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Foreword

Attention is drawn to the possibility that some of the elements of this document may be the subject of patent
rights. Open Geospatial Consortium Inc. shall not ekl lesponsible 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 submit, with their comments, notification of any relevant patent
claims or otherritellectual property rights of which they may be aware that might be infringed by argr impl
mentation of the standard set forth in this document, and to provide supporting documentation.

Significant changes from the previous CityGML version 0.4.0 (OGC dentino. 07062):
e Modularisation of the CityGML data model;
e Minor changes to the appearance model;
e Minor changes to city object groups;
e Minor changes to transportation objects; and
¢ Encoding of external code lists changed to GML 3.1.1 Simple DictionaifilePr

With CityGML version 1.0.0, modularisation of the CityGML data model was introduced. The overall CityGML
data model is thematically decomposed into a CityGML core module and extension modules. Each module is
defined within its own globally unique XMnamespace. Due to this modularisation approach, valid CityGML
0.4.0 instance documents are not valid CityGML 1.0.0 instanasntirds.

Copyright © 2008 Open Geospatial Consortium, Inc. Xiii
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0 Introduction

0.1 Motivation

An increasing number of cities and companiestauilding 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. Furtherimee, 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 modeldhave been defined as purely graphical or geometrical models,
neglecting the 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.ti8nkimited reusability of

models inhbits the broader use of 3D city models, a more general modelling approach had to be taken in order to
satisfy the information needs of the variopplacation fields.

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

able mantenance of 3D city models, allowing the possibility of selling thmesdata to customers from different
application fields. The targeted application areas explicitly include city planning, architectural design, tourist and
leisure activities, environmental simulation, mobile telecommunication, disaster management, heestand

rity, real estate management, vehicle and pedestrian navigation, and training 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 scheithe Geography Markup Language 3 (GML3), the
extendible international standard for spatial data exchange and encoding issued by the Open Geospgatial Conso
tium (OGC) and the ISO TC21CityGML is based on a number of standards from the 1SO 191xx fathdy,

Open Geospatial Congium, the W3C Consortium, the Web 3D Consortium, and OASIS.

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

els with respect to their geometrical, topological, semanta | , and appearance propert
defined to comprise not |just built structures, but a
more. Included are generalisation hierarchies between thematic classesataygregelaions between objects,

and spatial properties. CityGML is applicable for large areas and small regions and can represent the terrain and

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

andfew semantics or very complex mu#itale models with full topology and firggained semantical diffene

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

0.2  Historical background

CityGML has bea developed since 2002 by the members of the Special Interest GrolplGBI) of the

initiative Geodata Infrastructure North Rhidéestphalia (GDI NRW) in Germany. The SIG 3D is an open
group consisting fomore than 70 companies, municipalities, and research institutions frama@®g Great

Britain, Switzerland, and Austria working on the development and commercial exploitation of inibteED

models and geovisualisation. Another result of the worknftbe SIG 3D is the proposition of the Web 3D
Sevice (W3DS), a 3D portrayal service that is also being discussed in the Open Geospatial Consortium (OGC
Doc. No. 05019).

A subset of CityGML has been successfiulloty 3Dwplefmetnh e
NRW in 2005. Participants came from all over Germany and demonstrated city planning scenarios and tourist
appications. Today, the official 3D city model of Berlin is based on the CityGML data model and employs
CityGML as the exchangefmat between database, editor, and presentation systems. Also the 3D city models of
Stuttgart, Bochum, Essen, Dortmund, Cologne, and Bonn are based on the CityGML model.

By the beginning of 2006, a CityGML project within EuroSDRufopean Spatial Data Resegrstarted focs-
ing on the European harmonisation of 3D city modelling. From June to December 2006, CityGMinwas e
ployed and evaluated in the CAD/GIS/BIM thread of the OpenGIS Web Services Testbed #4JOWS
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OpenGIS® City Geography Markup Language (CityGML)
Encoding Standard

1 Scope

This document is an OpenGlEncoding Standard for the representation, storage atttarge of virtual 3D
city and landscape models. CityGML is implemented as an application aafetime Geography Markup ha
guage version 3.1.1 (GML3).

CityGML models both complex and georeferenced 3D vector data along with the semantics associated with the
data. In contrast to other 3D vector formats, CityGML is based on a rich, general purposatioh model in

addition to geometry and appearance information. For specific domain areas, CityGML also provides-an exte
sion mechanism to enrich the data with identifiable features under preservation ofic@reroperability.

Targeted applicationraas 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;imggimulators and mobile robotics.

CityGML is considered a source format for 3D portraying. The semantic 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 (W3DS).

Features of CityGML:
e Geospatial information model (ontology) for urban landscapes based on the ISO 191xx family
e GML3 representation of 3D geometries, based onSkke19107 model
e Representation of object surface characteristics (e.g. textures, materials)

e Taxonomies and aggregations
o Digital Terrain Models as a combination of (including nested) triangulated irregular networks
(TINSs), regular rasters, break and skefelines, mass points

0 Sites (currently buildings; bridges and tunnels in the future)

0 Vegetation (areas, volumes and solitary objects with vegetation classification)

0 Water bodies (volumes, surfaces)

0 Transportation facilities (both graph structures and 3ffasa data)

o Land use (representation of areas of the eart't
o City furniture

0 Generic city objects and attributes

0 Userdefinable (recursive) grouping

e Multiscale model with 5 weltlefined consecutive Levels of DetfilOD):
o LODOT regional, landscape
o LOD17 city, region
0 LOD27 city districts, projects
0 LOD37 architectural models (outside), landmarks
0 LOD41i architectural models (interior)

e Multiple representations in different LODs simultaneously; generalisation reddtietmveen objects in
different LODs

e Optional topological connections between feature (sub)geometries

e Application Domain Extensions (ADE): Specp-fic fAho
plication specific extensions, for example for noise pollutsimulation, 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

Conformace targets addressed by this International standard are CityGML instance documents only. Future
revisions dthis International Standard may also address consumers or producers as conformance targets.

Clauses3 to 10 of this International standard specify separate CityGML XML Schema definitions andtiverma
aspects, i.e. CityGML modules, which shall be used in CityGML instance documents in accordance with clause
7. Implementations are not required to support the full range of capabilities provided by the universe of all
CityGML modules. Valid partial implenrgations are supported following the rules and guidelines for CityGML
profiles in chapter.2

CityGML instance documents claiming conformance to this International Standard shall:
a) conform to tke rules and requirements specified in clads&sl0;
b) pass all relevant test cases of the abstract test suite in Brinex

c) satisfy all relevant conformance classeshef abstract test suite related to CityGML modules in annex
B.2.

3 Normative references

The following normative documents contain provisions which, through reference in this text, constitiste prov
sions of this part of OGG8-007rl. For dated references, subsequent amendments to, or revisions of, any of
these publications do not apply. However, parties to agreements based on this partG& @31 are encatl

aged to investigate the possibility of applying the most recent edibibtisee 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 standard. The geometry model of
GML 3.1.1 isused except for some added concepts like implicit geometries (see dh@ptdhe appearance
model (see chapted) draws concepts from botk3D and COLLADA Addreses are represented using the
OASIS extensible Address Languagkl.

ISO 8601:2004Data elements and interchange format$nformation interchangé Representation of dates
and times

ISO/TS 19103:20053eo0graphic Informatiofi Conceptual Schema Language

ISO 19105:2000Geographic informatiofi Conformance and testing

ISO 19107:2003Geographic Informatiofi Spatial Schema

ISO 19109:2005Geographic Informatiofi Rules for Application Schemas

1ISO 19111:2003Geographic informatiofi Spatial referencing bgoordinates

ISO 19115:2003Geographic Informatiofi Metadata

ISO 19123:2005Geographic Informatiofi Coverages

ISO/TS 19139:2007Geographic Informatioii Metadatai XML schema implementation

ISO/IEC 19775:2004¢X3D Abstract Specification

OpenGI$ Abstract Specification Topic 0Qverview, OGC documeft-084

OpenGI$ Abstract Specification Topic She OpenGIS Feature, OGC documentl98r2

OpenGIS$ Abstract Specification Topic Relations between Features, OGC documert@&r2
OpenGI$ Abstract Specifiation Topic 10Feature Collections, OGC document-990

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 2046, Multipurpose Internet Mail Extensions (MIME). (November 1996)

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 (XPointe¥jersion 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 Stawetl 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@pa1

4  Conventions

4.1 Abbreviated terms

The following abbreviated tens are used in this document:

2D Two Dimensional

3D Three Dimensional

AEC Architecture, Engineering, Construction

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

CAD Computer Aided 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 Reseh Institute

FM Facility Management

GDF Geographic Data Files

GDI NRW Geodata Infrastructure NorlRhine Westphalia

GML Geography Markup Language

1Al International Alliance for Interoperability

IETF Internet Engineering Task Force

IFC Industry Foundatioi€Classes

ISO International Organization for Standardisation

LOD Level of Detall

NBIMS National Building Information Model Standard
OASIS Organisation for the Advancement of Structured Information Standards
0OGC Open Geospatial Consortium

OSCRE Open Standals Consortium for Real Estate
SIG 3D Special Interest Group 3D of the GDI NRW
TC211 ISO Technical Committee 211
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TIC Terrain Intersection Curve

TIN Triangulated Irregular Network

UML Unified Modeling Language

URI Uniform Resource Identifier

VRML Virtual Reality Modeling Language
w3cC World Wide Web Consortium

W3DS OGC Web 3D Service

WFS OGC Web Feature Service

X3D Open Standards XMienabled 3D file format of the Web 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. 1997). The UML notations used in this standard are described in the
diagram belowFKig. 1).

Association between classes

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

Aggregation between classes Class inheritance (subtyping of classes)

Aggregate Superclass
class
\ [ \ [ \
Component Component Component Subclass #1 Subclass #2 Subclass #n
Class #1 Class #2 Class #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 ae navigable in only one direction. The direction of navigatioteisictedby an arrowhead.

In general, the context an element takes within the association is indicated by its role. The splayisddnear

the target of the association. If the graphiegdresentation is ambiguous though, the position of the role has to
be drawn to the element the association points to.

The following stereotypes are used:

<<Geometry>> represents the geometry of an object. The geometry is an identifiable and distilegoieab
that is derived from the abstract GML typbstractGeoraryType
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<<Feature>> represents a thematic feature according to the definition in ISO 19109. A feature is an identifiable
and distinguishable object that ierided from the abstract GML tygpAbstractFeatureType

<<Object>> represents an identifiable and distingalide object that is derived from the abstract GML type
AbstractGMLType

<<CodeList>> enumerates the valid attribute values.

<<ExternalCodeList>> enumerates the valid attributeseslIn contrast to CodeList, the values are not given
inline the schema but are provided within an external dictionary file. External code lists are encoded using
GML 3.1.1 Simple Dictionary Profile (see chapte).

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

<<DataType>> is used as a descniptd a set of values that lack identity. Data types include primitiveepred
fined types and usetefinable types. A DataType is thus a class with few or no operations whose primary
purpose is to hold the abstract state of another class for transmitiadjestencoding 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 thedefinitions for a particular namespace. All the package contents or component classes are placed
within the one schema.

<<ApplicationSchema>> is used within UML package diagrams to denote an XML Schema definitian fund
mentally dependent on the conceptsaobther independent Standard within the XML Schema nmetala
guage. For exampl e, ApplicationSchema indicates
application schemas?o.

ext

4.3 XML namespaces and nhamespace prefixes

The CityGML data model is thematibadecomposed into a core module and thematic extension modules. All
modules including the core are specified by their own XML schema file, each defining a globally unique XML
namespace. The extension modules are based on the core module and, thagbgorgarence) the CityGML

core schema.

Within this document the module namespaces are associated with recommended prefixes. These 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 namespace prefixes are listd@im1.

CityGML module Namespace identifier Namespace prefix
CityGML Core http://www.opengis.net/citygml/1.0 core
Appearance http://www.opengis.net/citygml/appearance/1.0 app
Building http://www.opengis.net/citygml/building/1.0 bldg
CityFurniture http://lwww.opengis.net/citygml/cityfurniture/1.0 frn
CityObjectGroup http://www.gpengis.net/citygml/cityobjectgroup/1.0 | grp
Generics http://lwww.opengis.net/citygml/generics/1.0 gen
LandUse http://www.opengis.net/citygml/landuse/1.0 luse
Relief http://www.opengis.net/citygml/relief/1.0 dem
Transportation http://www.opengis.net/citygl/transportation/1.0 tran
Vegetation http://www.opengis.net/citygml/vegetation/1.0 veg
WaterBody http://www.opengis.net/citygml/waterbody/1.0 witr
TexturedSurface [depeated] | http://www.opengis.net/citygml/texturedsurface/1.0 | 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 showmabn2 along with the corresponding
XML namespae identifiers and namespace prefixes consistently used 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

verson 2.0 (from OASIS)

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

guage version 1.5

Tab.2: List of XML Schema definitions, their associated XML namespace identifietlsex@ample namespace prefixes used 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 capabilitiele $Mt@ader who is unfami

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 reader to 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 ti@eography Markup Language version 3.1.1 (GML3), the extendible @tern
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 reach a common definition obdlse entities, attributes, and
relations of a 3D city model. This is especially important with respect to thesffestive sustainable maant
nance of 3D city models, allowing the reuse of the same data in different application fields.

CityGML not onlyrepresents the graphical appearance of city models but specifically addresses the aepresent
tion of the semantic and thematic properties, taxonomies and aggregations. CityGML includes a geometry model
and a thematic model. The geometry model allows foctimsistent and homogeneous definition of getoiced

and topological properties of spatial objects within 3D city models (ch8ptdihe base class of all objects is
CityObjectwhich is a subclass of the GML classature All objects inherit the properties froBityObject

The thematic model of CityGML employs the geometry model for different thematic fields like Digital Terrain
Models, sites (i.e. buildings; future extensions of CityGML will also include explicit modelbridges and
tunnels), vegetation (solitary objects and also areal and volumetric biotopes), water bodies, transportation facil
ties, and city furniture (chaptdi0). Further objects, which are not explicitly modelled yet, barrepresented

using the concept of generic objects and attributes (ch@gdt#:. In addition, extensions to the CityGML data
model applying to specific application fields can be realised using the Application Domain E)x$e(#dir)
(chapter6.12). Spatial objects of equal shape which appear many times at different positions like e.g. trees, can
also be mdelled as prototypes and used multiple times in the city model (ch&@erA grouping concept
allows the combination of single 3D objects, e.g. buildings to alibgilcomplex (chapte.8). Objects which

are not geometrically modelled by closed solids can be virtually sealed in orc@mpute their volume (e.g.
pedestrian underpasses, tunnels, or airplane hangars). They can be clos&logsirgpurfacegchapter6.4).

The concept of th&errainintersection@rveis introduced to irdgrate 3D objects with thDigital Terrain Model

at their correct positions in order to prevent e.g. buildings fioating over or sinking into the terrain (qtar

6.5).

CityGML differentiates five consecutive Levels of Detail (LOD), whebgeots kecome more detailed with
increasing LOD regarding both theiegmetry and thematic differentiation (chap&g). CityGML files can-

but do not have te contain multiple representations (and geometries) for each objecfaredif LOD simula-
neously. Generalisation 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
visualdatdb ut represent arbitrary obser vablaedrpdiatop eaist i es of
pollution, or earthquakexduced structural streg¢shapter9).

Furthermore, objects can have externakmefices to corresponding objects in external datasets (cléapter
Enumerative object attributes are restricted to external code lists and values defined in external, redefinable
dictionaries (chpter 6.6).
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6 General characteristics of CityGML

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 requiredortant in many different appéton

areas. However, 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 spacifatiorineeds.

For this purpose, modularisation is applied to the CityGML data model (cf. ciapter

The CityGML data model is thematically decomposed intmr@ moduleand themati@xtersion modulesThe

core module comprises the di@ 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 following eleven thdmextension modulegsppea-

ance Building, CityFurniture, CityObjectGroup Generics LandUse Relief Transportation Vegetation Wate-

Body, andTexturaSurface [deprecated]

CityGML compliant implemertions may support any combination of extensiordaies in conjunction with
the core module. Such combinations of modules are called City@idiiles Therefore, CityGML profiles
allow for valid partial implemetations of the overall 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 facilitate efficient visualisation and data
analysis (seéig. 2). In a CityGML dataset, the same object may be represented in different LOD sgnultan
ously, enabling the analysis and visualisation of the same object with regard to different degrees of resolution.
Furthermore, two CityGML data setsrtaining the same object in different LOD may be combined amd int
grated. However, it will be within the responsibility of the user or application to make sure objects in different
LOD refer to the same realorld object.

The coarsest level LODO is essatiti a two and a half dimensional Digital ffain Model, over which an aerial
image or a map may be draped. LOD1 is the4etiwn blocks model comprising prismatic buildings with flat
roofs. In contrast, a building in LOD2 has differentiated roof strestand thematically differentiated surfaces.
Vegettion objects may also be represented. LOD3 denotes architectural models with detailed wall and roof
structures, balconies, bays and projections. Héagolution textures can be mapped onto these structiures
addition, detailed vegation and transportation objects are components of a LOD3 model. LOD4 completes a
LOD3 model by adding interior structures for 3D objects. For example, buildings are composed of rooms,
interior doors, stairs, and futare.

Fig. 2: 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 obfdxt3).( Theaccuracy
requirements given in this standard are debatable and should be considered as discussion proposals. Accuracy is
described as standard deviatwof the absolute 3D point coordinates. Relative 3D point accuracy will be added

in a future version foCityGML and it is typically much higher than the absolute accuracy. In LOD1, the pos

tional and height accuracy of points must be 5m or less, while all objects with a footprint of at least 6m by 6m
have to be considered. The positional and heightirace of LOD2 must be 2m or better. In this LOD, all

objects with a footprint of at least 4m4m have to be cordgred. Both types of accuracies in LOD3 are 0.5m,

and the minimal fotprint is 2mx 2m. Finally, the positional and height accuracy of LOD4 maesd.2m or less.

By means of these figures, the cléisation 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 districts, architectural architectural
landscape projects models (ot models (interior)
side), landmark
Class of accuracy lowest low middle high very high
Absolute 3D point accuracy (ptisn / | lower than 5/5m 2/2m 0.5/0.5m 0.2/0.2m
height) LOD1
Generalisation maximal object blocks as | objects as object as real constructive
generalisation| generalised generalised features; elermrents and
(classification | features; features; > 2*2m/1m openings are
of land use) > 6*6m/3m > 4*4m/2m represented
Building installations - - - representative | real object form
exterior effects
Roof form/structure no flat roof type and real object form | real object form
orientation
Roof overhanging parts - n.a. n.a. Yes
CityFurnitue important objects| prototypes real object form | real object form
SolitaryVegetationObject important objects| prototypes, prototypes, prototypes, real
higher 6m higher 2m object form
>50*50m >5*5m <LOD2 <LOD2

PlantCover

é

to be continued for thetlver feature
themes

Tab.3: LOD 0-4 of CityGML with its accuracy requirements (source: Albert et al. 2003).

Whereas in CityGML each object can have a different representation for every LOD, often different objects from
the samd.OD will be generalised to be represented by an aggregate object in a lower LOD. City@pblctsu

the aggregation / decomposition by providing an explicit generalisation association betwegity@bjects
(further details see UML diagram in chapi€x. ).

6.3  Coherent semanticajeometrical modelling

One of the most important design principles for CityGML is the coherent modelling of semantics andigeometr
cal/topological properties. At the semantic level, «watld entities areapresented by features, such asduil

ings, walls, wndows, or rooms. The description also includes attributes, relations and aggregation hierarchies
(partwholerelations) between features. Thus the joéitelationship between features can be derivechat t
semantic level only, without considering geometry. However, at the spatial level, geometry objects are assigned
to features representing their spatial location atdrt. So the model consists of two hierarchies: the semantic

and the geometrical in wth the corresponding objects are linked by relationships (cf. Stadler & Kolbe 2007).
The advantage of this approach is that it can be navigated in both hierarchies and between both hierarchies
arbitrarily, for answeng thematic and/or geometrical quer@sperforming analyses.

If both hierarchies exist for a specific object, they must 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
geonetry representing the wall must contain also the geometry parts of both windows and 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 underpassesirplane hangars). They can be sealed uSlngureSurfaces. Closew
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Surfacesare special surfaces, which are taken into account, when needed to compute volumes and are neglected,
when they are irrelevant or not appriate, for example in visualisations

The concept oClosureSurfacess also employed to model the entranceswfsurfaceobjects 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. Ehentrances to subsurface objects also have to be sealed to avoid holes in the
digital terrain model (seBig. 3). However, in clos@éange visualisations the entrance must be treated as open.
Thus,ClosureSurfaceare an adequatgay to model thosentrances.

JULIUS

TUCKN

BUROEINRI
BUCHHA

Fig. 3: 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 aifght) (graphic: IGG 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 ifhilesrand 3D objects in different 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, wiere th
terrain touches the 3D object (d€ig. 4). TICs can be applied to buildings and building parts (cf. chditsy,

city furniture objects (cf. chaptd0.7), and genericity objects (cf. chaptet0.10. If, for example, a building

has a courtyard, th&IC consists of two closed rings: one ring representing the courtyard boundary, and one
which describes the building's outer bdary. This inbrmation can be used to integrate the building and a
terrain by O6pulling upd or 6 pulTérraimingersectto@mvé TheDTd sur r ou
may be locally warped to fit the TIBy this means, the TIC also ensures the correct pasity 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 differéfrgrrainintersectioCurvesfor all LOD.

Fig. 4: TerrainintersectionCurvé or a bui l ding (left, black) and a tunnel object (r
triangulatedClosureSuface(graphic: IGG Uni Bonn).
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6.6 Dictionaries and external code lists for enumerative attributes

Attributes, whichare used to classify objects, often have values that are restricted to a number of discrete values.
An example is the attributeoof type whose attribute values typically are saddle back roof, hip roof -lsgmi

roof, flat roof, pent roof, or tent rooft such an attribute is typed as string, misspellings or different names for
the same notion obstruct interoperability. In CityGML such classifying of attributes is speciftexteand-
CodelListsand implemented bysimple dictionariesdefined in theGML 31.1 Simple Dictionary Profilécf.
Whiteside2005) Such a structure enumerates all possible values of the attribute in an external file, ensuring that
the same name is used for the same notion. In addition, the translation of attribute values iringibees is
facilitated.

Simple dictionaries and external code lists may be extended or redefined byThsgrsan have references to

existing malels. For example, room codes defined by the Open Standards Consortium for Real Estate (OSCRE)
canberefenced instead of CityGMLO6s predefined values. Li
parts introduced by thidational Building Information Model Standard (NBIMS) can be used alternatively.

6.7 External references

3D objects are often derived from losave relations to objects in other databases or data sets. For example, a 3D
building model may have been constructed from adimeensional footprint in a cadastre data set, or may be
derived from an architectural moddtig. 5). 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 requirechpfertiexa
name and addr ess o fcadastrabinformatibn stegndrsnforonationeon aniermasand doors

in a facility management system. In order to supply such information, @agBbject may haveExternal
Referencedo corresponding objects in external data sets (for the UML diagrankige@0; and for XML
schema definition see annéx1). Such a reference denotes the external information system and the unique
identifier of the object in this system. Both are specified &midorm Resource Identifier (URIWwhich isa
generic format for references to any kind of resources on the internet. The generic concept of external references
allows for any CityObject an arbitrary number of links to corresponding objects in external informatemssy

(e.g. ALKIS, ATKIS, OS MaterMag’, GDF, etc.).

N/

’gkww@ﬁ ccommicaton
L)

Cadastral database

Facility
Management
System

Fig. 5: External references (graphic: IGG Uni Bonn).
6.8  City object groups

The grouping concept of CityGML allows for the aggregation of arbitrary city objects according-ttefised

criteria, and to represemtnd transfer these aggregations as part of a city model (for the UML diageam
chapterl0.9 XML schema definition see annéx5). A group may be assigned one or more names and may be
further clasified by specific attributes, for examplestape route from room no. 43 in house no. 1212 in a fire
s@nario” as a name andescape routeas type. Each member of the group can optionally be assigned a role
name, which specifies the role this particutaember plays in the group. This role hame 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 buibling.

A group may contain other groups as members, allowing nestegiggoof arbitrary depth. The grouping
concept is delivered by the thematic extension mo@ithgObjectGroupof CityGML (cf. chapterl0.9.

12 Copyright © 2008 Open Geospatial Consortium,



OGC08-007r1

6.9 Appearances

I nformation about a surfaceds awpface & congidered,anintegel.parto b s er v
of virtual 3D city models in addition to semantics and geometry. Appearance relates to anylmséattheme,

e.g. infrared radiation or noise pollution, not just visual properties. Consequently, data provigeednaaces

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

CityGML supports feature appearances for an arbitramyoen of themes per city model. Each LOD of a feature
can have an individual appearance. Appearancesaareseni among other§ textures and georeferenced
text ures. CityGMLO6s appearance model Appsarapcdct. Ehapte®)d wi t hi r

6.10 Prototypic objects / scene graph concepts

In CityGML objects 6 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 locBigp®.(The geometry of
prototypes is defineth local coordinate systems. Every instance is represented by a reference tootlypgrat

base point in the world coordinate reference system and a transformation matrix that facilitates saiimg, rot
and translation of the prototype. The prineip$¢ adopted from the concept of scene graphs usedniputer
graphics standards like VRML and X3D. As the GML3 geometry model does not provide support for scene
graph cocepts, it is implemented as an extension to the GML3 geometry model (for furtleipties see
chapter8.2).

: ;i Signs & Signals for
Vegetation objects Traffic and Tram

People & Animals Cars

Fig. 6: Examples of prototypic shapes (source: Rheinmetall Defence Electronics).

6.11 Generic city objects and attributes

CityGML is being designed as a universal topographicimédion model that defines object types and attributes
which are useful for a broad range of applications. In practical applications the objects within specific 3D city
models will most likely contain attributes which are not explicitly modelled in CityGMareover, there might

be 3D objects which are not covered by the thematic classes of CityGML. CityGML provides two different
concepts to support the exchange of such data: 1) generic objects and attributes, and 2) Application Domain
Extensions (see chagts.12).

The concept of generic objects and attributes allows for the extension of CityGML applications during runtime,
i.e. any CityObject may be augmented by additional attributes, whose names, data types, and values can be
provided by a running application without any change of the 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 @esiens of CityGML are provided by the thematic extension module
GenericH(cf. chapter10.10.

Copyright © 2008 Open Geospatial Consortium, Inc. 13



OGC08-007r1

The current version of CityGML does not include explicit thematic models for bridges, tunnels, and walls. They
will be added in a future vesi. In the meantime, 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 introductbn of new properties to existing 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 schedadinition file with its own namespace. This file has to exibji

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 Vidated against the CityGML and the respective ADE schema. ADEs can be defined (and even
stendardised) by information communities which are interested in specific application fields. More than one
ADE can be actively used in the same dataset (furtherigésorcf. chapted 0.117).

ADEs may be defined for one or even several CityGML modules providing a high flexibility in adding add
tional information to the CityGML data model. Thus, the ADE mechanism is orthogonally alignedheit
modularisation pproach of CityGML. Consequently, there is no separate extension module for ADESs.

Recently, a first ADE for noise pollution simulation has been developed, which is employed in the simulation of
enmvironmental noise dispersion accordittgthe Environmental Noise Directive of the European Commission
(2002/49/EC)Annex Gshows and explains the CityGML Noise ADE as an example.
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7 Modularisation

CityGML is a rich standard both on the thematic and georrtp@ogical level of its data model. On itseth

matic level CityGML defines classes and relations for the most relevant topographic objects in cities and r

gi onal models comprising built structures, relnevation
addition to geometry and appearance content these thematic components allow to employ virtual 3D city models

for sophisticated analysis tasks in different application domains like simulations, urban data mining, facility
management, and thematic uides.

CityGML is to be seen as a framework giving geospatial 3D data enough space to grow in geometrical, topolog
cal and semantically aspects over its lifetime. Thus, geometry and semantics of city objects may be flexibly
structured covering purely gewtric datasets up to complex geometopologically sound and spatio
semantically coherent data. By this means, CityGML defines a single object model and data exchange format
applicable to cosecutive process steps of 3D city modelling from geometryisitiqn, data qualification and
refinement to preparation of data for specific -eis@r applications, allowing for iterative data enrichment and
lossless information exchange.

According to this idea of a framework, applications are not required to supbibrematic fields of CityGML in
order to be compliant to the standard, but may employ a subset of constructs corresponding to speaitic rel
requirements of an application domain or process step. The use of logical subsets of CityGML limits-the co
plexity of the overall data model and explicitly allows for valid partial implementations. As for version 1.0 of the
CityGML standard, possible subsets of the data model are defined and embraced by so called @ibgBME

A CityGML module is an aggregatd normative aspects that must all be implemented as a whole by a-confo
mant system. CityGML consists ottare moduleand thematiextension maules

The CityGML core module defines the basic concepts and 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 thenmatic exte
sion modules. Thus, the core module is unique and must be implemented by any conformant system. Based on
the CityGML core module, each extension modatatains 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 isnt@ined (by reference) in each extension module, its genergepts and
components are universal to all extension modules. The following eleven thematic extension modules are intr
duced by version 1.0 of the CityGML standard. They are directly related to clauses of this document each cove
ing the correspondindgiématic field of CityGML:

e Appearance (cf. clau$y,

e Building (cf. clausel0.3),

e CityFurniture (cf. clausé0.7),

e CityObjectGroup (cf. claus&0.9),
e Generics (cf. claus£0.10,

e LandUse (cf. claus#0.8),

o Relief (cf. clausd 0.2,

e Transportation (cf. clauskd.5),

e Vegetation (cfclausel0.6),

e WaterBody (cf. claus&0.4), and
e TexturedSurface [deprecated] (cf. cla@s@.

The thematic decomposition of the CityGML data model allows for impleatiens 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 information needs of an application or application
domain A combination of modules is called a CityGMirofile. The union of all mdules is defined as the
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 mube a valid subset of the baseffie. By following the
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concept of CityGML modules and profiles, valid partial implementations of the CityGML data model may be
realised in a weltlefined way.

As for future development, each CityGML module may be furtteseloped 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 affecting the validity of other modules. Furtleermor
thematic compnents 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 malé but shall at least be dependent on the CityGML cordufao
Consequently, the CityGML base profile may vary over time as new extensions are added. However, if a specific
application has information needs to be modelled and exchanged which are beysndpé of the CityGML
data model, this application data can al soAgplea-i ncor po
tion Domain Extensiomechanism (cf. clausel0.1]) or by employing the concepts of generig/abjects and
attributes (cf. chaptet0.10.

The introduced modul arisation approach supports City
exchange format addressing various application domains and different s@pscitf modelling. 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
implemented thematic extension modules. For example, if an implementation supp@&utddhrey module, the

Relief module, and theVegetatonrmo dul e i n addition to the <core, this

[ Buil ding, Rel i ef, V gppfeetiasupgpartad] this shduld bedoglastee dt hbey bfiaGiet y G|
[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 uniqgue XML target namespacec#ding to dependency relations between modules, each module

may, in addition, import namespaces associated to such related CityGML modules. However, a siegle nam
space shall not be directly included in two modules. Thus, all elements belonging to orle anechssociated

to the modul edbs namespace onl y. By this means, mo dul
distinguishable in CityGML instance daments.

Compared to previous CityGML versions, the aforementioned namespace converitmohgcanan extra 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 documenturthermore, 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 ¢ at thatdosnpt parse and intergrgi GNILapplici o n s

tion schemas in a generic way. Elements from different namespaces thanaehdseaed ed by t he appl
empl oyed CityGML profile could be skipped. Comparabl e
Application Domain Extensiomechanism (cf. clausk.17).

As for version 1.0 of the CityGML standard, there are no two thematic extension modules related dy depen
ency. Thus, all extension modules are truly independent fraim ether 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 imported by each XML schema file defining an extension.

Thecependency relations bet ween FiG.i7 usndaM UMLspakage diagiare.s ar e |
Each module is represented by a package. The package names correspond to the module names. A dashed arrow

in the figure indicate that the schema at the tail of the arrow depends upon the schema at the headaf.the a

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

CityGML Coremodule. A short description of each dute is given inTab.4.
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<<Leaf>>
CityFurniture

<<Leaf>>
Appearance

<<Leaf>>
TexturedSurface

<<Leaf>>
Vegetation

<<Leaf>>
Relief

<<Leaf>>
Generics

]

1

[deprecated]

] I ]

1 <<Leaf>> 1
| Building |

<<Leaf>>
CityObjectGroup

<<Leaf>> i
WaterBody |

<<Leaf>>
Transportation

<<Leaf>>
LandUse

T
'
'
H =<impoart==
N4

1

<<Application Schema>>

Geography Markup Language

=<import== CityGML Core <<import>>
3 s<import== s<import== 1
W W
1 1
<<XSDschema>> <<XSDschema>>

extensible Address Language
{from CASIS)

(from OGC)

Fig. 7: UML package diagram illustrating the separate modules of CityGML and their sdep@adencies. Each extension module
(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://lwww.opengis.net/citygml/1.0

XML Schema file

cityGMLBase.xsd

Recommended namespace
prefix

core

Module description

The CityGML Coremodule defines the basic components of the CityGML

model.Primarily, this comprises abstract base classes from which all the
classes are (transitively) derived. But also -sabstract content common

more than one extsion module, for example basic data types, is defi
within the core module.

The core mdule itself imports the XML schema definition files of GM
version 3.1.1 and the OASIS extensible Address Language xAL.

Module name

Appearance

XML namespace identifier

http://lwww.opengis.net/citygml/appearance/1.0

XML Schema file

appearance.xsd

Reconmended namespace
prefix

app

Module description

The Appearancemodule provides the means to model appearance
CityGML features, i . e. observablt-
ance data may be stored for each city object. Therefore, thaclzise clas
_CityObjectdefined within the core module is augmented by an additi
propertyu s i ng CiApplicatidh Bosnain Extensiomechanism Thus,
the Appearancemodule has a deliberate impact on alentiatic extension
modules.

Copyright © 2008 Open Geospatial Consortium, Inc.
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Module name

Building

XML namespace identifier

http://www.opengis.net/citygml/building/1.0

XML Schema file

building.xsd

Recommended namespace
prefix

bldg

Module description

The Building module allows for the representation of thematic and sp
aspects of buildigs, building parts, building installations, and interior build
structures in four levels of detail (LOD114).

Module name

CityFurniture

XML namespace identifier

http://www.opengis.net/citygml/cityfurniture/1.0

XML Schema file

cityFurniture.xsd

Recommended namespace
prefix

frn

Module description

The CityFurniture module is used to represent city furniture objects in cil
City furniture objects are immovable objects like lanterns, traffic signsya
tising columns, benches, or bus stops thatmfound in traffic areas, resite
tial areas, on squares, or in buift areas.

Module name

CityObjectGroup

XML namespace identifier

http://lwww.opengis.net/citygml/cityobjectgroup/1.0

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 tedesered
criteria to represent and transfer these aggregations as part of the city m
group may be further classified by specific attributes.

Module name

Generics

XML namespace identifier

http://www.opengis.net/citygml/generics/1.0

XML Schema file

generics.xsd

Recommended namespace
prefix

gen

Module description

The Genericsmodule proides generic extensions to the CityGML data mqg
that may be used to model and exchange additional attributes and featu
covered by the predefined thematic classes of CityGML. However, g€
extensions shall only be usedaippropriate thematic atses or attributes a
not provided by any other CityGML module.

In order to represent generic attributes, @Genericsmodule augments th
abstract base clas<CityObjectdefined within the core module by an ad
tional propertyu s i ng CiApplicidi Bomain Extensiomechanism
Thus, theGenericsmodule has a deliberate impact on all thematic exten
modules.

18
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Module name

LandUse

XML namespace identifier

http://www.opengis.net/citygml/landuse/1.0

XML Schema file

landUse.xsd

Recommended namesgce
prefix

luse

Module description

The LandUsemo du | e all ows for t he

surface dedicated to a specific land use.

repi

Module name

Relief

XML namespace identifier

http://www.opengis.net/citygml/relief/1.0

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 gelutions. The terrain may be specified ag
regular raster or grid, as a TIN, by break lines, and by mass points.

Module name

Transportation

XML namespace identifier

http://www.opengis.net/citygml/transportation/1.0

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 represented as a linear netaobly geometrically describin
their 3D surfaces.

Module name

Vegetation

XML namespace identifier

http://lwww.opengis.net/citygml/vegetation/1.0

XML Schema file

vegetation.xsd

Recommended namespace
prefix

veg

Module description

The Vegetation module provides thematic classes to represent vegetd
objects. CityGML6s vegetation e
tion objects like trees, and vegetation areas which represent biotopg
forests or other plant communities.
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Module name WaterBody

XML namespace identifier | http://www.opengis.net/citygml/waterbody/1.0

XML Schema file waterBody.xsd

Recommended namespace | wtr

prefix

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

Module name TexturedSurface [deprecated]

XML namespace identifier | http://www.opengis.net/citygml/texturedsurface/1.0

XML Schema file texturedSurface.xsd

Recommended namespace | tex

prefix

Module description The TexturedSurfacenodule allows for assigning visual appearance ptgs

(color, shininess, transparency) and textures to 3D surfaces. Due to in
limitations of its modelling approach this moddias been marked depated
and is expected to be removed in future CityGML versions. Appeat
information provided by this Appea

ancemodule without information loss. Thus, the use of TlexturedSurface
module isstrongly discouaged

Tab.4: Overview of CityGMLG6s core and thematic extensi
7.2  CityGML profiles

A CityGML profile is a combination of thematic extension modules in conjunction with the codalenof
CityGML. Each CityGML irstance document shall employ the CityGML profile appropriate to the pubvide
data. In general, two approaches to employ a CityGML profile within an instance document can beidifferent
ated:

1. CityGML profile definition embedded inline the CityGML instance document
A CityGML profile can be bound to an instance document usingt¢hemalocatiomttribute defined
in the XML Schema instance namespace, http://www.w3.0rg/2001/XMLSchestzance (commonly
associated with the prefixsi). The xsi:schemalocatiomttribute 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
followed by theloat i on of that namespaceds XML Schema def i

By this means, the namespaces of the respective CityGML modules shall be defined within a CityGML
instance document. Thesi:schemalocatiomttribute then shall be used to pide the location to the
respective XML Schema definition of each module. An example instance docurtewirfg this first
approach can be found in anrex.

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 shall co
bine the appropriate CityGML modules by importing the corresponding XML Schema definitions. For
this purpose, theimport element defined in the XML ¢hema namespace shall be used,
http://www.w3.0rg/2001/XMLSchema (commonly associated with the predix For thexs:import

el ement, the namespace of the imported CityGML mo
XML Schema definition have to be clared. In order to apply a CityGML profile to an instancewdoc
ment, the profileds schema has t osischemahozationd t o t he

tribute. The XML Schema file of the CityGML profile shall not contain any further content.
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The targetNamespace f the profileds schema shall di ffer f
CityGML modules. The namespace associated with the profile should be in control of the originator of
the instance document and must be given as a previously unukgtbbally unique URI. Thepf i | e 6 s

XML Schema file must be available (or accessible on the internet) to everybody parsingtheteabs
CityGML instance dogment.

The second approach is illustrated by the following example XML Schema definition foasleeprofile of
CityGML. Since the base profile is the union of all CityGML modules, the corresponding XML Schema defin
tion imports each and every CityGML module. By this means, all components of the CityGML data model are
available in and may be exchauyby instance documents referencing this example base profile. The schema
definition file is shipped with the CityGML schema package and is accessible by theCitg@®IL.xsd

<?xml version="1.0" encoding="UFB"?>
<xs:schemamIns="http://www.citygml.ag/citygml/profiles/base/1:0xmIns:xs="http://www.w3.0rg/2001/XMLSchen‘a
targetNamespas&http://www.citygml.org/citygml/profiles/base/1.@lementFormDefaud'qualified’
attributeForm[fault="unqualified>
<xs:importnamespace"http://www.opengis.netitygml/appearance/1'0
schemalocabr="http://www.citygml.org/citygml/appearance/1.0/appearancé/xsd
<xs:importnamespace'http://www.opengis.net/citygml/building/1'0
schemalocabn="http://www.citygml.org/citygml/building/1.0/buildig.xsd/>
<xs:importnamespace"http://www.opengis.net/citygml/cityfurniture/1'.0
schemal oation="http://www.citygml.org/citygml/cityfurniture/1.0/cityFurniture.x§c
<xs:importnamespace"http://www.opengis.net/citygml/cityobjectgroup/1.0
schemal oation="http://www.citygml.org/citygml/cityobjectgroup/1.0/cityObjectGroup.¥sd
<xs:importnamespace'http://www.opengis.net/citygml/generics/1.0
schemalocabn="http://www.citygml.org/citygml/generics/1.0/generics.Xsd
<xs:importnamespace"'http://www.opengis.net/citygml/landuse/1.0
schemalocabr="http://www.citygml.org/citygml/landuse/1.0/landUse.Xsd
<xs:importnamespace"http://www.opengis.net/citygml/relief/1'0
schemalocabn="http://www.citygml.og/citygml/relief/1.0/relief.xstf>
<xs:importnamespace'http://www.opengis.net/citygml/transportation/1.0
schemalocatio#"http://www.citygml.org/citygml/transpation/1.0/transportation. x4
<xs:importnamespace'http://www.opengis.net/cityml/vegetation/1.0
schemalocabn="http://www.citygml.org/citygml/vegetation/1.0/vegetation.Xsd
<xs:importnamespace"http://www.opengis.net/citygml/waterbody/1.0
schemalocabn="http://www.citygml.org/citygml/waterbody/1.0/waterBpdsd'/>
<xs:importnamespace'http://www.opengis.net/citygml/texturedsurfacel'1.0
schemal oation= http://www.citygml.org/citygml/texturedsurface/1.0/texturedSurface/xsd
</xs:schema

The following excerpt of a CityGML dataset exemplifies htovapply the base profile sche@#yGML.xsdto a
CityGML instance document. The dataset contains two building objects and a city object group. The base profile
defined byCityGML.xsdis referenced using thesi:schemalocatiorattribute of the root elementThus, all
CityGML modules are employed by the instance document and no further references to CityGML modules are
necessary.

<?xml version="1.0" encoding="UFB"?>
<core:CityModelxmIns="http://www.citygml.org/citygml/profiles/base/1.0
xmins:core"http://www.opengis.net/citygml/1'0
xmins:bldg="http://www.opengis.net/citygml/building/1'0
xmlns:grE="http://www.opengis.net/citygml/cityobjectgroup/1.0
xmlns:gmE"http://www.opengis.net/grhl
xmlns:xAL="urn:oasis:names:tc:cig:xsdschema:xAL'2.0
xmlns:xlink="http://mww.w3.0rg/1999/xlink
xmlns:xsE"http://www.w3.0rg/2001/XMLSchemastancé
xsi:schemal.ocaticH http://www.citygml.org/citygml/profiles/base/1.0 http://www.citygml.org/citygml/profiles/base/1.0/CityGML>xsd
<core:cityObjectMenber
<bldg:Buildinggml:id="Build0815>
<core:externalReferenee
<core:informationSysterhttp://www.advonline.de/core:informationSystem
<core:externalObject
<core:urkurn:adv:0idDEHE123400007004/core:ur>
</core:externalObject
</core:externalReferenze
<bldg:functior>1000</bldg:functior>
<bldg:yearOfConstructiorl985</bldg:yearOfConstruction
<bldg:roofType>1030</bldg:roofType
<bldg:measuredHeighton="#m">8.0</bldg:measuredHeight
<bldg:storeysAboveGrourr@</bldg:storeysAbove Grourd
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8 Spatial model

Spati al properties of CityGML features are represent
baed on the standard |1 SO 19107 O6Spatial Schemadé (Herr
well-known Boundary RepresentatiqB-Rep, cf. Foley et al. 1995). CityGML actually uses only a subset of the

GML3 geometry package, defining a profdeGML3. This subset is depicted kig. 8 andFig. 9. Furthemore,

GML36s explicit Boundary Representation is natonended
of the geomey of features with the same shape iraplly and thus more space efficiently (chapde®).

8.1 Geometrictopological model

The geometry model of GML 3 consists of primitives, which may be combined to form complexes, composite
geometries or aggregates. For each dimension, theregsoaetrical primitive a zeredimensional object is a

Point, a onedimensional a Curve a twodimensional a Surface and a threelimensional a Solid (Fig. 8).

Each geordry 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 straight line, thus only the GML3LdtesStringis 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>>
igml::_GeometricPrimitive

| interior 0..% |
<<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>>
) gml::_Solid exterior 1 gml::_Surface gml::_Curve = gml::P‘olnl =
solidMember, 1.% +position : gml::DirectPosition [1]
1.% surfaceMember 1. .2 baseSurface curveMembeér
0.1 | 0.1 o 4
+ [ 1
<<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

+orientation : gml::SignType [0..1]

1..x\|/ patches exterior 1
<<Geometry>> <<Geometry>> <<Geometry>>
gml::TriangulatedSurface | 1 gml::_SurfacePatch 3 gml::_Ring
interior ~ *
/\ trianglePatches /\
exterior "4
<<Geometry>> *
gml:TIN <<Geometry>> <<Geometry>> exterior " ZF
+stopLines : gml::LineStringSegment [0..*] gml::Triangle gml::Rectangle
+breakLines : gml::LineStringSegment [0..*] <<Geometry>>

gml::LinearRing
+position : gml::DirectPosition [4..*]

+maxLength : gml::LengthType [1] *
+controlPoint : gml::posList [1]

Fig. 8: UML diagram of @delt(sulisd and profilg ef GWiLA)t Rripitives and Composites.

Combhned geometries can bggregates, complexes or compositesprimitives (see illustration ifrig. 10). In

an Aggregate the spatial relationship between campnts is not restricted. They may be disjoint, overlapping,
touching, ordisconnected. GML3 provides a special aggregate for each dimendlaittjRoint, aMultiCurve, a
MultiSurfaceor a MultiSolid (seeFig. 9). In contrast to aggregates, @omplexis topologically structured: its

pats must be disjoint, must not overlap and are allowed to touch, at most, at their boundaries or share parts of
their boundaries. £ ompositas a special complex pvided by GML3. It can only contain elements of the same
dimension. Its elements must besjdint as well, but they must be topologically connected along their beund
ries.A Camnpositecan be aCompositeSolida CompositeSurface, or CompositeCurfdd. Fig. 8).
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* <<Geometry>>
gml::_Geometry

i

geometryMember

<<Geometry>> * 1.% <<Geometry>> <<Geometry>>
gml::GeometricComplex gml::_GeometricPrimitive gml::_AbstractGeometricAggregate
element Zﬁ
<<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>>
~ | aml::MultiGeometry gml::MultiSolid gml::MultiSurface gml::MultiCurve gml::MultiPoint
*
solidMember surfaceMember curveMember pointMember
* * * *
<<Geometry>> <<Geometry>> <<Geometry>> <<Geometry>>
gml::_Solid gml::_Surface gml::_Curve gml::Point

Fig.9: UML di agr a ngeométry @dek Go@pleked and Aggregates

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

interior side of a surface when bounding a solid. Please note, that Curves and Surfaces have a default orientation
in GML which results from the order of the defining points. Thus, an OrientableSurface only has to be used, if
the orientation of given GML geometry has to be reversed.

TriangulatedSurfaceare special surfaces, which specify triangulated irregular networks often used to represent
the terrain. While arriangulatedSurfaces a composition of explicifriangles the subclasgIN is used to
represent a triangulation in an implicit way by a set of control points, defining the nodes of the triangles. The
triangulation may be reconstructed using standard wlatign methods (Delaunay triangulation). In addition,
break lines and stop lisalefine contoucharacteristicef the terrain.

Multi Surface Geometri€omplex Composit&urface

Fig. 10: Combined geometries.

The GML3 composite model realisesezursive aggregatioschema for every primitive type of the corresgron
ing dimension. Tis aggregation schema allows the definition of nested aggregations (hierarchy ofieatsj
For example, a building geometr€gmpositeSolidcan be composed of the house geomedgngipositeSolig
and the garage geometrgdlid) |, whi | e ¢tomety ihforthes detasmpoged into the roof geometry
(Solid and the geometry of the house bo8wpl{d).

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

by all features or more complex geometries which are defined or bounded by this geometry object. Tihus redu
dancy is avoided and explicit topological relations between parts are maintainedllf3asiere are three cases.
First, two features may be defined spatially by the same geometry. For example, if a path is both aati@msport
feature and a vegetation feature, the surface geometry defining the path is referenced both by thetimansport
object and by the vegetation object. Second, geometry may be shared between a feature and anetigeAgeom
geometry defining a wall of a building may be referenced twice: by the solid geometry defining the geometry of
the builling, and by the wall feare. Third, two geometries may reference the same geometry, which is in the
boundary of both. For example, a building and amaaaljt garage may be represented by two solids. The surface
describing the area where both solids touch may be representeshoeland it is refenced by both solids. As
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it can be seen frorig. 11, this requires partitioning of the respective surfaces. In general, Boundary Represe
tation only considers visible surfaces. However, to make topologicateay explicit and to allow the 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 avoidglee multi
represerdtion of the same space. However, the 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 aggregatdgferent thematic features is assigned an

unique identifier, which may be retnced by a GML geometry property usingraf attribute. CityGML does

not deploy the buitn topology package of GML3, which provides separate topology objects accongpémsin

geometry. This kind of topology is very complex and elaborate. Nevertheless, it lackdifiewiben data sets,

which might include or neglect topology, should be covered by the same data model. The XLink topology is
simple and flexible and nearbs powerful as the explicit GML3 topology model. whwver, a disadvantage of

the XLink topology is that navigation between topologically connected objects can only be performed in one
direction (from an aggregate to its components), not (immediately) bidir¢e onal as it i s- the ca:
intopdkogy. An example for CityGMLO6s topology Flhepresent at

Recursive aggregation with arbitrary depth Solid aggregate

i

Wall face will be partitioned into 2 faces Solid 1 Solid 2

Solid 1

Solid 2

T

< explicit topological connection
but goes beyond B-Rep

Fig. 11: Recursive aggregation of objects and geoieetn CityGML (graphic: IGG Uni Bonn).

The following excerpt of a CityGML example file definegal:Polygonwith an idwallSurface4711which is
part of the geometry propertpd2Solid of a building. Another building being adjacent to the first building
references this polygon in its geometry property.

<bldg:Building>
<bldg:lod2Solic-
;;gmlzsurfaceMember
<gml:Polygongml:id="wallSurface4711>
<gml:exterior
<gml:LinearRing
<gml:possrsDimensios"3">32.0 31.0 2.5/gml:pos>
</.§;n|:LinearRing>
</gml:exteriop
</gml:Polygor»
</gml:surfaceMember
</bldg:lod2Solid-
</bldg:Building>
<bldg:Bulding>
<bldg:lod2Solic:
:gmlzsurfaceMembeinnk:hrefz"#waIISurface471'1>
</bldg:lod2Solic-

</bldg:Building>
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8.2  Implicit geometries, prototypic objects, scene graph concepts

The concept of implicit gemetries is an enhancement of the geometry model of GML3. It is, for example, used

in CityGML6s vegetation model, for d0.6t 9.7 andil0.h0i. t ur e al
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). Thut, egtension module may define

spatial properties providing implicit geometries for its thematic classes. For this reason, the concept of implicit
geometries is defined within the CityGML core module (cf. chaplet). However, its description is drawn here

since implicit geometries are part of CiFiylMhbheds spat
corresponding XML schema definition is provided in anrex.

An implicit geometry is a geometric object, where the shape is stored only once astypigaitgeometry, for
example a tree or other vegetation object, a traffic light or a traffic sign. This prototypic geometry object is re
used or refrenced many times, wherever the corresponding feature occurs in the 3D city model. Each occu
rence is represented by a link to the prototypic shape geometry (in a local cartesian coordinate system), by a
transformation matrix that is multiplied with ea8B coordinate of the prototype, and by an anchor pointtedeno

ing the base point of the object in the world coordinate reference system. This reference point also defines the
CRS to which the world coordinates belong after the application of the transfommiatiorder to determine the
absolute coordinates of an implicit geometry, the anchor point coordinates have to be added to the niatrix mult
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 homogeneoitss coord
nates, i.e. (x,y,z,1). This way even a projection might be modelled by the traasformatrix.

<<ExternalCodeList>>
MimeTypeType

<<Object>> referencePoint <<Geometry>>
ImplicitGeometry . gml::Point
+mimeType : MimeTypeType [0..1] 1 <<PrimitiveType>>
+transformationMatrix : TransformationMatrix4x4Type [0..1] 0.1 TransformationMatrix4x4Type
. o * - <<Geometry>> =
+libraryObject : xs::anyURI [0..1] +xs::double [16]
R gml::_Geometry
relativeGMLGeometry

Fig. 12: 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 effici8imce the shape of, for
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 ofprimitive instancingused for the representation sfene graphsn the field of computer
graphics (Foley et al. 1995).

The termimplicit geometryrefers to the principle that a geometry object with a complex shape can be simply
representedy a base point and a transformati on, implicitly
the world coodinate system.

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

file, a DXF file, or a 3D Studio MAX file. The reference to the implicit geometry can beifggdy 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 adage that it can be stored or exchanged inline within the

CityGML dataset. Typically, the shape of the getmis defined in a local coordinate system where the origin

l'ies within or near t o t leredbypan8Rl alde MME type ofthe dehoted t he s h
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 thebgects using absolute world coordinates. It is more spéfagent, and thus more exte

sive scenes can be stored or handled by a system. The visualisation is accelerated since 3D graphjgs cards su
port the scene graph concept. Furthermore, the usagdferedt shape versions of objects is facilitated, e.qg.
different seasons, since only the library objects have taxdieeaged (see examplekig. 40).
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XML namespace

The XML namespace of theityGML Coremodule defining the compt of implicit geometries is identified by
the Uniform Resource Identifier (URI) http://www.opengis.net/citygml/1.0. Within the XML Schema definition
of the core module, this URI is also used to identify the default namespace.

ImplicitGeometryType, Implic itRepresentationProperty Type

<xs:complexTyperame="ImplicitGeometry Typ&>
<xs:complexContent
<xs:extensiorbase"gml:AbstractGMLTypé&>
<xs:sequence
<xs:elemenhame"mimeTyp¢€ type="MimeTypeTypé& minOccurs"0"/>
<xs:elemenhame"transfornationMatriX' type="TransformationMatrix4x4 TygeminOccurs"0"/>
<xs:elemenhame="libraryObject type="xs:anyUR! minOccurs"0"/>
<xs:elemenhame"relative GMLGeometrytype="gml:GeometryProperty TygeninOccurs"0"/>
<xs:elemenhame="referenc@oint' type="gml:PointProperty Typ&>
<Ixs:sequence
</xs:extensior
</xs:complexContent
<Ixs:complexType
<I-- =
<xs:elemenhame"ImplicitGeometry type="ImplicitGeometryTypé substitutonGroup="gml:_GML"/>
<I-- >
<xs:complexTypeame="ImplicitRepresentationProperty Tyjpre
<xs:complexContemt
<xs:restrictionbase"gml:AssociationType>
<xs:sequenceninOccurs"0">
<xs:elementef="ImplicitGeometry/>
<Ixs:sequence
</xs:restrictior»
</xs:complexContent
<Ixs:complexType

8.2.1 External code lists

The ImplicitGeometry model introduces the following types, séhwalid values are explicitly enumerated in an
external code list (cf. chaptéréand annexC.4):

e MimeTypeType
8.2.2 Example CityGML datasets

An example for an implicit geometry is given by the followicity furniture object (cf. chapté0.7), which is
represented by a geometry in LOD2:

<frn:CityFurniture>
<frn:clas$1000</frn:class <!--At r af f i c 0 ; decl ar ed i rClaskpgoamexC.2-code | i st (CityFurn
<frn:function>1080</frn:functior> <!--At r af f i ¢ | i ght 0; d e yHumitureRunciionType)xntaene? al code | i st
<frn:lod2ImplicitRepresentation
<core:mplicitGeometry
<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:EPS&12:31467,crs:EPSG:6.12:5783
<gml:possrsDimensior"3">5793898.77 3603845.54 44/gml:pos>
</gml:Point
</core:referencePoint
</core:ImplicitGeometry
</frn:lod2ImplicitRepresentation
</frn:CityFurniture>

The shape of the geometnyf t he traffic Iight (city furniture with
the external code lists proposed in an@g) is defined by a VRML file which is specified by a URL. This

Copyright © 2008 Open Geospatial Consortium, Inc. 27



OGC08-007r1

library object, which is defirin a local coordinate system, is transformed to its actual location by adding the
coordnates of the reference point.

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

<frn:CityFurniture>
<frn:clas$1000</frn:class <!--Ant r af f I c 0 ; decl ar ed i rClasskypepimanmf.2-code | i st (CityFurn
<frn:function>1080</frn:functior> <!--fit r af f i ¢ | i ght 0; d e gAumitureFkinciionType)xnaexC2al code | i st
<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 O
0 0 01
</core:transformationMatrix
<core:libraryObject
http://www.some3d-library.com/3D/furnitures/TrafficLight434.wrl
<[core:libraryObject
<core:referencePoint
<gml:PointsrsName"urn:ogc:def:crs,crs:EPS&12:31467,crs:EPSG:6.12:5783
<gml:possrsDimensiors"3">5793898.77 3603845.54 44/gml:pos>
</gml:Point
</core:referencePoint
</core:ImplicitGeometry
</frn:lod2ImplicitRepresentation
</frn:CityFurniture>

In addition to the fist 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 matrix, etc. The matrix combines
a translation by the vector (0.7, 0.8,i0he origin of the local reference system is not the center of the dbject
and a rotation around theaxis by 30 degree€@s(30) = 0.86602andsin(30) = 0.5. This rotation is necessary

to align the traffic light with respect to a road. The actualtmm 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 atifled, yieldinghe
actual geometry of the city furniture.

8.2.3 Conformance requirements

Base requirements

1. In order to geometrically represent a feature using the concept of implicit geometries, the corresponding
thematic class of the feature shall define a spatial propétiyectypelmplicitRepresentationPrope
tyType Thus, for all CityGML extension modules only the tyjpgplicitRepresentationProperty Type
shall be used for spatial grerties providing implicit geometries.

2. If the shape of an implicit geometry is referencgdalm URI using thdibraryObject property (type:
xs:anyUR) of the elementmplicitGeometry also the MIME type of the denoted object must beispec
fied using thamimeTyperoperty (typeMimeTypeType

Referential integrity

3. The typelmplicitRepresentation@pertyTypemay contain arimplicitGeometryelement inline or an
XLink reference to a remotnplicitGeometryelement using the XLink concept of GML 3.1.1. In the
latter case, tha&link:href attribute of the corresponding property of typ®licitRepreserationPrope-
tyTypemay only point to a remotenplicitGeometryelement (where remotenplicitGeometryelements
are located in another document or elsewhere in the same doculith).the contained element or
the reference must be given, but neither mthnone.
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9 Appearance model

In addition to spatial properties, CityGML features haypearance§ obser vabl e
surface. Appearances are not limited to visual data but represent arbitrary categoriethealkessuch as
infrared radiation, noise pollution, or earthquakeluced structural stress. Each LOD can have an individual
appearance for a specific theme. An appearancenpased of data for each surface geometry object, i.e.
surface data A single surface geometry objemiay have surface data for multiple themes. Similarly, surface
data can be shared by multiplerfage geometry objects (e.g. road paving). Finally, surface data values can

OGC08-007r1

either be constant across a surface or depend on the exdiciiadthin the surfae.

CityGMLO6s appeara

nce model

diagram of the appearance model is illustratellign 13, for XML Schema definition see ann&x.

gmi::_Feature

<<Feature>>

Jiy
<<Feature>>
gml::_FeatureCollection
<<Feature>> <<Feature>> -
core::CityModel core:._City Object <<CodelList>>
TextureTypeType
* * Hypical
. <<Feature>> . +specific
appearance Member Appearance appearance guoknown
+Hheme : x5::5tring [0..1]
<<Codelist>>
" WrapModeType
+none
<<Feature>> +Hwrap
_SurfaceData surfaceDataMember ST
+HsFront : x5::boolean [0..1] = true +clamp
% +border
| | <<Primitive Type>>
<<Feature>> <<Feature>> Color
X3DMaterial _Texture +core::doubleBetween0and1 [3]

+shininess : core::doubleBetween0and1 [0..1]
+Hransparency : core::doubleBetweenOand1 [0..1]
+ambientlntensity : core::doubleBetweenOand1 [0..1]
+specularColor : Color [0..1]

+diffuseColor : Color [0..1]

+emissiveColor : Color [0..1]

+isSmooth : xs::boolean [0..1]

+Harget : x5::anyURI[0.."]

+imageURI : xs::anyURI [1]

+wrapMode : WrapModeType [0..1]

+mime Type : core::MimeTypeType [0..1]
HextureType : TexiureTypeType [0.

+borderColor : ColorP lusQpacity [0..1]

<<Primitive Type>>
] ColorPlus Opacity
+core::doubleBetweenOand1 [3..4]

T

targ

<<Feature>>
ParameterizedTexture

*

<<Object>>
_| TextureAssociation

“+uri : xsianyURI [1]

k3

et

<<Object>>
_TextureParameterization

T

<<Feature>>
GeoreferencedTexture

+preferWorldFile : xs::boolean [0..1] = true
+orientation : core::TransformationMatrix2x2 Type [0..1]
Harget : xs::anyURI[0..7]

<<(Geometry>>
gml::Point

referencePoint

<<Object>>
TexCoordGen

<<Qbject>>
TexCoordList

+world ToTextiure : core::TransformationMatrix3x4 Type [

1] HextureCoordinates : gml::doublelList [1..7]

+Hing : xs:anyURI [1..7]

Fig. 13 UML diagram of

CityGMLOs

appea
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In CityGMLO6s appearance model, themes are represent el
for a given theme is defined by a setqipearancebjects referencing this theme. Thus, Appearancebjects

belonging to the samtheme compose a virtual group. They may be included in different places within a
CityGML dataset. Furthermore a single CityGML dataset may contain several themAppAaaranceobject

collects surface data eelant for a specific theme either for individdaatures or the whole city model in any

LOD. Surface data is represented by objects of cl&sfaceDataand its @scendents with each covering the

whole area of a surface geometry object. The relation between surface data andgaafaetyobjects §

expressed by atRI (Uniform Resource Identifigrlink from a _SurfaceDataobject to an object of type
gml:AbstractSurfaceTypar typegml:MultiSurface

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

the surface, is modelled as texture. Each surfgmametryobject can have both a material and a texture per
theme and side. This allows for providing both a constant approximation and a complex measurement of a
surfacebds pr op &ndpplicaton imedpansibledoo ah@osing the appropriate property represe
tation for its task (e.g. analysis or rendering). &csfic mixing is not defined since this is beyond the scope of
CityGML. If a surfacegeometryobject is to receive multipleextures 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 hiform Resource Identifier
(URI) http://www.opengis.net/citygml/appearance/1.0. Within the XML Schema definition oigpearance
module, this URI is also used to identify the default namespace.

9.1 Relation between appearances, features and geometry

Despitethe close relation between surface data and surface, surface data is stored separately in the feature to
preserve the original GML geometry model. Instead of surface data being an attribute of tbévectpget

surface geometry object, each surfaceaddiject maintains a set 0fRIs specifying thegml:ids of the target

surface geometry objects (of tymenl:AbstractSurfaceTyper gml:MultiSurfacg. In case of a composite or
aggregate target giace, the surface data object is assigned to all contauréates. Other target types such as
features, solids, ogml:AbstractSurfacePatchTygevhich includesgml:Triangle are invalid, even though the

XML schema language cannotrifeally 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 typeotescri

The limitation of valid target types tml:AbstractSurface Typand gml:MultiSurfaceexcludinggml:Abstract
Surfacéatchlypeis based on the GML geometry modalbats 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 @pgntly is nogml:AbstractSurfae Type(cf.

8.1). Since captured realorld surfaces often cannot be guaranteed to be continuous, CityGML allows for
gml:MultiSurfaceto representa & ur e6s boundary in various pl &cles as ar
treat such surfaces similarly togaml:CompositeSurfagesurface data objects are allowed to linkgtal:Multi-

Surfaceobjects. The exclusion @ml:AbstractSurfacePatchTypes valid target type results from its standard as

a root class withougml:AbstractGMLTypébeing its parent class. Thusgal:AbstractSurfadeatchTypgwhich
includesgml:Triangleandgml:Rectanglgcannot receive gml:id and cannot be referenced.

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

facing material, one active frofeicing 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. Multide indirect assigments due to nested surface definitions are resolved by overwriting, e.g. the front

facing material of agml:Polygon becomes active by overwriting the frefacing material of the parental
gml:CompositeSurfaceMultiple direct assignments i . e . a sur f agmbkidigreferemed mMuy obj ec
tiple times within a theme, are not allowed and are resolveceinguitationdependently by choosing exactly

one of the conflicting surface data objects. Thus, multiple directrassigts within alieme need to be avoided.

Each CityObject 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
permitsari r ary | inks across the feature hierarchy to anot
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principle of locality: Surface data should be stored such that the linked surfaces only belong to the containing
CityObject featuobahadsutbfaceéitddtanshaGld be stored
locality principle also ensures that CityObjects retrieved from a WFS will contain the respective appearance
information.

9.2 Appearance and SurfaceData

The feature clas&ppearancalefines a container for surface data objects. It providethtitaethat all catained

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 institaceDataMeber property. 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 dateatdpplies to. Please note, that all classes of the appearance
model support CityGMLG6s ®&IR2and1délc Tha hooks for applichtion spdtiicp t er s
extensions are realized byttd e me@d rse fii c Appl i cat.i onPropertyOfé

AppearanceType, AppearancePropertyType

<xs:complexTypeame="AppearanceTyge
<xs:complexContemnt
<xs:extensiorbase"gml:AbstractFeatureType
<xs:sequence
<xs:elemenhame"theme type="xs:string minOccurs="0"/>
<xs:elemenname"surfaceDataMembeiype="SurfaceDataProperty TypeninOccurs="0" maxOccurs"unboundet>
<xs:elementef="_GenericApplicationPropertyOfAppearaficeinOccurs"0" maxOccurs"unbounded>
</xs:sequence
</xs:exten®n>
<I/xs:complexContent
</xs:complexType

<l|--======= ===

<!.. s —————————————— >
<xs:complexTypeame="AppearanceProperty Tyre
<xs:complexContept
<xs:extensiorbase"gml:FeatureProperty Type
<xs:sequenceninOccurs"0">
<xs:elemenname"Appeaancé type="AppearanceTypé>
</xs:sequence
</xs:extensior
</xs:complexContent
</xs:complexType

appearanceMember, appearance

<xs:elemenhame="appearanceMembetype="AppearanceProperty TypeubstitutimGroup="gml:featureMembér>
s === =======
<xs:elemenhame"appearancetype="AppearancePropertyTypeubstitutonGroup="core:_GenericApplicationPropertyOfCityObj¥et

The definition ofappearanceMemballowsfor an arbitrary or even mixed sequenceCiti/Objectfeatures and
Appearancdeatures within &ityModelfeature collection (cf. chapt&©.1).

In order to store appearance infamtion within a singleCityObjectfeature, thecorresponding abstract class
_CityObjectof the core module is augmented by the property elerapperance The additional property
appeaance is injected into CityObjectu si ng Ci Appliafibh ®aemain Extensiomechanism (cf.
chapter10.1]). By this means, each thematic subclass@iftyObjectinherits this property. Thus, th&ppea-
ancemodule has a deliberate impact on each extension module defining thematic subclaGgg®©bject

AbstractSurfaceDataType, _SurfaceDta, SurfaceDataPropertyType

<xs:complexTypaame="AbstractSurfaceDataTyfre
<xs:complexContemt
<xs:extensiorbas&"gml:AbstractFeatureType
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<xs:sequence
<xs:elemenhame="isFront' type="xs:booleat defaul&"true' minOccurs"0"/>
<xs:elemat ref="_GenericApplicationPropertyOfSurfaceDatainOccurs"0" maxOccurs"unbounded>
</xs:sequence
</xs:extensior
</xs:complexContent
</xs:complexType

<I-- ->
<xs:elemenhame"_SurfaceDatatype="AbstractSurfaceDataTypebstract"true' subsitutionGroup="gml:_Featurg>

<l-- =x
<xs:elemenhame="_GenericApplicatioPropertyOfSurfaceDataype="xs:anyTypé abstract="true'/>

<l-- =

<xs:complexTypaame="SurfaceDataProperty Tyjre
<xs:sequenceninOccurs"0">
<xs:elementef="_SurfaceDataminOccurs"0"/>
</xs:sequence
<xs:attributeGroupef="gml:AssociationAttributeGroup>
</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 diffusely reflected ligtgpecularColordefines the color of a directed
reflection. emissiveColoilis the color of light gemated by the surface. All colors use RGB values with red,
green, and blue between 0 and 1. Trarapey is defined separately using tin@nsparencyelement where 0

stands for fully opaque and 1 for fully transparemhbientintensitylefines the minimum peentage ofliffuse-

Color that is visible regardless of light sourcsbinnesscontrols the sharpness of the specular highlight. 0
produces a soft glow while 1 results in a sharp highligimoothgives a hint for normal interpolation. If this
boolean lag is set to true, vertex normals should be used for shading (Gouraud shading). Otherwise, normals
should be constant for a surface patch (flatisttg.

Target surfaces are specified ustaggetelements. Each element contains the URI of one targitcsugeora-
try object (of typegml:AbstractSurfaceTypar gml:MultiSurfacé.

X3DMaterialType, X3DMaterial

<xs:complexTypeame="X3DMaterial Typ&>
<xs:complexContent
<xs:extensiorbase"AbstractSurfaceDataType
<xs:sequence
<xs:elemenname"ambientIntensity type="core:doubleBetweenOantdefault="0.2' minOccurs"0"/>
<xs:elemennhame="diffuseColot' type="Color" defaul"0.8 0.8 0.8 minOccurs="0"/>
<xs:elemenhame="emissiveColdr type="Color"' defaul="0.0 0.0 0.0 minOccurs="0"/>
<xs:elemennhame="specularColdtrtype="Color' defaul="1.0 1.0 1.0 minOccurs="0"/>
<xs:elemenname="shinines’ type="core:doubleBetweenOantdefaul"0.2' minOccurs"0"/>
<xs:elemenhame="transparencytype="core:doubleBetweenOantdlefaul="0.0" minOccurs"0"/>
<xs:elemenname="isSmootHt type="xs:booleah default"false' minOccurs"0"/>
<xs:elemenname"target type="xs:anyURT minOccurs"0" maxCccurs="unboundet{>
<xs:elementef="_GenericApplicationPropertyOfX3DMateriahinOccus="0" maxOccurs"unboundet>
</xs:sequence
<[xs:extensior
</xs:complexContent
</xs:complexType

<I-- =
<xs:elemenhame="X3DMaterial' type="X3DMaterialType' substitutonGroupg"_SurfaceDatéd>
== ==

<xs:elemenhame="_GenericApplicationPropertyOfX3DMaterialype="xs:anyTypé& abstract"true'/>

9.4  Texture and texture rapping

The abstract base class for texturesTigxture Textures in CityGML are always rasteased 2D textures. The
raster image is specified limageURIusing a URI and can be an arbitrary image data resource, even ia prefo
matted request for a web semwi The image data format can be defined using standard MIME types in the
mimeTypeelement.
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Textures can be qualified by the attribtéxture Type The textureTypedifferentiates between textures, which
are specific for a certain objeapecifig and praotypic textures being typical for that object surfatygital).
Textures may also be classifieduagknown

The specification of texture wrapping is adopted from the COLLADA standard. Texture wrapping is required
when accesng a texture outside the untleng image rasterwrapModecan have one of five valueki¢. 14
illustrates the effect of these wrap modes):

1. none 1 the resulting color is fully transparent

2. wrap T the texture is repeated

3. mirror T the texture is repeatethd mirrored

4. clamp 7 the texture is clamped to 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
spae similar to wrap mode&vrap. Unlike wrap, each repetition results from flipping the previous texture part
along the repetition direction. This behaviour removes the edgesporrdence constraint for wrapped textures
and always results in a seamless textur

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

i

(2,-1) (0,-1)

0.2)

(0,1) (L.1) -

. !

a b. c. [ : d. !

(0.0) (1.0) (0,-1) (2,-1) (0.-1) 2.-1) (0,-1)

-1

Fig. 14: A texture (a) applied to a facade using different wrap modes: (b) none, (c) wrap, (d) mirror, (e) clamp and (f) bdodedeT he
color is red. The numbers denote texture coordinates (image:-RidswerInstitute).

AbstractTextureType, _Texture, WrapModeType, TextureTypeType

<xs:complexTypaame="AbstractTextureType
<xs:complexContemnt
<xs:extensiorbas&"AbstractSurfaceDataTyfe
<xs:sequence
<xs:elemenhame"imageURT type="xs:anyURI/>
<xs:elenentname"mimeTypé€ type="core:MimeTypeTypeminOccurs"0"/>
<xs:elemenname="textureTypé type="TextureTypeTypeminOccurs"0"/>
<xs:elemenhame"wrapModé type="WrapModeTypé& minOccurs"0"/>
<xs:elemenhame="borderColot type="ColorPlusOpaity" minOccurs"0"/>
<xs:elementef="_GenericApplicationPropertyOfTextureninOccurs"0" maxCccurs="unboundetf>
</xs:sequence
</xs:extensior
</xs:complexContemnt
</xs:complexType

<I-- ->
<xs:elemenhame="_Texture type="AbstractTextureTypeabstract"true' substituionGroug"_SurfaceData>

<l-- ==
<xs:elemenhame="_GenericApplicationPropertyOfTexture/pe="xs:anyTyp& abstract="true'/>

<I-- =

<xs:simpleTypeame"WrapModeTyp&>
<xs:restrictionbase"xs:string>
<xs:enumeratiorvalue="noné/>
<xs:enumerationalue="wrap'/>
<xs:enumerationvalue="mirror"/>
<xs:enumerationvalue="clampg'/>
<xs:enumerationvalue="bordet/>
</xs:restrictiorr
</xs:simpleType
<l-- >
<xs:simpleTypeame="TextureTypeTyp&>
<xs:restrictionbase"xs:string>
<xs:enumerationalue="specific'/>
<xs:enumerationvalue="typical'/>
<xs:enumerationalue="unknown/>
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</xs:restrictiorr
</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 notion of texture space, where the
texture image always occupide region [0,1]2 regardless of the actual image size or aspect ratio. The lower left
image corner is located at the origin. The mapping function must be known for each surface geometry object to
receive texture.

Fig. 15: A georefeenced texture applied to ground and roof surfaces (source: Senate of BerlinPhdsssinstitute).

The classGeoreferencedTextuescribes a texture that uses a planimetric projection. Consequently, it does not
make sense to texture vertical surfaaesing aGeoreferencedTexturéSuch a texture has a unique mapping
function which is usually provided with the image file (e.g. georeferenced TIFF) or as a separate ESRI world
file. The search order for an external georeference is determined by thenbiterdgaefer WorldFile. If this flag

is set to true (its default value), a world file is looked for first and only if it is not found the georeference from
the image data is used.dfeferWorldFileis false, the world file is used only if no georefiecefrom the image

data is available.

Alternatively, CityGML allows for inline specification of a georeference similar to a world file. This internal
georeference specification always takes precedence over any external georef@feneecePointefines the

location of the center of the upper left image pixel in world space and corresponds to values 5 and 6 in an ESRI
world file. SinceGeoreferencedTexturgses a planimetric projectioreferencePoints two-dimensional orien-

tation defines the rotation anstaling of the image in form of a 2x2 matrix (a list of 4 doubles in-mjor

order corresponding to values 1, 3, 2, and 4 in an ESRI world file). The CRS of this transformation is identical to

the referenePoinb s CRS. A pl aniimat €CRSds transformed to a point in texture
space using the formula:

with M denotingorientation Pr denotingreferenePoint, wt he i mage ds wi ldtthhe iinmapgiexdes|
height in pixels.

If neither an internal nor an external georeference is giverGtmeferencedTextuns invalid. Each target
surface geometry object is specified by an URI targetelement. All target surface geometry objects share the
mapping function defined by thgeoreference. No other mapping function is allowed. Please note, that the
gml:boundedByproperty inheited from gml:AbstractFeatureTypeould be set to the bounding box of valid
image data to allow for spatial queri€sg. 15 shows a georeferenced texture applied to the ground and all roof
sufaces.
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