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Although level of detail (LoD) is a central concept in 3D citymodelling, specify-
ing different LoDs in an unambiguous manner is not straightforward. To resolve
this, a set of frameworks have been developed. This paper evaluates the suitability
of the LoD framework of Biljecki et al. [2016c] for 3D building models that have
been generated directly fromBIMmodels. The output of two BIM shell extractors
are tested on how well they can be defined by the framework. It was found that al-
thoughBIM-derivedmodels canbe specifiedby the framework to a certaindegree,
the framework is not fully capable to also specify lower qualitymodels and to sup-
port all the output that may come from BIM shell extractors. This can be resolved
by either addressing issues in the shell extractors’ output or in the framework it-
self. The results of this research can be used to improve the LoD framework and to
adjust the shell extractors output to better comply with unambiguous definitions
of building models at different LoDs and could be a first step to standardise the
conversion of BIM models at different LoDs to be used in urban applications.
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1 Introduction

Recent advances in technologies to collect
3D elevation information, eg LiDAR and
photogrammetry [Mallet and Bretar, 2009,
Haala and Rothermel, 2012, Shahzad and
Zhu, 2015], have made it relatively easy for
practitioners in different fields to automat-
ically reconstruct 3D city models. These
models typically containbuildings [Alexan-
der et al., 2009, Rottensteiner, 2003], as well
as other city objects such as roads, over-
passes, bridges, and trees [Oude Elberink,
2010]. Their availability and applications
are steadily increasing in the fields of city
planning and environmental simulations
such as urban noise mapping, flood sim-
ulations, and disaster management [Bil-
jecki et al., 2015]. Furthermore, since el-
evation data can be acquired every few
months/years at a relatively low cost, so-
called 4D city models—ie 3D city models
covering the same region at different pe-
riods in time—can also be reconstructed.
Historical 4D city models for the cities of
Rotterdam, Duisburg, Solothurn, Prague,
Toul, and Hamburg have been constructed
using close range photogrammetry tech-
niques and a variety of data sources such as
maps, photographs, paintings, and wooden
models [Kersten et al., 2012]. These models
not only offer a view of these cities in the
past, but they are alsouseful forunderstand-
ing the changes happening in a city over
time. As further explained in Section 2.5,
the fourth dimension can also be, instead of
time, the different levels-of-detail (LoDs) of
a 3D city model.

It should be noticed that since different
3D/4D citymodels are in practice generated
independently using different reconstruc-
tion methods, software and sensor data, the
resulting models often significantly differ
in their geometry (eg a collectionof surfaces
versus a volumetric representation), ap-
pearance, and semantics (often not present
at all). In addition, every application re-
quires its own specific semantic and geo-
metric LoD of the 3D data. Also, as these
models are stored using different formats
(eg text, XML, or binary formats), their un-
derlying data models often also differ. Sub-

stantial differences inmodels can even hap-
pen to models that were originally identi-
cal through updates or through conversions
between different formats. All these differ-
ences have profound influences in practice,
such as the applications for which a 3D or
4D model can be used, the processing that
is necessary to use it, and the likely errors
that will be present in the end result.

It is thus important to be aware of the way
in which 3D and 4D city models are actu-
ally modelled. In this chapter we focus on a
specific aspect of this: the main data mod-
els and formats used in practice to store
and exchange city models. We focus pri-
marily on open standards in 3D (Section 2)
and their possible extension to 4D. Since in-
teroperability between different 3D/4D data
models is required to facilitate seamless ex-
change and use of city models, we also de-
scribe some of the interoperability issues
between different standards and some pos-
sible solutions to convert between them
(Section 3).

Next, we explain briefly some of the dif-
ficulties around extending reconstruction
methods from 3D to 4D, such as how to deal
with topology (Section 4). Despite the in-
fancy of 4D modelling, we also discuss the
issues that 4D representations will face in
this regard. We also discuss in Section 5
how the 3D, and 4D, city models can be vi-
sualised in practice.

2 Datamodels formodelling
cities

2.1 Standard 3D visualisation
formats

The 3D visualisation formats encode the
geometry and appearance of a 3D model,
as well as some ancillary information that
is useful within a 3D modelling program,
such as the model’s scene (position of light
sources and cameras), and/or a set of an-
imations done with it. These are used in
several fields, mostly for visualisation pur-
poses. However, while they can be used for
3D city modelling, they do not model two
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very important aspects of a city model: its
semantic and its topological details.

Themain standard 3Dvisualisation formats
are:

VRML (Virtual Reality Modelling Language)1
is an open text-based format for mod-
elling dynamic and interactive 3D
scenes. It was accepted as the first
web based 3D standard by the web
3D consortium in 1995 and is still a
widely supported format by popular
tools such as FME, and SketchUp. The
format offers 3D geometries, several
texturing mechanisms, animations,
and scripting.

X3D (Extensible 3D)2 was developed in
2001 as the successor of VRML. It is
essentially an XML based encoding
of VRML with added functionalities,
such as geospatial positioning, shaders,
and the capability to store scene infor-
mation. The rendering and texturing
of 3D models are based on the func-
tionalities provided by the low-level
graphics engines such as OpenGL and
DirectX. It also has support for classic
VRML, binary, and JSON encoding.
It is well supported by many browser
plug-ins, as well as data generation and
conversion tools.

OBJ (Wavefront Object)3 is one of the most
popular text-based formats in the 3D
graphics community. It has simple 3D
geometries such as polygons and trian-
gles for storing 3Dmodels. TheOBJ for-
mat can also encode colour and texture
information which is stored in a sepa-
rate file with the extension .MTL (Mate-
rial Template Library). It does not sup-
port animation nor the modelling of
scenes.

COLLADA (COLLAborative Design Activity)4
is an open XML-based format by
Khronos Group for the representation
and exchange of 3D assets. Its focus is
primarily on the exchange of geometry

1https://www.w3.org/MarkUp/VRML/
2http://www.web3d.org/x3d/what-x3d
3http://paulbourke.net/dataformats/obj/
4https://www.khronos.org/collada/

data and 3D scenery. COLLADA sup-
ports triangular mesh geometry, and
has extensive shading and texturing
options, animations, physics, and even
multiple version representations of the
same asset. It is commonly used with
KML (Keyhole Markup Language) to
render 3D city models in Google Earth.

glTF (GL Transmission Format)5 is a
JSON-based open 3D format by
Khronos Group for the exchange
of 3D models. It also has a binary
encoding for storing mesh geometry
and animation data. It provides com-
pact representation of geometries, and
small file sizes.

Other 3D visualisation formats include:
PLY (Polygon File Format), OFF (Object File
Format), STL (STereoLithography), I3S (In-
dexed 3D Scene Layer), etc.

2.2 CityGML andCityJSON

While the aforementioned standard 3D
modelling formats can be used to store
cities, it is often more useful to store a
3D city model in a specially structured for-
mat with semantic information stored in
a standardised way. In this manner, a se-
mantic 3D city model can be readily pro-
cessed and visualised using existing tools.
CityGML [OGC, 2012] is the main of such
standards. Its aim is to define the basic stan-
dard classes that can be used to describe the
most common types of objects present in a
3D city model, their components, their at-
tributes and the relationships between dif-
ferent objects. CityGML is based on a num-
ber of standards from the ISO191xx family,
and it is used both as an information model
(eg in the formofUMLmodels of its classes)
and a data format, which is an XML-based
representation of its classes using some def-
initions from the Geography Markup Lan-
guage (GML) [OGC, 2007].

Although most CityGML examples and
datasets available focus only on buildings,

5https://www.khronos.org/gltf/
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CityGML allows us to represent other fea-
ture classes such as: relief, roads and rail-
ways, vegetation, bridges, and city furniture.
These can be supplemented with textures
and/or colours to give a better impression
of their appearance. Specific relationships
between different objects can also be stored
using CityGML, for example that a building
is decomposed into three building parts, or
that a building has a both a carport and a
balcony.

CityGML defines different standard levels
of detail (LoDs) for all 3D objects; Fig-
ure 1 shows the 5 possible levels for build-
ings, which is the most known concept of
CityGML. These provide the possibility to
represent objects for different applications
and purposes, and can be useful for visuali-
sation.

While CityGML prescribes a data model
(feature classes and their attributes) for a
‘generic’ city (eg the function or year of
construction of a building), it is possible to
extend it for specific domains by defining
ADEs (Application Domain Extensions).
An ADE extends the CityGML schema with
some new classes and/or new attributes for
the existing features/elements. Examples of
such extensions are the ones for: the en-
ergy demand of buildings [Agugiaro et al.,
2018] and for a country-specific data model
for the Netherlands [Van den Brink et al.,
2013]. The main issue that ADEs are facing
is that few software packages and libraries
can read them automatically and thus pro-
cess the information.

Apart from the most common XML-based
CityGML, there are others that implement
its data model. For instance, CityJSON6

is a format that encodes a subset of the
CityGML data model using JavaScript Ob-
ject Notation (JSON). It offers an alterna-
tive to the GML encoding of CityGML, in
which objects can be defined in a very large
number of possible ways, and which can
therefore be verbose and complex (and thus
rather cumbersome to work with). CityJ-
SON aims at being easy-to-use, both for
reading datasets, and for creating them. It
was designed with programmers in mind,

6http://www.cityjson.org

so that tools and APIs supporting it can
be quickly built. It is also designed to
be compact, with a compression factor of
around seven when compared to XML-
based CityGML, and it is also friendly for
web and mobile development. A CityJSON
object, representing a given area, is as ‘flat’
as possible, ie the hierarchy of CityGML
has been flattened out and only the city
objects which are ‘leaves’ of this hierarchy
are implemented. This considerably sim-
plifies the storage of a city model compared
to CityGML, and all information is kept.

Another implementation is 3DCityDB7,
which is an open-source database, built
upon Oracle Spatial8 or PostGIS9, to store
in a relational database the CityGML data
model. It offers several extra functionali-
ties to import/export city models from/to
different formats, and can thus help for
interoperability.

2.3 LandInfra/InfraGML

The LandInfra conceptual model was de-
veloped by the OGC in cooperation with
buildingSMART, with the aim to bridge
the gap between two disciplines: Architec-
ture, Engineering and Construction (AEC),
and GIS industry [OGC, 2016c]. It defines
implementation-independent concepts for
representing land and civil engineering
infrastructure facilities such as buildings,
roads, railways, and other features such as
vegetation and terrain [OGC, 2016c].

Currently there is only one implementation
of theLandInframodel: InfraGML,which is
aGML-based implementation. It has 7 parts
covering land features, facilities, alignment,
roads, railways, surveys (including equip-
ment, observations, and survey results), and
land division [OGC, 2017]. Each part of In-
fraGML is a separate OGC standard. Core is
the mandatory part of the standard which
is extended by the other parts. It models
the information contained in an InfraGML
7https://www.3dcitydb.org
8http://www.oracle.com/technetwork/
database-options/spatialandgraph/overview/
index.html

9https://postgis.net/
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Figure 1: A building represented in LoD0 to LoD4 (Figure from Biljecki et al. [2014a]).
Notice there are four (volumetric) LoDs (LoD1 to LoD4); the non-volumetric LoD0 is an
horizontal footprint and/or roof surface representation for buildings.

dataset, the definitions of the feature types,
and the associations used in other parts.

InfraGML is expected to easily inte-
grate with other OGC standards such as
CityGML. There are significant overlaps
between CityGML and InfraGML with re-
spect to modelling of spatial objects [OGC,
2016c]. For instance, many CityGML
objects are present as feature types in In-
fraGML such as Building (Building), Road
(Road), ReliefFeature (LandSurface), Wa-
terBody (LandFeature), VegetationObject
(LandFeature), and LandUse (Administra-
tiveDivision) [OGC, 2016c]. The alignment
between InfraGML and CityGML standards
is currently a topic of interest in the GIS
community [Kumar, 2017].

2.4 BIM/IFC

The Industry Foundation Classes (IFC)10
standard is an open data model used in the
Building Information Modelling (BIM) do-
main for managing the information shar-
ing processes throughout the life cycle
of the building. While it was originally
designed only for 3D buildings (and de-
tailed representation of their interiors), the
next version (IFC5) will support various
infrastructure domains (eg roads, bridges,
viaducts, etc.).

It has been adapted as the ISO 16739 inter-
national standard [ISO, 2013]. Its geometric
aspects are however mostly defined or de-
rived from a different standard, ISO 10303
10http://www.buildingsmart-tech.org/

specifications/ifc-releases

[ISO, 2014], which also specifies the STEP
encoding that is most commonly used in
IFC files.

IFC files can contain many types of classes
(representing different aspects of a build-
ing, for instance a door, a staircase, a
wall, the electric heater type, etc.), and
the geometries used can be of different
representation paradigms: (1) primi-
tive instancing; (2) constructive solid
geometry (CSG); (3) sweep volumes; (4)
boundary-representation (b-rep). These
four paradigms can be combined more or
less freely; however, in practice, most IFC
objects are built using sweep volumes and
CSG [El-Mekawy and Östman, 2010].

IFC models are highly relevant for 3D and
4D city modelling because, for many cities
around the world, there is already a num-
ber of such models available, mostly for
new buildings, manually made by archi-
tects. The automatic conversion between
IFC models and other simple ones (eg
CityGML) is a challenge in practice [Arroyo
Ohori et al., 2017a, OGC, 2016b].

As mentioned before, the IFC standard is
currently being extended so that other in-
frastructures of a city (eg roads and bridges)
can be modelled11. The alignment be-
tween IFC and other relevant standards, eg
CityGML, is also being investigated.

11http://www.buildingsmart-tech.org/
infrastructure
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2.5 4D citymodelling

2.5.1 4D = 3D+time

The fourth dimension in 4D modelling of-
ten refers to the temporal aspect of the 3D
data. Several researchers have tried to em-
bed temporal aspects of geographic data in
a 2D/3D+time data. The semantics of the
time dimension included in these models
vary from model to model but are often
represented as separate attributes either of
an object or an event. An exception is the
SpaceTimeCube (STC) [Kraak, 2008]. How-
ever, the aim of the STC is merely to pro-
vide visual insight into the temporal as-
pect rather than to realise a data structure
to fully handle changes upon position, at-
tributes and/or extent of the objects in a
unified space-time-scale continuum. Ar-
royo Ohori et al. [2017c] describe spatio-
temporal models that have been developed
over the years.

The earliest approach to show time-related
information of geo-data is as a series of sep-
arate snapshots where each snapshot is a
representation of the dataset at one mo-
ment in time. Every object in the dataset is
considered static until the time of the next
snapshot. The main problem of this ap-
proach is that objects are represented mul-
tiple times, ie in all snapshots that they are
part of, which causes data redundancy and
possible data inconsistencies (due to edits
in a snapshot that are not propagated into
the others). Another problem is that it is
not recorded when a change occurred, ie it
could have happened at any time between
two snapshots. A solution to the problem
of redundancy is to assign timestamps to
every object which demarcate the start and
end of the period during which they ex-
ist. Therefore, objects only need to be rep-
resented again when they change. How-
ever, this approach also does not contain ex-
plicit events. In addition, in practice it ap-
pears ambiguous to decide when a change
results in eliminating the object and creat-
ing a new one or keeping the existing one
with changed attributes. Other approaches
use events as principal entities, ie points in
time where objects change, such as by keep-
ing a list of changes per object. This makes

it possible to know when events exactly oc-
curred, and to identify and attach attributes
to individual changes and events (eg what
an event represents or why it occurred).

All these solutions aim at capturing the
change of objects (and their attributes).
Chaturvedi and Kolbe [2016] propose a new
concept called ‘Dynamizer’ allowing to also
model dynamic properties (ie temperature
change over a day or year) of city objects and
sensor observations. The ‘Dynamizer’ con-
cept can be applied to all city objects and
is implemented as an Application Domain
Extension for the CityGML standard.

2.5.2 4D = 3D+LoD

As stated in the Introduction, 3D city mod-
els often differ in their geometry, appear-
ance, LoD, and semantics. This is due to
the different reconstruction methods, soft-
ware, and sensor data, used to reconstruct
the 3D city model. In addition, every ap-
plication requires its own specific semantic
and geometric LoD of the 3D data [Biljecki
et al., 2015]. Take the urban object Building
in Figure 1. Block models (LoD1) are suffi-
cient for shadow simulations and the esti-
mation of noise pollution, energy demand
and fluid dynamics. Roof structures (LoD2)
with information on the roof materials are
needed for solar potential estimation, or in
energy demand estimation. More detailed
building models with information about
windows and doors (LoD3) are important
for estimating heat losses and for calculat-
ing the area available on vertical walls for
solar panel installation. Building models
that contain indoor spaces (LoD4) are re-
quired for indoor navigation and evacua-
tion models.

LoD has a strong relationship to “scale” as
traditionally used for 2D maps, but in 3D it
has a wider meaning [Biljecki et al., 2014b].
It does not only reflect a ratio between mea-
sures in reality and on a map, but also the
amount of information (semantics and ge-
ometry) to be included to serve a specific ap-
plication.

One of the strengths of CityGML is the sup-
port for five different LoDs. However, there
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are two major challenges of the CityGML
LoDs. First, the standard allows for many
alternatives for one LoD, and therefore in
practice a lot of variances of one LoD oc-
cur. For example, a LoD2 building with
or with or without roof overhangs; with
or without explicit modelling of roof, wall
and floor; with or without dormers, etc.
These variances are not further specified in
CityGML, but, as argued in Biljecki et al.
[2016b], amore formal subdivisionwill sig-
nificantly improve the quality of 3D city
models. The authors therefore propose a
further subdivision of the four CityGML
LoD outdoor models for buildings (LoD0 to
LoD3). The subdivision (resulting into 16
LoDs) is based on criteria as the minimum
size of an element (such as wall indenta-
tions and dormers) and existence of specific
elements such as roof overhangs, chimneys
and openings (latter two only for LoD3).

The second challenge of the CityGML LoDs
is that while the LoD for buildings are fre-
quently studied and well-known, the LoDs
of other object types have obtained less at-
tention. CityGML does not contain clear
specifications for LoDs for other object
types with the exception of tunnels and
bridges for which the LoDs are modelled
similar to those of buildings. For vege-
tation, a SolitaryVegetationObject or a
PlantCover may have a different geometry
in each LoD, but the standard does not spec-
ify this further. Also LandUse objects (which
can model the surface of the Earth as a sub-
division into several polygons) may have
different geometries in all LoD0–LoD4. But
the CityGML standard does not provide any
further guidance or specifications either,
nor does it for the LoDs of the Relief class
which can be used tomodel the shape of the
terrain.

Roads, another prominent object type in 3D
city models, is modelled in CityGML and
gets a higher complexity at higher LoDs.
But these are different from the LoDs of
CityGML Buildings. At LoD0, they are
represented as a linear network and start-
ing from LoD1, all transportation features
are geometrically described by 3D surfaces,
with a further thematic division of the road
surface at higher LoDs. The CityGML stan-
dard has no information on the difference

between the road surface representation at
LoD1, LoD2, LoD3 or LoD4.

2.5.3 Representation of 4D datamodels

So far there is no established data model for
3D+time and the 3D+LoD city models as de-
scribed in the previous sections. They are
therefore usually stored as separate 3D city
models with some added metadata that ex-
plains the date of the model and possibly
how the model was generated. While this is
sufficient in some cases, it makes it difficult
to automatically process such a model, re-
quiring additional tasks such as performing
a topological reconstruction of themodel in
3D or 4D (Section 4).

Another challenge for 4D city models is
their size—something that is easy to see if
we compare the standard ways in which 2D
city models are represented. In the Simple
Features Specification [OGC, 2011], which
reflects the prototypical way in which ge-
ometries are stored in 2D and 3D, inde-
pendent 2D primitives are defined as se-
quences of points (with coordinates) that
are connected using implicit line segments.
When 3D structures constructed from these
2D primitives are described (eg polyhedra),
they are simply considered as sets of these
2D primitives.

Despite their apparent limitations, these
types of structures can be in fact used
to store objects of any dimension thanks
to the Jordan-Brouwer theorem [Lebesgue,
1911, Brouwer, 1911]. Just as indepen-
dent 2D primitives are defined as sequences
of points (with coordinates) that are con-
nected using implicit line segments, 3D
primitives can be then represented as sets of
such 2D elements, which are otherwise un-
linked, and 𝑛Dobjects can be represented as
aggregations of their (𝑛−1)D-face bounding
elements. Since every point in such an ob-
ject can have any number of coordinates, an
𝑛D object can be embedded in 𝑛D space as
well.

However, such representations become ex-
ponentially more inefficient as the dimen-
sion increases: lower-dimensional primi-
tives need to be encoded multiple times, re-
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cursively once for each time they appear
in a higher-dimensional primitive. This
means that they are difficult to navigate and
that even simple geometric and topologi-
cal queries involve searching many objects
[Hazelton, 1998]. As an example, it is possi-
ble to consider Simple Features-like [OGC,
2011] representations of simple objects of
various dimensions, as shown in Figure 2. A
tesseract, or 4-cube, is the four-dimensional
analogue of a square (in 2D) or cube (in 3D),
it consists of 16 vertices, 32 edges, 24 faces,
8 volumes.

Considering how inefficient such repre-
sentations can already be in 4D, it there-
fore makes more sense to use a topologi-
cal representation for 4D city models [Ar-
royo Ohori, 2016]. There are a number of
ways in which this can be done in theory,
such as with Nef polyhedra [Bieri and Nef,
1988], and with ordered topological mod-
els such as the cell-tuple [Brisson, 1993]
and generalised/combinatorial maps [Lien-
hardt, 1994]. These are still rathermemory-
intensive, but they can still be more com-
pact than a non-topological approach. Re-
search into applying these for 4D city mod-
els is still ongoing, and more works need to
be done in order to make this a practical ap-
proach.

3 Interoperability between
3D citymodels

While there exist international standards
providing unambiguous definitions of the
3D geometries in a 3D city model, as ex-
plained in Ledoux [2013, 2018], the ma-
jority of 3D GIS software ignore them and
use their own definitions. The differences
are fundamental: the abstract specification
ISO 19107 [ISO, 2003] and its implementa-
tion in XML/GML [OGC, 2007] allow sur-
faces embedded in 3D space and solids to
have inner boundaries (as is the case in
2D where polygons can have “holes”), while
many software packages ignore these. In-
deed, solids/volumes are often assumed to
be bounded only by simple surfaces (thus
forming a 2-manifold), while in fact they

can be non-manifold objects. Such limi-
tations can prevent practitioners from ex-
changing and converting datasets (since in-
formation is lost), and thus to use these in
other software and applications.

Another issue that does not facilitate the ex-
change of 3D city models is that, in practice,
their quality is often poor. As highlighted
by Biljecki et al. [2016a], most openly avail-
able 3D city models contain geometric and
topological errors, eg duplicate vertices,
missing surfaces, self-intersecting volumes,
etc. Often these errors are not visible at
the scale the datasets are visualised [Lau-
rini and Milleret-Raffort, 1994], and as a
consequence, practitioners are not aware of
the problem. But these errors prevent us
from using the datasets in other software
and applications, see Nouvel et al. [2017],
Steuer et al. [2015], and Bruse et al. [2015]
for concrete examples in different applica-
tion areas. While these geometric errors are
many, they could be prevented if modelling
software enforced the 3D geometries to be
ISO 19107-compliant. Another solution to
this problem is to use automatic repair al-
gorithms; Attene et al. [2013] offer a sur-
vey of the methods to repair 3D models, as
found in several disciplines. However, city
models are not addressed, and the focus is
on “smooth surfaces”, which are seldom in
a city context since buildings and bridges
tend to have planar surfaces perpendicular
to other surfaces.

Besides the geometry, the conversion of se-
mantic 3D city models, from one format
to another, is problematic because differ-
ent data models might have incompatible
semantics. One example is the differences
between the object classes modelled in IFC
and in CityGML. Take for instance a build-
ing (which both standardsmodel), themap-
pings between the semantic classes are com-
plex because different semantic informa-
tion is attached to the geometrical primi-
tives in the two models, and IFC has many
more classes, whereas CityGML contains a
limitednumber of classes structured in a hi-
erarchy. A solution that has been proposed,
among others by El-Mekawy et al. [2012],
is to construct a common data model; this
however does not allow us to use the files in
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(a) square

(b) cube

(c) tesseract

[[0 , 0] , [0 , 1 ] , [1 , 1 ] , [1 , 0] , [0 , 0]]

(d) square (SFS)

[[[0 , 0 , 0] , [0 , 1 , 0] , [1 , 1 , 0] , [1 , 0 , 0] , [0 , 0 , 0]] ,
[[0 , 0 , 0] , [0 , 1 , 0] , [0 , 1 , 1 ] , [0 , 0 , 1 ] , [0 , 0 , 0]] ,
[[0 , 1 , 0] , [1 , 1 , 0] , [1 , 1 , 1 ] , [0 , 1 , 1 ] , [0 , 1 , 0]] ,
[ [ 1 , 1 , 0] , [1 , 0 , 0] , [1 , 0 , 1 ] , [1 , 1 , 1 ] , [1 , 1 , 0]] ,
[ [ 1 , 0 , 0] , [0 , 0 , 0] , [0 , 0 , 1 ] , [1 , 0 , 1 ] , [1 , 0 , 0]] ,
[[0 , 0 , 1 ] , [0 , 1 , 1 ] , [1 , 1 , 1 ] , [1 , 0 , 1 ] , [0 , 0 , 1 ] ] ]

(e) cube (SFS)

[[[[0 , 0 , 0 , 0] , [0 , 1 , 0 , 0] , [1 , 1 , 0 , 0] , [1 , 0 , 0 , 0] , [0 , 0 , 0 , 0]] ,
[[0 , 0 , 0 , 0] , [0 , 1 , 0 , 0] , [0 , 1 , 1 , 0] , [0 , 0 , 1 , 0] , [0 , 0 , 0 , 0]] ,
[[0 , 1 , 0 , 0] , [1 , 1 , 0 , 0] , [1 , 1 , 1 , 0] , [0 , 1 , 1 , 0] , [0 , 1 , 0 , 0]] ,
[ [ 1 , 1 , 0 , 0] , [1 , 0 , 0 , 0] , [1 , 0 , 1 , 0] , [1 , 1 , 1 , 0] , [1 , 1 , 0 , 0]] ,
[ [ 1 , 0 , 0 , 0] , [0 , 0 , 0 , 0] , [0 , 0 , 1 , 0] , [1 , 0 , 1 , 0] , [1 , 0 , 0 , 0]] ,
[[0 , 0 , 1 , 0] , [0 , 1 , 1 , 0] , [1 , 1 , 1 , 0] , [1 , 0 , 1 , 0] , [0 , 0 , 1 , 0] ] ] ,

[ [[0 , 0 , 0 , 0] , [0 , 1 , 0 , 0] , [1 , 1 , 0 , 0] , [1 , 0 , 0 , 0] , [0 , 0 , 0 , 0]] ,
[[0 , 0 , 0 , 0] , [0 , 1 , 0 , 0] , [0 , 1 , 0 , 1 ] , [0 , 0 , 0 , 1 ] , [0 , 0 , 0 , 0]] ,
[[0 , 1 , 0 , 0] , [1 , 1 , 0 , 0] , [1 , 1 , 0 , 1 ] , [0 , 1 , 0 , 1 ] , [0 , 1 , 0 , 0]] ,
[ [ 1 , 1 , 0 , 0] , [1 , 0 , 0 , 0] , [1 , 0 , 0 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 1 , 0 , 0]] ,
[ [ 1 , 0 , 0 , 0] , [0 , 0 , 0 , 0] , [0 , 0 , 0 , 1 ] , [1 , 0 , 0 , 1 ] , [1 , 0 , 0 , 0]] ,
[[0 , 0 , 0 , 1 ] , [0 , 1 , 0 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 0 , 0 , 1 ] , [0 , 0 , 0 , 1 ] ] ] ,

[ [[0 , 0 , 0 , 0] , [0 , 1 , 0 , 0] , [0 , 1 , 1 , 0] , [0 , 0 , 1 , 0] , [0 , 0 , 0 , 0]] ,
[[0 , 0 , 0 , 0] , [0 , 1 , 0 , 0] , [0 , 1 , 0 , 1 ] , [0 , 0 , 0 , 1 ] , [0 , 0 , 0 , 0]] ,
[[0 , 1 , 0 , 0] , [0 , 1 , 1 , 0] , [0 , 1 , 1 , 1 ] , [0 , 1 , 0 , 1 ] , [0 , 1 , 0 , 0]] ,
[[0 , 1 , 1 , 0] , [0 , 0 , 1 , 0] , [0 , 0 , 1 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 1 , 1 , 0]] ,
[[0 , 0 , 1 , 0] , [0 , 0 , 0 , 0] , [0 , 0 , 0 , 1 ] , [0 , 0 , 1 , 1 ] , [0 , 0 , 1 , 0]] ,
[[0 , 0 , 0 , 1 ] , [0 , 1 , 0 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 0 , 1 , 1 ] , [0 , 0 , 0 , 1 ] ] ] ,

[ [[0 , 1 , 0 , 0] , [1 , 1 , 0 , 0] , [1 , 1 , 1 , 0] , [0 , 1 , 1 , 0] , [0 , 1 , 0 , 0]] ,
[[0 , 1 , 0 , 0] , [1 , 1 , 0 , 0] , [1 , 1 , 0 , 1 ] , [0 , 1 , 0 , 1 ] , [0 , 1 , 0 , 0]] ,
[ [ 1 , 1 , 0 , 0] , [1 , 1 , 1 , 0] , [1 , 1 , 1 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 1 , 0 , 0]] ,
[ [ 1 , 1 , 1 , 0] , [0 , 1 , 1 , 0] , [0 , 1 , 1 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 1 , 1 , 0]] ,
[[0 , 1 , 1 , 0] , [0 , 1 , 0 , 0] , [0 , 1 , 0 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 1 , 1 , 0]] ,
[[0 , 1 , 0 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 1 , 1 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 1 , 0 , 1 ] ] ] ,

[ [ [ 1 , 1 , 0 , 0] , [1 , 0 , 0 , 0] , [1 , 0 , 1 , 0] , [1 , 1 , 1 , 0] , [1 , 1 , 0 , 0]] ,
[ [ 1 , 1 , 0 , 0] , [1 , 0 , 0 , 0] , [1 , 0 , 0 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 1 , 0 , 0]] ,
[ [ 1 , 0 , 0 , 0] , [1 , 0 , 1 , 0] , [1 , 0 , 1 , 1 ] , [1 , 0 , 0 , 1 ] , [1 , 0 , 0 , 0]] ,
[ [ 1 , 0 , 1 , 0] , [1 , 1 , 1 , 0] , [1 , 1 , 1 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 0 , 1 , 0]] ,
[ [ 1 , 1 , 1 , 0] , [1 , 1 , 0 , 0] , [1 , 1 , 0 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 1 , 1 , 0]] ,
[ [ 1 , 1 , 0 , 1 ] , [1 , 0 , 0 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 1 , 0 , 1 ] ] ] ,

[ [ [ 1 , 0 , 0 , 0] , [0 , 0 , 0 , 0] , [0 , 0 , 1 , 0] , [1 , 0 , 1 , 0] , [1 , 0 , 0 , 0]] ,
[ [ 1 , 0 , 0 , 0] , [0 , 0 , 0 , 0] , [0 , 0 , 0 , 1 ] , [1 , 0 , 0 , 1 ] , [1 , 0 , 0 , 0]] ,
[[0 , 0 , 0 , 0] , [0 , 0 , 1 , 0] , [0 , 0 , 1 , 1 ] , [0 , 0 , 0 , 1 ] , [0 , 0 , 0 , 0]] ,
[[0 , 0 , 1 , 0] , [1 , 0 , 1 , 0] , [1 , 0 , 1 , 1 ] , [0 , 0 , 1 , 1 ] , [0 , 0 , 1 , 0]] ,
[ [ 1 , 0 , 1 , 0] , [1 , 0 , 0 , 0] , [1 , 0 , 0 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 0 , 1 , 0]] ,
[ [ 1 , 0 , 0 , 1 ] , [0 , 0 , 0 , 1 ] , [0 , 0 , 1 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 0 , 0 , 1 ] ] ] ,

[ [[0 , 0 , 1 , 0] , [0 , 1 , 1 , 0] , [1 , 1 , 1 , 0] , [1 , 0 , 1 , 0] , [0 , 0 , 1 , 0]] ,
[[0 , 0 , 1 , 0] , [0 , 1 , 1 , 0] , [0 , 1 , 1 , 1 ] , [0 , 0 , 1 , 1 ] , [0 , 0 , 1 , 0]] ,
[[0 , 1 , 1 , 0] , [1 , 1 , 1 , 0] , [1 , 1 , 1 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 1 , 1 , 0]] ,
[ [ 1 , 1 , 1 , 0] , [1 , 0 , 1 , 0] , [1 , 0 , 1 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 1 , 1 , 0]] ,
[ [ 1 , 0 , 1 , 0] , [0 , 0 , 1 , 0] , [0 , 0 , 1 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 0 , 1 , 0]] ,
[[0 , 0 , 1 , 1 ] , [0 , 1 , 1 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 0 , 1 , 1 ] , [0 , 0 , 1 , 1 ] ] ] ,

[ [[0 , 0 , 0 , 1 ] , [0 , 1 , 0 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 0 , 0 , 1 ] , [0 , 0 , 0 , 1 ] ] ,
[[0 , 0 , 0 , 1 ] , [0 , 1 , 0 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 0 , 1 , 1 ] , [0 , 0 , 0 , 1 ] ] ,
[[0 , 1 , 0 , 1 ] , [1 , 1 , 0 , 1 ] , [1 , 1 , 1 , 1 ] , [0 , 1 , 1 , 1 ] , [0 , 1 , 0 , 1 ] ] ,
[ [ 1 , 1 , 0 , 1 ] , [1 , 0 , 0 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 1 , 0 , 1 ] ] ,
[ [ 1 , 0 , 0 , 1 ] , [0 , 0 , 0 , 1 ] , [0 , 0 , 1 , 1 ] , [1 , 0 , 1 , 1 ] , [1 , 0 , 0 , 1 ] ] ,
[[0 , 0 , 1 , 1 ] , [0 , 1 , 1 , 1 ] , [1 , 1 , 1 , 1 ] , [1 , 0 , 1 , 1 ] , [0 , 0 , 1 , 1 ] ] ] ]

(f) tesseract (SFS)

Figure 2: A unit square, cube and tesseract shown (a–c) graphically with hollowed and sep-
arated facets for better visibility, and with a (d–f) Simple Features-like representations
where one face (per volume and per 4-cell) is shown in each line. Due to the repetition
of structures in this type of representation, a 5-cube, which has only 80 faces, requires
480 lines to be represented, which is 10 times the number of lines used to represent the
tesseract.

9



already existing software, which would typ-
ically support either of these formats.

A vivid example of the current difficul-
ties related to the interoperability of 3D
city models is the automatic conversion be-
tween IFC models and CityGML models.
While in theory this is attractive since the
3D reconstruction phase could be skipped
(since in many countries IFC files of new
buildings are available), in practice the dif-
ferences in semantics, coupled to the fact
that different software and geometric mod-
elling paradigms are used, have made the
conversion impossible. OGC [2016a] and
Arroyo Ohori et al. [2017a], among others,
explain what are the issues that prevent us
from automating the process, and provide
recommendations so that both standards
become better aligned.

It should be said that the conversion be-
tween the purely geometrical formats (such
as VRML, OBJ, glTF, and OFF in Section 2.1)
and semantic 3D city models is usually not
a major issue since these are often formed
solely of triangles without any semantics,
and the geometric errors are thus relatively
easily solvable.

4 Construction of 3D and 4D
models

4.1 Topological representations of
3D citymodels

One of the key benefits of 3D city models
is that they can be processed automatically
in a variety of applications [Biljecki et al.,
2015]. This often involves the evaluation
of topological relations between geometri-
cal objects in 3D space. When these topolog-
ical relationships are not known, we need
to first identify the adjacency and intersec-
tion relationships between the objects [Zla-
tanova, 2000, Guo et al., 2010].

As an alternative to expensive computa-
tions to obtain the topological relationships
between objects on the fly, these can be pre-
computed and a topological data structure

can be used in order to store those rela-
tionships directly in the dataset. By doing
so, the calculation efficiency for many ap-
plications can be improved, such as doing
network analysis of evacuation scenarios
[Choi and Lee, 2009] or performing render-
ing onmobile devices [Ellul andAltenbuch-
ner, 2014]. The most commonly used topo-
logical data structures are the Doubly Con-
nected Edge List (DCEL) or half-edge data
structure [Muller and Preparata, 1978] and
the quad-edge data structure [Guibas and
Stolfi, 1985]. Both have extensively been
used in 2DGIS applications, but their exten-
sion to 3D is not trivial.

A generalised model independent of di-
mension was originally proposed by Ed-
monds [1960], which later evolved into
the data structure known as combinato-
rial maps (C-Maps) and defined by Vince
[1983]. C-Maps by themselves only store
abstract information regarding incidence
and adjacency between the cells that it de-
scribes, but when they are combined with
coordinate information on their vertices,
they can represent any subdivision of 3D
space with geometry. Those geometrically
enhancedC-Maps are called linear cell com-
plexes (LCCs). Feng et al. [2013] studied
the concept of storing LCCs by proposing
a solution for compact storage of C-Map
for mesh data in 3D space. Damiand and
Teillaud [2014] implemented a solution for
storage and manipulation of dimension-
independent data through LCCs.

LCCs have been used in the context of 3D
city models and their applications. Horna
et al. [2015] explore such an approach in
modelling and simulation studies, where
he describes the advantages of topological
representations for 3D buildings. Diak-
ité et al. [2015] have proposed EBM-LCC, a
specific implementation of an LCC where
attributes are used in order to describe
3D buildings which derive from BIM ob-
jects and LoD2 CityGML datasets. They
also develop a method for creating EBM-
LCCs from the topological reconstruction
of buildings in order to automatically ex-
tract different LoDs from one main city ob-
ject [Diakité et al., 2014].
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4.2 Creation of a topological 4D city
model

Based on a series of 3D city models repre-
senting a city at different moments in time
and which are all loaded into a 3D topolog-
ical data structure, it is in theory possible
to create a 4D city model that incorporates
them all into one. However, it is worth not-
ing that the methods to do so in practice are
still in development.

For instance, it is possible to take a 3D city
model that exists at one point in time and
then extrude it to 4D using the method de-
scribed in Arroyo Ohori et al. [2015b]. This
is the easiest method to load existing 2D
or 3D data into a higher-dimensional struc-
ture, representing a set of cells that exist
along a given dimension, such as a length of
time or a range of scales. Unlike with other
methods, it is also easy to guarantee that
the output cell complex is valid and can be
used as a base for further operations, such as
dimension-independent generalisation al-
gorithms. After such an extruded model is
created, it is possible to perform some op-
erations in order to represent different sit-
uations, such as those expressed by trans-
formations (ie translation, scaling and ro-
tation) and the collapse of objects [Arroyo
Ohori et al., 2016].

Another possibility is based on the Jordan-
Brouwer separation theorem [Lebesgue,
1911, Brouwer, 1911], since we know that a
4D object can be described based on a set of
its bounding 3D objects. Since individual
3D objects are easier to describe than the
4D object, this can be used to subdivide
a complex representation problem into a
set of simpler, more intuitive ones [Arroyo
Ohori et al., 2014]. Finally, one more
possibility is to link the series of 3D city
models by: identifying corresponding
elements in different LoDs, deciding how
these should be connected according to a
linking scheme, and finally linking rele-
vant 3-cells into 4-cells. Different linking
schemes yield 4D models having different
properties, such as objects that suddenly
appear and disappear, gradually change in
size or morph into different objects along

the fourth dimension [Arroyo Ohori et al.,
2015a].

4.3 Generalisation of 3D city
models

3D city models at lower levels of detail can
be derived from models of a higher LoD,
this is done throughaprocess knownas gen-
eralisation. The generalisation is motivated
by the need to reduce the size and seman-
tic complexity of a model to a level at which
it can be utilised within a specific applica-
tion while avoiding the loss of relevant in-
formation [Guercke et al., 2009]. Not all
applications require the highest level of de-
tail, but rather data needs are task-specific
and data volume dependent [Baig and Rah-
man, 2012]. Furthermore, there are often
errors present in datasets that can occur
due to different modelling software, differ-
ent workflows used to produce the models
and different approaches to quality assur-
ance [Biljecki et al., 2016a]. Generalisation
can therefore produce geometrically-valid
models that are tailored for usage within
a specific application. Generalisation con-
siders the geometry and/or semantics while
targeting various city objects within a 3D
city model. It is an iterative process and
there is no one perfect output but rather
various possibilities for a data user to exper-
iment with.

Currently, due to the increasing availabil-
ity of LoD2 models, there has been a higher
focus on generalising from LoD2 to LoD1
(see Figure 3). Generalisation of buildings
from LoD2 to LoD1 can be accomplished
by focusing on elements such as the floor
plan and geometric reference. Simplify-
ing the floor plan can be achieved by re-
ducing the number of vertices through the
decomposition of space along the major
planes [Kada, 2008] or the Douglas-Peucker
approach which splits down line segments
in a polygon until they are within a specific
tolerance [Douglas and Peucker, 1973]. The
geometric reference of a building can be de-
fined as the boundaries of the captured fea-
ture determined for a specific model [Bil-
jecki et al., 2016c]. The vertical reference
of a building at LoD1 can be set as either
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Figure 3: An example of generalisation from LoD2 (right) to LoD1 (left) on a subset of
buildings in Montréal, Canada. Data courtesy of Portail Données Ouvertes of the city of
Montréal, visualised with azul.

the minimum, maximum, mean, median,
mode, percentage or percentile based on the
input roof values [Labetski et al., 2017]. Fur-
ther, LoD1 models can either be generated
by extruding from a generalised floor plan
to its vertical reference, or the roof perime-
ter can instead be prioritised and “down-
trusion” can be employed to generate the
building.

Harmonisation between city objects in the
generalisation process is an important con-
sideration because topological errors can
occur if city objects are generalised without
the consideration of surrounding objects.
If generalisation is applied without taking
the surroundings into account, errors can
occur. Examples of these are neighbour-
ing buildings with overlaps, the loss of ge-
ographic relationships, or a misalignment
with the underlying terrain. In CityGML
the Terrain Intersection Curve (TIC) denotes
the exact positionwhere the terrain touches
a 3D object and is meant to ease the integra-
tion of city objects within the terrain [OGC,
2012]. If generalisation does not take into
account the relations between the 3D build-
ings and the terrain, the TIC can become in-
consistent.

5 Visualisation of 3D and 4D
citymodels

5.1 3D

When 3D city models are stored in stan-
dard 3D visualisation formats, they can be
visualised in one of the many 3D viewers
and 3D modellers that are readily available.
While the exact features differ, there is a
wide range of software available for this pur-
pose. For instance, good choices include the
mesh viewer and editor MeshLab12 or the
3D modeller and renderer Blender13, both
of which are free, open source and avail-
able in multiple platforms. In a web inter-
face, these models can also be viewed with
the help of libraries like three.js14 and Ce-
sium15.

When 3D city models are instead stored in
CityGML or other semantic 3D city model
formats, the options are more limited.
However, such models can be viewed in
Windows with the FZKViewer16 of the Elyx
3D Viewer17, in Mac with azul18 (Figure 4),
12http://www.meshlab.net
13https://www.blender.org
14https://threejs.org
15https://cesiumjs.org
16https://www.iai.kit.edu/1302.php
17https://1spatial.com/products/elyx/

elyx-gis-platform/elyx-3d/
18https://itunes.apple.com/nl/app/azul/

12

http://www.meshlab.net
https://www.blender.org
https://threejs.org
https://cesiumjs.org
https://www.iai.kit.edu/1302.php
https://1spatial.com/products/elyx/elyx-gis-platform/elyx-3d/
https://1spatial.com/products/elyx/elyx-gis-platform/elyx-3d/
https://itunes.apple.com/nl/app/azul/id1173239678?mt=12
https://itunes.apple.com/nl/app/azul/id1173239678?mt=12


(a) Ettenheim

(b) CityGML 2.0 test dataset

Figure 4: Two 3D city models visualised in
azul. Different colours represent differ-
ent semantics.

or with cross-platform FME19. A list of soft-
ware with CityGML support is available at
https://www.citygml.org/software/.

5.2 4D

Since 4D city models are still in their in-
fancy, their visualisation is not a topic that
has been studied much so far. Most visuali-
sations are simply animations that show 3D
city models evolving in time.

However, there is also a significant amount
of work on the visualisation of general 4D

id1173239678?mt=12
19http://www.safe.com/

objects, which can then equally serve to vi-
sualise 4D city models [Arroyo Ohori et al.,
2017b]. This includes early work using vi-
sual metaphors of 4D space, such as Flat-
land: A Romance ofManyDimensions [Ab-
bott, 1884] and A New Era of Thought [Hin-
ton, 1888]

More recently, Beshers and Feiner [1988]
describe a system that displays animating
4D objects that are rendered in real-time
and use colour intensity to provide a vi-
sual cue for the 4D depth. Banks [1992]
describes a system that manipulates sur-
faces in 4D space, including interaction
techniques and methods to deal with in-
tersections, transparency and the silhou-
ettes of every surface. Hanson and Cross
[1993] describes a high-speed method to
render surfaces in 4D space with shading
using a 4D light and occlusion, and Chu
et al. [2009] also describe a system to visu-
alise 2-manifolds and 3-manifolds embed-
ded in 4D space and illuminated by 4D light
sources. Notably, it uses a custom rendering
pipeline that projects tetrahedra in 4D to
volumetric images in 3D—analogous to how
triangles in 3D that are usually projected
to 2D images. Arroyo Ohori et al. [2017b]
shows how a 4D model can be viewed in its
entirety byprojecting it to 3Dusing a variety
methods (Figure 5).

A different possible approach lies in us-
ing meaningful 3D cross-sections of a 4D
dataset. For instance, Kageyama [2016] de-
scribes how to visualise 4Dobjects as a set of
hyperplane slices. Bhaniramka et al. [2000]
describe how to compute isosurfaces in di-
mensions higher than three using an algo-
rithm similar to marching cubes. D’Zmura
et al. [2000] describe a system that displays
3D cross-sections of a 4D virtual world one
at a time.

6 Conclusions

In the near future, it is inevitable that we
will have more and more 3D city models
representing cities at different levels of de-
tail, at different periods of time, and for dif-
ferent applications. It is therefore impor-
tant to have adequate ways to store such his-

13
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Figure 5: The model of a 4D house projected
to 3Dbyfirst projecting inwards/outwards
to the 3-sphere 𝑆3, then stereographically
to 3D.

torical collections of 3D city models in a
manner that is both standardised and struc-
tured with semantics.

Within this chapter, we have looked at how
this relates to visualisation formats (eg OBJ
and glTF), 3D city modelling formats (eg
CityGML, CityJSON, and InfraGML), and
BIM formats (eg IFC). In addition, we have
explained how such formats can be ex-
tended in the context of 4D city modelling,
where time or the level of detail are mod-
elled as an additional dimension to the
three spatial ones.

There are still many challenges to be
solved before 4D city modelling becomes
widespread. Some issues include: using
appropriate 4D representations, properly
integrating different 3D city models, the
reconstruction of topology in 3D before
doing so in 4D, dealing with the many
geometric errors usually present in 3D
models [Biljecki et al., 2016c], and the au-
tomated generalisation of 3D city models.
Visualising and querying 4D city models is
also undoubtedly a challenge.
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