildinggdges, tunnelsfacilities, etc. Future
extension of CityGML (e.gexcavationsgity walls or embankmeniksvould be modelled as subclasses Sfte

As subclass of CityObject a _Site inherits all attributes and relations, in particular the id, names, external
referencesand generalisation relations.

10.1.2 Generalisation relation, RelativeToTerrainType and RelativeToWaterType
GeneralizationRelationType

<xs:complexTypaame=GeneralizationRelationType"
<xs:sequenceinOccurs0">
<xs:elementef="_CityObject’>
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroug>
</xs:complexType>

RelativeToTerrainType, RelativeToWaterType

<xs:simpleTypename2RelativeToTerrainType*
<xs:restrictiorbase=xs:string'>
<xs:enumerationalue='entirelyAboveTerrain/>
<xs:enumeratioralue='substantiallyAboveTerrai*
<xs:enumeratioralue='substantiallyAboveAndBelowTerraif#
<xs:enumerationalue='substantiallyBelowTerraii*
<xs:enumerationalue='entirelyBelowTerrain/>
</xs:restrction>
<Ixs:simpleType>
<I=- >
<xs:simpleTypeame=RelativeToWaterType*
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<xs:restrictionbase=xs:string'>
<xs:enumerationalue="entirelyAboveWaterSurfacé*
<xs:enumeratioralue='substantiallyAboveWaterSurfade"
<xs:enumeratioralue='substantiallyAboveAndBelowWaterSurfa¢e"
<xs:enumerationalue='substantiallyBelowWaterSurfade"
<xs:enumeratioralue=entirelyBelowWaterSurfacé*
<xs:enumeratioralue=temporarilyAboveAndBelowWaterSurfade"

</xs:restriction>

<I/xs:simpleType>

10.1.3 External references

An ExternalReferencdefines a hyperlink from aCityObjectto a corresponding object in another information
system, for example in the German cada@MeKIS), the German topographic information system (ATKIS), or

the OS MasterMdp The reference consists of the name of the external information system, represented by an
URI, and the reference of the external object, given either by a string or by an URlirfaimeationSystem
element is missing in thexternalReferencehe ExtemalObjectReferenceust be an URI.

ExternalReferenceType, ExternalObjectReferenceType

<xs:complexTypeaame=ExternalReferenceType"
<xs:sequence>
<xs:elemenhame=informationSystemtype="xs:anyURI"minOccurs=0"/>
<xs:elemenhame=externalObject'type="ExternalObjectReferenceType"
</xs:sequence>
</xs:complexType>
<l-- =
<xs:complexTypaame=ExternalObjectReferenceType"
<xs:choice>
<xs:elemenhame=name"type="xs:string'/>
<xs:elemenhame=uri" type="xs:anyURI'/>
</xs:choice>
<Ixs:complexType>

10.1.4 Address information

The CityGML core module provides the means to represent address information-wbneafeatures within
virtual city models. Since not every reabrld feature is assigned an address, a correspoaddnéssproperty

is not defined for the base clas€ityObject but has tobe explicitly modelled for a thematic subclass. For
example, the building model decladdresgroperties for its classe®\bstractBuildingandDoor. Both classes
are referencing the corresponding data types of the core moduleréseepaddress information (cf. chapter
10.3.

Addresses are modelled as GML features havingxah&ddressproperty and an optionahultiPoint property

For example, for a building feature theultiPoint property allows for the specification of the exact positions of

the building entrances that are associated with the corresponding address. The point coordinates can be 2D or
3D. Modelling addresses asafé¢ ur es has the advantage that GMik36s met
ence (using XLinks) can be applied. This means, that addresses might be bundled as afreatdreSlle-

tion that is stored within an external file or that can be served lexgmnal Web Feature Service. Tédress

property elements within the CityGML file then would not contain the address information inline but only
references to the corresponding external features.

The address information is specified using xiA¢ addressstandardissued by the OASIS consortium (OASIS
2003), which provides a generic schema for all kinds of international addresses. Therefore, child elements of the
xalAddresgropertyof Addresshave to be structured according to the OASIS xAL schema.

AddressProperty Type, AddressType, Address

<xs:complexTypeamame=AddressPropertyType"
<xs:sequenceinOccurs=0">
<xs:elementef="Address/>
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroupg>
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</xs:complexType>
L= =
<xs:complexTypeaame=AddressType*
<xs:complexContent>
<xs:extensiorbase=gml:AbstractFeatureType"
<xs:sequence>
<xs:elemenhame=xalAddress'type="xalAddressProperty Typ&*
<xs:elemenhame=multiPoint" type="gml:MultiPointProperty Type'minOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfAddressiinOccurs=0" maxOccurstunbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<I/xs:complexType>
S =
<xs:elemenhame=Address"type="AddressType'substitutionGroupgml:_Feature/>
<l
<xs:elemenhame=_GenericApplicationPropertyOfAddresg/pe="xs:anyType“abstract=true"/>
<l--
<xs:complexTypeame=xalAddressPropertyType"
<xs:sequence>
<xs:elementef="xAL:AddressDetails/>
</xs:sequence>
</xs:complexType>

The following two excerpts of a CityGML dataset contain examples for the representation of German and British
addressesn xAL. The address information is attached to building objebldg(Building according to the

CityGML Building module (cf. chapted0.3. Generally, if a CityGML instance document contains address
information, t he namespace prefix AxALO shoul d be
Aurn: oasi s: namesALc2ciD0:. x Ahscehxeanmap|l e showing a compl e
building with an address element is provided in anBelx

<bldg:Building>
é

<bldg:address>
<core:Address>
<core:xalAddress>
<!-- Bussardweg 7, 76356 Weingarten, Germary
<xAL:AddressDetails>
<xAL:Country>
<xAL:CountryNameX%ermany/xAL:CountryName>
<xAL:Locality Type='City">
<xAL:LocalityName>Weingarter/xAL:LocalityName>
<xAL:ThoroughfarelType="Street>
<xAL:ThoroughfareNumberz</xAL:ThoroughfareNumber>
<xAL:ThoroughfareNameBussardweg/xAL:ThoroughfareName>
</xAL:Thoroughfare>
<xAL:PostalCode>
<xAL:PostalCod&lumber>6356</xAL:PostalCodeNumber>
</xAL:PostalCode>
</xAL:Locality>
</xAL:Country>
</xAL:AddressDetails>
</core:xalAddress>
</core:Address>
</bldg:address>
</bldg:Building>

<bldg:Building>
é

<bldg:address>
<core:Address>
<core:xalAddress>
<I-- 46 Brynmaer Road Battersea LONDON, SW11 4EW United Kingdem
<I-- source: http://xml.coverpages.org/xnal.htrx
<xAL:AddressDetails>
<xAL:Country>
<xAL:CountryNamexJnited Kingdonx/xAL:CourntryName>
<xAL:Locality Type="City">
<xAL:LocalityName>. ONDON</xAL:LocalityName>
<xAL:DependentLocalitylype="District">
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<xAL:DependentLocalityNameBattersea/xAL:DependentLocalityName>
<xAL:Thoroughfare>
<xAL:ThoroughfareNumbem6</xAL:ThoroughfareNumber>
<xAL:ThoroughfareNameBrynmaer Road/xAL:ThoroughfareName>
</XAL:Thoroughfare>
</xAL:DependentLocality>
<xAL:PostalCode>
<xAL:PostalCodeNumbeiSW11 4EW/XAL:PostalCodeNumbe
</xAL:PostalCode>
</xAL:Locality>
</xXAL:Country>
</xAL:AddressDetails>
</core:xalAddress>
</core:Address>
</bldg:address>
</bldg:Building>

10.1.5 Code lists

The mimeTypeattributeof ImplicitGeometryis specified agml:CodeTypeThe values of this properganbe
enumerated in a code list. A proposal for this code list can be found in @rhex

10.1.6 Conformance requirements

Base requirements

1. The CityModelelement (typeCityModelType substitutionGroupgml:_FeatureCollectiop shall only
contain cityObjectMemberelements (typegml:FeaturePropertyType app:appearanceMembeele-
ments  (type: app:AppearancePropertyType and gml:featureMember elements (type:
gml:FeaturePropertyTypeas feature members.

2. The typeExternalObjectReferencatroduces the two elementame(type: xs:string anduri (type:
xs:anyUR). The external reference may be specified by either of them. HoweverjnfdhmationSys-
temproperty element (typexs:anyUR] of the typeExternalReferenceTyps not provided, theiri ele-
ment ofExternalObjectReferenaaust be given.

3. Inorder to represent address information about a feature, the corresponding thematic class ofehe featu

shall define a property of the tygeldressProperty Typd hus, for all CityGML extension modules-0
ly the typeAddressPropertyTypghall be used for elements providing address information.

4. Since the concept of implicit geometries (cf. chapt@y is part of theCityGML Coremodule, the co-
formance requirements introduced for implicit geometries (cf. ch&88 are part of the confar-
ance requirements of the core.

Referential integrity

5. The cityObjectMembeelement (typegml:FeaturePropertyTygemay contain a CityObjectelement,
which typically is an objedrom a derived subclass likddg:Building, inline or an XLink reference to
a remote_CityObjectelement using the XLink concept of GML 3.1.1. In the latter casexlihiehref
attribute of thecityObjectMembeelement may only point to a remot€ityObject element (wheree-
mote_CityObjectelements are located in another document or elsewhere in the same dodgittesmt).
the contained element or the reference must be given, but neither both nor none.

6. The typeAddressPropertyTypmay contain arAddresselement inline or an XLink reference to e-r
mote Addresselement using the XLink concept of GML 3.1.1. In the latter caseslihiehref attribute
of the correspondinglement of typeAddressProperty Typmay only point to a remotéddresslement

(where remotedddresselements are located in another document or elsewhere in the same document).

Either the contained element or the reference must be given, but neither both nor none.

56 Copyright © 2012 Opn Geospatial Consortiu



0GC12-019

10.2 Digital Terrain Model (DTM)

An essentiapart of a city model is the terrain. The Digital Terrain Model (DTM) of CityGML is provided by the
thematic extension modukelief(cf. chapter7). In CityGML, the terrain is represented by the clRsdiefFea-

ture in LOD 04 (Fig. 24 depicts the UML diagram, fothe XML schema definition see annex9). A Re-
liefFeature consists of one or more entities of the cl&iefComponentts validity may be restricted to a
certain area defined by an optionallidity extent polygonAs ReliefFeatureand ReliefComponenare deria-

tives of_CityObject,the corresponding attributes and relations are inherited. TheRudis§Featurds associt

ed with different concepts of terrain representations which can coexist. The terrain may be smeeifiedular
raster or grid RasterRelief)as a TIN (Triangulated Irregular NetwodNREeflie], by break linesEreaklineRe-

lief), or by mass point@VasspointReli§. The four types are implemented by the corresponding GML3 classes:
grids bygml:RectifedGridCoveragebreak lines bygml:MultiCurve, mass points bgml:MultiPoint and TINs
either bygml:TriangulatedSurfacer by gml:Tin. In case ofgml:TriangulatedSurfaceshe triangles are given
explicitly while in case ofgml:Tin only 3D points are repsented, where the triangulation can be reconstructed
by standard methods (Delaunay triangulation, cf. Okabe et al. 1992). Break lines are represented by 3D curves.
Mass points are simply a set of 3D points.

<<Feature>>
core::_CityObject

T

<<Feature>> . <<Feature>> R o e
ReliefFeature i L. ReliefComponent 94 gml::Pol g);n
+lod : core::integerBetweenOand4 [1] reliefComponent ~ [+lod : core::integerBetweenOand4 [1] extent Y
<<Feature>> <<Feature>> <<Feature>> <<Feature>>
TINRelief MassPointRelief BreaklineRelief RasterRelief
* * * * *
tin reliefPoints ridgeOrValleyLines breaklines grid
1 1 0..1 0.1 1
<<Geometry>> <<Geometry>> <<Geometry>> <<Feature>>
gml::TriangulatedSurface gml::MultiPoint gml::MultiCurve gml::RectifiedGridCoverage
<<Geometry>>
gml::Tin

+stopLines : gml::LineStringSegment [0..*]
+breakLines : gml::LineStringSegment [0..*]
+maxLength : gml::LengthType [1]
+controlPoint : gml::posList [1]

Fig. 24: UML diagram ofthe Digital Terrain Model in CityGML. Prefixes are used to indicate XML namespaces associated with model
elements. Element names without a prefix are defined within the City@éliefmodule.

In a CityGML dataset the four terrain types may be combinedferent ways, yielding a high flexibility. First,

each type may be represented in different levels of detail, reflecting different accuracies or resolutions. Second, a
part of the terrain can be described by the combination of multiple types, for exanglaster and break lines,

or by a TIN and break lines. In this case, the break lines must share the geometry with the triangles. Third,
neighboring regions may be represented by different types of terrain models. To facilitate this combination, each
terrain object is provided with a spatial attribute denotingitent of validityFig. 25). In most cases, the extent

of validity of a regular raster dataset corresponds to its boundingbexvalidity extent is represented by a 2D
footprint polygon, which may have holes. This concept enables, for example, the modelling of a terrain by a
coase grid, where some distinguished regions are represented by a detaileatcuigicy TIN. The boundaries
between both types are given by the extent attributes of the corresponding terrain objects.
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validity extent polygon

coarse
grid

Fig. 25: Nested DTMs in CityGMLusing validity extent polygons (graphic: IGG Uni Bonn).

Accuracy and resolution of the DTM are not necessarily dependefgiaturesof other CityGML extenstion
modules such dsuilding modes. Hence, there is the possibility to integrate building modéls higher LOD to
a DTM with lower accuracy or resolution.

This approach interacts with the conceptTefrainintersectionCurves TICcf. chapter6.5). The TIC can be

used like break lines to adjust the DTM to differératures such asuildings, bridges, or city furnituresnd

hence to ensure a consistent representation of the DTM. If necessary, a retriangulation may have to be processed.
A TIC can also be derived by the individual intersection of the DTM anddiresponding feature

ReliefFeatureand itsReliefComponentsoth have atod attribute denoting the corresponding level of detail. In
most cases, the LOD ofReliefFeaturematches tb LOD of itsReliefComponenitsHowever, it is also allowed

to specify aReliefFeaturewith a high LOD which consists ételiefComponentwhere some of them can have a
LOD lower than that of the aggregatiReliefFeature The idea is that, for example, farLOD3 scene it might

be sufficient to use a regular grid in LOD2 with certain higher precision areas defifrealiefComponents

LOD3. The LOD2 grid and the LOD3 components can easily be integrated using the concept of the validity
extent polygon. Thefore, although some of theliefComponentaould have been classified to a lower LOD,

the wholeReliefFeaturewould be appropriate to use with other LOD3 models which is indicated by setting its
lod value to 3.

XML namespace

The XML namespace of the CityGMRelief module is identified by the Uniform Resource Identifier (URI)
http://www.opengis.net/citygml/relief/0. Within the XML Schema definition of thReliefmodule, this URI is
also used to identify the default namespace.

10.2.1 Relief feature and relief component
ReliefFeatureType, ReliefFeature

<xs:complexTypamame=ReliefFeatureType*
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=lod" type="core:integerBetweenOand#"
<xs:elemenhame=reliefComponenttype="ReliefComponentProperty Typ@&iaxOccurstunbounded/>
<xs:elementef="_GenericApplicationPropertyOfReliefFeatumainOccurs20" maxOccurs2unbounded/>
<Ixs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=ReliefFeature'type="ReliefFeature TypesubstitutionGroupcore:_CityObject/>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfReliefFeatuttgpe="xs:anyType"abstract=rue'/>
<I-- ->
<xs:complexTypeaame=ReliefComponentProperty Type"

58 Copyright © 2012 Opn Geospatial Consortiu



0GC12-019

<xs:sequenceinOccurs=0">
<xs:elementef="_ReliefComponent>
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroug>
</xs:complexType>

AbstractReliefComponentType, _ReliefComponent

<xs:complexTypaame=AbstractReliefComponentTypelbstract=true">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=lod" type="core:integerBetwa®wand4/>
<xs:elemenhame=extent"type="gml:PolygonProperty TypethinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfReliefComponentinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=_ReliefComponenttype="AbstractReliefComponentTypeibstract=true" substitutionGroup*core:_CityObject/>
<!-- =
<xs:elemenhame=_GenericApplicationPropertyOfReliefComponenipe="xs:anyType"abstracttrue"/>

10.2.2 TIN relief
TINReliefType, TINRelief

<xs:complexTypeaame=TINReliefType"™>
<xs:complexContent>
<xs:extensiorbase=AbstractReliefComponentTypz"
<xs:sequence>
<xs:elemenhame=tin" type="tinProperty Typel>
<xs:elementef="_GenericApplicationPropertyOfTinReliefhinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=TINRelief" type="TINReliefType" substitutionGroupx ReliefComponeri{>
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfTinReliefype="xs:anyType"abstracttrue"/>
<l-- >
<xs:complexTypeéame=tinProperty Type*
<xs:sequenceinOccurs0">
<xs:elementef="gml:TriangulatedSurfacé*
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroug>
</xs:complexType>

The geometry of &INReliefis defined by the GML geometry clagsl: TriangulatedSurfaceT his allows either
the explicit provision of a set of trianglegnfl: TriangulatedSurfageor specifying of only the control points,
break and stop lines using the slassgml: Tin of gml: TriangulatedSurfacdn the latter case, an application that
processes an instance document containigmiTin has to reconstruct the triangulated surface by the applic
tion of a constrained Delaunay triangulation algorithm (cf. @ketlbal. 1992).

10.2.3 Raster relief

RasterReliefType, RasterRelief, Elevation
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<xs:complexType@ame=RasterReliefType*
<xs:complexContent>
<xs:extensiorbase=AbstractReliefComponentTypz"
<xs:sequence>
<xs:elemenhame=grid" type="gridPropertyType/>
<xs:elementef="_GenericApplicationPropertyOfRasterReliefiinOccurs=0" maxOccurs*unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= >
<xs:elemenhame=RasterRelief'type='RasterReliefTypesubstitutionGroup= ReliefComponent>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfRasterReli¢fpe="xs:anyType"abstract=rue"/>
<l--
<l-- >
<xs:complexTypeame=gridProperty Type>
<xs:sequenceinOccurs=0">
<xs:elementef="gml:RectifiedGridCoveragé*
</xs:sequence>
<xs:attributeGroupef="gml:AssociationAttributeGroug>
</xs:complexType>
<I-- =
<xs:elemenhame=Elevation"type="gml:LengthType"substitutionGroup“gml:_Object/>

10.2.4 Mass point relief
MassPointReliefType, MassPointRelief

<xs:complexType@ame=MassPointReliefType*
<xs:complexContent>
<xs:extensiorbase=AbstractReliefComponentTypz"
<xs:sequence>
<xs:elemenhame=reliefPoints"type="gml:MultiPointProperty Type/>
<xs:elementef="_GenericApplicationPropertyOfMassPointReliafiinOccurs20" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>

<!-- =
<xs:elemenhame=MassPointRelief'type='MassPointReliefTypesubstitutionGroup% ReliefComponent>
<!-- =

<xs:elemenhame=_GenericApplicationPropertyOfMassPointReligfbe="xs:anyType"abstractztrue"/>

10.2.5 Breakline relief
BreaklineReliefType, BreaklineRelief

<xs:complexTypaame=BreaklineReliefType*
<xs:complexContent>
<xs:extensiorbase2AbstractReliefComponentTypz"
<xs:sequence>
<xs:elemenhame=ridgeOrValleyLines'type="gml:MultiCurvePoperty Type"minOccurs=0"/>
<xs:elemenhame=breaklines'type="gml:MultiCurveProperty TypeininOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfBreaklineRelieflinOccurs20" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I=- >
<xs:elemenhame=BreaklineRelief'type='BreaklineReliefType'substitutionGroup% ReliefComponent>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfBreaklineReligfpe="xs:anyType"abstractrue"/>

The geometry of 8reaklineReliefcan be composed of break lines and ridge/valley lines. Whereas break lines
indicate abrupt changes of terrain slope, ridge/valley lines in addition mark a change of the sign of the terrain
slope gradient. BreaklineReliemust have at least one of theotproperties.
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10.2.6 Conformance requirements

Base requirements

1. Thegml:Polygongeometry element describing the extent of validity oR&liefComponerglement s-
ing the extentproperty (type:gml:PolygonPropertyTypeof _ReliefComponenshall be given as 2D
footprint polygon which may have inner holes.

Referential integrity

2. ThereliefComponenproperty (typeReliefComponentPropertyTypef the elemenReliefFeaturemay
contain a_ReliefComponenglement inline or an XLink reference to a remoReliefComponentle-
ment using the XLink concept of GML 3.1.1. In the latter casexlihk:href attribute of theeliefCom-
ponent property may only point to a remote ReliefComponentelement (where remote
_ReliefComponerglements are located in another document or elsmnin the same documenii-
ther the contained element or the reference must be given, but neither both nor none.

3. The tin property (type: tinPropertyTypg of the element TINRelief may contain a
gml:TriangulatedSurfacelement inline or an XLink referent¢e a remotgml: TriangulatedSurfacel-
ement using the XLink concept of GML 3.1.1. In the latter casexlihk:href attribute of thetin prop-
erty may only point to a remotegml:TriangulatedSurface element (where remote
gml:TriangulatedSurfaceelements ardocated in another document or elsewhere in the same- doc
ment).Either the contained element or the reference must be given, but neither both nor none.

4. The grid property (type: gridPropertyTypg¢ of the element RasterRelief may contain a
gml:RectifiedGrid@verage element inline or an XLink reference to a remote
gml:RectifiedGridCoveragelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of thegrid property may only point to a remogenl:RectifiedGridCoveragelement
(where remotegml:RectifiedGridCoveragelements are located in another document or elsewhere in
the same documentgither the contained element or the reference must be given, but neither both nor
none.
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10.3 Building model

The building madel isone ofthe most detailed thematic concept CityGML. It allows for the representation of
thematic and spatial aspects of buildimagsibuilding parts irfive levels of detail, LOD to LOD4. The building
model of CityGML is defined by the thematéxtension moduleuilding (cf. chapter7). Fig. 26 provides
examples of 3D citand buildingmodelsin LOD17 4.

Fig. 26: Examples for city or building models in LOD1 (upper left), LOD2 (uppgntji LOD3 (lower left), and LOD4 (lower
right) (source: District of Recklinghausam;g-h ingenieure+architekten GmpH

The UML diagram of the building model is depictedrig. 27, for the XML schema definition see annax4
and below. The pivotal class of the model AbstractBuilding which is a subclass of the thematic claSéte
(and transitively of the root clasCityObjec}). _AbstractBuildingis specialised either to Building or to a
BuildingPart Since an AbstractBuildingconsists ofBuildingParts which again are AbstractBiildings, an
aggregation hierarchy of arbitrary depth may be realised. As subclass of the root GQitgS€3bject an
_AbstractBuildinginherits all properties fromCityObjectlike the GML3 standard feature propertigen{:name
etc.) and the CityGML spedaif properties likeExternalReferencegcf. chapter6.7). Further properties not
explicitly covered by AbstractBuildingmay be modelled ageneric attributes provided by the CityGML
Genericsmodule (cf. chapted0.12 or using the CityGML Application Domain Extension mechanism (cf.
chapter10.13.

Building complexes, which consist of a number of distinct buildings like a factory site or hospital complex,
should be aggregated using the concej@itfObjectGroupg (cf. chapter6.8). The main building of the complex
can be denoted by providing fAmain dauprethhengo as t he

Both classe8uilding and BuildingPat inherit the attributes of AbstractBuilding the class of the building, the
function (e.g. residential, public, or industry), the usage, the year of construction, the year of demolition, the roof
type, the measured height, and the number and individkights of the storeys above and below ground. This

set of parameters is suited for roughly reconstructing the -thneensional shape of a building and can be
provided by cadastral systems. Furtherméugresseaturescan be assigned ®uildingsor BuildingParts
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<<Feature>> < <<Feature>> (]

core::_CityObject core::_Site

lod3ImplicitRepresentation od <<Object>>
lod4implicitRepresentation core::ImplicitGeometry

0.1
lod4ImplicitRepresentation 01 lod2ImplicitRepresentation
lodaImolicitRenresentation Ot lod3ImolicitRenresentation
lod4implicitRepresentation
| x| *
0.1 0.1 <<Feature>>
lod4Geometry &
<<Geometry>> k= lod2Geometry * BuildingInstallation
lod4Geometrvy gml::_Geometry lod3Geometry * [+class : gml::CodeType [0..1] .
0.1 lod4Geometry + |+function : gml::CodeType [0..*]
+usage : gml::CodeType [0..*]
* outerBuildingInstallation
. *
<<Feature>>
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Fig.2727 UML di agram of Ci.Pregfigds &ré used boundidate XMLgamaspaceslassociated with model elements.
Element names without a prefix are defined within the City@uiilding module.

The geometricepresentation and semantic structure of AbstractBuildingis shown inFig. 27. The model is
successively refined fromaODO to LOD4. Therefore, not all componeraga building model are represented
equally in each LOD and not all aggregation levels are allowed in each LOD. In CityGML, all object classes are
associated to the LODs with respect to gmeposedminimum acquisition criteria for each LOD (cf. chapter

6.2). An object can be represented simultaneously in different LODs by providing distinct geometries for the
corresponding LODs.

In LODQO, the building can be represted byhorizontal 3-dimensionalsurfaces These can represent the foo

print of the building and, separately, the roof edge. This allows the easy integration of 2D data into the model. In
many countries these 2D geometries readily exist, for examphkdastral or topographic data holdings. Gada

tre data typically depicts the shape of the building on the ground (footprints) and topographic data is often a
mixture between footprints and geometries at roof level @dge$, whichare ofterphotogrametrially extrad-

ed from area/satellite images derived fromairborne laser datalhe building model allows the inclusion of
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both. In this case large overhanging roofs can be modelled as a preliminary stage to more detailed LOD2 and
LOD3 depictions. Theurface geometries requirgD coordinates, though it is mandated thathbaghtvalues of

all verticesbelonging to the same surfaaee identicallf 2D geometries are imported into any of these two
LODO geometries, an appropriate height value for all vertices needs to be chosen. The fisaygpioally

located at the lowest elevation of the ground surface of the building whereas the roof eglggntaion should

be placed at roof level (e.g., eaves height).

In LOD1, a building model consists ofgeneralizedgeometric representation of teter shell Optionally, a
gml:MultiCurve representing th& errainintersectionCurvecf. chapter6.5 can be specified. This geometric
representation is refined in LOD2 by additiomahl:MultiSurface and gml:MultiCurve geometries, used for
modelling architectural detaillike roof overhang columns, or antennas. In LOD2 and higher LODs the outer
facade of a building can also be differentiated semantically by the clddsesdarySurfacandBuildingInstd-

lation. A _BoundarySurfacé s a part of t hal witha spedhl functiondike evalM{adiSut or s h
face), roof (RoofSurfack ground plate GroundSurfacg outer floor QuterFloorSurfacy outer ceiling(Oute-
CeilingSurfacg or ClosureSurfaceThe BuildingInstallationclass is used for building elements like balconies,
chimneys, dormers or outer stairs, strongly affecting the outer appearance of a builBimddigInstallation

may have the attributetass function andusage(cf. Fig. 27).

In LOD3, theopenings in BoundarySurfac®bjects (doors and windows) can be represented as therbatic o
jects. In LOD4, the highest level of resolution, also the interior of a building, cadpafsseveral rooms, is
represented in the building model by the clResm This enlargement allows a virtual accessibility of buildings,

e.g. for visitor information in a museurf AL ocat i on B,aheexhmiron ofiaccenamddation
standards orhe presentation of daylight illumination of a buildinfhe aggregation of rooms according to
arbitrary, user defined criteria (e.g. for defining the rooms corresponding to a certain storey) is achieved by
employing the general grouping concept providedCityGML (cf. chapter10.3.6. Interior installations of a
building, i.e. objects within a building which (in contrast to furniture) cannot be moved, are represented by the
classintBuildinglnstallation If an installaton is attached to a specific room (e.g. radiators or lamps), they are
associated with thRoomclass, otherwise (e.g. in case of rafters or pipes) wAdhstractBuildingA Roommay

have the attributeslass functionandusagewhose value can be definaddode lists ¢hapterl0.3.8and annex

C.1). Theclassattribute allowsa classification of rooms with respect to the stated function, e.g. commercial or
private rooms, and occurs only once. Tiectionattribute is intended to express the main purpose of the room,
e.g. living room, kitchenThe attributeusagecan be used if the way the object is actually used differs from the
function. Both attributes can occur multiple times

The visible surface of a room is represented geometricallySadidor MultiSurface Semantically, the surface
can be structured intspecialised BoundarySurfacesrepresenting floorRloorSurface, ceiling CeilingSu-

face), and interior wallslfteriorwallSurfacé. Room furniture, like tables and chairs, can be represented in the
CityGML building model with the clasBuildingFurniture A BuildingFurniture may have the attributedass
function and usage AnnexesG.1 to G.6 provide exampleCityGML documentscontaininga single building
modelwhich is subsequentlsefined from a coarse LODO representation up to a semantically rich andtgeome
ric-topologically sound LOD4 model including the building interior

XML namespace

The XML namespace of the CityGMBuilding module is identified by the Uniform Resource Identifier (URI)
http://www.opengis.net/citygml/building/0. Within the XML Schema definition of thBuilding module, this
URI is also used to identify the default namespace.

10.3.1 Building and building part
BuildingType, Building

<xs:complexTypeame=BuildingType">
<xs:complexContent>
<xs:extensiorbase=AbstractBuildingType*>
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfBuildinghinOccurs20" maxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
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</xs:complexType>

<I-- =
<xs:elemennhame=Building" type="BuildingType" substitutionGroup= AbstractBuilding/>

<l--
<xs:elemenhame=_GenericApplicationPropertyOfBuildingype="xs:anyType" abstract=true"/>

The Building class is one of the two subclasses AbstractBuilding If a building only consists of one (ham
geneous) part, this class shall be used. A building composed of structural segments differing in, for example the
number of storeys or the roof type has to be separated intBulitng having one or more addition8luild-

ingPart (seeFig. 28). The geometry and nespatial properties of the central part of the building should be
represented in the aggregatiBgilding feature.

BuildingPartType, BuildingPart

<xs:compleTypename=BuildingPartType*
<xs:complexContent>
<xs:extensiorbase=AbstractBuildingType>
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfBuildingPantiinOccurs20" maxOccursfunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=BuildingPart"type="BuildingPartType"substitutionGroup= AbstractBuilding/>
<I-- >
<xs:elemenhame=_GenericApplicationPropertyOfBuildingPartype="xs:anyType"abstracttrue"/>

The clasBuildingPartis derived from AbstractBuilding It is used to model arsictural part of a building (see
Fig. 28). A BuildingPartobject should be uniquely related to exactly one building or building part object.

Building with two
building parts
(represented as

ST Building consi¢-

oneBuilding il ia :

= ing of one part
feature and one
includedBuild- gsgée;siﬁjri\;ed as
ingPartfeature) o) g

Fig. 28 Examples of buildings consisting of oaed two building parts (source: City of Coburg).

AbstractBuildingType, _AbstractBuilding

<xs:complexTypaame=AbstractBuildingType'abstract=true">
<xs:complexContent>
<xs:extensiorbasezcore:AbstractSite Type*
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhamezfunction” type="gml:CodeType'minOccurs20" maxOccurs2unbounded/>
<xs:elemenhamezusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhame=yealOfConstruction'type='xs:gYear'minOccurs=0"/>
<xs:elemenhamezyearOfDemolition"type="xs:gYear'minOccurs20"/>
<xs:elemenhamezroofType" type="gml:CodeType'minOccurs0"/>
<xs:elemenhameZmeasuredHeighttype="gml:LengthType"minOccurs=0"/>
<xs:elemenhamezstoreysAboveGroundtype="xs:nonNegativelntegerhinOccurs0"/>
<xs:elemenhamezstoreysBelowGroundtype="xs:nonNegativelntegerhinOccurs=0"/>
<xs:elemenhame=storeyHeightsAboveGroundype="gml:MeasureOrNullListTypetninOccurs=0"/>
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<xs:elemenhame=storeyHeightsBelowGroundype="gml:MeasureOrNullListTypetninOccurs=0"/>
<xs:elemenhame=lodOFootPrint"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=|odORoofEdgetype="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod1Solid"type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod1MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame="lod1TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=lod2Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod2MultiCurve" type="gml:MultiCurveProperty TypeiminOccurs=0"/>
<xs:elemenhame=lod2TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=outerBuildingInstallation'type="BuildingInstallatonProperty TypeminOccurs=0"
maxOccurs=unbounded/>
<xs:elemenhame=interiorBuildingInstallation'type="IntBuildingInstallationProperty TypethinOccurs=0"
maxOccurs=unbounded/>
<xs:elemenhame=boundedBy'type='"BoundarySurfaceProperty Typ&iinOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=lod3Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod3MultiCurve"type="gml:MultiCurveProperty TypeiminOccurs=0"/>
<xs:elemenhame=lod3TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=lod4Solid"type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiCurve"type="gml:MultiCurveProperty TypeiminOccurs=0"/>
<xs:elemenhame=lod4TerrainIntersectiontype="gml:MultiCurveProperty TypeminOccurs=0"/>
<xs:elemenhame=interiorRoom"type="InteriorRoomProperty TypethinOccurs=0" maxOccurs2unbounded/>
<xs:elemenhame=consistsOfBuildingParttype="BuildingPartProperty TypethinOccurs20" maxOccurs*unbounded/>
<xs:elemenhame=address'type="core:AddressPropertyTypetinOccurs=0" maxOccurs=unbounded/>
<xs:elementef="_GenericApplicationPropertyOfAbstractBuildingifinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complex@ntent>

</xs:complexType>

<= =

<xs:elemenhame=_AbstractBuilding"type="AbstractBuildingType'abstract2rue" substitutionGroup*core:_Site/>

<l-- =

<xs:elemenhame=_GenericApplicationPropertyOfAbstractBuilding/pe="xs:anyType"abstract=rue"/>

The abstract classAbstractBuildingcontains properties for building attributes, purely geometric representations,

and geometric/semantic representations of the building or buildingngdifterent levels of detail. The attributes

describe:

a) The classification of the building or buildin@n (clas9, the differentintended usage@unction), and the
different actualisags (usag9. The permitted values for theatiributescan bespecified incode lists.

b) The year of constructioryéarOfConstructiopand the year of demolitioryéarOfDemolion) of the buid-
ing or building part. These attributes can be used to describe the chronology of the building development
within a city model. The points of time refer to real world time.

c) The roof type of the building or building pamoofTypg. The pemitted values for thisttribute can be
specified in aode list

d) The measured relative heigim¢asuredHeightof the building or building part.

e) The number of storeys abov&dqreyAboveGroundand below gtoreyBelowGroundground level.

f) The list of storeyheights above storeyHeightsAboveGrouhcand below gtoreyHeightsBelowGround
ground level. The first value in a list denotes the height of the nearest storey wrt. to the ground level and last
value the height of the farthest.

Spanning the different lewvelof detail, the building model differs in the complexity and granularity of the ge
metric representation and the thematic structuring of the model into components with a special semantic mea
ing. This is illustrated irFig. 29 and Fig. 30, showing the same building iive different LODs. The class
_AbstractBuildinghas a numberf@roperties which are associated with certain LODs.
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L ODO FootPrint LODO RoofEdge

S,

Building

Fig. 29: The two possibilities of modeling a buildinglk®DO using horizontal 3D surface®n the left, the building footprint
(lodOFootPrin) is shown (cyanyvhich denotes thehape of the building on the grourithe corresponding surface representasdocated
at ground levelOn the rightthelodORoofEgdeepresentatiois illustrated (cyan) whichesultsfrom ahorizontal pojection of the bud-

i n g 6 andwhicloid located at theavesheight(source: Karlsruhe Institute of Technology (KIT), courtesy of Fdosef Kaiser).

LOD1 LOD2 LOD3 LOD4

Building

Building Interior

Fig. 30: Building model in LOD1i LOD4 (sourceKarlsruhe Institute of Technolod¥IT), courtesy of Frandosef Kaiser

Tab.5 shows the correspdence of the different geometric and semantic themes of the building model to LODs.
In LOD1 7 4, the volume of a building can be expressed lgyrdSolid geometryand/or agml:MultiSurface
geometry The definition of a 3D Terrain Intersection Curve (TIC), used to integrate buildings from different
sources with the Digital Terrain Model, is also possible@D1 171 4. The TIC cari but does not have tobuild
closed rings around the building or build parts.

In LODO (cf. Fig. 29) the building is represented by horizontal surfaces describing the footprint and the roof
edge.

In LOD1 (cf. Fig. 30), the different structural entities of a building are aggregateasimple block and not
differentiated in detail. The volumetric and surface parts of the exterior buildingashetlentical and only one
of the corresponding propertidsd1Solidor lod1MultiSurfacé must be used.

In LOD2 and higher levels of detail, the exterior shell of a building is not only represented geometrically as
gml:Solid geometryand/or agml:MultiSuface geometry but it can also be composed of semantic objects. The
base class for all objects semantically structuring the building sheBasndarySurfacdcf. chapter10.3.2,

which is associated withgml:MultiSurfacegeometry If in a building model there is both a geometric repnese

tation of the exterior shell as volume or surface model and a semantic representation by means of thematic
_BoundarySurfaceshe geometric representation must not explicitly define the geometry, but has to reference
thecorresponding geometry components ofghd:MultiSurfaceof the BoundarySurfacelements
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Geometric / semantic theme Property type LODO| LOD1| LOD2| LOD3| LODA4
Building footprint and roof edge gml:MultiSurfaceType A
Volume part of the building shell  |gml:SolidType A A A A
Surface part of the building shell | gml:MultiSurfaceType A A A A
Terrain intersection curve gml:MultiCurveType A A A A
Curve part othe building shell gml:MultiCurveType A A A
Building parts BuildingPartType A A A A
Boundary surfaces (chapted.3.3 | AbstractBoundarySurfaceTyp A A A
Outer building installations (chapter| BuildinglnstallationType A A A
10.3.2
Openings (chapter0.3.4 AbstractOpeningType A A
Rooms(chapterl0.3.5 RoomType A
Interior building installations (chaptq IntBuildingInstallationType A
10.3.9

Tab.5: Semantic themes of the clagsbstractBuilding.
Apart from BuildingParts smal l er features ofi nditealbluatlidannsgo ) ( ficoaunt e

affect the building characteristic. These features raoelelledby the classBuildinglnstallation (cf. chapter
10.3.2. Typical andidates for this class are chimnegeegFig. 30), dormers ¢eeFig. 28), balconies, outer
stairs, or antenna®uildinglnstallationsmay only be included in LOD2 models, if their extents exceed the
proposedminimum dimensions as specified in chafi&z For the geometrical representation of the cksitd-
ingInstallation an arbitrary geometry object from the GML subset showrign9 can be used.

The class AbstractBuildinghas no additional properties for LOD3. Besides the higher requirements ontgeome
ric precision and smaller minimum dimensions, the main differenc€&d@fd.and LOD3 buildings concerns the
class BoundarySurfacécf. chapterl0.3.3. In LOD3, openings in a building corresponding with windows or
doors (sed-ig. 30) are modelled by the abstract clag@peningand the derivedulclassesVindowand Door

(cf. chapter10.3.9.

With respect to the exterior building shell, the LOD4 data model is identical to that of LOD3. But LOD4 pr
vides the possibility to modelthe interior structure of a building with the clas$etBuildinglnstallation and
Room(cf. chapterl0.3.5.

EachBuilding or BuildingPart feature may be assigned zero or more addresses usiagdressproperty. The
correspondinghddressPropeayTypeis defined within the CityGML core module (cf. chapi€x1.9.

10.3.2 Outer building installations
BuildingInstallationType, BuildingInstallation

<xs:complexTypeame=BuildingInstallationType*
<xs:complexContent>
<xs:extensiorbase2core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhamezfunction” type="gml:Code Type'minOccurs20" maxOccurs2unbounded/>
<xs:elemenhamezusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhame=lod2Geometry'type="gml:GeometryProperty TypehinOccurs=0"/>
<xs:elemenhamezlod3Geometry'type="gml:GeometryProperifype" minOccurs20"/>
<xs:elemenhamezlod4Geometry'type="gml:GeometryProperty TypahinOccurs20"/>
<xs:elemenhame=lod2ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhamezlod3ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhamezlod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=zboundedBy'type="BoundarySuraceProperty TypethinOccurs=0" maxOccurs*unbounded/>
<xs:elementef="_GenericApplicationPropertyOfBuildingInstallationfinOccurs20" maxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
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</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=Buildinglnstallation"type="BuildingInstallationType'substitutionGroup*core:_CityObject/>
S >
<xs:elemenhame=_GenericApplicationPropertyOfBuildingInstallatiotype="xs:anyType“abstracttrue"/>

A Buildinglinstallationis an outer component of a building which has not the significanc@ofidingPart, but

which strongly affects the outer characteristic of the building. Examples are chimneys, stairs, antennas, balconies
or attached roofs above stairs and pathBuNdingInstallation optionally hasattributesclass function and

usage The attributeclass- which can only occur oncerepresents a general classification of the installation.
With the attribute$unctionandusage nominal and real functions of a building installation can be described. For

all three attributes the list of feasible valwas bespecified in acode list For the geometrical representation of

a BuildingInstallation an arbitrary geometry object from the GML subset showFign9 can beused.Alterna-

tively, the geometry may be given bsplicitGeometryobject. Following the concept ofmplicitGeometrythe
geometry of a prototype building installation is stored only once in a local coordinate system and referenced by
otherbuilding instalationfeatures (see chapt8r2). The visible surfaces of a building installatioanbe sema-

tically classifiedusing the concept dfoundary surfaces (cL0.3.3. A Buildinglnstallation object should be
uniquely related to exactly one building or building part object.

10.3.3 Boundary surfaces
AbstractBoundarySurfaceType, _BoundarySurface

<xs:complexTypeaame=AbstractBoundarySurfaceTypebstractrue">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=zopening"type="OpeningProperty TypefhinOccurs20" maxOccurs*unbounded/>
<xs:elementef="_GenericApficationPropertyOfBoundarySurfacefinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elenentname=_BoundarySurfacetype="AbstractBoundarySurfaceTypebstract2rue" substitutionGroup*core:_CityObject/>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfBoundarySurfa¢gie="xs:anyType"abstracttrue"/>

_BoundarySurfaces theabstract base class for several thematic classes, structuring the exterior shellaf a buil
ing as well aghe visible surface of rooms and bottouter and interiorbuilding installations It is a subclass of
_CityObjectand thus inherits all properties like the GML3 standard feature propagtidnémeetc.) and the
CityGML specific properties likeexternalReferenced=rom BoundarySurfacethe themtc classesRoofSu-

face, WallSurface, GroundSurfac®uterCeilingSurface, OuterFloorSurfac€losureSurface, FloorSurface,
InteriorWallSurface and CeilingSurfaceare derived. The thematic classification of building surfaces is illustra
ed inFig. 31 (outer building shell) an#tig. 32 (additional interior surfacg¢sndsubsequently specified.

For each LOD between 2 and 4, the geometry ofBaundarySurfacemay be defined by a different
gml:MultiSurfacegeometry

In LOD3 and LOD4, a BoundarySurfacenay contain_Openings(cf. chapterl0.3.9 like doors and windows.

If the geometric location ofOpeningstopologically lies within a surface component (egml:Polygor) of the
gml:MultiSurfacegeometry these Openingsmust be remsented as holes within that surface. A hole iserepr

sented by an interior ring within the corresponding surface geometry oBAfrding to GML3, the points

have to be specified in reverse order (exterior boundaries ceztlatdwise and interior boundas clockwise

when | ooking in opposite di rlésudhiaroapeniaodis seated byBaor,raf ac e 6 s
Window or aClosureSurfacgtheir outer boundary may consist of the same points as the inner ring (denoting the
hole) of the surronding surface. The embrasure surfaces ofOgrening belong to the relevant adjacent
_BoundarySurfacelf, for example a door seals tRpening the embrasure surface on the one side of the door
belongs to thénteriorWallSurfaceand on the other side thaWallSurface(Fig. 32 on the right).
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Fig. 32 Classification oBoundarySurfacefleft), in particular forOpeninggright) (graphic: IGG Uni Bonn).
GroundSurfaceType, GroundSurface

<xs.complexTypename=GroundSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfGroundSurfaceinOccurs20" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<!-- =
<xs:elemenhame=GroundSurfacetype="GroundSurface TypeSubstitutionGroup* BoundarySurface*

<l--
<xs:elemenhame=_GenericApplicationPropertyOfGroundSurfadgpe="xs:any Type"abstract=true"/>

The ground plate of a building or building part is modelledh®y classGroundSurfaceThe polygon defining
the ground plate is congruent with the buildingés fo

pointing downwards.
OuterCeilingSurfaceType, OuterCeilingSurface

<xs:complexTyp@mame=OuterCeilingSurfaceType"
<xs:complexContent>
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<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfOuterCeilingSurfaceihOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extesion>
</xs:complexContent>
</xs:complexType>
L= =
<xs:elemenhame=OuterCeilingSurfacetype="OuterCeilingSurfaceTypesubstitutionGroup= BoundarySurfaceé>
=
<xs:elemenhame=_GenericApplicationPropertyOfOuterCeilingSurfatgie="xs:anyType"abstract=true"/>

A mostly horizontakurfacebelonging to the outdsuilding shellandhavingthe orientation pointinglownwards
can bemodeled as a®uterCeilingSurfaceExamples ar¢he visible part ofhe ceiling of a loggia or the ceiling
of a passage.

WallSurfaceType, WallSurface

<xs:complexTypeame=WallSurfaceTyp&>
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWallSurfaceiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=WallSurface"type="WallSurface Type'substitutionGroup= BoundarySurfaceé>
e >
<xs:elemenhame=_GenericApplicationPropertyOfWallSurfacg/pe="xs:anyType"abstractrue"/>

All parts of the building facadeelonging to the outer building shetinbe modelled by the clas&/allSuface
OuterFloorSurfaceType, OuterFloorSurface

<xs:complexTypeaame=OuterFloorSurfaceType"
<xs:complexContent>
<xs:extensiorase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfOuterFloorSurfacelhOccurs20" maxOccursfunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=OuterFloorSurfacetype="OuterFloorSurface TypesubstitutionGroupx BoundarySurfacé*
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfOuterFloorSurfatgfe="xs:anyType"abstract=true"/>

A mostly horizontakurfacebelonging to the outer building shelhdwith the orientatiorpointing upwardscan
bemodeled as a®uterFloorSurfaceAn exampleis the floor of a loggia.

RoofSurfaceType, RoofSurface

<xs:complexTypeaame=RoofSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfRoofSurfaceilinOccurs20" maxOccurs2unbounded/>
<Ixs:sequence>
</xs:extension>
</xs:compexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=RoofSurface'type="RoofSurfaceTypesubstitutionGroup= BoundarySurface*
<I-- >
<xs:elemenhame=_GenericApplicationPropertyOfRoofSurfacgpe="xs:anyType"abstract=rue'/>
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The major roof parts of a building or building part are expressed by theRba$SurfaceSecondary parts of a
roof with a specific semantic meaning like dormers or chimneys should be moddfiaiidasginstallation

ClosureSurfaceType, ClosureSurface

<xs:complexTypeaame=ClosureSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfClosureSurfaceihOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=ClosureSurfacetype="ClosureSurface TypeSubstitutionGroup% BoundarySurfaceé>
L= >
<xs:elemenhame=_GenericApplicationPropertyOfClosureSurfatgie="xs:any Type"abstracttrue"/>

An opening in a building not filled by a door or window carsbaled by a virtual surface call€bsureSurface

(cf. chapter6.4). Hence, buildings with open sides like a barn or a hangar, can be virtually closed in drgler to
able to compute their volum€losureSurfaceare also used in the interior building model. If two rooms with a
different function (e.g. kitchen and living room) are directly connected without a separating GbasuseSu
faceshould be used to sepde or connect the volumes of both rooms.

FloorSurfaceType, FloorSurface

<xs:complexTypeaame=FloorSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfFloorSurfacelinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<I/xs:complexType>
<l-- >
<xs:elemenhame=FloorSurface'type="FloorSurface TypesubstitutionGroup* BoundarySurfacé>
S =
<xs:elemenhame=_GenericApplicationPropertyOfFloorSurfacgpe="xs:anyType abstractrue"/>

The classFloorSurfacemust only be used in the LOD4 interior building model for modelling the floor of a
room.

InteriorWallSurfaceType, InteriorWallSurface

<xs:complexTypeame=InteriorWallSurfaceType*
<xs:complexContent>
<xs:extensiorbase2AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfinteriorWallSurfacelinOccurs20" maxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=InteriorWallSurface'type="InteriorWallSurfaceTypesubstitutionGroup*= BoundarySurfacé>
<I=- >
<xs:elemenhame=_GenericApplicationPropertyOfinteriorWallSurfacg’pe="xs:anyType“abstract=true"/>

The clasdnteriorWallSurfacemust only be used in the LOD4 interior building model for modelling the visible
surfaces of the room walls.
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CeilingSurfaceType, CeilingSurface

<xs:complexTypaame=CeilingSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfacejpe">
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfCeilingSurfacelinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= >
<xs:elemenhame=CeilingSurface'type="CeilingSurfaceTypesubstitutionGroup= BoundarySurface>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfCeilingSurfacype="xs:any Type"abstract=true"/>

The clas<CeilingSurfacemust only be used in the LOD4 interior building model for modelling the ceiling of a
room.

10.3.4 Openings
AbstractOpeningType, _Opening

<xs:complexTypeame=AbstractOpeningTypeabstracttrue">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfOpeningiinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
- >
<xs:elemenhame=_0Opening"type="AbstractOpeningTypeabstracttrue" substitutionGroup*core:_CityObject/>
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfOpening/pe="xs:any Type“abstractrue"/>

The class Openingis the abstract base class for semantically dasgriopenings like doors or windows in
outer or innetboundary surfaces like walls and roo@penings only exist in models of LOD3 or LOD4. Each
_Openingis associated with gml:MultiSurfacegeometry Alternatively, the geometry may be givenlagplic-
itGeometryobject. Following the concept ofmplicitGeometrythe geometry of a prototype opening is stored
only once in a local coordinate system and referenced by other opening features (se® @napter

WindowType, Window

<xs:complexTypaame=WindowType'>
<xs:complexContent>
<xs:extensiorbase2AbstractOpeningType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWindowhinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=Window" type="WindowType" substitutioisroup="_Opening/>
<I=- =
<xs:elemenhame=_GenericApplicationPropertyOfWindowype="xs:anyType"abstracttrue'/>

The clasdVindowis used for modelling windows in the exterior shell of a building, or hatches between adjacent
rooms. The formal difference between the cla¥exlowandDoor is thati in normal cases Windowsare not
specifically intended for the transit of peoplevehicles.
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DoorType, Door

<xs:complexTypeame=DoorType">
<xs:complexContent>
<xs:extensiorbase=AbstractOpeningType*
<xs:sequence>
<xs:elemenhame=address'type="core:AddressProperty TypeiinOccurs=0" maxOccurs=unbounded/>
<xs:elemenref="_GenericApplicationPropertyOfDoorminOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= >
<xs:elemenhame=Door" type="DoorType"substitutionGroupx Opening/>
L= >
<xs:elemenhame=_GenericApplicationPropertyOfDootype="xs:anyType"abstract=true"/>

The clasDoor is used for modelling doors in the exterior shell of a building, or between adjacent rooms. Doors
can be used by people to enter or leave a building or room. In contraStasuaeSurfacea door may be closed,
blocking the transit of mple. A Door may be assigned zero or more addresses. The correspaxaings-
PropertyTypés defined within the CityGML core module (cf. chapi€x1.9 .

10.3.5 Building interior
RoomType, Room

<xs:complexTyp@mame=RoomType*>
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function" type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=zusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhame=lod4Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod4MultiSurfacé type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=boundedBy'type='"BoundarySurfaceProperty TypafinOccurs=0" maxOccursfunbounded/>
<xs:elemenhame=interiorFurniture"type="InteriorFurnitureProperty TypethinOccurs=0" maxOccursfunbounded/>
<xs:elemenhame=roominstallation'type="IntBuildingInstallationProperty TypethinOccurs=0" maxOccurstunbounded/>
<xs:elementef="_GenericApplicationPropertyOfRoonminOccurs=0" maxOccurs2unbounded/>
</xs:sequence
</xs:extension>
</xs:complexContent>

</xs:complexType>

<!-- =

<xs:elemenhame=Room"type="RoomType"substitutionGroup*core:_CityObject/>

<l-- >

<xs:elemenhame=_GenericApplicationPropertyOfRoontype="xs:anyType"abstract=true"/>

A Roomis a semantic object for modelling the free space inside a building and should be uniquely related to
exactly one building or building part object. It should be closed (if necessary byQlsggeSurfacésand the
geometry normally will be described lay solid (od4Solig. However, if the topological correctness of the
boundary cannot be guaranteed, the geometry can alternatively be givéulisSarface(lod4MultiSurfacg.

The surface normals of the outer shell of a GML solid must point outwardsisTihiportant to consider when
Roomsurfaces should be assigngdpearanceslin this case, textures and colors must be placed on the backside
of the corresponding surfaces in order to be visible from the inside of the room.

In addition to the geometrica¢presentation, different parts of the visible surface of a room can be modelled by
specialised BoundarySurfaceqFloorSurface CeilingSurface InteriorWallSurface and ClosureSurfacect.
chapterl0.3.3.

A special task is the modelling of passages between adjacent rooms. The room solids are topologically connected
by the surfaces representing hatches, doors or closure surfaces that seal open doorways. Roonesl &g def
being adjacent, if they have commo®peningsor ClosureSurfacesThe surface that represents the opening
geometrically is part of the boundaries of the solids of both rooms, or the opening is referenced by both rooms on
the semantic level. This @tency implies an accessibility graph, which can be employed to determine the
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spread of e.g. smoke or gas, but which can also be used to compute escape routes using classical shortest path
algorithms (se&ig. 33).

Accessibility graph

Passage
(w/o door)

,Living room*“

Doorway

(with door)
room

,Hallway*

“@w&,& ' Entrance door

Fig. 33: Accessibility graph derived from topological adjacencies of room surfaces (graphic: IGG Uni Bonn).

BuildingFurnitureType, BuildingFurniture

<xs:complexTypaame=BuildingFurnitureType>
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function" type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurs2unbounded/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryProperty TypehinOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitReresentationProperty TypelinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfBuildingFurniturelinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:complexType>
<!-- >
<xs:elemenhame=BuildingFurniture"type="BuildingFurniture Type'substitutionGroup*core:_CityObject/>
<I-- -->
<xs:elemenhame=_GenericApplicationPropertyOfBuildingFurniturg/pe="xs:anyType“abstract=true"/>

Rooms may hav8uildingFurnituresand IntBuildingInstallations A BuildingFurnitureis a movable part of a
room, such as a chair or furnitus&.BuildingFurniture object should be uniquely related to exactly one room
object.Its geometrymay be represented by an explicit geometry otnaplicitGeometryobject. Following the
concept ofmplicitGeometrythe geometry of a prototypgmiilding furnitureis stored only once in a local coord
nate system and referenced by otaitding furniturefeatures (see chaptér?).

IntBuildinglnstallationType, IntBuildingInstallation

<xs:complexTypaame=IntBuildingInstallationType>
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function" type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryPropertyTypethinOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=boundedBy'type='"BoundarySurfaceProperty TypafinOccurs=0" maxOccurstunbounded/>
<xs:elementef="_GenericApplicationPropertyOfintBuildingInstallationiinOccurs=0" maxOccurs*unbounded/>
<Ixs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=IntBuildingInstallation"type="IntBuildingInstallation Type"substitutionGroup*core:_CityObject/>
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e
<xs:elemenhame=_GenericApplicationPropertyOfIntBuildingInstallatiotype="xs:anyType"abstract-true"/>

An IntBuildingInstallationis an object inside a building with a specialised function or sémaeaning. In
contrast toBuildingFurniture IntBuildingInstallationsare permanently attached to the building structure and
cannot be moved. Typical examples are interior stairs, railings, radiators or pipes. Objects of in¢Beldds
inglnstallation can either be associated with a room (cResn), or with the complete building / building part
(class AbstractBuilding cf. chapter10.3.]). However, theyshould be uniquely related to exactly one room or
one building / building part objecAn IntBuildinglnstallationoptionally hasattributesclass functionandusage

The attibute class,which can only occur ongceepresents a general classification of the internal buildimg- co
ponent. With the attributeBinction and usage nominal and real functions of a building installation can be
described. For all three attributes the 6$ feasible valuesan bespecified in acode list For the geometrical
representation of aimtBuildinglnstallation an arbitrary geometry object from the GML subset showrign9

can be usedAlternatively, the geometry may be given lasplicitGeometryobject. Following the concept of
ImplicitGeometrythe geometry of a prototype interior building installation is stored only once in a local-coord
nate system and referenced by otinéerior building installation featurgsee chapteB.2). The visible surfaces

of an interior building installation can be settiaally classified using the concept of boundary surfaces (cf.
10.3.3.

10.3.6 Modelling building storeys using CityObjectGroups

CityGML doescurrentlynot provide a spéfic concept for the representation of storeys as it is available in the

AEC/FM standard IFC (IAl 2006). However, a storey can be represented as an explicit aggregation df all buil

ing features on a <certain h€E€iy@bledGrolps(of.echaptarl®.1n Bhis Ci t y GML
would includeRoomsDoors Windows IntBuildingInstallationsandBuildingFurniture If thematic surfaces like

walls and interiowalls should also be associated to a specific storey, this might require the vertical feegment

tion of these surfaces (one per storey), as in virtual 3D city models they typically span the whole facade.

I n order to model bui | derimggoupsg conceply & nested hidrarc@iObjgaML 6 s g e
Group objects has to be usdd. a first stepall semantic objects belonging to a specific storey are grouped. The
attributes of the correspondil@jtyObjectGroupobject are set as follows:

1 Theclassat t ri but e shal | buldngsepatiogned t he value 0

1 Thefunctionat t ri but e shal |l lobdXStorags swigtnlke dX t theet wead rueel fiand 4
note that this group represents a storey wrt. a specific LOD.

1 The storey name or number cam $tored in thgml:nameproperty.The storey number attribute shall
be assigned the valdes t o r e ywitlo dee{ndal number X in order to denote that this grouperepr
sents a storey wrt. a specific number.

In a second stephe CityObjectGroup objects repreenting different storeys are grouptb@mselvesBYy using

the generic aggregation conceptQifyObjectGroupt he #fAst oreys groupo is associ a
Building or BuildingPart object. Theclassattribute of the storeys group shall be assggd t h duilding| ue A
storey® .

10.3.7 Examples

The LOD1 model othe Campus North of the Karlruhe Institute of Technology (KIT) showRi@ 34 consists

of 596 buildings and 187 building parts. The footprint geometries of the buildings are taken from a cadastral
information system and extruded by a given height. Buildings with auandgntifier and a single height value

are modeled as one buildinbldg:Building). Buildings having a unique identifier but different height values are
modeled as one buildindlfig:Building) with one or more building partblfig:BuildingPar). Both buidings

and building parts have solid geometries andt theight values are additionally represented as thematic attribute
(bldg:measuredHeight Fig. 34 shows araeril photograph of the KIT Campus North (left) and the CityGML
LOD1 model (right).
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Fig. 34: LOD1 model of the KIT Campus North (source: Karlsruhe Institute of Technology (KIT)).

An example for a fully textured LOD2 building modslgiven inFig. 35 which shows the Bernhardus church
located in the city of Karlsruhe, Germany. On the left sideigf35, a photograph of the church in real world is
shown whereas the CityGML building model of the church with photorealistic textures is illustrated on the right.
The model is bounded by a grousuface, several wall and roof surfaces. The railing above the church clock is
modeled as a building installatioBildingInstallation).

Fig. 35: Textured LOD2 model of the Bernhardus church in Karlsrebarte: Karlsruhe Indtite of Technology (KIT), courtesy of City of
Karlsruhe)

The model shown inFig. 36 was derive from a 3D CAD model generated during the planning phase of the

building. On the left side dfig. 36, the building is showmvhereason the right side theOD3 model is preséen

ed. The building itself is bounded by wall surfgomof surfaces and a ground surfabeorsand windows are

modela includingreveals.Accordingto the cadasr datathe car porinext to the buildings not part of the

building. Therefore the car port, the balcony and the chimnegnadsed as building installation8B(ildingIn-

stallation). The modelalso containghe terrain intersection curvéofl3Terrainintersectiopas planned by the

architect

In orderto determire the volume of the buildinghe geometries of alboundary surfacesncluding doors and
windows arereferencedy the building solid Ipd3Solig using the Xlink mechanismConsequentlythe roof
surfacesaresplitinto surface representing the roof itself and surfacepresenng the roof overhang
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Fig. 36: Example of a building modeled in the Level of Detail Be chimney, the balcony and the car port are modeled as buildinganstall
tions(source: Karlsruhe Institute of Technology (KIT), courtesy of Fausef Kaiser)

10.3.8 Code lists

The attributesclass function usage and roofTypeof the feature _AbstracBuilding as well asthe attributes
class functionandusageof the feature8uildinginstallation, Room, BuildingFurniturandIntBuildinginstalb-
tion arespecified agml:CodeTypeThe values of these propertiegnbe enumerated in code list8roposals for
corresponding code lists can be found in anfliek

10.3.9 Conformance requirements

Base requirements

1. If a building only consists of one (homogeneous) part, it shall be represented by the &eihaamy.
However, if a building is composed of individual structural segments, it shall be modell@&li#dirg
element having one or more additioBalildingPart elements. Only the geometry and repatial prg-
erties of the main part of the building should be represented within the aggrd®ataigg element.

Usage restriction of building model components according to different LODs

2. Thegml:MultiSurfacegeomeries that are associated using the0OFootPrintandlodORoofEdgegorop-
erties must have 3D coordinates. For each susfileeheightvaluesof the coordinate tuples belonging
to thesamesurfaceshall be identical.

3. The lodXSolid and lodXMultiSurface X [ [1..4], properties gml:SolidPropertyType resp.
gml:MultiSurfacePropertyTypeof _AbstractBuildingmay be used to geometricllay represent the-ext
rior shell of a building (as volume or surface model) within each LOD. For LOD1, ditthéSolidor
lod1MultiSurfacemust be used, but not both. Starting from LOD2, both properties may be modelled i
dividually and complementary.

4. Starting from LOD2, the exterior shell of abstractBuildingmay be semantically decomposed into
_BoundarySurfaceslements ugsg the boundedByproperty (type:BoundarySurfacePropertyTypef
_AbstractBuilding Only RoofSurfaceWallSurface GroundSurfaceOuterCeilingSurfaceOuterFloa-
Surfaceand ClosureSurfaceas subclasses oBoundarySurfacare allowed.The boundedBypropety
(not to be confused with thgml:boundedByproperty) shall not be used if the building is only eepr
sented in LOD1.

If the exterior shell is represented bBoundarySurfacelements, an additional geometric repreaent

tion as volume or surface modeling thelodXSolidandlodXMultiSurface X | [2..4], properties shalll

not explicitly define the geometry, but has to reference the according components of the
gml:MultiSurfaceelement of BoundarySurfacevithin each LOD using the XLink concept of GML
3.1.1

5. Starting from LOD2, curve parts of the building shell may be represented usitogl¥idultiCurve X
I [2..4], property of AbstractBuilding This property shall not be used if the building is only eepr
sented in LOD1.

6. Starting from LOD2, theuterBuildnglnstallationproperty (typeBuildingInstallationProperty Typeof
_AbstractBuildingmay be used to mod&uildinginstallationelementsBuildinglnstallationelements
shall only be used to represent outer characteristics of a building which do not have the significance of
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building parts. TheouterBuildinglnstallationproperty shall not be used if the building is only eepr
sented in LOD1.

7. Starting from LOD2, th geometry oBuildingInstallationelements may be semantically classified by
_BoundarySurfaceelements using thboundedByproperty (type:BoundarySurfacePropertyTypef
BuildingInstallation Only RoofSurface WallSurface GroundSurface,OuterCeilingSurdice Outa-
FloorSurfaceandClosureSurfaceas subclasses oBoundarySurfacare allowed.

8. Starting from LOD3, openings ofBoundarySurfaceelements may be modelled using thyening
property (type:OpeningPropertyTypeof _BoundarySurface This propertyshall not be used for
_BoundarySurfacelements only represented in LOD2. Accordingly, the surface geometry representing
a _BoundarySurfacin LOD2 must be simply connected

The openingproperty of BoundarySurfacenay contain or referenceDpeningelements. If the ge

metric location of an Opening element topologically lies within a surface component of the
_BoundarySurfacethe opening must also be represented as inner hole of that surface. The embrasure
surface of an Openingelement shall belont the relevant adjacenBoundarySurface

9. Starting from LOD4, the interiorRoom property (type: InteriorRoomPropertyType of
_AbstractBuildingmay be used to semantically model the free space inside the buildiRgdmyele-
ments. This property shall noelused if the building is only represented in LOD 3. TheRoomele-
ment may be geometrically represented as a surface or volume model, usiog4&Eolid or
lod4MultiSurfaceproperty ¢ml:SolidProperty Typeesp.gml:MultiSurfacePropertyType

In additin, different parts of the visible surface of a room may be modelled by thematic
_BoundarySurfacelements. OnlyFloorSurface CeilingSurfaceInteriorWallSurface and ClosureSuw
faceas subclasses oBoundarySurfacare allowed. If the visible surface ofraom is represented by
_BoundarySurfacelements, an additional geometric representation as volume or surface model using
the lod4Solidand lod4MultiSurfaceproperty shall not explicitly define the geometry, but has tarrefe
ence the according componentdtee gml:MultiSurfaceelement of BoundarySurfacesing the XLink
concept of GML 3.1.1.

10. Starting from LOD4, thenteriorBuildinglInstallation property (type:IntBuildinginstallationPropery-
Typg of _AbstractBuildingmay be used to represent immovable disjéaside the building that are
permamently attached to the building structure. rheriorBuildinglinstallationproperty shall not be
used if the building is only represented in LOO B. Furthermore, thénteriorBuildinglnstallation
property shall onlybe used if the object cannot be associated wlRoamelement. In the latter case,
the roomlinstallationproperty (type:IntBuildinginstallationPropertyTypeof the correspondinfRoom
element shall be used to represent the object.

11. Starting from LOD4 the gometry ofIintBuildinglinstallationelements may be semantically classified
by BoundarySurfacelements using theoundedByproperty (type BoundarySurfaceProperty Typef
IntBuildingInstallation Only FloorSurface CeilingSurface InteriorWallSurface,and ClosureSurface
as subclasses oBoundarySurfacare allowed.

Referential integrity

12. The boundedByproperty (typeBoundarySurfacePropertyTypef the element AbstractBuildingmay
contain a_BoundarySurfacelement inline or an XLink reference to a @m_BoundarySurfacele-
ment using the XLink concept of GML 3.1.1. In the latter casexlthk:href attribute of theboundedBy
property may only point to a remot@®oundarySurfacelement (where remoteBoundarySurfacele-
ments are located in another datent or elsewhere in the same documdtither the contained el
ment or the reference must be given, but neither both nor none.

Only RoofSurface WallSurface GroundSurface OuterCeilingSurface, OuterFloorSurfacnd Clo-
sureSurfaceelements are allowed tbe encapsulated or referenced by bloeindedByproperty of
_AbstractBuilding

13. The outerBuildinglnstallation property (type: BuildingInstallationPropertyType of the element
_AbstractBuildingmay contain 8uildinglnstallationelement inline or an XLink reference to a remote
Buildinglnstallationelement using the XLink concept of GML 3.1.1. In the latter casexlithie href at-
tribute of theouterBuildinglnstallationproperty may only point to a remoRuildinginstallationele-
ment (where remot@uildinglnstallationelements are located in another document or elsewhere in the
same documentkither the contained element or the reference must be given, but neither both nor
none.
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14.

15.

16.

17.

18.

19.

20.

21.

The interiorBuildingInstallation property (type:IntBuildinginstallationPropertyTypeof the element
_AbstractBuildingmay contain amntBuildinglnstallationelement inline or an XLink reference toe r
mote IntBuildinglnstallation element using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of the interiorBuildinginstallation property may only point to a remote
IntBuildinglnstallationelement (where remottBuildinginstallationelements are located in another
document or elsewhere in the same documéitfier the containedl@ment or the reference must be
given, but neither both nor none.

The interiorRoomproperty (type:InteriorRoomPropertyTypeof the element AbstractBuildingmay
contain aRoomelement inline or an XLink reference to a remB@omelement using the XLinkan-
cept of GML 3.1.1. In the latter case, thiénk:href attribute of theinteriorRoomproperty may only
point to a remotdRoomelement (where remotRoomelements are located in another document or
elsewhere in the same documeat}her the contained eleant or the reference must be given, bt ne
ther both nor none.

The consistsOfBuildingPart property (type: BuildingPartPropertyType of the element
_AbstractBuildingmay contain &8uildingPartelement inline or an XLink reference to a remBteld-
ingPart element using the XLink concept of GML 3.1.1. In the latter casexlthiehref attribute of the
consistsOfBuildingParproperty may only point to a remotuildingPart element (where remote
BuildingPart elements are located in another document or elsewhere in the same docHithemtjhe
contained element or the reference must be given, but neither both nor none.

The addressproperty (typecore:AddressPropertyTyp®f the element AbstractBuildingmay contain

an core:Addresselement inline or an XLink reference to a remotwe:Addresselement using the
XLink concept of GML 3.1.1. In the latter case, fiimk:href attribute of theaddresgproperty may o-

ly point to a remoteore:Addreselement (whereemotecore:Addreslements are located in another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor none.

The openingproperty(type: OpeningPropertyTygeof the element BoundrySurfacemay contain an
_Openingelement inline or an XLink reference to a remo@peningelement using the XLink concept

of GML 3.1.1. In the latter case, thénk:href attribute of theopeningproperty may only point to aef

mote _Openingelement (whee remote Openingelements are located in another document a-els
where in the same documerigither the contained element or the reference must be given, but neither
both nor none.

The address property (type: core:AddressPropertyTypeof the elementDoor may contain an
core:Addresslement inline or an XLink reference to a remobtee:Addresslement using the XLink
concept of GML 3.1.1. In the latter case, #tiak:href attribute of theaddressproperty may only point

to a remotecore:Addresselement Wwhere remotecore:Addresslements are located in another gloc
ment or elsewhere in the same documeHither the contained element or the reference must be given,
but neither both nor none.

The boundedByproperty (type:BoundarySurfacePropertyTyp®f the elementBuildinginstallation
may contain a BoundarySurfacelement inline or an XLink reference to a remoBoundarySurface
element using the XLink concept of GML 3.1.1. In the latter casexlitie href attribute of thebourd-
edByproperty mayonly point to a remote BoundarySurfacelement (where remoteBoundarySurface
elements are located in another document or elsewhere in the same dochittemtjhe contained-e
ement or the reference must be given, but neither both nor none.

Only RoofSuface WallSurface GroundSurface, OuterCeilingSurface, OuterFloorSurfacel Clo-
sureSurfaceslements are allowed to be encapsulated or referenced bguhdedByroperty ofBuild-
inglnstallation

The boundedByproperty (type:BoundarySurfacePropertyTypef the elementntBuildingInstallation
may contain a BoundarySurfacelement inline or an XLink reference to a remoBoundarySurface
element using the XLink concept of GML 3.1.1. In the latter caseslithie href attribute of thebourd-
edByproperty mayonly point to a remote BoundarySurfacelement (where remoteéBoundarySurface
elements are located in another document or elsewhere in the same dodgitemtjhe containedi-e
ement or the reference must be given, but neither both nor none.
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Only FloorSurface CeilingSurface InteriorWallSurface,and ClosureSurfaceelements are allowed to
be encapsulated or referenced bylibendedByroperty ofintBuildinglInstallation

The boundedByproperty (type:BoundarySurfacePropertyTypef the elemenRoommay contain a
_BoundarySurfacelement inline or an XLink reference to a remoBoundarySurfacelement using
the XLink concept of GML 3.1.1. In the latter case, xtiak:href attribute of theboundedByproperty
may only point to a remoteBoundarySurfae element (where remoteBoundarySurfacelements are
located in another document or elsewhere in the same docuiBihéy. the contained element or the
reference must be given, but neither both nor none.

Only FloorSurface CeilingSurface InteriorWallSurface and ClosureSurfaceelements are allowed to
be encapsulated or referenced bylibandedByroperty ofRoom

The interiorFurniture property (type: InteriorFurnitureProperty Typg of the elemenRoommay ca-

tain anBuildingFurniture element inline or an XLink reference to a remdaildingFurniture element
using the XLink concept of GML 3.1.1. In the latter case,divek:href attribute of theinteriorFurni-

ture property may only point to a remoBuildingFurniture element (where remotuildingFurniture
elements are located in another document or elsewhere in the same dochitiemtjhe contained-e
ement or the reference must be given, but neither both nor none.

The roominstallationproperty (type:IntBuildinglnstallationPropertyTypeof the elemenRoommay
contain anntBuildinglnstallationelement inline or an XLink reference to a remiitBuildingInstalb-

tion element using the XLink concept of GML 3.1.1. In the latter casexlthk:href attribute of the
roominstallationpropery may only point to a remottBuildinginstallation element (where remote
IntBuildinglnstallationelements are located in another document or elsewhere in the same document).
Either the contained element or the reference must be given, but neither botmao

The lodXImplicitRepresentatiqnX | [2..4], property (typecore:ImplicitRepresentationProperty Type
of the elemenBuildinginstallationmay contain aore:ImplicitGeometryelement inline or an XLink
reference to a remotmre:ImplicitGeometryelenment using the XLink concept of GML 3.1.1. In thé la
ter case, thalink:href attribute of thdodXImplicitRepresentatignX i [2..4], property may only point

to a remotecore:ImplicitGeometnelement (where remotre:ImplicitGeometryelements are located
in another document or elsewhere in the same docuntsthitgr the contained element or the reference
must be given, but neither both nor none.

The lod4ImplicitRepresentatioproperty (type:core:ImplicitRepresentationPropertyTypef the eé-
mentintBuildingInstallationmay contain a@ore:ImplicitGeometnelement inline or an XLink reference

to a remotecore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter case,
the xlink:href attribute of thelod4implicitRepresentatiorproperty may only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor nen

The lodXImplicitRepresentatiqnX | [3..4], property (typecore:ImplicitRepresentationProperty Type

of the element Openingmay contain aore:ImplicitGeometrelement inline or an XLink reference to

a remotecore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of thdodXImplicitRepresentatignX | [3..4], property may only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are lated in another
document or elsewhere in the same documéiither the contained element or the reference must be
given, but neither both nor none.

The lod4ImplicitRepresentatioproperty (type:core:ImplicitRepresentationPropertyTyypef the eé-
mentBuildingFurnituremay contain aore:ImplicitGeometryelement inline or an XLink reference to a
remotecore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of the lod4ImplicitRepresentationproperty nay only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor none.
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10.4 Tunnel model

The tunnel model is closely related to the building model. It supports the representation of thematic and spatial
aspects of tunnglandtunnel parts in four levels of detail, LOD1 to LODA4. The tunnel model of CityGML is
defined by the thematic extéas moduleTunnel(cf. chapter7). Fig. 37 provides examples of tunnel models for

each LOD.

Fig. 37: Examples for tunnel models irdD1 (upper left)LOD2 (upper right),LOD3 (lower left) andLOD4 (lower right) (sourceGoogle

3D warehouse)
The UML diagram of the tunnel model is shownFig. 38. The XML schema definition is attached in annex
A.11. The pivotal class of the model ig\bstractTunnelwhich is a subclass of the thematic classte (and
trarsitively of the root class CityObjec}. _AbstractTunnels specialized either to Bunnelor to aTunnelPart
Since an_AbstractTunnetonsists ofTunnelPars, which again are AbstractTunnal an aggregation hierarchy
of arbitrary depth may be rezdid. As subclass of the root clas€ityObject an_AbstractTunnelnherits all
properties from_CityObjectlike the GML3 standard feature propertiggn{:nameetc.) and the CityGML
specific properties likeExternalReferenceg¢cf. chapter6.7). Further properties not explicitly covered by
_AbstractTunneiay be modelled agenericattributes provided by the CityGMLGenericsmodule (cf. chapter
10.12 or using the CityGML Application Domain Extension mechanism (cf. chditdr3.

Both classe§unneland TunnelPartinherit the attributes of AbstractTunnelthe class of théunne| the func-
tion, the usage the year of construction and the year of demolition. In contrasAbstractBuilding Address
featurescannot be assigned td\bstractTunnel
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<<Feature>> <<Feature>>
core::_CityObject core::_Site
lod3ImplicitRepresentation 0.1 <<Object>>
Iod4|mpIicitRepresentation| core::implicitGeometry o1
Jod4implicitRepresentation 0.1 lod2ImolicitRenresentation
. 01 lod3ImolicitRepresentation
lod4ImnlicitRepresentation Y-«
lod4imnlicitRenresentation
0.1 #f | %
lod4Geometry 0.1
<<Geometry>> lod2Geometry x <<Feature>>
lod4Geometry > gml::_Geometry lod3Geometry * Tunnellnstallation
0.1 lod4Geometry + |+class : gml::CodeType [0..1] "

+function : gml::CodeType [0..*]

* +usage : gml::CodeType [0..*]
<<Feature>>
IntTunnelinstallation * outerTunnellnstallation
*_|+class : gml::CodeType [0..1] .
+function : gml::CodeType [0..*]
+usage : gml::CodeType [0..¥]
. interiorTunnellnstallation é
hollowSpacelnstallation * * *
<<Feature>>
7 AbstractTunnel
*
<< eature}>> +class : gml::CodeType [0..1]
* TunnelFurniture e .
+function : gml::CodeType [0..*]
+c|ass_: gml::CodeType [0..1] +usage : gml::CodeType [0..4]
+f“n°“°{1 : grﬂl::CodeType [0;-*] +yearOfConstruction : xs::gYear [0..1]
+usage : gml:CodeType [0..*] +yearOfDemolition : xs::gYear [0..1] <>
* interiorFurniture
X sl [w[x [+ +] éé * o w [+ [« [+]+]*
0.1 0.1
<<Feature>> K >— <<Feature>> <<Feature>>
HollowSpace . Tunnel TunnelPart
+class : gml::CodeType [0..1] 1 consistsOfTunnelPart
+function : gml::CodeType [0..*] interiorHollowSpace
H s gml:: . bt B - - - -
usage : gml:CodeType [0..*] Tod1Solid lod1MultiSurface lod1Terrainintersection lod2MultiCurve,
0.1 | % Tod2Solid lod2MultiSurface lod2TerrainIntersection lod3MultiCurve
Ind3Solid lod3MultiSurface lod3Terrainintersection lod4MultiCurve
lnd4Solid lod4MultiSurface lod4Terrainintersection
0.1 0.1 0.1 0.1
lod4Solid <<Geometry>> <<Geometry>> <<Geometry>>
- gml::_Solid gml::MultiSurface gml::MultiCurve
0.1
0.1 /|\ 0.1 o1
. <<Feature>> lod4MultiSurface od2MultiSurface
* —Opening x lod3MultiSurface] lod3MultiSurface
* openind| lod4MultiSurface lod4MultiSurface
<<Feature>> <<Feature>> wfx|x %
3 * boundedBv
| Window Door boundedBv <<Feature>>
BoundarySurface boundedBy
0.2 boundedBv
4 *
[ T T T 1 T 1
<<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>>
RoofSurface WallSurfacee GroundSurface ClosureSurface CeilingSurface InteriorWallSurface FloorSurface
<<Feature>> <<Feature>>
OuterCeilingSurface OuterFloorSurface
Fig.3 UML di agram of CityGMLO6s tunnel model Prefixes are used to in

names without a prefix are defined within the CityGML Tummedule.

The geometric representation and semantic structure ofAbatractTunnels shown inFig. 38. The model is
successively refined from LOD1 to LOD4. Therefore, not all components of a tunnel model are represented
equally in each LOD and not all aggregation levels are allowed in eabh InCCityGML, all object classes are
associated to the LODs with respect to pineposedminimum acquisition criteria for each LOD (cf. chapter

6.2). An object carbe represented simultaneously in different LODs by providing distinct geometries for the
corresponding LODs.

Similar to the building and brigde mod€tf. chaptersl0.3and10.5, only the outer shell cd tunnelis repre-

sentedin LOD1 7 3, which is composed of the u n nbeundasy surfaces to the surrounding earth, water, or
outdoorair. The interior of a tunnel may only be modeled in LOB#hough the interior built environment is

especially relevant for subsurface objects like tunaelsnderground building<CityGML employs a consistent

LOD conceptfor all thematic moduledf, in contrastthe representation of the interior of subsurface objects

would be possible iall LODs, the LOD concept for subsurface objegtaild have to substantially differ from

the LCD conceptfor aboveground objects Thi s woul d require the precise de
which delimits the scope dfoth LOD conceps. Furthermore, features being partially above and beimmnd

would have to be splinto an aboveground @art (modeled according to the aboveground LOD concept) and a
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subsurface part (modeled according to the subsurface LOD concept). However, such a splittingth@lates
CityGML concept of unity offeaturesand would not be feasiblein many casesvherethe transitionbetween
aboveand below grounds often not precisely known or depends on (the LOD of) the terrain mathaice,
CityGML applies a single and consistent LOD concept to both aboveground and subsurface objects. &s a cons
guence, penetrations betweartunnel and objects insidbis tunnel (e.g.roads andailways) may occur in
LOD1i 3.

In LOD1, a tunnel model consists of a geometric representation of the tunnel volume. OptiokalliCarve
representing th&errainintersectionCurvdcf. chapter6.5 can be specified. The geometric representation is
refined in LOD2 by additiondlultiSurfaceandMultiCurve geometries.

In LOD2 and higher LODs the outer stture of a tunnel can also be differentiated semantically by thesslass
_BoundarySurfacend Tunnellnstallation A boundarysur f ace is a part of the tunn
special function like wall\(allSurfacg, roof (RoofSurfacg ground platgGroundSurfacg outer floor Qute-

FloorSurface, outer ceiling QuterCeilingSurfaceor ClosureSurfaceThe Tunnellnstallationclass is used for

tunnel elements like outer stairs, strongly affecting the outer appearance of a tuiineheélnstallationmay

have the attributedlass functionandusage(seeFig. 38).

In LOD3, the openings inBoundarySurfacebjects (doors and windows) can be represented as theshatic
jects.

In LOD4, the highest level of resolution, also the interior of a tunnel, composed of several hollow spaces, is
represented in the tunnel model by the cldsiowSpace This enlargement allows a virtual accessibility of
tunnels, e.g. for drivinghtough a tunnel, for simulating disaster management or for presenting the light illum
nation within a tunnel. The aggregation of hollow spaces according to arbitrary, user defined criteria (e.g. for
defining the hollow spaces corresponding to horizontakatical sections) is achieved by employing the general
grouping concept prosied by CityGML ¢€f. chapterl0.17). Interior installations of a tunnel, i.e. objects within a
tunnel which (in contrast to furniture) cannot be moved, are represented by thatdlassellnstallation If an
installation is attached to a specific hollow space (e.g. lamps, ventilatey),atle associated with theol-
lowSpaceclass, otherwise (e.g. pipes) witthbstractTunnel A HollowSpacemay have the attributedlass
functionandusagewhose possible values can be enumeratenbdte lists(chapterl0.4.7 Annex Q. Theclass
attribute allows ageneralclassification of hollow spaces, e.g. commercial dvgie rooms, and occurs only
once. Thefunction attribute is intended to express the main purpose of the hollow spacesontrol area,
installation space, storage space. The attribségjecan be used if the way the object is actually used differs
from the function. Both attributes can occur multiple times.

The visible surface of a hollow space is represented geometricallpal&dda®r MultiSurface Semantically, the
surface can be structured into specialisBdundarySurfacegepresenting floorRloorSurfacg, ceiling Ceil-
ingSurfacg, and interior wallslfteriorWallSurfacé. Hollow space furniture, like movable equipment in control
areas, can be represented in the CityGML tunnel model with theTalaslFurniture A TunnelFurnituremay
have tle attributeslass functionandusage

XML namespace

The XML namespace of the CityGML Tunnel module is identified by the Uniform Resource Identifier (URI)
http://www.opengis.net/citygml/tunn@l0. Within the XML Schema definition of th€unnelmodule, tlis URI
is also used to identify the default namespace.

10.4.1 Tunnel and tunnel part
TunnelType, Tunnel

<xs:complexTypaame=TunnelType*
<xs:complexContent>
<xs:extensiorbase=AbstractTunnelType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfTunneiiinOccurs20" maxOccurs*unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xselementname=Tunnel"type="TunnelType"substitutionGroup*= AbstractTunnel’>
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<l--
<xs:elemenhame=_GenericApplicationPropertyOf Tunnefype="xs:anyType abstact="true"/>

The Tunnelclass is one of the two subclasses AbstractTunnellf a tunnel only consists of one (homogen

ous) part, this class shall be used. A tunnel composed of structural segments, for example tunnel entrance and
subway, has to be separated into one tunnel hariagr more aditional TunnelPart(seeFig. 39). The geora-

try and norspatial properties of the central part of the tunnel should be represented in the aggfegatiig

feature.

TunnelPartType, TunnelPart

<xs:complexTypeame=TunnelPartType*
<xs:complex@ntent>
<xs:extensiorbase=AbstractTunnelType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfTunnelPartiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:complexType>
<I-- =
<xs:elemenhame=TunnelPart'type="TunnelPartType'substitutionGroup%: AbstractTunnel>
<l-- ->
<xs:elemenhame=_GenericApplicationPropertyOfTunnelPatype="xs:anyType"abstractrue"/>

If sections of a tunnel differ in geometry and / or attributes, the tunnel can be separated into p&igs 3Sge
Like Tunne| the class TunnelPart is derived from _AbstractTunneland inherites all attributes of
_AbstractTunnelA TunnelPartobject should be uniquely related to exactly one tunnel or tunnel part object.

W Turosl Oize
B Laege

——

Tunnel Olpe Fowge  Helmut Stracke 08.10.2006

Fig. 39: Example of a tunnel modeled with two tunnel parts (souteémut Stracke

AbstractTunnelType, AbstractTunnel

<xs:complexTypaame=AbstractTunnelType*
<xs:complexContent>
<xs:extensiorbasezcore:AbstractSite Type*
<xs:sequence>
<xs:elemenhamezclass"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhamezfunction” type="gml:CodeType'minOccurs20" maxOccurs2unbounded/>
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<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=yearOfConstructiontype="xs:gYear'minOccurs=0"/>
<xs:elemenhame=yearOfDemolition"type='xs:gYear'minOccurs=0"/>
<xs:elemenhame=lod1Solid"type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod1MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod1TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=lod2Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod2MultiCurve' type="gml:MultiCurveProperty TypeiminOccurs=0"/>
<xs:elemenhame=lod2TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=outerTunnellnstallationtype="TunnellnstallationProperty TypetinOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=interiorTunnellnstallationtype="IntTunnellnstallationProperty TypetinOccurs=0"
maxOccurs=unbounded/>
<xs:elemenhame=boundedBy'type="BoundarySurfaceProperty TypaiinOccurs=0" maxOcairs='unbounded/>
<xs:elemenhame=lod3Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod3MultiCurve"type="gml:MultiCurveProperngType" minOccurs=0"/>
<xs:elemenhame=lod3TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=lod4Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiCurve"type="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=lod4TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=interiorHollowSpace'type="InteriorHollowSpaceProperty TypehinOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=consistsOfTunnelPartype="TunnelPartProperty TypehinOccurs=0" maxOccurs2unbounded/>
<xs:elementef="_GenericApplicationPrpertyOfAbstractTunnelminOccurs=0" maxOccursfunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>

</xs:complexType>

<= =

<xs:elemenhame=_AbstractTunnel'type='AbstractTunnelTypeabstractrue" substitutionGroup*ore:_Site/>

<= =

<xs:elemenhame=_GenericApplicationPropertyOfAbstraainnel”type="xs:anyType"abstract=true"/>

The abstract classAbstractTunnetontains properties for tunnel attributes, purely geometric representations,
and geometricséemantic representations of the tunnel or tunnel ipadifferent levels of detail. The attributes
describe:
a) The classification of the tunnel or tunnel paiagg, the different functionsfgnction), and the usageug-

age. The type of these attributesgml:CodeTypand the valuesan bespecified in sepata code lists.

b) The year of constructiory¢arOfConstructionand the year of demolitioryéarOfDemolition of the tunnel
or tunnel partThe yearOfConstructions the year of completion of the tunnel. TyearOfDemolitionis the
year wherthedemolition ofthe tunnelwascompletedThedate (yearyefer to real world timée.g. 2011)

Spanning the different levels of detail, the tunnel model differs in the complexity and granularity of thé-geome
ric representation and the thematic structuring of the miatizlcomponents with a special semantic meaning.
This is illustrated inFig. 40, showing the same tunnel in four different LO3®me properties of thelass
_AbstractTunnearealsoassociated with certain LODs.

LOD1 LOD2 LOD3 LOD4

B R s o
» I» g

Tunnel

Tunnel interior

-
3
8

Fig. 40: Tunnel model in LOD1 LOD4 (source: Karlsruhe Institute of Technology (KIT)).

Tab. 6 shows the correspondence of the different geometric and semantic themes of the tunnel model to LODs.
In each LOD, the volume of a tunnel can be expressed daylsolid geometryand/or agml:MultiSurface
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geometry The definition of a 3D Terrain Intersection Curve (TIC), used to integrate tunnels from different
sources with the Digital Terrain Model, is also possible in all LODs. The TIG tam does not have i build
closed rings around the tunnel or tunnel parts.

Geometric / semantic theme Property type LOD1| LOD2| LOD3| LOD4
Volume part of the tunnel shell gml:SolidType A A A A
Surface part of the tunnel shell gml:MultiSurfaceType A A A A
Terrainintersection curve gml:MultiCurveType A A A A
Curve part of the tunnel shell gml:MultiCurveType A A A
Tunnel parts TunnePartType A A A A
Boundary surfaces (chaptéf.4.3 AbstractBoundarySurfaceTy A A A
Outer tunnel installations (chaptd0.4.9 | TunnelinstallationType A A A
Openings AbstractOpeningType A A
Hollow spacesdhapter10.4.5 HollowSpaceType A
Interior tunnel installations IntTunnelinstallationType A

Tab.6: Semantic themes of the clagsbstractTunnel.

10.4.2 Outer tunnel installations

TunnellnstallationType, Tunnellnstallation

A Tunnellnstallationis an outer component of a tunnel which has not the significanceTahaelPart but
which strongly affects the outer characteristic oftimenel, forexamples stairs. Aunnellnstallationoptionally
has attributeglass functionandusage The attributeclass- which can only occur oncerepresents a general
classification of the installation. With the attributesctionand usage nominal and real functions of a tunnel
installation carbe described. For all three attributes the list of feasible vakmespecified in acode list For the
geometrical representation offainnellnstallation an arbitrary geometry object from the GML subset shown in
Fig. 9 can be usedAlternatively, the geometry may be givenlawplicitGeometryobject.Following the concept
of ImplicitGeometrythe geometry of a prototype tunnel installation is storely once in a local coordinate
system and referenced by other tunnel installation features (see cBa&htdie visible surfaces of a tunnel
installation can be semantically classified using the concept of boundary surfad€s3&. A Tunnellnstalh-
tion object shou be uniquely related to exactly one tunnel or tunnel part object.

10.4.3 Boundary surfaces

<xs:complexTypeaame=AbstractBoundarySurfaceType@bstracttrue">
<xs:complexContent>
<xs:extensiorbase2core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhamezlod2MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhamezlod3MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=zopening"type="OpeningProperty TypefhinOccurs20" maxOccurs*unbounded/>
<xs:elementef="_GenericApplicationPropertyOfBoundarySurfacelhOccurs20" maxOccursfunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I=- =
<xs:elemenhamez_BoundarySurfacetype="AbstractBoundarySurfaceTypebstracttrue" substitutionGroupcore:_CityOlect"/>
<!-- =
<xs:elemenhame=_GenericApplicationPropertyOfBoundarySurfa¢gie="xs:anyType"abstracttrue"/>

_BoundarySurfacés the abstract base class for several thematic classes, structuring the exterioragbatheif
as well aghe visible surface of hollow spacaesd both outer and interior tunnel installatiolgs a subclass of
_CityObjectand thus inherits all ppeerties like the GML3 standard feature propertgsl(nameetc.) and the
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CityGML specific properties likeexternalReferenced=rom BoundarySurfacethe thematic classd®oofSu-
face WallSurface GroundSurface OuterCeilingSurface OuterFloorSurface ClosureSurface FloorSurface
InteriorWallSurface andCeilingSurfaceare derivedThe thematic classification of tunnel surfaces is illustrated
in Fig. 41 for different types ofunnel cross sectierandarespecified below.

RoofSurface / QuterCeilingSurface

o CellingSurface . & & ‘ah\au"f“h’ 5‘&“ & &xsurface
: £ 3 g ¢ § $
S 3 8 § 5 £ s 8
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Fig. 41: Examples for the use of boundary surfades tunnels with different cross sectioWgallSurface RoofSurfaceGroundSurface

OuterCeilingSurfacandOuterFloorSurfaceare available in LOD2 4, whereadnteriorWallSurface FloorSurfaceandCeilingSurfacenay
only be used in LOD4 tmodel thenterior boundary surfaces ahollow space

For each LOD between 2 and 4, the geometry ofBaundarySurfacemay be defined by a different
gml:MultiSurface geometry. Starting from LOD3, aBoundarySurfacenay contain _Opening (cf. chapter
10.4.9 like doors and windows. If the geometric locatioropénings topologically lies within a surface comp
nent (e.ggml:Polygorn of thegml:MultiSurfacegeometry theseopenings must be represented as holes within
that surface. A hole is represented byirgarior ring within the corresponding surface geometry objsotord-
ing to GML3, the points have to be specified in reverse order (exterior boundaries edooksvise and interior
boundaries clockwise when | ook nhamngal vector)lfospch ansopehirg isdi r e c t |
sealed by &oor or a Window their outer boundary may consist of the same points as the inner ring (denoting
the hole) of the surrounding surface. The embrasure surfaces afeamg belong to the relevant adjacent
_BoundarySurfacelf, for example a door seals thpening the embrasure surface on the one side of the door
belongs to thénteriorWallSurfaceand on the other side to thi¢allSurface(cf. right part ofFig. 32 for the same
situation in a building model).

GroundSurfaceType, GroundSurface

<xs:complexType@mame=GroundSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence
<xs:elementef="_GenericApplicationPropertyOfGroundSurfagainOccurs20" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I==
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<xs:elemenhame=GroundSurfacetype="GroundSurfaceTypesubstitutionGroupx BoundarySurface*
= >

<xs:elemenhame=_GenericApplicationPropertyOfGroundSurfadgpe="xs:anyType"abstracttrue"/>

The ground plate of a tunnel or tunnel part is modelled by the GleamsdSurfaceUsually aGroundSurfaces
a boundary surface between the tunnel and the suirguedrth(soil, rock etc.) or water.

OuterCeilingSurfaceType, OuterCeilingSurface

<xs:complexTypeaame=OuterCeilingSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfOuterCeilingSurfaceihOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- -->
<xs:elemenhame=OuterCeilingSurfacetype="OuterCeilingSurfaceTypesubstitutionGroup= BoundarySurfaceé>
<!-- =
<xs:elemenhame=_GenericApplicationPopertyOfOuterCeilingSurfaceype="xs:anyType“abstractrue"/>

A mostly horizontakurfacebelonging to the outer tunnel shalid with the orientatiopointingdownwardscan
be modeled as a®uterCeilingSurfaceExamples are theisible part of an avalanche protector or the boundary
surface between the tunnel and the surrounding earth or water.

WallSurfaceType, WallSurface

<xs:complexTypeaame=WallSurfaceType>
<xs:complexContent>
<xs:extensiorbase2AbstractBoundarySurfacepe">
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWallSurfaceiinOccurs20" maxOccurs*unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=WallSurface"type="WallSurface Type'substitutionGroup= BoundarySurface>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfWallSurfacg/pe="xs:anyType"abstractztrue"/>

All parts of the tunnel facadeelonging to the outer tunnel shethn be modelled by the clad#/allSurface
Usually aWallSurfaceis a boundary surface between the tunnel thiedsurrounshg earth (soil, rock etc.) or
water.

OuterFloorSurfaceType, OuterFloorSurface

<xs:complexTypeame=2QuterFloorSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfOuterFloorSurfacelhOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I=- ->
<xs:elemenhame=OuterFloorSurfacetype="OuterFloorSurface TypesubstitutionGroup%= BoundarySurfacé*
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfOuterFloorSurfacge="xs:any Type"abstractrue"/>

A mostly horizontakurfacebelonging to the outer tunnel shaltid with the orientatiopointing upwardscan be
modeled as a®uterFloorSurface
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RoofSurfaceType,RoofSurface

<xs:complexTypeaame=RoofSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfRoofSurfaceiinOccurs=0" maxOccurs=unbounded/>
<I/xs:seqgence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= =
<xs:elemenhame=RoofSurface'type="RoofSurfaceTypesubstitutionGroup= BoundarySurface>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfRoofSurfacg/pe="xs:anyType abstract=true"/>

Boundarysurfacesbelonging to the outer tunnel shalhd with the main purpose to protect the tunnel from
aboveare expressed by the clad®sofSurfaceThe orientation of these boundarissnainly pointing upwards.

ClosureSurfaceType, ClosureSurface

<xs:complexTypeame=ClosureSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfClosureSurfaceihOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:omplexType>
<I-- =
<xs:elemenhame=ClosureSurfacetype="ClosureSurfaceTypeSubstitutionGroup= BoundarySurface>
<l-- >
<xs:elemenhame=_GenericApplicationPropertyOfClosureSurfatge="xs:anyType"abstractztrue"/>

Openings in tunnels or hollow spaces not filled by a do@window can be sealed by a virtual s.oé called
ClosureSurfacécf. chapter 6.4)For examplethe doorways of tunnelsan bemodelled aLClosureSurface

FloorSurfaceType, FloorSurface

<xs:complexType@ame=FloorSurfaceType*
<xs:complexContent>
<xs:extensiorbase2AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfFloorSurfacelinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=FloorSurface'type="FloorSurface TypesubstitutionGroup* BoundarySurfacé>
<lI-- ->
<xs:elemenhame=_GenericApplicationPropertyOfFloorSurfacgpe="xs:anyType abstractrue"/>

The clasg-loorSurfacemust only be used in the LODA4 interior tunnel model for modelling the floor of hollow
spaces.

Interio rWwallSurfaceType, InteriorWallSurface

<xs:complexTypeaame=InteriorWallSurfaceType*
<xs:complexContent>
<xs:extensiorbase2AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfinteriorWallSurfacelinOccurs=0" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
<I/xs:complexType>
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<I--
<xs:elemenhame=InteriorWallSurface'type="InteriorWallSurfaceType'SubstitutionGroup= BoundarySurfaceé*
<l--
<xs:elemenhame=_GenericApplicationPropertyOfinteriorWallSurfacg/pe="xs:any Type"abstract=true"/>

The clasdnteriorWallSurfaceis only allowed to be used in the LOD4 interior tunnel model for modelling the
visible wall surfaces of hollow spaces.

CeilingSurfaceType, CeilingSurface

<xs:complexTypeaame=CeilingSurfaceType*
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfCeilingSurfacelinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=CeilingSurface'type="CeilingSurfaceTypesubstitutionGroupx BoundarySurfacé*
<I-- >
<xs:elemenhame=_GenericApplicationPropertyOfCeilingSurfacs/be="xs:any Type"abstracttrue"/>

The clas<CeilingSurfaces only allowed to be used in the LOD4 interior tunnel model for modelling the ceiling
of hollow spaces.

10.4.4 Openings
AbstractOpeningType, _Opening

<xs:complexTypeaame=AbstractOpeningTypeabstracttrue">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType*
<xs:sequence>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod3ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty TypeinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfOpeningiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
S =
<xs:elemenhame=_Opening"type="AbstracOpeningType'abstracttrue" substitutionGroup*core:_CityObject/>
S =
<xs:elemenhame=_GenericApplicationPropertyOfOpening/pe="xs:any Type“abstractrue"/>

The class_Openingis the abstract base class for semantically describing openings like doors or windows in
outer and inner boundary surfac€penings only exist in models of LOD3 or LOD4. Ea@peningis assot:

ated with agml:MultiSurfacegeometry.Alternatively, the geometry may be givenlaglicitGeometryobject.
Following the concept dimplicitGeometrythe geometry of a prototype opening is stored only once in a local
coordinate system and referenced by other opening features (see 8ipter

WindowType, Window

<xs:complexTypamame=WindowType'>
<xs:complexContent>
<xs:extensiorbase2AbstractOpeningType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWindowhinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I=- >
<xs:dementname=Window" type="WindowType" substitutionGroup= Opening/>
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<l--
<xs:elemenhame=_GenericApplicationPropertyOfWindowype="xs:any Type“abstract=true"/>

The clasdVindowis used for modelling windows in the in the exterior shell of a tunnel and in hollow spaces, or
hatches between adjacent hollow spaces. The formal difference between theWladsesand Door is thati
in normal cases Windows are not specifically intended for the transit of people or vehicles.

DoorType, Door

<xs:complexTypeame=DoorType'>
<xs:complexContent>
<xs:extensiorbase=AbstractOpeningType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfDoorinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:ekementame=Door" type="DoorType"substitutionGroup= Opening/>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfDootype="xs:any Type"abstract%rue"/>

The clasdoor is used for modelling doors in the exterior shell of a tunnel, or between adjacent hollow spaces.
Doors can be used by people to enter or leave a tunnel or ahollow space. In cont@sstoesurface door
may be closed, blocking the tsit of people or vehicles.

10.4.5 Tunnel interior
HollowSpaceType, HollowSpace

<xs:complexTypeaame=HollowSpaceType*
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs20" maxOccurs2unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=zlod4Solid" type="gml:SolidProperty TypetninOccurs20"/>
<xs:elemenhamezlod4MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=boundedBy'type="BoundarySurfaceProperty TypaiinOccurs=0" maxOccurs*unbounded/>
<xs:elemenhame=interiorFurniture"type="InteriorFurnitureProperty TypethinOccurs20" maxOccursfunbounded/>
<xs:elemenhame=hollowSpacelnstallationtype="IntTunnelinstallationProperty TypehinOccurs=0"
maxOccurs=unbounded>
<xs:elementef="_GenericApplicationPropertyOfHollowSpaceiinOccurs20" maxOccurs*unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>

</xs:complexType>

<I-- =

<xs:elemenhame=HollowSpace'type="HollowSpaceType'substitutionGroup*core:_CityObject/>

<l-- =

<xs:elemenhame=_GenericApplicationPropertyOfHollowSpact/pe="xs:anyType"abstracttrue"/>

A HollowSpaceds a semantic object for modelling the free space inside a tunnel and should be uniquely related
to exactly one tunnel or tunnel part object. It should be closed (if necessary byClssngeSurfaceandthe
geometry normally will be described by a solidd4Solid. However, if the topological correctness of the
boundary cannot be guaranteed, the geometry can alternatively be givéulisSarface(lod4MultiSurfacé.

The surface normals of the outer blef a GML solid must point outwards. This is important if appearences
should be assigned téollowSpacesurfaces. In this case, textures and colors must be placed on the backside of
the corresponding surfaces in order to be visible from the inside bbtlesv space.

In addition to the geometrical representation, different parts of the visible surface of a hollow space can be
modelled by specialisdabundarysurfaces FloorSurface CeilingSurfacelnteriorWallSurface andClosureSu
face cf. chapterl0.4.3.
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TunnelFurnitureType, TunnelFurniture

<xs:complexTypeame=TunnelFurniture Type*
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryPropertyTypehinOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfTunnelFuture" minOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=TunnelFurniture'type="TunnelFurnitureTypesubstitutionGroup=core:_ CityObject/>
L= =
<xs:elemenhame=_GenericApplicationPropertyOfTunnelFurniturg/pe='xs:any Type"abstrat="true"/>

Hollow spaces may havEunnelFurniture A TunnelFurnitureis a movable part of a hollow space. TAnné-
Furniture object should be uniquely related to exactly one hollow specgeometry may be represented by an
explicit geometry or atmplicitGeometryobject. Following the concept dimplicitGeometrythe geometry of a
prototype tunnel furniture is stored only once in a local coordinate system and referenced by other tunnel furn
ture features (see chap&p).

IntTunnellnstallationType, IntTunnellnstallation

<xs:complexTypeaame=IntTunnellnstallationType*
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs2unbounded/>
<xs:elemenhame=zusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryPropertyTypehinOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=2boundedBy'type='"BoundarySurfacePropertypg" minOccurs20" maxOccursfunbounded/>
<xs:elementef="_GenericApplicationPropertyOfintTunnellnstallatiominOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=IntTunnellnstallation'type="IntTunnellnstallation TypesubstitutionGroup*core:_CityObject/>
<l-- >
<xs:elemenhame=_GenericApplicationPropertyOflntTunnellnstallatiotype="xs:anyType"abstractrue"/>

An IntTunnellnstallatioris an object inside a tunnel with a specialized function or semantic meaning. In contrast
to TunnelFurniture objects of the clasttTunnellnstallationare permanently attached to the tunnel structure
and cannot be moved. Typical examples are interior stairs, railings, radiators orQifests of the class
IntTunnelinstallationcan either be ssociated with a hollow space (clddsllowSpacg or with the complete
tunnel or tunnel part (classAbstractTunnelsee chaptet0.4.]). However,they should be uniquely related to
exactly one hollow space or one tunnel / tunnel part objectnfiunnellinstallatioroptionally haghe attributes
class functionandusage The attributeclass which can only occur once, represents a general clagficof

the internal tunnel component. With the attribuiesction and usage nominal and real functions of a tunnel
installation can be described. For all three attributes the list of feasible calubsspecified in acode list For

the geometrical representation of latiTunnellnstallation an arbitrary geometry object from the GML subset
shown inFig. 9 can be usedAlternaively, the geometry may be given bsplicitGeometryobject. Following

the concept ofmplicitGeometrythe geometry of a prototype interior tunnel installation is stored only once in a
local coordinate system and referenced by other interior tunnel &italfeatures (see chap&®). The visible
surfaces of an interior tunnel installation can be semantically classified using the concept aefypsurnfdces

(cf. 10.4.3.
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10.4.6 Examples

The example irFig. 42 showsa pedestriarunderpass in theity centre ofkarlsruhe Germany On the left side

of Fig. 42, a photaillustratesthereal worldsituation Both entrancesf the underpasare markedn the photdoy
dashed rectangdeOn the right sidef the figure the CityGML tunnel model ishown The terrain surrounding
the tunnel has been virtliacut out of modein order tovisualize theentiretunnelwith its subsurface bodyhe
same underpass is illustratedHig. 43 from a different perspective. The camera is positioned in front of the left
entrance (black dashed rectangleFig. 42) and pointing in the direction of the right entrance (white dashed
rectangle inFig. 42). On the right side oFig. 43, the tunnel model is shown from the same perspective. Again
holes are cut in the terrain surface in order to make the subsurface part of the tunnel vidid®1Arepresa-
tation of the nearby buildings shownin thebackground of thenodel.

Fig. 42 Example ofatunnel modeled in OD3 (real situation on the left side; CityGML model on the right s{dejrce: Karlsruhe Institute
of Technology (KIT), courtesy of City of Karlsruhe)

i

Fig. 43 The samé.OD3 tunnelshown from a different perspective. The camera is positioned in front of the left entrance and pointing in the
direction of the right entranc@ealsituation on the left side; CityGML model on the right sidéje model on the right also includes a
LOD1 representation of the nearby buildings in the background (painted in light Hemunde: Karlsruhe Institute of Technology (KIT),
courtesy of Cityof Karlsruhe).
The model issubdividedinto one Tunnel (the actual underpass) and twWwannelParts(both entrances)The
tunnel and tunnel parts are boundedG@rpundSurfaceWallSurface RoofSurfaceClosureSurfacebjects are
used to virtually seal thaitnel entranced-or safety reasons each of the two entrahessailings which are
modeled asTunnellnstallation Due to the high geometrical accuracy and the semantic richness, the model is
classified a4 OD3.

10.4.7 Code lists

The attributesclass function and usageof the features _Abstracunne] Tunnellnstallation HollowSpace
TunnelFurnitureand IntTunnellnstallationarespecified agml:CodeTypeThe values of these propertiganbe
enumerated in code lists. Proposals for corresponding code lidte daund in anne.2.
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10.4.8 Conformance requirements

Base requirements

1. If a tunnel only consists of one (homogeneous) part, it shall be represented by the @lemmeht
However, if a tunnel is composed of individual structural segments, it shall be modell@drarsetel-
ement having one or more additioMalnnelPartelements. Only the geometry and repatial prope
ties of the main part of the tunnel should bgresented within the aggregatifignnelelement.

Usage restriction of tunnel model components according to different LODs

2. The lodXSolid and lodXMultiSurface X | [1..4], properties dml:SolidPropertyType resp.
gml:MultiSurfaceProperty Typeof _AbstractTunel may be used to geometrically represent the exterior
shell of a tunnel (as volume or surface model) within each LOD. For LOD1, éiti@Solid or
lod1MultiSurfacemust be used, but not both. Starting from LOD2, both properties may be modelled i
dividualy and complementary.

3. Starting from LOD2, the exterior shell of arbstractTunneimay be semantically decomposed into
_BoundarySurfaceelements using theoundedByproperty (type:BoundarySurfacePropertyTypef
_AbstractTunnel Only RoofSurface WallSurface GroundSurface OuterCeilingSurfaceOuterFloa-
SurfaceandClosureSurfaceas subclasses oBoundarySurfacare allowed.The boundedByproperty
(not to be confused with thganl:boundedByroperty) shall not be used if the tunnel is only reprsk
in LOD1.

If the exterior shell is represented bBoundarySurfacelements, an additional geometric repreaent
tion as volume or surface model using theXSolidandlodXMultiSurface X | [2..4], properties shall
not explicitly define the geometry,ub has to reference the according components of the
gml:MultiSurfaceelement of BoundarySurfacevithin each LOD using the XLink concept of GML
3.1.1.

4. Starting from LOD2, curve parts of the tunnel shell may be represented usingXihéultiCurve X |
[2..4], property of AbstractTunnelThis property shall not be used if the tunnel is only represented in
LOD1.

5. Starting from LOD2, theouterTunnellnstallatiorproperty (type:TunnelinstallationPropertyTypeof
_AbstractTunnelmay be used to mod@&lunnelinstaiation elementsTunnellnstallationelements shall
only be used to represent outer characteristics of a tunnel which do not have the significance of tunnel
parts. TheouterTunnellnstallatiomproperty shall not be used if the tunnel is only represente@ il

6. Starting from LOD2, the geometry diunnellnstallationelements may be semantically classified by
_BoundarySurfaceslements using thboundedByproperty (type:BoundarySurfacePropertyTypef
Tunnelinstallation Only RoofSurfaceWallSurface GroundSurfaceQuterCeilingSurfaceOuterFloa-
SurfaceandClosureSurfaceas subclasses oBoundarySurfacare allowed.

7. Starting from LOD3, openings ofBoundarySurfaceelements may be modelled using the opening
property (type:OpeningPropertyTypeof BoundarySurface This property shall not be used for
_BoundarySurfacelements only represented in LOD%tcordingly, the surface geometry representing
a _BoundarySurfacen LOD2 must be simply connected.

The opening property ofBoundarySurfacenay containor reference Openingelements. If the ge

metric location of an Opening element topologically lies within a surface component of the
_BoundarySurfacethe opening must also be represented as inner hole of that surface. The embrasure
surface of an Openingelement shall belong to the relevant adjac&udundarySurface

8. Starting from LOD4, thenteriorHollowSpaceproperty (type:InteriorHollowSpacePropertyTypeof
_AbstractTunnelay be used to semantically model the free space inside the tunhellbwSpace
elements. This property shall not be used if the tunnel is only represented in LC® The Hol-
lowSpaceelement may be geometrically represented as a surface or volume model, usieStsid
or lod4MultiSurfaceproperty gml:SolidPropertiffyperesp.gml:MultiSurfaceProperty Type

In addition, different parts of the visible surface of a hollow space may be modelled by thematic
_BoundarySurfacelements. Onl{¥loorSurface CeilingSurfaceInteriorWallSurface andClosureSu
faceas subclassesf _BoundarySurfacare allowed. If the visible surface of a hollow space iseepr
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10.

sented by BoundarySurfaceelements, an additional geometric representation as volume or surface
model using thdod4Solidandlod4MultiSurfaceproperty shall not explicithgdefine the geometry, but

has to reference the according components ofthieMultiSurfaceelement of BoundarySurfaceising

the XLink concept of GML 3.1.1.

Starting from LOD4, thénteriorTunnellnstallationproperty (typeintTunnellnstallationPropertyType

of _AbstractTunnetmay be used to represent immovable objects inside the tunnel that are permanently
attached to the tunnel structure. TihriorTunnellnstallatiorproperty shall not be used if the tunnel is
only represnted in LOD 1i 3. Furthermore, thimteriorTunnellnstallationproperty shall only be used

if the object cannot be associated witH@lowSpaceslement. In the latter case, thellowSpacelnsia

lation property (type:IntTunnelnstallationPropertyType of the correspondingHollowSpaceelement

shall be used to represent the object.

Starting from LOD4, the geometry &ftTunnellnstallatiorelements may be semantically classified by
_BoundarySurfaceelements using thboundedByproperty (type:BoundarySurfacePropertyTypef
IntTunnellnstallation Only FloorSurface CeilingSurface InteriorWallSurface and ClosureSurfaceas
subclasses ofBoundarySurfacare allowed.

Referential integrity

96

11.

12.

13.

14.

15.

16.

The boundedByproperty (type:BoundarySurfacePropertyTypef the element AbstractTunnemay
contain a BoundarySurfacelement inline or an XLink reference to a remoBoundarySurfacele-

ment using the XLink concept of GML 3.1.1. In the latter casexlthk:href attribute of thdboundedBy
property may onlypoint to a remote BoundarySurfacelement (where remoteBoundarySurfacele-

ments are located in another document or elsewhere in the same document). Either the costained el
ment or the reference must be given, but neither both nor none.

Only RoofSurface WallSurface GroundSurface OuterCeilingSurface OuterFloorSurfaceand Clo-
sureSurfaceelements are allowed to be encapsulated or referenced by the boundedBy property of
__AbstractTunnel.

The outerTunnellnstallation property (type: TunnellnstallationPropdayTypg of the element
_AbstractTunneimay contain arunnelinstallationelement inline or an XLink reference to a remote
Tunnelinstallationelement using the XLink concept of GML 3.1.1. In the latter casexlihiehref at-

tribute of theouterTunnellnstalition property may only point to a remofaunnelinstallationelement
(where remoteTunnelinstallationelements are located in another document or elsewhere in the same
document). Either the contained element or the reference must be given, but neither both nor none.

The interiorTunnellnstallation property (type: IntTunnellnstallationPropertyTypeof the element
_AbstractTunnemmay contain afntTunnellnstallatiorelement inline or an XLink reference to a remote
IntTunnellnstallationelement using the XLink concept of GML 3.1.1. In the latter casexlihiehref
attribute of thanteriorTunnellnstallationproperty may only point to a remoltetTunnellnstallationel-
ement (where remotitTunnelinstallationelements are located in another document or elsewhere in
the same document). Either the contained element or the reference must be given, but neitiger bot
none.

The interiorHollowSpace property (type: InteriorHollowSpacePropertyType of the element
_AbstractTunneimay contain eHollowSpaceelement inline or an XLink reference to a rembtal-
lowSpaceelement using the XLink concept of GML 3.1.1. In th#er case, thelink:href attribute of
theinteriorHollowSpaceproperty may only point to a remattollowSpaceslement (where remoteol-
lowSpaceelements are located in another document or elsewhere in the same document). Either the
contained element dhe reference must be given, but neither both nor none.

The consistsOfTunnelPamproperty (type:TunnelPartPropertyTypgeof the element AbstractTunnel
may contain a'unnelPartelement inline or an XLink reference to a remdtennelPartelement using
the XLink concept of GML 3.1.1. In the latter case, #tiak:href attribute of theconsistsOfTunnelPart
property may only point to a remoteinnelPartelement (where remofeunnelPartelements are lota
ed in another document or elsewhere in the same docurgé&hgr the contained element or the refe
ence must be given, but neither both nor none.

The openingproperty (type:OpeningPropertyTypeof the element BoundarySurfacenay contain an
_Openingelement inline or an XLink reference to a remo@peningelenent using the XLink concept
of GML 3.1.1. In the latter case, thénk:href attribute of the opening property may only point teea r
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mote Openingelement (where remoteOpeningelements are located in another document a@-els
where in the same documerigither the contained element or the reference must be given, but neither
both nor none.

17. The boundedByproperty (typeBoundarySurfacePropertyTypef the elemenTunnelinstallationmay
contain a_BoundarySurfacelement inline or an XLink reference to anete BoundarySurfacele-
ment using the XLink concept of GML 3.1.1. In the latter casexlthk:href attribute of theboundedBy
property may only point to a remot&oundarySurfacelement (where remoteBoundarySurfacele-
ments are located in anothercdonent or elsewhere in the same documetither the contained el
ment or the reference must be given, but neither both nor none.

Only RoofSurface WallSurface GroundSurface, OuterCeilingSurface, OuterFloorSurfacel Clo-
sureSurfaceelements are alloweid be encapsulated or referenced byhlbandedByproperty ofTun-
nellnstallation

18. The boundedByproperty (type:BoundarySurfacePropertyTypef the elemenintTunnelnstallation
may contain a BoundarySurfacelement inline or an XLink reference to a remmoBoundarySurface
element using the XLink concept of GML 3.1.1. In the latter casexlitiehref attribute of thebourd-
edByproperty may only point to a remot&oundarySurfacelement (where remoteBoundarySurface
elements are located in another doeainor elsewhere in the same documdgither the contained-e
ement or the reference must be given, but neither both nor none.

Only FloorSurface CeilingSurface InteriorWallSurface,and ClosureSurfaceelements are allowed to
be encapsulated or referenced bylibandedByroperty ofiIntTunnelnstallation

19. The boundedByproperty (type BoundarySurfacePropertyTypef the elementHollowSpacemay cam-
tain a BoundarySurfacelement inline or an XLink refence to a remoteBoundarySurfacelement
using the XLink concept of GML 3.1.1. In the latter case, *lirek:href attribute of theboundedBy
property may only point to a remot®8oundarySurfacelement (where remoteBoundarySurfacele-
ments are locatedhianother document or elsewhere in the same document). Either the contained el
ment or the reference must be given, but neither both nor none.

Only FloorSurface CeilingSurface InteriorWallSurface and ClosureSurfaceelements are allowed to
be encapsulatl or referenced by thmundedByroperty ofHollowSpace

20. TheinteriorFurniture property (typeinteriorFurniturePropertyTypgof the elemenHollowSpacenay
contain anfTunnelFurnitureelement inline or an XLink reference to a remétenelFurnitureelement
using the XLink concept of GML 3.1.1. In the latter case divek:href attribute of theinteriorFurni-
ture property may only point to a remotainnelFurnitureelement (where remoteunnelFurnitureel-
ements are located in another document or dlsesvin the same document). Either the contained el
ment or the reference must be given, but neither both nor none.

21. The hollowSpacelnstallatiorproperty (type:IntTunnelinstallationPropertyTypeof the elementiol-
lowSpacemay contain anntTunnellnstallatbn element inline or an XLink reference to a remote
IntTunnelinstallationelement using the XLink concept of GML 3.1.1. In the latter casexlthiehref
attribute of thehollowSpacelnstallatioproperty may only point to a remobetTunnellnstallationele-
ment (where remotktTunnellnstallatiorelements are located in another document or elsewhere in the
same document). Either the contained element or the reference must be given, but neither both nor
none.

22. ThelodXImplicitRepresentatignX i [2..4], propety (type: core:ImplicitRepresentationProperty Type
of the elemenfunnelinstallatiormay contain aore:ImplicitGeometrelement inline or an XLink ffe
erence to a remotore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter
ca, thexlink:href attribute of thdodXImplicitRepresentatignX [ [2..4], property may only point to a
remotecore:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in
another document or elsewhere in the same docuntgtitgr the contained element or the reference
must be given, but neither both nor none.

23. The lod4IimplicitRepresentatioproperty (type:core:lmplicitRepresentationPropertyTy)pef the eé-
mentIntTunnellnstallationmay contain aore:ImplicitGeometryelement inline or an XLink reference
to a remotecore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter case,
the xlink:href attribute of thelod4implicitRepresentatiorproperty may only point to a remote
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25.

core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in another
document or elsewhere in the same documéiither the contained element or the reference must be
given, but neither both nor none.

The lodXImplicitRepresentatiqnX | [3..4], propety (type: core:ImplicitRepresentationProperty Type

of the element Openingmay contain aore:ImplicitGeometrelement inline or an XLink reference to

a remotecore:ImplicitGeometrelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of thdodXImplicitRepresentatignX | [3..4], property may only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in another
document or elsewhere in the same documéitfier the ontained element or the reference must be
given, but neither both nor none.

The lod4ImplicitRepresentatioproperty (type:core:ImplicitRepresentationPropertyTy)pef the eé-
mentTunneFurniture may contain aore:ImplicitGeometryelement inline or an XLik reference to a
remotecore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of the lod4implicitRepresentationproperty may only point to a remote
core:ImplicitGeometryelement (where remoteorelmplicitGeometryelements are located in another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor none.
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10.5 Bridge model

The bridge model allows for thepresentation of the thematic, spatial and visual aspects of baddésidge
parts in four levels of detaiLOD 171 4. The bridge model of CityGML is defined by the thematic extension
moduleBridge (cf. chapter7). Fig. 44 illustrates examples of bridge models in all LODs

Fig. 44: Examples fobridgemodels inLOD1 (upper left),LOD2 (upper right) LOD3 (lower left)andLOD4 (lower right) (sourceGoogle
3D warehouse)

The bridge model was developed in analogy to the building modeh@pterl0.3 with regard to structure and
attributes. The UML diagram of the bridge model is depicte#iin 45, and the XML schemaefinition is
presented imnnexA.3.
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<<Feature>> <<Feature>>
core::_CityObject core::_Site
<<Feature>>
lod2ImplicitRepresentation * Bridgeinstallation
lass : gml::CodeType [0..1] *
| lod3ImplicitRepresentation *_|+function : gml::CodeType [0..4]
lod3implicitRepresentation 0% <<Object>> 01 ||0d4ImpIicitRepresemation » |+usage : gml:CodeType [0..*] outerBriddelnstallation
lod4implicitRepresentation core::ImplicitGeometry 0. . . Jxl= *
0.1 lod1ImplicitRepresentation
lod4ImplicitRepresentation ~< lod2ImplicitRepresentation
lod4ImplicitRepresentation 91 lod3ImplicitRepresentation
lod4implicitRepresentation
lod2Geometry
0.1, 0..11'lod3Geometry
lod4Geometry <<Geometry>>
gml::_Geometry lod4Geometry S
lod4Geometry lod1Geometry * <<Feature>>
o1 o..1| lod2Geometry * BridgeConstructionElement _ _
" l0d3G " | +class : gml::CodeType [0..1] * lod1TerrainIntersection
od3Geometr .
tod Y function : gml::CodeType [0..4] * lod2Terrainintersection
od4Geometry * |+usage : gml:CodeT [0 - n
N usage : gmi::CodeType [0.] * lod3Terrainintersection
<<Feature>> * * * lod4Terrainintersection
IntBridgelnstallation outerBridgeConstruction Q
*+class : gml::CodeType [0..1] x
+function : gml::CodeType [0..*] TS
+ cgml: | address address
usage : gml::CodeType [0..*] . core:-Address
. interiorBridgelnstallation é * *
bridgeRoominstallation * * * *
<<Feature>>
d <<Feature>> AbstractBridge x
hd BridgeFurniture +class : gml::CodeType [0..1]
+class : gml::CodeType [0..1] +function : gml::CodeType [0..*]
+function : gml::CodeType [0..4] +usage : gml::CodeType [0..]
+usage : gml::CodeType [0..4] +yearOfConstruction : xs::gYear [0..1]
+yearOfDemolition : xs::gYear [0..1]
* interiorFurniture +isMovable : xs:boolean [0..1]
w«[5]* [«[#]*]* * *[«[+][* [+[+][*
0..1
<<Feature>> K >— <<Fe§ture>> <<Feature>>
BridgeRoom Bridge BridgePart
+class : gml::CodeType [0..1] consistsOfBridgePart
+function : gml::CodeType [0..*] interiorBridgeRoom
+ :gml:: 15 b - - - - -
usage : gmi::CodeType [0.] lod1Solid lod1MultiSurface lod1TerrainIntersection od2MultiCurve
0.1 *|* lod2Solid lod2MultiSurface lod2Terrainintersection lod3MultiCurve
lod3Solid lod3MultiSurface lod3Terrainintersection lod4MultiCurve
lod4Solid lod4MultiSurface lod4Terrainintersection
0.1 0.1 0.1 0..1]
lodasolid <<Geometry>> <<Geometry>> <<Geometry>>
ad4 30 gml::_Solid gml::MultiSurface gml::MultiCurve
0.1
0.1 0.1
* <<Feature>> lod4MultiSurface lod2MultiSurface
= Opening lod3MultiSurface lod3MultiSurface
= opening lod4MultiSurface lod4MultiSurface
<<Feature>> <<Feature>> * *xl* _ « boundedBy
Wwindow Door boundedBy <<Feature>> S
_BoundarySurface boundedBy
" 0.2 > boundedBy
boundedBy
Ay p
[ I T I 1 I 1
<<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>> <<Feature>>
RoofSurface WallSurfacee GroundSurface ClosureSurface CeilingSurface InteriorwWallSurface FloorSurface
<<Feature>> <<Feature>>
OuterCeilingSurface OuterFloorSurface

Fig. 45: UML diagram of the bridge model, part one.

A (movable or unmovable) bridge is represented by an object of theBeldge This class inherits its attributes
and relations from the abstract base classstractBridge The spatial properties are defined by a solid for each
of the fourLODs (relationslod1Solidto lod4Solig. In analogy to the building model, the semantical as well as
the geometrical richness increases fio®@D1 (blocks model) td.OD3 (architectural model)Simple examples

of bridges in each of thodeODs are depicted irfrig. 46. Interior structures like rooms are dedicated @DA4.

To cover the case of bridge models where the topology does not satisfy the properties of asgulithl(gs
water tightness), a multi surface representation is allowatill MultiSurfaceto lod4MultiSurfacg. The line
where the bridge touches the terrain surface is represented by a terrain intersection curve, which is provided for
eachLOD (relationslod1TerrainIntersectiorio lod4TerrainIntersectiop In addition to the solidepresentation

of a bridge, linear characteristics like ropes or antennas can be specified geometricallpbtyNhatiCurveto
lod4MultiCurverelations.If those characterigts shall be represented semanticalyg feature8ridgelnstalb-

tion or BridgeConstructionElemerdan be used (see sectibh@.5.9. All relations to semantic objecand ge-
metric properties are listed Trab.7.
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Bridge

Bridge interior

Fig. 46: Bridgemodelin LOD1 1 LODA4. (source: Karlsruhe Institute of Technology (KIT))

The semantic atbutes of an AbstractBridgeare class, function, usagendis_movable The attributeclassis

used toclassify bridges, e.g. to distinguish differeonstruction typs(cf. Fig. 48). The attributdunctionallows
represeting the utilization of the bridge independently of the constructiBossiblevalues may b railway
bridge, roadway bridggedesrian bridge, aquedticetc. The option to denote a usage which isrdiet to one

of the primary functions of thbridge function) is given by the attributasage The type of tlese attributes is
gml:CodeTypethe values of whicltan bedefined in code list The name of the bridge can be represented by
the gml:name attribute which is inherited from the base clagsnl. GML via the classegml;_Feature,
_CityObject,and _Site. EachBridge or BridgePartfeature may be assigned zero or more addresses using the
addressproperty. The correspondingddressPropertyTypes defined within the CityGML core module (cf.
chapterl0.1.9.

Geometric / semantic theme Property type LOD1| LOD2| LOD3| LOD4
Volume part of the bridge shell gml:SolidType A A A A
Surface part of the bridge shell gml:MultiSurfaceType A A A A
Terrainintersection curve gml:MultiCurveType A A A A
Curve part of the bridge shell gml:MultiCurveType A A A
Bridge partgchapterl0.5.9 BridgeParfType A A A A
Boundary surfaces (chaptd.5.3 AbstractBoundarySurfaceTy A A A
Outer bridge installations (chapt0.5.9 | BridgelnstallationType A A A
Bridge construction elements (chapter | BridgeConstruction A A A A
10.5.2 ElementType

Openinggchapterl0.5.9 AbstractOpeningType A A
Bridgerooms(chapterl0.5.9 BridgeRoomType A
Interior bridge installations IntBridgelnstallationType A

Tab.7: Semantic themes of the clagsbstractBridge
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The olean attributés_movablds defined to specify whether a bridge is movable or fibé modeling of the
geometricaspects of the movement is delayed to later versibtiss standardSome types of movable bridges
aredepictedn Fig. 47.

@' EV sl 4 e

Fig. 47: Examples fomovable bridgesspurce: 1ISO 6707)
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arced bridge cablestayed bridge
deck bridge

cablestayed overpass

s

trussbridge pontoon bridge
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N | I | N | -

suspension bridge
Fig. 48 Exampesfor differenttypes of bridges.

XML namespace

The XML namespace of the CityGML Bridge module is identified by the Uniform Resource Identifier (URI)
http://www.opengis.net/citygml/bridg20. Within the XML Schema definition of the Bridge module, this URI
is also used to identify the default namespace.

10.5.1 Bridge and bridge part
BridgeType, Bridge

<xs:complexTypeaame=BridgeType'>
<xs:complexContent>
<xs:extensiorbase=AbstractBridgeType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfBridgehinOccurs=0" maxOccurs=unbounded/>
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<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>

<l-- =
<xs:elemenhame=Bridge" type='Bridge Type"substitutionGroup= AbstractBridgel>
<= >

<xs:elemenhame=_GenericApplicationPropertyOfBridgeype="xs:anyType"abstract=true"/>

BridgePartType, BridgePart

<xs:complexTypaame=BridgePartType>
<xs:complexContent>
<xs:extensiorbase=AbstractBridgeType*
<xs:sequene>
<xs:elementef="_GenericApplicationPropertyOfBridgePartiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>

<l-- >
<xs:elemenhame=BridgePart"type='BridgePartType'substitutionGroup= AbstractBridgel>
- =

<xs:elemenhame=_GenericApplicationPropertyOfBridgePattpe="xs:anyType"abstracttrue"/>

If some parts of a bridge differ from the remaining bridge with regard to attribute values or if parts like ramps
can be identified as objects of their own, those parts capgresented aBridgePart A bridge can consist of
multiple BridgeParts Like Bridge, BridgePartis a subclass ofAbstractBridgeand hence, has the same attrib

utes and relations. The relatioonsistOfBridgePartepresents the aggregation hierarchy betwaeBridge (or a
BridgePar) a n BridgePaftssBy this meansan aggregation hierarchy of arbitrary deptn be modeled
EachBridgePartbelongs to exactly onBridge (or BridgePar). Similar to the building model, the aggregation
structure of a bridg forms a tree. A simple example for a bridge with parts is a twin bridggher examplés
presented ichapterl0.5.6

AbstractBridgeType, _AbstractBridge

<xs:complexTypeame=AbstractBridgeType'abstracttrue">
<xs:complexContent>
<xs:extensiorbasezcore:AbstractSite Type*
<xs:sequence>
<xs:eemenmmame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs20" maxOccurs2unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhamezyearOfConstructiontype="xs:gYear'minOccurs20"/>
<xs:elemenhamezyearOfDemolition"type="xs:gYear'minOccurs20"/>
<xs:elemenhame=isMovable"type='xs:boolean'default=false" minOccurs=0"/>
<xs:elemenhame=zlod1Solid"type="gml:SolidProperty Type'minOccurs20"/>
<xs:elemenhamezlod1MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod1Terrainintersectiontype="gml:MultiCurveProperty TypetninOccurs=0"/>
<xs:elemenhame=zlod2Solid" type="gml:SolidProperty TypetninOccurs20"/>
<xs:elemenhamezlod2MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod2MultiCurve"type="gml:MultiCurveProperty TypetninOccurs=0"/>
<xs:elemenhame=zlod2TerrainIntersectiontype="gml:MultiCurveProperty TypefminOccurs=0"/>
<xs:elemenhame=outerBridgeConstructiontype="BridgeConstructionElementProperty Typ@inOccurs=0"
maxOccurs=unbounded>
<xs:elemenhame=outerBridgelnstalition" type="BridgelnstallationProperty TypghinOccurs20" maxOccurstunbounded/>
<xs:elemenhamezinteriorBridgelnstallation'type="IntBridgelnstallationProperty TypaghinOccurs=0"
maxOccurs=unbounded>
<xs:elemenhame2boundedBy'type="BoundarySurfaceProperty TypafinOccurs20" maxOccursfunbounded/>
<xs:elemenhamezlod3Solid" type="gml:SolidProperty TypetninOccurs20"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=zlod3MultiCurve"type="gml:MultiCurveProperty TypeminOccurs=0"/>
<xs:elemenhame=zlod3Terrainintersectiontype="gml:MultiCurveProperty TypetminOccurs=0"/>
<xs:elemenhame=lod4Solid"type="gml:SolidProperty TypetinOccurs=0"/>
<xs:elemenhamezlod4MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs0"/>
<xs:elemenhamezlod4MultiCurve"type="gml:MultiCurveProperty TypeminOccurs20"/>
<xs:elemenhame=lod4TerrainIntersectiontype="gml:MultiCurvePropergType" minOccurs=0"/>
<xs:elemenhame=zinteriorBridgeRoom'type="InteriorBridgeRoomProperty TypeahinOccurs20" maxOccurstunbounded/>
<xs:elemenhamezconsistsOfBridgeParttype="BridgePartProperty TypethinOccurs20" maxOccursfunbounded/>
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<xs:elemenhame=address'type="core:AddressProperty TypeinOccurs=0" maxOccurs=unbounded/>
<xs:elementef="_GenericApplicationPropertyOfAbstractBridgeiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContet>
</xs:complexType>
<l--
<xs:elemenhame=_AbstractBridge'type="AbstractBridgeType'abstract=true" substitutionGroup=core:_Site/>
==
<xs:elemenhame=_GenericApplicationPropertyOfAbstractBridgs/pe="xs:anyType"abstracttrue"/>

The abstract classAbstractBridges the base class 8ridgesandBridgeParts It contains properties for bridge
attributes, purely geometric representations, and geometric/semantic representations of the bridge or bridge part
in different levels of detail. The attributes describe:
a) The classification of the bridge or bridge pactag9, the different intended usagefir{ction), and the
different actual usagesfag®. The permitted values for these property types can be specified in code lists.
b) The year of constructioryé¢arOfConstructionand the year of demolitioryéarOfDemolition of the bridge
or bridge part. These attributes can be used to describe the chronology of the bridge development within a
city model. The points of time refer to real world time.
c) Wether the bridge is movable is specifiedthgBoolean attributésMovable

10.5.2 Bridge construction elementsand bridge installations
BridgeConstructionElementType, BridgeConstructionElement

<xs:complexTypeame=BridgeConstructionElementType"
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function" type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=zusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elenentname=lod1Geometry'type="gml:GeometryProperty TypehinOccurs=0"/>
<xs:elemenhame=lod2Geometry'type="gml:GeometryPropertyTypehinOccurs=0"/>
<xs:elemenhame=lod3Geometry'type="gml:GeometryProperty TypahinOccurs=0"/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryPropertyTypehinOccurs=0"/>
<xs:elemenhame=lod1Terrainintersectiontype="gml:MultiCurveProperty TypetninOccurs=0"/>
<xs:elemenhame=zlod2TerrainIntersectiontype="gml:MultiCurveProperty TypetminOccurs=0"/>
<xs:elemenhame=lod3Terrainintersectiontype="gml:MultiCurveProperty TypetninOccurs=0"/>
<xs:elemenhame=lod4TerrainIntersectiontype="gml:MultiCurveProperty TypetninOccurs=0"/>
<xs:elemenhame=zlod1IimplicitRepresentationtype="core:ImplicitRepresentationProperty TypainOccurs=0"/>
<xs:elemenhame=lod2ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=lod3ImplicitRepresentationtype="core:ImplicitRepresentationPperty Type"minOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=boundedBy'type="BoundarySurfaceProperty TypaiinOccurs=0" maxOccurs*unbounded/>
<xs:elementef="_GenericApplicationPropertyOfBridgeConstructionElementtiOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- >
<xs:elemenhame=BridgeConstructionElementype="BridgeConstructionElementTypsubstitutionGroup*core:_CityObject/>
<l-- >
<xs:elenentname=_GenericApplicationPropertyOfBridgeConstructionElemegpe="xs:anyTypel>

BridgelnstallationType, Bridgelnstallation

<xs:complexTypeaame=BridgelnstallationType*
<xs:complexContent>
<xs:extensiorbase2core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhamezfunction” type="gml:CodeType'minOccurs20" maxOccurs2unbounded/>
<xs:elemenhamezusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhame=lod2Geometry'type="gml:GeometryProperty TypehinOccurs=0"/>
<xs:elemenhamezlod3Geometry'type="gml:GeometryProperty TypahinOccurs20"/>
<xs:elemenhamezlod4Geometry'type="gml:GeometryProperty TypehinOccurs0"/>
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<xs:elemenhame=lod2ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@ainOccurs=0"/>
<xs:elemenhame=lod3ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@&inOccurs=0"/>
<xs:elemenhame=boundedBy'type="BoundarySurfaceProperty TypaiinOccurs=0" maxOccurs*unbounded/>
<xs:elementef="_GenericApplicationPropertyOfBridgedtallation"minOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=Bridgelnstalation" type="'BridgelnstallationType'substitutionGroup=ore:_CityObject>
<l
<xs:elemenhame=_GenericApplicationPropertyOfBridgelnstallatiotype="xs:anyType" abstracttrue"/>

Bridge elements which do hbave the size, significance preaning of aBridgePartcan be modelled either as
BridgeConstructionElemendr asBridgelnstallation Elements which are essential from a structural point of
view are modelled aBridgeConstructionElementor examplestructural elemets like pylons, anchorages etc.
(cf. Fig. 49). A general classification as well as the intended and afttoetion of the construction elemesite
represented by the attribstelass function andusage The geometry of &ridgeConstructionElementvhich
may be present ihOD1 to LOD4, is gml:_Geometry Alternatively, the geometry may be givenlaglicitGe-
ometry object. Following the concept ofmplicitGeometrythe geometry of a prototype bridge construction
element is stored only once in a local coordinate system and referencelaebyradge construction element
features (cf. chapte8.2). The visible surfaces of bridge construction elemean be semantically classified
using the concepif boundary surfaces (cf. chapted.5.3.

Whereas &8ridgeConstructionElemeihtas structural relevanceBaidgelnstallationrepresents an element of the
bridge which can be eliminated without collapsing of the briggg. stairway, antenna, railindridgelnstalb-
tions occur inLOD 2 to 4 onlyand aregeometically representated agml._Geometry Again, the concept of
ImplicitGeometrycan be applied t@8ridgelnstallationsalternatively and thé visible surfacesanbe semarit
cally classified using the concept of boundary surfaces (cf. chbpfi3. The clasBridgelnstallationcontains
the semantic attributedass functionandusage The attributeclassgives a classification of installations of a
bridge. With the attributs function and usage nominal and real functions dhe bridge installation can be
describedThe type ofall attributesis gml:CodeTypeand their valuesan bedefined in code lists.

pylon

ropes / cablel

N\

dropper

t

lane of traffic

abutment \ / abutment

fundaments

Fig. 49: BridgeConstructioftlementf a suspension bridge.
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10.5.3 Boundary surfaces
AbstractBoundarySurfaceType, _BoundarySurface

<xs:complexTypeame=AbstractBoundarySurfaceTypebstract=true">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectTyg>
<xs:sequence>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=opening"type="OpeningProperty TypethinOccurs=0" maxOccurs=unbounded/>
<xs:elementef="_GenericApplicationPropertyOfBoundarySurfacelhOccurs=0" maxOccurs2unbounded/>
</xssequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L= =
<xs:elemenhame=_BoundarySurfacetype="AbstractBoundarySurfaceTypebstract=rue" substitutionGroup=core:_CityObjec
<l--
<xs:elemenhame=_GenericApplicationPropertyOfBoundarySurfa¢gie="xs:anyType"abstracttrue'/>

The thematic boundary surfaces of a bridge are defined in analogy to the building m8dwledarySurfacés

the abstract base class for several thematic classes, structuring the exterior shell of a bridge as well as the visible
surfaces of roomdgridgeconstruction elements and both outer and interior bridge installations. It is a subclass of
_CityObjectand thus inherits all properties like the GML3 standard feature propagtidmémeetc.) and the

CityGML specific properties likeexternalReferences-rom BoundarySurfacethe thematic classd®oofSu-

face, WallSurface, GroundSurface, OuterCeilingSurface, OuterFloorSurface, ClosureSurface, FloorSurface,
InteriorWallSurfaceandCeilingSurfaceare derived.

For each LOD between 2 and 4, the geometry ofBaundarySurfacemay be defined by a different
gml:MultiSurfacegeometry

In LOD3 and LOD4, a BoundarySurfacenay contain Openings(cf. chapterl0.5.9 like doas and windows.

If the geometric location ofOpeningstopologically lies within a surface component (gggil:Polygon of the
gml:MultiSurfacegeometry these Openingsmust be represented as holes within that surface. A hole is-repr

sented by an interioing within the corresponding surface geometry object. According to GML3, the points

have to be specified in reverse order (exterior boundaries catlotdmwise and interior boundaries clockwise

when | ooking in opposit e vettor). § suthian apening is sedlesl bipaor,raf ac e 6 s
Window or aClosureSurfacgtheir outer boundary may consist of the same points as the inner ring (denoting the
hole) of the surrounding surface. The embrasure surfaces @paning belong to the relevanadjacent
_BoundarySurfacelf, for example a door seals tlpening the embrasure surface on the one side of the door
belongs to thénteriorWallSurfaceand on the other side to thi¢allSurface.

Fig. 50 depicts a bridge withRoofSurfacesWallSurfaces OuterFloorSurfacesand OuterCeilingSurfaces
BesidesBridgesandBridgeParts BridgeConstructionElementBridgelnstallationsas well adntBridgelnstall-

tions can be related toBoundarySurface BoundarySurfacesccur in LOD2 to LOD4lIn LOD3 and LOD4,
such a surface mayontain_Openingqseechapterl0.3.9 like doors and windows.
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RoofSurface

Window

WallSurface

OuterCeilingSurface

Fig. 50: Different BoundarySurfaces of a bridge

GroundSurfaceType, GroundSurface

<xs:complexType@ame=GroundSurfaceType&*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfGroundSurfacainOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l--
<xs:elemenhame=GroundSurfacetype="GroundSurfaceTypesubstitutionGroup* BoundarySurfaceé*
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfGroundSurfadgfe="xs:anyType"abstracttrue"/>

The ground platefca bridge or bridge part is modelled by the cl&sundSurfaceThe polygon defining the
ground plate is congruent with the bridgebds ftootprint
ing downwards.

OuterCeilingSurfaceType, OuterCeilingSuface

<xs:complexTypeaame=OuterCeilingSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfOuterCeilingSurfacelihOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=OuterCeilingSurfacetype="OuterCeilingSurface Typesubstitutiolisroup="_BoundarySurface>
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfOuterCeilingSurfatgie="xs:any Type“abstractrue"/>

A mostly horizontalsurfacebelonging to the outdrridge shelland having the orientation pointing downwards
can bemodeled as a®uterCeilingSurface

WallSurfaceType, WallSurface

<xs:complexType@ame2WallSurfaceType
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWallSurfacelinOccurs=0" maxOccurs=unbounded/>
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<I/xs:sequence>
</xs:extension>
</xs:complexContent>

</xs:complexType>
L= >
<xs:elemenhame=WallSurface"type="WallSurfaceType'substitutionGroupx BoundarySurface*
<l--
<xs:elemenhame=_GenericApplicationPropertyOfWallSurfacg/pe="xs:anyType"abstract=rue"/>

All parts of the bridge facade belonging to the outer bridge shell can be modelled by thgailSssface
OuterFloorSurfaceType, OuterFloorSurface

<xs:complexTypeame=OuterFloorSurfaceType"
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfOuterFloorSurfacelhOccurs=0" maxOccurs=unbounded/>
</xs:sequece>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=OuterFloorSurfacetype="OuterFloorSurface TypesubstitutionGroup= Boundansurface/>
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfOuterFloorSurfacgfie="xs:any Type"abstractrue"/>

A mostly horizontakurfacebelonging to the outdsridgeshelland with the orientation pointing upwards can be
modeled as a@uterFloorSurface

RoofSurfaceType, RoofSurface

<xs:complexType@ame=RoofSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfacepg">
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfRoofSurfaceiinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=RoofSurface'type="RoofSurfaceTypeSubstitutionGroup= BoundarySurface>
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfRoofSurfacg/pe="xs:any Type"abstractrue"/>

The major roof parts of a bridge or bridge part are expressed by th&®olaf&urface
ClosureSurfaceType, ClosureSurface

<xs:complexType@ame=ClosureSurfaceType"
<xs:complexContent>
<xs:extensiorbase2AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfClosureSurfaceihOccurs20" maxOccurs2unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=ClosureSurfacetype="ClosureSurface TypesubstitutionGroup*= BoundarySurfacé>
<I=- >
<xs:elemenhame=_GenericApplicationPropertyOfClosureSurfatge="xs:anyType"abstractztrue"/>

An opening in a bridge not filled by a door or window can &&led by a virtual surface call&@losureSurface
(cf. chapter6.4). Hence, bridge with open sides can be virtually closed in order to be able to compute their
volume. ClosureSurfacesre also used in the interior bridge model. If two rooms with a different are directly
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connected without a separating doo€lasureSurfacshould be used to separate or connect the volumes of both
rooms.

FloorSurfaceType, FloorSurface

<xs:complexTypaame=FloorSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfFloorSurfacelinOccurs=0" maxOccurszunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=FloorSurface'type='FloorSurface TypeSubstitutionGroup= BoundarySurfaceé>
L= >
<xs:elemenhame=_GenericApplicationPropertyOfFloorSurfacgpe="xs:anyType"abstract=rue"/>

The clasg-loorSurfacemust only be used in the LOD4 interior klgg&ilmodel for modelling the floor of a bridge
room.

InteriorWallSurfaceType, InteriorWallSurface

<xs:complexTypeame=InteriorWallSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfinteriorWallSurfaceiinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- -->
<xs:elemenhame=InteriorWallSurface'type="InteriorWallSurface TypesubstitutionGroup= BoundarySurfacé*
<I-- =
<xs:elemenhame=_GenericApplicationPnoertyOfinteriorWallSurfacetype="xs:anyType“abstracttrue"/>

The clasdnteriorWallSurfacemust only be used in the LOD4 interior bridge model for modelling the visible
surfaces of the bridge room walls.

CeilingSurfaceType, CeilingSurface

<xs:complexypename=CeilingSurfaceType*
<xs:complexContent>
<xs:extensiorbase2AbstractBoundarySurface Type"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfCeilingSurfacelinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=CeilingSurface'type="CeilingSurfaceTypesubstitutionGroup* BoundarySurfaceé>
S =
<xs:elemenhame=_GenericApplicationPropertyOfCeilingSurfacgpe="xs:anyType"abstracttrue"/>

The clasCeilingSurfacemust only be used in the LOD4 inier bridge model for modelling the ceiling of a
bridge room.

10.5.4 Openings
AbstractOpeningType, _Opening
<xs:complexTypeaame=AbstractOpeningTypeabstracttrue">

<xs:complexContent>
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<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod3ImplicitRepresentationtype="core:ImplicitRepresetationProperty TypefminOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfOpeningiinOccurs=0" maxOccurs=unbounded/>
</xs:s@uence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=_Opening"type="AbstractOpeningType&abstracttrue" substitutionGroup*core:_CityObject/>
L= >
<xs:elemenhame=_GenericApplicationPropertyOfOpening/pe="xs:any Type“abstract=rue"/>

The class Openingis the abstract base class for semantically describing openings like doors or windows in
outer or inner boundary surfaces like walls and roofs. Openings only exist in models of LOD3 or LOD4. Each
_Openingis associated with gml:MultiSurfacegeometry Alternatively, the geometry may be givenliamplic-
itGeometryobject. Following the concept ofmplicitGeometrythe geometry of a prototype opening is stored
only once in a local coordinate system and referenced by other opening features (se® @napter

WindowType, Window

<xs:complexType@ame=WindowType'>
<xs:complexContent>
<xs:extensiorbase=AbstractOpeningType*
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWindowhinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:complexType>
<l-- =
<xs:dementname=Window" type="WindowType"substitutionGroup= Opening/>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfWindowype="xs:any Type“abstractrue"'/>

The classWindowis used for modelling windows in the exterior shell of a bridge, or hatches between adjacent
rooms. The formal difference between the cla¥eslowandDoor is thati in normal cases Windowsare not
specifically intended for the transit of people or vehicles.

DoorType, Door

<xs:complexTypeaame=DoorType">
<xs:complexContent>
<xs:extensiorbase2AbstractOpeningType*
<xs:sequence>
<xs:elemenhame=address'type="core:AddressPropertyTypetinOccurs=0" maxOccurs=unbounded/>
<xs:elementef="_GenericApplicationPropertyOfDoomminOccurs20" maxOccurs2unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- >
<xs:elemenhame=Door" type="DoorType"substitutionGroupx Opening/>
<I=- =
<xs:elemenhame=_GenericApplicationPropertyOfDootype="xs:anyType"abstractrue"/>

The clasDoor is used for modelling doors in the exterior shell of a bridge, or between adjacent rooms. Doors
can be used by people to enter or leave a bridge or.rmoocontrast to £losureSurfac& door may be closed,
blocking the transit of people. Boor may be assigned zero or more addresBks. corresponding\ddres-
PropertyTypés defined within the CityGML core module (cf. chapi€r1.9.
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10.5.5 Bridge interior

The classe8ridgeRoom IntBridgelnstallationand BridgeFurnitureallow for the representation dfie bridge
interior. Theyare designed in analogy to the clasResm IntBuildinglnstallationand BuildingFurniture of the
building module angharethe same meaning@he bridge interior can only be modeled.i@D4.

BridgeRoomType, BridgeRoom

<xs:complexTypeame=BridgeRoomType*
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=lod4Solid"type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=boundedBy'type='"BoundarySurfaceProperty TypaiinOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=interiorFurniture"type="InteriorFurnitureProperty TypethinOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=bridgeRoomInstadation" type="IntBridgelnstallationProperty TypehinOccurs=0"
maxOccurs=unbounded>
<xs:elementef="_GenericApplicationPropertyOfBridgeRoomiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>

<I/xs:complexType>

<l-- =

<xs:elemenhame=BridgeRoom"type="BridgeRoomType'substitutionGroup=core:_CityObject/>

<l-- >

<xs:elemenhame=_GenericApplicationPropertyOfBridgeRoortype="xs:anyType“abstractrue"/>

A BridgeRoomis a semantic object for modelling the free space inside a bridge and should be uniquelyorelated
exactly one bridge or bridge part object. It should be closed (if necessary byQlssugeSurfacesand the
geometry normally will be described by a solidddSolid. However, if the topological correctness of the
boundary cannot be guaranteed, ge®metry can alternatively be given aMaltiSurface(lod4MultiSurfacg.

The surface normals of the outer shell of a GML solid must point outwards. This is important to consider when
BridgeRoomsurfaces should be assign@dpearancesin this casetextures and colors must be placed on the
backside of the corresponding surfaces in order to be visible from the inside of the room.

In addition to the geometrical representation, different parts of the visible surface of a room can be modelled by
specialsed BoundarySurfacegFloorSurface CeilingSurface InteriorWallSurface and ClosureSurfacg cf.
chapterl0.5.3.

BridgeFurnitureType, BridgeFurniture

<xs:compleTypename=BridgeFurnitureTypes
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function" type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=zusage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhamezlod4Geometry'type="gml:GeometryProperty TypehinOccurs0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="coreImplicitRepresentationProperty TypelinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfBridgeFurnitureliinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=BridgeFurniture'type="'BridgeFurnitureType'substitutionGroup*core:_CityObject/>
SIS >
<xs:elemenhame=_GenericApplicationPropertyOfBridgeFurniturg/pe="xs:anyType"abstractrue"/>

BridgeRoons may haveBridgeFurnituresand IntBridgelnstallatons A BridgeFurnitureis a movable part of a
room, such as a chair or furnitur&. BridgeFurniture object should be uniquely related to exactly one room
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object. Its geometrynay be represented by an explicit geometry olnaplicitGeometryobject. Following the
concept ofimplicitGeometrythe geometry of a prototype bridge furniture is stored only once in a locali-coord
nate system and referenced by other bridge furniture features (see 8@pter

IntBridgelnstallationType, IntBridgelnstallation

<xs:complexTypaame=IntBridgelnstallationType>
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame="class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryProperty TypahinOccurs=0"/>
<xs:elemenhame=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=boundedBy'type='"BoundarySurfaceProperty TypaiinOccurs=0" maxOccurs=unbounded/>
<xs:elementef="_GenericApplicationPropertyOfintBridgelnstallatiomiinOccurs=0" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<= >
<xs:elemenhame=IntBridgelnstallation'type="IntBridgeInstallation Type'substitutionGroupcore:_CityObject/>
<l-- ->
<xs:elemenhame=_GenericApplicationPropertyOfintBridgelnstallatiotype="xs:anyType"abstract=true"/>

An IntBridgenstallationis an object inside a bridge with a specialised function or semantic meaning. In contrast
to BridgeFurniture, IntBridgdnstallationsare permanently attached to thrédgestructure and cannot be moved.
Examples fointBridgelnstallationsare stairways, railings and heatedhjects of the clasatBridgenstallation

can either be associated with a ro¢ctass BridgeRoon), or with the complete bridge / bridge part (class
_AbstractBridge cf. chapterl0.5.]). However, they should be uniquelglated to exactly one room or one
bridge / bridge part objecAn IntBridgelinstallation optionally hasattributesclass function and usage The
attributeclass which can only occur once, represents a general classification of the internal bridge ecampone
With the attributegunctionandusage nominal and real functions of a bridge installation can be described. For
all three attributes the list of feasible values can be specified in a codefithe geometrical representation of
anIntBridgelnstalation, an arbitrary geometry object from the GML subset showfign9 can be usedAlter-
natively, the geometry may be givenlamlicitGeometryobject. Following the concept dimplicitGeometrythe
geometry of a prototype interior bridge installation is stored only once in a local coordinate systemrand refe
enced by other interior bridgaestallationfeatures (see chapt8r2). The visible surfaces of an interior bridge
installation can be semantically classified using the concept of boundary surfad@s5(&.

10.5.6 Examples

The bridge of Rees crossing the Rhine in Gernfasthreebridge partswhich are separated by pyloisg. 51
(left) depicts the Rees bridgeodel containingone Bridge feature which consists dfireeBridgePartfeatures
The pylons, which are structurally essential, are represent&didgeConstructionElement©n the top of the
pylons four lampsarelocated which are modelesBridgelnstallationfeaturegcf. right part ofFig. 51).

BridgeConstructionElement

/ Bridgelnstallation

BridgePart
n gf 2 BridgeConstructionElement

BridgePart /
J/ BridgePart

T T

Bridge Bridge

/I

BridgePart

BridgeConstructionElement

Fig. 51: Thebridge of Rees, consisting oBidgefeature andhreeBridgePartfeatureqleft). The bridge contains
BridgeConstructionElemeisindBridgelnstallationfeatureqright).
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In the following Fig. 52, the main part of the bridge of Rees is shown as photograph on the left side (source:
Harald Halfpapp)and the corresponding part of the LOD2 bridge méxldepictedbn the the right sidesfurce:
District of Recklinghausen / KIT)

www.halfpapp.de

Fig. 52: The bridge of Rees (left photo (source: Harald Halfpapp); right LOD2 model (source: District of Recklinghausen / KIT))

There are twabridges crossing the river Rhine at Karlsryh@ermany The first one is a two track railway bridge
constructed as #uss bridgg(cf. Fig. 53 front). The second one is a four lane highway bridge constructed as a
cablestayed bridgécf. Fig. 53 background).

W

Fig. 53: Bridge over lie river Rhine at Karlsruhgeft a photo, right the 3D CityGML mode(source: Karlsruhe Institute of Technology
(KIT), courtesy of City of Karlsruhe)
In CityGML both bridges arenodekd as singleBridge objectwith BridgeConstructionElemesiand Bridgeln-
stallations. The construction elements of the cable stayed brédgéhe footing on both river sides and in the
middle of the riveras well aghe cables and the pylon. The construction elements of the truss bridge are the
footings and the truss itseBoth bridge have several railings which are modeledBdadgelnstallation

The bridge 0 Ober blkigiMisdogatet ia the certire off Berlin arossithg river Spree and
serves as example for bridges having interior rooms.ré@élevorld bridge is depicted in the left part Bfg. 54,
whereas the corresponding CityGML model is sh@arthe right. The outer geometry of the bridge is modeled
asgml:MultiSurfaceelement fod4MultiSurfaceproperty) and is assigned photorealistic textures. Additionally,
the interior rooms located in bothidlge towers are represented BxiddgeRoomobjects with solid geometries
(gml:Solidassigned through thed4Solid property) Due toits high geometric accuracy and the representation
of the interior structures of both bridge towers, the model is cladsifid OD4.
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Fig. 54: Thebridgei O b e r Wyiaked in Berlin represented as bridge model in LOD4 (left a photo, right the 3D CityGML md¢sielirce:
Berlin Senate of Business, Technology and WarBersiness Location Center, Berlifiechnische Universitat Berlitarlsruhe Institute of
Technology (KIT).

10.5.7 Codelists

Theattributesclass function andusageof the features AbstracBridge, BridgeConstructionElement, Bridgel
stallation, BridgeRoom, BridgeFurnituendIntBridgelnstallaton arespecified agml:CodeTypeThe values of

these propertiesanbe enumerated in code lists. Proposals for corresponding code lists can be found in annex
C.3

10.5.8 Conformance requirements

Base requirements

1. If a bridge only consists of one (homogeneous) part, it shall be represented by the 8edgmt
However, if a bridge is composed of individsaluctural segments, it shall be modelled &sidge el-
ement having one or more additiorgridgePartelements. Only the geometry and repatial proper
ties of the main part of theridgeshould be represented within the aggregairidge element.

Usage restriction of bridge model components according to different LODs

2. The lodXSolid and lodXMultiSurface X | [1..4], properties dml:SolidPropertyType resp.
gml:MultiSurfaceProperty Typeof _AbstractBridgemay be used to geometrically represent the-exte
rior shell of a bridge (as volume or surface model) within each LOD. For LOD1, &thEBolidor
lod1MultiSurfacemust be used, but not both. Starting from LOD2, both properties may be modelled i
dividually and complementary.

3. Starting from LOD2, the exterior shell of a\bstractBridgemay be semantically decomposed into
_BoundarySurfacelements using theoundedByproperty (type:BoundarySurfacePropertyTypef
_AbstractBridge Only RoofSurface WallSurface, GroundSurface OuterCeilingSurfaceOuterFloa-
Surfaceand ClosureSurfaceas subclasses oBoundarySurfacare allowed.The boundedByproperty
(not to be confused with theaml:boundedByroperty) shall not be used if the bridge is only repriesen
in LOD1.

If the exterior shell is represented bBoundarySurfacelements, an additional geometric representa
tion as volume or surface model using th@XSolidandlodXMultiSurface X | [2..4], properties shall
not explicitly define the geometry, but has reference the according components of the
gml:MultiSurfaceelement of BoundarySurfacevithin each LOD using the XLink concept of GML
3.1.1.

4. Starting from LOD2, curve parts of the bridge shell may be represented usingXhdultiCurve X |
[2..4], property of AbstractBridge This property shall not be used if thedge is only represented in
LODL1.

5. Starting from LOD1, hie outerBridgeConstructiomproperty (type:BridgeConstructioklemenPropa-
tyType of _AbstractBridgemay be used to mod@ridgeConstructionElemerglementsBridgeCm-
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structionElemenelements shall only be used to represent outer characteristics of a bridge which do not
have the significance of bridge parts and are essential from a structural point.of view

6. Starting from LOL2, the geometry dBridgeConstructionElememiements may be semantically class
fied by BoundarySurfaceslements using thboundedByproperty (type:BoundarySurfacePropert
Typg of BridgeConstructionElementThe boundedBy property (not to be confused with the
gml:boundedByproperty) shall not be used if the bridgenstruction elemeris only represeted in
LOD1.

7. Starting from LOD2, theouterBridgelnstallationproperty (type:BridgelnstallationPropertyTypeof
_AbstractBidge may be used to mod@ridgelnstallationelementsBridgelnstallationelements shall
only be used to represent outer characteristicshoidge which do not have the significance lmidge
parts and are not essential from a structural point of view.

8. Starting from LOD2, the geometry @&ridgelnstallationelements may be semantically classified by
_BoundarySurfaceslements using thboundedByproperty (type:BoundarySurfacePropertyTypef
Bridgelnstallation Only RoofSurfaceWallSurface GroundSurfaceQuterCeilingSurfaceOuterFloa-
SurfaceandClosureSurfaceas subclasses oBoundarySurfacare allowed.

9. Starting from LOD3, openings ofBoundarySurfaceslements may be modelled using theening
property (type:OpeningPropertyTygeof BoundarySurface This property shall not be used for
_BoundarySurfacelements only represented in LOD2. Accordingly, the surface geometry representing
a _BoundarySurfacen LOD2 must be simply connected

The openingproperty of BoundarySurfacenay containor reference Openingelements. If the geo

metric location of an Opening element topologically lies within a surface component of the
_BoundarySurfacethe opening must also be represented as inner hole of that surface. The embrasure
surface of an Openhg element shall belong to the relevant adjac&udundarySurface

10. Starting from LOD4, theinteriorBridgeRoomproperty (type:InteriorBridgeRoomPropertyTypeof
_AbstractBridgemay be used to semantically model the free space insideitlgeby BridgeRoomel-
ements. This property shall not be used if the bridge is only represented in LADTheBridgeRoom
element may be geometrically represented as a surface or volume model, udodySslid or
lod4MultiSurfaceproperty ¢ml:SolidProperty Typeeg. gml:MultiSurfaceProperty Type

In addition, different parts of the visible surface ob@adge room may be modelled by thematic
_BoundarySurfacelements. OnlyFloorSurface CeilingSurfaceInteriorWallSurface andClosureSuw

faceas subclasses oBowndarySurfaceare allowed. If the visible surface of a room is represented by
_BoundarySurfacelements, an additional geometric representation as volume or surface model using
the lod4Solidand lod4MultiSurfaceproperty shall not explicitly define the geetry, but has to refe

ence the according components of ginal:MultiSurfaceelement of BoundarySurfacesing the XLink
concept of GML 3.1.1.

11. Starting from LOD4, thénteriorBridgelnstallationproperty (typeintBridgelnstallationPropertyType
of _AbstracBridge may be used to represent immovable objects insidbritige that are permamently
attached to the bridge structure. TiheriorBridgelnstallationproperty shall not be used if theidgeis
only represented in LOD 1 3. Furthermore, thanteriorBridgelnstallationproperty shall only be used
if the object cannot be associated witBradgeRoomelement. In the latter case, thedgeRoomInstia
lation property (type:IntBridgelnstallationPropertyTypgeof the correspondin@ridgeRoomelement
shall be used to represent the object.

12. Starting from LOD4, the geometry bitBridgelnstallationelements may be semantically classified by
_BoundarySurfaceelements using thboundedByproperty (type:BoundarySurfacePropertyTypef
IntBridgelnsallation. Only FloorSurface CeilingSurface InteriorWallSurface and ClosureSurfaceas
subclasses ofBoundarySurfacare allowed.

Referential integrity

13. The boundedByproperty (type:BoundarySurfacePropertyTypef the element AbstractBridgemay
containa _BoundarySurfacelement inline or an XLink reference to a remoBoundarySurfacele-
ment using the XLink concept of GML 3.1.1. In the latter casexlthk:href attribute of theboundedBy
property may only point to a remot8oundarySurfacelement where remote BoundarySurfacele-
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14.

15.

16.

17.

18.

19.

20.

21.

ments are located in another document or elsewhere in the same document). Either the costained el
ment or the reference must beajiy but neither both nor none.

Only RoofSurface WallSurface GroundSurface OuterCeilingSurface OuterFloorSurfaceand Cle
sureSurfaceelements are allowed to be encapsulated or referenced by the boundedBy property of
_AbstractBridge

The outerBridgeConstructiomproperty (typeBridgeConstructionElementProperty Typef the element
_AbstractBridgemay contain a@ridgeConstructionElemerglement inline or an XLink reference to a
remoteBridgeConstructionElememlement using the XLink concept of GML 3.1.1. In the latter case,
thexlink:href attribute of theouterBridgeConstructioproperty may only point to a remoBridgeCan-
structionElemenelement (where remotBridgeConstructionElemerglements are located in another
document or elsewhere in the same document). Either the contained element or the reference must be
given, but neitheboth nor none.

The outerBridgelnstallation property (type: BridgelnstallationPropertyTyge of the element
_AbstractBridgemay contain aBridgelnstallationelement inline or an XLink reference to a remote
Bridgelnstallation element using the XLink concepiGML 3.1.1. In the latter case, théink:href at

tribute of theouterBridgelnstallationproperty may only point to a remoBridgelnstallationelement
(where remoteBridgelnstallationelements are located in another document or elsewhere in the same
document). Either the contained element or the reference mustdig gut neither both nor none.

The interiorBridgelnstallation property (type: IntBridgelnstallationPropertyType of the element
_AbstractBridgemay contain ahntBridgelnstallationelement inline or an XLink reference to a remote
IntBridgelnstallationelement using the XLink concept of GML 3.1.1. In the latter casexlihiehref

attribute of thanteriorBridgelnstallationproperty may only point to a remoletBridgelnstallationel-

ement (where remotmtBridgelnstallationelements are located in another document or elsewhere in

the same document). Either the contained element or the reference must be given, but neither both nor
none.

The interiorBridgeRoom property (type: InteriorBridgeRoomPropertyType of the element
_AbstractBridgemay contain aBridgeRoomelement inline or an XLink reference to a remote
BridgeRoomelement using the XLink concept of GML 3.1.1. In the latter casexlihlehref attribute

of the interiorBridgeRoomproperty may only point to a remoRridgeRoomelement (where remote
BridgeRoonelements are located in another document or elsewhere in the same document). Either the
contained element or the reference must be given, but neither both nor none.

The consissOfBridgePartproperty (type:BridgePartPropertyTypeof the element AbstractBridge

may contain a@ridgePartelement inline or an XLink reference to a remBt&gePartelement using

the XLink concept of GML 3.1.1. In the latter case, xhiek:href attribute of theconsistsOfBridgePart
property may only point to a remoBridgePartelement (where remotridgePartelements are locat

ed in another document or elsewhere in the same document). Either the contained element or the refer
ence must be gen, butneither both nor none.

Theaddresroperty (typecore:AddressProperty Typef the element AbstractBridgemay contain an
core:Addreselement inline or an XLink reference to a remotee:Addreselement using the XLink
concept of GML 3.1.1. In the l&tt case, thelink:href attribute of the address property may only point
to a remotecore:Addresslement (where remoteore:Addresslements are located in another goc
ment or elsewhere in the same document). Either the contained element or the refieis e given,
but neither both nor none.

The openingproperty (type:OpeningPropertyTypeof the element BoundarySurfacenay contain an
_Openingelement inline or an XLink reference to a remo@peningelement using the XLink concept

of GML 3.1.1. In the latter case, thénk:href attribute of the opening property may only point to-are
mote Openingelement (where remoteOpeningelements are located in another document or else
where in the same docemt). Either the contained element or the reference must be given, but neither
both nor none.

The address property (type: core:AddressPropertyTypeof the elementDoor may contain an
core:Addresslement inline or an XLink reference to a remotee:Addres element using the XLink
concept of GML 3.1.1. In the latter case, #iek:href attribute of the address property may only point
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to a remotecore:Addresslement (where remoteore:Addresslements are located in another goc
ment or elsewhere in the sardocument). Either the contained element or the reference must be given,
but neither both nor none.

22. The boundedByproperty (type: BoundarySurfacePropertyTypeof the elementBridgeConstre-
tionElementmay contain a BoundarySurfaceelement inline or an Xlok reference to a remote
_BoundarySurfacelement using the XLink concept of GML 3.1.1. In the latter casexlithie href at-
tribute of theboundedByproperty may only point to a remotéBoundarySurfacelement (wheree-
mote_BoundarySurfacelements areocated in another document or elsewhere in the same document).
Either the contained element or the reference must be given, but neither both nor none.

23. The boundedByproperty (typeBoundarySurfacePropertyTypef the elemenBridgelnstallationmay
containa _BoundarySurfacelement inline or an XLink reference to a remoBoundarySurfacele-
ment using the XLink concept of GML 3.1.1. In the latter casexlthk:href attribute of theboundedBy
property may only point to a remot@&oundarySurfacelement (where remoteBoundarySurfacele-
ments are located in another document or elsewhere in the same docthitieeit)the contained el
ment or the reference must be given, but neither both nor none.

Only RoofSurface WallSurface GroundSurface, OuterlingSurface, OuterFloorSurfacand Clo-
sureSurfaceelements are allowed to be encapsulated or referenced byotheledByproperty of
Bridgelnstallation

24. The boundedByproperty (type:BoundarySurfacePropertyTypef the elemenintBridgelnstallation
may ontain a_BoundarySurfacelement inline or an XLink reference to a remoBoundarySurface
element using the XLink concept of GML 3.1.1. In the latter casexlithiehref attribute of thebourd-
edByproperty may only point to a remot®&oundarySurfacelement (where remoteBoundarySurface
elements are located in another document or elsewhere in the same dochitiemtjhe contained-e
ement or the reference must be given, but neither both nor none.

Only FloorSurface CeilingSurface InteriorWallSurfa®, and ClosureSurfaceslements are allowed to
be encapsulated or referenced bylihandedByroperty ofintBridgelnstallation

25. The boundedByproperty (type:BoundarySurfacePropertyTypef the elemenBridgeRoommay cao-
tain a BoundarySurfacelement inline or an XLink reference to a remoBoundarySurfacelement
using the XLink concept of GML 3.1.1. In the latter case,xrk:href attribute of theboundedBy
property may only point to a remot®8oundarySurfacelement (where remoteBoundarySurfaceele-
ments are located in another document or elsewhere in the same document). Either the costained el
ment or the reference must beeyiy but neither both nor none.

Only FloorSurface CeilingSurface InteriorWallSurface and ClosureSurfaceslements are allowed to
be encapsulated or referenced bylibandedByroperty ofBridgeRoom

26. TheinteriorFurniture property (typeinteriorFurniturePropertyTypgof the elemenBridgeRoommay
contain arBridgeFurnitureelement inline or an XLink reference & remoteBridgeFurnitureelement
using the XLink concept of GML 3.1.1. In the latter case,divek:href attribute of theinteriorFurni-
ture property may only point to a remoBridgeFurnitureelement (where remotridgeFurnitureele-
ments are located ianother document or elsewhere in the same document). Either the contained el
ment or the reference must be given, but neither both nor none.

27. The bridgeRoominstallationproperty (type: IntBridgelnstallationPropertyType of the element
BridgeRoommay contain arintBridgelnstallationelement inline or an XLink reference to a remote
IntBridgelnstallationelement using the XLink concept of GML 3.1.1. In the latter casexlihkehref
attribute of thebridgeRoomiInstallatiorproperty may only point ta remotelntBridgelnstallationele-
ment (where remotmtBridgelnstallationelements are located in another document or elsewhere in the
same document). Either the contained element or the reference must be given, but neither both nor
none.

28. ThelodXImplicitRepresentationX | [1..4], property (typecore:ImplicitRepresentationProperty Type
of the elemenBridgeConstructionElemenhay contain aore:ImplicitGeometryelement inline or an
XLink reference to a remoteore:ImplicitGeometryelement using the XLinconcept of GML 3.1.1. In
the latter case, thdink:href attribute of thdodXImplicitRepresentatignX i [1..4], property may only

Copyright © 2012 Open Geospatial Consortium. 117



118

29.

30.

31.

32.

point to a remoteore:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are
located in another documeor elsewhere in the same documeRijher the contained element or the
reference must be given, but neither both nor none.

The lodXImplicitRepresentatiqnX | [2..4], property (typecore:ImplicitRepresentationProperty Type
of the elemenBridgelnstallationmay contain a&ore:ImplicitGeometrelement inline or an XLink ffe
erence to a remotore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter
case, thedink:href attribute of thdodXImplicitRepresentatiqrX i [2..4], property may only point to a
remotecore:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in
another document or elsewhere in the same docuntgtitgr the contained element or the reference
must be given, but néier both nor none.

The lodXImplicitRepresentatignX | [3..4], property (typecore:ImplicitRepresentationProperty Type

of the element Openingmay contain aore:ImplicitGeometryelement inline or an XLink reference to

a remotecore:ImplicitGeometnelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of thdodXImplicitRepresentatignX | [3..4], property may only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor none.

The lod4ImplicitRepresentatioproperty (type:core:ImplicitRepresentationPropertyTy)pef the eé-
mentintBridgenstallation may contain aore:ImplicitGeometryelement inline or an XLink reference

to a remotecore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In the latter case,
the xlink:href attribute of thelod4implicitRepresentatiorproperty mg only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor none.

The lod4ImplicitRepresentatioproperty (type:core:ImplicitRepresentationProperty Typef the eé-
mentBridgeFurniture may contain aore:ImplicitGeometryelement inline or an XLink reference to a
remotecore:ImplicitGeometryelement using the XLink concepf GML 3.1.1. In the latter case, the
xlink:href attribute of the lod4implicitRepresentationproperty may only point to a remote
core:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are located in another
document or elsewhere ingtsame documentiEither the contained element or the reference must be
given, but neither both nor none.
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10.6 Water bodies

Waters have always played an important role in urbanisation processes and cities were built preferably at rivers
ard places where landfall seemed to be easy. Obviously, water is essential for human alimentationsand sanit
tion. Water bodies present the most economical way of transportation and are barriers at the same time, that
avoid instant access to other locatidBsdging waterways caused the first efforts of construction and resulted in
high-tech bridges of today. The landscapes of many cities are dominated by water, which directly relates to 3D
city models. Furthermore, water bodies are important for urbandigeilaject of recreation and possible hazards

as e.g. floods.

The distinct character of water bodies compared with the permanence of buildings, roadways, and terrain is
considered in this thematic model. Water bodies are dynamic surfaces. Tides occuyrdguleregular events
predominate with respect to natural forces, for example flood events. The visible water surface changes in height
and its covered area with the necessity to model its semantics and geometry distinct from adjacent objects like
terrain or buildings.

This first modelling approach of water bodies fulfils the requirements of 3D city models. It does not inherit any
hydrological or other dynamic aspects. In these terms it does not claim to be complete. However, the semantic
and geometricdescription given here allows further enhancements of dynamics and conceptually different
descriptions. The water bodies model of CityGML is embraced by the thematic extension kivadelBody

(cf. chapter7).

The water bodies modekpresents the thematic aspects and ttieensional geometry of rivers, canals, lakes,

and basins. In the LOD-2 water bodies are bounded by distinct thematic surfaces. These safacie
obligatory WaterSurface defined as the boundary between water and air, the optatdrGroundSurface

defined as the boundary between water and underground (e.g. DTM or floor of a 3D basin object), and zero or
more WaterClosureSurfaceslefined as virtual boundaries between different water bodies or between water and
the end of a modelled region (d&ig. 55). A dynamic element may be théaterSurfaeto represent temporarily
changing situations of tidal flats.

WaterSurface

—<>  WaterBody

WaterClosure

IIIIIITIIIIIIII
2]
c
=
g
(o]

WaterGroundSurface

Fig. 55: lllustration of a water body defined in CityGML (graphic: IGG Uni Bonn).

The UML diagram of the water body model is depicteign 56, for the XML schema definition see below and
annexA.13. EachWaterBodyobject may have the atititesclass functionandusagewhose possible values can
be enumerated ioode lists (cf. chapte0.6.3and annexC.9). The attributeclassdefines the classification of the
object, e.glake, river, orfountain and can occur only oncehe attributefunctioncontains the purpose of the
object like, for example national waterway or public swimming, while the attribségedefines the actual
usages, e.g. whether the water body is navigable. The lattexttributes can occur multiple times.

WaterBodyis a subclass of WaterObjectndtransitivelyof the root class CityObject The class WaterObject

may be differentiated in further subclasses of water objects in the future. The geometrical repraseithto
WaterBodyvaries through the different levels of det&inceWaterBodyis a subclass ofCityObjectand hence

a feature, it inherits the attributgml:name.The WaterBodycan be differentiated semantically by the class
_WaterBoundarySurfaced _WaterBoundarySurfaces a part of the water bodyéoés
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function like WaterSurfaceWaterGroundSurfacer WaterClosureSurfacés with any CityObject WaterBody
objects as well ag/aterSurfaceWaterGroundSurfaceandWaterClosureSurfacmay be assigneBxternalRé&

erenceqcf. chapter6.7) and may be augmented lgnericattributesu s i ng CiQene@dhoduke (cf.
chapterl0.19.

The optional attributevaterLevelof a WaterSurfacean be used to describe the water level, for which the given
3D surface geometry was acquired. This igeegally important when the water body is influenced by the tide.
The allowed valuesan bedefined inacorrespondingode list.

<<Feature>>
core::_CityObject

[
0.1 <<Feature>>
lodOMultiSurface i
<<Geometry>> RWalelonject
gml::MultiSurface lod1MultiSurface ZF
|
<<Feature>> o : <<Feature>> » _lod2Surface
lod1Solid * — WaterBody OboundedBB _WaterBoundarySurface + lodaSurface 0.1 <<Geometry>>
lod2Solid . |rolass : gml::CodeType [0..1] gml::_Surface
<<Geometry>> 0.. function : gml::CodeType [0..*] +  lod4Surface
gml::_Solid lod3Solid « |+usage : gml::CodeType [0..4]
lod4Solid o
. <<Feature>>
<<Geometry>> lodOMultiCurve  +f| * —=featires oo WaterSurface
gmi:MultiCurve | 01 041 mutticurve WaterClosureSurface | | WaterGroundSurface | [+waterLevel : gml::CodeType [0..1]

Fig. 56: UML diagram of the water body model in CityGML. Prefixes are used to indicate XML namesgaoegted with modeles!
ments. Element names without a prefix are defined within the City@MterBodymodule.

Both LODO and LODL1 represent a low level of illustration and high grade of generalisation. Here the rivers are
modelled asdMultiCurve geometryand brooks are omitted. Seas, oceans and lakes with significant extent are
represented as MlultiSurface (Fig. 56). Every WaterBodymay be assigned aombination of geometries of
different types. Linear water bodies are represented as a network of 3D curves. Each curve is composed of
straight line segments, where the line orientation denotes the flow direction (water flows from the first point of a
curve e.g. agml:LineString,to the last). Areal objects like lakes or seas are represented by 3D surfage geom
tries of the water surface.

Starting from LOD1 water bodies may also be modelled as water filled volumes represegt#idbyf a water

body is represented by gml:Solid in LOD2 or higher, the surface geometries of the corresponding thematic
WatelClosureSurfaceWaterGroundSurfageand WaterSurfaceobjects must coincide with the exterior shell of

the gml:Solid This can be ensured, if faachLOD X the respectivdodXSolid representation (wher¥ is

between 2 and 4) does not redundantly define the geometry, but instead references the corresponding polygons
(using GML3086s XLi nldXSudacdelanments (mhereXdsf betwebne2 and 4) dNate-
ClosureSurfaceWaterGroundSurfageandWaterSurface

LOD2 to LOD4 demand a higher grade of detail and thereforeVdaterBodycan be outlined by thematic
surfaces or a solid composed of the surrounding thematic surfaces.

Every object of the clas#/aterSurfaceWaterClosureSurfaceandWaterGroundSurfacenust have at least one
associated surface geometry. This means, that &atgrSurfaceWaterClosureSurfageandWaterGround S
face feature within a CityGML instance document must contain at least of the following properties:
lod2Surfacelod3Surfacelod4Surface

The water body model implicitly includes the concepfTefrainintersectionCurves¢TIC), e.g. to specify the
exact intersection of the DTM with the 3D geometry &VaterBodyor to adust aWaterBodyor WaterSurface
to the surrounding DTM (see chap@b). The rings defining theVaterSurfacgolygons implicitly delineate the
intersection of thevater body with the terrain or basin.

XML namespace

The XML namespace of the CityGMWaterBodymodule is identified by the Uniform Resource Identifier
(URI) http://lwww.opengis.net/citygml/waterbo@®. Within the XML Schema definition of th&/aterBody
module, this URI is also used to identify the default namespace.
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10.6.1 Water body
AbstractWaterObjectType, _WaterObject

<xs:complexTypeaame=Abstract\WaterObjectTypedbstracttrue">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWaterObjectiinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<I/xs:complexType>
<l-- >
<xs:elemenhame=_WaterObject'type="AbstractWaterObjectTypedbstract=true" substitutionGroup=core:_CityObject/>
L= >
<xs:dementname=_GenericApplicationPropertyOfWaterObjedjpe="xs:anyType"abstracttrue"/>

WaterBodyType, WaterBody

<xs:complexTypeaame=WaterBodyType*
<xs:complexContent>
<xs:extensiorbase=AbstractWaterObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=zusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhane="lodOMultiCurve"type="gml:MultiCurveProperty TypetninOccurs=0"/>
<xs:elemenhame=lodOMultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod1MultiCurve"type="gml:MultiCurveProperty TypeminOccurs=0"/>
<xs:elemenhame=lod1MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod1Solid"type="gml:SolidProperty TypetinOccurs=0"/>
<xs:elemenhame=lod2Solid" type="gml:SolidProperty TypetninOccurs=0"/>
<xs:elemat name=lod3Solid"type="gml:SolidProperty TypetinOccurs=0"/>
<xs:elemenhame=lod4Solid"type="gml:SolidProperty TypetinOccurs=0"/>
<xs:elemenhame=boundedBy'type='"BoundedByWaterSurfaceProperty TypainOccurs20" maxOccurs*unbounded/>
<xs:elementef="_GenericApplicationPropertyOfWaterBodgiinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>

</xs:complexType>

S =

<xs:elemenhame=WaterBody"type="WaterBodyType'substitutionGroup* WaterObject>

<I-- >

<xs:elemenhame=_GenericApplicationPropertyOfWaterBodfype="xs:anyType"abstracttrue"/>

10.6.2 Boundary surfaces

With respect to different functions and characteristics three boundary classes for water are defined to build a
solid orcomposite surface geomeffyig. 55).

1. Boundary cl ass WaerSurfacéomakdatoreto the.modelhaed usually is registered using
photogrammetric analysis or mapping exploration. The representation may vary due to tidal flatgor chan
ing water levels, which can be reflected by including different static water surfaces défengnt wa-
terLevels(gml:CodeTypg as for example highest flooding event, mean sea levetjromum water level.

This offers the opportunity to describe significant water surfaces due to levels that are important for certain
representations e.g. in éilzones.

2. Boundary cl ass f WidategsrountdSurfacarayhe kndvin.by sbriareexploration or other

depth measurements. Also part of Qormsteuctigir.ouhhle sqgrrd warcde

surface might be identical to the underevaierrain model, but also describes the contour to other uaderw
ter objects. The usefulness of this concept arises from the existence of water defesiogctiondike
sluices, sills, flood barrage or tidal power stations. The us&aierGroundSurfacas boundary layer to
manmade constructionis relevant in urban situations, whesechobjectsmay enclose thenodeledwater
body completdy, for examplefountains and swimming pool¥he WaterSurfacenbjects together with the
WaterGroundSurfacebjectsenclose thaVaterBodyas a volume.
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3. Boundary cl ass f Watér@asureSwfack/antopional featufletihat comes in usden
the union of theNVaterSurfaceandWaterGroundSurfacesf a water body does not define a closed volume.
The WaterClosueSurfaceis then used to complete the enclosure of water volumes and to separate water
volumes from those where only the surface is known. This might occur, where the cross section and ground
surface of rivers is partly available during its course.

_WateBoundarySurfaceshould only be included as parts of correspondifagerBodyobjects and should not
be used as staralone objects within a CityGML model.

AbstractWaterBoundarySurfaceType, _WaterBoundarySurface

<xs:complexTypeaame=AbstractWaterBoundarySurface Typalistractrue">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elemenhame=lod2Surface'type="gml:SurfaceProperty TypehinOccurs=0"/>
<xs:elemenhame=lod3Surfa@" type="gml:SurfaceProperty TypehinOccurs=0"/>
<xs:elemenhame=lod4Surface'type='gml:SurfaceProperty TypehinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOf\WaterBoundarySurfagehOccurs=0" maxOccurs=unbounded/>
</xs:sequece>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=_WaterBoundarySurfaceype="AbstractWaterBoundarySurfaceTypatstract=true"
substitutionGroup*core:_CityObject/>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfWaterBoundarySurfatgle="xs:anyType"abstract=true"/>

WaterSurfaceType, WaterSurface

<xs:complexTypeame=WaterSurfaceType*
<xs:complexContent>
<xs:extensiorbase=AbstractWaterBoundarySurfaceType"
<xs:sequence>
<xs:elemenhame=waterLevel"type="gml:CodeType'minOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfWaterSurfagafnOccurs20" maxOccursfunbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<!-- =
<xs:elemenhame=WaterSurfacetype="WaterSurfaceTypeSubstitutionGroup WaterBoundarySurfact*
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfWatsurface'type='xs:anyType"abstractztrue"/>

WaterGroundSurfaceType, WaterGroundSurface

<xs:complexTypeaame=WaterGroundSurfaceType"
<xs:complexContent>
<xs:extensiorbase2AbstractWaterBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWaterGroundSurfagghOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<I-- =
<xs:elemenhame=WaterGroundSurfaceype="WaterGroundSurfaceTypeubstitutionGroupx WaterBoundarySurfac&*
SIS >
<xs:elemenhame=_GenericApplicationPropertyOfWaterGroundSurfatgie="xs:anyType"abstractrue'/>

WaterClosureSurfaceType, WaterClosureSurface

<xs:complexTypeamame=WaterClosureSurfaceType"
<xs:compexContent>
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<xs:extensiorbase=AbstractWaterBoundarySurfaceType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfWaterClosureSurfaoefiOccurs=0" maxOccurstunbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
L=
<xs:elemenhame=WaterClosureSurfaceype="WaterClosureSurfaceTypaubstitutionGroup= WaterBoundarySurfacg*
<l--
<xs:elemenhame=_GenericApplicationPropertyOfWaterClosureSurfatygle="xs:anyType"abstract=true"/>

10.6.3 Code lists

The attributesclass function and usageof the feature WaterBodyas well as the attributeaterLevelof the
featureWaterSurfaceare specified agml:CodeTypeThe values of these propertiesnbe enumerated in code
lists. Proposals for corresponding code lists can be found in @&Bex

10.6.4 Conformance requirements

Base requirements

1. For LODO and LOD1, the geometry of \WaterBodymay be modelled as a linear network using
gml:MultiCurve geometry edments. In that case, eagiml:MultiCurve shall be composed of straight
line segements, where the line orientation denotes the flow direction. The flow direction is from the first
point of a line segment to its last point.

2. Starting from LOD2, the exterioshell of a WaterBodymay be semantically decomposed into
_WaterBoundarySurfacelements using theoundedByproperty (typeBoundedByWaterSurfaceRro
ertyTyp¢ of WaterBodyThe boundedByproperty shall not be used if the water body is only represented
in lower LODs.

If the exterior shell is represented byaterBoundarySurfacelementsan additional geometric regr
sentation as volume model using tbdXSolid X | [2..4], propery of WaterBodyshall not explicitly
define the geometry, buthas to reference the accordingml:._Surface elemens of the
_WaterBoundarySurfacabjectswithin each LOD using the XLink concept of GML 3.1.1.

3. Each WaterBoundarySurfacelementmust have at least one associated surface geometry given by the
lodXSurfaceX I [2..4], properties of WaterBoundarySurface

4. _WaterBoundarySurfacelements shall only be included as parts of correspordiaterBodyele-
ments. They may not be given as stafwhe city objects within a CityGML model.

Referential integrity

5. TheboundedByroperty (typeBoundedByWaterSurfaceProperty Typé the elementWaterBodymay
contain a _WaterBoundarySurfaceelement inline or an XLink reference to a remote
_WaterBoundarySurfacelement using the XLink concept of GML 3.1.1. In the latter case, the
xlink:href attribute of theboundedByproperty may only point to a remot&VaterBoundarySurfacd-
ement (where remoteWaterBoundarySurfacelements are located in another document or elsewhere
in the same documentiither the contained element or the refawe must be given, but neither both
nor none.
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10.7 Transportation objects

The transportation model of CityGML is a mdfitinctional, multiscale model focusing on thematic anddun

tional as well as on geometrical/topological aspects. Transportation features are represented as a linear network
in LODO. Starting from LOD1, all transportation features are geometrically described by 3D surfaces. The areal
modelling of transportation féares allows for the application of geometric route planning algorithms. This can

be useful to determine restrictions and manoeuvres required along a transportation route. This information can
also be employed for trajectory planning of mobile robotsénréal world or the automatic placement of avatars
(virtual people) or vehicle models in 3D visualisations and training simulators. The transportation model of
CityGML is provided by the thematic extension modUtansportation(cf. chapter7).

The main class i$ransportationComplexwhich represents, for example, a road, a track, a railway, or a square.
Fig. 57 illustrates the four different thematic classes.

Fig. 57: Representations dfransportationComplefrom left to right: examples of road, track, rail, and square)
(source: RheinmetaDefence Electronics).

A TransportationComplexs composed of the par&afficArea and AuxiliaryTrafficArea Fig. 58 depicts an
example for a LODZransportationCorplex configuration within a virtual 3D city model. THeoadconsists of
severalTrafficAreasfor the sidewalks, road lanes, parking lots, and\oXiliaryTrafficAreasbelow the raised
flower beds.

Traffic
area

Auxiliary
traffic
areas

Fig. 58 Example for the representation of eansportationComplein LOD2 in CityGML: a road, which is the
aggregation of rafficAreasandAuxiliary TrafficAreas(source: City of Solingen, IGG Uni Bonn).

Fig. 59 depicts the UML diagram of the transportation modelttieiXML schema definition see annéx10.

124 Copyright © 2012 Opn Geospatial Consortiu



0GC12-019

<<Feature>>
core::_CityObject

<<Feature>>
_TransportationObject

I I |
<<Feature>> <<Feature>> . . <<Feature>>
TrafficArea trafficArea TransportationComplex auxiliaryTrafficArea AuxiliaryTrafficArea
+class : gml::CodeType [0..1] I<—<>{+class : gml::CodeType [0..1] H +class : gml::CodeType [0..1]
+function : gml::CodeType [0..*] * *[+function : gml::CodeType [0..*] +function : gml::CodeType [0..*]
+usage : gml::CodeType [0..*] +usage : gml::CodeType [0..*] +usage : gml::CodeType [0..*]
+surfaceMaterial : gml::CodeType [0..1]

+surfaceMaterial : gml::CodeType [0..1] T 4 T lodONetwork
*]x[x [ ] N
lod1MultiSurface <<Feature>> <<Feature>> <<Geometry>>

lod2MultiSurface Track Railway gml::GeometricComplex
lod3MultiSurface <<Feature>> <<Feature>>
L__lod2MultiSurface lod4MultiSurface Road SQEE
lod3MultiSurface 0.1 lod2MultiSurface
lodamuttiSurtace | O [ <<Geometry>> O-1 [ odamutisurtace

gml::MultiSurface _
lod4MultiSurface

Fig. 59: UML diagram of the transportation model in CityGML. Prefixes are used to indicate XML namespaces associated with model
elements. Element names without a prefix are defined within the CityQislibsportationmodule.

The road itself igepresented as BransportationComplexwhich is further subdivided intdrafficAreasand
AuxiliaryTrafficAreas The TrafficAreasare those elements, which are important in terms of traffic usage, like
car driving lanes, pedestrian zones and cycle lanesATikidiaryTrafficAreasare describing further elements of
the road, like kerbstones, middle lanes, and green areas.

TransportaionComplexobjectscan be thematically differentiated using the subcla3sask, Road, Railway,
and Square.Every TransportationComplexas theattributesclass function and usagewhose possible values
can be enumerated aode lists (chaptet0.7.4and annexC.8). The attributeclassdescribes the classification of
the object, functiondescribes the purpose thie objectfor example national motorwagpuntry roadpr airport,
while the attributausagecan be used, ithe actual usagdiffers from the functionThe attributefunctionand
usagecan occur multiple times.

In additionboth TrafficArea and AuxiliaryTrafficAreamay have the attributedass function usage andsur-
faceMaterial The attributeclassdescribes the classification thfe object. FoirafficArea,functiondescribes, if

the objectfor examplemay bea car driving lane, a pedestrian zones, or a cycle lane, whilesthgeattribute
indicates which modes of transportation can use it (e.g. pedestrian, car, tram, roller skates). Thesatiribute
faceMaterialspecifies the type of pavement and may alsaide forAuxiliaryTrafficAreas(e.g. asphalt, co
crete gravel, soil, rail, gragsThefunctionattribute of theAuxiliaryTrafficAreadefines, for example kerbstones,
middle lanes, or green areas. The possible valaealsobe specified in code lists.

The shape of each traffic area is definedabsyurfacegeometry. Additional metadata may be defined by using
attributes from pralefined catalogues. This affects ttlass functionand usagef eachtraffic areaas well as its
surface material. The afttiite catalogues may be customer countryspecific. The following tables show
examples for various kinds dfafficArea

Example: Country road Motorway entry
TransportationComplek Function road road

TrafficAreal Usage car, truck, bus, taximotorcycle car, truck, bus, taxi, motorcycle
TrafficAreai Function driving lane motorway_entry

TrafficAreai SurfaceMaterial asphalt concrete

Example: Runway of an airport Apron of an airport
TransportationComplek Function road apron

TrafficAreai Usage aeroplane aeroplane, car, truck, bus, pedestri
TrafficAreai Function airporti runway airporti apron

TrafficAreai SurfaceMaterial concrete concrete
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TransportationCompleis a subclass of TransportationObjecand of the root classCityObject The geome
rical representation of tHEransportationComplexaries through the different levels of det&inceTranspora-
tionComplexs a subclass ofCityObjectand hence a feature, it inherits the attribgrd:name.The street name
is alo stored within thgml:nameproperty of theRoadfeature.

In the coarsest LODO the transportation complexes are modelled by line objects establishing a linear network.
On this abstract level, path finding algorithms or similar analyses can be execatsad.ckin be used to generate
schematic drawings and visualisations of the transport network. Since this abstract definition of transportation
network does not contain explicit descripsanf the transportation objects, it may be task of the viewer applic

tion to generate the graphical visualisation, for example by using a library withdstyétions (width, color

resp. texture) for each transportation object.

Starting from LOD1 dl'ransportationCompleprovides an explicit surface geometry, reflectihg actual shape

of the object, not just its centerline. In LOD2 to LOD4, it is further subdivided thematicallyiafticAreas

which are used by transportation, such as cars, trains, public transport, airplanes, bicycles or pedestrians and in
AuxiliaryTrafficAreas which are of minor importance for transportation purposes, for example road markings,
green spaces or flower tubs. The different representationg afresportationComplefor each LOD are ills-

trated inFig. 60.

E——
\ ——
R I e —
Situation LOD 0 LOD 1 LOD2 -4
TransportationComplex TransportationComplex Surface geometry is devided
provides linear network provides surface geometry thematically into TrafficAreas,
with line objects describing the actual like:
—+ line objects shape of the object [] Traffic — cars
[] TransportationComplex [ Traffic — emergency lane
(Surface geometry) [ Traffic — restricted area
[] Terrain surface ] Auxiliary - grass

Fig. 60: TransportationComplein LODO, 1, and 24 (example shows part of a motorway) (source: Rheinmetall Defence Electronics).

In LODO areal transportation objects like squares should be modelled in the same way as in GDF, the 1ISO
standard for transportation networks, which is used in most car navigation systems. In GDF a square is typically
represented as a ring surrounding thece and to which the incident roads connect. CityGML does not cover
further functional aspects of transportation network models (e.g. speed limits) as it is intended to complement
and not replace existing standards like GDF. However, if specific funt@spacts have to be associated with
CityGML transportation objectgenericattributespr ovi d e d b BGen&icsinogd@adf. &@raptet0.12

can be used. Moreer, further objects of interest can be added from other information systems by the use of
ExternalReferencesee chapte8.11). For example, GDF datasets, which provide additional information for car
navigation, can be used for simulation and visualisation of traffic flows. The values of the object attributes can
be augmentedr replacedising the concept of dictionaries (se@apter6.6). These directories may be country

or userspecific (especially for countrgpecific road signs and signals).
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Function

TrafficArea

Auxiliary
TrafficArea

footpath

cyclepath
— kerbstone

driving lane
— road marking
driving lane
—— kerbstone

footpath

green area

Fig. 61 TranspotationComplexn LOD 2-4: representation of a road with a complex cross
section profile (example shows urban road) (source: Rheinmetall Defence Electronics).

The following example shows a complex urban crossing. The picture on the left is a screershedbbr
application for a training simulator, which allows the definition of road networks consisting of transportation
objects, external references, buildings and vegetation objects. On the right, the 3D representation of the defined
crossing is showmtluding all referenced static and dynamic models.

Fig. 62 Complex urban intersection (left: linear transportation network with surface descriptions and external references,
right: generated scene)p(gce: Rheinmetall Defendglectronics).

XML namespace

The XML namespace of the CityGMLransportationmodule is identified by the Uniform Resource Identifier
(URI) http://www.opengis.net/citygml/transportati@rd. Within the XML Schema definition of thEranspora-
tion module, this URI is also used to identify the default namespace.

10.7.1 Transportation complex

AbstractTransportationObjectType, _TransportationObject
<xs:complexTypamame=AbstractTransportationObjectTypabstract=true">

<xs:complexContent>
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<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfTransportationObjettihOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=_TransportationObjecttype="AbstractTransportationObjectTypabstract=rue"
substitutionGroup*core:_CityObject>
<l-- =
<xs:elemenhame=_GenericApplicationPropertyOfTransportationObjetyfie="xs:any Type"abstract=true"/>

_TransportationObjectepresents the abstract superclémstransportation objects. Future extensions of the
CityGML transportation model shall be modelled as subclasses of this class.

TransportationComplexType, TransportationComplex

<xs:complexTypeame=TransportationComplexType"
<xs:complexContent>
<xsextensiorbase2AbstractTransportationObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs2unbounded/>
<xs:elemenhame=zusage'type="gml:CodeType'minOccurs20" maxOccurstunbounded/>
<xs:elemenhame=trafficArea" type="TrafficAreaProperty TypeminOccurs=0" maxOccursunbounded/>
<xs:elemenhame=auxiliary TrafficArea"type="Auxiliary TrafficAreaProperty Type'minOccurs"0" maxOccurs=unbounded/>
<xs:elemenhame=lodONetwork"type="gml:GeometricComplexProperty TypafinOccurs=20" maxOccurs2unbounded/>
<xs:elemenhame=lod1MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfTransportationComplextiOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>

<Ixs:complexType>

<I-- >

<xs:elemenhame=TransportationComplextype="TransportationComplexTypesubstitutionGroup% TransportationObject*

<l-- >

<xs:elemenhame=_GenericApplicationPropertyOfTransportationComplgie="xs:anyType"abstractrue"/>

This type and element describe transportation complexes like roads or railways which may be aggregated from
different thematic components (traffic areas, eaggstrian path, and auxiliary traffic areas). As a subclass of
_CityObiject TransportationComplexnherits all attributes and relations, in particular an id, names, external
references, and generalisation relations. Furthermore, it represents the ssiferdlzsmatically distinct types

of transportation complexes.

10.7.2 Subclasses of transportation complexes
TrackType, Track

<xs:complexTypeame=TrackType'>
<xs:complexContent>
<xs:extensiorbase=TransportationComplexTypg"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfTrackhinOccurs20" maxOccursunbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- -->
<xs:elemenhame=Track" type="TrackType"substitutionGroupTransportationComplex*
<I=- =
<xs:elemenhame=_GenericApplicationPropertyOfTrackype="xs:anyType"abstract=true'/>
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A Trackis a small path mainly used by pedestrians. It is a subcla&m$portationCompleand thus inherits
all its attributes and relations.

RoadType, Road

<xs:complexTypeaame=RoadType>
<xs:complexContent>
<xs:extensiorbase=TransportationComplexTypz"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfRoadiinOccurs=0" maxOccurstunbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l
<xs:elemenhame=Road"type="RoadType"substitutionGroup=TransportationComple¥*
L= >
<xs:elemenhame=_GenericApplicationPropertyOfRoadlype="xs:anyType"abstracttrue"/>

Roadis intended to be used to represent transportation features that are mainly used by vehicles like cars, for
example streets, motorways, and country roads. It is a subcl@smnsportationCompleand thus inherits all its
attributes and relations.

RailwayType, Railway

<xs:complexTypeaame=RailwayType'>
<xs:complexContent>
<xs:extensiorbase=TransportationComplexType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfRailwayhinOccurs=0" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- =
<xs:elemenhame=Railway" type="Railway Type"substitutionGroup=TransportationComplex*
<I-- =
<xs:elemenhame=_GenericApplicationPropertyOfRailwayype="xs:anyType"abstractrue"/>

Railwayrepresents routes that are utilised by rail vehicles like trams or trains. It is a subdlemsspbrtation-
Complexand thus inherits all its attributes and relations.

SquareType, Square

<xs:complexTypeaame=SquareType*
<xs:complexContent>
<xs:ext@sionbase=TransportationComplexType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfSquamsiinOccurs=0" maxOccurs=unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
</xs:complexType>
<l-- >
<xs:elemenhame=Square'type="SquareType'substitutionGroup=TransportationComplex*
<!-- =
<xs:elemenhame=_GenericApplicationPropertyOfSquarg/pe="xs:anyType“abstractrue"/>

A Squareis an open area commonly found in cities (e.g. a plaza, market square). It is a subCiassmira-
tionComplexand thus inherits all its attributes and relations.
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10.7.3 Subdivisions of transportation complexes
TrafficAreaType, TrafficArea

<xs:complexTypeaame=TrafficAreaType'>
<xs:complexContent>
<xs:extensiorbase=AbstractTransportationObjectType"
<xs:sequere>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=surfaceMaterialtype="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfTrafficAreahinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:canplexType>
<I-- =
<xs:elemenhame=TrafficArea" type="TrafficAreaType"substitutionGroup= TransportationObject*
<l-- >
<xs:elemenhame=_GenericApplicationPropertyOfTrafficAredype="xs:anyType"abstractztrue"/>

AuxiliaryTrafficAreaType, AuxiliaryTrafficArea

<xs:complexTypaame=AuxiliaryTrafficAreaType'>
<xs:complexContent>
<xs:extensiorbase2AbstractTransportationObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs2unbounded/>
<xselemenname=zusage'type="gml:CodeType'minOccurs=0" maxOccurs2unbounded/>
<xs:elemenhame=surfaceMaterialtype="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfAuxiliary TrafficAreatinOacurs='0" maxOccurs2unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>

</xs:complexType>

<I-- =

<xs:elemenhame=Auxiliary TrafficArea" type="AuxiliaryTrafficAreaType"substitutionGroup% TransportationObject*

<l-- =

<xs:elemenhame=_GenericApplicationPropertyOfAuxiliaryTrafficAreaype="xs:anyType" abstract=true"/>

10.7.4 Code lists

The attributesclass function andusageof the featuresTransportationComplex, TrafficAreand AuxiliaryTraf-
ficAreaas well as the attributsurfaceMaterialof the featuredrafficAreaand AuxiliaryTrafficAreaare sped-
fied asgml:CodeTypeThe values of these propertieEnbe enumerated in code lists. Proposals for corraespon
ing code lists can be found in ann@®8.

10.7.5 Conformancerequirements

Base requirements

1. For LODO, the geometry of @ransportationComplezhall be modelled using GML line objects repr
senting the centerline of the transportation complex. The line objects shall establish a linear network.
Thus, thedodONetworkproperty (type:gml:GeometricComplexProperty Typpef the elemenTranspa-
tationComplexmay only contain or reference an appropriate curve geometry element.

2. Starting from LOD2, thdrafficArea property (type:TrafficAreaPropertyTypeas well as thauxilia-
ryTrafficArea property (type:AuxiliaryTrafficAreaPropertyTypgeof the elemeniTransportationCen-
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plexmay be used. These properties shall not be used if the transportation complex is only represented in
lower LODs.

Referential integrity

3. ThetrafficArea propery (type: TrafficAreaPropertyTypeof the elemenfransportationComplexnay
contain aTrafficAreaelement inline or an XLink reference to a remdtafficAreaelement using the
XLink concept of GML 3.1.1. In the latter case, timk:href attribute of therafficArea property may
only point to a remotdrafficAreaelement (where remofErafficAreaelements are located in another
document or elsewhere in the same documéither the contained element or the reference must be
given, but neither both nor nen

4. TheauxiliaryTrafficAreaproperty (typeTrafficAreaPropertyTypeof the elemenTransportationCmn-
plex may contain arAuxiliaryTrafficAreaelement inline or an XLink reference to a remdiaxilia-
ryTrafficAreaelement using the XLink concept of GML 3.11h the latter case, thdink:href attribute
of the auxiliaryTrafficAreaproperty may only point to a remofaxiliaryTrafficAreaelement (where
remoteAuxiliaryTrafficAreaelements are located in another document or elsewhere in the same doc
ment).Either the contained element or the reference must be given, but neither both nor none.
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10.8 Vegetation objects

Vegetation features are important components of a 3D city model, since they support the recognition of the
surrounding environmenBy the analysis and visualisation of vegetation objects, statements on theiudistrib
tion, structure and diversification can be made. Habitats can be analysed and impacts on the fauna-can be d
rived. The vegetation model may be used as a basis for siomslatf, for example forest fire, urban aeration or
micro climate. The model could be used, for example to examine forest damage, to detect obstacles (e.g. co
cerning air traffic) or to perform analysis tasks in the field of environmental protectionegkétion model of
CityGML is defined by the thematic extension modugetation(cf. chapter?).

The vegetation model of CityGML distinguishes between solitagetation objects like trees and vegetation
areas, which represent biotopes like forests or other plant commufitie$3). Single vegetation objects are
modelled bythe classSolitaryVegetationObjdéc whereasfor areasfilled with a specific vegetatiothe class
PlantCoveris used. The geometry representation BfantCoverfeature may be MultiSurfaceor aMultiSolid,
depending on the vertical extent of the vetieta For example regarding forestsMailtiSolid representation
might be more appropriatd&he UML diagram of the vegetation model is depictedrig. 64, for the XML
schema definition see below and anAek2.

SolitaryVegetationObject
)

PlantCover
(MultiSolid)

Fig. 63: Example for vegetation objects of the clasSeltaryVegetationObjeand
PlantCover(graphic: District of Recklinghausen).

A SolitaryVegetationObjeatnay have the attributedass function,usage, speciekeight trunkDiameterand
crownDiameter The attributeclasscontains the classification ofalobject omplant habit e.g.tree, bush, grass,

and can occur only once (see chaj@’8.4and annexC.7). The attributespeciedd e f i nes t he speci es
exampl e i Aabd cansoccarlatbmest pnfsee chaptet0.8.4and annexC.7). The optional attribute

function and usagedenotes theéntended respectively reglurpose of the object, for example botahimoru-

ment, and can occur multiple timékhe possible attribute values foiass speciesfunction andusagecan be

provided in a code lisThe attributeneightcontainghe relative height of the object. The attributeswnDiarre-

ter and trunkDiameterrepresent the plant crown and trunk diameter respectively. The trunk diameter is often

used in regulations of municipal cadastre (e.g. tree management rules).

A PlantCoverfeature may have the attributelass, functionusageandaverageHeaght The plant community of

a PlantCoveris represented by the attributkass.The values of this attributean bespecified in acode list (cf.
chapter10.8.4and annexC.7) whosevalues should not onlydescribe one pht type or species, but denae
typical mixture of plant types in a plant community. This information can be used in particular to generate
realistic 3D visualisations, where tRdantCoverregion is automatically, perhaps randomly, filled with a eorr
sponding mixture of 3D plant oljts. The attribute function and usageindicatethe intended respectively real
purpose of the object, for example national forest, and can occur multiple TimesttributeaverageHeight
denotes the average relative vegetation height.
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Since bothSolitaryVegetationObjecand PlantCoverarederived fom CityObject they inherit all attributes of a
city object, in particular a namgrfl:name)and anExternalReferencé a corresponding object in an external
information system, which may contain botanicdbimation from public environmental agencies (see chapter

<<Feature>>
core::_CityObject
<<Feature>>
_VegetationObject
lod1Geometry * [ | *__lod1MultiSurface
<<Feature>> <<Feature>> |
0..1 | lod2Geometry * SolitaryVegetationObject PlantCover * _lod2MultiSurface | 0..1 <<Geometry>>
gml::_Geometry +class : gml::CodeType [0..1] +class : gml::CodeType [0..1] y gml::MultiSurface
lod3Geometry *|+function : gml::CodeType [0.4] +function : gml::CodeType [0.4] |+ lodSMultiSurface |
lod4Geometry «|+usage : gml::CodeType [0..*] +usage : gml::CodeType [0..*] * lod4MultiSurface
+species : gml::CodeType [0..1] +averageHeight : gml::LengthType [0..1]
lod1ImplicitRepresentation _[*height : gml::LengthType [0..1] +_ lod1MultiSolid
— A +trunkDiameter : gml::LengthType [0..1] —o. RTINS
o 0..1]_lod2ImplicitRepresentation _+|+crownDiameter : gml::LengthType [0..1] [+ lod2MultiSolid qm|--Mu|¢ig)|id
core::ImplicitGeometry lod3ImplicitRepresentation _* * lod3MultiSolid _
lod4implicitRepresentation * * lod4MultiSolid

Fig. 64: UML diagram of vegetation objects in CityGML. Prefixes are usdddicate XML namespaces associated with model elements.
Element names without a prefix are defined within the CityGkélgetatiormodule.

The geometry of &olitaryVegetationObjeahay be defined in LOD-# explicitly by a GML geometry having

absolute cordinates, or prototypically by amplicitGeometry(cf. chapter8.2). Solitary vegetation objects

probably are one of the most important features where impliociing&ies are appropriate, since the shape of

most types of vegetation objects, such as trees of the same species, can be treated as identical in most cases.
Furthermore, season dependent appearances may by mappednpditifGeometry For visualisation prposes,

only the content of the | ibrary object defRignbhnhg t he o

Fig. 65: Visualisation of a vegetation object in different seasons (source: District of Recklinghausen).

A SolitaryVegetationObjecor a PlantCover may have a different geometry in each LOWhereas a
SolitaryVegetationObjeds associated with thgml:_Geometryclass representing an arbitrary GML geometry

(by the relationlodXGeometry X | [1..4]), a PlantCoveris restricted to be either gml:MultiSolid or a
gml:MultiSurface An example of @lantCovermodelled agml:MultiSolidi s s al B d f o,seeFgt66. model 6
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Fig. 66: Example for the visualisation/modelling of a solid forest (source: District of Recklinghausen).

XML namespace

The XML namespace of the CityGMVegetatiormodule is identified by the Uniform Resource Identifier (URI)
http://www.opengis.net/citygml/vegetati@d. Within the XML Schema definition of th¥egetationmodule,
this URI is also used to identify the defandmespace.

10.8.1 Vegetation object
AbstractVegetationObjectType, _VegetationObject

<xs:complexTypeaame=AbstractVegetationObjectTypelbstracttrue">
<xs:complexContent>
<xs:extensiorbase=core:AbstractCityObjectType"
<xs:sequence>
<xs:elementef="_GenericApplicationPropertyOfVegetationObjentinOccurs=0" maxOccurs=unbounded/>
<I/xs:sequence>
</xs:extension>
</xs:complexContent>
<Ixs:complexType>

<I-- -->
<xs:elemenhame=_VegetationObjecttype="AbstractVegetationObjectTypelbstract2true" substitutionGroup*core:_CityObject/>
<l-- =

<xs:elemenhame=_GenericApplicationPropertyOfVegetationObjettpe="xs:any Type“abstractrue"/>

10.8.2 Solitary vegetation objects
SolitaryVegetationObjectType, SolitaryVegetationObject

<xs:complexTypeaame=SolitaryVegetationObjectType"
<xs:complexContent>
<xs:extensdn base=AbstractVegetationObjectTypz"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function" type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhamezusage'type="gml:CodeType" minOccurs20" maxOccurstunbounded/>
<xs:elemenhamezspecies'type='gml:CodeType'minOccurs=0"/>
<xs:elemenhame=height"type="gml:LengthType"minOccurs=0"/>
<xs:elemenhameztrunkDiameter'type="gml:LengthType"minOccurs=0"/>
<xs:elemenhame=ZcrownDiameter'type="gml:LengthType"minOccurs0"/>
<xs:elemenhame=lod1Geometry'type="gml:GeometryProperty TypahinOccurs=0"/>
<xs:elemenhame=lod2Geometry'type="gml:GeometryProperty TypahinOccurs=0"/>
<xs:elemenhamezlod3Geometry'type="gml:GeometryProperty TypahinOccurs20"/>
<xs:elemenhame=lod4Geometry'type="gml:GeometryProperty TypahinOccurs=0"/>
<xs:elemenhame=lod1ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=zlod2ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemenhame=lod3ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elemat name=lod4ImplicitRepresentationtype="core:ImplicitRepresentationProperty Typ@inOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfSolitaryVegetationObjetithOccurs20" maxOccurs2unbounded/>
</xs:sequence>
</xs:extension>
</xs:complexContent>
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</xs:complexType>

L= >
<xs:elemenhame=SolitaryVegetationObjecttype="SolitaryVegetationObjectTypesubstitutionGroup= VegetationObject>
<l--
<xs:elemenhame=_GenericApplicationPropertyOfSolitaryVegetationObjestie="xs:any Type"abstract=true"/>

10.8.3 Plant cover objects
PlantCoverType, PlantCover

<xs:complexTypeame=PlantCoverType*
<xs:complexContent>
<xs:extensiorbase=AbstractVegetationObjectType"
<xs:sequence>
<xs:elemenhame=class"type="gml:CodeType'minOccurs=0"/>
<xs:elemenhame=function” type="gml:CodeType'minOccurs=0" maxOccurs=unbounded/>
<xs:elemenhame=usage'type="gml:CodeType'minOccurs=0" maxOccurstunbounded/>
<xs:elemenhame=averageHeighttype="gml:LengthType"minOccurs=0"/>
<xs:elemenhame=lod1MultiSurface"type="gml:MultiSurfaceProprty Type"minOccurs=0"/>
<xs:elemenhame=lod2MultiSurface"type="gml:MultiSurfaceProperty TypethinOccurs=0"/>
<xs:elemenhame=lod3MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod4MultiSurface"type="gml:MultiSurfaceProperty TypefhinOccurs=0"/>
<xs:elemenhame=lod1MultiSolid" type="gml:MultiSolidProperty Type'minOccurs=0"/>
<xs:elemenhame=lod2MultiSolid" type="gml:MultiSolidProperty Type'minOccurs=0"/>
<xs:elemenhame=lod3MultiSdid" type="gml:MultiSolidProperty Type'minOccurs=0"/>
<xs:elemenhame=lod4MultiSolid" type="gml:MultiSolidProperty Type'minOccurs=0"/>
<xs:elementef="_GenericApplicationPropertyOfPlantCoveriinOccurs=0" maxOccurs=unbounded/>
</xs:sequece>
</xs:extension>
</xs:complexContent>

</xs:complexType>

<l-- =

<xs:elemenhame=PlantCover'type="'PlantCoverType'substitutionGroupx VegetationObject>

<I-- =

<xs:elemenhame=_GenericApplicationPropertyOfPlantCoveype="xs:anyType"abstracttrue'/>

10.8.4 Code lists

The attributesclass function andusageof the featuresPlantCoverand SolitaryVegetationObjects well as the
attribute speciesof the featureSolitaryVegetationObjecare specified aggml:CodeType The values of these
propertiescanbe enumerated in code lists. Proposals for corresponding code lists can be found ©.annex

10.8.5 Example CityGML dataset

The following two excerpts of a CityGML datat contain a solitary tre&dlitaryVegetationObjecgnd a plant
community PlantCove}. The solitary tree has the attributetass= 1070 (deciduous tree}pecies= 1040
(Fagus/beechheight= 8 m, trunkDiameter= 0.7 m,crownDiameter= 8.0 m. The @nt community has the
attributes:class =1180 (isoetenanojuncetea)averageHeight= 0.5 m.The attribute values of thelass and
speciesattributes are taken from code lists proposed by the SIG 3D which are presented i@.@nnex

<SolitaryVegetationObject>
<classcodeSpacehttp://www.sig3d.org/codeliststandard/egetatior?2.0/SolitaryVegetationObject_class.xmll070</class>
<speciexodeSpacethttp://www.sig3dorg/codelistgtandard/egetation2.0/SolitaryVegetationObject_species.xmil040</species>
<heightuom="#m">8</height>
<trunkDiameteom="#m">0.7</trunkDiameter>
<crownDiameteriom="#m">8</crownDiameter>
<lod1ImplicitRepresentation>
<core:lmplicitGeometry>
<core:mimeType2010</core:mimeType>
<core:libraryObjectrrn:sig3d:tree.wrt/core:libraryObject>
<core:referencePoint>
<gml:PointsrsName®urn:ogc:def:crs,crs:EPSG:6.12:31466,crs:EPSG:6.12:5783"
<gml:possrsDimensia="3">5733690.578 2571129.123 68/ml:pos>
</gml:Point>
</core:referencePoint>
</core:ImplicitGeometry>
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</lod1ImplicitRepresentation>
</SolitaryVegetationObject>

<PlantCover>
<classcodeSpaceéhttp://www.sig3d.org/codeliststandard/egetation2.0/PlantCover_class.xn#1180</class>
<averageHeightom="#m">0.5</averageHeight>
<lod1MultiSurface>
<gml:MultiSurface>
<gml:surfaceMember>
<gml:PolygonsrsName2urn:ogc:def:crs,crs:EPSG:6.12:31466,crs:EPSG:6.12:5783"
<gml:extaior>
<gml:LinearRing>
<gml:possrsDimension=3">5733806.146 2571329.227 68/Gml:pos>
<gml:possrsDimension=3">5733754.782 2571387.011 68/ml:pos>
<gml:possrsDimension=3">5733674.527 2571374.170 68/ml:pos>
<gmlkpossrsDimension=3">5733670.246 2571274.653 68/Gml:pos>
<gml:possrsDimension=3">5733764.413 2571243.621 68/Gml:pos>
<gml:possrsDimension=3">5733806.146 2571329.227 68/Gml:pos>
</gml:LinearRing>
</gml:exterior>
</gml:Polygon>
</gml:surfaceMember>
</gml:MultiSurface>
e
</lod1MultiSurface>
</PlantCover>

10.8.6 Conformance requirements

Referential integrity

f ThelodXImplicitRepresentatignX | [1..4], property (typecore:ImplicitRepresentationProperty Type
of the elementSolitaryVegetationObjecinay contain acore:ImplicitGeometryelement inline or an
XLink reference to a remoteore:ImplicitGeometryelement using the XLink concept of GML 3.1.1. In
the latter case, thdink:href attribute of thdodXImplicitRepresentationX | [1..4], property may only
point to a remoteore:ImplicitGeometryelement (where remoteore:ImplicitGeometryelements are
located in another document or elsewhere in the same docufBihéy. the contained element or the
referencanust be given, but neither both nor none.
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10.9 City furniture

City furniture objects are immovable objects like lanterns, traffic lights, traffic signs, flower buckets, advertising
columns, benches, delimitation stakes, or bus stBjgs 67, Fig. 68). City furniture objects can be found in
traffic areas, resihtial areas, on squares or in built areas. The modelling of city furniture objects is used for
visualisation of, for example city traffic, but also for analysing local structural conditions. The recognition of
special locations in a city model is impend by the use of these detailed city furniture objects, and the city
model itself becomes more alive and animated. The city furniture model of CityGML is defined by the thematic
extension modul€ityFurniture (cf. chapter7).

City furniture objects can have an important influence on simulations of, for example city traffic situations.
Navigation systems can be realised, for example for visually handicapped psgiogla traffic light as routing
target. Likewise, city furniture objects are important to plan a heavy vehicle transportation, where the exact
position and further conditions of obstacles must be known.

Fig. 67: Real situabn showing a bus stop (left). The advertising billboard and the refuge are moddliggrasniture objects in
the right image (source: 3D city model of Barkenberg).

Fig. 68 Real situation showing lanterns and delimitation stakes (left). Ingheimage they are modelled @gyFurniture ob-
jects withImplicitGeomety representationource: 3D city model of Barkenberg)

The UML diagram of the city furniture model is defgid inFig. 69, for the XML schema definition see below
and anneXA.5.

The clas<ityFurniture may have the attributedass functionandusage Their possible valuesan bespecified
in correspondingode lists (chaptet0.9.2and annexC.4). Theclassattribute allows an object classification like
traffic light, traffic sign, delimitation stake, or garbage can, and can occur only oncefuiibion attribute
describsg, to which thematic area the city furniture object belot@ge.g. transportation, traffic regulation,
architecture), and can occur multiple timéke attribtie usagedenotes the real purpose of the object.
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