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Abstract

Urban digital twin systems require 3D city representations that reconcile semantic structure, geometric reliability, simulation capability,
and photorealistic real-time rendering. Existing approaches usually prioritize a single modelling paradigm, limiting their ability to
support both analytical and visualization needs. CityGML provides standardized semantics and topology but often lacks surface
realism. Semantic mesh models preserve geometric detail suitable for environmental simulations but provide limited hierarchical
semantics. In contrast, neural radiance-field approaches such as 3D Gaussian Splatting (3DGS) enable photorealistic rendering at
interactive frame rates but do not explicitly encode topology or structured semantics. This study establishes a comparative framework
linking LiDAR-derived CityGML, semantic mesh, 3D Gaussian Splatting, and Triangle Splatting within a unified urban modelling
workflow. UAV data acquired using a DJI ZENMUSE L2 sensor serve as the geometric backbone for reconstructing CityGML LoD1-
LoD2 models. The semantic model is transformed into a textured triangular mesh, while radiance-based models are generated from
the same imagery using multiple 3DGS implementations and a triangle splatting framework. Comparative evaluation investigates
geometric coherence, semantic preservation, and radiance consistency to identify structural correspondences across the representations.
The results reveal complementary modelling layers that can be systematically mapped rather than treated as competing alternatives.
Based on these findings, the paper proposes a conceptual foundation for a unified 3D urban model capable of transforming consistently
into semantic, surface-based, and radiance-based representations for adaptive urban digital twin systems. Data are freely accessible for

research purposes at https://github.com/3DOM-FBK/urban-representation-fusion/.

1. Introduction

The rapid development of urban digital twin technologies has
significantly increased the demand for three-dimensional (3D)
city representations capable of supporting multiple analytical and
visualization tasks simultaneously. Urban digital twins are
expected to support semantic interpretation of urban objects,
geometric analysis, numerical simulations, and realistic
visualization within a single integrated environment (Ketzler et
al., 2020). However, in practice, no single data representation is
currently able to satisfy all these requirements simultaneously.
As aresult, urban modelling workflows typically rely on multiple
heterogeneous models, each optimized for specific tasks but
rarely examined within a unified and interoperable framework.

One of the most widely adopted standards for semantic 3D city
modelling is CityGML, which provides structured object
hierarchies, topological relationships, and thematic attributes for
representing urban environments (Kolbe, 2009; Groger and
Pliimer, 2012). The level-of-detail (LoD) concept in CityGML
enables scalable representations ranging from simplified block
models to detailed building components. Due to its structured
semantics and explicit topology, CityGML has been widely
applied in urban planning, spatial analysis, infrastructure
management, and administrative information systems.
Nevertheless, CityGML is primarily designed to represent
explicit geometric structures and semantic relationships rather
than surface radiance characteristics. Consequently, it is not

optimized for photorealistic real-time visualization at the scale of
entire urban environments.

In contrast, surface-based representations such as dense triangle
meshes reconstructed from UAV photogrammetry or airborne
LiDAR provide highly detailed geometric descriptions of urban
surfaces. These models preserve fine geometric structures of
buildings, vegetation, and terrain that are often simplified in
semantic city models. When enriched with semantic labels,
semantic mesh models can serve as input for various
environmental and urban analyses, including airflow simulation,
microclimate modelling, and solar radiation analysis. Despite
their geometric richness, however, mesh representations
typically lack standardized hierarchical semantic structures and
formal topological relationships comparable to those available in
CityGML. This limitation complicates their integration with
structured urban information models used in digital twin systems.

More recently, neural rendering approaches have emerged as a
new paradigm for representing 3D environments. Among these
approaches, 3D Gaussian Splatting (3DGS) has attracted
considerable attention due to its ability to generate real-time
photorealistic visualization through anisotropic Gaussian-based
radiance representations (Kerbl et al., 2023). This method allows
immersive exploration of complex urban scenes with high visual
realism and efficient rendering performance. However, radiance-
based representations do not explicitly encode geometric
structures or semantic information, making them less suitable for
spatial analysis, simulation, or structured querying. Recent
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developments such as Triangle Splatting by Held et al. (2025)
attempt to incorporate triangle primitives into neural radiance
modelling, suggesting a possible intermediate representation
between structured meshes and unstructured Gaussian splats.

These differing characteristics indicate that urban digital twin
systems cannot rely on a single representation paradigm. Instead,
they require approaches that enable multiple representations,
including semantic models, surface-based meshes, and radiance-
based visualizations, to coexist and complement each other when
derived from the same dataset. This need is consistent with the
concept of urban digital twins, which emphasizes the integration
of heterogeneous data sources and modelling paradigms to
support both analytical and visualization tasks within a unified
digital environment (Lehtola et al., 2022).

Although various paradigms for 3D urban modelling have rapidly
evolved, many approaches remain developed within relatively
separate research communities. These communities often
emphasize  different modelling priorities, leading to
fragmentation in digital urban modelling. Consequently, each
paradigm optimizes different aspects, including semantics,
geometry, or visual appearance, making their integration within
urban digital twin systems challenging. Despite these advances,
systematic studies that explicitly examine the relationships
between these modelling paradigms within a unified framework
remain limited.

This study explores the concept of a unified urban data
representation, defined as a core representation capable of
transforming into multiple modelling paradigms. In this context,
the representation should support transformation into structured
urban models (CityGML), semantically enriched meshes, and
visual radiance-field representations. To investigate this idea, we
develop a comparative modelling framework that generates
several urban representations from the same UAV dataset
consisting of LiDAR point clouds and aerial imagery. By
systematically comparing these representations in terms of
geometric consistency, semantic preservation, and visual
appearance, the study aims to identify structural relationships
between modelling paradigms as a foundation for developing
transformable urban data models for digital twin applications.

2. Related Works
2.1 Semantic 3D City Models and Urban Digital Twins

Semantic 3D city models have become an essential component in
the development of urban information infrastructures and digital
twin systems. One of the most widely adopted standards for
representing such models is CityGML, which provides a
semantic data model for describing urban objects including
buildings, transportation networks, vegetation, and terrain
(Kolbe, 2009; Groger and Plimer, 2012). The level-of-detail
(LoD) concept supports scalable representations from simple
volumetric models to detailed building structures, while
CityGML 3.0 introduces improved support for dynamic objects
and interoperability (Kutzner et al., 2020).

To address complexity and implementation challenges associated
with the XML-based encoding of CityGML, alternative formats
such as CityJSON have been developed. CityJSON provides a
compact and easy-to-use JSON-based encoding of the CityGML
data model, facilitating data exchange, web integration, and
software development (Ledoux et al., 2019). These formats play

complementary roles in supporting scalable and web-based urban
digital twin systems.

Alongside these developments, the generation of 3D city models
has also been widely studied, particularly from airborne LiDAR
and photogrammetric data. Existing approaches can be broadly
categorized into model-driven and data-driven methods, as well
as hybrid and learning-based approaches, each with different
trade-offs in terms of geometric accuracy, robustness, and
flexibility. Data-driven methods enable detailed reconstruction
from point clouds, while model-driven approaches provide more
structured and efficient representations but rely on predefined
geometric templates (Jarzabek-Rychard et al., 2025).

Recent research highlights the importance of semantic 3D city
models in supporting integrated simulations, decision-making,
and urban management within digital twin environments
(Lehtola et al., 2022; Kasprzyk et al., 2024; Kang, 2024).
However, such models typically rely on simplified geometric
representations and are not optimized for detailed surface
reconstruction or photorealistic visualization. This limitation
motivates the integration of semantic models with alternative
representations, such as surface meshes and radiance-based
models, within multi-representation urban  modelling
frameworks.

2.2 Semantic Mesh Representations

While semantic city models focus on structured representation of
urban objects, surface-based mesh models reconstructed from
photogrammetry or LiDAR provide more detailed geometric
descriptions of urban environments. Dense triangle meshes can
capture the complex surface geometry of buildings, vegetation,
and terrain with high geometric fidelity.

To enhance their analytical value, several studies have explored
semantic enrichment of mesh models. For example, Gao et al.
(2021) introduced the SUM dataset, a benchmark dataset for
semantic segmentation of urban meshes that supports machine
learning applications and urban scene understanding. By
assigning semantic labels directly to mesh surfaces, semantic
mesh models enable object-level analysis while preserving
geometric detail. In addition, recent benchmark datasets such as
the Hessigheim 3D (H3D) dataset further demonstrate the
potential of combining high-resolution UAV LiDAR point
clouds and textured meshes for semantic segmentation and multi-
modal analysis (Kolle et al., 2021).

Hybrid approaches combining mesh geometry and semantic city
models have also been investigated. Willenborg et al. (2018)
demonstrated that integrating mesh-based surface representations
with semantic city models can improve the accuracy of solar
potential analyses. These studies suggest that mesh models can
complement semantic city models by providing higher geometric
resolution for simulation tasks.

However, mesh representations typically lack standardized
hierarchical schemas and formal topological structures
comparable to those defined in CityGML. As a result,
interoperability between mesh models and semantic city models
remains an open challenge in urban modelling workflows.

2.3 Neural Radiance Representations for Urban Scenes
Recent advances in neural rendering have introduced new

methods for representing 3D environments using radiance fields
rather than explicit geometric surfaces. Among these methods,
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3D Gaussian Splatting (3DGS) has gained significant attention
due to its ability to produce photorealistic rendering with real-
time performance (Kerbl et al., 2023). By representing scenes
using anisotropic Gaussian primitives, 3DGS enables efficient
rendering of complex environments while preserving high visual
fidelity. Recent studies have also highlighted the potential of
3DGS for urban-scale reconstruction, while emphasizing
challenges related to scalability, geometric accuracy, and
evaluation in complex urban environments (Yan et al., 2025).

Subsequent studies have explored extensions and improvements
of the Gaussian splatting paradigm. For example, Jiang et al.
(2025) proposed integrating LiDAR observations into Gaussian
splatting frameworks to improve reconstruction accuracy for
large-scale environments. Open-source libraries such as gsplat
have further facilitated the adoption of Gaussian splatting
methods for research and practical applications (Ye et al., 2024).
Other research efforts have addressed scalability issues by
optimizing memory management and GPU utilization for large
radiance field models (Zhao et al., 2025).

Several software implementations have also emerged to support
practical workflows for Gaussian splatting reconstruction and
visualization. Implementations such as LichtFeld Studio and
Postshot ~ enable neural rendering pipelines  from
photogrammetric datasets (LichtFeld Studio, 2025; Jawset,
2024).

Despite their impressive visualization capabilities, radiance-
based representations typically do not explicitly encode
geometric surfaces or semantic information. This limitation
restricts their use for analytical modelling tasks.

2.4 Hybrid Radiance—-Geometry Representations

To bridge the gap between geometric modelling and radiance-
based rendering, recent research has explored hybrid
representations and integration strategies that combine surface
primitives with radiance field concepts. One such approach is
Triangle Splatting, which introduces triangle primitives into
radiance-based rendering frameworks (Held et al., 2025). By
incorporating explicit geometric elements into neural rendering
pipelines, triangle splatting provides a potential intermediate
representation between traditional mesh models and purely
radiance-based representations such as Gaussian splats.

More recent developments have further extended this direction
by introducing alternative hybrid formulations. For instance,
Convex Splatting represents scenes using smooth convex
primitives for radiance rendering, while MeshSplatting enables
differentiable rendering directly on mesh-based surfaces,
strengthening the integration between geometric models and
radiance-based representations (Held et al., 2025; Held et al.,
2026). In addition, approaches such as MiLo demonstrate how
radiance-based models can be coupled with mesh generation
processes, enabling bidirectional interaction between neural
rendering and explicit geometry reconstruction.

These emerging approaches suggest new opportunities not only
for representation, but also for tighter integration between
geometric modelling and neural rendering techniques within
urban  visualization  pipelines. = However,  systematic
investigations that compare semantic models, mesh
representations, and radiance-based methods within a unified
modelling and integration framework remain limited.

In this context, the present study investigates how CityGML,
Semantic Mesh, and radiance-based representations can be
generated from a common dataset and comparatively analysed in
terms of geometric structure, semantic preservation, and
visualization performance.

3. Data and Methodology

This study establishes a comparative workflow to generate and
evaluate multiple 3D urban representations derived from a
common UAV dataset. The workflow is designed as an initial
step toward exploring the concept of a unified urban data
representation. The methodology integrates LiDAR-based
semantic modelling, surface-based mesh generation, and neural
radiance-field reconstruction. By deriving CityGML, Semantic
Mesh, 3D Gaussian Splatting, and Triangle Splatting models
from the same dataset, the framework enables a systematic
comparison of geometric consistency, semantic structure, and
visualization performance. The overall workflow is illustrated in
Figure 1 and consists of six main stages: data acquisition and
preprocessing, CityGML reconstruction, semantic mesh
generation, neural radiance-field modelling, cross-representation
comparison, and structural analysis toward a unified urban
representation.

3.1 Data Acquisition and Pre-processing

The dataset was acquired using a DJI M350 UAV equipped with
a DJI Zenmuse L2 sensor, which integrate a LiDAR and a
camera, enabling simultaneous capture of LiDAR point clouds
and aerial imagery. The survey was conducted over the Institut
Teknologi Bandung (ITB) campus area in Bandung, West Java,
Indonesia, covering approximately 25 hectares. The LiDAR data
provide a geometrically reliable representation of wurban
structures, while the images support photogrammetric
reconstruction and neural rendering.
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Figure 1. Data processing workflow.

The LiDAR point cloud processing produces classified data
representing buildings, terrain, and vegetation. In parallel,
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photogrammetric processing of aerial images generates camera
exterior parameters and orthophotos that are subsequently used
for neural radiance modelling and landcover map generation,
respectively. The image orientation was supported by onboard
GNSS/IMU data processed using a post-processed kinematic
(PPK) approach, providing an accurate UAV trajectory that was
used as input for bundle adjustment. The georeferencing
accuracy was further evaluated and refined using ground control
derived from RTK GNSS measurements through an ICP-based
alignment procedure. The combined dataset serves as a consistent
geometric and radiometric foundation for the generation of
multiple urban representations.

3.2 CityGML Reconstruction from LiDAR Data

CityGML models are reconstructed from the processed LiDAR
point cloud to provide a structured semantic representation of the
study area. Building models are generated at LoD1 and LoD2
levels. LoD1 reconstruction is performed using the 3dfier
software, which automatically extrudes building footprints and
generates block models from point cloud data (Ledoux et al.,
2021).

For detailed roof modelling at LoD2, the City3D framework is
employed to reconstruct building geometry from airborne
LiDAR data (Huang et al., 2022). In addition to building
reconstruction, individual trees are modelled using parametric
approaches derived from LiDAR and photogrammetric point
clouds following the method proposed by Suwardhi et al. (2022).
The resulting CityGML dataset therefore includes semantic
objects representing buildings and vegetation elements.

3.3 Semantic Mesh Generation

To enable a consistent comparison between different urban
representations, the semantic mesh used in this study is derived
from the CityGML dataset. The CityGML geometry is converted
into a triangle-based mesh using the citygml2obj conversion
process (Biljecki et al.,, 2015), ensuring that mesh surfaces
preserve the object-level structure and semantic correspondence
of the original CityGML model.

Although dense surface models could also be generated directly
from photogrammetric point clouds, such representations
typically lack explicit object-level structure and consistent
semantic correspondence with CityGML. For this reason,
photogrammetric meshes are not used as the primary

representation in the comparative analysis, as they would not
allow a controlled evaluation across semantic and radiance-based
models.

o

. = . g
Figure 2. Semantically segmented mesh model of the surveyed
urban area.

For illustration purposes, a semantic mesh generated using the
SUM framework from photogrammetric data of the ITB campus
is presented in Figure 2. This example highlights the capability
of segmentation-based approaches to capture detailed surface
geometry, but is not included in the core comparative evaluation.

3.4 Neural Radiance Modelling

Neural radiance representations are generated using the available
aerial imagery. Two radiance modelling approaches are
implemented in this study.

1. First, 3D Gaussian Splatting (3DGS) models are
reconstructed using three software implementations:
LichtFeld Studio, CLM-GS, and Postshot.

2. Second, Triangle Splatting is applied to generate a radiance
representation based on triangle primitives (Held et al.,
2025). In this approach, triangle surfaces derived from mesh
geometry are optimized with radiance parameters, enabling
a surface-aware neural rendering representation.

All radiance models are reconstructed using the same set of aerial
imagery and camera parameters obtained from the UAV data
processing. This ensures consistent input data for comparing
radiance-based representations with semantic city models and
surface-based mesh models.

3.5 Representation Comparison Framework

To evaluate the generated urban models, this study applies a
representation comparison framework considering three aspects:
geometric consistency, radiometric fidelity, and semantic
structure. These aspects reflect the fundamental differences
between the modelling paradigms investigated in this research,
namely semantic city models (CityGML), surface-based
representations (semantic mesh), and radiance-based models
such as 3D Gaussian Splatting and Triangle Splatting.

The geometric comparison assesses how accurately each
representation reconstructs the spatial structure of the scene. The
LiDAR point cloud is used as the geometric reference, as it
provides a direct and high-resolution measurement of the scene
geometry. Other representations are analysed relative to this
reference to evaluate their ability to reproduce building
geometry, roof structures, and vegetation elements.

Radiometric comparison evaluates visual fidelity by comparing
rendered images from each representation with the original UAV
imagery. For viewpoints corresponding to UAV camera poses,
rendered images are compared with the photographs using
PSNR, SSIM, and LPIPS, which measure pixel-wise fidelity,
structural similarity, and perceptual similarity.

Finally, semantic comparison examines how urban objects are
represented within each modelling paradigm. CityGML provides
explicit hierarchical object structures, semantic meshes retain
geometry with limited semantic labels, while radiance-based
models mainly focus on visual reconstruction without explicit
object semantics. Together, these comparisons provide an overall
evaluation of the strengths and limitations of each representation.

4. Results and Discussion
4.1 Generation of Multi-Representation Urban Models
Using the workflow described in Section 3, four different

representations of the study area were generated from the same
UAYV dataset: CityGML models, semantic triangle meshes, 3D
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Gaussian Splatting (3DGS) models, and Triangle Splatting
models.

Flgufe 4. Instance-level semantic mesh derived from CltyGi/IL
through citygml2obj conversion.

T . =
Figure 5. Illustration of the 3DGS results.

The resulting CityGML model therefore provides a semantically
structured representation of the urban environment, including
buildings and vegetation components, as illustrated in Figure 3.
However, the geometric surfaces are relatively simplified
compared to dense surface models derived from photogrammetry
or mesh reconstruction.

To enable surface-based analysis, the CityGML geometry was
subsequently converted into a semantic triangle mesh using a
CityGML-to-OBJ conversion workflow. The resulting instance-
level semantic mesh is illustrated in Figure 4. Because the mesh
is derived from the simplified CityGML surfaces, the resulting
geometry remains less detailed than meshes directly
reconstructed from LiDAR or photogrammetric point clouds.
However, this approach enables the generation of instance-
segmented mesh objects, which are not directly available in
segmentation-based mesh frameworks such as SUM. As
explained in Section 3.3, this strategy allows semantic mesh
instances corresponding to buildings and vegetation objects to be
obtained while maintaining compatibility with the CityGML
structure.

Figure 5 illustrates the 3D Gaussian Splatting (3DGS)
reconstruction results generated from the UAV imagery dataset.
The radiance-based representation successfully preserves
photorealistic appearance and fine visual details of the urban
environment while enabling interactive real-time rendering.
Compared to the semantic and mesh-based representations, the
3DGS model emphasizes visual realism and view-dependent
appearance rather than explicit topology or semantic structure.

4.2 Visual and Radiometric Characteristics

The results of this evaluation provide insights into the trade-offs
between geometric representation and visual realism, which is a
key consideration for the development of urban digital twin
systems that must support both analytical tasks and immersive
visual exploration.

Figure 6. Rendered views from identical input camera poses: (a,
top-left) Postshot (Splat3), (b, top-right) Lichtfeld Studio
(MRNF), (c, middle-left) CLM-GS, (d, middle-right) Triangle
Splatting, (e, bottom-left) Photorealistic Mesh, and (f, bottom-
right) References.

Table 1. Radiometric similarity between rendered images and
UAV reference images.

Representation PSNR 1 SSIM1 LPIPS |
3DGS — Postshot

(Splat3) 20.52 0.685 0.046
3DGS - LichtFeld Studio

(MRNF) 19.77 0.641 0.094
3DGS — CLM-GS 18.76 0.622 0.180
Triangle Splatting 18.73 0.598 0.118
PhotoRealistic Mesh 15.42 0.527 0.135

While the visual similarity metrics provide insights into the
radiometric quality of the reconstructed scenes, it is equally
important to assess the geometric accuracy of the models.
Therefore, the following section evaluates the geometric
consistency of the 3D Gaussian Splatting reconstructions by
comparing them with the LiDAR-derived reference point cloud.
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The quantitative results reported in Table 1 reveal clear
differences in visual reconstruction quality across the evaluated
representations. Radiance-based approaches generally achieve
higher perceptual similarity with the reference UAV imagery (see
Figure 6) compared with surface-based models. In particular, the
3D Gaussian Splatting reconstructions tend to produce higher
PSNR and SSIM values, indicating improved radiometric fidelity
and structural similarity relative to the original images. This
behaviour is expected, as radiance-field representations directly
optimise image appearance during training.

Among the evaluated implementations, the differences between
LichtFeld Studio, CLM-GS, and Postshot are relatively small in
terms of overall visual similarity, although minor variations can
be observed depending on the reconstruction strategy and
optimisation pipeline used by each software system. In general,
these approaches demonstrate the capability of radiance-based
representations to reproduce complex visual characteristics of
urban environments, including vegetation textures, material
reflectance, and lighting variations.

In contrast, the semantic mesh representation shows slightly
lower radiometric similarity metrics. Although the mesh model
preserves detailed geometric surfaces, its visual quality depends
on the generated texture maps and does not explicitly model
view-dependent radiance effects. As aresult, differences between
the rendered mesh images and the original UAV photographs
may appear in areas with strong illumination changes or complex
surface reflectance.

Triangle Splatting provides an intermediate behaviour between
purely radiance-based and surface-based representations. By
associating radiance parameters with triangular primitives, this
representation partially retains geometric structure while
producing visually realistic rendering. The resulting metrics
therefore tend to lie between those obtained from semantic mesh
models and full Gaussian Splatting representations.

Overall, these results highlight the complementary characteristics
of the evaluated modelling paradigms. Radiance-based models
excel in reproducing visual realism and immersive scene
appearance, while mesh-based and semantic models remain
essential for representing explicit geometry and structured urban
objects. This trade-off between visual fidelity and structural
representation further supports the need for integrated modelling
frameworks capable of linking multiple representations within
urban digital twin environments.

4.3 Geometric Consistency of 3DGS Reconstructions

To quantitatively evaluate the geometric consistency of radiance-
based reconstructions, the point sets derived from the 3D
Gaussian Splatting (3DGS) models were compared with the
LiDAR reference point cloud using the Multiscale Model-to-
Model Cloud Comparison (M3C2) distance metric. The
comparison was conducted for three different 3DGS
implementations: LichtFeld Studio, CLM-GS, and Postshot.
The statistical results of the M3C2 distance measurements are
summarized in Table 2.

The mean distance values for all three reconstructions are close
to zero, indicating that the radiance-based models do not exhibit
significant systematic geometric bias relative to the LiDAR
reference dataset. This suggests that the overall geometric
structure of the urban scene is preserved during the radiance-field
reconstruction process.

Table 2. Geometric comparison between LiDAR point clouds
and 3D Gaussian Splatting reconstructions.

3DGS Mean Std Dev Histogram
Implementation Distance (m) Classes

(m)
3DGS-LichtFeld 0.072 0.903 23,783
Studio (MRNF)
3DGS-CLM-GS -0.134 1.677 21,832
3DGS-Postshot 0.009 0.903 23,533
(Splat3)
Triangle 0.11 1.689 12,659
Splatting

However, differences in geometric dispersion can be observed
between the tested implementations. The Postshot reconstruction
shows the smallest standard deviation (0.90 m), indicating the
highest geometric consistency with the LiDAR dataset. The
LichtFeld Studio reconstruction exhibits moderate dispersion
(0.90 m), while CLM-GS produces the largest variance (1.67 m).

These results indicate that although 3D Gaussian Splatting is
primarily designed for photorealistic visualization rather than
geometric reconstruction, the resulting models can still
approximate the underlying LIDAR geometry with reasonable
consistency. Cross-sectional comparisons of the reconstructed
models in Figure 7 further demonstrate that different radiance-
based implementations preserve the overall structural
configuration of buildings and terrain despite variations in
surface smoothness and geometric sharpness. This finding
supports the potential integration of radiance-based
representations with geometry-based models within urban digital
twin frameworks.

Figure 7. Cross-sectional views of the reconstructed models: (a)
Postshot (Splat3), (b) Lichtfeld Studio (MRNF), (c) CLM-GS,
(d) Triangle Splatting, and (e, bottom-center) photorealistic mesh
(dense point cloud).

4.4 Relationship Between Semantic, Mesh, and Radiance
Representations

The comparative experiments conducted in this study highlight
fundamental differences between semantic, surface-based, and
radiance-based representations, while also revealing their
structural relationships.

CityGML represents urban environments through structured
semantic hierarchies and explicit topology. Semantic mesh
models, on the other hand, preserve detailed surface geometry
derived from LiDAR or photogrammetric reconstruction, while
maintaining links to semantic entities when object identifiers are
retained. In contrast, radiance-based representations such as 3D
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Gaussian Splatting model the scene using radiance primitives,
enabling photorealistic visualization without explicitly encoding
surface geometry or semantic structures.

Despite these differences, the results indicate that the three
representations are not mutually exclusive but can be interpreted
as complementary layers describing the same urban environment.
The LiDAR-derived geometry provides a common spatial
reference that ensures geometric consistency  across
representations.

This relationship suggests that semantic, geometric, and
radiance-based representations can be integrated within a unified
modelling framework. In such a framework, mesh
representations serve as a geometric backbone due to their ability
to explicitly encode surface structures while maintaining
compatibility with both semantic models and radiance-based
approaches.

Rather than replacing one paradigm with another, the findings
indicate that future urban digital twin systems may benefit from
morphable representations, where semantic, mesh, and radiance
models can be transformed or synchronized depending on the
requirements of analysis, simulation, or visualization.

4.5 Implications for Unified Urban Data Models

The identified relationships between semantic, mesh, and
radiance representations imply that urban digital twin systems
require an integrated modelling approach rather than relying on a
single representation paradigm.

Among possible integration strategies, surface-based
representations, particularly multiresolution semantic meshes,
emerge as a promising intermediate layer. Mesh structures
explicitly encode surface geometry, can be enriched with
semantic information, and provide a suitable geometric basis for
radiance-based modelling. This makes them effective in bridging
semantic models such as CityGML and radiance-based
visualization approaches.

The transformation between representations can be understood as
a sequential and interoperable process. Semantic mesh acts as a
structured geometric layer that preserves detailed surface
information. Through semantic enrichment, it can be transformed
into semantic representations such as CityGML or CityJSON,
while also serving as a geometric foundation for radiance-field
approaches such as 3D Gaussian Splatting.
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Figure 8. Proposed unified urban data model.

This concept is illustrated in Figure 8, where mesh representation
forms the geometric backbone, semantic models provide
structured object-level information, and radiance-based models
support high-quality visualization within a unified framework.

Although a fully unified data structure has not yet been
implemented in this study, the results provide initial evidence that
such an integrated approach is feasible. This opens opportunities
for future research on data structures, transformation
mechanisms, and database architectures that enable seamless
interoperability between semantic, geometric, and radiance-
based representations in urban digital twin systems.

5. Conclusions

This study investigated the relationships between three major
paradigms of 3D wurban representation: semantic mesh
representations, semantic city models, and radiance-based neural
representations. Using a UAV dataset consisting of LIDAR point
clouds and aerial imagery, four representations of the same urban
environment were generated and analyzed: CityGML models,
semantic triangle meshes, 3D Gaussian Splatting reconstructions,
and Triangle Splatting representations.

The results demonstrate that each modelling paradigm provides
distinct advantages for specific tasks within urban digital twin
systems. CityGML offers structured semantic hierarchies and
explicit topology that support urban analysis and information
management. Semantic mesh representations preserve detailed
surface geometry derived from LiDAR or photogrammetric
reconstruction, enabling surface-based simulations and
geometric analysis. In contrast, radiance-based approaches such
as 3D Gaussian Splatting provide highly realistic visualization of
urban environments through radiance field representations.

Quantitative comparison between LiDAR point clouds and
3DGS reconstructions using the M3C2 distance metric indicates
that radiance-based models can maintain reasonable geometric
consistency with the underlying geometric dataset, despite not
explicitly storing surface geometry. At the same time, structural
analysis highlights fundamental differences between semantic
object models, triangle-based surface representations, and
radiance-field primitives.

Rather than viewing these modelling paradigms as competing
approaches, the results suggest that they should be considered
complementary components of urban digital twin environments.
The comparative analysis presented in this study indicates that
surface-based representations, particularly semantic
multiresolution meshes, may provide a promising intermediate
structure capable of linking semantic models such as CityGML
with radiance-based visualization models.

Based on these findings, the study suggests the potential
development of morphable urban data models, where semantic,
geometric, and radiance-based representations can be derived
from a shared structure depending on application requirements.
Such an approach could enable more flexible and interoperable
urban digital twin systems capable of simultaneously supporting
analysis, simulation, and immersive visualization.

Future work will investigate the design of unified data structures,
database architectures, and transformation mechanisms that
allow seamless interoperability between CityGML, semantic
mesh representations, and radiance-based models within large-
scale urban environments.
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