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for emergency driving training (Randt et al.
2007). Some application areas such as emer-
gency management (Zlatanova & li 2008) or
indoor navigation (BeckeR et al. 2009) even
require information of the building’s interior
on a city level. These models may vary with
regard to geometrical and semantical com-
plexity and to the degree of deviation from the
corresponding real world objects. Complexity
levels then are the result of specific data acqui-

1 Introduction

Virtual 3D city models represent single build-
ings, city quarters, whole cities and even re-
gions for applications such as noise propa-
gation simulation and mapping (cZeRwinski

et al. 2007), fine dust distribution modelling
(Ghassoun et al. 2015), urban and telecommu-
nication planning (köninGeR & BaRtel 1998,
knapp & cooRs 2008), or real-time simulations

Summary: The Level of Detail (LoD) concept is an
essential part of the Open Geospatial Consortium
standard CityGML and of 3D city models in gen-
eral. New applications such as indoor navigation
and energy performance estimation ask for a revi-
sion of the current CityGML 2.0 LoD concept. Cur-
rently, new approaches are discussed that need to
be evaluated. Here, new evaluation criteria for the
assessment of recent Level of Detail concepts in the
field of semantical 3D city models are developed.
They cover richness of aspects, completeness of the
concept, completeness of models in a particular
LoD, avoidance of inconsistent models, freedom of
interpretation, and feasibility and complexity of
transformation from CityGML 2.0 into the pro-
posed concept. These criteria represent an added
value because user defined LoD profiles of the new
CityGML version 3.0 LoD concept are likely and
therefore need to be evaluated. Applying the devel-
oped criteria, we evaluate the most current propos-
als on the further development of the CityGML 2.0
LoD concept.

Zusammenfassung: Kriterien zur Bewertung ak-
tueller Vorschläge für Gebäude-LoD in CityGML.
Der Detaillierungsgrad (Level of Detail, LoD)
stellt ein wesentliches Konzept von CityGML, dem
internationalen Standard des Open Geospatial
Consortiums für semantische 3D-Stadtmodelle,
dar. Neue Anwendungsfelder wie die Innenraum-
navigation oder die Energiebedarfsanalyse erfor-
dern allerdings eine Überarbeitung der in City-
GML 2.0 definierten Konzepte und haben bereits
eine Folge von Verbesserungsvorschlägen nach
sich gezogen. Hier werden neue Evaluationskriteri-
en zur Bewertung aktueller LoD-Konzepte von se-
mantischen 3D-Stadtmodellen vorgestellt. Diese
Kriterien umfassen die Reichhaltigkeit der Aspek-
te, die Vollständigkeit des Konzeptes, die Vollstän-
digkeit der Modelle innerhalb eines LoD, die Ver-
meidung inkonsistenter Modelle, die Interpreta-
tionsfreiheit sowie die Möglichkeit und Komplexi-
tät der Transformation von CityGML 2.0 in das
vorgeschlagene Konzept. Die Definition solcher
Kriterien ist wichtig, weil für CityGML 3.0 die
Möglichkeit diskutiert wird, Profile der LoD Defi-
nition zuzulassen. Mittels der neu entwickelten
Kriterien werden die aktuellen Verbesserungsvor-
schläge des LoD Konzeptes bewertet.
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sessment criteria for the comparison of LoD
approaches which are relevant for 3D city
model collectors, providers and users are still
missing.

Currently, there is a discussion in the City-
GML community whether the fixed and stand-
ardized geometrical representation for a par-
ticular LoD, e.g. LoD1Solid or LoD2Multi-
Surface for buildings, should be replaced by
a more flexible and generic model where each
CityObject can be represented by any geom-
etry type. According to this framework, re-
stricting profiles may be defined for particular
CityObjects including one official profile in
the CityGML Specification. Thus, evaluation
criteria become even more important.

Here, the assessment criteria richness of as-
pects, completeness of the concept, complete-
ness of models in a particular LoD, avoidance
of inconsistent models, as well as feasibility
and complexity of transformation from City-
GML 2.0 for the evaluation of LoD concepts
are introduced and applied to the most recent
approaches. The term ‘aspect’ denotes a com-
ponent of the data model that is relevant for
the LoD concept, for example geometry, se-
mantics, appearance, or topology. However,
since no formal definitions are given, we see
this contribution as a beginning of a discus-
sion about requirements on LoD concepts.

In section 2 we give an overview on recent
LoD concepts for semantical 3D city models
focussing mainly on the CityGML Building
model. The criteria, which are the base of the
comparison, are introduced in section 3. The
evaluation and comparison of the approaches
introduced in section 2 is presented in section
4. We will end with conclusions and an out-
look.

2 Recent Level of Detail
Concepts for Semantical
Building Models

This section gives an overview over three re-
cent LoD concepts for semantical 3D building
models that are related to the further develop-
ment of CityGML. For a detailed description
of the CityGML 2.0 LoD concept reference is
made to löwneR et al. (2013), GRöGeR et al.
(2012), and GRöGeR & plümeR (2012). A more

sition processes or they may be used to assess
the suitability of data for specific applications.

The Open Geospatial Consortium (OGC)
CityGML standard (GRöGeR et al. 2012,
GRöGeR & plümeR 2012) for the representation
of semantically enriched 3D city models has
introduced a Level of Detail (LoD) concept in
order to support different applications of 3D
city models. It does not only cover the geomet-
rical detail level, but also the semantical one,
i.e. the richness of feature types modelled.
The current LoD concept of CityGML 2.0 pro-
vides five discrete levels of detail. Its defini-
tion is widely accepted in the scientific com-
munity (e.g. BoGuslawski et al. 2011, Quinn et
al. 2009, iwasZcZuk & stilla 2010, Fan et al.
2009, GötZelmann et al. 2009, GueRke et al.
2009). The term “LoDx model”, x ∈ {0, 1, 2, 3,
4}, is frequently used to address the complex-
ity of existing city models and their suitability
for specific applications. However, some defi-
ciencies have been identified, which hamper
the use of CityGML for important applica-
tions. In particular, indoor objects are coupled
with the highest LoD in CityGML 2.0, imply-
ing highly complex semantics and geometry.
Hence, applications requiring only coarse in-
door models or indoor models in combina-
tion with a coarse exterior are not supported.
Further, there are no multiple LoD for indoor
objects in CityGML 2.0 (e.g. coarse or highly
detailed 3D representations, or 2D footprints)
which are required for indoor navigation
(domínGueZ et al. 2011, haGedoRn et al. 2009).
In addition, the explicit representation of win-
dows in an outer wall of a building is only pos-
sible in LoD3, which requires an accurate geo-
metrical representation of the building façade.
To estimate a building’s energy demand, how-
ever, explicit information on the area covered
by windows is needed, whereas a very coarse
representation of the façade’s geometry is suf-
ficient (dalla costa et al. 2011).
To overcome these deficiencies, modifica-

tions or extension of the LoD concept have
been proposed (BoeteRs et al. 2015, Biljecki

et al. 2013, Biljecki et al. 2014, BenneR et al.
2013, löwneR et al. 2013, naGel 2014). Un-
til today, none of these proposals or possible
combinations of their single aspects have been
evaluated to be the best LoD concept for 3D
city models in a comparative approach. As-
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2.2 The Biljecki Approach

The Biljecki approach (Biljecki et al. 2013)
does not only focus on CityGML, but also on
proprietary approaches for 3D city models
that are developed by commercial companies.
An LoD is defined as a quality measure with
regard to a specific application. This meas-
ure is related to a variety of aspects including
richness of feature types, attribute richness,
complexity of geometrical details, appearance
quality, and positional accuracy. Separate hi-
erarchies for geometry and semantics are pro-
posed, which have to be defined by users. Fur-
ther, it is proposed to define constraints for
each LoD, which assure its consistency. An
example is a constraint that prevents interior
geometries without exterior ones.
Amodification of this approach with a simi-

lar set of six aspects is presented in Biljecki

et al. (2014). These aspects are applied to the
exterior and the interior of features. They span
a space of six dimensions, and an LoD is de-
fined as a vector of six values or ranges of val-
ues. Only consistent series of LoD0,…, LoDn
are considered, which have to be monotonic in
each aspect. This means that from one LoD(i)
to the next LoD(i+1) in the sequence, the val-
ues of the six aspects increase or remain un-
changed, but never decrease. Hence, there is
a total order on the LoD in a series that than
allows for the comparison of two LoD. As an
example for the implementation of the frame-
work, a series LoD0 to LoD9 is defined. The
main aspects are existence of features, geo-
metrical correspondence between model and
reality, and resolution of the appearance.
These 10 LoD are roughly a refinement of the
LoD0 to LoD4 in CityGML 2.0. The concept
is implemented as an extension of CityGML
(formally, an Application Domain Extension).

2.3 The Nagel Approach

The Nagel approach (named after claus

naGel who was the first to propose this con-
cept) is built on practical experience and di-
rectly related to the further development of
CityGML 2.0 (löwneR et al. 2015, naGel

2014). It needs just two definitions. First, eve-
ry city object has a spatial representation in

general overview of LoD concepts for seman-
tic 3D city models can be found in BenneR et
al. (2013).

2.1 The Benner Approach

The Benner approach (named after its main
contributor joachim BenneR) is directly re-
lated to the further development of the City-
GML standard (BenneR et al. 2013, löwneR et
al. 2013). It exhibits two modifications: First,
there is an explicit separation between a geo-
metrical and a semantical LoD. Second, the
current LoD4 has been mapped to four LoD
for the interior. Hence, a building is parti-
tioned into an exterior and an interior, both
with one or more explicit LoD of geometrical
and semantical aspects.

For geometry, the Benner approach sup-
ports four different representations (LoD0 to
LoD3) for all top-level features of the City-
GML building model, whether they represent
the building’s exterior shell (Building, Build-
ingPart, …) or interior components (Room,
…). BenneR et al. (2013) identify the semanti-
cal structuring and classification as an impor-
tant criterion for virtual 3D city models. They
define four different Semantical Levels (S0 –
S3) for the Building model’s top level features.
As for the Geometrical LoD, the Semantical
Levels of exterior shell and rooms may be dif-
ferent. If a building refers to more than one
room, all corresponding Room features must
have the same Semantical Level.

Since this extended concept allows for
building models representing the exterior
building shell as well as interior rooms in dif-
ferent geometrical and semantical LoD with
only some restrictions on acceptable combi-
nations, new labels have been defined that ex-
tend the existing CityGML 2.0 labels. They
are a combination of geometrical and seman-
tical labels where the latter is put in brackets,
e.g. LoD2.1(S2.0) for a building with an exteri-
or shell in LoD2 together with interior Objects
in LoD1 where Building, BoundarySurfaces
and BuildingInstallations for the exterior and
Rooms for the interior are semantically clas-
sified.
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LoD, i.e. the richness of feature types such as
wall surfaces, installations, or building parts
represented in the model. In addition, other
aspects of a model can be considered, e.g. its
appearance, attribute data and so forth. How-
ever, a useful LoD concept should cover more
than just geometry or, at least should be exten-
sible to other aspects like semantic or appear-
ance. An increasing complexity of the concept
itself and the labelling of instance documents
are inextricably linked to this criterion.

Completeness of the concept
Completeness of the concept is the degree to
which the concept allows for the representa-
tion of data. A concept is complete if all data-
sets can be represented. The more restrictions
apply, the lesser is the completeness. Even
models which may be considered as incon-
sistent might lead to a higher degree of com-
pleteness. An example is a 3D dataset with
coarse interior objects (blocks model rooms)
with highly detailed outer shell penetrated by
the room geometries. Such a model is well
suited for energy applications, where a rough
estimation of the indoor volume is sufficient,
but detailed roof structures with dormers are
required for solar panel placement planning.
In addition, this criterion plays a role for leg-
acy data. Such datasets often violate consis-
tency rules of data models or LoD concepts,
e.g. thresholds for geometrical accuracy, to-
pological inconsistencies, or missing semanti-
cal classifications, but might be valuable since
there are no other datasets available.

Since inconsistent models may increase the
completeness of the concept, this criterion is
inverse to the criterion ‘avoidance of inconsis-
tent models’.

This criterion is crucial for users of 3D
city models, which have to check whether the
data needed for an intended application can
be represented by a particular LoD concept.
Likewise, for data collectors it is important
to check whether captured data can be repre-
sented.

Completeness of models in a particular LoD
This criterion is the degree to which com-
pleteness of instant models in a single LoD is
forced by the concept. A model is complete
in a particular LoD if the concept states that

every LoD that refines its spatial representa-
tion in higher LoD. That means secondly, that
there is no restriction on the usage of any fea-
ture type in an LoD. Thus, even feature types
that have been limited to CityGML 2.0 LoD4,
e.g. a CeilingSurface, can be used in any lower
LoD. In this approach, LoD0 stands for planar
representations and LoD1 for prismatic blocks
model representations of a feature. Further,
LoD2 models represent a generalised shape of
a CityObject whereas LoD3 represents it in its
highest geometrical complexity.
In order to improve flexibility, a distinc-

tion is made between volumetric geographic
features and BoundarySurfaces. An Abstract-
Building, for instance, is then modelled with
zero to two instances of a GM_MultiSurface
in LoD0, representing the footprint or the
edges of a roof. For the representation in LoD1
to LoD3 it is modelled as a GM_MultiSurface
or as a GM_Solid, respectively. An Abstract-
BoundarySurface, which might be possible in
all four LoD is represented by a GM_Multi-
Curve in LoD0 and zero to one GM_MultiSur-
faces in LoD1 to LoD3. Here, the curve repre-
sentation stands for the footprint as a spatial
abstraction of that wall surface.

The proposed concept stands out with its
clear and short definition. By allowing all fea-
ture types being modelled in LoD0 to LoD3
an explicit LoD for interior features becomes
obsolete.

3 Definition of Criteria for the
Comparison of recent LoD
Concepts

In order to compare the LoD concepts, six
criteria are introduced: richness of aspects,
completeness of the concept, completeness of
models in a particular LoD, avoidance of in-
consistent models, freedom of interpretation,
and feasibility and complexity of transforma-
tion from CityGML 2.0.

Richness of aspects
A Level of Detail concept for semantical 3D
city models may define more than just the as-
pect of geometrical similarity of the model and
the real world feature. In contrast to comput-
er graphics, it also may cover the semantical
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metrical level if interior structures penetrate
the exterior shell due to different interior and
exterior LoD. Semantically, inconsistency
may occur if more semantical information is
allowed to be attached to a coarse and undif-
ferentiated geometry. Therefore, this assess-
ment criterion results also from the complete-
ness of concept.

Freedom of interpretation
An LoD concept may restrict the freedom of
interpretation of the modeller. Therefore, it
should be clearly defined and avoid ambiguity
to result in comparable results when applying
modelling rules. Clarity of definition is partic-
ularly of interest for the relationship between
vendor and customer. Both parties should
agree whether a concrete instance model is
suited for a specific application and whether
the model contains all the data to fulfil the
user’s demands. Further, a precisely defined
Level of Detail concept aiming at improving
description of the dataset can lead to a faster
and more robust development of application
software, e.g. with respect to support switch-
ing between different LoD. This also entails
a comprehensible and unambiguous labelling
of different LoD. Informative value of the la-
bel is an essential element when restricting the
freedom of interpretation. Thus, the expres-
sion of a clearly defined LoD concept leads to
unambiguous instance models.

For collectors and providers of data, how-
ever, an ambiguously defined model has
the advantage of less effort to build up a 3D
city model. In addition, legacy models might
fit better to an ambiguously defined model.
Hence, the scope of such models is signifi-
cantly wider.

Feasibility and complexity of transforma-
tion from CityGML 2.0
Since 2008 many companies, federal survey-
ing agencies and municipalities, responsible
for the representation and provision of their 3D
city models use CityGML, worldwide. Hence,
the required effort to transform these models
to a newer version of CityGML with a modi-
fied LoD concept (if this transformation is fea-
sible at all) is an important criterion. If models
conforming to the new LoD concept are syn-
tactically and semantically compatible with

all objects or their parts specified in the par-
ticular LoD and existent in the real world are
represented in the dataset. One precondition
for completeness is the LoD being defined for
principal objects, e.g. buildings, primarily for
those, which have to represented completely.
The LoD of the subordinated features (bound-
ary surfaces, installations, etc.) is determined
by the LoD of the principal objects. For exam-
ple, if a concept provides boundary surfaces
and installations in LoD2 and defines that a
‘LoD2 building’ has an complete outer shell
and is completely bounded by boundary sur-
faces, the LoD2 model of this concept is com-
plete. Likewise, if an ‘LoD3 building’ requires
a complete outer shell with boundary surfaces
and openings as feature types, it is complete.
If the LoD is defined for each feature type sep-
arately, there are no dependencies and, thus,
the completeness of models in an LoD is low.
This concept would allow representing a sin-
gle opening or single furniture without any
buildings or rooms.

This criterion refers to the rules of an LoD
concept and to the degree to which the con-
cept demands completeness. Hence, this cri-
terion can be evaluated by inspecting the con-
cept. It is another issue outside the scope of
this discussion whether a particular dataset is
complete with regard to an LoD specification
(an issue of quality principles evaluation pro-
cedures, c.f. ISO 19157:2013). This complete-
ness typically can be assured based on refer-
ence data only.

This criterion is of interest for applications
which require complete models, for example
to assess the energy loss of a building, which
rely on models where each opening (door or
window) is represented as a feature in the
building model.

Avoidance of inconsistent models
This criterion determines whether the LoD
specification contains a sufficient explicit or
implicit set of integrity rules to assure that the
model instances are meaningful. The risk to
produce inconsistent models can be avoided
by declaring an appropriate LoD concept for
virtual 3D buildings. Weak definitions may
lead to inconsistent model instances even if
the modeller follows all rules and restrictions
defined. Inconsistency may occur on the geo-
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4.1 Richness of Aspects

The CityGML 2.0 LoD concept enables the
representation of a CityObject in different
geometrical LoD and provides a refined se-
mantical description with ascending LoD.
However, geometric and semantic complex-
ity of a building model is strictly coupled. In
LoD0 and LoD1 no further decomposition of
a Building or BuildingPart into other feature
classes or semantic classification is possible.
LoD2 represents the prototypic roof shape of a
building, thematic ground, wall and roof sur-
faces as well as installations, such as balconies
and dormers. LoD3 as the most detailed level
for the outer shape allows for the semantical
representation of openings. LoD4 adds inte-
rior structures like rooms, furniture, interior
installations. While a certain LoD enforces
a specific geometric representation, the in-
crease of semantic complexity is only option-
al. Therefore, it cannot be stated that a seman-
tical LoD is entirely independent.

Regarding geometry, the Benner approach
supports four different representations for all
top-level features of the CityGML building
model regardless whether they represent the
building’s exterior shell (Building, Building-
Part, etc.) or interior components. Next to the
aspect of geometry BenneR et al. (2013) define
four different Semantical Levels (S0 – S3) for

CityGML 2.0, the complexity is zero. If there
is a simple one-to-one mapping between the
names of the elements in the model, the com-
plexity is very low. The complexity is high if
complex structural or geometrical transforma-
tions or classification processes are required
to transfer datasets to the new concept.

This criterion is related to the freedom of
interpretation. If it is higher in the source
than in the target concept, mapping requires
the often complex classification of the vague
one. For example, if geometry details of the
source concept are vaguely defined but man-
datory in the target concept, the geometry has
to be classified (for example, as LoD1, 2 or 3
geometries) in order to assign the level in the
target concept.

4 Comparison of four recent LoD
Concepts

Based on the criteria introduced in section
3, we now evaluate the discussed LoD ap-
proaches and compare them. An overview of
the evaluation results is given in Tab. 1. The
order of evaluation is the same for all crite-
ria: 1) CityGML 2.0, 2) Benner approach,
3) Biljecki approach, (example LoD0 – LoD9
instancing the Biljecki framework will be ex-
amined additionally), and, 4) Nagel approach.

Tab. 1: Overview of the evaluation of LoD concepts according to the criteria developed in section
3. Ratings range from ‘– –’ (not fulfilled at all) to ‘++’ (completely fulfilled). ‘/’ means that the crite-
rion is not applicable.

CityGML 2.0 Benner Biljecki
(framework)

Biljecki
(LoD0 – 9)

Nagel

Richness of aspects ± + + + + –

Completeness of
the concept ± + ± ± + +

Completeness of Models in
an LoD ± + + + + + + – –

Avoidance of inconsistent
models + + – – + + + + – –

Freedom of interpretation + + ± – – – – + +

Feasibility and complexity
of transformation from
CityGML 2.0

/ + – – – – + +
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els, at least in lower LoD. A floor plan may be
considered as an example. Because all feature
types can be used to represent the 2D repre-
sentation of a story, i.e. IntBuildingInstalla-
tion, InteriorWallSurface, Door, Window, etc.
the floor plan is semantically rich and can be
queried for wall surfaces, doors, columns, and
so forth.

4.2 Completeness of the LoD
Concept

The completeness of the LoD concept is low
for CityGML 2.0, since there are a lot of re-
strictions between the two aspects of geom-
etry and semantics. First, indoor objects can
only be represented in the most detailed LoD.
Coarse room representations, which are rele-
vant for energy applications, for example, are
out of scope of the concept. Second, semanti-
cal richness and complexity of the geometry
are coupled. Not all combinations of geometri-
cal and semantical complexity are supported.
Hence, datasets which are suitable or required
for some applications cannot be represented
by CityGML. For example, openings cannot
be represented in combination with coarser
outer shell of a building. Also rooms cannot be
combined with such a coarse outer representa-
tion. On the other hand, incomplete instance
models in an LoD (see next criterion) can be
represented by CityGML 2.0, for example a
single opening without any building or wall.
Hence, the completeness of the LoD concept
is high for such ‘incomplete’ instance models.

In the Benner approach rooms can be rep-
resented in any geometrical detail level, and
combinations of indoor objects and the outer
building shell are possible. A geometrical de-
tail level can be combined with an arbitrary se-
mantical level, due to the separation into geo-
metrical and semantical LoD. Only a few re-
strictions remain such that boundary surfaces,
openings and building installations cannot be
geometrically represented in LoD0 or LoD1.

In the Biljecki approach, the exterior and
the interior are separated. Hence, each com-
bination of indoor and outdoor LoD can be
represented. However, the completeness is re-
stricted by the monotonicity condition, stating
that the value of an aspect cannot decrease in

the Building model’s top level features. As for
the Geometrical LoD, the Semantical Levels
of exterior shell and rooms may be different.
If a building refers to more than one room, all
corresponding Room features must have the
same Semantical Level.

In comparison to the CityGML 2.0 LoD
concept the Benner approach reveals a higher
richness of aspects including a graduation of
interior details, the independent representa-
tion of different semantical LoD for exterior
and interior and an independent semantical
Level of Detail for both, the interior and ex-
terior building.
The Biljecki approach defines a very rich

LoD concept involving six aspects, which
consider semantics (features, attributes), ge-
ometry (accuracy, dimensionality), appear-
ance and the relation between geometry and
semantics. The exterior and the interior of fea-
tures are considered separately. Combinations
of these aspects are restricted by the concept
of series of LoD, which forces an increase of
the values of the particular aspects if the LoD
number increases. The proposed implementa-
tion of the approach (LoD0 – LoD9) uses only
a subset of the aspects of the general frame-
work (feature complexity, dimensionality, and
appearance). Nevertheless, the richness of
both concepts is significantly higher than the
richness of all other proposals.

The Nagel approach allows all CityObjects
to be modelled in every LoD, geometrically.
Consequently, an extra LoD for interior fea-
ture types, the CityGML 2.0 LoD4, becomes
unnecessary. These results in four LoD from
LoD0 for surface representations of real-world
features, e.g. the ground surface of a building,
to LoD3 for the most detailed representation
of modelled features. For instance a bounda-
ry surface, which can only be modelled from
LoD2 in the CityGML 2.0 LoD concept, can
be represented as a curve in LoD0 that repre-
sents the ‘surface of a wall’ in the real word.
Therefore, the Nagel approach is more flexible
than the CityGML 2.0 LoD concept.

No semantical LoD is introduced by the
Nagel approach. However, since the CityGML
2.0 LoD concept restricts the usage of some
feature types in lower LoD, e.g. a boundary
surface in LoD0, it is argued, that the Nagel
approach allows for semantically richer mod-
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geometry and for the semantical content. The
latter is explicitly defined by a list of feature
types which have to be present in the model.
Hence, the models are complete with regard to
these labels.

The general framework of Biljecki provides
an aspect ‘Feature Complexity’, which is ex-
plicitly defined as ‘fineness of geometry with
respect to the real world’. As a straightforward
way to denote this, the minimal length of ob-
jects is mentioned; if this condition is fulfilled,
the object has to be represented in the model.
Hence, the models are complete, at least for
objects which are larger than this minimal di-
mension. Since the concrete implementation
of the framework contains the aspect ‘Feature
Complexity’, it is complete as well.
The Nagel approach defines LoD for each

feature separately and independently. If a
building feature, for example, is labelled as
LoD3, no statement on the occurrence of sub-
ordinate feature types are made. Hence, com-
pleteness of models in a particular LoD is low.

4.4 Avoidance of Inconsistent Models

The CityGML 2.0 LoD concept for buildings
is very straight-lined because the LoD attri-
bute is obliquely devoted to the building ob-
ject itself. As a result, higher detailed build-
ings consist of an optional superset of features
describing the building of the particular lower
Level of Detail. In addition, the list of features
that represent a building in a specific LoD is
defined, thus preventing the assignment of
more semantical information to a coarse and
undifferentiated geometry. Further, the high-
est geometrical representation for both, the
exterior shell and the interior is required in
LoD4 so that interior structures cannot pene-
trate the exterior shell. Thus, a violation of se-
mantics and geometry is virtually impossible.

The Benner approach determines the com-
plete LoD of a building by the combination of
Geometric LoD and Semantical LoD. There-
fore they define feasible combinations. Geo-
metric LoD0 models can only be combined
with Semantical Level 0, while geometric
LoD1, LoD2 and LoD3 models are allowed to
represent four variants with increasing seman-
tical complexity. These restrictions result in 13

a higher LoD. Hence, geometry and semantics
are coupled, as it is the case in CityGML 2.0.
The concept is more restricted than the Ben-
ner approach, which allows for combinations
of geometric and semantical aspects, despite
the restrictions mentioned.

The concrete implementation of the Biljecki
concept by defining LoD1 to LoD9 is signifi-
cantly more restricted than the general frame-
work, since exterior and interior are coupled.
Coarse indoor objects cannot be represented
with a fine exterior. Hence, the completeness
is comparable to the completeness of the City-
GML 2.0 LoD concept.

The Nagel approach is based on geometry
only and has no restrictions at all. Hence, the
completeness of the LoD concept is maximal.

With regard to new application areas which
initially were the motivation for a modified
LoD concept, both, the Nagel and the Benner
approach meet the requirements. The Nagel
approach is not restricted at all while in the
Benner approach, the two aspects geometry
and semantics are independent and can be ar-
bitrarily combined. In the general Biljecki ap-
proach, the combination of aspects is restricted
by the monotonicity condition. Since exterior
and interior are separated, more applications
are supported. In the concrete implementation,
however, interior and exterior are coupled.
Hence, neither energy applications (coarse in-
terior / fine grained exterior) nor indoor appli-
cations (2D interior objects) are possible.

4.3 Completeness of Models in a
particular LoD

In CityGML 2.0, a LoD is defined for prin-
cipal objects such as buildings and it is im-
plied that the corresponding models are com-
plete in that LoD. However, this is stated only
narratively in the specification, but is not de-
fined in the mandatory part: neither the UML
diagram, nor the XML schemas or the con-
formance requirements state this explicitly.
Hence, the completeness of models in a par-
ticular LoD is low.

In the Benner approach, an LoD is also de-
fined for principal objects. The geometrical as
well as the semantical label explicitly state the
content of such an object. This holds for the
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set of such feature types is provided. Hence,
the semantical richness is optional.

In addition to a geometrical representation,
an LoD3 model might have boundary surfac-
es, openings, and installations, which again
might have boundary surfaces. However, it
is not strictly required that such features are
present in an LoD3 building representation.
Therefore, all of the following models would
be qualified as LoD3: building geometry only,
building geometry and thematic surfaces, the-
matic surfaces only, building geometry, the-
matic surfaces and openings as well as the-
matic surfaces and openings. Since Building-
Parts and BuildingInstallations are other op-
tional feature types, which both can be com-
bined with these five options, the number of
different LoD3 models is at least 20. Here,
only semantical variability is considered. If
additionally geometrical aspects are taken
into account, this number increases signifi-
cantly.

Consider a simple blocks model with the-
matic boundary surfaces and openings as an
example for a problematic LoD classification.
The question is how to classify such a model.
Classification as LoD1 or LoD2 is impossible,
since these schemata do not provide openings.
Technically, it is possible to qualify such a
model as LoD3. Admittedly, this violates the
definition of LoD3, which ‘denotes architec-
tural models with detailed wall and roof struc-
tures’ (GRöGeR et al. 2012). To sum up, it can
be said that freedom of interpretation is high
for the CityGML 2.0 approach.
The Benner approach defines a compact

nomenclature incorporating exterior and in-
terior Geometrical and Semantical Levels,
which specializes the CityGML 2.0 LoD in-
dicators and results in a substantially higher
informative value of the label. It indicates the
geometrical modeling style and the semantic
modeling depth of a Building or BuildingPart,
consistently extending the CityGML LoD no-
tation. Ambiguities are almost impossible and
the freedom of interpretation is low.

The aspects in the Biljecki approach are de-
fined very precisely. The criterion ‘Presence
of city objects and elements’ defines the fea-
ture types which have to be present in a par-
ticular LoD. The ‘Feature Complexity’ allows
specifing concrete minimal dimensions of fea-

feasible combinations of Geometrical LoD and
Semantical LoD for the building exterior and
interior and make inconsistent models of geo-
metric and semantic combination impossible.

The Benner approach distinguishes be-
tween exterior and an interior Level of De-
tails. Thus, geometrical problems might occur
if the LoD of the geometrical detail level of
the exterior and the interior are not identical.
For instance, if rooms have a detailed geome-
try, but the exterior is coarse, fitting problems
are likely to happen. Either the room geometry
penetrates the exterior shell, or empty spaces
inside the building are not covered by rooms.
Vice versa, if rooms have a coarse geometry,
but the exterior shell is fine-grained, the room
geometry might penetrate the exterior shell
(rf. Fig. 15 in BenneR et al. 2013).

In the general framework of Biljecki, there
is a strict separation between indoor and out-
door objects. Hence, inconsistent models
might also happen here. However, it is stat-
ed in Biljecki et al. (2014) that ‘the interior is
constrained with the exterior’. However, it is
not completely clear what this exactly means
and whether those inconsistencies are prevent-
ed. In the concrete implementation LoD0 to
LoD9 of the Biljecki framework, the geome-
try detail increases for indoor and outdoor in
a similar way and are comparable to the City-
GML 2.0 concept. Hence, violations between
indoor and outdoor objects are not possible.
The Nagel approach defines LoD not for

an entire building, but for every particu-
lar CityObject with no restriction on how a
composed building should be modelled us-
ing CityObjects in different LoD. Thus, this
proposal might lead to inconsistent models as
already identified for the Benner approach.
Moreover, the label for a certain LoD does not
belong to an entire building any longer, but to
its composing feature types.

4.5 Freedom of Interpretation

The CityGML 2.0 specification provides defi-
nitions of the particular LoD in terms of ge-
ometry and semantics that are very vague with
respect to geometrical complexity. Semantics
of an LoD is defined in terms of feature classes
for buildings and its parts, but only a maximal
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if the conditions of LoD3 are completely ful-
filled. If openings are not represented, it is
mapped to LoD3(S2). If BoundarySurfaces
are not represented, it is mapped to LoD3(S1).
Finally, LoD4 is mapped to LoD3.3(S3.3), if
the conditions of LoD4 are completely ful-
filled. However, it is mapped to LoD3.x(S3.y),
if the conditions for semantical completeness
are fulfilled only partially. The value for x has
already been defined in the mapping for LoD3,
whereas y is set to 2 if openings are not rep-
resented completely, y is set to 1 if in addi-
tion the interior building installations and the
building furniture are missing. Finally, y is set
to 0 if boundary surfaces are not present. The
fulfillment of the semantical conditions can
easily be checked by scanning the dataset.

The Biljecki approach provides strict, pre-
cisely defined requirements for the geome-
try. In order to check whether for instance a
CityGML 2.0 LoD3 model satisfies the mini-
mal dimension of the corresponding LoD of
Biljecki, it is not sufficient to consider the da-
tasets only. Instead, the corresponding real
world objects have to be inspected, which is
very elaborate and expensive. For the transfor-
mation into the concept of Biljecki, first the
aspects on which the LoD concept is based on
have to be compared. The geometry aspect of
CityGML corresponds most likely to the ‘Fea-
ture Complexity’. Whether semantics is mod-
elled or not in a particular LoD is covered by
the ‘Presence of CityObjects and Elements’
aspect. Hence, the CityGML 2.0 aspects are
a subset of the Biljecki aspects and, in gener-
al, datasets can be transformed. However, the
problem of vague geometry definition in City-
GML 2.0 versus a very precise definition of
the Biljecki approach remains. Due to this, the
transformation is very elaborate.

For the example LoD 0 to 9, the mapping
is as follows: For LoD0, there is no counter-
part; at least not for buildings (there are no ar-
eal representations for buildings). LoD1 cor-
responds to LoD1, LoD2 to LoD3 (since there
is no interior in LoD2, the interior representa-
tion in LoD3 is empty). LoD3 is represented
as LoD8 (again without interior) and finally
LoD4 is represented as LoD9.

The transformation of CityGML 2.0 models
according to the Nagel approach is straight-
forward: The LoD of each feature can be de-

tures, and ‘Attribute data’ a concrete list of at-
tributes. Hence, the freedom of interpretation
is low. This also holds true for the concrete
implementation of the framework. For each
LoD (0 to 9), concrete values for the feature
complexity such as minimal size of objects is
given, e.g. 10 m in LoD0 for building blocks
or 10 cm in LoD9.

In the Nagel approach, only one criterion,
the detail level of geometry, is used. Howev-
er, this criterion is not defined precisely, but
only intuitively by giving figures as examples.
Hence, the freedom of interpretation is sup-
posed to be high.

4.6 Feasibility and Complexity of
Transformation from CityGML 2.0

The Benner and the Nagel approach have
in common that LoD4 has been replaced by
LoD3 for interior and exterior objects. The ad-
ditional LoD4 outer geometry has deliberate-
ly been introduced into CityGML in order to
provide the possibility to adapt the outer shell
to the interior objects, in particular to fit the
openings of rooms. Although the LoD4 out-
er geometry may differ from the LoD3 outer
geometry, only one representation (LoD3) is
provided by both, the Benner and the Nagel
approach. Hence, there might be a loss of in-
formation when transforming CityGML 2.0
datasets containing LoD3 and LoD4 into ei-
ther concepts.

A general problem when transforming da-
tasets from CityGML 2.0 is the vagueness of
definitions with respect to geometry. Even if
it contradicts the common understanding of
LoD3, a coarse block can be used as a LoD3
representation without breaking syntacti-
cal rules or conformance requirements of the
CityGML 2.0 concept.

Apart from the aforementioned problems,
the mapping from CityGML 2.0 into the Ben-
ner approach can be easily performed. LoD0
is mapped to LoD0(S0) while LoD1 is mapped
to LoD1(S1). Further, LoD2 is mapped to
LoD2(S2), if the conditions of LoD2 (seman-
tics) are completely fulfilled. If the semantic
conditions of S1 respectively S0 are fulfilled,
LoD2 is mapped to LoD2(S1) or LoD2(S0),
respectively. LoD3 is mapped to LoD3(S3),
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It is expected that the evaluation presented
here will be very valuable for the definition of
the LoD profiles of the new LoD concept of
CityGML 3.0. The group which will develop
the official LoD profile can profit from the re-
sult, as well as users which will define own
LoD profiles, in order to accommodate for
their applications of 3D city models. This ap-
proach is innovative, since up to now, evalua-
tion criteria for LoD concepts have not been
developed and no systematic evaluation and
comparison of current LoD approaches were
possible.
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