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Abstract: Unmanned aerial vehicle (UAV) oblique photography technology is widely used in a variety
of fields because of its excellent efficiency, realism, and low cost of manufacturing. However, due to
the influence of lighting, occlusion, weak textures, and other factors in aerial images, the modeling
results can have the problem of an incorrect structure that is inconsistent with the real scene. The edge
line of a building is the main external expression of its structure. Whether the edge line is straight or
not will directly affect the realism of the building, so the restoration of the edge line can improve the
realism of the building. In this study, we proposed and developed a method for the restoration of the
edge line of a 3D building model based on triangular mesh cutting. Firstly, the feature line of the
edge line was drawn using human–computer interaction, and axis-aligned bounding box (AABB)
collision detection was carried out around the feature line to determine the triangular patches to be
cut. Then, the triangular cutting algorithm was used to cut the triangular patches projected onto the
plane. Finally, the structure and texture of the 3D building model were reconstructed. This method
allowed us to actualize the physical separation of continuous triangulation; the triangulation around
the edge line was cut, and the plane was fitted. This method was able to improve cutting accuracy
and edge flatness and enhance the edge features of buildings and the rendering quality of models.
The experimental results showed that the edge restoration method proposed in this paper is reliable
and that it can effectively improve the building rendering effect of a 3D building model based on
UAV oblique photography and can also enhance the realism of the model.

Keywords: oblique photography 3D model; edge line restoration; triangle cutting; OSG

1. Introduction

With the rapid development of the social economy and the acceleration of urban
informatization, the digital city has created the conditions for the harmonious development
of cities, and the foundation of the digital city is a city with a three-dimensional (3D)
model [1]. With the increasingly broad application of 3D GIS [2,3], urban 3D models are
widely used in urban maps, digital cities, and virtual campuses [4]. Three-dimensional
reconstruction of oblique photogrammetry uses multiple optical sensors to collect data
from the target area from multiple angles simultaneously, which can restore the structure
of the ground object quickly and efficiently and attach the real texture so as to provide
real scene information of the ground object. This effectively reduces the cost of modeling,
especially in the field of 3D city construction [5] and has become one of the main means of
city modeling [6]. At present, the 3D reconstruction technology of oblique photogrammetry
is widely used in various fields, such as positioning services [7], disaster assessment [8], and
archaeological research [9], taking advantage of its high efficiency, wide range, and strong
sense of reality. The process of acquiring a 3D model by UAV includes the steps of acquiring
aerial images, position and orientation system (POS) data and control point data in the
field, automatically performing aerial triangulation and aerial triangulation encryption,
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dense matching, the construction of triangulation networks, and texture mapping [10].
The production process of an oblique photography 3D model is characterized by full
automation, so the modeling quality is greatly affected by the oblique image. The 3D model
is automatically constructed, it is only a continuous three-dimensional surface model of the
overall scene without semantic topological relations [11], resulting in an incorrect structure
of the 3D model that is inconsistent with the real scene, which is only suitable for simple
applications such as macroscopic visual browsing of the overall scene, and cannot meet the
needs of applications such as refined city management [12,13]. The edge line is the most
obvious part of the building. Whether the edge line is straight or not will directly affect
the realism of the building. In many cases, the realism of the 3D building model and the
requirements of further application analysis can be met only by restoring the edge line [14].

Regular edge lines can effectively improve the rendering effect and realism of building
models. To restore the building edge line of a 3D model, the feature line of the edge line
needs to be drawn. Currently, there are two main feature line extraction methods for
existing 3D models: the surface-based extraction method and the edge-based extraction
method. For the surface-based extraction method, there are mainly two types. One is by
starting from multiple seed points; each seed point grows with the same curvature as that
of the surface, and then the intersection line between these surfaces is calculated, with the
obtained intersection line being the feature line [15–17]. The other is to extract feature points
and feature edges by calculating the curvature of local areas on the model surface and then
connecting them through certain methods to obtain complete feature lines [18,19]. Surface-
based feature extraction methods rely heavily on noise-sensitive differential invariants such
as surface curvature [20], so these methods are generally only applicable to smooth 3D
models with relatively uniform points and faces, which are generally constructed manually.
It is difficult to take into account the small noise in complex and rough 3D models of oblique
photogrammetry using this type of method. Because of the large computation and low
speed, it is also difficult to extract the feature lines of a model quickly. The extracted results
are not based on the edges of the existing triangles, so it is not convenient for use in directly
restoring the 3D model of oblique photogrammetry [21]. For the edge-based extraction
method, the feature edges of the model are extracted by estimating the differential quantity
of the model. A common means includes calculating the dihedral angle of the triangle
edge. After the feature edges are extracted, the model feature lines are obtained by setting
a certain threshold to connect the edges that meet the recognition conditions to form a
closed loop. The method is simple and fast but poorly targeted, and the accuracy of
the extraction results is low. A series of subsequent processes are also required to filter
the extracted results [22]. In view of the serious defects and shortcomings of the above-
mentioned existing methods in the extraction of feature lines of oblique photogrammetry
3D models with dense data, complex structures, and obvious noise, we first proposed a fast
and intelligent feature line detection method of 3D models based on AABB (axis-aligned
bounding box) collision detection.

The existing edge line restoration methods for 3D models are mainly as follows. (1)
Feature points are selected using an interactive method, and the selected feature points are
fitted to the target line to complete the restoration. This method is a semi-automatic method
that completes the edge line restoration with less interaction. However, the human interac-
tion of this method is complex, and it takes a long time when there are many triangles and
cutting surfaces. (2) Automatic identification and selection of feature vertices by adding
limit lines or edges, and completing the edge restoration of the 3D model by moving the
selected vertices to the corresponding limit lines or edges. This method is highly automated.
However, due to the complex and noisy 3D model of oblique photogrammetry, the auto-
matic selection of vertices to be modified is often not ideal, which makes the restoration
results far from expected [23,24]. (3) Based on the topological relationship of triangulation,
the shortest path method is used to search for the edge feature line, and the auxiliary
surface is used to reduce the noise to improve the restoration effect. The edge restorations
of a 3D model based on continuous triangulation can be achieved [25]. However, this
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method of extracting edge features lines requires a lot of time and computer performance,
and the accuracy of the extracted feature line needs to be improved. (4) Using the sep-
arability of triangles, a simple method based on cutting triangular patches is proposed.
By analyzing triangles with different crossing modes and putting forward corresponding
cutting schemes, the simplex of a 3D model based on continuous triangulation cutting can
be achieved [26]. Based on the above methods and innovations, we propose a method
by which to restore the edge line by cutting and fitting the triangle of the edge line. This
method can eliminate the time costs of constructing the topology and can also avoid the
triangle self-intersection problem caused by straightening the edge line directly.

2. Materials and Methods
2.1. Data Acquisition and Presentation

The oblique photogrammetry 3D model uses the multi-view aerial images (usually
one orthophoto and four oblique) of oblique photogrammetry as the data source, using
mature 3D reconstruction software (such as ContextCapture) to reconstruct the continuous
triangulation model with real texture mapping through image correction, aerial triangula-
tion encryption, dense matching, triangulation, and texture mapping [27]. In this study, the
oblique photography models covering the Northeastern University campus were collected
by UAV. Consistent with the content of this study, the area covered by these data includes
complex building models. In the data acquisition process, the UAV had five lenses, and the
sensor size was 35.9 mm× 24 mm. The 3D model format was generated by ContextCapture,
and the final model was proven to have good quality.

With the development of oblique photography, the range and accuracy of 3D recon-
struction scenes are increasing. Reconstruction scenes contain a large number of terrain
and ground objects, so the amount of model data grows rapidly. However, it is very dif-
ficult to render massive model data in real time only by relying on the processing power
of computer hardware. Therefore, the oblique photography 3D model usually adopts a
combination of LOD (levels of detail) and spatial division to organize and manage the
model data. The common storage formats for 3D models include OBJ and OSGB. Among
these, the oblique photogrammetry 3D models in OBJ format usually do not support LOD.
As a common plain code data format, they are usually used as an intermediate format for
data exchange. Therefore, the visualization efficiency of model files in OBJ format is not
high, which is not conducive to the real-time rendering of models with a large amount
of data, such as oblique photography 3D models. In order to solve the problem of model
restoration, the more efficient OSGB format was selected for the experimental data [28].
The OSGB format is a binary 3D model format embedded with texture images formulated
by the open-source visualization engine OSG. It has a higher reading speed and better
rendering efficiency because it contains an LOD, quad-tree structure and binary storage.
However, due to the existence of LOD, the same ground object is stored in multiple levels
of model files according to the level of detail, and the quad-tree structure also leads to
the ground objects in each model file not being exactly the same. Therefore, to restore
the oblique photogrammetry 3D model, it is necessary to process the model in memory
and modify the existing model file that is not loaded locally to ensure the effect of model
restoration [29,30].

2.2. A Method of Edge Line Restoration Based on Cutting Triangular Patches

For the edge line restoration method described in this paper, we first drew the target
edge line, constructed an outer cylinder for the target edge line, and used the AABB (axis-
aligned bounding box) to carry out collision detection on the model, which can exclude
a large number of triangular patches that do not intersect with the model. Then, we set
the cutting surface by combining the triangular surface with the edge line, and cut the
continuous triangular network that intersected with it. Finally, we constructed a layered
LOD (levels of detail) to complete the edge line restore. Figure 1 is a flow chart of edge line
restoration using an oblique photography 3D model as the input data.
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Figure 1. Flow chart of edge line restoration.

2.2.1. Drawing the Outer Cylinder of the Edge Line and Intersection Detection

Because the existing algorithms cannot accurately identify the building edges of the
oblique photography 3D model, it is necessary to interactively draw the feature lines to
determine the edges to be restored. Since the manual selection of line segments cannot
guarantee the intersection with all the triangular patches constituting the edge line in the
model, we set the distance from the mouse to the feature line as the radius d, and generated
a cylinder in combination with the hand-drawn feature line so as to achieve the effect of
including all the surrounding triangular patches.

Setting principle of the radius d: (1) Starting from the edge line, take the part of the
two intersection surfaces that constitute the edge line that each extend 20 cm as the surface
to be determined. (2) Take two planes merged with the two planes to be determined to find
the difference of the normal coordinates. (3) Through experience, it can be determined that,
if the normal coordinates exceed 5 cm, this is recognized as the edge line area that needs
to be restored. (4) Taking the maximum normal coordinate value of these points with the
difference of ordinates exceeding 5 cm as the radius d of the cylinder can ensure that the
cylinder includes all the triangular patches of the entire area to be restored.

As shown in Figure 2, the yellow line is the interactively drawn feature line and the
green line is the set radius.
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Figure 2. Schematic diagram of cylinder selection range.

Because the data of the UAV 3D model are very large and stored in the form of tiles,
firstly, an AABB (axis-aligned bounding box) was used for collision detection to reduce
the amount of calculation required for the intersection of the edge line feature line and the
triangular patch, and the local triangular patch around the hand-drawn edge line feature
line was obtained. Most of the building models in the actual scene were cubes, which made
the tightness of the surrounding sphere worse. Since the AABB was parallel to the spatial
coordinate system, it was a linear representation. The AABB is a bounding box aligned
with the coordinate axis, which has the advantages of fast construction, good simplicity,
and a simple collision test [31]. Therefore, we used the AABB to calculate the intersection,
which was used to eliminate the impossible intersection triangular patches and reduce the
amount of calculation. However, due to the poor tightness of the AABB (the thin and long
objects were located in a diagonal position, and the gap between the edges and corners was
too large, resulting in many unnecessary detections and calculations) [32], it was necessary
to carry out a secondary actual operation for some possible intersecting triangular patches,
and to finally determine the triangles to be processed by judging whether there were
vertices in the triangles and performing secondary screening inside the cylinder.

2.2.2. Construction of the Fitting Plane and Projection Plane

In order to facilitate the cutting of triangular patches, the triangular patches must be
projected onto a two-dimensional plane, but the method of vertical projection cannot be
directly used for edge line cutting. We took into account that the local part of the edge
line was composed of two intersecting planes, but since the two planes were not fixed,
the projection plane was expected to be variable. Therefore, the method of constructing
the projection surface in this paper was as follows. (1) We calculated the normal vector of
each triangular surface. (2) We set the threshold and divided the normal vector into two
categories. (3) We calculated the included angle of the normal vector and took the plane
with the direction of the angle bisector as the normal vector as the projection plane.

First, we calculated the normal vector of each triangular surface and observed that it
could be roughly divided into two categories near the edge line. As shown in Figure 3, the
yellow line was the feature line drawn interactively, and the local relevant triangles that
were searched according to the intersection method described in Section 2.1 were white
triangular nets, while the red line was the normal vector of each triangular surface.

Figure 3. Local triangle vector graph.
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The normal vectors of local triangles were unitized and drawn in three-dimensional
space, as shown in Figure 4. Their distribution forms showed two clustered distributions
with a high density and several discrete distributions. According to our analysis, we
considered that the two normal vectors with high density were the normal vectors of
the two planes constituting the edge line, and the triangle corresponding to most of the
discrete distribution vectors was the reason why the edge line features were not sufficiently
prominent. Therefore, according to the characteristics of the vector distribution of the
local triangular patches of the edge lines, they were divided into two categories using the
European clustering method [33]. We calculated the average values of various types as
the normal vector of the plane to be fitted, and then constructed two planes by manually
drawing the midpoint of the feature line, as shown in Figure 5. The yellow and blue planes
are fitting planes, which correspond to the fitting of normal vectors in the two red circles in
Figure 4. The white plane is the fitting of the normal vector in the blue circle in Figure 4.
Since the normal vector distribution is too discrete, we decided to discard it.

Figure 4. Distribution of triangle normal vectors in three-dimensional space. Normal vectors in the red
circles are the centralized distribution, and normal vectors in the blue circle are discrete distribution.

Figure 5. Fitting plane rendering of normal vectors in two main directions after removing discrete
normal vectors. The yellow and blue planes are fitting planes of the main normal vectors, the white
plane is the fitting plane of the discrete normal vectors.

Through the above two plane normal vectors, the direction of the angular bisector was
taken as the normal vector of the projection plane, and the projection plane was tangential
to the hand-drawn feature line. We projected local triangles and feature lines onto the
projection plane. As shown in Figure 6, it can be seen that the triangles were distributed
in a network, and there were no mutually superimposed triangles or discontinuous tri-
angles. Therefore, the problem of triangle self-intersection caused by direct straightening
was solved.
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Figure 6. Diagram of the effect of local triangle projection on the projection plane. Green line is the
feature line of the edge line, and the white lines are TINs of the building model.

2.2.3. Triangle Cutting

The so-called cutting involves cutting the smallest geometric element and ensuring
that the minimum geometric element after cutting still meets the overall geometric charac-
teristics. The oblique photography data model in this paper were composed of triangular
patches, so the minimum unit of the model after cutting should still be triangular patches
so that the topological relationship between triangular patches can be maintained [34]. In
this study, the feature line was used as the cutting line to cut the triangle in the projection
plane. Based on the analysis, we divided the intersection mode of the triangle patch and the
cutting line into two categories according to whether the vertex of the cutting line was in
the triangle or not, and adopted different cutting methods for different intersection modes.

In the cases where there was no cutting line vertex in the triangle, it was divided
into two cases: an intersection with two edges of the triangle and an intersection with one
edge. If the cutting line intersected with two edges of the triangle, the intersecting part
should be trimmed as follows. As shown in Figure 7, the intersection points of the cutting
line P and the edges AB and AC of4ABC were calculated as points E and F, respectively,
connecting the line segments CE and FE. The line segment CE divided the quadrilateral
BCFE generated by cutting into 4BCE and 4CFE. In this way, the quadrilateral BCFE
generated by cutting4ABC using the cutting polygon was cut into two triangles, as shown
in Figure 7b. The geometric properties of the triangular patches were maintained, and the
topological relationships among the triangular patches were established.

Figure 7. Triangle clipping method 1. (a) Triangle before cutting and (b) triangle after cutting.

When the cutting line passed through the vertex of a triangle and intersected with an
edge of the triangle, the intersecting part was clipped as follows. As shown in Figure 8,
it was calculated that the intersection of the cutting line P and the edge ab of 4ABC
was point E, connecting the line segment CE. Line CE divided4ABC into two triangles:
4BCE and 4AE′C′, as shown in Figure 8b. The geometric properties of the triangular
patches were maintained, and the topological relationships among the triangular patches
were established.
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Figure 8. Triangle clipping method 2. (a) Triangle before cutting and (b) triangle after cutting.

In the cases where the vertex of the cutting line did not exist in the triangle, in order to
ensure the accuracy of cutting, we used the above method to cut the triangle perpendicular
to the cutting line and through the straight line of the vertex, and then used the cutting line
to cut the triangle on one side of the cutting line for a second time. As shown in Figure 9,
we first made the auxiliary line L perpendicular to the cutting line P through the vertex O,
and then calculated that the intersection points of the auxiliary line L and the edges AB
and BC of 4ABC were point D and point E, respectively, connecting the line segments
DE and CD. The line segment CD divided the quadrilateral ADEC generated by cutting
into 4ADC and 4DEC, as shown in Figure 9b. Then, we used the cutting line P to cut
4ADC and 4DEC, as shown in Figure 9c. The geometric properties of the triangular
patches were maintained, and the topological relationships among the triangular patches
were established.

Figure 9. Triangle clipping method 3. (a) Triangle before cutting. (b) Triangle cut by an auxiliary line.
(c) Triangle cut by an auxiliary line and a cutting line.

2.2.4. Three-Dimensional Model Reconstruction

The reason for reconstructing a 3D model is that the number of vertices and triangular
patches in the overall 3D model will be increased by cutting triangular patches. Therefore,
it is necessary to reorganize the data in the 3D model.

The reconstruction of a 3D model must return the 2D triangulation on the projection
surface to 3D space, which only requires modification of the 3D coordinates. In our
analysis, the original vertex was fitted into two planes according to the classification results
in Section 2.2.2, and the new vertex was fitted to the manually selected feature line to
complete the model reconstruction. The effect is shown in Figure 10.
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Figure 10. Rendering of local triangulation after edge line restoration. Green line is the edge line of
the building model, and the white lines are TINs of the building model.

The oblique photography 3D model requires a real texture map to enhance the realistic
effect of the 3D model; thus, it also requires the texture coordinates corresponding to the
new vertices. In this study, the texture coordinates of the new vertices were calculated by
linear interpolation. The formula is as follows:{

uJD = up1 +
(
up2 − up1

)
× d/D

vJD = vp1 +
(
vp2 − vp1

)
× d/D

(1)

where uJD and vJD are the texture coordinates of the new vertex, up1 and vp1, respectively;
up2 and vp2 are the texture coordinates corresponding to the vertex p1p2 of the edge where
the intersection is located; d is the distance from the intersection to the vertex p1; and D is
the edge length of the edge.

3. Experimental Results and Discussion

To verify the effectiveness of the proposed method, we used C/C++, OpenSceneGraph
(OSG), and a point cloud library (PCL) to carry out the experiments. The original oblique
photography data had a large number of building models, and a certain building model
was selected in this study for the experiment.

The edge line of the selected building was restored to verify the effect of the edge line
restoration method proposed in this paper. As shown in Figure 11, the comparison before
and after restoration can realize the edge line restoration of the original model without
pretreatment of the model, which has a good restoration effect, highlights the characteristics
of the building edge line, and shows a better visual effect.

Figure 11. Comparative diagram of before and after edge restoration.
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Compared with the method mentioned in the introduction of this paper [25], for the
test data with a range of only 500 m × 500 m, it took 5–6 min to select a specific building
and extract its edge feature line. The calculation time will be extended for a larger range of
city-level aerial photos. This method adopted interactive feature line drawing, which can
improve the rendering effect and operation efficiency of the existing amount of data, and
is also the most cost-effective method. It can avoid excessive operation and performance
consumption when extracting edge feature lines or possible errors, and can avoid the
self-intersection problems of direct straightening and flattening of continuous triangulation.
This method improved the operation efficiency while ensuring the same restoration effect.

Compared with the simplex method of triangulation [26], for the test data with a
photographing range of 500 m× 500 m, on the premise of the interactive drawing of feature
lines, a comparison between the time consumption and memory occupation of the two
methods is shown in Table 1. This method was able to reduce the time cost and performance
consumption of continuous triangulation topology reconstruction by two to three times; it
improved the calculation speed and reduced the time required for restoration. According
to the comparison between before and after the restoration of the building edge area, this
method used the projection first, and then used the triangular patch cutting algorithm
to restore the model, which was simple to operate, had low requirements for computer
performance, and effectively improved the operation efficiency on the premise of ensuring
the rendering effect.

Table 1. Comparison of the two methods for test data of 500 m × 500 m.

Main Parameters of
Computer Performance Simplex Method of Triangulation Method in This Paper

Computer CPU INTEL CORE I7-12700H INTEL CORE I7-12700H
Computer memory 16 GB 16 GB

GPU Nvidia RTX 3060ti Nvidia RTX 3060ti
Time consumption 10 min 3.5 min

Memory consumption 53% 28%

4. Conclusions

The edge line is the most characteristic area in a building model. The restoration of the
edge line of a building model is one of the main problems to be solved in the application of
the urban real scene oblique photography 3D building model technology. In order to solve
this problem, we used AABB collision detection to detect the triangles around the feature
line and project them to cut and reconstruct the continuous triangulation network so as to
ensure the flatness of the cutting edge and improve the accuracy of triangle cutting, as well
as to avoid the problem of the self-intersection of triangles caused by direct straightening
and flattening. The 3D data of the 3D building model were modified and combined with the
characteristics of the OSGB data format. The restoring effect was integrated into the original
LOD data files at all levels to ensure a smooth browsing effect. The experimental results
showed that the proposed method can effectively improve the accuracy and rendering
effect of the UAV 3D model.
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