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Abstract: Oblique photography 3D models are increasingly used in 3D modeling and visualization,
urban planning and design, smart cities, smart mines, and other fields. To ensure that 3D models can
be replaced and updated, it is necessary to deal with the model holes and incomplete areas caused
by the incorrect matching of feature points in the modeling process. Moreover, in 3D models of the
planning and management of certain mining areas or urban areas to be developed, regions can also
be delineated for replacements and updates. Due to the unsatisfactory display effect of the manually
modeled models used to replace and update, the authenticity of the model texture and the detail
characteristics of the model triangle meshes cannot be guaranteed during integration. Therefore, this
paper proposes a 3D model triangle mesh integration method for oblique photography data which
integrates the real and complete 3D models used for replacement with the incomplete part or the part
of the original model that needs to be replaced. The experimental results show that this method can
integrate the original terrain model and the replacement model efficiently and quickly, the integrated
model has no gap, and the display effect is good, effectively achieving model repair or model update
and replacement.

Keywords: oblique photography data; 3D model; data integration; triangle mesh cutting; 3D
reconstruction

1. Introduction

With the rapid development of the social economy and the acceleration of digital
informatization, the concepts of smart cities and smart mines have been proposed and
applied one after another. These cities and mines can be visualized in 3D based on 3D
models using oblique photography [1,2]. This has important uses in city mapping, urban
planning, green space and landscape planning, ecological restoration, design of mining
areas, and so on [3,4]. Oblique photography 3D reconstruction utilizes multiple optical
sensors to simultaneously collect data from multiple angles on the target area, and it can
quickly and efficiently restore the structure of ground objects and attach real textures, thus
providing real information of ground objects and effectively reducing the cost of modeling,
especially in the fields of 3D model construction [5]. It has become one of the most used
tools for city and mine modeling [6,7].

Oblique aerial photography is achieved with multiple cameras on a UAV to collect
image data from multiple angles at the same time. Through software processing, a 3D
model is generated from oblique aerial photographs. This 3D model can accurately express
the terrain and surface of a 3D scene in a covered route [8], but in the meantime, the
production process of oblique photography 3D models is characterized by automatic and
non-artificial intervention [9], so the modeling quality is greatly affected by oblique imagery.
In these images, weak textures [10] (such as water surfaces), illumination differences, object
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blocking, and other factors have a great influence on the automatic extraction of image
features and matching [11], and this can easily produce false matching or insufficient
matching points. As a result, 3D models from oblique photography are prone to problems
such as holes [12], distorted houses [13], uneven roads [14], incomplete street lights [15],
broken vehicles [16], and suspended objects [17]. Therefore, the problematic areas in the
model need to be replaced. In addition, in order to avoid the generated 3D model being
used only once or only for observation and browsing, the 3D models used for mining area
management or some urban areas to be developed can also be delineated for replacements
and updates.

Two problems arise. One is the selection of the model to be used for the replacement.
Replacement models such as buildings can be manually modeled in existing 3D model
editing software, but this is time consuming and labor intensive, whereas oblique pho-
tography 3D model monomerization can not only reuse the model but also save the time
of manual modeling. Ye et al. [18] proposed a cutting monomorphic method using the
separability of triangular networks. This method can analyze triangular blocks with differ-
ent crossing patterns and propose different cutting schemes to achieve solid separation of
ground objects in oblique photography 3D models. Since the storage format of the model
after monomerization does not change, and it is easy to load into the original data, it is
also convenient to edit the model. The other problem is how to integrate the replacement
model with the original terrain model. Schneider et al. [19] studied the integrated display
of vector spatial elements and terrains. In this study, vector elements were proposed to
be superimposed on realistic 3D terrains to facilitate more accurate spatial analysis. The
vector elements involved included building models, vegetation, and soil types, etc. Agu-
giaro et al. [20] proposed a method to integrate a high-resolution surface model and a
low-resolution surface model, both embedded in a triangular grid in a three-dimensional
space, taking into account the difference in qualities between the low-resolution and high-
resolution models and then creating a transition surface. Xie et al. [21] proposed a seamless
integration method for TIN and GRID hybrid data structures and multi-resolution models,
and conducted experimental verification using a typical highway model. Geng et al. [22]
studied a new data fusion algorithm based on an external buffer and TIN tile pyramid
to address the issue of existing data fusion algorithms not being able to solve the fusion
problem between 3D models of oblique photography and large-scene terrains. Noardo [23]
used the processed IFC model to replace an outdated 3D city model, and modified the
boundary object to obtain a watertight fusion model.

The existing literature demonstrates a great deal of research on multi-resolution model
integration and oblique photography data fusion, but has not solved the problems of
the efficient use of model data and the efficient cutting and reconstruction of triangular
meshes during model integration. With these problems in mind, this paper proposes a
new integration method that can replace and repair the incomplete part or the part that
needs to be updated in a three-dimensional oblique photography model. First, load the
monomerization model extracted for replacement at the location where the original terrain
model needs to be replaced and updated, adjust its position, size and angle to adapt to the
scene, then draw the boundary line on the 3D model and project it. Through the position
relationships between the triangle mesh and the cutting line and between the triangle mesh
cutting and reconstruction algorithm proposed in this paper, the original terrain model and
the replacement model are cut and reconstructed, respectively, and finally the seamless
integration between the models is completed so that the processed oblique photography 3D
model can meet the requirements of digital city or digital mine planning and construction.

2. Data and Methods
2.1. Data Acquisition

The data of the oblique photography 3D model were sourced from images and point
cloud information of ground buildings in different paths of a certain region collected by
a UAV equipped with multiple sensors pointing in various directions [24]. The sensor



Buildings 2023, 13, 2266 3 of 16

modules included a high-precision inertial navigation module, integrated LiDAR scanner
module, three-axis gimbal, and mapping camera [25]. In the process of data acquisition, the
LiDAR scanner obtains the point cloud data of ground surface objects [26], the mapping
camera obtains the texture information of ground surface objects [27], the high-precision
inertial navigation and GNSS module is responsible for recording the position information
of the UAV when acquiring image and point cloud information [28], and the three-axis
gimbal is used to adjust the angle of the mapping camera and other modules and prevent
jitter [29].

The initial data acquired when the UAV passed through the different paths were
imported into a mature 3D reconstruction software named “Context Capture”. After image
correction, aerial triangulation encryption, multi-view image matching, regional network
adjustment, point cloud matching, triangulation, texture mapping, and other steps of 3D
reconstruction [30], a continuous triangle mesh model with real texture mapping was
developed [31]. Finally, it was saved in OSGB [32] (OpenSceneGraph Binary, a binary
storage of 3D model data with embedded linked texture data) format to generate the 3D
original terrain model. Figure 1 shows the original terrain model used in this paper.
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Figure 1. Original terrain model.

2.2. Methods

The proposed 3D triangle mesh integration method for oblique photography model
data is divided into three steps: (1) drawing the 3D model boundary line; (2) 3D triangle
mesh cutting and reconstruction; (3) 3D model integration.

Artificial structure models such as buildings and gardens are 3D models that can be
used for updating and replacing, and are commonly referred to as replacement models in
this paper, which will be described in detail in Section 3. The process is shown as follows:
import the replacement model into the 3D original terrain model, adjust the position and
size, and manually draw the 3D model boundary line. Its projection is used as the cutting
line to cut the replacement model and the 3D original terrain model separately. It is worth
noting that when drawing the 3D model boundary line, because the coordinates obtained
by double clicking the model with the mouse are screen coordinates, it cannot be directly
used for drawing on the 3D model. Therefore, the 3D coordinates need to be calculated
inversely according to the 2D screen coordinates.

Three-dimensional triangle mesh cutting and reconstruction is realized by physical
segmentation and reconstruction, and model triangle meshes and texture images are
processed and then re-matched according to the position relationship between the cutting
line and triangle mesh. When cutting and reconstructing the 3D model triangle meshes,
the 3D model boundary line should be drawn on the replacement model. The 3D model
boundary line and the 3D model triangle meshes should be projected onto the XOY plane
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along the Z axis, and the triangle mesh projection under each level of detail (LOD) should
be cut according to the cutting line.

Three-dimensional model integration uses the special spatial partition data storage
structure of the OSGB model, while the operation tasks are processed in different threads
according to Tile files, and the triangle meshes and texture information of the oblique
photography 3D model for each thread are reconstructed. If using the approach of loading
all models in memory to modify and save them locally, firstly, this is very demanding
on computer performance and can easily cause the program to crash. Secondly, if a
program crash occurs during the saving process, this can easily cause a loss of the source
data, resulting in serious consequences. In this paper, considering the above situation
comprehensively and combined with the special storage mode of the oblique photography
3D model, a database is created for each Tile folder of the 3D model, and the name of each
model is saved. The Tile file and the bounding box coordinates then identify the files that
need to be processed through collision detection and divide the specific files into separate
threads for processing.

The whole process is shown in Figure 2.
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2.2.1. Drawing 3D Model Boundary Line

In the proposed integration method, it is necessary to obtain the 3D model boundary
line as the reference line for the 3D model cutting and reconstruction. To ensure that the
boundary line intersects with the actual model, we used the manual drawing method,
double clicked the mouse to select the point, completed the transformation of the screen
coordinates to 3D world coordinates through a series of processes, such as viewport
transform inverse transformation, perspective division inverse transformation, projection
transform inverse transformation, and model transform inverse transformation, and finally,
completed the drawing of the 3D model boundary line.

In the process of transforming the screen coordinates to 3D world coordinates, coordi-
nate transformation is completed by multiplying the view matrix V, the projection matrix
P, and the viewport matrix W. Let the product of the three matrices be VPW, its inverse
matrix be [VPW]−1, the real coordinates of the model, namely, the world coordinates, be
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Coordinateworld, and the two-dimensional coordinates of the screen be Coordinatewindow,
then the two-dimensional coordinate transformation can be expressed as Equation (1) [33]:

Coordinateworld = Coordinatewindow × [VPW]−1 (1)

Through the above coordinate transformation process, a series of 3D points can be
obtained by the transformation of screen coordinates by double clicking the mouse, and
then the 3D points can be connected to form a closed region and complete the drawing of
the 3D model boundary line. As shown in Figure 3, A1, A2, A3, and A4 are the selected
3D points on the replacement model, and connecting these four 3D points constitutes the
boundary line. Since the elevation of the points is not consistent, the boundary line forms
a polygon in space, and the 3D model cutting and reconstruction proposed in this paper
is based on the XOY plane. Therefore, it is necessary to project the boundary line and the
triangle meshes related to this region into the XOY plane. P1, P2, P3, and P4 are the points
after projection and the red dashed line is the projection of the boundary line in the XOY
plane, namely, the cutting line.
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2.2.2. 3D Triangle Mesh Cutting and Reconstruction

Three-dimensional triangle mesh cutting and reconstruction is the key step in 3D
model integration. Its purpose is to cut and process the 3D original terrain model and
3D replacement model, respectively, based on the cutting line. For the 3D original terrain
model, we deleted the triangle meshes and texture information inside the cutting line area,
and saved the triangle meshes and texture information outside the cutting line area. For the
3D replacement model, the situation was the opposite, and this will ensure the authenticity
of the model after integration. This also prevents the appearance of texture stretch, texture
flickering, and other problems.

In the process of triangle mesh cutting, the triangle mesh projections under each LOD
of the 3D original terrain model and 3D replacement model were cut and reconstructed via
sequential sorting according to the cutting line. Finally, the triangle meshes and texture
information were completed by cutting, and reconstruction was restored to the 3D space.
The specific steps of the 3D triangle mesh cutting and reconstruction are shown below.

Step 1. Project the 3D model triangle meshes in the corresponding region of the Tile
folder containing the boundary line to the XOY plane, and project the boundary line to the
same plane.
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For the cutting line in Figure 3, it is necessary to separate the cutting line into several
uncorrelated cutting lines for processing. The cutting line P1P2P3P4 needs to be separated

into four cutting lines, i.e.,
→

P1P2,
→

P2P3,
→

P3P4, and
→

P4P1, for processing.
Step 2. Traverse all triangles in the entire triangle mesh when using a specific cutting

line to cut the triangle meshes. For a specific triangle, as shown in Figure 4, the three
vertices of the triangle are traversed, and the left and right position relationship between
each vertex in the triangle and the cutting line are obtained by calculating the slope of the
line, as shown in Equation (2):

L(E, F, A) = (xE − xA)× (yF − yA)− (yE − yA)× (xF − xA) (2)

where E is the starting point of the cutting line, F is the end point of the cutting line,
and point A is the vertex to be judged on the triangle. If the result of L is negative, the
above equation becomes unequal, and the slope of AE is greater than the slope of AF after
transposition. It is concluded that point A to be judged is on the right side of the cutting
line EF, and the position attribute Pos_attribute of point A is recorded as−1. If L is positive,
it means that the slope of AE is less than the slope of AF. It can be concluded that point A to
be judged is on the left side of the cutting line EF, and the position attribute Pos_attribute
of point A is recorded as 1. If the result of L is 0, this means that the slope of AE is equal to
the slope of AF, and it can be concluded that point A to be judged is on the cutting line EF
and the position attribute Pos_attribute of point A is recorded as −1. This is illustrated in
Figure 4 below:

Buildings 2023, 13, x FOR PEER REVIEW 6 of 16 
 

space. The specific steps of the 3D triangle mesh cutting and reconstruction are shown 

below. 

Step 1. Project the 3D model triangle meshes in the corresponding region of the Tile 

folder containing the boundary line to the XOY plane, and project the boundary line to 

the same plane. 

For the cutting line in Figure 3, it is necessary to separate the cutting line into several 

uncorrelated cutting lines for processing. The cutting line 𝑃1𝑃2𝑃3𝑃4 needs to be sepa-

rated into four cutting lines, i.e., 𝑃1𝑃2⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, 𝑃2𝑃3⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, 𝑃3𝑃4⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, and 𝑃4𝑃1⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗, for processing. 

Step 2. Traverse all triangles in the entire triangle mesh when using a specific cutting 

line to cut the triangle meshes. For a specific triangle, as shown in Figure 4, the three ver-

tices of the triangle are traversed, and the left and right position relationship between each 

vertex in the triangle and the cutting line are obtained by calculating the slope of the line, 

as shown in Equation (2): 

𝐿(𝐸, 𝐹, 𝐴) = (𝑥𝐸 − 𝑥𝐴) × (𝑦𝐹 − 𝑦𝐴) − (𝑦𝐸 − 𝑦𝐴) × (𝑥𝐹 − 𝑥𝐴) (2) 

where E is the starting point of the cutting line, 𝐹 is the end point of the cutting line, and 

point 𝐴 is the vertex to be judged on the triangle. If the result of 𝐿 is negative, the above 

equation becomes unequal, and the slope of 𝐴𝐸 is greater than the slope of AF after trans-

position. It is concluded that point 𝐴 to be judged is on the right side of the cutting line 

EF, and the position attribute 𝑃𝑜𝑠_𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒 of point 𝐴 is recorded as −1. If 𝐿 is posi-

tive, it means that the slope of AE is less than the slope of 𝐴𝐹. It can be concluded that 

point A to be judged is on the left side of the cutting line 𝐸𝐹, and the position attribute 

𝑃𝑜𝑠_𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒 of point A is recorded as 1. If the result of L is 0, this means that the slope 

of AE is equal to the slope of AF, and it can be concluded that point 𝐴 to be judged is on 

the cutting line EF and the position attribute 𝑃𝑜𝑠_𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒 of point 𝐴 is recorded as −1. 

This is illustrated in Figure 4 below: 

 

Figure 4. The positional relationship between the triangle vertices and cutting line. 

The triangles that do not intersect the cutting line are filtered out by the position at-

tribute 𝑃𝑜𝑠_𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒 if the 𝑃𝑜𝑠_𝑎𝑡𝑡𝑟𝑖𝑏𝑢𝑡𝑒 values of the three vertices in the triangle are 

judged to be the same, that is, the three vertices of the triangle are on the same side of the 

cutting line. As shown in Figure 5 below, ▱𝑃1𝑃2𝑃3𝑃4 is the cutting area, and the trian-

gles with red borders represent the triangles intersecting with the cutting line. When the 

cutting area is a clockwise polygon, the position attribute of the triangles inside the cutting 

area that do not intersect with the cutting line is −1, and the position attribute of the trian-

gles outside the cutting area that do not intersect with the cutting line is 1. If the cutting 

area is a counterclockwise polygon, the situation is the opposite. From Figure 2 of the 

technical flowchart, it can be seen that for the 3D original terrain model, the triangles lo-

Figure 4. The positional relationship between the triangle vertices and cutting line.

The triangles that do not intersect the cutting line are filtered out by the position
attribute Pos_attribute if the Pos_attribute values of the three vertices in the triangle are
judged to be the same, that is, the three vertices of the triangle are on the same side of
the cutting line. As shown in Figure 5 below,
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P1P2P3P4 is the cutting area, and the
triangles with red borders represent the triangles intersecting with the cutting line. When
the cutting area is a clockwise polygon, the position attribute of the triangles inside the
cutting area that do not intersect with the cutting line is −1, and the position attribute of
the triangles outside the cutting area that do not intersect with the cutting line is 1. If the
cutting area is a counterclockwise polygon, the situation is the opposite. From Figure 2 of
the technical flowchart, it can be seen that for the 3D original terrain model, the triangles
located inside the cutting area, that is, the triangles with the same position attribute as
triangle E, should be removed, while the triangles located outside the cutting area, that is,
the triangles with the same position attributes as triangles A, B, C, and D, should be saved.
For the 3D replacement model, the triangles located inside the cutting area should be saved
and the triangles located outside the cutting area should be removed.
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Step 3. For triangles with different position attributes of their vertices, the attribute
values of these triangles need to be analyzed to determine the special vertex whose attribute
value is different from the other two vertices. The triangle cutting in T3 is shown in Figure 6,
where the direction of the cutting line d is
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. According to Equation (5) in step 2, the
position attribute values of A3 and C3 are 1 and that of B3 is −1. That is, B3 is a special
vertex in this triangle.

Step 4. The coordinates of the intersection points E3 and F3 of the cutting line d and
the triangle should be calculated, and the special points B3, E3, and F3 used to construct
the triangle ∆B3E3F3. For the remaining quadrilateral
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A3E3F3C3 , E3C3 should be
connected to construct ∆A3E3C3 and ∆E3F3C3 to complete the triangle cutting. The
triangle cuttings in T0 and T2 in Figure 6 are simple forms of the triangle cutting in T3,
which will not be repeated here.

Step 5. For cases where the cutting line end point is located inside the triangle, such as
the triangle cutting in T4 in Figure 6, extend the cutting line a to intersect triangle ∆A4B4C4
at point G4, and repeat steps 3 and 4 to cut triangle ∆A4B4C4 into three triangles, namely,
∆A4E4G4, ∆E4C4G4, and ∆E4B4C4. Then, use the cutting line d to re-cut the triangle just
formed. This process is repeated until the cutting of the triangle mesh is complete. The
triangle cutting in T1 in Figure 6 is a simple form of the triangle cutting in T4, which will
not be repeated here.

Step 6. Traverse all triangles in the triangle mesh, and the cutting and reconstruction
are processed according to the above steps. The results are shown in Figure 7.
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Step 7. The cut and reconstructed triangle mesh is restored to the 3D space, and the
newly generated point elevation values are obtained by means of spatial linear interpolation.
Taking point E3 in T3 of Figure 6 as an example, the elevation of point E3 is calculated by
Equation (3) as:

ZE3 = ZA3 +
dis(A3, E3)
dis(A3, B3)

× (ZB3 − ZA3) (3)

where Z is the elevation coordinate value of the point, and dis is the distance between two
points in 3D space.

Calculate texture coordinates. The triangle mesh after cutting and reconstruction
also destroys the original texture information. Therefore, it is necessary to calculate the
corresponding texture coordinates for the intersection points added after triangle cutting.
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In this paper, linear interpolation is used to calculate the texture coordinates, as shown in
Equation (4): {

unew = u1 +
(u2−u1)×d

D
vnew = v1 +

(v2−v1)×d
D

(4)

where unew and vnew are the texture coordinates of the new intersection point, u1 and v1, u2
and v2 are the texture coordinates of the vertices at both ends of the side where the new
intersection points are located, respectively, d is the distance between the new intersection
point and the vertex on one end of the side, and D is the length of the side. Taking T3 in
Figure 6 as an example, the texture coordinate of E3 is (unew, vnew), the side where E3 is
located is A3B3, (u1, v1) and (u2, v2) are the texture coordinates of A3 and B3, respectively,
d is the length of A3E3, and D is the length of A3B3.

2.2.3. 3D Model Integration

After cutting the original terrain model and replacement model, the AABB collision
detection method is used to detect the intersection file of the two models, the thread pool
is used to assign processing tasks, the two models are integrated using their coordinates
and then saved to the original terrain model coordinate system, and finally, the 3D model
integration is completed. The specific steps are as follows.

Step 1. Retrieve intersecting files using collision detection. Obtain the minimum
bounding box BoxA of the replacement model, use the database to obtain the bounding
information of each Tile of the original terrain model and use the AABB collision detection
method to initially screen out the intersecting Tile files with BoxA. Then, read the informa-
tion of the model bounding box corresponding to each screened Tile file, and continue to
use the AABB collision detection method to screen out the model files that intersect the
minimum bounding box BoxB of the original terrain model and the minimum bounding
box BoxA of the replacement model. The AABB collision detection method is shown in
Figure 8 and Equation (5) [34].

CrossFlag = ((Amin · x ≥ Bmin · x&&Amin · x ≤ Bmax · x) ‖ (Bmin · x
≥ Amin · x&&Bmin · x ≤ Amax · x))&&((Amin · y
≥ Bmin · y&&Amin · y ≤ Bmax · y) ‖ (Bmin · y
≥ Amin · y&&Bmin · y ≤ Amax · y))&&((Amin · z
≥ Bmin · z&&Amin · z ≤ Bmax · z) ‖ (Bmin · z
≥ Amin · z&&Bmin · z ≤ Amax · z))

(5)

where Amin and Amax are the minimum and maximum point coordinates of BoxA, respec-
tively, and Bmin and Bmax are the minimum and maximum point coordinates of BoxB,
respectively. When CrossFlag is true, these two boxes intersect; when CrossFlag is false,
these two boxes do not intersect.

Step 2. Assign thread tasks based on the screened model files. First, obtain the number
of cores of the computer. The number of CPU cores used in this paper was six, so the
number of threads to initialize the thread pool was six. Then, the number of tasks was
initialized according to the number of OSGB model files screened out. Initialize each thread
with each model file and its corresponding bounding box information and boundary line
information.

Step 3. Three-dimensional model integration. Obtain the cut and reconstructed
original terrain model and replacement model, integrate the triangle meshes of the two
models and their corresponding texture information in the same coordinate system, and
save to the same rendering node. Finally, the local model file is replaced with the node
information after writing, and the conversion from computer memory to local is completed.
Finally, the model integration is realized.
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3. Experimental Results and Discussion

Two experimental 3D replacement models were selected for the experiment, which
were separately loaded and displayed, as shown in Figure 9. Figure 9a is a building, and
Figure 9b is a circular garden. The two experimental models were compared to verify the
effect of large-scene model integration and small-scene model integration, respectively.
And the coordinate range of these two experimental models is shown in Table 1.
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where 𝐴𝑚𝑖𝑛 and 𝐴𝑚𝑎𝑥 are the minimum and maximum point coordinates of 𝐵𝑜𝑥𝐴, re-
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(a) (b) 

Figure 9. 3D replacement models: (a) 3D model of building; (b) 3D model of circular garden. Figure 9. 3D replacement models: (a) 3D model of building; (b) 3D model of circular garden.

Table 1. Properties of the experimental 3D models.

Experimental 3D
Models

Coordinate Range
(X)

Coordinate Range
(Y)

Coordinate Range
(Z)

Building 15.4097~127.8028 −244.6184~−166.8273 40.7358~110.0085
Circular Garden 14.9737~29.4751 −339.6959~−324.4265 41.1104~47.5641

The 3D replacement model was loaded into the scene before model integration, and
the size, angle and position of the model adjusted with the 3D dragger in OpenSceneGraph
to make the model adapt to the scene. Figures 10 and 11 show the replacement models
after loading into the scene and adjusting the size and position.
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Then, the boundary line was drawn on the 3D replacement model. In order to facilitate
understanding, the mesh mode of the 3D model is added here for display. Figure 12
shows the boundary line of the building. Since the overall shape of the building model
was relatively regular, the boundary line was drawn using a rectangle for easy cutting.
Figure 13 shows the boundary line of a circular garden. As the model of the garden itself
is similar to a circle, the method of polygons approximating circles was used to draw the
boundary line.
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Figure 13. Drawing the boundary line of the circular garden: (a) overview of the boundary line;
(b) details of the boundary line.

The model integration operation was started after drawing the boundary line. The
test environment was on a computer with Windows11 64-bit operating system, 2.50 GHz
CPU, 16 GB of RAM. The compilation environment was Microsoft Visual Studio 2017, MFC,
the programming language was C++, and the 3D rendering engine was OpenSceneGraph
(OSG).

Figures 14 and 15 show the effect of the model integration. As the overall difference
between the models before and after integration was not significant, the mesh modes before
and after model integration were used for comparison. Taking Figure 14 as an example,
it can be seen that the building model before integration in Figure 14a is superimposed
on the original terrain model and does not have any impact on the triangle meshes of this
area. However, after the building model integration in Figure 14b, it can be seen that the
triangle meshes of the original terrain model inside the boundary line have been removed
and replaced by the triangle meshes of the building model inside the boundary line, and
the triangle meshes at the boundary line have been cut better without gaps. Figure 14c,d
show the details of the model after integration.

In the process of the experiment, because the original terrain model is a model of the
whole area reconstructed by oblique photography, the files were stored in Tile form and
the number of files was relatively large; the number of files of the replacement model was
limited compared to it. If all the Tile files of the original terrain model are processed, this
will increase the pressure on the computer threads to deal with the files, thus leading to a
low processing speed. Therefore, before each model integration, we retrieved the relevant
Tile files of the original terrain model through the spatial location of the replacement model
in the original terrain model, and only processed these Tile files to shorten the processing
time. The general processing time was about 30–60 s.

After completing the triangle mesh cutting, the replacement model needs to be written
into the original terrain model file, and the data table created to load the original terrain
model file needs to be modified. The corresponding information of the replacement
model was added, the memory-to-local conversion was completed in order to achieve the
integration of the data, and then the cache was cleared to realize the update of the scene. It
can be seen from Figures 14 and 15 that the model integration effect of a single model is
good, but it is impossible to modify only one area in general urban planning. Figure 16
shows the planning and updating of an area. Figure 16a shows the regional planning based
on the original terrain model, which is divided into four building areas that need to be
changed and one green area that needs to be changed. Figure 16b shows the effect after
model integration.
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Figure 16. Regional planning: (a) regional planning based on the original terrain model; (b) update
effect after model integration.

The model integration in this paper was carried out in the display process, which can
improve the efficiency of model updating to a certain extent. The average frame rate of
browsing before integration was about 60 fps, and that of browsing after integration was
between 45 and 60 fps, as shown in Figure 17. This fluency can be used by designers to
browse, view, or design.
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Figure 17. Average frame rate of browsing: (a) average frame rate before model integration;
(b) average frame after model integration.

4. Conclusions

This paper proposes a 3D triangle mesh integration method for oblique photography
model data. Firstly, one must load the replacement model to the replacement location, draw
the boundary line on the model and project it. Then, it is necessary to project the triangle
meshes that need to be cut, traverse the projected triangle meshes, and use the cutting line
to cut and reconstruct the triangle meshes of the original terrain model and replacement
model. At the same time, the texture image should be cut based on coordinate information,
and the cut triangle meshes and texture image should be restored back to the initial 3D
space to complete the cut and reconstruction of the 3D model. Afterwards, all pending files
should be obtained through AABB collision detection, and threads should be allocated. The
original terrain model and the replacement model were integrated into the same coordinate
system, ultimately completing the integration of the oblique photography model. The
experimental results show that this method effectively achieves the integration of 3D
models in oblique photography, and there are no gaps in the 3D model after integration.
This method can be widely used in fields such as 3D model repair in oblique photography.
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