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Abstract:

With the development of computer technology, a large
number of complex and diverse 3D models have been
produced. Faced with these models, how to choose a model
suitable for their own applications has become a new
knowledge. In this paper, we propose a new research issue for
the related problems of the triangular mesh model
simplification and design a corresponding solution. The new
design proposed in this paper is based on the angle of the
surface and achieves the goal of simplifying the model
through vertex removal and mesh reconstruction. In this
paper, we divide the simplified process of the triangular mesh
into three phases: vertex query, vertex removal, and mesh
reconstruction. Data reduction is performed by deleting vertex
data that is insignificant in the original model, and finally, the
hole repairing algorithm is used to complete the simplification
of the original triangular mesh model. In this paper, we not
only implemented this design but also designed the
corresponding test process. The realization of the data fully
proves the superiority of our proposal and algorithm and
achieves the purpose of quickly streamlining the original
mesh model data while maximally maintaining the geometry
of the original model. Our algorithm is easy to understand,
and can effectively improve the rendering speed of the
computer.

Keywords - Foveated Rendering, Mesh reconstruction, Mesh
Simplification, Surface angle, Triangular mesh

I. INTRODUCTION

In recent years, with the rapid development of 3D scanning
technology and computer graphics technology, the triangular
mesh model generated and used has become more and more
diverse, and the details are becoming more and more
abundant. At the same time, people have higher requirements
for the realism of the simulated environment and graphical
interface presented by the computer. By using a detailed
model to improve the rendering speed of the computer, the
computer can often present a higher level of realism, however,
the richness of the details often means that the computer needs
to deal with more complex and diverse data volume, so it will
definitely have a certain impact on the processing speed of the
computer and the real-time rendering speed. The processing
time and storage cost of mesh data are proportional to the
number of triangular meshes included in the model, so it is
especially important to get a good trade-off between the
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number of vertices in the mesh model and computer
processing. If you only want to achieve a higher sense of
realism, it is often unnecessary to use high-complexity models
in all application areas or in different application scenarios in
the same field. Therefore, how to effectively simplify the
meshes under the premise of keeping the original geometry of
the model basically unchanged, so as to improve the
processing, transmission and drawing speed of the computer
has become the focus of our research.

After nearly 50 years of research and development by many
scholars, a series of representative algorithm ideas and
technical theories have been produced, including quadratic
error metric (QEM)[1], level of detail (LOD)[2], progressive
grid and so on. Combined with the research results in this
field, according to the characteristics of simplification, the
mesh simplification algorithm can be roughly divided into the
following categories: adaptive subdivision algorithm,
geometric element algorithm, and sampling simplification
algorithm. Among them, quadratic error measure (QEM), as a
common model simplification algorithm, is one of the
geometric element methods. However, the feature of details of
the model is not enough, especially when the model is greatly
simplified, the contour feature of the model will be seriously
lost. But the simplification method using the level of detail
often has the problem of large memory utilization and
increased CPU computing load. In view of these problems, in
this paper, we propose a new mesh simplification algorithm
based on surface angle.

The mesh simplification algorithm based on the surface angle
proposed in this paper belongs to the geometry removal
method in the geometric element method, but it is different
from the existing deletion method of geometric element. The
existing deletion method often has high algorithm complexity
and logical complexity. The algorithm implemented according
to the idea of this paper has the characteristics of easy
understanding, fast simplification, low complexity, and
perfect simplification of the triangle. Especially for the holes
formed after triangle vertices are deleted, the re-triangulation
algorithm proposed in this paper can be used to realize the fast
triangularization of holes, and at the same time improve the
speed of graphics rendering, achieving the expected effect,
and making some contributions to the simplification of the
triangular meshes.
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1. RELATED WORK

The simplification algorithms can be classified according to
features. However, the essence of the mesh simplification
algorithm is to minimize the number of triangles inside the
mesh model and the number of vertices of the original model,
while ensuring the original model geometry as much as
possible [3]. At present, the mainstream research method is to
simplify the model by the deletion method of geometric
elements [4]. The deletion methods include vertex clustering
method, vertex deletion method, iterative edge contraction
method, and triangle contraction method. As shown in Fig 1:

@_’%
a. Vertex clustering method
@ N @
b. Vertex removal method
@_’@
c. lterative edge contraction method
@ _’%

d. Triangle contraction method

Fig 1. Mesh simplification based on geometric elements
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Vertex clustering method: As the name suggests,
two or more vertices within a mesh model are
aggregated. This kind of method is represented by
the algorithm proposed by Rossignac et al. in 1993
[5]. The central idea of the algorithm is to first
surround the original model with a bounding box,
and then divide the bounding box into several
regions. Then the vertices of the original model will
fall into these subdivided regions, and then the
vertices in the same region will be aggregated into
one vertex. In this way, the vertices in the original
model are reduced to the greatest extent without
changing the basic shape of the model, thereby
reducing the number of triangles and achieving the
goal of simplifying the mesh.

Vertex removal method: this method is to point to
in triangle mesh grid model, if the model of a vertex
and its surrounding other coplanar, and it doesn't
matter the vertices for geometry model, then the
vertex can be deleted, but after vertex is deleted, in
the current vertex positions will form a hole, then
carry on the triangle repair to the current hole, can
achieve the goal of mesh simplification.

Schroeder et al. proposed an algorithm based on
vertex removal in 1992 [6]. In this algorithm, their
solution is to pass the mesh multiple times, and each
vertex is likely to be deleted during the mesh transfer
process. If the current vertex meets certain
conditions, the vertex can be deleted. The standard
here is the distance from the vertex to the plane or
edge. If the distance between the vertex and the plane
is less than the specified value, the vertex can be
deleted; otherwise, it will be retained. But the biggest
disadvantage of doing this is that the original
geometry of the model will change significantly.
This is because in 3D space, if only the distance from
the vertex to the plane or edge is used as the
evaluation criterion, and ignoring the angles between
the vertices, especially in 3D models with sharp
edges, the set shape of the original model is often
greatly altered. Secondly, the simplified proportion
of the model in this algorithm is usually difficult to
grasp, because the algorithm uses the distance from
the vertex to the edge of the plane as the evaluation
criterion. However, different models may require
different distances as the threshold. In particular, it is
related to the degree of refinement of the grid model.
So for the above two problems, we need more
auxiliary conditions to overcome this problem.

Iterative edge contraction method: This method is
much better to understand, the method is to shrink
the two endpoints of the selected edge into a new
vertex in the calculation process of each iteration. Its
classical algorithm is represented by Michael
Garland et al. in 1997 [1]. The core idea of QEM is
to first define a variable that describes the cost of
edge shrinking, and then maintain a heap by
calculating a cost for each edge of the entire mesh
model. Each iteration removes the least cost side of
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the heap and then recalculates the lost values for each
existing edge to maintain the heap until the given
simplification rate is reached. Since only the cost of
edge contraction is considered in this algorithm, Li
Shijuan et al. in their paper [7], through the design
method, proved that the mesh model obtained by
QEM algorithm has lower performance in terms of
quality. The QEM algorithm produces a lot of long
and narrow triangles, so it can be said that the
algorithm is not sufficient to maintain the detailed
features of the original model.

4) Triangle contraction method: Similar to the basic
idea of the iterative edge contraction method, the
triangle contraction method shrinks the triangle
region of the original model into a new vertex in
each calculation process, thereby achieving the
purpose of simplifying the mesh. In the same
situation, simplifying the mesh by the triangle
contraction method is much faster than the iterative
edge contraction method.

In this paper, after studying the current many algorithms,
combining the characteristics of each algorithm, and
analyzing the advantages and disadvantages of the algorithm,
a new vertex deletion algorithm based on a surface angle is
proposed, which effectively avoids the above problems. At the
same time, the simplicity of the algorithm is greatly reduced,
and the simplification of the triangular mesh model is
maximized within a limited range.

I11. ALGORITHM DESCRIPTION

The triangle simplification algorithm based on the surface
angle proposed in this paper mainly calculates the angle
relationship between the triangular faces associated with the
vertices. Traversing all model vertices, if the number of angles
between the triangle faces associated with the vertex reaches
our defined threshold, the vertex is marked as the vertex that
should be removed, and the vertex coordinates of the original
data set, modified so as to remove the position information of
the vertices. The vertices are removed, then the other
associated with the vertices were sorted, according to the
spatial symmetry principle of triangulation, the realization of
hole repairing, so as to achieve the mesh model simplification.
Therefore, the algorithm proposed in this paper is mainly
divided into the following three steps:

1) Traverse the included angles between all triangular
surfaces in the model

2) Evaluate and adjust the data of a certain point
according to the threshold

3) Triangulation and repair the holes generated after
data adjustment
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A. Traverse the included angles between all triangular
surfaces in the model

Traversing the angle between all the triangle surfaces in the
model is the first step of the algorithm. First, we need to load
the 3D model into the program, and separately read the vertex
coordinate and the vertex index contained in the mesh model.
In the container of the content, the three-dimensional
coordinate information of the corresponding vertex is then
queried according to the vertex index data and saved. Then, in
the order of the vertex numbers in the vertex index, the index
data of all the vertices related to the currently selected vertex
is extracted into the memory container, and the relevant 3D
coordinate information is found correspondingly through the
index data stored in the container. According to the
information obtained by querying, we can get the normal
information of the relevant plane. Finally, by calculating the
two pairs of normals, we can get the angle between the planes
and store them separately.

For the calculation of the angle between the triangular faces in
the mesh model, it can be simplified into the calculation of the
angle between the simple faces. Although the calculation
methods are various, in this paper we use the simple method.
The calculation method is that the two orthogonal vectors on
the plane are used to find the normal vector information
perpendicular to the two vectors, and finally the angle
between the planes is calculated by the angle between the
normal vectors of the two planes. Since all the planes
contained in our grid model are triangular planes, the three
vertices of the triangular plane are P;(xq,y1,21) ,
P,(X5,V2,22), P3(X3,¥3,23), and the normal line information
is set as (d,d,,d;), then the normal line satisfies the
following Eq. 1:

(X2 =x¢) *dy + (y2 —y1) *dy, + (2 — 1) * d,

=0

(x3 —x1) *dy + (y3 —y1) *dy + (23 —2) * d,
=0 (1

(x3 = %xz) xdy + (y3 —y2) *dy + (23 — 22) * d,

=0
According to Egs. 1 and 2, we can get the value of the
normal vector (d,, d,, d,) the current triangular plane, Finally,
the Eq. 2 can be calculated by the vector angle, and the angle
of the normal angle can be obtained (as shown in Fig 2), and

then the angle between the two adjacent triangular faces can
be obtained.

X1Xp + V1Yo + 2125

Vi +yE +2f <G +yi + 2

cosb =

(2)

After that, we can save the degree of Angle between all
triangular surfaces related to the current vertex, and then enter
the second step to evaluate the vertex according to the degree.
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Fig 2. Normal calculation and angle

B. Evaluate and adjust the data of a certain point
according to the threshold

In the previous step, we have calculated the number of angles
between the triangle faces based on the angle between the
plane normal vectors. Next, we compare against the given
threshold to determine if the vertex should be retained or
removed.

It is known that the degree of refinement of the simplified 3D
mesh model varies according to the given threshold. The
smaller the included Angle of the surface is, the sharper the
geometric shape is. Therefore, theoretically, when the
threshold degree is smaller, more vertices should be removed,
and the mesh of the generated simplified model should be
sparse, and the geometric shape of the model should change
the most. Since our goal is to simplify the mesh while
maintaining the geometric shape of the model to the
maximum, we also need to limit the simplification process of
the mesh with the second condition, that is the number of
angles meeting the criteria.

When determining whether vertex can be deleted, we adopted
the way of traversing angles, as mentioned above, we added a
second decision condition - in line with the number of angle
determination  conditions in the process of mesh
simplification, conform to the conditions to determine the
angle of the number can be set according to their own needs,
but as a result of our premise condition is in the basic don't
change the original model under the geometric shape of mesh
simplification, so here, we will control the second limitation
of the process of mesh simplification conditions: the angle of
the eligible number option is set to "all". That is if all the
included angles in the container are greater than the given
threshold, mark the vertex as a point that can be deleted,
otherwise keep the vertex. In this way, while marking the
vertices according to angles, the geometric shape of the model
can be maintained to the greatest extent.

Since we finally need to evaluate the algorithm, we set the
limit of the degree to four different levels as the simplified
criteria for the model, provided that the second constraint is
set to "all". They are greater than 30°, 60°, 120°, and 150°,
and tested for different constraints during the test phase.
Finally, after determining the vertex index to be removed, the
index is deleted in the container where the original index
information is kept, and the coordinate information of the
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vertex corresponding to the index number is set to empty in
the original vertex coordinate.

C. Triangulation and repair the holes generated after data
adjustment

In the second step, we completed the determination and
modification of the original data of vertex and remove the grid
model, when a vertex is deleted, in the current position can
form a hole (as shown in Fig 1-b), so at this stage mainly for
generated holes to triangle, to fill the hole.

This process seems easy, but the actual process of
triangulation is problematic, because the vertices, whether in a
2D plane or 3D space, can be easily distinguished and
triangulated to the naked eye. But in the program, how to do it
without overlapping, not intersecting and completely
triangulating, actually tests the robustness of the algorithm. In
the paper, we propose a new algorithm that is different from
Schroeder’s proposed algorithm [6], which is different from
[8], and our algorithm is simpler and easier to understand.

For the process of hole triangulation, our algorithm is pushed
from the 2D plane to the 3D space. The idea of our proposed
algorithm is as follows. You can imagine that for the holes in
the 2D plane (i.e. the sequence of points, as shown in figure
3), we can actually find a line ¢ that crosses one of the
vertices 1+; and separate the points on both sides of line £. At
this time, starting from the vertex v;, one vertex (vertex v,
and vertex v,) is taken on the left and right sides of the
straight line, and the first triangle is triangulated. Then, with
the vertex v, and the vertex 1, as edges, the other side of the
straight line is taken to obtain the vertex v, and the vertex
1,, 5, 15 1S triangulated. And so on, until the last vertex.
This completes the triangulation process of 2D planar holes.

This method is extended to three-dimensional space, as shown
in Fig 3. Suppose that the hole formed by deleting the vertex
is made up of the six vertices vy, v, v3, vy, Vs, and .
Since these are points in the space, we can sort the vertex data
according to the values of the three dimensions of the vertex
coordinates (x value is the main sorting condition, ¢ and z
value is the secondary sorting condition). In this way, we
actually arrange these vertices in 3D space on both sides of
the diagonal ¢, of 3D space. In a similar way to the 2D plane,
take the v, vertex with the largest coordinate value as the
center and triangulate the points on the hole according to the
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order of coordinate size. That is, if the ordered vertex order is
vy, V3, Us, Uy, Uy, Vg, then our triangulation process is
(11, v73, v5), (v, U5, 1), (v, V4, 13) By analogy, this
method can be used to repair the holes. In this way, we have

/,
|~
N

Vi

\v,

Ve

completed the triangulation repair of 3D space holes. (Since it
is a 3D space, we also need to triangulate the selected vertex
1, With the vertex v and the last vertex 15 so that the holes
are completely filled.)

Fig 3. Hole stitching in 2D plane and 3D spaces

IV. RESULTS AND DISCUSSIONS

According to the described design in Section 3, under the
premise that the number of eligible angles is set to “all”, we
divide the evaluation criteria of the model into four different
levels and complete the preparation of the program. In the test
and evaluation process, we compare the number of primitives
in the triangular mesh model, the change in the number of
vertices, and the time and speed of the newly generated
simplified model in rendering and the algorithm were
evaluated accordingly.

Our test was carried out in the Windows 10 x64 version, the
hardware configuration is equipped with the Intel Core i7-
8700K CPU, 32GB of memory and an NVIDIA GeForce
GTX 1080Ti graphics card. In the choice of the model, we

mainly chose the mesh model of the monkey's head. Its
original mesh model has 1521 vertices and 2904 triangular
mesh combinations. After the test starts, we first render the
original model and the simplified model generated by using
our algorithm separately (the rendering effect of the original
model is shown in Fig 4), at the same time, the number of
vertices before and after grid simplification, the number of
triangle faces, and the time-consuming information of 100
times between the 100th and 200th renderings in the rendering
process are recorded separately, and the averaged elapsed time
of rendering is measured (As shown in Table 1). Finally, the
superiority of the design is strongly confirmed by comparing
the processed model with the original model.

Fig 4. Positive-side rendering effect of the original mesh model

A. Simplified result of surface angle greater than 30°

Under the condition that the Angle between faces is greater
than 30 degrees, the original 1521 valid vertices are reduced
to 1329 by our algorithm, and the number of triangular
meshes is reduced from 2904 to 2562, and 342 triangular
faces are simplified. Using the newly generated grid model for
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rendering tests, we measured an average rendering time of
15.894 milliseconds, which improved the overall rendering
speed by 0.441 milliseconds compared to 16.335 milliseconds
(as shown in table 1) of the original model. The specific
rendering effect under this condition is shown in Fig 5 below:
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Fig 5. Positive-side rendering effect of treated with 30° model

B. Simplified result of surface angle greater than 60°

In the rendering test where the Angle between faces is greater
than 60°, the number of valid vertices is reduced to 1373, and
the number of triangles is reduced to 2574, which is 330 less
than the number of triangles in the original model. As the
number of reduced triangles is not as large as that of 30°, the

rendering time is slightly longer than that of 30° (time: 15.945
milliseconds), but it has certain advantages over the original
model, as shown in table 1. In terms of rendering effect, the
number of triangles in the eyes and ears of the monkey head
has been greatly changed, but there is no significant difference
in the geometric shape of the model as a whole. The result is
shown in Fig 6 below.

Fig 6. Positive-side rendering effect of treated with 60° model

C. Simplified result of surface angle greater than 120°

In tests with angles greater than 120°, the simplified data
changes are small, which means that in this model, the angles
of the triangular faces associated with a vertex are all greater
than 120°. In this model, only 213 triangles have been
reduced, becoming 2691 triangles, and the number of valid
vertices has become 1430, indicating that only 91 vertices

meet the current conditions. In terms of the average time-
consuming measurement, as shown in Table 1, the average
time consumption has become 16.139 milliseconds, and the
rendering speed has increased by 0.196 milliseconds
compared to the original model. In terms of intuitive
presentation, the main changes occurred in the mouth and side
of the monkey's head, as shown in Fig 7.

Fig 7. Positive-side rendering effect of treated with 120° model
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D. Simplified result of surface angle greater than 150°

In the final phase of the test, we used the face angle greater
than 150° as the threshold. Because in the current model, there
are fewer vertices with a face angle greater than 150°, so in
the test of it, 35 vertices are simplified, and the total number
of vertices becomes 1486. The number of triangles has also

been reduced by 73, which has become 2832. In terms of
rendering time-consuming testing, the average time of 100
times is 16.321 milliseconds (as shown in Fig 8). Although
this result is very close to the rendering time of the original
model, it is relatively low compared to the original model,
which is what we expected.

Fig 8. Positive-side rendering effect of treated with 150° model

Table 1. Test Results

original 30° 60° 120° 150°
Number of vertices 1521 1329 1373 1430 1486
Number of triangle 2904 2562 2574 2691 2832
Average time of 16.335 15.894 15.945 16.139 16.321
rendering

V. CONCLUSION

In this paper, we have described a simple algorithm for a
mesh model, and by combining the simplified test of the
model at different angles, combined with the number of
triangular meshes and the number of vertices before and after
the simplification, at the same time, with reference to the
calculation of the time-consuming rendering, at each different
angle, the measured rendering time is in line with our original
expected results. Our algorithm realizes that, under the
premise of keeping the original geometry of the model
basically unchanged, the grid of the model is effectively
simplified, and the processing, transmission and drawing
speed of the computer are effectively improved, although the
simplified model chosen in this paper is a relatively simple
monkey head model with only 2904 triangular meshes.

Compared with other papers referenced in the research, our
algorithm uses the simple method of face angle calculation
and face normal calculation, and uses a simple and easy to
understand hole repair algorithm, the complexity of the
algorithm is reduced from the initial design level. Meanwhile,
the model is simplified rapidly and the number of triangular
meshes is reduced to the greatest extent under the premise of
keeping the geometric shape basically unchanged, which
achieves our goal. So we think our algorithm is satisfactory.
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(Unit: ms(Average time of rendering))

In subsequent studies, we will gradually apply this algorithm
to the study of gaze-point rendering techniques on VR
devices.
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