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Abstract:
With the advancement of urbanization and digital twin city development, urban 3D data are characterized by large volume,
heterogeneity, and structural complexity. Traditional spatial data management methods face limitations in hierarchical organization,
retrieval efficiency, and redundancy control, and the lack of a unified spatial coding system hinders multi-source data integration.
This paper proposes a method for urban 3D data management and representation based on BeiDou grid coding and adaptive voxel
modeling. The method converts point cloud data from local coordinates to the 2000 National Geodetic Coordinate System, applies
36-bit 3D BeiDou grid coding, performs adaptive octree voxel partitioning based on point cloud density, elevation variation, and
class entropy, and binds spatial, geometric, and semantic attributes at the voxel level. Using the SensatUrban dataset, the method is
compared with fixed-resolution voxel modeling, latitude-longitude indexing, and R-tree indexing in terms of voxel quantity, data
storage, and retrieval time. Results show that it reduces voxel count by 28.1% and storage volume by 13.6% while maintaining
high-precision representation, and the BeiDou grid-based indexing significantly improves query efficiency and stability. The
proposed approach balances visualization quality and computational efficiency, providing an effective solution for large-scale urban
3D data management.

1. Introduction

With the continuous advancement of urbanization, urban spatial
structures have become increasingly complex, and the demand
for refined management and intelligent applications has grown
significantly. The development of digital twin cities and
high-precision spatial data acquisition technologies has led to
the rapid accumulation of urban 3D data, such as terrestrial laser
scanning point clouds, photogrammetric models, and
multi-source imagery, which have become essential foundations
for urban planning, infrastructure management, and spatial
analysis. However, when facing large-scale and heterogeneous
3D data, traditional spatial data management methods still
exhibit evident limitations in hierarchical organization, retrieval
efficiency, and data redundancy control. Meanwhile, the lack of
a unified spatial coding system has, to some extent, constrained
the integration and efficient management of multi-source data.
In response to the above challenges, researchers both
domestically and internationally have conducted extensive
studies in multi-source data fusion, 3D modeling, and spatial
data organization. In terms of multi-source data fusion and 3D
modeling, Youn et al. [6] integrated mobile mapping, LiDAR,
and photogrammetric data to construct high-precision urban 3D
scenes and employed lightweight mesh structures to achieve
efficient data organization. Drešček et al. [1] proposed a spatial
ETL method based on photogrammetric point clouds to generate
semantic building models at LOD2 that conform to the
CityGML standard, thereby improving the standardization and
structuring of urban 3D data.

Regarding large-scale data storage and indexing, existing
studies mainly rely on distributed computing frameworks and
spatial coding methods to enhance data management
capabilities. Feng [2] constructed a distributed spatial data
storage system based on HBase and achieved efficient indexing
by combining quadtree and Hilbert curve encoding. Ma [4]
utilized GeoSOT coding and the Spark framework to realize
unified management and rapid retrieval of multi-source remote
sensing imagery and point cloud data. Zhang [7] designed a
spatial data management system based on the Hadoop platform
and improved data access efficiency through customized
indexing mechanisms. Although these methods have improved
the storage and query performance of massive urban 3D data to
a certain extent, they still show limitations in unified coding and
multi-scale representation.

In terms of spatial organization models and unified
representation, research has gradually evolved toward
multi-model integration and unified coding. Lu [3] proposed a
method that integrates voxel models with global grid systems to
address the difficulty of unified representation of voxel data
under different coordinate systems. Ren [5] constructed an
association model of urban components and events based on
global grid coding, enabling unified encoding of spatial,
temporal, and semantic information, and improving the
organization and analysis capability of multi-dimensional data.
In addition, Zhou [8] achieved efficient organization and
semantic segmentation of large-scale point cloud data by
optimizing point cloud sampling and feature encoding methods.

Overall, existing studies have made certain progress in
multi-source data fusion, distributed storage, and semantic
modeling; however, there are still deficiencies in unified spatial
coding, multi-scale data organization, and efficient indexing
mechanisms. To address these issues, this paper proposes a
method for urban 3D data management and representation based
on BeiDou grid coding and adaptive voxel modeling. By
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constructing a unified spatial coding system and a
multi-resolution data structure, the proposed method achieves
efficient organization, rapid retrieval, and refined representation
of large-scale urban 3D data.

2. Methods

To address the challenges of large volume, complex structure,
and multi-source heterogeneity in large-scale urban 3D data,
traditional 3D data organization methods generally suffer from
low spatial indexing efficiency, fragmented semantic
information, and difficulties in multi-source data integration.
These limitations hinder the efficient storage, rapid retrieval,
and integrated management of 3D data in scenarios such as
smart cities, digital twins, and natural resource monitoring. To
this end, this paper proposes a unified 3D spatial representation
method that integrates BeiDou grid coding with adaptive voxel
modeling. This method uses multi-source heterogeneous point
cloud data as the core input and performs preprocessing
procedures including noise point filtering, coordinate system
unification, and block slicing to standardize and normalize the
multi-source data. Based on this, leveraging the globally unified,
hierarchical, and multi-scale spatial coding system of the
BeiDou Grid Code, it accomplishes full-domain 3D spatial
coding and positional anchoring. By combining multi-indicator
complexity analysis with an octree structure, the method
achieves dynamic adaptive voxel partitioning and fine-grained
modeling. Finally, through voxel-level semantic encoding,
spatial positions, geometric features, and semantic attributes are
deeply bound, forming a 3D data organization model that
provides both efficient spatial indexing and complete semantic
representation. This framework offers a unified technical
solution for integrated storage, rapid retrieval, and intelligent
applications of large-scale urban 3D data. The overall workflow
is shown in Figure 1 and comprises the following key
components:

(1) Transformation from local coordinates to a unified geodetic
coordinate system;
(2) Three-dimensional spatial encoding based on the BeiDou
grid;
(3) Octree-based adaptive voxel partitioning and modeling
based on multi-indicator complexity analysis;
(4) Voxel-level binding and unified representation of spatial –
geometric–semantic attributes.

Figure 1. Technical Methodology

2.1 Coordinate Unification

To ensure the consistency and standardization of spatial data,
the CGCS2000 geodetic coordinate system is adopted as the
unified spatial reference, and urban point cloud data are
transformed from a local engineering coordinate system (ENU)

to the geodetic coordinate system. Let the local coordinates be
(x,y,z), and the reference origin be (L0, B0, H0) . The
transformation formulas for the target point in geodetic
coordinates (L,B,H) are as follows:
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where M0 and N0 denote the meridional radius of curvature
and the prime vertical radius of curvature, respectively. This
model realizes the unified transformation between local
coordinates and the national geodetic coordinate system,
providing standardized input for subsequent spatial encoding.

2.2 Three-dimensional BeiDou grid encoding

The BeiDou Grid Code is a global geospatial grid coding model,
derived from the GeoSOT hierarchical grid partitioning. It
provides a method for discrete, multi-scale hierarchical, and
unified positional identification and representation, which can
be used to specify locations of spatial regions worldwide.
Compared with the traditional latitude-longitude system, the
BeiDou Grid Code addresses a series of challenging issues
related to multi-scale representation, uniqueness, hierarchical
correlation, and object information expression in large-scale
spatial data. It can assign a globally unique one-dimensional
integer code to grids of various sizes on Earth and can be
associated with any physical object to establish correspondence
with spatial locations. Within the same spatial region, the
BeiDou Grid Code enables convenient identification and
management of spatial information.
In this study, a 36-bit 3D BeiDou Grid Code is employed to
perform standardized and unified coding of massive urban
spatial data, enabling high-precision spatial positioning across
the entire urban area and establishing a standardized coding
foundation for the subsequent organization, storage, and
retrieval of urban 3D data. The 36-bit 3D BeiDou Grid Code
adopts a hierarchical coding structure, consisting of a 24-bit
horizontal code and a 12-bit vertical code. The specific
conversion and calculation formulas for this coding scheme are
presented below, and the implementation mechanisms of the
horizontal and vertical codes are illustrated in Figures 2 and 3,
respectively.
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Among them, the two-dimensional code is obtained by
calculating the row and column numbers (ag, bg ) of the target
longitude and latitude (λlng, ϕLat) relative to the grid’s starting
corner point(λL−1,ϕL−1). Meanwhile, the 12-bit height code n is
used to ensure high-precision division in the vertical direction.
This code is derived by applying a logarithmic mapping to the
absolute elevation H.
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Figure 2. Schematic diagram of the horizontal encoding
mechanism

Figure 3 Schematic diagram of the vertical (height) encoding
mechanism

2.3 Adaptive voxel modeling

Based on spatial complexity features, an adaptive voxel
subdivision model was designed. This model uses three core
criteria within each voxel—point cloud density, elevation
variation, and class entropy—to dynamically identify local
complexity characteristics in three-dimensional space. It
supports voxel units to be further subdivided down to a
minimum resolution of 0.25 meters, effectively mitigating the
spatial redundancy problem inherent in fixed-resolution
modeling. The modeling results at different voxel resolutions
are shown in Figure 4. The definitions of the above three spatial
complexity evaluation metrics are described as follows:
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Among them, ρ is used to measure the degree of point
aggregation, σ characterizes the complexity of surface
undulation, and H reflects the degree of semantic information
mixture, serving as a key factor for achieving semantic-driven
adaptive subdivision.

Figure 4 Comparison of 3D modeling effects under different
voxel resolutions

2.4 Adaptive Voxel Subdivision Strategy

Based on the complexity evaluation results, an octree-based
recursive subdivision strategy is adopted to perform adaptive
voxel refinement. When the voxel complexity exceeds a
predefined threshold, the voxel is subdivided according to the
following formula:

2
parent

child

S
s  (8)

where sparent and schild denote the edge lengths of the parent
voxel and the child voxel, respectively.
The subdivision process terminates when the minimum voxel
size or the maximum hierarchy level is reached. Through this
strategy, high-resolution voxels are generated in complex
regions, while larger voxels are preserved in simple regions,
thereby achieving a balance between representation accuracy
and computational efficiency.

2.5 Attribute binding and semantic representation

Each voxel stores three categories of attribute information—
spatial, geometric, and semantic—and integrates them through
attribute fusion to form a unified “space–geometry–semantics”
voxel unit, thereby enhancing semantic retrieval and
three-dimensional representation capabilities.

3. RESULTS AND ANALYSIS

3.1 Experimental Data and Experimental Setup

The experimental data used in this study are derived from the
SensatUrban large-scale urban point cloud dataset, which covers
typical urban features such as buildings, roads, and vegetation,
and can fully reflect the heterogeneity and structural complexity
of urban three-dimensional space. All experiments were
conducted under a unified hardware environment to ensure the
fairness and comparability of performance evaluation results.
In this study, the proposed adaptive voxel modeling method
based on BeiDou grid codes is taken as the experimental group,
while the traditional fixed-resolution voxel modeling method,
the latitude–longitude indexing method, and the R-tree indexing
method are selected as control groups. Three core evaluation
metrics, including the number of voxel units, data storage
volume, and retrieval response time, are designed for
performance validation. The retrieval performance tests include
typical scenarios such as spatial range queries and semantic
joint queries. Multiple repeated experiments are conducted and
averaged to ensure the reliability of the results.

3.2 Analysis of Raw Data and Voxel Modeling
Representation Results

In this study, the raw point cloud data are first preprocessed
through coordinate unification and noise removal. The
preprocessed experimental data are shown in Fig. 5. The
processed data retain the complete spatial characteristics of
typical features such as buildings, roads, and vegetation,
providing a standardized data foundation for subsequent voxel
modeling.
The adaptive voxel modeling results based on BeiDou grid
codes are shown in Fig. 6. This method determines voxel
complexity using point density, elevation variation, and
category entropy as core indicators, and performs adaptive
subdivision through octree-based recursive partitioning. The
modeling representation performance is significantly better than
that of the traditional fixed-resolution voxel modeling method.
In complex spatial regions such as building edges and densely
vegetated areas, the method automatically generates
high-resolution voxels, accurately restoring the spatial
distribution characteristics and detailed morphology of features.
In simple regions such as roads and flat open areas,
low-resolution voxels are adopted, significantly simplifying
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data organization while ensuring the completeness of spatial
representation.
Meanwhile, through voxel-level fusion and binding of
spatial–geometric–semantic attributes, an integrated
representation of urban 3D data is achieved, enabling each
voxel unit to simultaneously possess a unique spatial identifier,
accurate geometric parameters, and explicit semantic
information, thereby providing a foundation for subsequent
spatial analysis and data applications.

Figure 5. Preprocessed raw point cloud data

Figure 6. Adaptive voxel modeling results based on BeiDou
grid code

3.3 Analysis of Voxelized Data Organization Results

The overall data organization results of the adaptive voxel
modeling method based on BeiDou grid codes are shown in Fig.
7. This method constructs an integrated data organization
framework of “BeiDou grid coding – geometric attributes –
semantic attributes,” transforming the preprocessed point cloud
data into voxel units with unique spatial codes and achieving
efficient conversion from point cloud data to structured voxel
data.
Each voxel unit is uniquely bound to a 36-bit three-dimensional
BeiDou grid code, which integrates high-precision spatial
location information in both planar and elevation dimensions.
At the same time, it is associated with geometric attributes such
as voxel size and geographic coordinates, as well as semantic
attributes such as primary and secondary feature categories,
forming a hierarchical and comprehensive three-dimensional
data organization structure. This data organization model not
only realizes the unique spatial identification of voxel units but
also completes the integrated association of multi-dimensional
attributes, addressing the problem of separation among spatial,
geometric, and semantic information in traditional 3D data
organization, and improving the structured management level of
urban 3D data.

Figure 7. Structured attribute table of voxel units based on
BeiDou grid code

3.4 Comparison Results of Retrieval Performance

The comparison results of retrieval performance for different
indexing methods are shown in Fig. 8. In this study, the
latitude–longitude indexing method and the R-tree indexing
method are selected as controls to verify the retrieval efficiency
advantages of the BeiDou grid code-based indexing method.
The experimental results indicate that the retrieval method
based on BeiDou grid codes significantly outperforms the
traditional latitude–longitude indexing method and the R-tree
indexing method in terms of retrieval speed. The traditional
latitude–longitude indexing method requires point-by-point
traversal and matching of coordinate information, and its
retrieval time increases linearly with the data volume, resulting
in the lowest retrieval efficiency. Although the R-tree indexing
method provides certain optimization for spatial retrieval, it is
prone to redundancy in index hierarchy under complex
multi-condition joint query scenarios, leading to unstable
retrieval performance. In contrast, the BeiDou grid code adopts
a multi-level recursive subdivision encoding structure, enabling
structured representation of spatial locations and voxel-level
unique indexing. The retrieval process can rapidly filter target
regions through hierarchical code matching, significantly
reducing data traversal. It maintains stable and high-speed
retrieval performance in both simple spatial queries and
complex joint query scenarios, demonstrating its advantages in
large-scale urban 3D data retrieval.

Figure 8. Retrieval efficiency comparison

3.5 Comparison Results of Storage Performance

The comparison results of the number of voxel units and data
storage volume are shown in Fig. 9. In this study, the storage
performance of the proposed adaptive voxel modeling method is
quantitatively compared with that of the traditional
fixed-resolution voxel modeling method.
The experimental results show that the adaptive voxel modeling
method based on BeiDou grid codes is significantly superior to
the traditional method in terms of storage efficiency. In terms of
the number of voxel units, through accurate complexity
evaluation and differentiated subdivision, the proposed method
achieves a 28.1% reduction in voxel quantity compared with the
traditional method while maintaining representation accuracy,
thereby significantly reducing the basic storage burden caused
by redundant voxel units. In terms of data storage volume, by
leveraging the integrated spatial indexing design of BeiDou grid
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codes, spatial location information is embedded into unique
codes, eliminating the need to store detailed voxel coordinate
information separately. Combined with the reduction in voxel
quantity, a total storage reduction of 13.6% is achieved. The
dual reduction effect significantly improves the overall storage
efficiency of urban 3D data, effectively alleviates the storage
pressure of large-scale point cloud data, and is more suitable for
long-term storage and management of massive urban-level 3D
data.

Figure 9. Storage performance comparison

3.6 Summary of This Chapter

This study takes the SensatUrban dataset as the experimental
basis and conducts multi-dimensional performance comparisons
between the proposed adaptive voxel modeling method based
on BeiDou grid codes and traditional methods under a unified
experimental environment. Combined with the results shown in
Fig. 5 to Fig. 9, the effectiveness and superiority of the
proposed method are fully verified.
First, the method completes standardized preprocessing of raw
point cloud data and achieves a balance between high-precision
representation in complex regions and data simplification in
simple regions through an adaptive voxel subdivision strategy.
At the same time, it realizes integrated representation of
spatial–geometric–semantic information through attribute fusion,
improving the representation capability and structural level of
urban 3D data.
Second, an integrated data organization framework based on
BeiDou grid codes is constructed, which resolves the problem
of information separation in traditional 3D data and achieves
unique spatial identification and multi-dimensional attribute
association of voxel units.
Third, the indexing mechanism based on BeiDou grid codes
significantly outperforms traditional methods such as
latitude–longitude indexing and R-tree indexing in retrieval
speed, with more pronounced advantages in complex query

scenarios, meeting the requirements for rapid retrieval of
large-scale 3D data.
Finally, while ensuring representation accuracy, the method
achieves a dual reduction of 28.1% in voxel quantity and 13.6%
in storage volume, thereby improving data storage efficiency.
Overall, the proposed method effectively addresses the
limitations of traditional urban 3D data management in terms of
representation accuracy, data organization, retrieval efficiency,
and storage load, and provides a feasible solution for the
efficient management and application of large-scale urban 3D
data.

4. Conclusions

This paper proposes a method for urban 3D data management
and representation based on BeiDou grid coding and adaptive
voxel modeling. Experimental results show that, compared with
traditional spatial indexing and fixed-resolution voxel methods,
the proposed approach reduces data storage while maintaining
high representation accuracy in complex regions and achieving
better retrieval efficiency in spatial queries. By introducing a
unified three-dimensional spatial coding mechanism, each voxel
is assigned a unique spatial identifier. Combined with a
semantic-driven adaptive subdivision strategy, the method
preserves detailed representations in regions of interest while
reducing redundancy in simple areas, effectively balancing
visualization quality and computational efficiency. This is of
great significance for improving the management and
application efficiency of large-scale urban 3D data. In future
work, we will further explore the application of this method to
larger-scale urban datasets and investigate mesh simplification
and distributed computing techniques to further reduce data
volume and enhance processing performance.
Although this paper proposes a three-dimensional spatial
indexing method based on the BeiDou grid code, which
demonstrates certain innovations in urban 3D data management
and adaptive voxel modeling, several limitations remain. First,
the review of related work is not comprehensive. The discussion
mainly focuses on two-dimensional indexing techniques, and
does not adequately compare with mainstream
three-dimensional indexing structures (e.g., octree, 3D R-tree,
space-filling curves, and three-dimensional extensions of
GeoHash), making it difficult to clearly demonstrate the
advantages of the proposed method in terms of 3D spatial query
performance, storage efficiency, and scalability. Second, the
experimental evaluation primarily concentrates on data storage
and retrieval efficiency, while systematic quantitative analysis
of key metrics, such as 3D spatial representation accuracy, the
impact of semantic-driven voxels on modeling quality, and
improvements in accuracy, is lacking, resulting in insufficient
validation. In addition, the actual effect of semantic-driven
voxels on improving model representation accuracy has not
been fully revealed, which makes the advantages of the method
less intuitive in certain scenarios. Finally, the paper does not
clearly articulate the specific research gap being addressed or
the substantive contribution of the method, and the experimental
design and evaluation metrics require further refinement to
more directly demonstrate the effectiveness and applicability of
the approach. Future work can focus on improving the review of
related work, designing multi-dimensional evaluation metrics,
introducing comparative experiments, and more explicitly
quantifying the role of semantic-driven voxels, thereby
comprehensively verifying the advantages of the method in
large-scale urban 3D data management.
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