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a b s t r a c t

CAD mesh models have been widely employed in current CAD/CAM systems, where it is quite useful to

recognize the features of the CAD mesh models. The first step of feature recognition is to segment the

CAD mesh model into meaningful parts. Although there are lots of mesh segmentation methods in

literature, the majority of them are not suitable to CAD mesh models. In this paper, we design a mesh

segmentation method based on clustering, dedicated to the CAD mesh model. Specifically, by the

agglomerative clustering method, the given CAD mesh model is first clustered into the sparse and dense

triangle regions. Furthermore, the sparse triangle region is separated into planar regions, cylindrical

regions, and conical regions by the Gauss map of the triangular faces and Hough transformation; the

dense triangle region is also segmented by the mean shift operation performed on the mean curvature

field defined on the mesh faces. Lots of empirical results demonstrate the effectiveness and efficiency of

the CAD mesh segmentation method in this paper.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

CAD mesh models are ordinarily created from CAD data
(including primitives, free-form surfaces, etc.). In general, the
CAD data contains the information for segmentation. However,
when we discretize the CAD data into CAD meshes, and store
them in some standard format, such as STL format, the informa-
tion for segmentation is lost.

Currently, the CAD mesh models have been widely employed
in CAD/CAM applications, where, it is often required to recognize
the features of the CAD mesh model. For example, in FEA mesh
generation, to improve the mesh quality and reduce the compu-
tational load, the features in the mesh model need to be
recognized, and some tiny features should be depressed. The first
step of feature recognition is to segment the mesh model into
meaningful parts.

Although there are lots of mesh segmentation methods in
literature, the majority of them are suitable only to computer
graphics mesh models, with dense mesh vertices and relatively
uniform vertex distribution [1,2]. However, the CAD mesh models
(Fig. 1) are quite different from the computer graphics mesh models.

As illustrated in Fig. 1, a CAD mesh model usually contains two
typical regions, dense and sparse regions. Specifically, the sparse
regions are generated from the triangulation of the planar, cylind-
rical and conical surfaces in a CAD model, while the dense regions
ll rights reserved.
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AD mesh model segmentat
are from the triangulation of the blending surfaces. The sparse
region consists of many slender triangles, and the mesh quality of
the sparse region is usually very poor in the sense of mesh
segmentation methods for computer graphics models. Therefore,
the mesh segmentation methods for graphics models are unable to
be employed in CAD mesh model segmentation [3,4].

In this paper, we devise a method dedicated to the CAD mesh
model segmentation. First, the triangles in the CAD mesh model
are classified into sparse and dense regions by the agglomerative
hierarchical clustering method [5]. To further segment the sparse
region, the normalized normals of the triangle faces in the sparse
region are mapped into the points on the Gauss sphere surface,
and then the randomized Hough transformation [6] is employed
to recognize the planes which intersect with the Gauss sphere in a
circle. On the other hand, the dense region is further segmented
by the mean shift operation [7–9] on the mean curvature field
defined on the triangle faces. The method presented in this paper
can automatically segment a CAD mesh model into meaningful
parts, while the user can also improve the result conveniently by
controlling several parameters.

The contributions of the CAD mesh segmentation method
developed in this paper include:
�

ion
The CAD mesh model is classified into sparse and dense
regions by the agglomerative hierarchical clustering method.

�
 The sparse region is partitioned into planar, cylindrical, and

conical regions by the Gauss map and randomized Hough
transformation.

�
 The dense region is segmented by performing the mean shift

operation on the mean curvature field.
by clustering. Computers and Graphics (2011), doi:10.1016/
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Fig. 1. The mesh quality of CAD mesh model is poor in the sense of mesh

segmentation methods for computer graphics models, which contains sparse and

dense regions. (a) and (b) are two typical CAD mesh models.
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The rest of this paper is organized as follows. Section 2 surveys
the related works. Section 3 introduces the sparse and dense
region clustering method. In Section 4, the sparse region is further
segmented by the randomized Hough transformation. In Section
5, the dense region is partitioned using the mean shift operation.
Section 6 presents the results and the related statistical data and
parameters. Finally, the conclusions and future work are proposed
in Section 7.
2. Related works

The majority of the mesh segmentation methods are desig-
ned for segmenting the computer graphics mesh models, and
there are only a few references on the CAD mesh segmentation
till now.
2.1. CAD mesh segmentation

In Ref. [10], the CAD meshes are segmented by a region
growing method and the following boundary rectification, based
on the curvature tensor analysis. However, it is difficult to get the
reasonable curvature tensor on the sparse region of a CAD mesh
model, where the mesh vertices are just on the sharp boundaries
(Fig. 1). More seriously, there are not principal directions at the
umbilical points in the planar and spherical regions.

Noticing the CAD mesh model consists of sparse region and
dense region, a heuristic method is developed in Ref. [3] to
segment the CAD mesh model. Compared with the agglomerative
clustering method employed in this paper, the heuristic method
in [3] is very complex and not very robust.

In the other work on CAD mesh segmentation [4], the
CAD mesh is first refined to make the sparse region dense enough,
and then an improved watershed algorithm is performed on
the refined mesh, to partition it into meaningful parts. Since
lots of vertices are added in the mesh by mesh refinement, the
computation cost of the method in [4] increases significantly.
Fig. 2. The dense and sparse region clustering result of a CAD mesh model. The

sparse region is in green, and the dense region is in red. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
2.2. Mean shift for segmentation

Mean shift is a non-parametric feature space analysis techni-
que first presented in Ref. [7]. Recently, some mesh segmentation
methods are presented by performing mean shift on different
fields. Yamauchi et al. [11] employ mean shift to cluster the
normals of triangles before segmentation, leading to the segmen-
tation of the mesh model. Zhang et al. [12] propose a segmenta-
tion method in which the curvatures are first mean-shifted as
they declared. But, actually, the mean shift in their method, is
used to smooth the curvature at each vertex with its 2-neighbors
till convergence, rather than cluster the curvature.
Please cite this article as: Xiao D, et al. CAD mesh model segmentat
j.cag.2011.03.020
2.3. Hough transformation

Hough transformation is used to detect lines and curves by
Duda et al. [13]. Xu et al. [6] propose the randomized Hough
transformation, which has the same ability to detect curves with
less computation overhead. Hough transformation can also be
used to detect planes in 3D point cloud, and a data structure for
this purpose is proposed in [14].

2.4. Computer graphics mesh segmentation

In this section, we briefly review the work on mesh segmenta-
tion suitable for computer graphics models. Mangan et al. [15]
extend the watershed algorithm in 2D image segmentation to 3D
mesh segmentation. A hierarchical segmentation method is pro-
posed by Attene et al. [16] to fit the triangles with a set of
primitives. Starting with some carefully chosen seeds, Lai et al.
[17,18] develop a segmentation method using the concept of
random walks, which is presented in image segmentation by
Grady [19]. Recently, Skraba et al. [20] propose a mesh segmenta-
tion method that use persistence-based clustering.

For a comprehensive review on mesh segmentation, please
refer to the excellent survey [2].
3. Dense and sparse region clustering

In this section, the triangles of the CAD mesh model is
classified into dense and sparse regions by the agglomerative
hierarchical clustering method [5]. Before the processing of the
CAD mesh model segmentation, the length of the longest edge of
its bounding box is scaled to 1.

As stated above, the CAD mesh model can be classified into
sparse and dense regions (see Fig. 2). The sparse region consists of
slender triangles, and the dense region is composed of small and
relatively regular triangles. To distinguish the triangles in sparse
and dense regions, we utilize the metric m¼ sa � tl, where,
sa:
ion
the area of a triangle;

tl:
 the edge ratio between the longest and shortest edges of a

triangle.

First, we compute m for each triangle, and then cluster them
into two groups. Triangles in the group with smaller m are
recognized as dense region, while the others are taken as sparse
region. The detailed algorithm is listed as follows:
1.
 Calculate m¼ sa � tl for each triangle, and store them in a
sorted list. Treat each one as a cluster initially.
2.
 Among all pairs of adjacent clusters, pick out the pair with the
minimum distance and merge them to one cluster. The value
by clustering. Computers and Graphics (2011), doi:10.1016/
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Fig. 3. The illustration of the agglomerative hierarchical clustering method for the

model in Fig. 2. The blue curve is the Logarithm curve of logm versus s, the serials

of the triangles in order. The green horizontal lines are the dividing lines for the

data set logm, and the red vertical line is the corresponding dividing line for the

triangles. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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P
j.
of the new cluster is the arithmetic mean of all elements
belongs to it. Insert the cluster back to the sorted list according
to its value. Here, the distance d between two clusters with
values m1 and m2, respectively, is defined as

d¼ jlogm1�logm2j:
3.
 Continue step 2 until there are only two clusters left. Thus, the
triangles belongs to the cluster with smaller value are recog-
nized as dense region, and the others as sparse region.

In Fig. 2, we illustrate the clustering result of a CAD mesh,
where the sparse region is displayed in green, and the dense
region in red. Fig. 3 is the curve of logm versus s, the serials of the
triangles in order, where the vertical axis represents logm, and the
horizontal axis represents the serials of the triangles. Note that,
the red vertical line in Fig. 3 is the dividing line of the two
clusters.

The above clustering algorithm works well for the most CAD
models in our experiments. Moreover, it is very easy for the users
to improve the clustering results. In our implementation, the
users can adjust the dividing line directly on the logarithm curve
(Fig. 3), and the clustering result is updated interactively, till the
users get the desired result.

It worth mentioning that, it is possible for some small triangles in
a planar patch to be clustered into the dense region, which are easy
to be merged in the adjacent planar patches in the following process.

In some CAD mesh models, there are a few very tiny triangles
which can worsen the clustering result. Then, as the pre-proces-
sing, we delete the data corresponding to the tiny triangles with
area below 10�5 from the initial clusters.
4. Segmentation of the sparse region

In CAD mesh model, the sparse region is generally composed
of three type regions, i.e., planar region, cylindrical region and
conical region. In this section, the sparse region is further
segmented by Gauss mapping, randomized Hough transforma-
tion, and a followed merging operation. For clarity, we list the
main steps of the sparse region segmentation algorithm in
Algorithm 1, and explain them in detail in the following sections.

Algorithm 1. Mesh segmentation Algorithm by the Randomized
Hough Transformation.
le
c

1
 Recognize the initial planar patches, and map them to the
Gauss sphere surface;
Fig. 4. The initial merged planar patches on the CAD mesh model after pre-

processing, which are taken as the units in the Hough transformation and the
2
followed merging operation, together with the non-merged triangular faces in the

sparse region.
Determine the most possible plane on the Gauss sphere
surface by the randomized Hough transformation, which
intersects with the Gauss sphere in a circle;
ase cite this article as: Xiao D, et al. CAD mesh model segmentatio
ag.2011.03.020
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n

On the Gauss sphere surface, search the data points on the
plane (and in the circle), and merge the planar patches of
the CAD mesh model, which correspond to these data
points;
4
 Repeat steps 2 and 3 till there are less than six points left on
the Gauss sphere surface, or there are less than six points on
the new determined plane.
4.1. Initial planar patch recognition

As the pre-processing, we first compute the normalized
normal of each triangular face in the sparse region, and merge
the adjacent faces with inner product of their normals above ap

into a single planar patch, which are taken as the units in the
Hough transformation and the following merging operation (see
Fig. 4). It should be pointed out that, the triangles in the dense
region are also merged into their adjacent planar patch, if the
inner product of their normalized normals is greater than ap, and
their common edge is not the shortest edge of the needle triangle
in the sparse region, with edge ratio greater than 15.0. In our
implementation, we take ap ¼ ð1�10�5

Þ.
Finally, we map the normalized normals of these merged

planar patches and non-merged triangular patches into the Gauss
sphere. The planar region is mapped to a point on the Gauss
sphere surface, and the cylindrical and conical regions are
mapped to great and small circles on the Gauss sphere surface,
respectively.

4.2. Determination of the plane on the Gauss sphere surface

As stated above, the cylindrical and conical regions are
mapped to great and small circles on the Gauss sphere surface,
each of which is the intersection between a plane and the Gauss
sphere. In this section, the randomized Hough transformation
[14] is employed to recognize which points on the Gauss sphere
lie in a plane. To perform the randomized Hough transformation,
the Cartesian coordinates system (o;x,y,z) is established, taking
the center of the Gauss sphere as the origin.

Supposing a point p¼ ðpx,py,pzÞ is on a plane C, with normal-
ized normal,

n¼ ðnx,ny,nzÞ ¼ ðsinjcosy,sinjsiny,cosjÞ, ð1Þ

the distance r from the origin to the plane C is,

r¼ p � n¼ pxsinjcosyþpysinjsinyþpzcosj, ð2Þ

where j is the angle between the normal n and the z-axis, and y
is the angle between the x-axis and the projection of n on the x�y

plane. Each point in the ðj,y,rÞ-space corresponds to a plane in
the (o; x,y,z) space. Since the Gauss sphere is a unit sphere,
the distance from the origin to the plane intersecting with the
Gauss sphere is less than 1, i.e., ro1. Therefore, in the
by clustering. Computers and Graphics (2011), doi:10.1016/
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ðj,y,rÞ-space, we construct a unit sphere Uh for the randomized
Hough transformation.

Next, three different points are chosen randomly from the data
points on the Gauss sphere surface. They construct a plane,
corresponding to a point ðj,y,rÞ in the unit sphere Uh.

If two planes with ðn1,r1Þ and ðn2,r2Þ, which corresponds to
the two points ðj1,y1,r1Þ and ðj2,y2,r2Þ, satisfy the following
conditions,
1.
Fig
to t

poi

Gau

seg

colo

P
j.
the angle between their normals (1) is less than 11, and

2.
 jr1�r2jo0:01,
the two points are merged into a single point in the ðj,y,rÞ-space
in the following manner. Suppose ðj1,y1,r1Þ (equivalent to
ðn1,r1Þ) is the old point, which is merged by kh points, and the
point ðj2,y2,r2Þ (equivalent to ðn2,r2Þ) is a new point, which
needs to be merged in the old point. Then, the new merged point
is the point in the ðj,y,rÞ-space, which corresponds to

khn1þn2

khþ1
,
khr1þr2

khþ1

� �
:

Note that, the thresholds in this section are fixed because both the
Gauss sphere and Uh are unit spheres.

We repeat the point selection and plane calculation, till over
one thousand points are merged into a single point ðj,y,rÞ in the
unit sphere Uh. The point corresponds to a plane C in the (o;x,y,z)
space which intersects the Gauss sphere in a circle.

Furthermore, we search the data point set X¼{(xi,yi,zi),
i¼1,2,y,kg} on the Gauss sphere surface, which satisfy

jxisinjcosyþyisinjsinyþzicosj�rjo0:035, ð3Þ

and take them as the points on the plane C (see Fig. 5(a)). If the
circle in which the plane C intersects with the Gauss sphere is a
great circle, the planar patches corresponding to these data points
Xg consist of a cylinder; otherwise, they constitute a cone.

It should be pointed out that, the recognized data points in Xg

do not take part in the next step of the randomized Hough
transformation. But after a new plane is determined, they are
still checked by Eq. (3) to see whether they lie in the plane.

4.3. Merge the planar patches

In the last section, a set of data points Xg in a circle on the
Gauss sphere surface are found, which correspond to a set Xm of
planar patches in the original CAD mesh model. However, it is
possible for the set of planar patches that,
1.
 the planar patches in Xm constitute several patches which are
separated in geometry;
. 5. The data points in a great circle on the Gauss sphere surface (a) correspond

he cylindrical regions (in green) on the CAD mesh model in (b), while the data

nts in a small circle correspond to the conical regions in purple in (b). (a) The

ss sphere and a plane which intersects the sphere in a great circle; (b) the

mentation result of the sparse region. (For interpretation of the references to

r in this figure legend, the reader is referred to the web version of this article.)

lease cite this article as: Xiao D, et al. CAD mesh model segmentat
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2.
ion
the planar patches consists of several cylinder or cone with
different but parallel axes;
3.
 there are true planar patches in Xm.

Therefore, we should trace and merge the planar pathes in Xm,
and determine the potential true planar patches.

In our implementation, we regard the adjacent planar patches as
lying in different cylinders or cones with parallel axes, if the angle
between them is larger than the threshold aangle. We also take the
planar patch, between which and its adjacent planar patch the area
ratio (larger area over small area) is larger than the threshold aarea,
as the potential true planar patch. In our implementation, we choose
aangle ¼ 201, and aarea ¼ 5, except in Figs. 8(b) and 11, aarea ¼ 2:5.

Thus, we iteratively merge the adjacent patches into one
patch, if they satisfy,
1.
 the angle between them is less than aangle, and,

2.
 the ratio between their areas (larger area over smaller area) is

less than aarea.

At the end, if there are some planar patches left in Xm which are
not merged with its adjacent patches. They are processed by the
following strategies.
1.
 If the non-merged planar patch Ps in Xm is smaller than its
adjacent merged patch Pa, and the angle between them is
smaller than aangle, Ps is merged to Pa;
2.
 If the non-merged planar patch Ps in Xm is smaller than its two
adjacent merged patches Pa and Pb, and the two angles
between Ps and Pa, Ps and Pb are both smaller than aangle, the
three patches are merged into a whole patch;
3.
 If the non-merged planar patch Ps in Xm is larger than its
adjacent patches, we take Ps as the potential true planar patch.

After the algorithm terminates, the non-merged potential true
planar patches becomes the true planar patches.

In this manner, the planar regions, cylindrical regions, and
conical regions can be segmented successfully for most CAD mesh
models. Fig. 5(b) is the sparse region segmentation result for the
CAD model in Fig. 2.
5. Segmentation of the dense region

In the CAD mesh models, the dense region consists of small
and relatively regular triangles, which are generated by triangu-
lating the blending surfaces in general. In some CAD models, the
dense regions are isolated by the sparse regions, each of which is
generated from a single blending surface, and does not require
further segmentation. However, in some cases, a single dense
region is generated from several connected blending surfaces
(such as the model in Fig. 6), which needs further segmentation.

In CAD models, the simple quadratic surfaces is frequently
used as the blending surface, such as the spherical surface, torus,
etc. Note that the curvature distribution on the same quadratic
surface is uniform, we segment the dense region into the sub-
regions, each of which is generated from a single blending surface,
by performing mean shift clustering operation on the mean
curvature field defined on the dense region.

It should be pointed out that, the mean shift method has been
employed in segmenting graphical models by performing the
mean shift operation on the normal field defined on the mesh
faces [11]. However, the mean shift on the normal field is easy to
oversegment a whole quadratic region (such as spherical surface,
torus, etc.) into multiple regions (Fig. 6(b)), while the mean shift
by clustering. Computers and Graphics (2011), doi:10.1016/
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Fig. 7. Segmentation results of two CAD mesh models with a bit noise in the

cylindrical regions. The original triangular mesh models are presented in Fig. 1,

respectively.

Fig. 6. The comparison between the results of the mean shift on the normal field

[11] (b), and on the mean curvature field (c). (a) is the original dense region, which

is the zoom of the part in the red box of the model in Fig. 5(b). (For interpretation

of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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on the mean curvature field can avoid the over-segmentation by
choosing suitable parameters (Fig. 6(c)).

5.1. Mean curvature computation

We have implemented several well-known discrete mean
curvature computation methods, it is found that the method
mentioned in [21] (originally presented in [22]) works well in
most cases for the computation of the mean curvature on the
barycenter of each triangle.

Denote the barycenter of a triangle as P. Taking P as the center,
we construct a sphere s with radius r. The sphere s is partitioned
into two parts, sin and sout, by the surface of the CAD mesh model,
where, sin is inside the CAD model, and sout is out of the CAD
model. Then, the surface area of sin is

Ainðr,PÞ ¼ 2pr2�pHðPÞr3þOðr4Þ, ð4Þ

where HðPÞ is the mean curvature at the triangle barycenter P. By
omitting the high degree term, we have

HðPÞ ¼
1

pr3
ð2pr2�Ainðr,PÞÞ: ð5Þ

In our implementation, the radius r is taken as br lr , i.e.,

r¼ br lr , ð6Þ

where lr is the average length of edges in the current connected
group of the dense region, and br is a multiple varying in the
interval [1.0, 2.0]. In the smooth region, any 1:0rbr r2:0 leads to
good results. However, in the sharp boundary, where it is only C0

or C1 continuous, and the mean curvature has no definition, br

should be carefully selected to generate desirable segmentation.
The value of br for each example presented in this paper is listed
in Table 2.

To compute the surface area of sin, we first triangulate the
whole spherical surface into 80 uniform spherical triangles.
Moreover, the spherical triangles intersecting with the boundary
of sin are refined thrice. Then, the sum of the spherical triangles
inside the surface of the CAD model and intersecting with the
boundary of sin is taken as the surface area Ainðr,PÞ of sin

approximately.
For more details on the computation of mean curvature, please

refer to [21,23].

5.2. Mean shift on the mean curvature field

After computing the mean curvature ci at the center Pi of each
triangle in the dense region T, they constitute the mean curvature
field w¼ fxi ¼ ðPi,ciÞ, i¼ 1,2, . . . ,ng in R4. The mean shift [11] is
performed on w to segment the dense region T into meaningful
sub-regions.
Please cite this article as: Xiao D, et al. CAD mesh model segmentat
j.cag.2011.03.020
Specifically, denoting x¼ ðP,cÞ, the mean shift vector mðxÞ is
taken as

mðxÞ ¼

Pn
i ¼ 1 xigg

P�Pi

hg

����
����

2
 !

gc
c�ci

hc

����
����

2
 !

Pn
i ¼ 1 gg

P�Pi

hg

����
����

2
 !

gc
c�ci

hc

����
����

2
 ! �x: ð7Þ

Here, we adopt the triangular kernel:

kT ðxÞ ¼
1�x, 0rxr1,

0, x41,

(
ð8Þ

and then, gg(x) and gc(x) in Eq. (7) are defined as

ggðxÞ ¼ gcðxÞ ¼�k0T ðxÞ ¼
1, 0rxr1,

0, x41:

(
ð9Þ

Furthermore, hg and hc in Eq. (7) are the bandwidths for fPig

and {ci}, respectively. In our implementation, we set

hg ¼ bglm, hc ¼ bc=lm, ð10Þ

where lm is the longest edge length of the bounding box of the
current connected triangles in the dense region, and bg and bc are
two multiples. They should be carefully chosen for each CAD
mesh model for desirable segmentation. We will explain the
selection of bg and bc in Section 6.

The mean shift algorithm is composed of the following steps:
1.
ion b
Initialize y½0�i with xi, i¼1,2,y,n;

2.
 Compute

y½jþ1� ¼ y½j� þmðy½j�Þ, j¼ 0,1,2, . . . ð11Þ

till it converges to several points g1,g2, . . . ,gk.
Finally, all of the points xi which have the same convergence
point gj are taken as one cluster, and the triangles they corre-
spond to are segmented as one or more regions according to their
connectivity. Fig. 6(c) is the segmentation result by performing
the mean shift operation on the mean curvature field.

As mentioned in Ref. [11], to speed up the mean shift
procedure, we use a k-D tree to store the geometry information
fPi,i¼ 1,2, . . . ,ng, and check the mean curvature difference
between two triangles only when their distance JPi�PjJ is not
more than hg.
6. Implementation and results

The CAD mesh segmentation algorithm proposed in the paper
has been implemented in Visual Cþþ 2008 environment. And lots
of CAD mesh models have been tested with it. All examples in this
paper run on a PC with 2.53 GHz CPU (Intel Core Duo) and 4 G
RAM, under Windows Vista 64-bit system.

Fig. 7 shows the segmentation results for two CAD models
where the two original CAD mesh models are shown in Fig. 1,
y clustering. Computers and Graphics (2011), doi:10.1016/
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Fig. 8. Segmentation results of two CAD mesh models. The sparse and dense

region clustering result in (b) is adjusted manually.

Fig. 9. Logarithm curve of logm to the serials of the ordered triangles for the mesh

model in Fig. 8(b). The right red vertical line is the dividing line automatically

generated by the clustering algorithm, and the left red line is the dividing line

selected manually. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 10. Two segmentation results just by Algorithm 1. Note that the very narrow

conical regions on the two models in (a) and (b) are segmented successfully by

Algorithm 1.

Fig. 11. The mean shift operation is performed on the mean curvature field to

segment a dense region into sub-regions. (a) The original CAD mesh model; (b) the

segmentation result; (c) zoom of the segmented dense region by the mean shift.

Fig. 12. Comparison between our method and the method in [3] on a CAD mesh

model. (a,c) Two views of the segmentation results by our method. (b,d) Two

possible segmentation results by the method in [3].
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respectively. Although there are a bit noise in the cylindrical
regions (Fig. 1), they are recognized successfully by the rando-
mized Hough transformation (Fig. 7).

Fig. 8 shows the segmentation results for the other two CAD
mesh models. For all of the four CAD mesh models in Figs. 7 and 8,
the single connected dense region on them is generated from a
single blending surface, therefore, the dense regions on them do
not need to be further segmented after the sparse and dense
region clustering.

In all of the examples in this paper, except the example in
Fig. 8(b), the dividing lines (Fig. 3) for the sparse and dense region
clustering are determined automatically. In the example in
Fig. 8(b), because the sparse triangles in the small features have
similar areas with the dense ones, and the clustering algorithm
cannot distinguish them well, the dividing line should be adjusted
manually to generate desirable segmentation result. Fig. 9
demonstrates the logarithm curve and the automatically gener-
ated and manually selected dividing lines. This example shows
that, even the agglomerative hierarchical clustering algorithm
fails to generate a good dividing line, it is still easy for the user to
adjust it on the logarithm curve, and the clustering result can be
updated in real-time.

In some special cases, especially when the CAD model is
composed mainly of cylindrical, conical and planar regions, the
mesh segmentation algorithm by the randomized Hough trans-
formation (Algorithm 1) can directly partition the whole CAD
mesh model well, without the sparse and dense region clustering.
The examples demonstrated in Fig. 10 is generated just by
Algorithm 1, without the sparse and dense region clustering.
Note the very narrow conical regions on the two models in
Fig. 10(a and b), which are hard to be recognized as ruled regions
by the heuristic method presented in Ref. [3].

Fig. 11 illustrates a segmentation result, where the dense
region is further segmented by the mean shift on the mean
curvature field. Fig. 11(a) is the original CAD mesh. Fig. 11(b) is
the segmentation result, a connected dense region is partitioned
into three sub-regions, demonstrated in Fig. 11(c).
Please cite this article as: Xiao D, et al. CAD mesh model segmentat
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In Fig. 12, both our method and the method in [3] are
employed to segment a CAD mesh model, where (a) and (c) are
the segmentation results by our method from two different views.
As a comparison, (b) and (d) are two possible results by the
method in [3]. In [3] (Section 6.2.2 (B), in step 1 (i)), there is a
threshold which controls the maximum distance from the con-
strained plane to the normals of triangles in cylindrical regions.
ion by clustering. Computers and Graphics (2011), doi:10.1016/
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Table 1
Statistics for the CAD mesh segmentation examples.

Fig. f fd rs rd Tc Ts (s)

5 3466 2878 5 4 0.025 s 0.057

8(a) 1124 302 50 2 0.006 s 0.067

8(b) 3612 2380 64 4 0.005 s 0.069

7(a) 4098 2376 34 11 0.026 s 0.759

7(b) 6576 3752 37 12 0.039 s 1.492

10 2912 0 24 0 N/A 1.227

11 6798 4708 37 5 0.049 s 0.447

Table 2
Parameters and times used to segment dense regions.

Fig. nf br bg bc Tu (s) Tm (s)

6(c) 737 2.0 0.3 4.0 4.630 0.221

11(c) 1094 0.75 0.3 3.0 2.451 0.362
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When this threshold is set to 0.003, their method produces the
result in Fig. 12(b), where the cylindrical region are over-seg-
mented. When the threshold is set to 0.03, their method gen-
erates the result in Fig. 12(d), where the conical regions are over-
segmented. We tried to adjust the threshold in [3], but at least
one part of the model is over-segmented. This example shows
that our method is more robust than the method in [3].

Moreover, Table 1 presents the statistical data for the CAD
mesh segmentation examples shown in this paper. In the table, f

is the number of faces in the CAD mesh model. fd is the number of
triangles in the dense regions, rs is the number of sparse regions
after sparse region segmentation, and rd is the number of dense
regions isolated by the sparse regions. Finally, Tc is the time spent
on the sparse and dense region clustering; Ts is the time spent on
the sparse region segmentation. It can be seen that these two
steps cost a little time.

Table 2 shows the parameters and time used to segment the
dense regions. Here nf is the number of triangles in the dense
region illustrated in the corresponding figures. br is the multiple
in determining the radius of the sphere for computing the mean
curvature (Eq. (6)). bg and bc are the multiples for calculating the
bandwidths hg and hc in the mean shift operation (Eq. (10)). Tu is
the time spent on mean curvature computation, and Tm is the
time spent on mean shift clustering.

As stated above, br usually varies from 1.0 to 2.0 depending on
the smoothness of the region. We choose br ¼ 0:75 in Fig. 11(b) to
exclude the influence of the neighboring holes. The general rule
for the selection of bc is that, if the dense region is over-
segmented into too many regions, bc should be increased; if it
is segmented into too few regions, bc should be decreased. On the
other hand, it usually leads to good results by setting bg ¼ 0:3, if
the region is circular.
7. Conclusions

In this paper, we develop a CAD mesh segmentation algorithm.
The triangles in the CAD mesh model is first partitioned into
sparse and dense regions by the agglomerative hierarchical
clustering algorithm. Furthermore, the sparse region is segmented
into planar regions, cylindrical regions, and conical regions by the
randomized Hough transformation and the followed merging
Please cite this article as: Xiao D, et al. CAD mesh model segmentat
j.cag.2011.03.020
operation. On the other hand, the dense region is partitioned into
meaningful sub-regions, by performing the mean shift on the
mean curvature field. The segmented CAD mesh model can be
used in feature recognition and downstream CAD/CAM applica-
tions, such as automated process planning and sheet metal tool
design, high-quality finite element analysis (FEA) mesh genera-
tion, and redesign/reuse of feature shapes for product design, etc.
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