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 The rendering of urban 3D scenes involves a large number of models, where the computer 
performance becomes a limitation. Arbitrarily putting all the models in a folder for storage 
significantly reduces the data processing efficiency when the models are called. There are also 
issues of storage redundancy and semantic fragmentation at the storage boundary. We propose a 
3D scene management method based on an adaptive quadtree and scene graph (AQT-SG) that 
can solve the above problems. According to the spatial distribution characteristics of 3D scene 
data, this method adopts an adaptive quadtree for organizing complex 3D city scenes at the 
macro and meso scales, traversing the quadtree from bottom to top and calculating the geometric 
error at each level and in the middle. The node generates level of detail, builds a flexible 
multiscale 3D tile model, and uses scene graphs for the microscale organization and management 
of 3D scenes. We verified the proposed method with park data from a smart park management 
system. Large-scale complex 3D scene visualization and a comparison of the results of storage 
redundancy experiments verified that the data organization efficiency was optimized and the 
visual experience was improved by this method.

1. Introduction

  Owing to their rapid and advanced urbanization, smart cities have increasingly urgent 
construction requirements. A smart city is analogous to a human body, where data is the flesh 
and blood. High-speed data collection and the development of modeling technology have led to a 
wealth of data products for smart cities, such as large-scale digital surface models, point cloud 
data, and 3D model data of urban building schemes. Compared with the past, we now have more 
data with better quality. This has led to the problem of managing massive data.
 Three-dimensional urban models usually have the characteristics of wide-range, dense data 
and complex relationships between models. The characteristics of the data are an uneven spatial 
data distribution, different local consistency, non-unique attributes of the model, the complicated 
geometric topology of the model, and a large number and types of textures.(1) Using only a basic 
rendering pipeline for drawing scenes makes it difficult to guarantee real-time accuracy and 
fluency in 3D urban scene drawing.(2,3) Therefore, it is imperative to study the organization and 
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management of 3D urban scene data reasonably and effectively to provide strong support for 
practical applications.(4,5)

 It has been found that scenes can usually be categorized into two types in scene management: 
static and dynamic scenes.(6) Static scenes mostly use the spatial segmentation structure to 
organize scene data as this structure is advantageous for the subsequent visibility judgment and 
collision detection of the scene. Dynamic scenes use scene graphs to organize scene data, where 
the scene graph structures have more flexibility. Dynamic interactive operations of objects have 
the advantages of a short update time and high drawing speed. Simultaneously, a scene graph 
can accurately describe the position of each node in the scene and has a parent-child relationship 
and clear scene level with each entity indexed. For large-scale geographic scene visualization, 
more attention is focused on the scene presentation than the scene interaction. Specifically, the 
visualization of static scenes is the focus of attention. Quadtree division and grid division are 
mainly used in spatial division structures suitable for remote sensing images and digital terrain 
data such as quadtree and grid structures.(7) Quadtree division refers to the recursive division of 
a space in accordance with the rules for realizing scene aggregation by region.(8) However, in 
complex 3D city scenes, models often involve a wide range and large amounts of model data 
with complicated relationships. The quadtree structure does not consider the irregular shape of 
the buildings in the spatial distribution, which can cause the semantic fragmentation of the 
elements after segmentation. Grid division does not consider the density of the buildings, 
resulting in uneven space utilization. Zhu et al.(9) proposed a partition method based on an 
adaptive quadtree to reduce fragmentation to buildings at tile junctions. Although this method 
can partially solve the storage redundancy and semantic fragmentation problems, the inaccurate 
model spatial indexing due to the complex urban area remains unresolved. An improved scene 
graph is more suitable for the visual simulation of spatial information systems.(10) The main idea 
is to combine the scene graph and the bounding volume hierarchy (BVH). The group nodes in 
the scene graph provide the spatial division structure information of the object. This design is 
conducive for large-scale scene interactions. However, the tree will become increasingly 
unbalanced, and the efficiency will also decrease with increasing number of editing operations. 
Su and coworkers proposed a scene management method based on an adaptive binary tree and 
scene graph,(11,12) which limitedly expands the application field of scene organization and 
improves rendering efficiency. However, the adaptive binary tree is inefficient for organizing 
large-scale terrain because it overlooks the massive amount of urban 3D scene data in geographic 
scenes. Liu and Zhu(13,14) proposed an interactive tree concept based on dynamic scenes for 
scene management, which makes full use of object-oriented concepts and octree algorithms 
conducive for solving complex scene design in a real-time roaming state. However, this 
algorithm requires more labor and manual intervention by the scene designer, which increases 
the workload for complex scenes.
 In this article, we aim to solve the semantic fragmentation problem of storage boundaries and 
storage redundancy. The self-adaptive quadtree with a simple structure can limitedly reduce the 
fragmentation of buildings at tile junctions. The scene graph provides organization flexibility 
and an accurate description of the position of each node in the scene and the parent-child 
relationship, where each geographic entity corresponds to a specific root node. It provides a 
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theoretical basis for solving building fragmentation and storage redundancy issues at node 
boundaries. Therefore, we propose an adaptive quadtree and scene graph (AQT-SG) 3D scene 
management method. As per the spatial distribution characteristics for the 3D scene data, this 
method uses an adaptive quadtree for dividing a complex 3D city scene at the macro and meso 
scales, traversing the quadtree from the bottom up, generating level of detail (LOD) for the 
intermediate nodes, building a flexible multiscale 3D tile model, and using scene graphs to 
organize the scene at the microscale. We have conducted experiments on a smart park 
management system using park data. In these experiments, the visualization of large-scale and 
complex 3D city scenes and the microscale use of scene graphs and an adaptive quadtree 
respectively demonstrate that the proposed method can optimize the data organization efficiency 
and resolve the issues of storage redundancy and semantic fragmentation of storage boundaries, 
and improve the overall visual experience.

2. Method

2.1 Overview of the method in this article

 Figure 1 shows the idea of constructing a 3D scene management method combined with 
scene graphs in this study. We mainly use an adaptive quadtree for dividing vector data and 
terrain image data at the macro and meso scales, traversing the quadtree from bottom to top, 
generating LOD for intermediate nodes, and building a flexible multiscale 3D tile model. The 
child node of the adaptive quadtree is the root node of the scene graph. On the microscale, the 
scene graph organizes the 3D model data from the city. The adaptive quadtree has the advantages 
of a simple structure, high spatial efficiency, and high insertion and query efficiency. The same 
geographic entity is likely to be stored in multiple nodes in the splitting process of the quadtree, 
which leads to the inefficient use of index storage space. A scene graph is flexibly organized and 
can accurately describe the location and parent-child relationship of each node in the scene, so 
that each geographic entity can correspond to a specific child node. The proposed design 
combines the advantages and avoids the disadvantages of the two methods. This is conducive for 
rendering large-scale scenes and simultaneously avoiding the building fragmentation and 
storage redundancy at node boundaries at a microscopic scale.

Fig. 1. (Color online) Idea behind AQT-SG method.
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2.2 Adaptive quadtree

 The self-adaptive quadtree structure is simple, and the data aggregation is by region through 
recursively dividing the space regularly. Therefore, we use an adaptive quadtree for organizing 
scene data at the macro and meso scales. Figure 2 presents a schematic diagram of adaptive 
quadtree partitioning.
 Figure 3 shows the flow of the algorithm. Specifically, it includes the following four steps:(15)

(1) Carry out the quadtree division of the urban area and judge whether some buildings and tiles 
intersect the dividing line.

(2) If yes, appropriately enlarge the enclosing rectangle of the building.
(3) Calculate all the building information in the four sub-areas.
(4) Repeat the above steps for the four sub-areas until the number of models in each sub-region 

reaches the preset threshold.

Fig. 3. Adaptive quadtree algorithm.

Fig. 2. (Color online) Illustration of self-adaptive quadtree partitioning.
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2.3 Scene graph division

 A scene graph is a data management method that organizes scene data together in a graphical 
form. It uses a top-down hierarchical tree-like data structure to organize the spatial dataset and 
improve rendering efficiency. Moreover, a scene graph has three categories of nodes, namely, 
root nodes, group nodes, and leaf nodes.(16) A scene graph has a flexible organization and can 
accurately describe each node and its relationships. Consequently, each geographic entity 
corresponds to a specific root node. In the microscale division, this completely solves the 
problem of building model fragmentation due to the division of tiles. Unsurprisingly, the issues 
of model storage redundancy and load redundancy are also resolved.
 Figure 4 illustrates the organization and management of a 3D scene adopting a hierarchical 
management method. This block diagram also shows the hierarchical relationship between 
objects, where each connected pair of objects has a corresponding hierarchical relationship. The 
upper object can be used as the reference coordinate system for the next connected object. 
Simultaneously, the position of the object and the parent node can also be spatially translated and 
rotated.(10)

2.4 Method of generating LOD for intermediate nodes

 After the adaptive division of the urban area, the next step is to traverse the quadtree from the 
bottom to the top, generate LOD for the intermediate nodes, and calculate the geometric errors 
for each level.(17) The geometric error is the threshold of the LOD selection during rendering. 

Fig. 4. Hierarchical management diagram of a scene.
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The calculation starts at the most detailed leaf node and gradually merges from the bottom up to 
calculate the geometric error of the previous layer.(18) For simplicity, in this study, we assign the 
same geometric error value to the nodes at the same level in the scene tree.
 LOD generation for an intermediate node first requires all the child nodes of the node to be 
merged and the use of a dynamic mesh simplification method based on a hierarchical structure 
to simplify the merged model.(19,20) The steps in the algorithm are as follows: 
(1) For the current node, first calculate the node error.
(2) If the current node is a non-leaf node, first merge all child nodes and use a dynamic mesh 

simplification method based on a hierarchical structure to simplify the merged model.
(3) Repeat steps (1) and (2) until the root node ends.
 Building the scene tree from the bottom up achieves a smoother natural transition between 
models of different LODs.(21) The LOD model accuracy gradually increases from the root node 
to the leaf node. In online real-time applications, first, a rough model corresponding to the upper 
node is loaded to quickly obtain rough results, and then a fine model is slowly loaded for the 
progressive transmission of the 3D model.(22)

2.5 3D scene management method combined with scene graph

 In this paper, we propose a scene organization and management method for improving scene 
graphs to reasonably and effectively organize and manage scene data. As shown in Fig. 5, the 
scene has only one scene tree. As per the spatial distribution characteristics of the 3D scene data, 
the adaptive quadtree divides the complex 3D city scene at the macro and meso scales, 
transverses the quadtree from the bottom up (after data organization) to generate LOD, builds a 
flexible multiscale 3D tile model, and uses the scene graph for organization and management at 

Fig. 5. (Color online) Data structure of the improved scene graph.
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the microscale. It also reduces storage redundancy, makes indexing fast and accurate, improves 
scene rendering efficiency, and enhances visual rendering effects. 

3. Using AQT-SG Method to Organize Scenes

3.1 Fluency and stability of 3D visualization for urban scenes based on AQT-SG

 We use the AQT-SG method to perform large-scale and complex 3D urban scene visualization 
experiments. Times T1 and T2 in Fig. 6 show the visualization effects of using an adaptive 
quadtree to organize the 3D city scene at the macro and meso scales. Time T3 shows the 
visualization effect of using the scene graph to organize the three urban scenes at the microscale. 
In viewing the roaming visual effects, the proposed method can better maintain the overall and 
local details, with no apparent stall or delay in the overall roaming process and adequate roaming 
fluency.
 Figure 7 depicts the real-time frame rate when roaming using two different indexing 
methods, which was obtained by analyzing the change of the frame rate in the whole roaming 

Fig. 7. (Color online) Real-time frame rate when roaming using two methods.

Fig. 6. (Color online) 3D visual effects for urban scenes at different scales. (a) T1, (b) T2, and (c) T3.

(a) (b) (c)
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process. Both methods can ensure the smooth operation of the system in the whole roaming 
process. The rendered frame rate is always maintained between 34 and 46 frames per second 
(fps). However, compared with Zhu’s method,(9) our proposed method can achieve a stable 
rendering state at a higher speed, such as at 0–3 and 5–10 s. This method has better anti-aging 
performance when the viewpoint moves rapidly, such as at 3–5 and 11–13 s. It can also ensure a 
better display effect when the viewpoint moves at a uniform rate, such as at 13–24 s. In summary, 
the proposed method is better than Zhu’s method in the roaming process.

3.2 Index optimization experiments

 We also performed comparative experiments in which the proposed method and the adaptive 
quadtree method are used for organizing a scene at the microscale, respectively. The proposed 
method for scene organization is used to verify the indexing efficiency.
 The following is an explanation of the two indexing methods. 
 (1) Adaptive quadtree: Using an adaptive quadtree for scene organization can reduce semantic 
fragmentation of storage boundaries and storage redundancy to a certain extent. However, there 
will still be scenarios where the same building spans two nodes. Figure 8 depicts the model 
storage redundancy problem. The building in the red box of Fig. 8(a) should have been stored in 
node B on the right and loaded with it [Fig. 8(b)], but node A also stores it owing to the adaptive 
partition; thus, storage redundancy occurs. When node A is loaded, the two buildings belonging 
to node B will also be loaded, causing unnecessary computational overhead. For buildings at the 
boundary of nodes, there will also be a semantic fragmentation problem due to node divisions, 
i.e., part of the semantics is stored in node A.
 (2) Proposed method: When the scene graph is used for scene organization at the microscale, 
each geographic entity corresponds to a specific child node. Therefore, for the controlled 
loading, the entity can be controlled instead of the area. As shown in Fig. 9, we can freely control 
the loading of each building, and a building that loads a node will not affect the surrounding 
child nodes. This can avoid an inaccurate model spatial index caused by the urban area 
complexity and fundamentally solve the problem of model storage redundancy, reduce wasteful 
rendering, improve visualization effects, and enhance user roaming experience.

(a) (b)

Fig. 8. (Color online) Microscale scene of adaptive quadtree organization.
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4. Conclusion

 The aim of this study was to increase the efficiency of organizing massive data in large-scale 
and complex 3D city scenes and reduce redundant storage and fragmented semantics at 
boundaries for diversified 3D digital city and smart city applications. We studied and proposed 
an improved scene graph method combined with the adaptive quadtree. In experiments, this 
method was applied in a 3D visualization platform construction in a Chinese city. For large-scale 
urban scenes, we selected two scene organization methods based on three scales, i.e., macro, 
meso, and micro, and designed an overall management method for combining the two scene 
organization methods, which meets the performance requirements of the system (i.e., fluency 
and stability) and improves the flexibility of scene management (scene graph).
 Experimental results show that the proposed method can better maintain global and local 
details, maintain stability in switching between different scales, and improve the overall visual 
rendering effect. Moreover, the superiority of the proposed method was demonstrated in a 
memory redundancy comparison experiment. However, owing to time constraints, there are still 
some problems in the proposed design. For example, this design only considers the index 
problem of 3D city scenes at different scales. No in-depth research on the dynamic scheduling of 
the hierarchical LOD under a certain scale was performed, especially for roaming in micro 
scenes. One possible approach to dynamic scheduling is to schedule different levels of LOD 
models by using the indexing advantage of scene graphs at the microscale and combining the 
viewpoint and moving direction.

Fig. 9. (Color online) Use of scene graphs to organize microscale scenes.

(a) (b) (c)

(d) (e)
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