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Abstract
Today, more and more cities worldwide are realizing the importance of semantic 3D city models. Various applica-
tion areas of 3D city models such as simulations require the usage of highly dynamic and time-varying attributes,
which are currently not supported by any standard. In this paper, we propose a new concept ’dynamizer’, which
extends static 3D city models by supporting variations of individual feature properties and associations over time.
It allows to inject dynamic variations of city object properties into the static representation. In addition, the con-
cept allows to model and study complex patterns representing dynamic variation of properties based on statistics
and general rules.

Categories and Subject Descriptors (according to ACM CCS): I.3.5 [Computer Graphics]: Computational Geome-
try and Object Modeling—I.2.10 [Computer Graphics]: Vision and Scene Understanding—Representation, data
structure and transforms

1. Introduction

Semantic 3D city models describe spatial, graphical and the-
matic aspects of the cityscapes by decomposing and classify-
ing the occupied physical space according to a semantic data
model. The relevant real world entities are represented by the
ontological structure including thematic classes, attributes
and their interrelationships [Kol09]. CityGML [GKNH12]
is an international standard issued by the Open Geospatial
Consortium (OGC). This standard facilitates the integration
of heterogeneous data from multiple sources and allows the
representation of the geometrical and semantic attributes of
the city level objects along with their interrelationship to
other objects. As a result, today, more and more cities world-
wide are representing their 3D city models according to the
CityGML standard.

Semantic 3D city models are proving to be useful and an
important source of information for different types of sim-
ulations like environmental simulations, disaster manage-
ment, and training simulators. Simulation specific data can
be represented by specific geo-objects (features) and prop-
erties within the city models. Further, the results of simu-
lations can be fed back to the original 3D city models for
thematic enrichment and data fusion by data from different
disciplines. In most of the simulations, time-varying proper-

ties play an important role. Such properties may either rep-
resent evolution of the city (slower changes); for example,
change of the real property value of a building, change of
ownership over time, or the construction of new buildings.
They may also represent highly dynamic properties (com-
paritively faster changes); for example, variations of the-
matic attributes such as changes of physical quantities like
energy demands, temperature, solar irradiation levels. The
variation may also be with respect to spatial properties such
as change of a feature’s geometry, both in respect to shape
and to location (moving objects). Such time-dependent and
dynamic properties are currently not supported in semantic
3D city models. They only allow storing all time-dependent
attributes as static values. Similar to OGC Observations and
Measurements [OGC13], an explicit support for simulations
is needed for semantic 3D city models.

In this paper, we introduce the concept of ’dynamizers’
allowing tighter coupling of semantic 3D city models and
simulations. The dynamizers extend the feature representa-
tions of city models to support variations of individual fea-
ture properties and associations over time. They may involve
variations of not only spatial properties but also thematic
attributes. In our approach, the dynamizers allow selected
properties of city models to become dynamic. If an applica-
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tion does not support dynamic data, it simply can ignore dy-
namizer features. Furthermore, the dynamizers allow mod-
eling patterns which represent dynamic variations of proper-
ties based on statistics and general rules. Such patterns are
highly useful in many applications in comparison to the rep-
resentation of dynamic data just by the tabulation of mea-
sured data. In the paper, we provide an implementation of
this concept as an extension to the CityGML standard. The
concept is also intended to be introduced in the upcoming
version of CityGML (version 3.0).

2. Use cases and requirements

In relation to energy simulations, [KK13] explain the appli-
cation of the CityGML standard in the project Energy At-
las Berlin for city-wide estimation of the energy demands of
buildings. The Energy Atlas Berlin includes all data from the
Solar Atlas Berlin including the rating of the suitability of all
individual roof surfaces for each of the 550,000 buildings in
Berlin for the production of photovoltaic and solar thermal
energy. It also integrates methods for energy demand esti-
mation (heating energy, electrical energy and warm water)
and assessment of the energetic retrofitting possibilities on
the individual building level (so far, for all residential build-
ings only). As shown in Figure 1, the authorities may ex-
plore the energy demand of individual buildings for different
months of a year. However, such values can be stored within
standards such as CityGML as static values only. The cur-
rent version of CityGML does not allow to store such values
varying with respect to time. In this application, one attribute
for each month is explicitly modeled.

Figure 1: Visualization of estimated heat demand values of
a building in Berlin. The screenshot is retrieved from 3DCi-
tyDB Webclient developed by TU München [YSKK14]

[Bil05] and [RBK07] mention the possibilities for appli-
cation of semantic 3D city models in training simulators, es-
pecially concerning emergency car-driver training. The pa-
pers highlight the high usability of CityGML in different
real-time simulations including flight, maritime and driv-
ing simulations. However, the usability will drastically be

improved if such city modeling standards support real-time
properties such as moving objects and sensor information.

Apart from semantic and spatial properties, appearances
are considered an integral part of semantic 3D city mod-
els. Appearances are the observable properties of the sur-
faces and can be represented by material and textures. How-
ever, such appearances may also vary with respect to time.
[MG14] demonstrate one such scenario of temporal evolu-
tion of a building as shown in Figure 2. Other scenarios
may include switching of textures for variations according
to day/night or summers/winters properties of energy de-
mands, temperature of buildings and solar irradiation values.
The current versions of city models do not allow supporting
such variations in textures with repect to time. Other use case
scenarios for modeling dynamic attributes within city mod-
els may include emergency route planning for indoor navi-
gation [MRW06] and dynamic 3D flood simulation [SC08].

Figure 2: An example of texture temporalization. Image
taken from [MG14]

Requirements

• The existing standards for semantic 3D city models only
support the representation of static data, i.e., they support
feature attributes of city objects as static values. However,
in case of time-dependent feature properties, the new ap-
proach should allow to refer to a specific property of a
static city feature whose value can be then overridden or
replaced by the dynamic value specified by the source of
dynamic data. As a result, only dynamic attributes would
be changed, while static attributes would remain unaf-
fected. There would be no need to make the entire model
dynamic.

• The dynamic data may be provided by a means for the
tabulation of measured data. However, it is not sufficient
in many applications as they may require patterns to rep-
resent dynamic variations of properties based on statis-
tics and general rules. Such periodic or repetitive patterns
should be supported by the new approach.

• The dynamic data may also be provided by referencing
Sensor Observation Services [OGC12], which are cur-
rently not supported by any of the standards. The new ap-
proach should support such real-time dynamic data such
as moving objects and sensor information.
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3. Related Work

3.1. Time-varying attributes in 3D City Models

There have been a number of studies in the past to develop
the possibility of integrating time-varying values within se-
mantic 3D city models. For instance in [PCDB13], the
CityGML schema is modified to add temporal information
on buildings. However, this method allows to register only
definite states. CityGML schema modification and possible
standardized exports are not discussed. [Fan10] develops an
object-oriented spatio-temporal data model allowing storage
and management of semantic and geometric changes of 3D
building objects in a city. In this work, CityGML is extended
to support such data models, containing an event model that
describes events happened to building objects; and a hier-
archical spatial data model that describes 3D geometries
and semantics of building objects including their valid time
span. Another method proposed is based on a modification
of CityGML [MG14]. In this paper the authors propose to
add two additional concepts to take into account the possi-
bility for a city object to change and the time value which
fixes this change in the city lifecycle. However, all of the
mentioned approaches are oriented more towards evolution
of the city (model). The highly dynamic time-dependent fea-
ture properties are not supported in any of the approaches
yet.

3.2. Dynamic data support in standards

3.2.1. GML - Dynamic Features

The Geography Mark-up Language (GML) version 3.2
[GML07] allows expressing temporal developments of the
features using the so-called history property. The history
property of a dynamic feature contains a sequence of time
slices, which captures the evolution of a feature over time.
Since the city model standards such as CityGML are based
on GML, this feature becomes the obvious choice to include
dynamic features. However, this would require that we rede-
fine all property data types of all features to use the GML
dynamic data mechanism. That would result a total replace-
ment of the existing model. The GML dynamic data schema
would have to be generally supported by all systems, even
if none or only very few attributes would have time varying
properties. GML also has no support for patterns and sensor
integration.

3.2.2. ISO 19123 - Schema for coverages

ISO19123 [ISO05] allows defining discrete and continu-
ous coverages, which contain three components: a spatio-
temporal domain set, a range set, and a coverage function.
The range of a coverage is a set of feature attribute values
(which may also be time-varying attribute values of geo-
objects). The domain values are mapped to the range val-
ues values using a coverage function. The coverage func-
tions within continuous coverages allow defining interpola-
tion methods to derive feature attribute values. The coverage

encodings (except continuous coverages) have already been
specified using GML 3.2.

3.2.3. WaterML2.0 - Timeseries

WaterML 2.0 [Wat14] is a standard for the representation of
hydrological observations data with a specific focus on time
series structures. This standard is implemented as an appli-
cation schema of the GML version 3.2.1, making use of the
OGC Observations and Measurements standards. The stan-
dard allows defining timeseries as discrete coverages, which
means, an instance of such a coverage would be a set of or-
dered time instances where each time instance is associated
with a single value from the attribute space. This associa-
tion is often represented using time value pairs or a domain
range. It also allows to define interpolation types ’per point’
within timeseries, establishing the relationship between time
instants and the recorded values.

3.2.4. Cesium Language (CZML)

CZML [CZM15] is a JSON based schema describing dy-
namic properties of geospatial data in order to be visualized
in web based virtual globes, in particular, Cesium [Inc15].
Since the work is already in progress for visualizing large
scale semantic 3D city models on Cesium virtual globe
[CYK15], CZML may prove highly useful in visualizing dy-
namic attributes of the city models.

4. Modeling time-dependent data variations

We propose a new concept called ’dynamizer’ allowing mod-
eling of time-dependent and dynamic variations within se-
mantic 3D city models. A dynamizer is an object referencing
a specific attribute of a specific object within a 3D city model
providing time-dependent values to override the static value
of the referenced object attribute. The dynamic data is given
by tabulation of time/value pairs, patterns of time/value pairs
or by referencing a Sensor Observation Service. The dy-
namizer can thus be used to inject dynamic variations of city
object properties into an otherwise static representation. The
advantage in using such approach is that it allows only se-
lected properties of city models to become dynamic. If an
application does not support dynamic data, it simply does
not allow/include these special types of features.

4.1. Modeling timeseries interpolation methods

The proposed dynamizer approach has a close relation with
ISO19123, where spatial or temporal values in the domain
set are mapped to the specific values in the range set accord-
ing to a mapping function. It allows dynamizers to map time
points or timeseries to the specific time-dependent attributes,
which may be spatial, thematic or appearance.

However, such mappings are discrete in nature resulting
the mapping to be done in either time-value pair or domain-
range fashion. Due to which, two important questions arise,
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Figure 3: Representation of interpolation types supported
within WaterML2.0 Timeseries. Continuous (left) and step
functions (right). Image taken from [Wat14].

’How do we map the time points with missing values in the
range set?’ and ’How do we map the time points with mul-
tiple values in the range set?’. These questions lead to ex-
plore the possibilties of interpolation and aggregation tech-
niques in our approach. The standard WaterML2.0 defines
a timeseries as a coverage whose domain consists of col-
lection of ordered temporal elements and the spatial com-
ponent relates to the feature of interest of the observation.
Within the standard, the timeseries is a type of discrete cov-
erages. It allows defining interpolation and aggregation types
’per point’ within the timeseries as it is possible for this to
change mid series. As shown in Figure 3, there are possible
ways to define interpolation types within the timeseries. In
our approach, the domain sets in the coverages are extended
to support time series in the same fashion as the standard
WaterML 2.0, allowing to map the missing or multiple val-
ues utilizing interpolation and aggregation techniques.

4.2. Modeling repetitive patterns

The dynamizers may have absolute start and end points,
within which the attribute values can be mapped and can be
represented as tabulation of measured data. One common
example illustrating such scenario is mapping of energy val-
ues of a building (e.g. current energy consumption) for every
hour in a day (see Figure 4a).

However, in many applications, it is not sufficient just
to provide a means for the tabulation of time-value pairs.
They may require patterns to represent dynamic variations of
properties based on statistics and general rules. For example,
in energy demand estimations, the energy values reflect spe-
cific patterns for individual weekdays and weekends. Such
patterns can be modeled using composite timeseries. But,
this would require to use relative time points, which is not
clearly defined in any standard. ISO 19108 [ISO02] has no
direct support for relative time points. The standard defines
absolute time points in two ways, i.e. TMInstant and TM-
Period. TMInstant is a primitive that represents one posi-
tion in time. The position can be associated with a single
temporal reference system (e.g., Gregorian Calendar). How-
ever, it may allow to calculate a relative time point with re-

(a) Hourly energy values of a building (atomic timeseries)

(b) Example of composing atomic timeseries to a pattern

(c) Example of complex composite timeseries

Figure 4: Representation of complex patterns by atomic and
composite timeseries.

spect to TMInstant, e.g., determining ’1 Day’ with respect
to TMInstant (and not with respect to Gregorian Calendar).
These composite timeseries may consist of nested ordered
timeseries (having relative time points) for arbitrary depths.
As shown in Figure 4b, an atomic timeseries can be defined
for a working day, a Saturday and a Sunday (represented by
A,B and C respectively). Then, the weekly energy consump-
tion pattern can be composed by concatenating five times the
weekday’s energy consumption timeseries and the further
two for Saturday and Sundays. Such complex behaviours
are expressed using composite timeseries, wherein a weekly
pattern can be defined containing the energy values for all
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Figure 5: Dynamizer defined as UML model. Newly introduced classes are shown in blue and pink. Classes shown in green
represent GML implementation of coverages [ISO05] and timeseries [Wat14]. Classes shown in yellow are from GML and
CityGML respectively.

seven days of a week (represented as AAAAABC). The
advantage in using such composite timeseries is that it al-
lows the study of customized patterns; for example, patterns
for only weekdays (AAAAA) or patterns of only weekends
for four weeks (BCBCBCBC).In the similar fashion, even
more complex patterns of arbitrary depth such as weekly,
monthly and yearly, can be defined using the approach (c.f.
Figure 4c).

5. Implementation

The mentioned concept of dynamizer is implemented as an
extension to the CityGML standard. As shown in Figure 5,
the dynamizers are defined as feature types consisting of at-
tributes attributeRef, startPoint, and endPoint. The dynamiz-
ers utilize the GML implementation of ISO19123 Abstract-
Coverage. They consist of (i) a temporal domainSet, (ii) a

rangeSet (having time-varying attribute values), and (iii) a
coverageFunction, which maps the time values in the do-
main set to the range values accroding to a function. Since
the domainSet is a gml:AbstractTimeObject, it is possible to
have time points and time periods. The rangeSet may con-
tain value arrays, scalar value lists, data blocks and external
files. The value arrays are used for homogeneous arrays of
primitive and aggregation values. Their value components
may contain or refer to abstract values as well as spatial val-
ues allowing to express not only variations of thematic at-
tributes but also variations of spatial properties both in re-
spect to shape and to location (moving objects). The inclu-
sion of external files in the range set allows to express vari-
ations of appearances (referencing textures) over time. The
coverage functions map the time values in the domain set
to the range values according to a function. The attributeRef
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in dynamizer, then, refers to a specific property of a static
city model feature which value can be then overridden or
replaced by the dynamic value specified in the dynamizer
feature. It can be achieved utilizing XPath [Rec11], which is
a W3C recommendation used to navigate through elements
and attributes within an XML document. It allows to deter-
mine the position of the context item and replaces the at-
tributes. The advantage is that by utilizing the XPath mech-
anism, this approach easily fits into the modularization con-
cept of CityGML. The dynamizers currently support time-
series domain whose values can be mapped to the dynamic
attributes. This feature is further extended to support com-
plex patterns utilizing composite design patterns. Further-
more, a first approach to link sensors to a city object is also
shown in Figure 5. This approach will be useful in integra-
tion of city objects and real time sensor data, e.g. retrieved
from photovoltaic production stations or smart meters.

6. Conclusions

In this paper, we present a new concept ’dynamizer’, which
allows representing dynamic and time-varying attributes
within semantic 3D city models. This results in support-
ing time variations for spatial properties, thematic properties
and appearances of the objects. An extension to CityGML is
provided by defining a new dynamizer feature type, which
stores dynamic variations and overrides the specific proper-
ties of the CityGML feature property. In addition, the pro-
posed approach utilizes and extends the GML implemen-
tation of ISO19123 and WaterML2.0 Timeseries which en-
hances the dynamizer feature by supporting various types of
timeseries and their mapping with spatial, thematic and ap-
pearance attributes of the objects. The approach even allows
to map missing or multiple attribute values utilizing interpo-
lation and aggregation methods. Furthermore, the timeseries
can be extended to model and study complex patterns based
on statistics and general rules. However, currently, such in-
terpolation methods are only applicable for quantitative data
(and not to thematic data).

The mentioned concept is intended to be proposed to be-
come part of the next version of CityGML (version 3.0).
However, the concept is general and can also be applied to
other GML-based application schemas including the Euro-
pean INSPIRE data themes. In the future, it will be inter-
esting to further investigate on linking the model with OGC
Sensor Observation Services. It would allow supporting dy-
namic sensor information within 3D city models. The work
is currently in progress to develop the mentioned approach
as a CityGML Application Domain Extension (ADE) for
CityGML 2.0 in order to test and evaluate it with current
software systems ann applications.
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