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Abstract —

Three-dimensional (3D) models are increasingly
becoming an important tool in project management.
At the same time, the 3D data of construction industry
is more and more large, whether it is caused by large
model scene or the requirement of model accuracy. In
order to meet the requirements of the model
application, the 3D model needs to be simplified.
Mesh models are one of the most common ways to
display 3D models, which provide well-defined object
boundaries. The simplified algorithm of the existing
mesh model cannot keep the important detail features
of the original model once the data volume of the
model is further reduced. Combined with Quadric
Error Metrics (QEM) algorithm, this paper improves
the edge collapse algorithm to solve the problem of
undetected model structure and over-simplified
model details. The proposed algorithm can preserve
the integrity of the model while maintaining a high
compression efficiency. Experiments show that the
proposed method works well for the compression of
large-scale scene models, which includes the
compression ratio and the structural preservation in
the model. This compression method is well suited for
the model with huge amounts of data generated by
large scene objects in the construction field.
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1 Introduction

Three-dimensional (3D) models are increasingly
becoming an important tool in project management. 3D
model can reproduce building scenes and display
building structures, which plays a significant role in
construction quality, construction progress, construction
site safety [1] [2], such as dimensional measurements of
structures [3], remote management of the construction
site [4].

At present, in the field of architecture, engineering

and construction (AEC), polygon mesh models are one
of the most common ways to display 3D models. They
provide well-defined object boundaries that are suitable
for clearly presenting the structure of 3D objects, which
greatly improve the visualization of the construction site.
These models have been able to achieve centimeter-level
display of the details of the object [5]. In general, a
polygon mesh model usually consists of complex
triangular mesh, which may contain tens or even millions
of vertices and polygons [6]. In particular, there are more
vertices and polygons for some models of large scenes.
There are higher requirements for grid model
applications, including adequate storage capacity, high
computational power, and to access over bandwidth-
limited links [7]. This is often difficult to achieve.
Therefore, to compress 3D model effectively is urgent.

The research on 3D model compression started with
Deering, who proposed to reduce the amount of data by
quantizing all the components of the input mesh into a
certain number of bits [8]. Later, the compression of the
mesh model evolved. For the current research, the
simplified algorithm still deserves further study in the
relatively large 3D model, no matter in the compression
effect or in the compression time [9].

Combined with Quadric Error Metrics (QEM)
algorithm, this paper improves the edge collapse
algorithm to solve the problem of undetected model
structure and over-simplified model details [10]. The
contents of the article are as follows: the second part is
the existing model compression method. The third part
presents the proposed algorithm. The fourth part and the
fifth part are the verification of the algorithm and the
conclusion respectively.

2 Related Work

Generally, two different 3D models are available after
collecting construction data. One is point cloud model
consisting of a large number of points containing the
characteristics of the target surface, the other is mesh
model in which objects and the entire environment are
drawn by polygons. 3D models have a huge amount of
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Figure 1 Triangular mesh model simplification process

data. For example, the Faro Focus 3D delivers more than
976,000 3D points per second [11]. The state-of-the-art,
light-based 3D camera produces 30 frames per second,
roughly 300 MB of raw data [12]. Therefore, to store and
manage three-dimensional data while preserving useful
information as much as possible, it is important to
improve the compression technique of the 3D model.

According to the decompression method after model
compression, the 3D model compression algorithm is
divided into single-rate compression [13] and progressive
compression [14]. Single-rate compression technology
compresses an entire model and then sequentially
decodes the recovery model, focusing on saving
bandwidth between the CPU and the graphics card [15-
17]. With the increasing volume of 3D geometric data,
this technology takes too long to receive the complete
model, which cannot meet the real-time rendering
requirements [18]. The advent of progressive
compression algorithm has provided the possibility of
real-time rendering of model compression. This
algorithm first compresses the general framework of the
model and then gradually supplements the remaining
geometric details of the model. Therefore, the 3D model
can be continuously reconstructed by the decoder from
coarse to fine Levels of Detail (LOD) when receiving the
bit stream [19].

The study of 3D point cloud compression algorithm
is mainly divided into tree structure method and height
map method. Height map-based method is to compress
the 3D point cloud information into a two-dimensional
matrix. This method was first proposed by Pauly [20].
Later, there have been some improved algorithms, such
as adding geometry [21] [22], or preprocessing the data
for compression [23]. The core of the tree-based method
is to partition the point cloud space. The common tree
structure methods include kd-tree [24] [25] and octree
[26] [27]. The 3D point cloud can represent a geometric
model of arbitrary shape with a simple structure and its
compression technology has been relatively mature [28].

Compared with the point cloud model, the surface

structure of the 3D mesh model is slightly complicated.
However, the polygon structure can improve the visual
effect of the model, which is especially suitable for visual
inspection of large scene objects in the field of
architecture. The study of model simplification includes
vertex clustering [29], vertex deletion [30], wavelet
transform algorithm [31] [32], edge collapse [33] [34].
These method is under development. How to compress
mesh models well with increasing data volume is still a
problem worth exploring.

3 Methodology

The proposed algorithm takes a surface triangle mesh
of the model as input, since arbitrary polygons can be
easily triangulated. Then preprocess the model to detect
a set of the planar proxies. By performing a limited
number of edge collapse operations on the above model,
a simplified model that retains the structural features of
the original model is output. The specific process shown
in Figure 1. Edge collapse is one of the most common
algorithms in model simplification. However, previous
edge-collapse  algorithms  often  caused  over-
simplification of the model.

In this paper, on the basis of the quadric error metric
method (Abbreviated as GH) [10] and the volume-
preserving approach (Abbreviated as LT) [35], the
concept of planar proxies is introduced to ensure that
important features of the model after input can be
detected. To prevent the model from being
oversimplified, inner quadric and boundary quadric is
introduced to measure the error and the rule of model
structure preservation is formulated.

3.1 Planar proxies

Before the implementation of the algorithm, the 3D
model should be initialized to realize the storage format
of the triangular mesh data structure and the vertex data
structure. Set the planar proxies pre-detected
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Suppose a triangle is selected on a plane, so the plane
equation and normal vector of this triangle can be
calculated. Center around this triangle and spread to the
surrounding area of the triangle. Calculate whether the
normal vector of the surrounding area is close to the
normal vector of this triangle, and if so, it means that the
triangle has high planarity. By analogy, calculate the
planarity of different triangles, the triangle from which
the best planarity is chosen represents the local area. As
a result, the region has been expanding. This process is
called planar proxies.

It is assumed that the input mesh presents a near-flat
portion that can be detected by common shape detection
methods. These near-plane parts are represented by
planar proxies. More specifically, a plane proxy consists
of a set of vertices and a plane ax+by+cz+d=0, denoted
as [ab cd], where n = [ab c] is a flat unit normal vector.
As shown in Figure 2, a processed 3D model, in which
different colors represent different plane proxies.

Figure 2 the model of the plane proxies detected

3.2 Edge collapse operator

All text must use the Times New Roman font. Edge
Collapse e=v,vy1 — v is a mesh operation that merges two
vertices vo and vy into a unique vertex v. The grid
extraction algorithm based on the edge collapse is usually
as follows: (1) For each edge fold vov; — v, the cost
associated with the error metric and its corresponding
placement strategy are defined to design the local optimal
point location for finding v. (2) Calculate the initial
priority heap of the edge folding operator at a cost
increase. (3) lteratively extract the lowest cost operator
from the heap and calculate its best location. Collapses
the relevant edges and updates the priority heap on the
edge of the local neighborhood. Based on the quadric
error metric for each defined operator, details of the cost
and optimal location are determined.

321

In the early years, GH associated each vertex with a
quadratic matrix, which represented an approximation of
the error between the current and initial grids. The
quadratic plane is designed as a 4*4 matrix, represented
by (1), and then the square sum of the distances to these
quadratic planes can be further calculated.

Title Page Error Quadrics
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The sum of the square of the distance from point v to
the plane list (Pi) is represented in (2). The advantage of
this quadratic form is that it can be encoded with only 10
coefficients, and this formula can calculate the distance
from one point to any plane.

Yd,R)?=3XvPR v=v"(T Qp )v @

Based on the previous matrix method by GH, this
article optimizes the square sum of the distance from
point to point from the following three aspects: (a) to
reduce the square sum of the distance from the vertex to
the plane of the triangle mesh adjacent to it; (b) to reduce
the sum of the squares of the distances from the vertex to
the plane where it is adjacent to the plane proxy set; (c)
to reduce the boundaries of agents and grids.

Inner quadric The proposed method adjusts the inner
matrix of the structure and optimizes Q,, proposed by GH.
For atriangle teT, plane P, where t is located, we denote
as Qp: the quadric of P. For the plane proxy ¢, we denote
as Q, the quadric where proxy is located. The set of
proxies that contain t is represented by Proxies (t). The
quadric Q. for each triangle t of T(e) is given by (3).

Qp, if Proxies(t)=0

®)
(1'}\)QPC+}\ZqJEPr0xies(t) Q(p otherwise
Then, the quadric form of the edge e is defined in (4)

Qinner (e)= ZtET(e)ltl Q. 4
Here, A is called an abstraction parameter and
provides a way to fidelity conversion between mesh and
proxy. For example, when parameter A = 1, that is, both
proxies go through edge e, vertices are selected at the
intersection of plane proxies. When the parameter A=0 or
no plane proxies passes edge e, the quadric only
approximates to the local error measure of the mesh. A
larger value for A means faster removal of proxy details
during decimation and faster abstraction. The higher
value for A results in a lower proxy error, but the
approximation error is larger compared to the original
mesh.
Boundary quadric For any edge €’€R, a plane e’€R,
define Qe ,, as the quadric of the plane that passes through
edge e’ and is orthogonal to plane R. Eak represents a set
of edges in K] that is only contained by one triangle.
For model boundaries e’€Eg, t.’ is the only triangle in
K| that goes through e’. The boundary quadric of an
edge e is then defined in (5).

dery(e)= Ze'EEaK|t'e | Qe',t'e + ZEaqu) | t6| Qe',q:' ()
In (5), the first part avoids overly simplifying the
mesh boundaries to prevent the flat mesh from collapsing
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to a single point at any cost. The second part preserves
the structural characteristics of the proxies. The proxy ¢
accommodates more information by restrictive
triangulation than just an infinite plane. This process
increases the sensitivity of the mesh to a simplified
structure.

3.2.2 Costand Placement

The GH algorithm consists of calculating the initial
quadric Qv for each vertex v and then summing the
distances from each edge collapse operator to the plane.
More specifically, for the collapse operator e=vovs — v,
the quadric of e (Qe) is calculated by adding quadrics of
its two vertices v, v1 S0 that the optimal vertex position
v is obtained via the minimized cost VQyV. Compared
with the GH, we recalculate Qe from the current mesh
before each collapse operator in terms of improving the
efficiency of approximation error.

The process of our method is as follows.

The decomposition quadric matrix Qe is given by (6).

o= ) ©

Among (6), A is a 3*3 matrix, f is a vector.
Minimizing VTQyV involves solving linear problems Ax
= f. When all vertices adjacent to e are distributed in only
one or two planes, the determinant of A is 0.

Compute the singular value decomposition A in (7).
A=UzVT @

where U and V are 3*3 matrixes, whose column
vectors are mutually orthogonal. X is a 3*3 diagonal
matrix whose diagonal values, called singular values,
decrease from the upper left corner to the lower right
corner.

The diagonal value in X is defined in (8), A; is the
eigenvalue of A.
=V A )

The diagonal value X;; decreases in descending order,
then truncate the small eigenvalues of X and store the
result in X+, as shown in (9).

v (1/3, &if Z;/%,>¢

Zi _{ 0, otherwise ©)

where X1; denotes the largest singular value, and the
parameter  is set to 107,

X denotes the center of gravity of the vertices of v,
and v, the singular value decomposition of Qe is shown
in (10).
x=R+VZ+UT(f-A%) (10)

Calculate the optimal position of the vertex v after the
collapse operation e=vovi — v. Proxies(v) set is
determined by Proxies(vq) U Proxies(vi) when
collapsing the edge e, and the quadric of e is defined in
(12).

Qe=(1'U)Qinner(e)+p~dery(e) (11)

Where pe(0,1) is a parameter used for internally
simplifying transaction boundaries. The optimal position

for v is obtained by the solution of Qe and the cost VTQyV
of folding edge e is decided.

3.3 Structure-preserving

During model simplification, the best graph of the
proxy coincides with the corresponding adjacency graph,
such that a cube is represented by a double octahedron.
In practice, however, it is not possible to have all the
proxies correctly detected, and all the wvertices are
arranged on the same plane as the one to which they
belong. Using the sufficient information about the
adjacency graph in terms of the arrangement of the
structure, three model structure preservation rules are
formulated to prevent the structure of the model from
being destroyed. These three rules are graph preservation,
proxy preservation and corner preservation, Figure 3 is

the rule diagram.
Py P,
» e = Vvgy—v
Vp P -7 -_— .y

(a) Graph preservation

P, '
Py

e = v —v

e = vy —v

(c) Corner preservation
Figure 3 Three types of edge collapsing prohibited

Graph preservation The two parts that are not
connected in the graph should not be connected during
the simplification. Only when all the proxy pairs in Pv =
PvoUPv; are edges in the original set of G, do we perform
edge collapse e=vov; — v. Like Figure 3(a), the original
two planes PoP1, which do not intersect, cannot intersect.
Proxy preservation A planar proxy may degenerate into
a vertex or an edge during model simplification. To
prevent this situation, as shown in Figure 3(b), the
improved QEM algorithm refuses to perform this edge
folding operation when the number of vertices forming
this proxy is below the user-specified parameters after the
edge-folding operation.

Corner preservation To prevent losing corners or
migrating vertices away from corners, like Figure 3(c),
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we need to accurately detect and protect these corners
during simplification. The vertices intersected by every
three proxies are generally different, so we need to find
the best vertex position for the intersecting proxy, taking
advantage of the scale-space traversal.

4  Results and Discussions

The focus of this paper is to study mesh model
compression techniques to enable the construction
industry to conveniently apply 3D models. Therefore,
this paper selects two 3D models, an industrial building
and a residential building, respectively, for model
compression experiments. Table 1 shows the specific
information of the two models before and after
compression. Figure 4 and Figure 5 show the factory
model and the resident building model, respectively.

It can be seen from Table 1, Figure 4 and Figure 5 that
the simplified model still retains certain details when the
simplified multiples reach high levels. In particular, some
of the more complex structures, such as trees, etc., are
less simplified than the rest of the model. For large
complex models such as factories and residential
buildings, the proposed algorithm can maintain the

i‘ » s : a Ml : )
(a) The original model, where a, and a, are
the model with & without mesh.

Figure 4 The factory model

(b) The simplified model at m=120, where

b, and b, are the model with & without mesh.

approximate shape of the model and reduce the loss of
structural details of the model, while achieving a large
simplification multiple.

This algorithm is further compared with GH and LT
methods, taking the resident building model as an
example. The effect is shown in Figure 6.

Both methods show the approximate shape of the
simplified model. However, the proposed method is
highly simplified in the planar area, and the meshes in the
highly complex details are basically preserved, and the
reduction effect is better. The flat part of the model, such
as the roof part, etc., because of its simple structure, can
be relatively more streamlined to save more space. This
method flattens the roof plane into several large triangles,
saving space for characterizing the undulating models.
Non-planar parts, such as trees, cars, etc. in the model,
are less simplified to better illustrate these details, which
reduces the loss of structural details. In contrast, the
proposed algorithm simplifies the various parts of the
model in different degrees according to the complexity of
the structure. The proposed algorithm can preserve the
integrity of the model while maintaining a high
compression efficiency, whose compression method is
feasible for models with a large amount of data.

— =R
(b) The simplified model at m=15. where bl ]
and b2 are the model with & without mesh.

'

(a) The original 3D model. where a, and _
a, are the model with and without mesh.

— &l

(c) The simplified model at m=26.5, where ¢, and c, are the model with & without mesh.

Figure 5 The resident building model

< o

Table 1. the specific information of the models before and after compression

The number of

Simplify multiple (m)*

Model - Data size (KB)
vertices faces
Original factory 234118 467672 8682 e
Simplified factory 1920 3999 74 120
Original resident 533995 1067818 19815 —
Simplified resident 1 35079 69999 1300 15
Simplified resident 2 20191 39999 745 265

* Simplify multiple (m) is approximately equal to the ratio of the number of vertices or faces, or data size in the
original model to the number of vertices or faces, or data size in the simplified model
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(a) The simplified model at m=15% by the prposed method

=t

(c) The simplified model at m=26.5% by the proposed method

(b) e simplified model at m=15% y GH & LT

(d) The simplified model at m=26.5% by GH & LT

Figure 6 Compression of the two methods for residential building models

5 Conclusion

In this paper, an improved method for simplifying
complex models of large scenes in architecture is
proposed, which can better preserve the details of the
model compared with the classical algorithms.
Experiments show that the proposed algorithm simplifies
the various parts of the model in different degrees
according to the complexity of the structure. This
preserves the details of the model as much as possible.
With the same simplify multiple, the proposed method
has a greater advantage in displaying the details of the
model. The proposed algorithm greatly improves the
accuracy of the simplified model under the premise of
ensuring the compression ratio. However, this paper uses
the region growing algorithm to detect plane proxies.
This process is complicated and takes some time, which
increases the compression time of the model. Future
directions will be to refine algorithms to reduce the time
required for model compression.
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