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Abstract

In recent years, novel 3D reconstruction methods have been developed to enhance traditional image-based point cloud generation
techniques, leading, among other things, to the emergence of the concept of virtual forests. However, within the forestry domain, this
concept is still somewhat ambiguous and may carry different meanings depending on the context of its implementation. In this paper,
we identify the need to consolidate existing notions of virtual forests and aim to present a unified definition from a geomatics
perspective. To this end, we introduce two concepts: a sensor-focused Level of Scale (LoS) and a data-focused Level of Detail (LoD).
For the latter, which draws inspiration from existing definitions in CityGML, an additional data format dimension has been
incorporated. A numerical analysis was conducted to highlight the importance of data representation and scale. While the results in
this paper are not intended to establish a standard—achieving such would require much greater effort in the future—they hopefully
provide a foundation for establishing a standard in 3D vegetation mapping and representation that can be practically applied within

the forestry domain.
1 Introduction

The concept of virtual forests has received increasing attention
in the literature for good reason. Virtual representations of trees
and vegetation enable the creation of a geometrically and
semantically reliable 3D digital twin of forest environments
(Hejtmanek et al., 2022; Huang et al., 2021; Murtiyoso et al.,
2023). Such digital twins have numerous important applications,
particularly in forest inventories (Lopez Serrano et al., 2022),
forest information systems (Holopainen et al., 2020), and
environmental modeling (Fabrika et al., 2018).

However, the term virtual forests itself can take on different
meanings depending on various factors. It may refer to a 3D
representation of the forest "as is," a visualization of an ideal
forest state, an immersive 3D environment (such as in VR, AR,
or MR), or even a non-3D digital representation of the forest.
This diversity in definitions has led to varied interpretations and
approaches as the concept has evolved and been applied more
broadly.

One area that remains unclear, especially within the virtual forest
sector, is the relationship between scale and detail and their
dependence on the choice of sensors. In this paper, we aim to
systematically synthesize these concepts, providing a structured
understanding of the different methods used to create virtual
forests from a geospatial perspective. Additionally, we propose
an extension to the existing CityGML geospatial data model,
incorporating our conceptual schema as a case study for its
practical implementation. Thus, the main contribution of this
paper is the introduction of levels of scale and levels of detail for
virtual forests, based on a synthesis of the current state of the
field.

To demonstrate the practical value of the conceptual ideas
presented in this paper, we propose a small extension to the
CityGML model to incorporate these concepts. CityGML, which
is based on the Geography Markup Language (GML), offers a
standardized framework for representing and exchanging 3D city

models and includes various thematic modules for urban
features, such as vegetation.

Within the CityGML framework, the SolitaryVegetationObject
represents individual vegetation elements like trees, shrubs, or
other single plants within a city model. These objects belong to
the vegetation thematic module and can be represented at
different levels of detail (Figure 3). CityGML also supports
Application Domain Extensions (ADE), which provide a
structured approach to extending the CityGML Conceptual
Model (CM) for specialized applications or domains.

An ADE is constructed using a UML conceptual model and
allows new classes, attributes, and relationships to be added
while maintaining compatibility with CityGML's core structure.
This enables the integration of custom data that meets the
semantic requirements of specific applications. Using this
functionality, we will extend the SolitaryVegetationObject
feature to include both point cloud and mesh representations.

Further analysis will be conducted to add a numerical assessment
of the importance of the LoS (Level of Scale) and LoD (Level of
Detail) concepts. This will involve comparing datasets of the
same forest object, each with varying LoS and LoD levels. Two
numerical analyses are planned: (1) calculating the projected
canopy area and (2) calculating the object's volume. The
projected canopy area serves as a useful indicator of crown
diameter and has potential applications in environmental
modeling, while the volume measurement is essential for
estimating forest biomass.

Through these experiments, the paper aims to emphasize the
significance of scale in applying 3D geospatial technologies
within the forestry sector.

2 State of the Art

When discussing scale in the context of geospatial technologies
for vegetation mapping, two distinct paradigms can be
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considered: (1) sensor-focused classification and (2) data-
focused classification.

The sensor-focused classification offers future users guidance on
selecting the most suitable sensor for their specific needs—a
framework that, to our knowledge, does not yet exist in the
forestry domain. Traditionally, forestry applications often
approach sensor selection in reverse, starting with available
sensors and exploring what can be achieved with them (Allen et
al., 2023; Béland et al., 2014; Weiser et al., 2022; Yusup et al.,
2023). Researchers commonly acquire tools such as Terrestrial
Laser Scanners (TLS) or Mobile Laser Scanners (MLS) and then
test the limitations of these technologies in forestry settings.

While this approach is effective for research, it may be
unsustainable for large-scale industrial or commercial
applications where considerations like time, cost, and resource
constraints are paramount. Instead, a specification-centric
approach, similar to that used in traditional mapping and
surveying, could better support commercial applications. To
address this, we propose a sensor-focused classification system
known as Levels of Scale (LoS), which categorizes various
geospatial techniques used in forestry based on suitability. This
concept draws from the work of Nex and Remondino (2014) and
builds upon prior studies (Murtiyoso et al., 2023, 2024) that
classified geospatial techniques by their intended outcomes.

The second paradigm focuses on the data representation phase
rather than data acquisition. This approach, known as Levels of
Detail (LoD), provides a systematic framework for classifying
data in an intuitive way. While LoD concepts are well
established in the OGC CityGML standard, they were developed
primarily for urban contexts, with limited applicability to
vegetation, especially forests (Suwardhi et al., 2022; Ambarwari
et al., 2024). Consequently, vegetation LoD classifications are
less standardized, with researchers often defining LoD according
to their unique requirements (Fu et al., 2024). In this paper, we
aim to synthesize prominent vegetation LoD classifications into

a more generalized framework, without attempting to redefine
existing standards.

An additional, though equally important, consideration in LoD
discussions is data format. While solid object models are
common in 3D GIS and Building Information Models (BIM), the
irregular nature of forestry data may favour alternative formats
such as 3D meshes or point clouds. Point clouds, for example,
may be preferable for applications like data visualization and
species identification. In contrast, forest growth models may not
require realistic representations, making simpler models
sufficient. Thus, multiple 3D data representations—point clouds,
meshes, and solid models—are required to meet the diverse
needs of forestry applications

3 Proposed Solution and Discussions
31 Theoretical Definition

The proposed concept of LoS, presented in Figure 1, considers
two primary factors: scene size and scene complexity. Under this
schema, future users with specific project requirements can
consult the LoS classification to identify the optimal sensor for
their needs. Although this paper introduces the initial schema,
we suggest that, with further refinement, the LoS concept could
be highly beneficial for both new and experienced users of
geospatial technology in the forestry sector. This is particularly
relevant for 3D technologies, which are still relatively novel in
forestry; recent studies have begun evaluating which sensors are
best suited to practical applications, such as national forest
inventories (Kiikenbrink et al., 2022; Liang et al., 2018).

Figure 2, heavily influenced by Ortega-Cordova (2018),
illustrates the proposed LoD concept. Complementary to the LoS
concept, the LoD classification is crucial as it helps determine
the most suitable type of data representation based on user needs.
This concept, like the term “virtual forest,” encompasses a wide
range of interpretations, underscoring the need for a unified, if
not standardised, definition of LoD for forestry applications.
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Figure 1. The proposed schema for the sensor-focused Levels of Scale (LoS) based on the required resolution of the end data. The
aim of the schema is to propose the best-suited sensors for users. Based on Murtiyoso et al. (2024).
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Figure 2. A data-focused definition of the Levels of Detail (LoD) concept derived from (Ortega-Cordova, 2018) and extended to the
point cloud format.
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Figure 3. Class Diagram for a part of the Vegetation module in CityGML highlighting the possibility to extend the
SolitaryVegetationObject to include custom data formats through the ADE method.

In addition to the question of scale and complexity in the LoD
concept, we propose another layer that addresses the data format.
The use of point clouds is well known in forestry applications
and, in many cases, they are sufficient, even though meshes and
solid models are also important, especially when discussing
forest modelling. To this end, we also attempt to present point
clouds as an alternative format to 3D models.

3.2 Technical Implementation

A more technical implementation of Figure 2 was developed in
CityGML. While the LoD concept already exists in CityGML,
an extension to include different data formats is not yet common.
We therefore propose a conceptual model, as shown in Figure 3,
where the LoD should also be extended to the representation of
point clouds. Using this approach, a user may choose how to

represent the data not only according to what is available to them,
but also tailored to the specific requirements of their application.

The 3D data preparation begins with LAS files, which are
transformed into a format compatible with visualisation software
like Cesium by converting to gITF (glb). This model is then
translated into CityGML format, enabling the model to be
queryable in a database with searchable attributes associated
with each feature. Using CityGML as a base, the model is then
converted into 3D tiles, allowing for spatial visualisation within
the Cesium environment.

To determine optimal LoD, we utilized CloudCompare to
analyse subsampling ranges from 0.04 to 0.2 Figure 4. The
results were plotted on a graph, with the x-axis representing
subsampling levels and the y-axis showing the point count
generated from the LAS files.
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Figure 4. Sub-sampling process of the example point cloud to
determine the appropriate resolution of each LoD.

Point cloud

Figure 5. Visualisation of the LoD, including the point cloud, in
Cesium.

Based on this data, four quantiles were identified to define LoD
levels 1 through 4, enabling an evaluation of the mean
subsampling method for creating a 3D object in CityGML that is
subsequently visualized in Cesium Figure 5.

While this study provides a model for a specific tree species, we
recommend a broader application of this methodology to
evaluate LoD3 and LoD4 across various species, given the
density requirements necessary for detailed point clouds.

33 Numerical Assessment

A numerical assessment was also conducted to demonstrate the
necessity of both the LoS and LoD concepts. While the two
concepts are closely linked, as one represents the data acquisition
aspect and the other the data representation aspect, they are
nonetheless distinct definitions.

Table 1 shows the comparison of the same tree captured using
seven different sensors with varying levels of point cloud
resolution. The data was sourced from the Silvilaser 2021
Benchmark dataset (Hollaus & Chen, 2023). Several standard
point cloud parameters were extracted from all datasets and
presented.

In Table 1, the data generated by TLS provided the highest
density in terms of point cloud resolution, while MLS
corresponds to the lower levels of TLS density. This came at the
expense of a larger file size and higher point cloud count.
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Table 1. A comparison table of seven sensors used to scan the same tree. The tree point cloud was taken from the Silvilaser 2021
Benchmark dataset (Hollaus & Chen, 2023).

This contribution has been peer-reviewed.
https://doi.org/10.5194/isprs-archives-XLVIII-2-W8-2024-343-2024 | © Author(s) 2024. CC BY 4.0 License. 346



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLVIII-2/W8-2024
8th International ISPRS Workshop LowCost 3D - Sensors, Algorithms, Applications, 12—13 December 2024, Brescia, Italy

The point cloud generated from fish-eye photogrammetry
(GoPro) also produced very dense results, though at the expense
of capturing the upper parts of the canopy. A similar
phenomenon was observed in the iPad dataset.

These observations show several interesting points:

1. Range and cost of sensors: The GoPro was shown to be
capable of reaching an LoS 5 in our definition, though it is
very limited in terms of range. TLS can also achieve LoS
4 and even 5, but cost considerations are important. This
raises the question of whether a more expensive tool is
Jjustifiable when a lower-cost sensor can deliver a
comparable quality.

2. Data size: With higher density, the data size also increases.
While visualisation purposes may benefit from higher-
density data for increased realism, this may not hold true
for other applications, e.g. forest growth modelling. This
raises the question of whether higher-density data is
necessary when lower-density data meets the application’s
requirements.

3. Quality of data: It is also worth noting that data quality, in
terms of noise, is an important factor in choosing a sensor.
TLS sensors tend to produce less noise compared to MLS
and other technologies, even with similar point cloud
resolutions. This raises the question of whether geometric
quality is a critical factor in the application.

From these three points, the answers tend to converge towards
the same idea: the choice of sensors should depend on the
requirements of the application, or, in other words, the expected
output. The decision should be based on the expected geometric
quality, the scale of the scene, and the cost. In this regard, Figure
1 can be used as a starting point to assist future users in making
their choice.
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Figure 6. Percentage of each LoD canopy surface area and
volume with regards to the reference data.

To demonstrate the necessity of having a data-focused LoD as
described in Figure 2, two numerical analyses were performed
on the 3D models generated from four LoDs (1 to 4). The first
analysis involves computing the surface area of the canopy when
projected onto the ground. The second analysis calculates the
volume of the 3D model from the four LoDs, which serves as a
useful indicator for biomass estimation. As a reference for
comparison, the canopy surface area and volume of the 3D mesh
of the original point cloud were also provided. The results of the
two analyses are summarised in Table 2, while Figure 6 shows
the percentage of the values in relation to the reference.

From Figure 6, it can be inferred that LoD 4 provides the most
accurate representation of the object, with LoD 3 following
closely behind. However, it is worth noting that the file size of
LoD 4 is significantly larger than that of LoD 3. This suggests
that LoD 3 may be more suitable for modelling purposes where
complex computations require the input data to be as lightweight
as possible. This further supports the underlying hypothesis
already proposed as a response to the challenges of LoS: the
choice of LoD depends on the specific requirements of the
application. For instance, to measure or store attribute
information on tree height, LoD 1 is already sufficient and offers
a much smaller file size. When diameter at breast height (DbH)
is required, LoD 2 is necessary, but LoDs 3 and 4 are excessive.

4 Conclusions

In this paper, a synthesis of the existing concepts of 3D data scale
and representation within the context of a virtual forest was
discussed. Based on the literature and prior work, a diagram was
presented to summarise the concept of Levels of Scale. This
diagram was proposed with the hope that it may assist future
virtual forest users in determining the correct sensor required for
their respective projects. A second diagram, describing the
concept of Levels of Detail, was also presented. While heavily
influenced by existing definitions within the CityGML standard,
this diagram considers various aspects of the forestry domain,
including an extension to encompass multiple formats of 3D
data, notably the addition of point cloud representation. The
paper implemented the proposed theoretical framework within
CityGML and Cesium, with several numerical analyses also
performed. Key takeaways from these operations include:

1. Output-centred approach: The considerations for using
geospatial data in forestry should shift from a sensor-
centred to an output-centred perspective. The choice of
sensor and acquisition strategy should depend on the
desired output, particularly the expected scale, scope, and
geometric resolution. In this regard, the proposed LoS
concept can serve as a starting point for future users.

2. Inclusion of multiple data formats: The representation of
3D forest data in information systems should
accommodate multiple data formats. While traditional GIS
in its 3D form relies on 3D models, there is a growing
demand for alternative representations using point clouds.
The use of the LoD concept is thus essential and should be
extended to include these formats.

3. LoS and LoD choices: Ultimately, the selection of the
appropriate LoS and LoD for each project depends largely
on the cost and the specific nature of the project.

In the future, a more concrete implementation of the concepts
presented in this paper will be investigated and developed. The
overarching objective of this work is to promote a more
sustainable use of geospatial data in forestry, moving beyond the
raw exploitation of point clouds towards a more integrated
information system. In the long term, this approach could greatly
benefit forest management practices.
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