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Abstract

Studying complex indoor buildings is crucial for population evacuation research in our modern world, where indoor spaces are the
primary living environment. However, the existing spatial indexes do not fully align with the unique characteristics of indoor space,
leading to a significant bottleneck in the efficiency of searching many space areas. This article introduces a novel model that can
efficiently retrieve and update compact three-dimensional indoor space by introducing space X-trees. Our experiments, which have
shown that the introduction of X-trees, which can dynamically adjust the size of space nodes, has significantly improved the retrieval
speed during the query operation process, underscore the reliability and potential of our new model.

1. Introduction

The current spatial data is growing exponentially, so efficient
organizations can avoid additional costs in filtering the required
data. The current mainstream spatial data tree structure includes
binary trees, quadtrees, KD trees, R trees, and R * trees (Bozhi
2020, Ma Wubin 2020, Wang Huifang 2020, You, Wang et al.
2022). These trees each have different characteristics. Below, we
divide the paper into three groups for analysis based on the X-
tree origin and characteristics.

Because spatial partitioning has always been related to basic
human digital cognition, the use of binary trees with a minimum
composite of 2 and quadtrees with a minimum composite of 4
and octrees derived from them in three-dimensional space has
been widely applied. Due to their simple construction logic, these
digital-based spatial indexes can be quickly applied to various
applications requiring basic index structures. However, due to its
simple symmetric partitioning of space, this spatial index formed
by basic numbers can easily lead to unstructured partitioning of
indoor spatial objects (Bozhi 2020, Ma Wubin 2020, Wang
Huifang 2020, Fulin 2021, You, Wang et al. 2022).

Corresponding to binary trees, quadtrees, and octrees based on
naive mathematical intuition, researchers have constructed tree
heaps, binomial trees, B-trees, red-black trees, etc., based on pure
computer storage efficiency optimization principles.

The third type of tree data organization structure focuses on the
spatial distribution of objects. This includes KD trees, R-trees, R
* trees, R+ trees, and X-trees, among others. The most significant
difference between this type of structure and the previous types
of trees is that its objects are mainly geographical features that
comply with the first law of spatial geography (Tobler's first law)
(Liming 2023, Wu Yao 2023).

There are also differences in the distribution of indoor space
between buildings and ordinary space, which are manifested in
two aspects: 1. the space is more compact. 2. Three-dimensional
distribution is more common. These two characteristics
determine that the tree index used in indoor spaces must be able
to handle compact three-dimensional distributed features. Due to
their characteristics, spatial trees are more suitable for application

to the interior space of buildings than two types of tree structures:
mathematical intuition based on trees and optimization based
solely on computer science data structures(Fu Zhongliang 2012,
Gan Zhaobin 2012, TAK S 2013, Silver, Huang et al. 2016, Fadli,
Kutty et al. 2018, Wang and Niu 2018, Bozhi 2020). Therefore,
R-trees and their derivative trees have been widely used in this
space.

The R-tree was proposed by Guttman in 1984 and is
characterized by using the outer bounding boxes of spatial
objects as the contours of corresponding nodes. This feature is
inherited based on its derivative R+ trees and R * trees, and a
more optimized approach is adopted when handling boundaries.
The R+ tree achieves better retrieval (Fu Zhongliang 2012)
performance by redundantly inserting spatial objects into their
neighboring parent nodes; The R * tree achieves a better node
distribution by reinserting and deleting spatial objects multiple
times (GONG Jun 2011, WEI 2019, Donghai 2020, Liu
Yongshan 2020, Naizhou 2020). However, due to its fixed upper
limit on node size, the R family tree cannot efficiently describe
entirely nodes with colossal space that exceeds this limit,
resulting in lower efficiency in processing objects in the
corresponding node space. Berchtold et al. proposed the(WEI
2019, YU Anbin 2019; Donghai 2020, Liu Yongshan 2020,
Naizhou 2020) X-tree in 1996 to address this issue. Strictly
speaking, X-trees (Fadli, Kutty et al. 2018) also belong to the R-
tree family. Their difference from R-trees lies in their flexible
upper limit on node size, thus possessing the ability to handle
objects in vast node spaces(Zhou and Xie 2006, Zhu, Gong and
Zhang 2007, Arge, Berg et al. 2008, Gan Zhaobin 2012, Wu Yao
2023).

2. A 3D X-tree suitable for indoor building complex models

To address the challenges posed by the compact aggregation of
three-dimensional objects within indoor architectural complexes
and the focused layout of buildings in specific functional zones
(ZLATANOVA S 2020), this article introduces a novel data
structure, the 3D X-tree, tailored for modeling indoor building
complexes. In the subsequent sections, we will delve into this
index structure's construction principles and optimization
techniques.
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(@ Principle of X-Tree Construction

Constructing an X-tree involves several key steps, beginning
with clustering all spatial objects. This clustering process can be
achieved through a method called K-nearest neighbor clustering.
In K-nearest neighbor clustering, categories are predefined with
'K" as the expected value, and cyclic clustering operations are
performed on existing spatial objects based on this value until the
final spatial categories do not exceed the preset value of 'K".

The implementation process entails randomly selecting 'K' class
center points and adding corresponding categories and nodes
based on the nearest neighbor principle. Once all nodes are added
to their respective clusters, the center of each cluster is calculated
using a weighted average of the coordinates of all points within
the cluster. This process is repeated iteratively until the total
number of clusters remains unchanged.

After conducting K-means clustering, the resulting clusters are
organized into nodes of a red-black tree. Red-black trees are
binary trees that are self-balancing internally, with additional
color indicators compared to standard binary trees. These trees
exhibit specific characteristics, such as the root node being black,
the child nodes of the root node being red, and all leaf nodes
being black. The most critical operations for red-black trees
include node insertion and deletion.

Insertion and Deletion Operations in Red-Black Trees
Insertion Operation:

1. If the root node is inserted, it is directly colored black.

2. If the parent node of the inserted node is black, no color
adjustment is needed.

3. If the parent node of the inserted node is red and its sibling
nodes are also red, the color of the parent node and its sibling
nodes is adjusted to black, while the color of the grandfather node
is red.

4. The red-black tree's properties are rechecked to ensure
compliance.

5. If the parent node of the inserted node is red and its sibling
nodes are black, and the insertion node, parent node, and
grandfather node are on the same side, the parent node is changed
to black, the grandfather node to red, and a reverse rotation is
performed on the grandfather node.

6. If the parent node's red violates property four, and its sibling
nodes are black, the insertion node, parent node, and grandfather
node are on the same side, a rotation is performed on the parent
node, and then the situation is handled as in case 4.

7. If the parent node's red violates property four, and its sibling
nodes are black, the insertion node, parent node, and grandfather
node are not on the same side. A rotation is performed on the
parent node to align it with the insertion node, and then the
situation is handled as in case 4.

Deletion Operation:

1. Deletion operations are classified into deleting leaf nodes and
identifying leaf nodes for deletion.

2. The successor or predecessor node of the node to be deleted is
found, and if it exists, it replaces the current node.

3. Replacement of subsequent or predecessor nodes continues
until no successor or predecessor nodes remain.

4. The red-black tree is adjusted to maintain its properties.

5. Finally, the nodes are truly deleted.

Optimization of X-Tree for Three-Dimensional Indoor

Architectural Space

During the clustering process, the X-tree can accommodate
super-large spatial nodes, resulting in clusters of super nodes
containing numerous functional areas based on the spatial
distribution trends within the studied building area. This
optimization ensures that the X-tree efficiently represents the
intricate spatial relationships within indoor architectural
complexes, facilitating various analytical tasks and simulations
tailored to the indoor environment's specific characteristics.:

Insert node:

1. If the root node is inserted, directly turn the point black;

2. If the parent node of the inserted node is black, the color will
not be adjusted;

3. If the red node of the parent node of the inserted node is a red
node, and the sibling nodes of the parent node are red,

4. Turn the parent node and its sibling nodes black, and turn the
grandfather node-red;

5. Check again whether the grandfather node violates the
properties of the red and black tree;

6. If the red node of the parent node is inserted, and the

parent node's sibling nodes are black, the insertion node, parent
node, and grandfather node are on the same side. Turn the parent
node into a black node, turn the grandfather node into a red node,
and rotate the grandfather node in reverse (if left, rotate right; if
right, rotate left).

7. If the red node of the parent node of the inserted node violates
property four, and the sibling nodes of the parent node are black.
Moreover, insert nodes, parent nodes, and grandfather nodes on
the same side.

8. Rotate the parent node to make it on the same side (case 4),
then handle it according to situation 4.

Delete node:

1. Classify all deletion operations as deleting leaf nodes and
obtain the leaf nodes that need to be genuinely deleted;

2. Find the successor node or predecessor node of the node to be
deleted, and if it exists, replace the current node;

3. Replace the subsequent or predecessor nodes with the replaced
nodes. Replace until there are no successor or predecessor nodes;
4. Adjust the red and black trees to ensure that the deleted nodes
do not violate the properties of the red and black trees;

5. Truly delete nodes.

(@ Optimization of X-tree for three-dimensional indoor
architectural space

During the clustering process, due to the ability of the X-tree to
accommodate super large spatial nodes, there will be individual
clusters of super nodes containing a large number of functional
areas based on the spatial distribution trend of the studied
building area. This attribute is indispensable for regions
containing several super large areas with intensively more
complex inner relationships than normal nodes on the same level.
Thus, our model will allow the integration of various sizes and
complexity nodes on the same level. However, this integration
should be carefully supervised by a reflexible size and spatial
complexity. We implement this function in our approach by
setting a multiplier for the upper size and complexity range
limitations. The lower limit of the nodes on the same level is 0.8
* the normal nodes range settings compared to the standard R tree,
and the upper limit caps should be the typical ratio * 1.2 ~ more
large figure. This cannot easily be pre-defined before the actual
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applications and should be testified by a general growing-up
process test. This growing-up process is implemented by fusing
the same nodes on this level, which is covered by a super large X
node covering an area as 80% of the total sub-nodes on the
neighboring child level.

However, a rigid theory has not yet mathematically proved our
X-node theory. However, each level should have some super
large node, which is an intuitive product of applying the Pareto
principle to the node settings; this means some super nodes
should occupy 80% of the total area or the number of chlld levels.
This naive Pareto principle may also sometimes fail, under these
situation, we should
drop to a backup plan when needed. This plan describes that a
super large or complex X ode could not be generated under
extreme cases. Then, we could only allow the current research-
level nodes to contain up to 80% of the whole node in the research
area.
3. Experiments and Results

This experimental design aims to demonstrate the flexible setting
of the upper limit of leaf node space size by introducing the X-
tree index relative to the R-tree index and to optimize the
operational performance of peer nodes and edges in the interior
space of buildings. The selected experimental area is Shanghai
Meiluo City, a famous landmark building in Shanghai,
characterized by its spherical external features, as shown in
Figure 1. Some regular parts and spherical-shaped parts of this
building have different heights and internal space settings. Thus,
this model is complex enough. Given this characteristic, this
building can be optimized for spatial operations using the X-tree
proposed in this article.

The comparative operations include two typical spatial
application scenarios: querying and adding nodes. To suppress
other uncontrollable external interference factors, 1000
operations were taken to compare the performance of R-trees and
X-trees.

(1) Experimental data and platform introduction

The experimental data used in this article is from Meiluo City,
located in the bustling urban area of Shanghai. A complex
internal peer network and a multi-story building structure
characterize the building. Due to the characteristics of this
building, conducting experiments and analysis on it can reflect
the applicability and performance characteristics of the model
proposed in this article. The experimental platform uses the
Ryzen 3950X CPU platform, which has

(2 Analysis of experimental results

Figure 1. Demonstration of the Meiluocheng experiment building.

This article provides a comparative analysis of the selected
operations. Due to the different periods required for other
operations, only random points were chosen for multiple
cumulative operations for query operations. Then, the average
time for timing and unit operations was calculated. The absolute
values of the experiment are 0.0339369 seconds for constructing
an R-tree index, 0.282185 seconds for constructing an X-tree
index, 0.00297083 seconds for querying an R-tree index, 0.0021
seconds for querying an X-tree index, 2.4008 seconds for
inserting an R-tree index, and 5.4569 seconds for inserting an X-
tree index. The comparison results between the obtained data are
shown in the following figure 2.

(@ Analysis of experimental results

From the experimental results, it can be seen that during the
process of constructing an index, the X-tree requires significantly
more time than the R-tree. This additional time consumption is
mainly due to the dynamic consideration of the size limit of its
parent node while adding its child nodes. On the other hand, R-
trees do not need to consider this aspect. However, the speed
advantage of constructing R-tree indexes comes at the cost of
sacrificing the efficiency of subsequent query operations, so this
phenomenon must be carefully considered when selecting these
two types of indexes. The X-tree showed significantly more time
consumption during inserting indexes than the R-tree. After in-
depth analysis, a possible explanation is that the X-tree needs to
dynamically consider the space size occupied by the maximum
bounding rectangle of each node's child nodes, resulting in
significantly more insertion time consumption than the R-tree.
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4. Conclusion and Outlook

The X-tree index proposed in this article can significantly
improve query efficiency compared to the standard R-tree index,
and this performance improvement comes at the cost of
initializing the construction of the overall index and increasing
the number of index objects. This characteristic should be kept in
mind in practical use. Although the principle of X-tree is only a
naive Pareto principle applied in indoor GIS research, the
function of scanning and fusing child nodes to fuse their outer
shells to form a super node called “X’ is still an innovative point
of our research. However, the negative side of introducing should
also draw enough attention, which could cause an unstable
operation efficiency.

The next step is to add more experimental scenarios, such as
selecting more types of indoor building spaces, including
incorporating test data from libraries, sports venues, and other
large venues. In addition, it is necessary to include more spatial
operations, including deleting and updating nodes. Furthermore,
continuously optimizing the efficiency of the X-tree, such as
incorporating Hilbert curves into index values, is also a beneficial
exploration path for the future. The reason is also simple: the
spatial traversing order of the nodes on the same level is crucial
because the X nodes of the current trees on a specific level are
quite different. Because the various orders of applying the
traversing process at the same level could form different
directions and shapes of an X node.
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