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At present, there are diverse data sources and mature technologies for the 3D modeling of
cities, and 3D modeling is also developing towards component-level and refined modeling. In
this study, we combined the needs of refined management in the central area of Beijing and
elaborated on the practice of using various point cloud collection devices to carry out multisource
point cloud data collection and ultrafine 3D modeling in areas where flight operations are not
possible. There are three main areas of innovation: (1) the development of full-element ground
acquisition and multisource point cloud joint 3D modeling technology, which solves the technical
problems of acquiring all types of ground scanning data, such as those obtained using static,
station-, cart-, backpack-, and vehicle-mounted laser scanning instruments, and handheld
scanners, as well as multisource point cloud data fusion and modeling; (2) the development of a
vehicle-mounted ultrahigh-resolution image acquisition system, which improves the efficiency
of the vehicle scanner by increasing the exposure frequency to enhance its travel speed and (3)
the use of tools to automatically extract urban components based on point clouds, which
improved the efficiency of 3D modeling and achieved the fine-grained modeling of massive
components in the region. On the basis of the system platform, the management and
implementation of urban component-level information can be achieved.

1. Introduction

Currently, the 3D modeling data sources for cities are diverse and the technology is mature.
For city-level 3D modeling, it is common to use methods such as piloting large aircraft or drones
equipped with cameras to obtain oblique flight data for automated modeling, forming a realistic
3D model. For locally refined component-level 3D modeling, manual field photography,
scanning, and other methods are often used to obtain texture and point cloud data. On the basis
of point cloud data, 3D modeling and manual mapping are carried out. With the continuous
upgrading of various laser point cloud acquisition equipment on the ground, the accuracy of
laser point cloud data is high. As an important 3D modeling technology in the field of surveying,
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3D laser scanning technology provides a solution for high-precision and fine 3D model
reconstruction.l). In European and American countries, it is common to use laser scanning,
oblique photography, and sonar depth measurement to generate high-precision 3D spatial data
and to use professional visualization software to visualize and analyze a scene.?) In China, there
has been significant progress in research based on point clouds. Zheng et al.® proposed using a
station scanning point cloud as the overall control network, with image dense matching point
cloud and handheld fine point cloud as the main data sources, to carry out refined 3D modeling
of grotto temples. Li et al.® achieved the high-precision 3D modeling of road infrastructure
based on 3D vector and point cloud data. Zhang and Hou® used a vehicle-mounted laser
measurement system to rapidly extract components such as main road poles, street lights, and
ground signs. Zu® proposed a road parametric modeling method based on 3D laser point cloud.

The study area is located in the central urban area of Beijing. The current level of refinement
of map elements is insufficient, and the abstract 2D map cannot fully meet the needs of real-
world management. The existing technology cannot support the refined management of the
region. In areas such as regional government support, emergency management, tourism services,
and comprehensive environmental governance, hyperfine realistic 3D technology and data
support are needed. However, the region is unable to obtain high-precision image data through
aerial transportation for the construction of hyperfine 3D models. Therefore, we started with
high-precision scanning equipment and carried out research and practical work.

2. Materials and Methods
2.1 Materials

We took the central area of Beijing as an example, using ground laser scanning equipment
such as station-, cart-, backpack-, and vehicle-mounted laser scanning equipment to carry out
high-precision point cloud data collection in the area, conducted ultrafine real-time 3D modeling,
and implemented refined management methods and practices for urban component development
systems.

2.2 Overview of technical methods

The method roadmap for hyperfine realistic 3D modeling based on high-precision point
clouds proposed in this article is shown in Fig. 1. The overall route was divided into three parts:
multisource data collection, the construction of hyperfine realistic 3D models, and the
development of component management systems. Among them, in terms of multisource point
cloud data collection, we explored the collaborative collection of point cloud data using
equipment such as vehicle-, backpack-, ground-, and cart-mounted laser scanners. We analyzed
the characteristics of laser point cloud data collected by various platforms, conducted research
on rapid processing methods for multiplatform point clouds and methods for improving the
accuracy of multisource point clouds, and formed a technical route for the collaborative
acquisition and rapid processing of multisource dense point clouds. Combining high-precision
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Fig. 1.  (Color online) Overall technical roadmap.

point cloud data, we carried out 3D modeling for large buildings, cultural relics, roads, squares,
and urban components. The image data captured by oblique aerial photography and the texture
photos taken near the ground were used to supplement the texture of the top and bottom of the
building. Multiple 3D modeling methods were used to achieve the hyperfine realistic 3D model
construction of the area. Finally, combining 2D attribute information, we carried out 2D and 3D
data linkage and database construction work and developed a system for urban component
management based on the 3D Geographic Information System (abbreviated as “GIS”) platform
to achieve the refined management of the region. The specific technical methods are described
in detail below.

2.3 Multisource data collection

3D laser scanning technology is not limited by lighting, and using the principle of laser
ranging, it can rapidly obtain dense spatial information on the surface of the measured object
without touching it and generate a 3D point cloud model of complex scenes.” On the basis of the
situation in the region, we used all terrain laser point cloud acquisition equipment such as static,
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station-, cart-, backpack-, and vehicle-mounted laser scanning instruments to obtain high-
precision point cloud and image data (Fig. 2).

2.3.1 Regional overall accuracy control measurement

Owing to the use of four different types of scanning instrument and equipment for regional
point cloud data collection, each device has a different data accuracy and status. To ensure
consistency in data acquisition accuracy, secondary traverse points were set up in the survey
area, and network observations were conducted at the beginning of the project. A total of 43
control points were set up, and four out of six GPS points were selected as known points for
adjustment calculation in the plane control network. We selected two second-order leveling
points around the survey area as known points of the elevation control network for adjustment
calculation and completed a fourth-order leveling measurement of 10.6 km. The final elevation
accuracy and plane accuracy errors are both within 5 cm, providing accurate control point data
for subsequent point cloud data acquisition (Tables 1 and 2).

Fig. 2. (Color online) Schematic diagram of scanning site for various point cloud devices.

Table 1

Statistical table of mean square error in elevations.

Mean square error in elevation (mm) 0<m<l1 1<m<2 2<m<3
Quantity 1 22 20
Table 2

Statistical table of plane error.

Mean square error in elevation (mm) 0<m<l1 1<m<2 2<m<3
Quantity 18 20 1
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2.3.2 Data acquisition of 3D laser scanner

1) Static 3D laser scanning

The static 3D laser scanning system consists of a laser scanner and a digital camera, and its
operation method is similar to that of a total station.®) In this study, we used the Leica RTC360
static station scanner, and the software uses Leica Cyclone Register 360 intelligent stitching
software for point cloud denoising, correction, coloring, stitching, and other processing work.
When collecting data from the Great Hall of the People and Chairman Mao Memorial Hall, the
resolution should be intermediate (6 mm @ 10 m). When scanning small cultural relics such as
an ornamental column and a lion sculpture, the resolution should be advanced (3 mm @ 10 m).
The distance between stations should be within 15 m. At the same time, we designed scanning
routes on the basis of the actual situation of the area to be scanned to ensure that the overlap rate
of the scanned data meets the design requirements and achieve the high-precision stitching of the
data through the reasonable placement of target positions. In the end, the static scanner scanned
a total of 1196 stations with a data volume of 1.4 TB.

2) Cart-type 3D laser scanner data acquisition

The cart-type 3D laser scanning device, owing to its principle being different from that of
traditional GPS positioning, can complete the work of many indoor and outdoor scenes with
poor GPS signals,® and it is suitable for underground passages, pedestrian walkways, indoor
areas, and so forth. This project uses the Navvis S465 cart-type 3D laser scanning system to
collect data from four areas within the region, including underground passages, east—west
pedestrian walkways of Tiananmen Square, national museums, and pedestrian walkways. The
software uses SCENE for point cloud denoising, correction, coloring, stitching, and other
processing tasks. Navvis Sitemaker is used for trajectory correction and point cloud processing,
and an indoor viewer is used for browsing point clouds and panoramic images.

We reasonably planned the route on the basis of the on-site scanning range, reduced the drift
error of the dataset trajectory, and improved the stitching accuracy by reasonably arranging
anchor points [Fig. 3(a)] and overlaying them with the scanning common area [Fig. 3(b)], thereby
obtaining high-quality point cloud and panoramic image data. The final data size is 105.8 GB.
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Fig. 3. (Color online) (a) Anchor point layout diagram. (b) Scanning the overlay diagram of public area routes.
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3) Backpack-style 3D laser scanner data acquisition

The backpack-style 3D laser scanner has the characteristics of high operational efficiency,
rich information collection, and simple operation.!” We used the Leica Pegasus Backpack
mobile backpack scanner and Novatel InertialExplorer 8.70 software for trajectory processing.
Leica Infinity software was used for data coordinate conversion, and Pegasus Manager software
was used for point cloud processing. The main scanning areas include the surrounding areas of
Tongzi River and the pedestrian walkway around the Great Hall of the People.

The scanning operation was carried out according to the route determined after site
investigation. The camera shooting interval was set between 1 and 3 m according to the
collection speed and modeling requirements. When the satellite signal was weak during the
collection process (under bridges, tunnels, and so forth), the data was collected and stabilized
until the satellite signal was good before continuing the scanning.(!) Finally, a total of 1.5 TB of
data was obtained, including 120 GB of point cloud data.

4) Vehicle-mounted laser scanning data acquisition

Vehicle-mounted laser scanning has the characteristics of rapid data acquisition and the
ability to obtain large-scale data in a short period of time, mainly used for the rapid
reconstruction of road environments and urban street view building facades.(!? The vehicle-
mounted mobile measurement equipment used in the project was the SSW vehicle-mounted laser
modeling and measurement system independently developed by the China Academy of
Surveying and Mapping Sciences.!? It is a high-level measurement-oriented holographic 3D
modeling mobile measurement system at home and abroad. The 3D coordinate accuracy of
normal scanning within a hundred meter range is higher than 10 cm. In the case of a good GPS
signal, the positioning accuracy plane is less than 10 cm, the elevation is less than 5 cm, and the
precision road surface elevation measurement accuracy can reach 2 cm.(!4) The vehicle-mounted
laser scanner uses a modified high-resolution three-camera system to alternately capture ground
data from Tiananmen Square and roads.

Before installation, the camera undergoes strict calibration to correct the distortion of the
fisheye camera with a large field of view to a normal undistorted image (Fig. 4). A precise time
synchronization control system can ensure the accurate matching of point clouds and images.
We used the Sony A7 high-resolution camera to improve ground GSD, with an average ground
GSD of 1.7 mm after modification. The highest high-resolution storage speed is 1 s per image,
and it uses three cameras to alternate exposure, increasing it to 0.3 s per image. Under a 5 m
exposure distance, the vehicle speed can be increased to 55 km/h, meeting the requirements for
urban driving speed. Finally, the point cloud scanning work for TAM Square, Chang’an Avenue,
the east—west side of the Great Hall, and Qianmen Street was completed.

2.3.3 Texture data collection
Texture data collection consists of two parts: one is based on oblique aerial photography to

collect texture data on the top of buildings, and the other is to use full-frame mirrorless or
single-lens reflex cameras to capture texture images of buildings and infrastructure. We utilized
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Fig. 4. (Color online) Schematic diagram of distortion correction for fisheye camera.

the data obtained from other oblique aerial photography, so the collection method and path are
not described here.

Near-ground texture data shooting mainly collects buildings, structures, infrastructure, and
so forth, which require texture mapping within the modeling area. When taking photos, we
attempted to keep the camera’s line of sight facing the surface to be photographed and paid
attention to the angle between the camera and the surface to be not less than 70 degrees. When
shooting, we chose an environment with soft lighting to avoid the effect of the environment on
the color of the object being photographed and ensure the uniformity of texture and color in fine
modeling.(!>) When taking photos, we paid attention to the climate and lighting, and attempted to
use forward or lateral forward lighting. Backlit photos are not suitable for use as texture photos.

2.3.4 Collection of infrastructure attribute information

The attribute collection of infrastructure mainly includes underground passages, public
service facilities, lighting facilities, landscaping, landscape facilities, and monitoring facilities.
By designing the structure of the above data content, each component of the same type of data is
uniformly numbered, and specialized data such as accurate location, information description,
height, width, and images are collected from the field for 3D modeling and management system
database information storage in the office.



4350 Sensors and Materials, Vol. 36, No. 10 (2024)

2.4 Construction of hyperfine realistic 3D models
2.4.1 Hyperfine 3D modeling of large buildings

Owing to the complexity of building facade composition, there is still significant room for
improvement in terms of completeness, accuracy, and automation in current modeling
methods.(!®) The 3D model of important buildings is based on preprocessed laser point cloud
data and manually modeled and mapped in 3ds Max. The resulting model meets the technical
design specifications, as well as the requirements for scene operation efficiency and effect
display. Overall, the prominent structures on important buildings, such as doors, windows,
columns, eaves, decorative structures, and ancillary equipment, are made into solid objects (Fig.
5).

2.4.2 3D modeling of cultural relics

3D laser scanning can obtain a large amount of data on the surface of a building at a high
speed, which can ensure the integrity of data on ancient buildings.(!”) In this study, we used
software programs such as Geomagic Wrap and Zbrush to automatically model cultural relics
based on point clouds and photo textures with minimal manual intervention, highlighting the
surface texture structure of cultural relics. We implemented texture-based automated mapping
work and achieved the texture mapping of geometric models. Texture mapping is the process of
mapping 2D images onto the surface of a 3D model, generating the necessary details for the
model surface and restoring the textured material of the cultural relics themselves.('® Modeling
in this way is mainly for cultural relics in the region, mainly including stone lions, ornamental
columns, and sculptures with complex structures (Fig. 6).

Fig. 5. (Color online) Schematic diagram of 3D modeling of stacked point clouds.
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Fig. 6.  (Color online) Schematic diagram of automatic 3D modeling of cultural relic sculptures.

2.4.3 3D modeling of urban components

The urban components in this study are mainly based on point cloud data for 3D modeling in
3ds Max, and texture mapping is performed using real photos. We studied different 3D modeling
standards for different types of infrastructure. Facilities such as security cameras, lamp posts,
and so forth are modeled in 3D according to the shape of the object to represent their structural
features (Fig. 7). We used photo textures to represent the structural style of hollow facilities such
as guardrails, which not only has high modeling efficiency and can express object features, but
also reduces the load on 3D scenes.

2.4.4 3D modeling of urban roads and squares

Using a vehicle-mounted laser scanning system to scan and generate a 3D point cloud, we
performed elevation anomaly filtering and batch rough classification, extracted ground and
nonground points, achieved the efficient filtering of the point cloud, and generated a high-
precision DEM.0? We generated a 3D point cloud through the SSW vehicle-mounted laser
scanning system, filtered the ground, and separated the ground point cloud for DEM modeling
[Fig. 8(a)]. Then, distortion correction was applied to the photos taken by the camera, and the
external orientation elements were obtained by combining the time synchronization system and
POS data. Then, the photogrammetric method was used to project them onto the DEM, and
finally, the complete road surface orthophoto was produced through tiling, uniform lighting, and
color grading [Fig. 8(b)].
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Fig. 7. (Color online) Schematic diagram of 3D model of infrastructure based on laser point cloud production.

(@ (b)
Fig. 8. (Color online) (a) Square ground orthophoto image. (b) Edited square ground orthophoto map.

This study is based on laser point cloud data and uses Tsinghua Shanwei software to extract
the edges of more than 200000 floor tiles in the square. The elevation information of each tile
corner point is entered, and the shp format tile vector surface data is output (Fig. 9). On the basis
of the drawn shp vector data of the floor tiles, we examined the model for any broken surfaces,
loss, distortion, stretching, or other issues. We created random textures with similar hues and
clear textures. We used the program to randomly map textures onto the tile model and split the
model by dividing multiple objects into regions. Finally, we baked the texture and generated a
3D model of the square that can pick up each tile (Fig. 9).
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Fig. 9.  (Color online) Schematic of production of 3D model of square floor tiles.

2.4.5 3D scene fusion

Finally, we integrated all the OSG and OSGB files of the 3D model data into CityMaker
Builder for display. The scene data format is FDB, and the integrated model data can be used as
a complete scene for display and application development. The scene integration uses preset
offset values to ensure consistency with the coordinate system of the project design.

2.5 Design and implementation of infrastructure management system
2.5.1 System architecture

The system construction should be guided by the microservice concept, using Web Service
technology as a means, combined with database technology and GIS graphic service engine,
based on the CityMaker platform, to achieve resource and application system integrations under
unified standards (Fig. 10). CityMaker is a mature and widely used domestic 3D GIS platform
that provides excellent support for 2D and 3D GIS data, as well as BIM data from various
platforms. Its performance is particularly outstanding in large-scale 3D scene rendering.?? The
system adopts a traditional three-tier architecture, with independent functions and low coupling
between layers. Each layer is further divided into independent modules, encapsulated in
components, to achieve separation between different modules, improve development efficiency,
enhance system scalability, and improve system stability and maintainability.

2.5.2 System function implementation

The system carries various infrastructure and pipeline data in the region, and achieves the
refined management of infrastructure through functional modules, such as spatial analysis,
infrastructure query, infrastructure statistics, and infrastructure analysis, providing strong
support for the management and planning of the region.
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Fig. 10. (Color online) System architecture diagram.

3. Results and Discussion
3.1 Point cloud position accuracy detection and analysis

The absolute accuracy testing of the collected laser point cloud data is an important part of
ensuring the effectiveness of point cloud data application in 3D model construction work. To
accurately and effectively select the detection target point, we displayed the field measured data
points in the sample graph. At the same time, on the basis of the description information of the
measured points during field measurement, feature points were selected and collected using
point cloud editing software.2)

3.1.1 Statistics of plane position error

We collected 57 planar detection points within the sample area using GNSS RTK (Global
Navigation Satellite System Real-Time Kinematic) or the total station, and compared their
accuracies with the same named points in the point cloud data. Among them, there are two
coordinate points where the terrain changes and they do not participate in the calculation. The
actual number of planar detection points involved in the calculation is 55. We selected the
coordinate points with more obvious features from the point cloud data, recorded the annotated
coordinate x; and y; values, and found the corresponding feature points in the field. We used
GNSS RTK to record the detection coordinate X; and Y; values, where n is the total number of
selected coordinates. We calculated the mean square error according to Eq. (1).
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Referring to the accuracy requirements for first-level boundary points in the “Code for Land
Surveying” (GB/T 42547-2023), which requires a point position error of no more than £5.0 cm,
we obtained the statistical results of planar position accuracy using 5 cm as the median error
limit, as shown in Table 3. The selected feature points include building corners, poles, manhole
covers, street lights, and signage, totaling 57 points.

3.1.2 Elevation error statistics

We collected 47 elevation detection points using GNSS RTK or the total station in the sample
area and compared their accuracies with the same named points in the point cloud data. We
selected the coordinate points with more obvious features from the point cloud data, recorded
the annotated elevation coordinates h;, and found the corresponding feature points in the field.
We used GNSS RTK to record the detected elevation coordinates H;, where n is the total number
of selected coordinates. We calculated the mean square error according to Eq. (2).

@

Referring to the accuracy requirements for first-level boundary points in the “Code for Land
Surveying” (GB/T 42547-2023), which requires a point position error of no more than +5.0 cm,
we obtained the statistical results of elevation position accuracy using 5 cm as the median error
limit, as shown in Table 4. The selected elevation feature points include building corner points,
manhole covers, and marker lines, totaling 47 points.

Table 3
Statistical table of point cloud plane position accuracy.
Total number of coordinate points 57 Participate in calculation points n=>55
n 5 5 A <0.05 45 81.8%
2L =x) + =31 T Gos<a<o10 10 18.2%
MS = i =1
n 0.10<A 2 3.6%

Precision type 0.05 Mean square error M +0.04 m
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3.2 Analysis of 3D model results
3.2.1 Evaluation of mathematical accuracy

In terms of mathematical accuracy testing, field inspection points are used to examine the
accuracy of building 3D models and road models. The 3D model of infrastructure includes
public service, lighting, and landscape facilities, as well as 3D models of trees and green spaces.
Its placement should be consistent with the point cloud data, and mathematical accuracy
evaluation is not required. According to the regulations of “Quality Inspection and Acceptance
of Surveying and Mapping Results”, when using high-precision data for accuracy detection, we
selected coordinate points with obvious features from the 3D model data, recorded the annotated
coordinate x;, y;, and z; values, and found the corresponding feature points on site. We used
GNSS RTK to record and detect the actual coordinate X, Y;, and Z; values, and calculated the
error value of each coordinate. Using n coordinates, we calculated the mean square error
according to Eq. (3).

G

In the formula, M is the mean square error of the results; NV is the error in the detection point
(edge); A is poor. After testing, the mathematical accuracy of the 3D model is as shown in Table
5. The mathematical accuracy of the 3D models of main buildings, squares, and roads is basically
within 10 cm, meeting the accuracy requirements of urban 3D models.

3.2.2 Analysis of 3D scene integrity

The integrity of a 3D model is one of the key factors in evaluating its quality, which mainly
includes the geometric integrity and surface texture integrity of the model.??) In this study, we
mainly examined the integrity analysis technique for the scene from the following aspects,
namely, whether there is any interweaving, floating, or leaking between models in the scene;
whether the relative relationship between the building and ground models is reasonable; whether

Table 4
Statistical table of point cloud elevation position accuracy.
Total number of coordinate points 47 Participate in calculation points n=47
A <0.05 46 97.9%
0.05A<0.10 1 2.1%
0.10<A 0 0%

Precision type 0.05 Mean square error M +0.03 m
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Table 5

Statistical table of accuracy testing for 3D model results.

Category Checkpoint (s) Detection mean square error (m)
Building 1 17 0.081

Building 2 29 0.059

Building 3 8 0.074

Building 4 11 0.064

Square 18 0.081

Road 3 0.116

the overall color effect of the scene is coordinated; whether there are any stretching, distortion,
or other issues with the texture; and whether there is any interweaving or leaking between the
underground 3D model of the scene and the ground. After analysis, the 3D scene of this project
has good integrity and presents good scene effect.

4. Conclusion

With the development and in-depth research of digital and smart cities, 3D urban components
have received attention from all aspects as an important component of smart cities. The modeling
and system construction of 3D urban components will become an important trend in the
development of smart city management.>3) We explored the use of various types of ground laser
scanning equipment to rapidly obtain point cloud data in a region. By controlling the accuracy of
the data through unified measurement, ultrafine 3D model data of various buildings and urban
components and facilities in the region were established. The research and development platform
system realizes functions such as the attribute query, statistics, and measurement of various
buildings and urban components. The establishment of the system platform provides precise
real-time 3D data support for the preparation of large-scale events in the region. It plays an
important role in the placement of various activity facilities, point simulation, attribute query,
distance measurement, area calculation, and other aspects. It provides important support for the
refined management of the region and has certain reference significance for the construction of
smart cities.
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