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Abstract. The application of Building Information Modeling (BIM) technology
in the field of construction engineering has become increasingly mature, and its
practical application on construction sites is closely related to lightweight mod-
els. However, BIM involves high complexity and contains large amounts of ge-
ometric data, leading to inefficient rendering on the web. To address this issue,
this paper proposes an occlusion culling algorithm based on scene management.
The algorithm employs an octree spatial data structure to manage the model,
then creates bounding boxes according to the constructed octree. A ray-casting
algorithm is used to analyze all the bounding boxes, ultimately identifying and
culling the occluded regions. Experimental results show that the algorithm ef-
fectively reduces the geometric data to be rendered without affecting the mod-
el's accuracy, thereby improving the scene rendering speed and demonstrating
the algorithm's effectiveness.

Keywords: Building Information Model (BIM); Occlusion Culling; Spatial
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1 Introduction

Building Information Modeling (BIM) is a digital representation of a physical build-
ing, used to carry the data assets throughout the entire lifecycle of a building product.
It serves as the foundation for the digital transformation of the construction industry
and promotes high-quality development of the industry [l In recent years, under the
government's advocacy, BIM technology has been introduced and actively applied in
China's construction industry. However, in practical engineering, BIM models are
large in size and difficult to transfer or download, leading to challenges such as ineffi-
ciency in usage and communication delays, which can cause project schedule set-
backs. When using BIM technology, engineering projects need to store a large
amount of design drawings and models. Participants must rely on powerful computer
hardware and software to view the models, which has caused various issues and lim-
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ited the full potential of BIM technology. Therefore, achieving BIM lightweighting
has become a key step in applying BIM technology. Currently, the primary method
for achieving BIM lightweighting is to load models onto the web>"''l. However, with
the rapid development of the construction industry, the data volume and complexity
of building models are growing exponentially. The large amount of data leads to re-
duced rendering efficiency on the web, affecting the smoothness of model display.

Both domestic and international research departments and scholars have conducted
studies on lightweight BIM model display and scene rendering optimization on the
web. Xu Zhao et al.l'? proposed a model visualization method based on WebGL and
IFC, which allows the interaction of BIM model geometric information and OBJ file
information, achieving BIM model display on the web and providing a solution for
lightweight modeling. However, model data optimization and scene rendering effects
still need improvement. Li Shaoqing, Huo Liang, et al.l'*! focused on the triangular
mesh of the model and proposed an edge folding algorithm for model simplification.
This algorithm simplifies the triangular mesh and reduces the complexity of the mesh,
but it also affects the appearance of the model. Wang Qi et al.'¥ proposed an adaptive
rendering control scheme, using an LOD-AD optimization algorithm to cull distant
and smaller triangular meshes. They also prioritized rendering higher-level compo-
nents when the frame rate is low, achieving adaptive control during the rendering
process. This method improved the rendering smoothness while maintaining model
accuracy but had some limitations in optimizing models outside the view frustum.

To address these issues, this paper proposes an occlusion culling algorithm based
on scene management. The algorithm uses an octree spatial partitioning structure to
manage the model, constructs bounding boxes based on the octree, and then employs
a ray-casting algorithm to analyze all bounding boxes. The algorithm ultimately iden-
tifies and culls occluded regions, thus improving rendering smoothness without af-
fecting the model’s appearance. This achieves lightweight display and rendering op-
timization of Building Information Models on the web.

2 BIM Lightweighting

2.1 Model Data Conversion

Building Information Models (BIM) typically contain large amounts of architectural
elements and their associated property information, such as walls, floors, windows,
and pipelines. The diversity and complexity of this information significantly increase
the complexity of the model. Additionally, BIM models are often stored in Revit for-
mat, which imposes certain limitations on viewing and usage. Therefore, it is neces-
sary to convert the model format.

To convert a Revit-based BIM model to the GLTF format, the model usually needs
to be exported to an intermediate format first. Initially, the model can be exported
from Revit using its built-in plugin, either to Navisworks (NWC) or IFC (Industry
Foundation Classes) format, both of which are widely supported. Next, 3D modeling
tools such as Blender can be used to import the IFC or NWC files via the appropriate
plugin. Finally, the "GLTF 2.0" export function in Blender can be used to convert the
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model into the GLTF format. GLTF is supported by many 3D engines and platforms,
such as WebGL, Three.js, Babylon.js, and Unity, offering excellent cross-platform
compatibility. It has become one of the standard formats for Web 3D content.

2.2 Model Web Reconstruction and Rendering

Three.js is an open-source JavaScript library used for creating and displaying 3D
graphics on the web. Based on WebGL, it allows developers to easily build complex
3D scenes and has been widely used by developers worldwide in recent years. There-
fore, in this paper, the Three.js engine is used to reconstruct and render Building In-
formation Models on the web. The rendering process is shown in Figure 1.
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Light Source Scene Camera
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GLTF Loader Material Retrieval

|
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|

End

Fig. 1. Three.js Rendering Process

First, the basic elements of a 3D scene are set up using the Three.js framework, in-
cluding the scene, camera, and renderer. Then, the Building Information Model (BIM)
is imported into the scene, and the built-in gltfL.oader and dracoLoader in Three.js are
used to parse the data within the model. Finally, the model reconstruction is complet-
ed in the browser using appropriate methods. To improve the viewing experience,
geometric transformations of the model can be implemented using OrbitControls.

2.2.1 Geometric Transformation.

Translation. In a translation operation, matrix transformation is required. Let there
be a point A in the scene with coordinates (X, Y, Z, 1). After translation, the point
becomes A with coordinates (X1, Y1, Zi, 1). During this process, point A is moved by
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the translation matrix T, with the translation components along the three axes being
X, Yy, and Z. Therefore, the relationship between point A and the translated point A;
is as follows:

I 0 0 O
[x, ¥, z 1]=[x Y Z 1] o100 (1)
0 0 1 O
X, Y Z 1
The matrix T is as follows:
I 0 0 O
- 0 1 0 O @
0 0 1 O
X, Y Z 1

Rotation. In a rotation operation, there are three key elements: the axis of rotation,
the direction of rotation, and the angle of rotation. When rotating counterclockwise by
an angle of 8° around the Z-axis, the relationship between the point B(X, Y, Z) before
rotation and the point B1(Xi, Y1, Z:) after rotation is as follows:

X, =Xcos@+Ysin0
Y, =YcosO+ Xsin0 3)
Z, =7
Scaling. Let Zy, Zy, and Z, be the scaling factors along the three coordinate axes,

and let the scaling matrix be S. The relationship between point C and the scaled point
C, is as follows:

X7 [z, o o o][x
Y| |0 z o ofy
= “4)
Z| o o z ofz
110 0o o0 11

The matrix S is as follows:
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3 Occlusion Culling

3.1 Related Research on Occlusion Culling

Determining the visibility of polygons relative to dynamic and continuously changing
viewpoints is a complex challenge. In large-scale scenes, there are typically a large
number of geometric models, and precise visibility calculations require substantial
time, making real-time processing difficult. Therefore, visibility problems in scene
models are often addressed by using conservative or approximate visibility determina-
tion based on occlusion regions formed by other objects!'>!7). Many scholars have
conducted extensive research in the fields of visibility and occlusion culling. Research
on occlusion primarily falls into two categories: static (preprocessing) occlusion cull-
ing algorithms and dynamic (real-time) occlusion culling algorithms.

Static occlusion culling algorithms are techniques that preprocess the scene before
rendering. These algorithms first partition the entire scene spatially and calculate
potential visibility for each sub-region. During real-time rendering, the algorithm can
quickly identify the visible parts from the current viewpoint. This method is especial-
ly suitable for static scenes, as it can significantly reduce drawing time during render-
ing. However, its limitations include being applicable only to static scenes, requiring a
large amount of storage space to store visibility information, and having a relatively
high time overhead during preprocessing.

Dynamic occlusion culling algorithms aim to address the challenges posed by the
dynamic changes of objects in a scene. These algorithms compute visibility infor-
mation in real-time for each frame, dynamically determining which objects are visible
and culling the occluded parts. This method is highly flexible and can adapt to com-
plex and changing scenes. However, dynamic occlusion culling algorithms typically
require more computational resources to maintain good performance during real-time
rendering.

Therefore, selecting an appropriate occlusion culling technique requires a compre-
hensive consideration of both the scene characteristics and performance requirements.
The occlusion culling method proposed in this paper consists of two main parts: scene
preprocessing and CPU-based occlusion information calculation. First, the scene is
optimized through simple preprocessing steps, such as using spatial partitioning tech-
niques to decompose complex geometric structures into smaller regions, thereby re-
ducing data complexity and improving the efficiency of subsequent computations.
Then, the CPU is used to calculate the occlusion information for the preprocessed
scene data, determining the visibility of each region or object using techniques such
as ray casting.
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3.2 Scene Partitioning

In occlusion culling algorithms, calculating whether an object is occluded is a neces-
sary and time-consuming process. To improve computational efficiency, spatial parti-
tioning data structures are employed to organize the scene. Uniform grid partitioning
is a method that divides a spatial region into regular grids. This method is simple to
understand and easy to implement; however, when dealing with complex geographic
or architectural distributions, it may fail to reflect the actual situation effectively,
leading to the generation of redundant data. Standard binary trees or quadtree struc-
tures are suitable for handling types of scenes like maps or images, but when faced
with the complex topological and geometric structures of 3D city buildings, they may
divide models at incorrect nodes along the edges. Therefore, this paper adopts the
octree structure, which is more appropriate for scene management and dynamic cull-
ing.

An Octree is a tree-based data structure used to represent three-dimensional space,
primarily for spatial partitioning and nearest neighbor searching. The partitioning
process is as follows: Initially, all objects are contained within an axis-aligned bound-
ing box. The bounding box is then recursively divided into eight sub-bounding boxes,
each storing objects that lie within or intersect the boundaries of the sub-box. This
process continues until the maximum recursion depth is reached or the bounding box
no longer contains any objects. Eventually, each leaf node of the octree stores a cer-
tain number of objects. The octree’s partitioning method is adaptive and can adjust
based on the distribution of objects in the environment. Furthermore, octree traversal
is more efficient because many adjacent, evenly distributed grids are merged into a
single octree node. Since octree nodes are axis-aligned bounding boxes, intersection
tests with objects are relatively fast. The octree generation process is shown in Figure
2.

Fig. 2. Octree Generation Process

Before partitioning the scene of a Building Information Model (BIM), it is neces-
sary to construct the AABB (Axis-Aligned Bounding Box) for the spatial region of
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the scene. The AABB is a minimal six-sided box that encloses objects in three-
dimensional space, with all its edges aligned parallel to the coordinate axes. The ad-
vantage of the AABB is its simplicity in computation—only the minimum and maxi-
mum values of the object along each axis need to be found to quickly construct the
bounding box. After obtaining the AABB for the entire BIM, the octree partitioning
can proceed. The specific process is as follows:

1. Divide the AABB bounding box into eight subtrees, aligning them along the xyz
axes of the box’s center.

2. Check the tree depth of the octree and the number of triangles in each subtree. If
the maximum tree depth has not been reached and the number of triangles exceeds
a specified threshold, return to step 1.

3. When further subdivision is not possible, store the triangles within the subtree.

Based on the constructed octree, a simple mesh for the bounding model is created.
The scene model units within the subtree are then bound to the mesh, and unbound
model units are filtered out to prevent empty meshes from affecting occlusion culling.
The number of mesh units created through the octree partitioning is much smaller
than the number of scene units, and these mesh units can be used to assist in ray de-
tection. If ray detection is performed directly on the scene units of the model, the
large number of scene units would require many rays, placing a heavy computational
load on the CPU. Therefore, using mesh units generated by the octree to assist in ray
detection can effectively reduce the number of rays and lessen the computational
burden on the CPU.

3.3  Visibility Analysis

Visibility computation is a critical part of the occlusion culling algorithm. In this pa-
per, the visibility determination is performed using a ray-casting algorithm. The pro-
cess is as follows:

1. Traverse all the mesh units generated from the octree partitioning of the scene.

2. Use the camera's position as the starting point of the ray, and cast rays towards the
positions of each mesh unit as the endpoint for the ray-casting calculation.

3. Based on the ray-casting results, sequentially determine the visibility of the select-
ed mesh units. If a unit is visible, the scene model unit bound to this mesh is
marked as visible; otherwise, it is culled.

By using ray-casting technology to calculate the visibility of mesh units in real-
time, the efficiency of occlusion culling can be significantly improved. When the
camera observes the scene in the view space, only the visible objects in the current
scene units are rendered, while the invisible objects are ignored, thus improving the
real-time rendering frame rate.
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4 Experiment and Result Analysis

To verify the feasibility of the proposed method, the scene management-based occlu-
sion culling algorithm was implemented on a standard computer. The experiment was
conducted on the Edge browser, with the machine configured as a laptop with a 13th
Gen Intel(R) Core(TM) i7-13700H 2.40 GHz processor, 16 GB of memory, and a 64-
bit Windows 11 operating system.

A library model was selected for the occlusion culling experiment. The model data
is shown in Table 1.

Table 1. Model Data

Model name  mesh count triangle face count
library 45608 2662236

To analyze the performance improvement brought by the occlusion culling algo-
rithm, the camera was set to move around the scene from multiple angles. The num-
ber of model meshes rendered and the frame rate were statistically compared between
the cases with and without occlusion culling, as shown in Figures 3 and 4.

—— with occlusion culling without occlusion culling
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Fig. 3. Comparison of Model Mesh Count for Rendering
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From the above experimental results, we can conclude that after applying the oc-
clusion culling algorithm, the number of rendered model meshes is significantly re-
duced. The average culling rate is approximately 67%, and the rendering frame rate
has increased from the original stable 10 frames per second to around 40 frames per
second, demonstrating a clear improvement in rendering efficiency.

5 Conclusion

To address the issue of low rendering efficiency on the web due to the complexity and
large geometric data contained in Building Information Models (BIM), this paper
proposes an occlusion culling algorithm based on scene management. The algorithm
divides the scene into an octree and establishes bounding boxes, then uses ray casting
to determine the visibility of a specific region and identifies whether it is occluded
based on the results. The experimental results demonstrate that the proposed algo-
rithm effectively improves rendering performance during model navigation, alleviat-
ing the issue of low rendering smoothness on the web and providing strong technical
support for BIM lightweighting. However, despite the notable progress achieved in
optimizing rendering processes, challenges related to model loading have emerged.
The octree construction process is time-consuming, resulting in longer-than-expected
model loading times. A potential solution lies in storing the constructed octree for
reuse during subsequent model loading, thereby reducing initialization time. This
approach represents a promising direction for future research.
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