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Abstract: To address the complex structures of historical buildings in Mindong, lack of historical
reference materials, and heavy workload of traditional surveying and mapping methods in the field, a
3D reconstruction method of historical building based on a wearable mobile scanning system for data
acquisition was studied. First, a wearable mobile scanning system is used to scan historical buildings
in three dimensions. The data are fused to obtain high-precision three-dimensional point cloud data
of historical buildings. Second, based on the processed point cloud, a 2D map of historical buildings
is accurately drawn using point cloud slicing. Finally, three-dimensional reconstruction of historical
buildings is realized using a 2D atlas of historical buildings and modern modeling technology. The
accuracy of the three-dimensional reconstruction model was analyzed using a fitting algorithm and
structural geometric relationship to verify the effectiveness and accuracy of the method. An old house
in Mindong, Republic of China, was taken as the research object. Experimental analysis revealed that
(1) a wearable mobile scanning system is suitable for high-quality point cloud data acquisition of
buildings with complex geometric features, solving the problems of low efficiency and poor coverage
of traditional surveying and mapping results; and (2) the method realizes 2D results rendering
and 3D reconstruction of historical buildings based on the wearable mobile scanning system data
with good accuracy, providing a reference for the protection and repair of historical buildings and
health assessment.

Keywords: wearable mobile scanning system; digitalization of historical building; flat vertical section
drawing; HBIM reconstruction; precision validation

1. Introduction

In this era of globalization, cultural heritage has become an important part of promot-
ing national culture and ethnic diversity [1]. As an integral part of architectural heritage,
historical buildings highlight the core values of national culture and ethnic diversity in his-
tory, culture, art, and science [2]. They are not only the “material witnesses of civilization”
but also the value bearing of human behavior and ideological memory [3]. The natural and
cultural conditions in the eastern Fujian region of China are complex and diverse [4]. Its
traditional dwellings are an important branch of local historical architectural culture. They
not only maintain the common characteristics of traditional Chinese residential buildings,
such as a central axis symmetry, a courtyard connection, and wooden load-bearing systems,
but also feature measures adjusted to local conditions and materials to form their own
unique style with the humanistic characteristics of the “Minhai system”. However, with the
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changes in times, some traditional dwellings in eastern Fujian have been affected by human
activities and natural disasters. The reconstruction and expansion in recent years have led
to different degrees of changes in their original style and structural characteristics, and
there is a certain degree of damage. In addition, it is difficult for current homogeneous and
modular architectural design to meet the demands of inheriting traditional architectural
culture [5]. The details and accuracy of basic data largely restrict the effects of traditional
building protection, appearance restoration, and three-dimensional (3D) reconstruction [6].
Therefore, complete basic data are essential for mastering architectural changes and build-
ing repairs and inheriting the architectural culture of traditional residential buildings in
eastern Fujian. Traditional basic data acquisition methods are mostly derived from manual
measurements or archived two-dimensional (2D) drawings made by technicians. However,
the traditional methods are time consuming and have limitations [7]. Typical problems
encountered in recording and repairing traditional buildings, such as the loss, damage, and
low accuracy of paper documents, and the lack or change in building geometric informa-
tion, make it necessary to use digital technology to reconstruct a 3D model with intuitive,
extensible, and easy-to-interpret features to record traditional building information.

In the digital study of traditional residential buildings in eastern Fujian, the complete
collection of point cloud data is important for realizing 3D reconstruction, protection,
restoration, and research. Point cloud data acquisition technology includes 3D laser scan-
ning, unmanned aerial vehicle (UAV) photogrammetry, red—green-blue depth cameras,
and close-range photogrammetry [8]. Terrestrial laser scanning and UAV photogrammetry
are the most widely used technologies and have achieved good data acquisition results
and visual effects [9-11]. Terrestrial laser scanning technology can be used for orthophotos,
2D rendering, and 3D modeling. It has a high measurement accuracy for objects with
irregular geometric shapes [12,13]. However, terrestrial laser scanning technology cannot
be used to scan data in some complex areas. There are problems such as low efficiency and
difficulty in achieving 100% coverage [14]. UAV photogrammetry technology can collect
texture and environmental information of historical buildings through aerial photographs
and videos to obtain more accurate data, and it has the advantages of high timeliness,
flexibility, and spatial resolution [15]. However, owing to the processing and calibration
accuracy of drone cameras, more distortion errors are generated when modeling complex
structures [16]. Moreover, UAVs are mostly used to collect the appearance feature data of
the target building; internal data cannot be collected. Compared with other data acquisition
technologies, the powerful simultaneous localization and mapping (SLAM) algorithm
can accurately capture the entire building, including the exterior wall and surrounding
environment, and can reliably address all problems from complex indoor spaces to outdoor
environments. A wearable mobile scanning system can realize 360° high-detail dynamic
reality capture, real-time scanning feedback, and detection and removal of dynamic objects
in complex sites, thereby reducing the workload of manual data processing. Therefore, a
wearable mobile scanning system can completely acquire fine point cloud data inside and
outside historical buildings.

Obtaining the point cloud of the target building based on digital means and technol-
ogy and realizing its high-precision three-dimensional reconstruction is one of the basic
processes of historical building protection and restoration. HBIM technology has been most
widely used in conservation studies of historic buildings, especially in combination with 3D
laser scanning technology for model reconstruction, structural analysis, and data recording
and archiving. For example, Banfi explored a new type of interaction between users and
virtual environments and performed digital modeling based on the scan-to-HBIM-to-VR
specification to improve the quality and use of HBIM in virtual reality applications [17].
Youn et al. scanned a demolished individual wooden structure in 3D and compared it
with the scanned data of the whole building, and, based on the criteria of fitting actual
building variables, generated a model containing information about historic buildings
of all periods, which can also be used as a digital twin to analyze the deformation and
damage of wooden structures [18]. Bacci et al. proposed a methodology for designing
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and constructing a parametric object library based on documentary and manual data on
existing structures or actually collected information to perform virtual reconstruction of
cultural heritage at different scales [19]. Cheng et al. created a model of a traditional
wooden structure in Taiwan in Revit using 3D scan data and repair data of the building,
and obtained flexibility values for various shape modifications by rendering each member
of the bracket assembly as a family component [20]. Given the differences in structural
deformation, degree of damage, and complexity of historic buildings, it is particularly
important to ensure that the accuracy of the digitized 3D models is within reasonable limits.
For example, Z et al. used an ellipse fitting algorithm to calculate the center position of
the column based on the existing restoration records to obtain the column inclination and
inclination direction [21]. Nieto-Julidn et al. compared the theoretical HBIM generated from
the literature data with the HBIM reconstructed from TLS data to quantitatively analyze
the structural differences and deformations of historical buildings [22]. Antén et al. used a
three-stage semi-automatic method to analyze the deformation automatically generated
by meshing and point cloud data, and used different commercial software to evaluate
the accuracy of historical building information models [23]. The results of surveying and
mapping accuracy show that, compared with the traditional spatial structure component
dimensional accuracy and structural performance evaluation methods, which mainly rely
on manual evaluation and one-dimensional approximate linear measurement [24,25], it
is feasible to use three-dimensional laser scanning technology to evaluate the quality of
spatial structure components [26]. Most of the above studies have focused on how to
improve the quality and efficiency of constructing 3D models of historic buildings by
improving standards and precision analysis methods. However, the models constructed
using HBIM technology can be further transformed into structural analysis models to
evaluate the stability and durability of historic buildings. For example, Zouaoui et al.
combined 3D laser scanning technology and HBIM technology to create two numerical
models: a three-dimensional model for architectural archaeology and a computational
model for structural analysis [27]. Chen et al. proposed a method for evaluating the seismic
capacity of architectural heritage based on high-precision 3D data, which pointed out that
modeling accuracy and parameter selection are critical to simulation accuracy [28]. Ant6n
et al. pointed out based on a case study of a cathedral that accurate heritage modeling is
needed to support structural safety analysis, rather than overly simplified methods [29].
Massafra et al. performed parametric 3D modeling and developed a scientific, consistent,
repeatable, and standardized monitoring protocol based on the core process of HBIM to
protect architectural heritage by periodically monitoring the status of each truss [30]. In
addition, it is also necessary to study how to integrate HBIM technology with the archiving
and filing of historic building information in order to document the current status and
changes of historic buildings. Cheng developed a complete process for digital recording
and archiving of cultural heritage based on laser scanning technology [31]. Bruno et al.
developed a HBIM method to support the documentation, management, and conservation
planning of historic buildings [32].

In this study, the wearable mobile scanning system is used in the point cloud data acqui-
sition of traditional buildings in eastern Fujian, aiming to overcome the heavy workload of
traditional data acquisition technology and the problem of scanning field of view limitations
and mutual occlusion in complex areas using technologies such as terrestrial laser scanning
and UAV photogrammetry. Based on the acquired point cloud, referring to the model recon-
struction process in HBIM conceptualization work, the reconstruction process of old houses
in the Republic of China with the characteristics of traditional architecture in eastern Fujian is
refined. Modern modeling technology is used to realize the acquisition of two-dimensional
drawing surveying and mapping data and three-dimensional model data of traditional resi-
dential buildings in eastern Fujian. The accuracy of the acquired three-dimensional model is
evaluated to verify the feasibility of the method used in this paper.
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2. Methods

The 3D reconstruction method of historical buildings based on NavVis VLX2 (a wear-

able mobile scanning system) has three parts: data acquisition and processing, 2D drawing
of historical buildings, and 3D reconstruction. The technical process is shown in Figure 1.

Research on the reconstruction method of old houses in Mindong, Republic of
China, based on a wearable mobile scanning system
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Figure 1. Technique flow chart.
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Data acquisition and processing: (1) Historical buildings have a large number of
components and a large amount of structural size information. To obtain a complete
3D point cloud, before data acquisition, field reconnaissance should be performed,
and scanning path planning should be planned according to the characteristics of
building layout and structural distribution to ensure the accuracy and integrity of
data acquisition. (2) After the acquisition of point cloud and image data is complete,
the trajectory of the acquisition can be calculated accurately by trajectory calculation
so that the SLAM algorithm can be used to correct the point cloud in space and
eliminate the motion distortion and deformation error. (3) Point clouds are registered
at different positions, unified to the same coordinate system. (4) The point cloud is
denoised and thinned to remove noise points and redundant points to improve data
quality. (5) The acquired panoramic image is corrected and fused with the processed
point cloud to generate a true color point cloud. The final point cloud is exported
according to the modeling requirements.

Two-dimensional drawing of historical buildings: (1) Thinning and segmenting the
resulting point cloud to solve the problem of point cloud format conversion failure
caused by excessive point cloud data. (2) Format conversion of the processed point
cloud is done to ensure its compatibility with and import into the drawing software.
(3) When a single surface is drawn in the plane, elevation, and section, to reduce
the accuracy problem caused by the projection angle of the point cloud in CAD2018
software, coordinate transformation of the point cloud is necessary to ensure that it is
displayed in the drawing software. (4) According to the principle of simple mapping
and drawing, the complete slice data of different drawing surfaces are obtained by
changing the position and thickness of slices to ensure the complete presentation of
each surface of the building. (5) Reference mapping standards are combined with
point cloud slices and image data to complete the 2D rendering.

3D reconstruction: (1) The plane, facade, and profile of the building are carefully
integrated to ensure that they are successfully imported into the modeling software.
According to the characteristics of historical building components, the layers are
created and the components are created as groups and inserted into the correspond-
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ing layers according to the categories so that the components in each layer form an
independent whole, which is easy to modify and edit. (2) Using the hierarchical mod-
eling strategy, the initial stage focuses on the reconstruction of each layer component;
then, through precise connection, ingenious combination, and detailed deepening
processing, the panorama of the 3D model is gradually constructed, which ensures
that the modeling process is systematic and efficient. (3) Texture mapping of the
model is completed by correcting the mapping photographs, seamless splicing, and
tone adjustment to ensure the realism of the 3D model and reproduce the original
style of the historical building. (4) Based on the 3D model, components with a uni-
form distribution and obvious characteristics of historical buildings are selected. By
comparing the fitting results of the point cloud data with the actual size of the 3D
model, the accuracy of the model is evaluated to ensure the accuracy and reliability of
the 3D reconstruction work.

3. Experiments
3.1. Research Object

Mindong is a geographical and cultural area in northeastern Fujian Province, China. It
is the largest settlement of She nationality in China. It has profound traditional character-
istics of Fujian, was influenced by Wuyue and Waifan cultures, and has unique and rich
forms of expression. Its architecture combines the characteristics of architectural art in the
Song, Ming, and Qing Dynasties and has great research value in the history of architecture.
The old house of the Republic of China, located at No. 26 Houzhang Road, Fengshan
Town, is a typical wooden-framed courtyard-style building. It belongs to the quadran-
gle courtyard in shape. It is the most typical of medium-sized houses in the traditional
houses of eastern Fujian. Based on the continuation of the regular northern courtyard,
combined with the requirements of the summer climate and mountainous terrain in eastern
Fujian, the courtyard in eastern Fujian has developed from a single layer to multiple layers,
emphasizing the central position of the hall, with more mezzanine floors, surrounded by
a connecting corridor (through the corridor), which is more square and regular, with a
stronger sense of spatial sequence. In addition, the old house of the Republic of China is
composed of a main house and a ring corridor. The ring corridor and the building form a
contrasting effect of size, height, virtual and real, and light and shade and produce a feeling
that the actual space is expanded.

3.2. Point Cloud Data Acquisition and Processing
3.2.1. Data Acquisition

A NavVis VLX2 scanning system was used for data acquisition. The scanner is shown
in Figure 2, and its main technical parameters are listed in Table 1.

Table 1. Main technical parameters of NavVis VLX2 scanning system.

Category Parameter
Number of laser scanners 2 x 16 layers.
Wave length 903 nm
Range 100 m
Points per second 2 x 600,000
Point cloud accuracy 6 mm
Number of cameras 4
Picture resolution 4 x 20 million pixels
Focus Fixed type
Shot Fisheye, 3.3 mm, aperture f/2.4
Visual field Horizontal 360 degrees, vertical 360 degrees

Resolution ratio 1080 x 1920




Buildings 2024, 14, 1766

6 of 26

[m'—Laser radar
Control point button —T—

e 4

Touch panel monitor ‘

Shooting button 4‘—1“

Power switch button )
Battery disassembly button

Lumbar support
Figure 2. Wearable mobile laser scanner.

(1) Site survey

(1) Understanding the natural, cultural, and traffic conditions of the working area.

(2) Checking the authenticity and applicability of the existing data.

(3) In the process of reconnaissance, opening the door of the building to ensure that all
areas remain accessible.

(4) Scan path planning according to the situation of the survey area.

(2) Scanning path planning.

A reasonable scanning path is essential for effective operation of the SLAM algorithm
of a wearable scanning system. Therefore, the scanning path must be planned before the
scanning begins. The scanning path planning process should satisfy the following criteria.

(1) The scanning range must be determined, and the scanning time must be estimated.
To ensure scanning quality and accuracy, the scanning time should be controlled within
40 min. Buildings that cannot be scanned within 40 min must be scanned in blocks while
ensuring sufficient overlap for subsequent model splicing.

(2) The scanning path should avoid long-distance single extensions and form multiple
closed paths as much as possible to ensure intersection with the previous route and ensure
the effectiveness of the SLAM algorithm.

(3) Special attention should be paid to places with lower altitudes to avoid instrument
damage or inertial navigation failure caused by collision, which makes the collected data
unusable.

(3) Data acquisition and panoramic photography

(1) The acquisition resolution is selected according to the planned path. When the
scanning time is more than 40 min, the point cloud data are collected in turn according
to the block area. The degree of overlap of the effective point cloud between the adjacent
scanning areas is not less than 30%, and the overlap rate of the complex area is not less
than 15%.

(2) Using a touch display screen to pay attention to the sketch map of the scanning
results, the overlap of the parts should be checked, and if there is a large degree of deviation
or a significant abnormality in the elevation, the scanning should be repeated.

(3) During the scanning process, 360° panoramic photography is a prerequisite for
obtaining a true color point cloud model. Five meters is set as the photograph interval, and
the number of shots is increased when there are more compartments or corners.

3.2.2. Data Processing

The acquired original scanning data were uploaded to the supporting software
SiteMaker, and the point cloud data were preprocessed after engineering creation, point
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density setting, and data format setting. The processing contents included trajectory calcu-
lation, point cloud registration, noise reduction and thinning, image processing, true color
point cloud production, and result output. The specific process is as follows.

@

@)

®)

@)

®)

(6)

Trajectory calculation: The trajectory is calculated according to the inertial measure-
ment unit (IMU) and global navigation satellite system (GNSS) data of the backpack
mobile scanning system. By fusing the IMU and GNSS data, the point cloud and
motion trajectory collected by the scanner can be synchronized in time, and the point
cloud can be spatially corrected according to the motion trajectory of the scanner,
thereby eliminating such errors as motion distortion and deformation and obtaining a
more accurate 3D point cloud.

Point cloud registration: Point clouds in different regions are matched and spliced to
form a unified whole, ensuring correspondence between the real scene and the actual
geographical location.

Noise reduction and thinning: The abnormal and isolated points in the point cloud that
are separated from the scanning target are denoised by human—-computer interaction.
In addition, the high density of the point cloud can be reduced by thinning to ensure
that the target feature recognition and extraction are not affected.

Panoramic image processing: The backpack mobile scanning system can simultane-
ously capture panoramic photographs while scanning the target point cloud. How-
ever, because of the different light conditions of the scanning path, the captured
panoramic photographs have overexposed, underexposed, shadowed, and adjacent
images. There are differences in color; therefore, it is necessary to adjust the color of
the photograph to ensure that the image contrast is moderate and that the color is
consistent.

True color point cloud production: In registration mode, the point cloud and view
image are fused by controlling translation and rotation. Different regions are distin-
guished by color for recognition, and the degree of overlap of the different regions is
verified to complete the production of a true color point cloud.

Result output: Based on the modeling requirements, a high-quality and high-precision
point cloud 3D model in .las format is generated. The point cloud data processing
results are shown in Figure 3.

Figure 3. Point cloud model.

3.3. Two-Dimensional Rendering

Point cloud slicing is essential to the accurate drawing of flat and vertical sections

of old houses in the Republic of China. Firstly, due to the huge amount of point cloud
data, the point cloud format conversion failed, and point cloud thinning and segmentation
work were required. This study used the non-uniform lossless thinning algorithm [33]
to thin the building point cloud set, and designed a point cloud segmentation tool. The
area segmentation method is used to complete the model segmentation, making the point
cloud data lightweight and completing the point cloud format conversion work. Secondly,
the Autodesk ReCap2016 software is used to convert the segmented point cloud into the
rcp format and import it into AutoCAD in turn. Then, according to the characteristics
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of the old houses of the Republic of China and the functional requirements and details
of various drawings, different scales are selected, and necessary layers are set according
to the “Unified Standard of Building Construction Drawing” [34] and “Ancient Building
Surveying and Mapping Specification” [35]. Finally, according to the point cloud slice,
the principle of simple mapping (the drawing content only expresses the overall outline
of the building and the outline of the components) is employed for drawing. When the
horizontal and vertical sections are drawn, the one-to-one correspondence principle is
followed—that is, after the single-view drawing is completed, the next picture is created
to ensure consistency and accuracy between the plane, facade, and section. Because the
collected point cloud data cannot fully reflect the overall shape of the building owing to the
lack of some of the building, the existing data are used to improve the drawings. Drawing
and measurement follow the same principle—that is, “from the whole to the part, first
control and then detail”—to ensure that each step is based on the overall understanding of
the building to achieve a refined drawing of its structure.

3.3.1. General Layout Drawing

In determining the measurement range, the definition of the scope of the ontology
plays an important role. The topographic map is selected as the base map and superimposed
to define the measurement range clearly. On this basis, the red line boundaries of historical
buildings and the outlines of buildings and surrounding buildings or structures, roads,
and squares are accurately drawn to fully show the spatial positioning and surrounding
environment of the building. In the figure, important information is further marked, such
as the name of the target building and the main building, the location of the main entrances
and exits, the traffic network, the direction of the compass, and the scale, to complete the
drawing of the general plan. As shown in Figure 4, the general plan accurately reflects the
surrounding geographical features of historical buildings and comprehensively reflects
their cultural and historical context in urban texture.

General lavout 1:200

Figure 4. General layout.

3.3.2. Plane Drawing

In many historical buildings, columns are designed to be narrow at the top and wide at
the bottom. In addition, considering that the column as a building support structure reflects
the architectural characteristics and proportional relationship, a column with a diameter of
approximately 1.5 m from the ground is cut to obtain the point cloud plane slice, as shown
in Figure 5. Based on the point cloud slice and the range line of the historical building body
provided in the general plan, the center line of the column and wall is selected as the axis to
locate the overall layout of the building. Based on the actual size and current specifications,
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the foundation, column foundation, wall, doors and windows, stairs, patio, etc. are drawn,
and the information is marked to complete the drawing of the building plane (Figure 6).
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Figure 6. Plane drawing.

3.3.3. Facade Drawing

If the structure of the outer wall of a courtyard building is simple or severely damaged,
the main house is selected as the object of the elevation drawing. The walls of the front
and left facades of the old houses in the Republic of China are well preserved and reflect
the needs of the houses in the eastern part of Fujian to resist wind and rain erosion and
prevent moisture. The wall foundation is mostly made of granite rubble. Therefore, these two
facades are selected for the elevation drawings of historical buildings. In addition, because 2D
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drawings by CAD software must be done on the XOY surface, it is necessary to convert the
world coordinate system to switch the facade of the point cloud 3D model to an orthographic
perspective. On this basis, a point cloud slicing tool is used to eliminate the point cloud of
the non-target facade to obtain clear point cloud facade slices (Figures 7 and 8). When using
point cloud slices to draw the elevation diagrams, first, the positioning axis, ground line, and
platform base are drawn to reflect the overall flatness of the building, and roof conditions,
such as ridges, tiles, eaves, and eave boards, are drawn. Finally, the doors, windows, walls,
columns, and other visual components are drawn, and the necessary size labeling is done.
The front and left facades are shown in Figures 9 and 10.
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Figure 8. Point cloud left facade slice.
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Figure 10. Left facade drawing.
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3.3.4. Section Drawing

According to the characteristics of the overall structure of the old house of a historical
building in the Republic of China, a mixed wear bucket and lifting beam structure was
adopted. After satisfying the point cloud model elevation in CAD, the point cloud slicing
tool is used to select the main house spine position of the point cloud model for slicing
to obtain the point cloud transverse section slice (Figure 11). This is then cut along the
central axis of the point cloud model, and the more complete side is selected as the vertical
section slice of the point cloud, as shown in Figure 12. Using the point cloud slice as the
basis for drawing the profile, the longitudinal axis in the plan is rotated and translated
as the axis of the transverse profile, and the building ground line is drawn to reflect the
flatness of the building. The column is drawn according to the corresponding size in the
plan. The wall cut wallboard and floor are represented by section lines. The cross beam
is drawn according to the overall structure and size. The typical size of the bucket arch is
drawn according to the principles of French surveying and mapping. In addition, owing to
the existence of multi-layer visual beam frames, it is necessary to capture accurately and
completely present all building structures displayed along the cut-off line when drawing
the profile. The cross section and longitudinal section are shown in Figures 13 and 14.
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Figure 13. 2—2 sectional drawing.
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Figure 14. 1—1 sectional drawing.

3.3.5. Detail Drawing

Considering the complex structures of historical buildings, a large number of drawings
are typically used to show the details of buildings more clearly. This type of architectural
drawing is called an “architectural detail.” Building details and plans, elevations, and
sections complement each other and are mainly used for building plans, elevations, and
sections that cannot be fully expressed in the local structure of the building, building
details of the supplement, or description. There are many details of old houses in the
Republic of China, and there are many structures, decorations, and materials that reflect
historical features and local characteristics. As a load-bearing component with outstanding
historical value in the old houses of the Republic of China, bucket arches are usually used
to support the vault, roof, or roof truss of a building, which play roles in load bearing,
earthquake resistance, and decoration. They are also a symbol of building grade, reflecting
the historical development of Chinese wood-structure buildings. Therefore, a detailed
drawing of the arch under the eaves of the central room of Chen Zhai, a historical building
in the Republic of China, was conducted. Its size could be clearly expressed on a scale of
1: 100. The drawing process was as follows.

(1) The redundant point cloud is removed, except for the eaves bracket, and imported
into AutoCAD after format conversion.

(2) InCAD, the 3D model of the bucket arch point cloud is processed by horizontal and
vertical sectioning (the same as in Sections 3.3.3 and 3.3.4, requiring each side of the
bucket arch to face up in CAD). The flat and vertical sectioning point cloud slices of
the bucket arch are shown in Figure 15a,c,e.

(3) The contour line of the bucket arch point cloud slice map is extracted, the bucket arch
ratio is appropriately adjusted according to the principles of French surveying and
mapping, and a three-view drawing of the bucket arch is completed in combination
with the image data.

(4) Size labeling, text labeling, image naming, and scale labeling are performed. The
detailed drawing of the bucket arch under the eaves of the central room is shown in
Figure 15b,d f.



Buildings 2024, 14, 1766

13 of 26

70 |350 ‘bls[Zle 240
‘ 1

60
(b)
b
g
a3
Z
g
720 350 215215 240
160
(d)
(%Y - ‘_ - 1
g Ve
57 hi
3
(e) (f)

Figure 15. Detailed drawing of the bucket arch under the eaves of the central room. (a) Bucket arch
plane slice; (b) bottom view; (c) bucket arch facade slice; (d) side elevation; (e) bucket arch section
slice; (f) 1—1sectional drawing.

3.4. 3D Reconstruction

To realize the 3D reconstruction of an old house in the Republic of China, after
simplifying the flat profile and preserving the old version, it is necessary to understand and
analyze the structure and layout, details and decoration, and size and proportion of the
2D drawings. Taking the main house with the most complex structure of the old house in
the Republic of China as an example, there are many components on the beam frame and
many types of bucket arch. In addition, there are other components, such as foundations,
walls, doors, windows, stairs, and columns. Therefore, the building can be decomposed
into basic components, and a hierarchical modeling strategy can be adopted. Starting
from the specific components and gradually improving the macrostructural framework,
it is helpful to control the complexity of the modeling process and ensure consistency
between the local and the whole. Most BIM software provides only tools for constructing
rules and standardized objects, and the available free-form geometric modeling functions
are limited [36]. There are difficulties in the modeling or detailed expression of complex
and irregular elements of historical buildings [37,38]. Therefore, for complex historical
buildings, such as old houses in the Republic of China, the flexibility and intuition of
SketchUp have significant advantages. SketchUp provides powerful free-form modeling
tools, which greatly reduce the high requirements for users’ spatial three-dimensional sense,
allow users to create adjustable component templates, easily handle irregular geometric
shapes and fine details, and improve efficiency.
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3.4.1. Component Reconstruction

A component is the basic unit of the entire building. First, the components are
modeled separately and then assembled into various component models to realize the
3D reconstruction of a historical building. It has high accuracy, high flexibility, and a
controllable modeling process. This ensures that the size, proportion, and geometry of each
component are consistent with those of the actual building. When creating a component
model of the same type in large numbers, the created single-component model can be
reused, modified, adjusted, and combined according to actual needs. It can be used to
understand and grasp the overall structure and details of the building better during the
modeling process and obtain component models that satisfy different requirements. The
modeling efficiency is improved. Therefore, the reconstruction was performed separately
according to the characteristics of the components. The process for modeling the various
components is as follows.

(1) Walls, doors, and windows

The walls, doors, and windows of historical buildings can be drawn simultaneously.
First, because of the large number of walls and irregular shapes, it is necessary to use three
views to adjust the size of the drawing. Second, based on the three views, the difference
set function in SketchUp software is used to retain the door and window openings on the
drawn wall model and combine the point cloud model and image data to complete the
drawing of the door and window model. Finally, because some walls are not orthogonal, it
is necessary to use a rotating tool to adjust the position of the doors and windows properly
to maintain consistency with the direction of the wall. Part of the wall point cloud and 3D
model comparison diagram is shown in Figure 16, and the door and window point cloud
and 3D model comparison diagram is shown in Figure 17.

Figure 17. Door and window point cloud and model comparison.

(2) Columns

A column includes the column body and base, and each part must be independently
constructed and finally combined into a complete unit. First, according to the plan, the
cross-sectional profile of the column body and column foundation is accurately drawn.
Subsequently, the specific position and elevation of the column are defined with reference
to the elevation map, and the 3D shape is obtained by a stretching operation. Finally,
combined with image and point cloud model data, the detailed features of the column
foundation are supplemented and adjusted. A comparison between the point cloud and
the 3D model of the main column is shown in Figure 18.
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Figure 18. Column point cloud and model comparison.

(3) Beam frame

In the 3D modeling of the beam structure, although a single structure is relatively
simple, it is only necessary to draw its contour line according to the profile and perform
a stretching operation to form a 3D component. However, owing to the large number of
components, they are interlaced, and there is an intersection between the inner and outer
beam frames when drawing the profile. Therefore, a 3D model of the point cloud must be
used as a reference for detailed adjustment and optimization to ensure the integrity and
accuracy of the beam frame model. Comparisons of the point cloud and 3D model of the
inner and outer beam frames of the main house are shown in Figures 19 and 20.

Figure 20. External beam point cloud and model comparison.

(4) Bucket arch

Historical buildings in the Republic of China contain many types of bracket, but
their shapes are relatively simple. They can be combined with the point cloud model and
reconstructed using three views. For the arch under the eaves, the outline of the bucket and
the arch can be drawn in turn using a large sample diagram and section diagram of the
bucket arch, and then stretching and lofting tools can be used to construct a 3D model of the
bucket arch. Because there are other bucket arches of the same type but with different sizes
in the building, the size and proportion of these components must be carefully adjusted to
ensure the accuracy of the overall bucket arch model. Part of the bucket arch point cloud
and 3D model comparison diagram is shown in Figure 21.



Buildings 2024, 14, 1766

16 of 26

Figure 21. Bucket arch point cloud and model comparison.

(5) Roof

Because the historical buildings of old houses in the Republic of China are courtyard-
style buildings arranged around a patio, roof construction is more complicated. Firstly,
when reconstructing the roof of the main house, the slope and ridge contour lines are drawn
based on the profile and elevation map, and the model reconstruction of the roof and ridge
is completed using the stretching tool. Secondly, in the digital modeling process of the
corridor roof, the elevation diagram only provides partial structural information, and the
slope of the roof cannot be directly inferred. Therefore, the least-squares method is used to
perform plane fitting on one side of the roof and the point cloud data of the wall below to
obtain the parameters of the fitting model, and then obtain the plane fitting equations of
the roof and the wall. The angle between the two intersecting planes is calculated using the
fitting equation, which is the slope of the roof. After determining the slope of one roof, the
other two roofs can be adjusted and drawn according to the roof slope. Finally, combined
with the profile, a single tile model is constructed using the arc tool, offset, push-pull, and
scaling commands, and the tiles are laid on the entire roof through array replication and
combined for subsequent editing and adjustment. In view of the incomplete point cloud
model caused by the lack of some buildings, only the 3D model of the roof is displayed
here, as shown in Figure 22.

Figure 22. Roof model.

3.4.2. Model Assembly

The purpose of model assembly is to integrate the various components of a building in
an orderly manner to form an independent and complete operating entity. Compared with
a single component, the overall model can more fully show the appearance characteristics,
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structural details, proportional relationships, and spatial layout of the building to observe
and understand more intuitively the overall style of the building. In the assembly process,
a 3D model of the frame is first used as the benchmark for assembly, and various parts
of the building are spliced and combined by copying, translation, mirroring, and other
commands. Subsequently, the details of the components are connected, adjusted, and
optimized to ensure that each detail is in harmony with the overall building to complete
the accurate reconstruction of the overall model (Figure 23).

Figure 23. Overall model.

3.5. Texture Mapping

The purpose of texture mapping is to provide a higher sense of reality to the historical
building model by showing the details, texture, and color of the historical building to high-
light the structures and connotations of different regions. The texture data of the 3D model
are derived primarily from photographs of the building. However, some photographs
may be of poor quality and incomplete; therefore, it is necessary to use high-quality image
materials for texture mapping. Because most of the textured photographs do not meet the
requirements of texture mapping, it is necessary to pre-process them first, including correc-
tion, seamless splicing, and tone adjustment. The steps for texture mapping of historical
buildings are as follows.

(1) Correction processing: When obtaining the image information about the target, be-
cause the image is not an orthographic image, the deformation of the photograph
leads to a deviation between the texture information and the actual information. It is
necessary to cut, correct, and transform the picture in Photoshop to make the map
more accurate and true. A comparison of before and after the correction is shown in
Figure 24.

G

Figure 24. Comparison diagram before and after correction.

(2) Stitching processing: Because the image is not folded around the relationship, there
is an interval or gap between the pictures when a large number of maps are created.
Therefore, the use of Photoshop’s displacement and imitation seal tools can make
the texture map appear more continuous and smooth, with no obvious fractures or
incongruities. A comparison of pictures before and after stitching processing is shown
in Figure 25.
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Figure 25. Comparison diagram before and after splicing processing.

®)

Tone processing: Before the processed pictures are applied to the 3D model compo-
nents of ancient buildings using the built-in material editor of the SketchUp software,
it is necessary to use such tools as brightness, natural saturation, and color scale in
Photoshop to adjust the picture color and enhance the sense of concavity and convex-
ity. Second, based on the characteristics of the components, a plane map or surface
map is selected. Finally, to coordinate the overall color of the model, the color of the
map must be adjusted again after the map. The texture mapping effect is shown in
Figure 26.

Figure 26. Three-dimensional model with texture mapping effect.

3.6. Precision Analysis

Two-dimensional graphics rendering based on point cloud slices to realize 3D model

reconstruction gives each component an actual 3D model and accurate geometric size.
According to the requirements for the fine measurement of historical buildings, components
with a uniform distribution and obvious characteristics of historical buildings are selected.
Using the least-squares method and structural geometric relationship, combined with the
measured values of 3D models, the point cloud results are compared with the 3D models
to evaluate and analyze the accuracy of the models. The process is as follows.

@
@

The component to be detected is divided from the point cloud model, and the selected
component is then cut to obtain the point cloud data on each surface of the component.
Using the least-squares method to fit the point cloud data on each feature surface of
the selected component, the parameters of the plane-fitting model can be obtained,
followed by the fitting equation of each plane. The process is as follows.

For the obtained n point cloud data, the fitted plane equation is assumed to be

ax+by+cz+d=0 (1)
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When the constraint condition a? + b? + ¢? = 1 is satisfied, to obtain the best-fitting
plane, it is necessary to minimize the square sum e of the distance from the selected feature
surface point cloud data to the plane—that is, to satisfy

g0
e= X di — min 2)
i=1 '

where d; is the distance d; = |ax; + by; + cz; + d| from any point p; = (x;,y;,2z;) in the point
cloud data to the plane. To make e — min, the Lagrange multiplier method is used to solve
for the extreme value and obtain the following function:

f:e—A(a2+b2+c2—1):igld%—A(a2+b2+c2—1) 3)

The partial derivative of d is calculated on both sides of Equation (3) when the partial
derivative is zero, and one obtains

d=L(afx b3 5 4
o n(ai_1xl + ekl +Ci_1zl> @

xi —X,Ay; = y; — Y, Az; = z; — Z, then d; = |aAx; + bAy; + cAz;|.
At this time, the partial derivatives of a, b, and c on both sides of Equation (3) are
obtained, along with the following results:

n
2,21(11Axl~ + bAy; + cAz;)Ax; —2Aa =0
i=
n
2'Zl(ani + bAy; + cAz;)Ay; —2Ab =0 ®)
1=

n
Z'Zl(ani + bAy; 4+ cAz;)Az; —2Ac =0
1=

The above equations are transformed into an eigenvalue equation, resulting in

Ax = Ax 6)

n n n
> AxiAxi x AxiAyi X AxiAZ,'
iil iil iil a
In the formula, A = .Zlel-Ayi ,ZlAyiAyi ZlAyiAzl- ,x = |b|.
1= 1= 1=
n n n C
.ZleiAz,» ,ZlAyiAZi ,ZlAZiAZi
1= 1= 1=
The plane parameters a, b, and c are then used to solve the eigenvalues and eigenvectors
of the matrix. Because A is a three-order real symmetric matrix, the eigenvalue solution
formula is

(Ax)T - x
A= 0 7
P # (7)
Under the constraint condition a%2 + > + ¢2 = 1, one can obtain

n n
A= ‘Zl<ani + bAY; + cAz)* = .Zldlz = e. Therefore, the minimum value of e is the
1= 1=

minimum eigenvalue of matrix A, and the corresponding eigenvectors are plane parame-
ters a, b, and ¢, which can be obtained as d = aX + by + cz by centroid.

(3) Based on the fitting equation of the selected component feature surface, the intersec-
tion line equation between the planes can be obtained using the topological relation-
ship between the planes. Two parallel intersection lines are selected, and one point on
one of the intersection lines is selected. The vertical distance from this point to another
intersection line can be calculated to obtain the size of the component feature edge.
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The calculation process for a certain feature edge size of the selected component is
considered as an example of a size algorithm. The calculation process of the size of a
characteristic edge of a single component in the bucket arch is selected as an example
of the size algorithm. The geometric relationship between the plane and the straight
line in the component is shown in Figure 27.

L B
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}’3 / J /
/
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Figure 27. Schematic diagram of component geometric relationship.
The specific calculation process is as follows.

Using the fitting method in Equation (2), the characteristic surface P, P», Ps equations
in Figure 27 can be obtained:

ax+biy+ciz+d; =0 (8)
apx +byy+coz+dy =0 9)
asx +bsy+c3z+d3 =0 (10)

By combining Equations (8) and (10) and Equations (9) and (10), respectively, the
direction vectors of the intersection L1, L, equation can be obtained:

i j ok i ] ok
1=, m)=m b ca|lm=(g k) =a bh o (11)
a by o a3 b3y c3

Selecting each point on the intersection line L1, Ly, respectively, p1 = (x1,y1,21), and
p2 = (x2,Y2,22), then the general equations of the intersection line Lq, L, are
X—X _ Y-y _Z-Z X=X _Y—Yo_Z—-%

, - _ 12
f g1 hy f2 g hy 12)

The point p; = (x1,y1,21) on intersection line L1 and the point pp = (x2,¥2,22) on
intersection line L, are selected, and Equation (13) is used to calculate the distance d; from
point p; = (x1,Y1,21) to the intersection line L,—that is, the size of the selected feature

hy f2

edge L.
ds = \/
VA+&

(4) The feature line of the bucket arch under the main eaves (the size of the marked
part in the right table in Figure 28) is selected for the size calculation. There are two
transparent parts in the 3D model diagram (red box selection), both of which are

Vi—Y2 21— 22
o} hy

+Z1—Zz X1 — X2 +x1—x2 ¥y1i—Yy2
f2 )

(13)
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inside the joint of the component. Therefore, the detailed size cannot be determined.
Only the size of the external feature line is calculated and indicated, as shown in
Figure 28.
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Figure 28. Characteristic line and size diagram (mm).

Yu used point cloud data as the true value and 3D model as the test data to compare

the feature size information to verify the overall accuracy of the model. The results showed
that the maximum error was 7 mm, which met the requirement of 10 mm accuracy error of
the 3D model [39]. The component dimensions obtained based on the least-squares method
were compared with the 3D model data. The results are shown in Table 2: the maximum
error was 4.1 mm, which was also within 10 mm. This shows that the 3D reconstruction
method of historical buildings proposed in the article is reasonable and meets the accuracy
requirements of historical building models. The errors in the HBIM reconstruction process
based on the wearable mobile scanning system mainly result from the following aspects:

)

@)

®)

4)

Measurement equipment accuracy: The point cloud data acquisition process is af-
fected by the accuracy of the measurement equipment, environmental conditions
(light conditions and uneven reflectance), and other factors, resulting in errors in the
collected point cloud data. To reduce these errors, it is necessary to calibrate the mea-
surement equipment accurately before acquisition, select an appropriate acquisition
environment, and minimize the impact of environmental factors.

Data registration errors: (1) Owing to the inconsistency of point cloud data collected
at different locations or times, some information is lost, or the accuracy is lost in the
process of data registration, which affects the accuracy of the final 3D model. (2) The
selection and parameter setting of the registration algorithm affect the accuracy of
registration. Different algorithms use different data processing methods, resulting in
additional errors. (3) The errors in the early stages of data acquisition or processing
are transmitted to the final 3D model through the registration process, which affects
the accuracy of the model.

Model complexity: When data on complex geometric shapes or curved structures of
historical buildings are collected, the occlusion problem prevents some areas from
being fully captured, leading to data loss. Complex algorithms and techniques, such
as surface reconstruction and feature extraction, are usually required for point cloud
data processing and analysis. The implementation of these algorithms is relatively
difficult, and errors can easily be introduced.

Model fitting error: When using the least-squares fitting method to fit the point cloud
data, the selection of fitting parameters affects the fitting accuracy, and the fitting
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function cannot fully and accurately express the characteristics of the original data,
resulting in an error between the fitting results and the actual data.

(5) Feature surface interception error: When a surface is separated from a component,
different perspectives lead to different shapes and features of the observed component,
which affects the accuracy and integrity of the feature surface. However, an intercep-
tion thickness that is too small leads to incomplete target data, and an interception
thickness that is too large contains point cloud data that do not belong to the surface.

Table 2. List of differences between point cloud and model size.

Fitting Sizes (mm) Model Sizes (mm) Error (mm)
805.2 803 2.2
201.4 200 14
329.2 327 2.2
147.1 150 2.9
638.2 640 1.8
160.3 163 2.7
148.1 150 19
423.7 426 2.3
145.9 150 41
213.5 211 2.5

In summary, to reduce these errors, it is necessary to control the data quality of each
step strictly and ensure data accuracy to reduce the error between the actual data and the
fitting results.

4. Discussion

(1) Determination of wood structure node type

The joint connection of timber structures not only occupies a core position in the
buildings of the Chinese dynasties but also plays a vital role in traditional buildings in
eastern Fujian. The connection of traditional wood structure joints in eastern Fujian has
technical characteristics common to traditional wood-structure buildings in other regions,
which are mainly reflected in the use of mortise and tenon joints. The mortise and tenon
joint is the main connection mode of traditional Chinese wood-structure buildings. The
structural force system is formed by mortise-tenon joint modes, such as interpenetration,
lapping, and mosaic between the wood. However, the connection of wood structure nodes
in eastern Fujian is not special in the technology itself, but in its unique regional style and
cultural performance. For example, in ancient houses with saddle walls, the structural
characteristics of red brick and white stone and the decorative art of brackets and sparrows
depend on the use of wood and the ingenious connection of wood structure nodes. The
specific application of wood structure node connection technology not only ensures the
structural stability of the building but also integrates the regional culture and architectural
aesthetics of the eastern Fujian region in the form of expression, creating a wood structure
architectural style with local characteristics.

It is precisely because of the combination of these technical details and cultural char-
acteristics that the determination of the connection mode of the wood building structure
nodes in eastern Fujian is particularly important in the 3D reconstruction of historical
buildings. In the process of acquiring point cloud data of old houses in eastern Fujian by
using a wearable mobile scanning system, although the current appearance of the build-
ing can be accurately recorded, it is impossible to determine the connection form of the
nodes between the components of the wood structure and the specific location and size
of the connection parts from the 3D scanning data. In view of this problem, especially the
typical bucket arch or mortise and tenon structure in the traditional architecture of eastern
Fujian, by analyzing the Caifen Zhi of Song’ s “construction method” and the Doukou
Zhi of Qing’s “engineering practice” the modulus system method can be used to infer
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these invisible characteristics. The modular system standardizes the components of ancient
Chinese buildings according to a certain scale to realize their modularization and inter-
changeability, providing a method for deriving other invisible feature sizes from known
feature sizes. However, there are many types of mortise-tenon connection, such as straight
mortise-tenon, through mortise-tenon, and dovetail mortise—tenon. Each connection mode
has its unique structural characteristics and application scenarios. Therefore, it is difficult
to determine what forms of mortise and tenon joints exist in historical buildings using only
the point cloud obtained by the laser scanner. In order to fully understand the mortise
and tenon joints of wooden structures, it is necessary to combine traditional architectural
knowledge, modern detection technology, and digital modeling methods in future research.

(2) Building structure deformation

The San Sheng Dan Ge Jia in the traditional architecture of eastern Fujian, also known
as the multi-arch bent beam, is derived from the Yuanyang hand arch in the Song’s “con-
struction method”. It is a horizontal bucket arch, and its variant structure is primarily used
in the viewing frame. Its characteristics not only lie in its structural and decorative features
but also in its harmonious integration with other architectural elements in the Mindong
region. For example, it is combined with traditional architectural elements, such as red
brick and white stone walls, hard mountain roofs, and double-warped swallowtail ridges,
which together constitute the unique architectural style of eastern Fujian. In addition, the
existence of the three-lift shelves reflects the continued use of the traditional wood-structure
building module system in the region. Using the point cloud slicing method, a slice section
of the San Sheng Dan Ge Jia that can be used for deformation analysis can be obtained. As
shown in Figure 29, a deformed San Sheng Dan Ge Jia model is drawn using modeling
software to ensure an accurate reproduction of its geometric status. By selecting the original
undeformed state of the beam frame in the model as the reference datum line (the straight
line from the starting point of the beam to the ending point) and using the built-in tape
tool of SketchUp, the vertical distance of the beam frame relative to the datum line at the
maximum deflection is obtained. The maximum deflection value is 76 mm. This significant
downward deflection may be caused by the aging of or damage to the material used in the
beam frame, resulting in a decrease in its strength and stiffness, leading to deformation
under load. Considering that the position of the beam frame is a complex node where the
beam, column, and bucket arch intersect in the structure, the existence of its deflection
not only affects its own structural integrity but also may affect the adjacent components
through the structural transfer mechanism, which in turn causes a chain reaction, resulting
in a wider range of deformation and damage. Therefore, it is necessary to have a targeted
monitoring and repair plan to ensure the safety and stability of the structure.

!

s

Figure 29. Deformation of beam frame and maximum deflection position diagram.

5. Conclusions

This article selected the old Republican houses in eastern Fujian with rich historical
value as the research object, and referred to the model reconstruction process in HBIM
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conceptualization work, and explored the application of the wearable mobile scanning
system to carry out the research on its refined HBIM and visualization reconstruction
process. The wearable mobile scanning system realizes one-button data acquisition and
recording, and can conveniently carry out seamless information acquisition on the upper
and lower floors, eliminating the frequent station-changing operation in the traditional
surveying method, which greatly improves the convenience and continuity of data acquisi-
tion. Based on the data, the architectural heritage with traditional cultural characteristics of
East Fujian can be reproduced, recorded, and preserved in the form of level and elevation
profile drawings and digitized three-dimensional models to satisfy the requirements of
high-precision surveying and mapping. In addition, the accuracy of the data is improved
and the reconstruction process is more accurate and more precise. Based on this data,
the architectural heritage with traditional cultural characteristics of East Fujian can be
reproduced and preserved in the form of level and elevation profiles and digital 3D models
that meet the requirements of high-precision mapping; in addition, the results of the accu-
racy analysis prove the rationality and effectiveness of the NavVis VLX2-CAD-SketchUp
workflow in realizing high-precision mapping and model construction.

However, this article used SketchUp as a modeling software with certain limitations,
such as: the inability to give historical building model attribute information, the inability
to achieve data interoperability, and the need to rely on third-party plug-ins to achieve
data sharing, etc., but it is consistent with this article’s goal of achieving high-precision
data acquisition and visualization of historical buildings. In addition, in future research,
based on the high-precision data obtained by the method proposed in this article, combined
with the remaining historical data and relevant historical building specifications and
standards, a calculation diagram and a three-dimensional finite element calculation model
of the timber frame structure that conforms to the actual situation can be established, and
the corresponding internal forces, stresses, and displacements can be calculated. Then,
according to the calculation results, a safety assessment of the structure can be carried out,
the key factors and key parts and components that affect the structural characteristics and
structural reliability can be explored, and the reasonable methods and effective measures
in the construction can be analyzed, providing a theoretical basis for the protection and
utilization of traditional folk houses in eastern Fujian.

Like other laser scanning technologies, the use of wearable mobile scanning systems
can meet the requirements of historical building surveying and mapping, but there are
still challenges in determining the form and size of the mortise and tenon joints between
components. Therefore, in future research, it is possible to combine historical documents
and acquired data, and the use of digital simulation technology, such as finite element
analysis (FEA), to explore the simulation of the mechanical behavior of wooden structure
nodes to verify the rationality of the inferred mortise and tenon joint form.

In addition, in future research on the protection of historical buildings, the structural
deformation part of the point cloud model can be used to pre-identify the weak links and
potential risks in the structure, so as to formulate targeted monitoring and repair plans. The
use of laser scanning technology for pre-assessment can not only reduce the time wasted
by blind detection, but also provide a scientific basis for repair work.
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