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Abstract

The level of detail (LOD) concept for 3D building models, which indi-
cates the degree of closeness between a model and its real-world counter-
part, is deeply rooted among the stakeholders in the field of urban research
and 3D geoinformation. However, with the increasing use and demand of
a wide range of applications, the LOD definition standardized by the City
Geography Markup Language (CityGML) standard appears to be generic,
potentially resulting in redundancy and inflexibility. To address this issue,
we reconsider the LOD concept from an application point of view and suggest
a new context-aware heterogeneous LOD modeling paradigm for 3D build-
ing models tailored to specific applications. The new proposal challenges the
original homogeneous generic modeling logic and instead adopts a bottom-up
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approach, putting the focus on the building components rather than on the
building itself, resulting in models that may lead to a better fitness for use.
In this paper, we first specify a number of discrete LODs for building compo-
nent models, called CLODs, and then assemble them to derive the LODs of
building models suited for particular applications, diminishing redundancy
and being tailored for a specific application. To obtain the appropriate LOD
specification, we introduce five essential evaluation criteria and a series of
semantic and geometrically assembled constraints on the CLODs. We im-
plement two experiments, outdoor component selection and indoor furniture
simulation, and conclude that the proposed application-driven LOD defini-
tion is more suited in the context of particular applications.

Keywords: Level of detail, 3D building models, Application-driven,
Building components, Granularity

1. Introduction

Given a choice of multiple 3D building models with the same spatial ex-
tent for carrying out simulations, the most detailed dataset is not necessarily
the most optimal dataset. In addition to the degree of detail, factors per-
taining to a particular use case context, such as accuracy, lineage, economy,
efficiency, and non-redundancy, should also be considered. That is the prin-
cipal motivation of the proposal [1] for the level of detail (LOD) concept
initially developed for computer graphics and the reasons why it is unlikely
to fade away in the future.

During the development of LOD theories in computer graphics, four main
types of frameworks have emerged: discrete LOD, continuous LOD, view-
dependent LOD and hierarchical LOD [2]. The last three frameworks are
tailored for run-time rendering, but the discrete LOD framework requires a
preprocessing stage to create individual LOD models [3]. Several advantages
of discrete LOD were expressed by Heok and Daman [2]; faster rendering
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speed is the most prominent advantage, and it is based on defining some spe-
cific selection criteria for picking the most suitable predefined LOD models.
However, regarding the definition of discrete LOD, while no official uniform
declaration exists to date, there is a widely recognized approach in the GIS
research community—that is, a similar concept that uses the well-known
term scale. For example, Meng and Forberg [4] mentioned LOD as one of
a number of milestones along the scale space when taking the scale space
of 3D buildings as a linear continuum. Goetz [5] indicated that LODs are
multiscale models that can reflect a variety of perspective, from global and
coarse to fine-grained and detailed. According to Biljecki et al. [6] LOD
is a concept that conveys both a model’s complexity and its degree of ab-
straction from the real world but is distinct from concepts of accuracy and
quality. Even so, it could not be claimed that the two concepts are always
equal, since the connotation of LOD for a 3D model is not only confined to
differing geometry but also differing in its semantics, appearance and even
properties. Thus, it is not easy to specify a universal and persuasive series
of LODs such as scale milestones to meet different requirements for urban
simulation applications.

Among various proposals, the LOD concept of the OGC standard CityGML
2.0 [7] has been widely applied by stakeholders in both academia and in-
dustry. Five well-defined consecutive LODs are described for city objects
at different geometric and semantic degrees of complexity [8]. A building
model can be represented as a 2.5D polygon of the footprint or roof edge at
the coarsest level (LOD0) or as a well-known prismatic block with flat roof
structures (LOD1). In LOD2, a building model has thematically differenti-
ated boundary surfaces and generalized roof structures, as well as optionally
simplified additional installations (e.g., balcony and dormer) [9]. LOD3 pro-
vides a more detailed outer façade, potentially including windows and doors.
Until now, the LODs above have denoted four architectural exterior forms
that have been applied to various analyses in traditional Macro-GIS fields
such as flood inundation and noise pollution. To address indoor scene ap-
plications, the last level, LOD4, completes the building model by adding
interior structures to LOD3.

Because of the five fixed levels, freedom to configure the models has also
been reduced; the standard LOD specification for 3D building models is in-
flexible to some extent [11–13]. In other words, the specification is designed
for general purpose (application-independent without a particular use case
in mind). While technically the LODs can be used for most applications,
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Figure 1: Estimation of rooftop solar exposure, a prominent application of 3D city models
used to estimate the feasibility of the installation of solar panels (Source: [10]).

the efficiency of doing so is debatable, due to the homogeneity of the LOD:
some portions of the dataset might be unnecessarily inappropriate for some
applications (either too detailed increasing costs and hindering the perfor-
mance of spatial analyses, or insufficiently detailed inhibiting the reliability
of use cases). The premise of this paper is that from the perspective of an
application, practitioners may prefer to focus on the features they need, so
the level of the focus and context [14] do not have to be same or similar
throughout the dataset. For example, in the solar potential estimation of
rooftops (see Figure 1), the detailed roof structure and its ancillary facilities
(e.g. chimney and dormer) are more useful than the rest of the building (e.g.
walls and windows). In this analysis the solar exposure is not calculated for
walls, and they are only needed to estimate shadow effects on nearby objects,
so having them mapped in more detail (such as having façade details and
windows) does not bring virtually any benefit [15]. In fact, it may be even
detrimental to have, since an excess level of detail may be slowing down the
computations for no added benefit in terms of accuracy and reliability of the
results, not to mention the increased cost of acquisition. In this particular
case and Figure 1, the analysis has been carried out on LOD2 models, where
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roofs and walls are mapped with a comparable degree of detail. Instead of
a homogeneous outlook, we believe that it would be more beneficial to put
less focus on mapping walls, in favor of acquiring roofs, i.e. having them in
LOD3.

Therefore, for a 3D building model, the heterogeneous degrees of compo-
nent detail (even minor differences may be substantial) regardless of whether
exterior or interior, may coexist in a certain LOD. In fact, the CityGML 2.0
documentation briefly mentions that CityGML supports aggregation and de-
composition by providing an explicit generalization association between city
objects in its general characteristics section [7]; thus, our work is in line with
the standard.

In this paper, we provide a new perspective on the LOD concept and pro-
pose a less generic and more application-driven specification for 3D building
models, taking the aspects of geometry, semantics, appearance, and property
into account. Figure 2 illustrates this point of view in a conceptual manner.
The original specification (on the left) is generic: increasing detail of a dataset
may increase the benefit to a spatial analysis (i.e. accuracy, reliability), but
it often also increases the cost of the acquisition and the amount of excess
(redundant) detail that the spatial analysis does not benefit from. While
with increasing detail there may be a general benefit for a use case, it might
not always be consistent and it may be disproportionate to the invested effort
in procuring the dataset and the computational complexity. Here we intro-
duce an application-driven approach, which attempts at providing tailored
specification that minimize redundancies and keep costs consistent with the
attained benefit for a particular application. While this example is general
and conceptual, in Section 6 we demonstrate its implementation and results
for specific datasets and use cases.

Although some relative standards and studies have attempted to address
this issue, as discussed in Section 2, some drawbacks still exist, as analyzed in
(Section 3), which deals with the requirements of an optimal LOD specifica-
tion. In view of these facts, we conduct a more in-depth study of the discrete
LOD framework and propose a novel LOD specification for 3D building mod-
els in Section 4 and Section 5. Section 6 reports on two experimental cases of
outdoor component selection and indoor furniture simulation to demonstrate
our proposal. Then, we provide an evaluation of the proposed LOD model-
ing paradigm and compare it with the original LODs in Section 7. Finally,
we also summarize and describe the prospects for future research in the last
Section.
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Figure 2: Conceptual relation of cost, benefit and excess for the original and application-
driven LODs. Our paper discusses a more consistent relation that is application-specific,
minimizing costs and the amount of information that may be irrelevant for the particular
use case in question. Our approach may help in maximizing the effort of modelling by
directing it into producing pragmatic datasets that have a greater benefit to a spatial
analysis.
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2. Background and related research

Various discussions for the improvement of the LOD concept have been
undergoing by scholars and organizations all over the world.

Biljecki et al. [6] found that the underlying LOD concepts are not entirely
clear—neither what LOD comprises nor its motivation; consequently, LODs
cannot easily be compared, translated, sorted, or evaluated. They further
argued that a LOD cannot simply be defined by the wealth of its geometry:
semantics, texture, interior, acquisition techniques, and other factors should
also be considered. Therefore, they suggested a formalized LOD framework
with six metrics and then derived 10 discrete LODs as an example by com-
bining different metrics. Their proposal achieves a decoupling operation for
the standard LODs and allows the creation of a larger number of consistent
LODs. However, whether the six metrics should be considered as unrelated
factors is worthy of discussion because their mutual constraints are neglected.

In the continuation of the work, Biljecki et al. [16] concluded that an
LOD in CityGML might have several variants that would introduce different
influences on spatial analyses. They first exposed some shortcomings of the
standard CityGML 2.0 LODs and then presented a refined set of 16 LODs
focused on the grade of building exterior geometry [8]. Compared to the orig-
inal definitions, they provided stricter specifications that reduced modeling
ambiguity. An advantage of this work is that because different applications
have different requirements, the refined specification may be more suitable
for specific application contexts (nevertheless, this may also be a disadvan-
tage if a dataset is intended to be used for multiple purposes). Furthermore,
indoor structures were not considered.

To introduce indoor scenes into the definition of the LOD concept and de-
couple building interiors from exteriors, Kim et al. [17, 18] extended the 3D
spatial models and services for efficiently managing and representing the fa-
cilities of complicated indoor spaces by developing a CityGML Indoor ADE.
Löwner et al. [19] proposed differentiating geometrical LOD (GLOD) from
semantical LOD (SLOD), as well as their possible combinations. In a related
work, Tang et al. [9] advanced a full LOD (FLOD) concept by decomposing
and recombining outdoor LODs (OLODs) and indoor LODs (ILODs). To
improve the efficiency and communication qualities of 3D urban models in
all phases of disaster management, Kemec et al. [20] added three parallel
indoor LOD definitions to better reflect building interiors, which constituted
a significant improvement that comprehensively relieved the binding rela-
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tionship between the indoor and outdoor. Based on these foundations, the
concepts can be extended; the thought and theory can be applied to address
building component constraints.

In fact, some concepts similar to the LOD being discussed here already
exist. Foremost among these is the concept of “level of development” in
the Building Information Modeling (BIM) field. Although the abbreviation
is the same as that in 3D GIS and computer graphics, the connotations of
the concepts are different: In BIM, the LOD is a concept developed by the
American Institute of Architects (AIA) [21] , where development refers to the
level of certainty about an object. Glander and Döllner [22] used the term
“level if abstraction” instead of “level of detail”, because the LOD is typi-
cally connected to the concept of simplification motivated by computational
requirements as opposed to simplification to reduce cognitive effort.

Moreover, development of the next major version of CityGML is ongo-
ing, and from its preliminary publications [23], we know that LOD4 is likely
to be removed; instead, object interiors would be expressed through inte-
gration with LOD0-–3. This revision will make it possible to model the
outside shell of a building in LOD1 while representing the interior structure
in LOD2 or 3. Some demonstrations and data for this revision are already
available [24]. Note that, as Biljecki et al. [6, 8] has repeatedly emphasized,
the research efforts mentioned above and the work we present in this paper
are not intended to disrupt the popular LOD categorization in the existing
standard, but rather to provide a supplementary or extended specification
complementing it for applications.

3. Requirements analysis for an optimal LOD specification

Before the reconsideration of the LOD concept to apply it for specific ap-
plications, several key issues about the LOD concept should be made clear:
for example, criteria for judging whether an LOD definition is optimal and
the conditions those LODs must meet. In general terms, the LODs speci-
fied in CityGML 2.0 are ordinal and their spatial-semantic detail progresses
homogeneously. However, at the same time, their general classification and
encapsulation can be inconvenient during the actual application process. For
example, all the interior features are wrapped in LOD4, which is counter
to the original intention of categorization; consequently, all indoor applica-
tions must be processed only in this LOD: those that require more detailed
indoor models but with a coarse exterior or even no exterior are not sup-
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ported. Therefore, after a literature analysis and summaries, we provide five
essential evaluation criteria; then, later in the paper, we build on top of this
reasoning. The five essential criteria are as follows:

(1) Extensive definition. A model and its related aspects involved in the
definition should be extensive or even nearly complete. This criterion
allows maximizing the number of stakeholders and then subsequently
promoting further model completeness. According to the viewpoints in
[6, 7, 12, 25], four model aspects (geometry, semantics, appearance, and
property) play the major roles in influencing the level of model detail,
which may be directly reflected by the presence of the city objects and el-
ements themselves or embodied by visual changes or expressed via some
rendered processing. Actually, to evaluate LOD concepts, Löwner and
Gröger [11] introduced six considerable criteria, among which the first
three (richness of aspect, completeness of the LOD concept, and com-
pleteness of models in a particular LOD) all emphasize the concept of
completeness of definition.

(2) Wide sharing. In recent years, an increasing number of organizations
and companies have built virtual three-dimensional city models for differ-
ent applications, including urban planning [26], path navigation [27, 28],
solar simulation [29, 30], and heritage preservation [31]. However, be-
cause the intended usages are different, model reusability is seriously
inhibited. Thus, a more general modeling approach is needed, which is
precisely the motivation behind our proposal of the LOD concept. There-
fore, an excellent LOD definition should be widely shared by stakeholders
in related application fields insofar as is possible.

(3) Low redundancy. Low redundancy is equally important in the LOD
definition, although it would seem to be at odds with the aforementioned
wide sharing. The “implicitGeometry” defined in CityGML is a workable
method because it means that the geometry of a prototype object is
stored only once in a local coordinate system and then referenced by other
objects. Similarly important, a good definition of topological relation
can also contribute to avoiding redundancy because geometric objects
can then be referenced by other features or other geometries (for more
details, please refer to our previous research [32]). Additionally, free
collocations of city objects by practitioners themselves may be another
and even better solution.

(4) Increased freedom. From a consumer perspective, people may be re-
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luctant to pay the bill for the redundant model components (excess de-
tail), which in turn limit reusability (revisiting the rooftop solar potential
estimation example in Figure 1, it is unrealistic to expect a user to pay
extra to have wall windows modelled if the dataset will be used only for
the aforementioned purpose).

(5) Easy acquisition. All of the above criteria would be purely academic
if the model dataset is difficult to obtain. The current major data acqui-
sition techniques include aerial surveys, terrestrial measurements, image
analyses and cadastral management [33–37]. In mapping fields, an eas-
ier data acquisition method exists, for example, OpenStreetMap (OSM)
[38], which is a free, open-source and editable map service created for the
public Internet. This idea could be extended to the acquisition of LOD
models. Nevertheless, publicly uploaded data should undergo a review
process to ensure its security and integrity before its final release.

4. Application-driven specifications for 3D building model

In this section, tackling the deficiencies of the generic LOD approach,
we propose a novel application-driven LOD modeling paradigm. While we
focus on 3D building models, the approach is applicable to other types of city
objects as well. In contrast to existing works, we adopt a “context-aware”
approach to reach a specification that puts the intended use upfront, defining
the LODs for building component models first and then assemble them to
derive the LODs for the building models based on the importance of the
components (context or focus) to specific applications. With this approach
we achieve 3D city models that are tailored for a particular application, in
contrast to the traditionally available general purpose datasets, which may
be used for many applications, but at the same time are not optimized for
any of those, potentially resulting in redundancies and unnecessary cost (in
terms of acquisition, performance, processing, and so on).

4.1. Methodology

4.1.1. Reverse outlook on the LOD of 3D building models

Traditionally, LOD specifications have been top-down process, that is,
the detail levels of the building model is stipulated first, which regulates the
eligible components at the corresponding level. For example, in LOD2 of the
five LODs of CityGML, the position and height accuracy is proposed to be 2
m or better (below 0.5 m), and it is suggested that all objects with a footprint
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of at least 4 m ˆ 4 m (less than 2 m ˆ 2 m) be considered. This is actually
a holistic and homogeneous idea because it means that the detail level is
finite; each component in a particular LOD should have the same or similar
complexity (at least the minimum acquisition criteria should be satisfied).
This approach contrasts with the heterogeneous approach that we propose
in this paper. While not discounting the benefits of a generic approach,
the problem of trying to satisfy many applications simultaneously while not
being specifically suited for any particular application may be obvious. We
deem that for a certain application, we need only the degree of detail of the
targeted partial components.

Consequently, we reverse the original mode of thought and adopt a bottom-
up method to complete the definition of the LOD concept. Using this ap-
proach, the granularity is constrained to the building components rather than
to the building model; the detail level of the component models is specified
first; then, the LODs of the building model are deduced by assembling the
different components.

4.1.2. Assembly concepts in 3D modeling

In fact, the application of this assembly technique in 3D modeling is
not novel; the most widely known application is constructive solid geometry
(CSG) [39], a powerful way of describing solid objects for computer graph-
ics and modeling. In CSG, primitives are assembled into a larger objects
and space can be carved out of a primitive. Going back even further, the
recognition-by-components (RBC) theory [40], is a bottom-up process pro-
posed by Irving Biederman in 1987. According to RBC theory, we achieve
objects by first separating them into their main component parts and then
assembling them in various arrangements, allowing the formation of a virtu-
ally unlimited number of objects. Another embodiment is the family concept
in BIM, which employs a parametric idea to control sets of components of
the same type but that may have different structures, sizes, appearances, and
properties [41]. Under the concept of component families, allowing users to
assemble and customize functionality becomes achievable.

As a result, in this paper, we consider it would be better to obtain the
LODs of building models by assembling different components with diverse
LODs than by specifying the building LODs directly. Figure 3 shows the de-
composition of two distinct detail levels of the same building model; then, the
components can be selected and assembled into many more building model
combinations. In the figure, A and B denote different levels of component
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detail.

4.2. LODs of buildings and their component models

4.2.1. The LOD definition of building component models

In this subsection, we focus on the LODs of components, which we call
CLODs to distinguish them from existing LODs. It is important to note that
“component” here is a collective term that includes structures, installations,
furniture, and similar features. To foster adoption, we use a grading principle
similar to the LOD concept in CityGML to address component classification;
the five major aspects mentioned in Section 3 act as the general guiding
ideologies. The highest level of our new CLOD concept is 3, but the total
number of CLODs is six because we add two supplements: one before CLOD0
and one after CLOD3.

(1) CLODn: Different from other schemes, the starting level here is not “0”
but “n”, which means “none”, “nothing” or “nil”. The “n” provides an
explicit way to express the non-presence of city objects (or those obscured
by others). This concept is represented visually by using dashed lines.
This is similar to the ClosureSurface concept in CityGML, but the term
“placeholder” may be more accurate. Using this level, the semantics of
a component can be preserved even with no geometric expression.

(2) CLOD0: Drawing a lesson from the LOD0 definition for building models
in CityGML, a component at this level is also represented as the vertical
projection surface of its upper or lower façade. In some special scenarios,
such as decoration design, superposition of multiple projection surfaces
is also allowable, as illustrated in the last image in Figure 5(b). However,
the datum plane is not limited to the ground, but could be attached to
the floor, wall, ceiling or any other surface.

(3) CLOD1: Similarly, the model in CLOD1 consists of a generalized geo-
metric representation of the exterior shell, namely, it is a classical block
volume extruded by a projection of a CLOD0 surface to its vertical
height. In practice, the aligned axis bounding box (AABB) algorithm is
adopted as the simplified representation for components.

(4) CLOD2: Unlike the building model, the shape of a component—furniture,
especially—is usually irregular or oddly shaped. The simplified algorithm
used for CLOD1 is too general to reflect the details of components; con-
sequently, it loses most of the semantic information; however local detail
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CLODn   CLOD0  CLOD1  CLOD2   CLOD3 CLOD3+

Figure 4: Six levels of component representation detail.

Figure 5: Different CLODs of components and their combinations. This approach allows
a specification to be tailored to suit the needs of a particular model.

is highly important for some applications. Therefore, a more appropri-
ate simplified algorithm for components is required that preserves the
corresponding component detail level.

(5) CLOD3(+): CLOD3 is the most detailed level in both its geometrical
and semantic aspects. These component models have the highest level
of resolution: even their interiors (if pertinent, i.e., drawers and interlay-
ers) are available for special applications. CLOD3+ is a supplement to
CLOD3 that allows appearance and other properties to be appended to
the CLOD3 model to achieve a maximum reduction.

Figure 5 shows several building components with different CLODs and
their combinations. Figure 5(a) demonstrates the feasibility of combining
different levels of component detail: such as a wall in one CLOD but its
embedded door and window in different CLODs, as shown in the third pic-
ture, where the detail level of the wall is CLOD1, while that of the window
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Table 1: Different representations of the aspects of geometry, semantics, appearance and
properties of the component models from CLODn to CLOD3 (+).

Geometry Semantics Appearance Property

CLODn no optional no no
CLOD0 plane (2D) homogeneous homogeneous separated
CLOD1 block (3D) homogeneous homogeneous separated
CLOD2 generalized generalized generalized separated

CLOD3(+) real real real real

is CLOD0 and that of the door is CLOD3. Furthermore, the last image
demonstrates many more aggregations of components with different CLODs;
the detail level is completely dependent on the requirements of the targeted
application.

While defining this CLOD series, we considered the following points: (1)
CLODn is an optional level (not displayed by default) whose intention is to
provide a way to reserve only the semantics to let others know that some-
thing exists in that position; (2) CLOD0 and CLOD1 are the two- and three-
dimensional geometrical abstractions of components, respectively. Owing to
their simple geometrical expression, they can be regarded as homogeneous
substances; in other words, they represent only one type of semantic and
appearance; (3) In CLOD2, component models retain their main parts, im-
plying that their less important parts are generalized and, accordingly, that
their corresponding semantics and appearance are also generalized; (4) The
aspect of properties from CLOD0 to CLOD2 should be treated separately for
geometrical and non-geometrical aspects. Undoubtedly, the geometric prop-
erty should be closely related to the modeled geometry (e.g., length, area or
volume) and its derivations (e.g., heat dissipation or shadow occlusion), while
non-geometrical properties tend to be the inherent or social characteristics
and are similar to properties such as location, construction year, property
owner and so on; (5) in CLOD3 and CLOD3+, not only the geometry and
semantics but also the appearance and properties are complete restorations
of real scenes; and (6) rather than predefining the confirmed LODs for com-
ponents, we would tend to suggest a graduated approach, thus CLOD1 and
CLOD2 may look almost identical for regular-shaped objects (e.g., columns
or beams) and the total number of levels does not have to be constant.

Moreover, two key issues concerning the CLOD definitions require further
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explanation. First, why do we deliberately define a supplemental level for
CLOD3 but not for other levels? The contradiction between geometry and
property is the crux of the matter. As mentioned earlier, in a component
model, the partial properties (e.g., geometrical properties and derivations)
are determined by the geometry, such as the volume of the block model in
CLOD1, which plays an important role in estimating building heat consump-
tion. However, geometry prior to CLOD3 is actually a simulation of the real
component; consequently, there must be some structural differences between
them. Moreover, their geometrical properties are not completely accurate;
thus, a geometric analysis result based on these levels would be meaningless
in a sense.

4.2.2. Derived LOD definition for 3D building models

In a three-dimensional city scene, different objects may have different lev-
els of detail according to their importance or distance. The same is true with
building levels; it is both reasonable and feasible for different components
with varying LODs to coexist in one building scenario due to their contribu-
tions to certain applications. For example, in building ventilation analysis
(which will be subject of Section 6), a higher window LOD is an important
factor for calculating the results, while wall or others LODs are less impor-
tant. Therefore, the former LOD requirement that all the components in a
building model must be represented at a unified level is both unnecessarily
restrictive and inappropriate. In this paper, we argue that the LOD specifi-
cation of a building model cannot be generalized by several (or a series of)
fixed levels but rather should be construction with a flexible collocation set
oriented to specific applications.

Another improvement introduced here is the view that a building model
is an organic whole. This perspective breaks with the traditional boundary
between indoor and outdoor modeling. In recent years, an increasing num-
ber of scholars and companies have focused their research perspectives on
indoor scenes or on indoor-outdoor combinations, especially since the rise of
BIM theory and technology [42–45]. Therefore, gradually, it appears to be
increasingly unnecessary to artificially separate indoor from outdoor areas.

For a better explanation, Figure 6 depicts a revised UML diagram on
which the building model in CityGML 2.0 is based. Because of the specific
definition of LOD4 for indoor scenes, the features were accordingly distin-
guished by the prefixes “Interior” or “Outer”, for example, “InteriorWall-
Surface”, “OuterCeilingSurface”, “OuterFloorSurface” and “IntBuildingIn-
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stallation”. In contrast, in this revision, we reconsolidate them and simplify
their correlations: the boundary between interior and exterior is blurred be-
cause the internal and external component concept becomes irrelevant. Here,
the same as the building model in CityGML 2.0; a building is still the piv-
otal class and consists of different structures, furniture, and installations. In
addition, several representative inherited installations (e.g., stairs, elevators,
beams, columns, dormers, and chimneys) are instantiated along with their
dependency relationships. Furthermore, to express the level of these com-
ponents, the postfix “ LODs” are appended after each class. Note that the
features demonstrated in Figure 6 are given only as an example; in practice,
a real model would include more complete components and more complex
relationships.

In accordance with the above diagram, the practitioner could then cre-
ate a compact application-driven building model by selecting the necessary
components at the appropriate levels. In this sense, the conclusion can be
summarized as follows: application should determine the LODs of component
models, which subsequently determine the LOD of the building model.

However, following this notion, the sharing of building models becomes
another major problem due to application specificity. To solve this prob-
lem, we similarly suggest changing the approach of the model sharing from
one of sharing buildings to one of sharing components. On one hand, this
approach solves the aforementioned problem; practitioners can retrieve a
building model by assembling the shared component models. On the other
hand, it broadens the opportunities for data providers, who could provide
partial (even one) models, rather than a strictly completed building model.
For instance, aerial photographers could create various LODs of roof models,
and window manufacturers would need to address only the LODs for their
products. Therefore, the application scenario is also becomes redefined—
from one-to-many (one publisher with many subscribers) to many-to-many
(many publishers and many subscribers), as shown in Figure 7.

5. Constraints between the various LODs of different components

Theoretically, a plethora of building models could be created by combi-
nation of the components at different levels, especially in the wake of the
increasing number of furnishings and installations. However, that is bound
to lead to inconsistencies due to unconstrained free combinations. For ex-
ample, having a suspended chimney without its standing roof or a dangling
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Figure 6: Revised UML diagram for building a model based on CityGML 2.0.
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Figure 7: Redefined application scenario from one-to-many (general purpose models) to
many-to-many, more suited for applications.

beam without its supporting structures would make little sense in any appli-
cation. Thus, the above definition of the LODs only completes the first step
for 3D building modeling; the relative constraints between components must
be explored next.

5.1. Semantic constraints on components without considering LOD

Some research works have already focused on semantic topological con-
straints. For example, after analyzing numerous CityGML datasets from
different sources, Biljecki et al. [46] derived a list of prevalent topologi-
cal errors in the geometrical or semantic aspects of building models using
the open-source software val3dity, described in [47] for validation. Liu et
al. [48] adopted an XML-based description and a DTD-based verification
technique to exert semantic control over the topology and combination of
different building components used to represent house styles correctly. Li et
al. [49] presented six recapitulative rules (on, cover, exist, join, extend, and
exclude) to restrain combinations of predefined structural and decorative se-
mantic components. Higashi et al. [50] proposed a parametric design method
that achieved a product model in the computer according to topological and
geometrical constraints. In this paper, capitalizing on the advantages of for-
mer research, we propose a Subject-Verb-Object (SVO) method, one that is
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Table 2: A Subject-Verb-Object Classification for the components listed in Figure 6.

Classification Components

Subject Furniture; Stair; Elevator; Beam; Door; Window;
Dormer; Chimney; Floor; Ceiling; Column; Wall; Roof

Verb stand upon; hang from; attach to; link with; embed in
Object Ground; Floor; Ceiling; Beam; Column; Wall; Roof;

Dormer

similar to grammatical rules to ensure semantic topological correctness.
According to the force role, we classify the components listed in Figure

6, referring to Table 2. First, components that cannot exist independently
constitute force makers (Subject), such as a chair and that in reality, these
components cannot stand without support due to their own gravity. Corre-
spondingly, the supporting components are regarded as force receivers (Ob-
ject), such as floors, which play the supporting role for the chair. Due to
the complexity of architectural structures, some structural components can
be both a subject and an object, for example, a wall stands on the floor, but
supports the ceiling at the same time. Finally, the relations between subjects
and objects must be explored. In light of their positional relationships and
mutual states, we generally summarize five behaviors (Verbs): stand upon,
hang from, attach to, link with, and embed in. Certainly, are additional
verbs exist (e.g., cover, hook, clamp, lean and strut) that are not considered
here; the five enumerations here simply act as a reference.

By the same token, collocations of the SVO relations cannot be unre-
stricted because some are unreasonable or extremely unusual in reality. For
instance, one cannot put a bed on the ceiling. For this reason, we propose
the following semantic formula:

fpSubjectq “ Subject. rV erbss . rObjectss

Taking the component “Window” as an example:

fpWindowq “ Window. rembed ins . rWall || Roof || Dormers

A more detailed collocation of SVO relations is listed in Table 3. It is
worth reemphasizing that the subjects, verbs and objects included here are
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 (a)  (b)

Figure 8: Two model groups by the same components but in different CLODs.

for demonstration purposes only, and the verbs are all abstracted from a
visualization perspective. The real situations and actual structures may be
considerably more complex and manifold, but the principle is the same.

5.2. Geometric constraints on components at different detail levels

Note that the component constraints in different LODs may have certain
differences due to their matching degree in geometry. Figure 8 shows two
assembled model groups that use the same components but consist of different
CLODs, which is used as an example for further explanation below.

In Figure 8, the first group describes a wall with an embedded door. The
wall is represented differently as a 2D surface (CLOD0) and a 3D volume
(CLOD1), while the door is a detailed 3D model (CLOD3). It is easy to
determine that there an explicit contradiction of geometric dimension exists.
The door is exposed when embedded in a 2D wall surface, which is disturbing
or even inaccurate from any visual or analytical point of view. Consequently,
we compare the dimensions of subject and object when applying different
verbs (see Table 4). Under normal circumstances, there are no restrictions
on the subject and object dimensions, namely, free combinations of two-
and three-dimensions are supported; therefore, the comparison results could
be “>”, “=” and “<”. However, this approach cannot be applied to the
last two verbs. In this paper, we take “link with” as a verb example of a
subject component (e.g., stair or elevator) that connects two other object
components in the vertical direction. This presupposes that the dimension
of the subject component should be 3 (or at least 2.5), and it could not be less
than the object components (represented by “ˆ”). By contrast, as Figure
8(a) shows, “>” seems to be impossible when using the verb “embed in”
when the requirement calls for the same or a higher dimensional component.

21



Table 3: A more detail collocations of the subjects, verbs and objects listed in Table 2.

Subject Verb Object

Furniture

stand upon
Ground
Floor

hang from
Ceiling
Roof

attach to
Wall
Roof

Stair link with Floor
Elevator link with Floor

Beam
stand upon Column
link with Column

Door embed in Wall

Window embed in
Wall
Roof
Dormer

Dormer stand upon Roof
Chimney stand upon Roof
Floor stand upon Ground

Ceiling stand upon
Beam
Column
Wall

Column stand upon
Ground
Floor

Wall stand upon
Ground
Floor

Roof stand upon
Beam
Column
Wall
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Table 4: Dimension comparison between subjects and objects for different verbs.

Verb Dim (Subject) vs. Dim (Object)

stand upon > = <
hang from > = <
attach to > = <
link with > = ˆ

embed in ˆ = <

Figure 9: Geographic simplification algorithm involving the structural details.

Geometric topological relations are another important factor that should
be considered. Figure 8(b) shows a representation of a chimney standing on
the roof of two different detail levels: sloping in CLOD1 and flat in CLOD2.
Due to the differences in the supporting roof shape, the chimney height
should be adjusted accordingly, as well as the junction polygon formed by
these two components. That is, the topological relations should be reason-
ably maintained when performing the assembly, although the structures of
the components may be changed. Even if the supporting component is fil-
tered out, the dependent components should be addressed correspondingly,
especially when the dependency relationship is unique.

In addition, as defined in Section 4.2.1, a geographic simplification al-
gorithm involving the structural details is another novel introduction in the
LOD specification. It benefits applications that require additional compo-
nent details relative to the traditional whole block model. Therefore, a prior
semantic segmentation is needed at this level, but the remaining procedure
is the same as in CLOD1, creating an enveloping operation for segmented
objects (see Figure 9). Similar processing idea can refer to the literature [51].
Generally, only the significant details need to be preserved when taking the
workload and performance into account.
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Figure 10: An example diagram showing the hybrid LOD specification for 3D building
models.

5.3. Hybrid LOD specification for 3D building models

To summarize, we can obtain a hybrid LOD specification for 3D building
models. The definition is expressed by the following formula, where f denotes
the assembly rules and constraints on the components, i and j are the indices
of the component and its detail level, respectively, while N and L denote the
range of values.

LODpbuildingq “ fpCLOD1pjq, CLOD2pjq, ¨ ¨ ¨ , CLODipjqq, i P N, j P L

As the formula shows, the LOD of a building model is now determined
jointly by the component selections and their detail levels, as clarified by Fig-
ure 10. The light blue or red cells in the grid denote the selected component
(transverse axis) and its LOD (longitudinal axis), and the corresponding ra-
dial line represents the interactive relationship between the components. It
also signifies that the LOD specification in this paper adopts a new “context-
aware” modeling paradigm of tailoring data based on application, which con-
trasts with the typical design of general purpose (application-independent)
LOD specifications. In terms of applications, such an approach results in a
more consistent progression of LODs, especially when it comes to the benefit
of a particular application (also see Figure 3).
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6. Implementation and demonstration

In this section, we implement the theory presented so far by focusing on
two applications: an outdoor component selection(for shadow analysis) and
an indoor furniture simulation.

It is obvious a priori that a model built using our method will be the most
lightweight for its application-driven essence because it will retain the parts
that are useful for the application analysis results while omitting others. We
conduct experiments by procedurally generating building models group based
on the open-source procedural modeling engine Random3Dcity [52] and then
deriving compact models that can be applied to sunlight analysis. The goal
of this application is to predict the direct solar exposure of the ground, an
instance where 3D city models come in handy [53, 54].

For this application, architectural contour information plays a significant
role in the calculated results; consequently, determining the components that
influence the outline is a relatively more important task. Thus, in this ex-
periment, the complete roof structures and wall should be retained while less
essential aspects such as windows, for example, a window embedded in a
dormer, can be ignored. Figure 11 shows a shadow calculation of five sample
building models and their deriving compact counterparts. It can be found
that using much simpler datasets (around a tenth of the polygon count) we
obtain the same results, i.e. the areas of the building shadow are nearly
the same while the number of triangles has been greatly reduced, which ac-
tually proves that the reduction of the non-essential components would not
make any influence (or a tiny difference) to the final analysis results (even
if there is a minuscule difference in the results, it certainly does not justify
the substantially increased cost of acquisition and processing). Based on this
conclusion we continue a further work respectively on the two model datasets
to analyze the sunshine intensity by using a SketchUp plugin Sunshine 2019.
A similar conclusion can be drawn from the comparison diagram in Figure
12—that we can use lightweight application-adapted 3D models yet still re-
tain the same quality of the analysis results at less cost (in triangles, memory,
computational complexities and runtimes). This savings trend becomes more
pronounced as scenes become more complex.

Our second demonstration is a theoretical indoor use case of an office
building model (see Figure 13). To reduce the data volume, some simplifica-
tion procedures can be applied to the components while attempting not to
affect the application analysis results. In this example, the level of the furni-
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Figure 11: Shadow calculation for five building models (top) and their derived compact
counterparts (bottom), where it can be found that the areas of the building shadows are
nearly the same while the number of triangles has been greatly reduced.
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Figure 12: Sunlight analysis for the building model group (left) and its derived compact
counterpart (right). It is the result of simulation experiment in Amsterdam area, where
the computational daily duration of exposure is 8 hours from 8:00 a.m. to 16:00 p.m. An
application-driven dataset, being significantly simpler, yields equally good results.
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Figure 13: Two CLODs of furniture for different indoor application scenarios.

ture is CLOD3+, which includes considerable local detail and occupies most
of the required storage space. Because the local details and appearances of
furniture have less impact on applications such as indoor navigation, it is
useful to downgrade them in such cases. As the bottom part of Figure 12
shows, there are two simulation methods for furniture, distinguished by the
blue and red colors that exactly correspond to the two levels introduced in
Section 4.2.1: CLOD1 and CLOD2. The reason why we place the furniture
shown in red into CLOD2 rather than directly into CLOD1 is that the inter-
vening furniture spaces are sufficiently large to accommodate a person stand-
ing or moving around; in some emergency situations (e.g., terrorist attack),
these may form a suitable hiding place. Additionally, in this experiment, we
assume that the furniture in the building is all stationary; consequently, we
can regard the close conference table and chairs (in the lower left corner) as
a whole and model them together as a block box. Obviously, modeling a
dynamic scene would be trickier and more difficult, which is another topic
worth further studying in future research.

7. Evaluations for the new proposal

Thus far, we have introduced the proposed application-driven LOD con-
cept for 3D building models. Combined with the five requirements of the
optimal LOD specification given in Section 3, we perform a targeted evalua-
tion item by item:
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(1) Regarding extensive definition, we start the specification from the
LOD definition for component models and then derive various LODs for
building models. Due to the huge number of components, their possible
aggregations, and their application orientation, completeness must be
guaranteed to satisfy various types of application requirements.

(2) Regarding wide sharing, we change the subject of sharing from macro-
scopic building models to microscopic component models. This approach
expands the channels for providing data, thereby allowing more practi-
tioners to be involved in the sharing process (see Figure 7). Therefore,
not only the degree of utilization but also the degree of model sharing
increases under our method.

(3) Regarding low redundancy, we switch model granularity to the com-
ponent level. Then a building model is generated by assembling the
necessary components based on the requirements of a certain applica-
tion (see Figure 3). The result is that the obtained model is the most
compact; in other words, the building model redundancy is the lowest
under our approach.

(4) Regarding increased freedom, due to the maximization of model-
providing channels, practitioners could freely select the most suitable
component models to synthesize the desired building model from anyone
or from anywhere (if possible). However, we note that the assembly
process is not completely rule-free; it is limited by structural constraint
conditions to avoid building unrealistic models (see Section 5).

(5) Regarding easy acquisition, benefiting from the aforementioned wide
sharing, practitioners will be able to acquire models more easily. In con-
trast to earlier specialized model providers, “amateur” personnel could
also be relevant as providers, similar to furniture manufacturers men-
tioned in Section 4.2.2. As a result, model acquisition would become
increasingly easy as the number of participants increased.

8. Conclusions and future works

The generic LOD definition for 3D building models in CityGML 2.0 is
popular for a reason, but it tries to please too many applications at the
same time, resulting in datasets that nominally can be used for a multitude
of applications, but eventually are optimal for none. With the increasing
number of applications it might appears to be insufficient or inflexible for
building relatively stereotyped specifications under the increasing demands
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of various applications. To address this issue, in this paper, we introduce
a new LOD modeling paradigm that allows building context-aware 3D city
models tailored to specific applications. This outcome was achieved primarily
through a change to the assembly technique. The presently available LOD
specifications are generic (application-independent), which—while popular
and certainly beneficial (e.g., the ability to produce one dataset for multiple
applications)—nevertheless has some shortcomings as exposed in this paper.
This situation means that the building model LODs are indirectly derived
rather than reflecting a direct definition based on the required detail levels
of the assembled component models.

In contrast, the LOD specification in this paper pays closer attention to
the aspects of geometry, semantics, appearance, and properties and also con-
siders their internal relations. Note that the specific accuracy requirements
are debatable and should be considered discussion proposals whose final form
will be determined by standard setters or defined by users themselves based
on their application requirements. In addition, the five stated requirements
for optimal LOD specification are intended to be a reference based on the
authors’ experiences; consequently, there are likely to be more items to eval-
uate that we have not considered due to our limited knowledge. Similarly,
the specifications for the LODs of building components and the constraint on
their relative assembly also require further investigation. The contribution of
this paper lies in providing a new way of thinking about the LOD definition
for 3D building models that provides an application-driven specification. Our
hope is that these ideas will inspire standards-setters and other scholars.

There are many opportunities for future work. Above all, CityGML 2.0
has specified the LODs for more than 10 thematic models, but most of the
current studies emphasize buildings; studies at the large-scale city level that
include multiple city objects are still rare. Therefore, for future research we
plan to work into three directions:

(1) In this paper we have presented a specification that is heterogeneous on
the building level (the LOD of some parts of a building are different from
another). A continuation of the work would be to explore this concept
on an urban scale, resulting in variable LOD across multiple city objects
depending on the application, e.g. for noise pollution studies having
more detailed models closer to the noise source, potentially reducing
costs and increasing performance. This is akin to computer graphics,
where datasets are rendered in variable detail depending on the point of
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view.

(2) Conversion of general purpose models into application-tailored LODs
for a particular use case would also be an important topic to explore.
Perhaps we can build generalization methods that are application-driven,
removing details that are not necessary for a particular application.

(3) We plan to explore more applications, resulting in a series of LODs for
each.
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