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ABSTRACT. This paper presents a classification strateqy frame for the hole of incom-
plete point clouds in order to restore the geometrical feature of surface. The frame is
constructed in two steps. The first step is to determine the type of the hole by the normal
of grid surface, the sharp value and the optimal threshold value. And the second step
is to stitch the hole with patch, in which three cases can stitch most part of situations
basically. The key ingredient of classification strategy frame is considered to restore the
sharp feature of model. Theoretical analysis and experimental results show that the clas-
sification strategy frame can fill the hole of denture effectively and recover the shape of
original model. In the process of construction, each type of the hole that is cut by thresh-
old can cover 95.4% of the class members.

Keywords: Incomplete point clouds, Type of the hole, Classification strategy, Sharp
feature

1. Introduction. Although the precision of laser scanner has been improved continually,
the number of point clouds obtained is achieved one hundred thousand, even ten million.
It is unavoidable that the data obtained are incomplete because of uncertainty and com-
plexity of object geometrical feature and limitation of scanner measurement. Therefore,
the parameters of data are incomplete, the following three-dimensional reconstruction is
influenced and the model is distorted.

The research on repairing the incomplete point clouds is still in the early exploration
stage. Chehata et al. [1] classified point clouds by K-means of hierarchical clustering
according to elevation and slope of adjacent area. Matthew et al. [2] proposed a repre-
sentation model used for the cascading binary classifier to distinguish point clouds based
on three-dimensional shape analysis theory and region growing algorithm. Although the
researches above could realize preliminary classification of point clouds, they were mainly
used for classification and segmentation among multiple models of point clouds and they
were not suitable for classification of incomplete point clouds. Perdan et al. [3] proposed
the automatic detection of point clouds surface, and deviation chart analysis method was
used to display the deviation between the measured surface and the benchmark teeth
surface. Schindler et al. [4] reconstructed the surface by the priori knowledge of topol-
ogy and geometrical feature, and the relationship between three-dimensional surface area
and plane was determined by parametric and classification. Actually, the classification
of point clouds involves multi-factors, such as three-dimensional coordination of vertex,
curvature variation, gradient and normal. For boundary or ring with the large-area loss,
deviation analysis method might produce wrong topological information. The type of the
hole cannot be determined by analyzing point clouds. It is necessary to add some priori
knowledge to aid cognition. In Figure 1, Casciola and Morigi [5] studied the existing
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FiGure 1. Grid topology of incomplete point clouds

three-dimensional reconstruction algorithm for incomplete point clouds and repaired and
improved its geometry and topology according to the defect for the different types of grid.

The application layer of grid has higher requirements. Therefore, the repairing algo-
rithm is more suitable for the bottom of grid in the given geometry process based on
the classification thought, which provides the compatibility model of the hole for the ap-
plication layer. Hetroy et al. [6] allowed users to identify potential topology errors and
area selected, used morphological operators to repair the topology of discrete model, and
corrected voxel transformation. In this way, the feature extraction of complex shape ob-
ject can be restored, which has a large computation. However, it takes too much time to
carry on calculation for all kinds of the hole in unknown case. It is necessary to classify
point clouds so as to conduct any objects. Liu and Yang [7] analyzed covariance of point
clouds by normal and estimated space parameters of each point in local space. Then, echo
times of each point and density of local point clouds were combined as input variables of
Support Vector Machine (SVM) classifier. The classification of point clouds was realized
by SVM based on radial basis function. Kang et al. [8] proposed the multi-source data
fusion to fit point clouds obtained by three-dimensional laser scanner and the color image
was blended to extract linear information to determine and verify the fitting feature of
boundary. Liu and Zhang [9] estimated the normal of incomplete point clouds and fitted
the surface of denture model. The methods above can repair the simple hole or island
hole, and recover a smooth surface without geometrical feature. Parametric failure may
be resulted from the large point error of quadric surface approximation during repairing.
In fact, data obtained from the boundary of model are incomplete, and expert information
to fuzzy calculation needs to be increased.

To sum up, the smooth area is repaired by implicit surface reconstruction directly.
However, there is no effective method to deal with the hole with the complex shape at
present, which is caused by two reasons. One reason is that point clouds are discrete
three-dimensional set and have no explicit topological structure. Another reason is that
uncertain number of the hole formed by incomplete point clouds and uncertain shape
of each hole are caused by the complex object. Thus, how to estimate the lost data to
fill the hole is an important issue to research. The existing methods are complex and
low-efficient, which are suitable for some known models only. There exists a high error
rate for unknown complex models, and the precision of three-dimensional reconstruction
is affected seriously.

In this paper, a novel classification strategy frame for the hole formed by incomplete
point clouds of irregular model is proposed. The sharp value of each vertex is calculated.
The hole is classified according to the sharp value by Bayesian classifier, and priori knowl-
edge is added to the optimal threshold value of the classifier. Point clouds are divided
into two types: one is with small sharpness and the other is with large sharpness. For
the type with large sharpness, fuzzy calculation is used to add the lost data and the mesh
mergence method is used to stitch the patch in three cases.
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The remainder of the paper is organized as follows. The type of the hole and mesh
mergence for incomplete point clouds are presented in Sections 2 and 3, respectively. In
Section 4, the simulation experiments are carried out and results are analyzed. Finally,
conclusions are given with the importance and the practical value of the classification
strategy frame.

2. The Type of the Hole for Incomplete Point Clouds. In most cases, there is
obvious difference between model repaired and entity model in display effect, which is
caused by losing some sharp features of objects after repairing.

A classification strategy frame used to restore the feature of surface is proposed in
this paper, which distinguishes whether vertex has sharp feature or not. The boundary
vertices of each hole are involved in the three layers of annular area correspondingly. The
vertex can be classified into two types: one with small sharp and one with large sharp.
The feature of sharp vertex needs to be restored by this algorithm. Otherwise, vertex
does not need to be processed further. In this way, the purpose of hole classification is
to find out the vertex whose surface feature needs to be restored. The normal of total
grid surface is calculated according to the current triangular surface and its surrounding
surface. The grid surface of each vertex is calculated sharp value, which is described in
detail as follows.

Firstly, normal n of total grid surface is calculated in Equation (1).

n=n;+ Y ny, 1)

ijN

where ny is normal of current triangular surface f, ny, is normal of surrounding surface
fi, {N} is the neighbor set of surrounding surface f in Figure 2, and N = {f;|f; is a
neighbor triangular surface of f, j=1,2,...}.

Then, sharp value V; of surface f is calculated in Equation (2).

1 n
Vf:mZ(%—@)Q (2)
fieN
where (; is cosine of vectorial angle between ny and ny, in Equation (3), ¢" = ¢(ny,n),
and [|N|| is the number in {N}.
Y= (nf7nfj) = Cos (4 (nf7nfj)) (3)

where ¢; € [0, 1]. At the edge or corner of grid surface, ¢; becomes larger, and the normal
angle of surface has larger sharp value as well.

Suppose that sharp feature of surface are normal, and Bayesian classifier is adopted.
Set u; and usy to be two types of sharp value, respectively. #; and 6, are standard deviation

FiGUurE 2. Neighbors of surface f
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correspondingly. Equation (4) can distinguish optimal threshold between two types of the

vertex.
{ hi(z) = Inp(z|w;) + In P(w,) (4)
ho(x) = Inp(z|wy) + In P(w,)
where hy(z) and he(x) are classifier functions. w; and wq belong to different types. When
x is equal to optimal threshold value k, then hy(k) = hq(k). Therefore, the standard is
used to classify the vertex.

1 _l T—U.1>2

plx|w,) = g€ 2\ )
_1(z—ug)?
plafus) = Sy H(57)

The optimal threshold value k is obtained in Equation (6).

(0201 — 62uz) — (B3 — O3us)? — (63 — 63) (033 — 33 — 26263)
(05 — 67)
To satisfy the condition that |u; —k|/6; > 2 and |us — k|/0s > 2, each type is separated

by k, which covers 95.4% of the class members and only 4.6% of other class members. In
a word, the type of the hole can be included in the class separated by k.

k:

(6)

3. Mesh Mergence for Incomplete Point Clouds. In this section, the surface gen-
erated by the hole is merged to the mesh around the hole. The objective of mergence is to
determine the corresponding relationship between the boundary vertices generated by the
hole and the border vertices of surface mesh model. And then, the corresponding vertices
are merged and each border vertex in hole mesh is connected to the boundary vertices
around mesh. Set b; and b;,; to be boundary vertices of the original mesh adjacent. py
is the boundary vertices of the repaired hole surface mesh. There are three conditions in
the processing of connecting mesh [11] in Figure 3.

(a) If b; and b;;1 correspond to py at the same time, then the three vertices are merged
into one vertex.

(b) If b; and b; 1 correspond to py and py.1 respectively, and py, and pyyq are adjacent
vertices, then b; and p; are merged while b, ; and py,; are merged as well.

(c) If b; and b;4q correspond to py and py, respectively, and the vertex p; between py
and pgi,, is merged with py or pern. If [pipr| < |pjPrtn|, then p; is merged with py; else
p; is merged with pj,. The process is not halted until there are only two vertices. And
then b; and p; are merged, and b;,; and pg,, are merged as well.

.:7%”;:. . e

:>° 4' o—% l — e
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F1GURE 3. Three cases of mesh stitching
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4. Simulation. The purpose of the simulation is to evaluate the performance of this
proposed classification strategy by incomplete point clouds of molar and canine. The
experiments are implemented on a PC equipped with an Intel Core 2 processor, 2.93GHz
and 2GB main memory. And point clouds are from 3D laser scanner, PICZA LPX-250.
The numbers of the scanned models are 129,870 and 81,875, respectively.

Among existing methods of the hole-filling, the algorithm proposed by Casciola can
repair unknown irregular models well by polar coordinates, relatively. Therefore, our
algorithm is compared with it. Figure 4(a) is the model with lost point clouds. Figure
4(b) is the result of the hole-filling by Casciola’s algorithm [10]. Figure 4(c) is the result
of the hole-filling by our algorithm. The hole-filling results are shown in Figures 5(a)-(c)
by Casciola’s algorithm and the proposed algorithm in this paper. Notice that this novel
algorithm can preserve more detailed feature than Casciola’s algorithm. Point clouds of
the model are divided into two types by computing sharp value of vertex on the mesh of
the hole in this algorithm. One type with small sharp is confirmed by implicit surface
directly in Figure 4(c), and the other with large sharp is used by the algorithm proposed

A A A

) Hole models ) Model filled by Casciola’s algo- ) Model filled by ours
rlthm

FIGURE 4. Repairing the crown of molar and smooth area of canine

A% 2% ¥

) Hole models ) Model filled by Casciola’s al- ) Model filled by ours
gorlthm

FI1GURE 5. Repairing occlusal surface of molar and tip or edge of canine

TABLE 1. Running time of hole-filling algorithm in main parts

Model Number of Number of Casciola’s algo- Restore sharp  Our algori-
vertices triangles  rithm time (s) feature time (s) thm time (s)
crown of |00 g70 129,774 0.6097 0 0.2364
molar
occlusal | o6 75 196,721 0.4813 0.2145 0.2453
of molar
camine gy 975 80,942 0.5038 0 0.1737
surface
edge of |79 g7y 79,843 0.7146 0.3371 0.2392
canine
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in this paper based on implicit surface in Figure 5(c). The function of the proposed
algorithm is to recover the geometrical feature of surface, which allows the sharp feature
to be extended to the surface patch inside the hole and the parameter of sharp is adjusted
according to the local occlusion area of teeth in Figure 5(c). Complex holes in the model
are successfully filled by applying the proposed algorithm.

The final results of four different models are shown in Table 1. The execution time of
our classification strategy is compared with Casciola’s. Also, the proposed algorithm is
only a matter of second even in the case of complex hole without any user intervention.

5. Conclusions. For simple hole and island hole, smooth surface can be calculated to
repair incomplete point clouds. However, the geometrical feature of point clouds is incom-
plete, because quadric error is too large and causes the failure of parametric approximation
in the process of repairing. The type of the hole is classified based on sharp feature in
this paper. Bayesian classifier is used to distinguish whether the vertex with sharp or
not. And three emergence cases are presented. The classification strategy frame of the
paper can fill the hole of denture effectively and recover the shape of original model, which
improves the accuracy of surface reconstruction to a certain extent. In the future, the
research should be related to irregular model. According to uncertainty of the model of
the hole, the information of fuzzy inference should be added.
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