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Abstract—A 3D model skeleton is an abstraction of a 3D model,
which is useful for feature description, 3D model identification
and many other applications. However, the skeleton may be
disconnected when thinning the 3D model after voxelization. In
this paper, a 3D model skeleton correcting algorithm is
proposed. It uses 3 pre-defined correcting templates to inspect
disconnections and correct them. The templates inspect 26-
adjacent voxels of each target voxel after it is removed. After a
target voxel is removed, the templates inspect the distances
among the rest of 26-adjacent voxels of the target voxel whether
any of the distances are greater than or equal to 2. The proposed
algorithm is simple and practical. The experimental results
show some comparisons between before and after correcting
skeletons. The skeleton generated by the proposed method has
less noises than that of conventional method and maintains
connectivity.

Keywords-3D model; voxelization; thinning; skeletonization;
correcting.

l. INTRODUCTION

In recent years, the development of 3D printing
technology has led to the explosive growth of 3D models.
Hence, the 3D printing services are increasing rapidly [1][2].
However, copyright infringement of 3D models has become
an issue for the 3D printing ecosystem of product distribution
websites, design-sharing and 3D scanning [3][4]. To prevent
unauthorized use of copyrighted 3D models, the identification
of 3D models remains.

Many researchers have proposed various methods for 3D
model feature extraction and retrieval [5][6][7][8][9]. Because
of the high discriminative property of 3D skeleton-based
features for 3D model representation, 3D skeleton-based
approaches have attracted much attention [5][6][7]. A 3D
model skeleton is not only an abstraction of the model at the
center-line of the model but also a fundamental shape feature,
which is used for shape description, 3D model identification,
and many other applications.

However, the conventional methods of generating
skeleton have some weaknesses. In [10], authors used as input
a subvoxel precise distance field and employed a number of
fast marching method propagations to extract the skeleton at
subvoxel precision. The algorithm can’t generate the skeleton
of each branch of a 3D model. In [11][12], authors used a
thinning algorithm to generate skeleton and rechecked eight
subvoxels with non-overlapping neighborhoods in parallel.
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However, the generated skeleton included some noises. In
[13], authors modified and improved a fully parallel 3D
thinning algorithm described in [14]. The parallel thinning
algorithm is based on several pre-defined removing templates
(class A, B, C and D). The target voxel will be removed, if the
neighborhoods of the voxel match one of the templates. The
modified algorithm generates the skeleton of each branch of a
3D model and has very few noises, but the skeleton may be
disconnected when thinning the 3D model.

In this paper, we present a 3D model skeleton correcting
algorithm using some templates of inspecting voxel
disconnection. It uses 3 pre-defined correcting templates to
inspect disconnections and correct them. The templates
inspect 26-adjacent voxels of each target voxel after it is
removed. The templates inspect the distances between the rest
of 26-adjacent voxels of the removed voxel, whether they are
greater than or equal to 2. The proposed algorithm is simple
and practical. Some comparisons between before and after
correcting the skeletons are shown in the section of
experimental results.

The remainder of this paper is organized as follows. A
brief overview of the basic theory of the adjacencies in a 3D
binary array is given in Section 2. The methodology of the 3D
parallel thinning algorithm is reviewed in Section 3. In Section

4, the proposed 3D skeleton correcting algorithm is introduced.

The experimental results of skeletons generated by the
proposed method and the other methods are shown in Section
5. Finally, we conclude the proposed method in Section 6.

Il.  BASIC THEORY

First of all, a voxelization process is performed to a 3D
mesh model as in [15]. The 3D space of voxels is transformed
to a 3D binary array. Each voxel is denoted by 1 in the 3D
binary array. A binary value 0 means that there is no voxel.

Suppose there are two voxels p; and p, with
coordinates (x;,vy,2;) and (x,,Y,,2,) in the 3D binary
array. The Euclidean distance between p, and p, isdefined
as (1) [13].

d= \/(x1 = %)%+ (Y1 —¥2)2 + (21 — 2,)? (1

If d=1, p, and p, are 6-adjacent. If d <2, p,

and p, are 18-adjacent. If d <3, p; and p, are 26-
adjacent. Fig. 1 shows the adjacencies of a voxel p.
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Figure 1. The adjacencies in a 3D binary array. - g 4 - SR %4 )/’/
The n(p), e(p), s(p), w(p), u(p) and d(p) are 6 adjacent
voxels of p, where the n, e, s, w, u and d denote north, east, . L
south, west, up and down. The 18-adjacent voxels of p (hot
include 6-adjacent voxels) are nu(p), ne(p), nd(p), nw(p), b10
eu(p), ed(p), su(p), se(p), sd(p), sw(p), wu(p) and wd(p), and I
so on. )
.""

I1l. 3D PARALLEL THINNING ALGORITHM

The parallel thinning algorithm is based on several pre- el
defined removing templates (class A, B, C and D) [13][14].
The target voxel will be removed, if the voxel is a non-tail

Figure 3. 12 removing templates in class B.

voxel and the neighborhoods of the voxel match one of the o o 3
templates.
Fig. 2, 3, 4 and 5 show the templates of four classes. There
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Figure 2. 6 removing templates in class A.
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Figure 5. 36 removing templates in class D.

If a voxel p is 26-adjacent to only one voxel, it is called
a line-end voxel. If the p is 26-adjacent to only two voxels,
it is called a near-line-end voxel. If the p is either a line-end
or a near-line-end voxel, it is called a tail voxel, otherwise it
is called a non-tail voxel. Analyze each voxel of a 3D model
whether it is a non-tail voxel and satisfies at least one of the
removing templates of any classes. After analyzing and
marking the whole voxels, the voxels which satisfy both
conditions will be removed simultaneously. Repeat the
process until no voxel can be removed. The authors in [13]
found that the 12 conventional templates of class D in [14]
may disconnect the skeleton. Therefore, they modified and
expanded each template of class D to 3 templates. Each of the
templates from d1 to d6 in Fig. 5 is expanded to 3 templates
according to the binary values of the two triangles. Thus, there
are 36 templates in class D.

IV. THE PROPOSED 3D SKELETON CORRECTING
ALGORITHM

A 3D model thinning algorithm should keep the generated
skeleton connected. However, we found that the modified
algorithm failed to preserve connectivity. Fig. 6 shows an
example about how the algorithm disconnects the skeleton.
The voxel pl is a non-tail voxel, because it is 26-adjacent to 6
voxels: p2, p3, g1, g2, g3 and g4. It also satisfies the template
d7-2 in class D. Thus, it will be removed. The voxel p2 is a
non-tail voxel, because it is 26-adjacent to 5 voxels: pl, p3,
g2, g3 and qg4. It also satisfies the template a5 in class A.
Therefore, it will be also removed. The voxel p3 is a non-tail
voxel, because it is 26-adjacent to 4 voxels: p1, p2, g2 and g3.
It also satisfies the template d9-3 in class D. Therefore, it will
be also removed. When the voxels p1, p2 and p3 are removed,
the rest of the voxels are disconnected.
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Figure 6. An example of disconnection.
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Figure 7. Correcting templates of class E.

To solve this problem, we present a 3D skeleton correcting
algorithm with 3 templates of inspecting voxel disconnection.
These templates are assigned to class E as shown in Fig. 7.
The black squares mean that at least one of them is 1. The
templates inspect the connectivity of the voxels by checking
the distance between the voxels, whether it is greater than or
equal to 2. Thus, after the target voxel p is removed, to satisfy
the templates, there are at least two voxels left, one of them is
black square and the other one is white square. If the 26-
adjacent voxels of the removed voxel satisfy the templates of
class E, the removed voxel p can be recovered. With the
templates in class E, we can inspect that the voxel g2 and g3
satisfy the template e3 after the last voxel of p1, p2 and p3 is
removed. Thus, we can recover the last removed voxel to
correct the disconnection of the skeleton and preserve
connectivity.

V. EXPERIMENTAL RESULTS

In this section, we show some experimental results of
comparisons between before and after correcting the skeletons
with Matlab. The proposed algorithm is compared with 3
other skeletonization algorithms. First one is described in [10],
which used fast marching methods (FMM). Second one is
proposed in [11][12], which built skeleton via 3D medial
surface and axis (MSA). Last one is proposed in [13][14],
which used a fully parallel thinning algorithm (FPT). The
performances of the algorithms are evaluated with two 3D
models in SHREC 2015 benchmark. Fig. 8 shows the two 3D
models: bird and armadillo.
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Figure 9. Skeletons generated by the four algorithms.

The skeletons generated by the four algorithms are shown
in Fig. 9. Fig.9 (a) and (e) show the skeletons generated by
FMM. The skeletons of the bird’s head and the armadillo’s
two arms and one leg are not generated. Fig. 9 (b) and (f) show
the skeletons generated by MSA. The skeletons of the bird’s
tail and armadillo’s chest contain many noises. Fig. 9 (c) and
(9) show the skeletons generated by FPT. The skeletons of

bird’s left wing and armadillo’s tail and head are disconnected.

Fig. 9 (d) and (h) show the skeletons generated by the
proposed correcting algorithm. The skeleton of the bird’s head
is generated and that of bird’s tail doesn’t have many noises.
The connectivity of the left wing is also preserved. The
skeletons of armadillo’s arms and legs are generated. They
don’t have many noises and maintain connectivity.

VI. CONCLUSION AND FUTURE WORK

In this paper, we present a 3D model skeleton correcting
algorithm using templates of inspecting voxel disconnection.
Three pre-defined correcting templates are used to inspect
disconnections and recover them. The templates inspect the
connectivity of 26-adjacent voxels of each removed voxel.
The proposed algorithm is simple and practical. The
experimental results show that the proposed algorithm can
repair the disconnection and provide corrected skeletons. In
the future work, we will apply the algorithm to the
identification of 3D models.
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