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a b s t r a c t

Dynamic simulation and high quality FEA mesh generation need the CAD mesh model to be simplified,
that is, suppressing the detailed features on the mesh without any changes to the rest. However, the
traditional mesh simplification methods for graphical models can not satisfy the requirements of CAD
mesh simplification. In this paper,we develop a feature suppression based CADmeshmodel simplification
framework. First, the CADmeshmodel is segmented by an improved watershed segmentation algorithm,
constructing the region-level representation required by feature recognition. Second, the form features
needing to be suppressed are extracted using a feature recognition method with user defined feature
facility based on the region-level representation, establishing the feature-level representation. Third,
every recognized feature is suppressed using the most suitable one of the three methods, i.e. planar
Delaunay triangulation, Poisson equation based method, and the method for blend features, thus
simplifying the CAD mesh model. Our method provides an effective way to make CAD mesh model
simplification meet the requirements of engineering applications. Several experimental results are
presented to show the superiority and effectivity of our approach.

© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Triangular mesh models have been widely used in three-
dimensional CAD systems for supporting engineering applications,
such as dynamic simulation and finite element mesh generation.
As CAD mesh models of complex products become more and
more complicated, in order to improve the efficiency in simulating
complex CAD mesh models dynamically, the CAD mesh model
should be simplified in advance. Meanwhile, to make the
simulation meet the requirements of engineering precision, the
simplified CAD mesh models should retain large features of the
original model. In other words, the CADmeshmodel simplification
should suppress the detailed features on the mesh without any
changes to the rest. It differs from the mesh simplification for
computer graphics applications.

As far as Finite Element Analysis (FEA) is concerned, the FEA
mesh quality is critical to the FEA results. FEA computation on a
goodmeshwithhighquality can lead to resultswith highprecision.
However, it is a time-consuming task to generate a FEA mesh
from CAD model. In fact, both the FEA mesh generation time and
generated mesh quality mainly depend on the geometric shape
of the CAD model. Generally speaking, the simpler the geometric
shape of a CADmodel, the less time the FEAmesh generation costs,
and the better the quality of the generatedmesh. Usually, the shape
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of a CAD model is made complicated by some small features on
the model, which are inessential to FEA results, but prolong the
FEA mesh generation time, and worsen the FEA mesh quality. In
recent years, researchers started to explore generating FEA mesh
directly based on CAD mesh model. Similarly, to shorten the mesh
generation time and improve the mesh quality, the CAD mesh
model is required to be simplified, that is, suppressing the detailed
features on the mesh without any changes to the rest before FEA
mesh generation.

Since the 1990’s, meshmodels have been extensively employed
in computer graphics, and many research works on mesh
simplification have been conducted [1–6] mainly for real-time
rendering and fast transferring of complexmeshmodels. However,
since the objects and purposes ofmesh simplification for computer
graphics and engineering applications are different, the mesh
simplification methods for computer graphics are not suitable for
simplifying CAD mesh models. First, the graphics mesh model
normally reconstructed from 3D scanned data differs from the
CAD mesh model generated from a B-rep model in CAD system
greatly. Generally, the graphics mesh is dense, while the CAD
mesh is very sparse. Especially, while graphics mesh simplification
mainly considers the requirements of real-time rendering and fast
transferring, CAD mesh simplification should retain the accuracy
of major form, function and intent information of a product, which
has been proven by the fact that practicing analysis normally
simplifies CAD models by completely suppressing detailed form
features while keeping other parts unchanged. Since the graphics
mesh simplification methods simplify both detailed and major
form features involved in a mesh model, they cannot retain the
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Fig. 1. Illustration of different simplification effects. (a) Original CAD mesh
model; (b) Simplification result using the graphics mesh simplification method;
(c) Simplification result by our method for CAD mesh simplification.

accuracy of the model’s major form and thus cannot satisfy the
requirements of engineering applications. As an example, Fig. 1(c)
shows the simplified model of the original mesh model illustrated
in Fig. 1(a), which is required by engineering applications, and
Fig. 1(b) shows the simplified model generated by graphics mesh
simplificationmethods. Obviously two simplifiedmodels are quite
different.

To make the CAD mesh simplification meet the engineering
requirements, we presented a feature suppression based CAD
mesh simplification framework [7]. Given a CAD mesh model,
it is first segmented into patches using an improved watershed
method. Subsequently, features are recognized based on the
topology of the segmented patches. Finally, these features are
suppressed and the left holes are filled to generate the simplified
CAD mesh model (Fig. 1(c)). In this paper, this algorithm is
extended and intended to be able to effectively deal with
complex features whose base faces could be any kind of surfaces.
Specifically, our approach has the following contributions:

(1) An improved watershed algorithm that takes multi-descent
strategy and performs iterative region merging is developed
and used to achieve patch-type segmentation on CAD mesh
models;

(2) A feature recognition algorithm for recognizing form features
from CAD mesh models is proposed, which can recognize
the pre-defined features and user-defined features that
are interactively defined by the users during the model
simplification process;

(3) Poisson equation based feature suppression and blend feature
suppression methods are developed to conduct feature sup-
pression for the form feature with curved base region and the
blend features, respectively, which effectively guarantees the
simplification quality.

The paper is organized as follows. Section 2 surveys related
works. Section 3 introduces some concepts and the overview of
the algorithm. The improved watershed algorithm is developed in
Section 4. In Sections 5 and 6, we presents the feature recognition
and suppression methods, respectively. Section 7 illustrates some
results. Finally, this paper is concluded in Section 8.

2. Related works

As stated above, there are only a few works on feature
recognition and simplification of CADmeshmodels. The first work
on CAD mesh simplification based on form feature suppression
was proposed by Jang et al. [8] in 2006. Their approach extracts
form features involved in a mesh model using loop-based feature
detector and simplify the model through feature suppression.
Restrained by their loop-based feature detection algorithm, the
approach can only deal with the very simple feature whose
base face is a single planar face. Recently, Sunil and Pande [9]
reported the design and implementation of a system for automatic
recognition of features from freeform surface CADmodels of sheet
metal parts represented in STL format. However, in their work, the
method for mesh segmentation is heuristic and the method for
a b

Fig. 2. Computer graphics mesh (a) and CAD mesh (b).

feature recognition cannot recognize user-defined features. Kim
et al. [10] proposed a B-rep model simplification method to speed
up rendering and smooth user interaction with three operators:
wrap-around, smooth-out and thinning. These operatorsworkwell
on their applications but not suitable to engineering applications.
Their operators will largely change the shape and volume of the
part and generate non-manifold models.

Besides the graphics mesh simplification methods and the
works above on the CADmesh model, the works on segmentation,
feature recognition and feature suppression are also relevant and
thus they are briefly introduced below.

2.1. Mesh segmentation

In general, mesh segmentation methods can be classified into
two types: patch-type segmentation and part-type segmentation.
The former is mainly used for texture mapping, chart building,
simplification and re-meshing, while the latter usually divides
a mesh into meaningful parts without restricting the part
topology. Several approaches to automatically segment mesh into
meaningful components have been proposed. The watershed-
based scheme put forward by Mangan and Whitaker favors
partitioning a mesh model along high curvature regions [11].
Kim et al. [12] presented a mesh partitioning method using
iterative merging strategy. A mean shift-based segmentation
method is proposed by Yamauchiy et al. [13]. Lee et al. [14]
presented an intelligent manual scissoring tool for mesh using
the minima rule and part salience. Ji [15] proposed an easy
mesh cutting tool to segment a mesh based on an improved
region growing algorithm using a feature sensitive metric. Katz
et al. [16] proposed a hierarchical mesh segmentation algorithm
which is based on new methods for prominent feature point
and core extraction. Yu-Kun Lai et al. [17] presented a top-down
hierarchical mesh segmentation algorithm based on isotropic re-
meshing. Attene et al. [18] described a hierarchical face clustering
algorithm for trianglemeshes based on fitting primitives belonging
to an arbitrary set. After defining the term ‘regular object’,
Varady et al. [19] presented a non-iterative algorithm for direct
segmentation, where well-known techniques from computer
vision are combined with new procedures for processing point
and normal vector data. A comprehensive discussion of mesh
segmentation methods was achieved by Attene [20].

In general, the most existing mesh segmentation methods
are computer graphics oriented and work better on triangulated
computer graphics models with dense mesh. Their emphasis
is how to divide a streamlined triangular mesh (see Fig. 2(a))
into meaningful pieces. But the computer graphics mesh models
are much different from CAD mesh models, which are very
sparse, highly non-uniform, not streamlined and have many hard
edges (see Fig. 2(b)). Therefore, these segmentation methods for
computer graphics models cannot be applied to the CAD models
directly. Tomakemesh segmentation reallymeet the requirements
of engineering applications, there is still a long way to go.
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Fig. 3. Illustration of basic concepts. (a) Regions; (b) Base region (darker); (c) Feature regions (darker); (d) Inner loop (dash line) and outer loop (solid line); (e) Convex edges
(dash line) and concave edges (solid line); (f) Concave vertex (Pi); (g) Convex vertex (Pi).
2.2. Feature recognition

Automated form feature recognition has been an active
research topic in solid modeling area for many years and many
methods have been proposed. These methods can be divided
into three categories: graph-based algorithms [21–24], volumetric
decomposition techniques [25–28] and hint-based geometric
reasoning [29–31].

Graph-based feature recognition algorithms translate the B-rep
of a part model into a graph where its nodes represent faces and
arcs represent edges with some attributes such as the convexity
and concavity of edges included, and then recognize all the form
features by graph decomposition and sub-graph matching.

In volume decomposition approaches, a part is decomposed
into a set of intermediate volumes using convex hull decomposi-
tion or cell decomposition first, then all the form features are pro-
duced by combining the intermediate volumes in a certain way.

Hint-based approaches assert that any feature will leave a
trace in the part boundary which provides a hint for the potential
existence of a feature. So in these approaches features are extracted
by geometric reasoning based on the feature hints.

For a detailed feature recognition survey, please refer to
Ref. [32]. As mentioned in Ref. [32], although much progress
has been made in feature recognition techniques, the complete
problem is still far from being resolved.

2.3. Feature suppression

The real feature suppression works mainly focus on the
suppression of detailed features like blend features. Li [33]
presented a suppression algorithm for blend features generated
by rolling-ball techniques with a fixed radius. An approach
to the suppression of blend features with a variational radius
was proposed by Zhu [34]. Joshi [35] put forward a feature
suppression method which can deal with blend features between
two NURBS surfaces. Cui [36] proposed an effective algorithm for
suppressing vertex blend, edge blend and mixed blend features.
Lee et al. [37] suppressed detailed features through constructing
a feature volume. Venkataraman et al. [38,39] presented methods
to reconstruct the features from a set of faces of a solid model, and
remove the face set of the features from the model.

The key technique issue of suppressing the features ex-
cept blend features on mesh model is hole-filling. Many hole-
filling approaches have been proposed during the last decade
and they can be classified into two categories: voxel-based
[40–43] and triangle-based [44–47]. However, due to the complex-
ity and diversity of the issue, existing hole-filling methods still
have certain deficiencies in robustness, efficiency and precision,
especially for complex models with highly curved holes.

3. Preliminaries

3.1. Basic concepts

(1) CAD mesh model: A triangular mesh model generated by
triangulating B-rep model in CAD system.
(2) Region: A set of connected triangles of a CAD mesh model,
normally corresponding to a face of the B-rep (Fig. 3(a)).

(3) Loop: An ordered and interconnected edge set which forms the
closed boundary of a region. There are two types of loops: outer
loop and inner loop. The outer boundary of a region forms the
outer loop, while the boundary of an inner hole or protrusion
determines the inner loop (see red lines in Fig. 3(d)).

(4) Concave/convex edge: An edge is concave/convex if the angle
between its two adjacent triangles is smaller/larger than π
(Fig. 3(e)).

(5) Concave/convex vertex: A 2D vertex Pi is concave/convex if a
left/right turn ismade at Pi while going from Pi−1 to Pi+1, where
the interior of the 2D polygon P is to the right (see Fig. 3(f)
and (g)).

(6) Concave/convex connection: The connection between two
adjacent regions is concave/convex if they are connected by
concave/convex edges (Fig. 3(e)).

(7) Base region: The regionwhich has at least one inner loop or one
concave vertex in its outer loop, on which at least one feature
is attached (Fig. 3(b)).

(8) Feature region: The regions involved in a feature (Fig. 3(c)).
(9) Feature boundary: The boundary between all the regions of the

feature and all the adjacent regions of the feature.

The basic concepts presented above are illustrated in Fig. 3.

3.2. Approach overview

In this paper, we propose a feature suppression based
framework to CADmesh model simplification. Firstly, a CAD mesh
model is segmented into regions using the improved watershed
algorithm, and the region-level representation of the model is
set up; secondly, all the form features are recognized based on
the region-level representation using the graph-based feature
recognition method with a user-defined feature facility; finally,
each recognized feature is suppressed by a suitable one of three
feature suppression methods. Additionally, a hierarchical data
structure consisting of the triangle-level, region-level and feature-
level of mesh models is designed and used in our approach
to effectively support the feature suppression based CAD mesh
simplification.

The flowchart of our approach is illustrated in Fig. 4.

4. Mesh segmentation

As aforementioned, though the graphics mesh segmentation
methods are not suitable to segment the CAD mesh models
directly, mesh segmentation technique in computer graphics field
has been developed for a long time, and there are lots of classical
methods for mesh segmentation. Therefore, to segment a CAD
mesh model, a feasible way is to improve the classical mesh
segmentation method for graphics model and make it suitable
for the CAD mesh model. In this section we improve the classical
watershed method to partition the CAD mesh model into a
set of regions with face granularity. And then, the region-level
representation of the mesh model can be established, which
consists of all the regions as well as relevant information among
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Fig. 4. Flowchart and illustration of our approach.
a b

Fig. 5. Adding new vertices in a triangle. (a) Manner 1; (b) Manner 2.

them, e.g. connection properties between two adjacent regions
(convex or concave), region topology, etc.

Different from themeshmodels that are reconstructed from 3D
scanned data or used in the computer graphics area, CAD mesh
models generated by triangulating B-rep in CAD systems have
the following characteristics (Fig. 2(b)): (1) the triangle quality
is usually not good, i.e. there are slender and sparse triangles
in the CAD mesh model; (2) there are hard boundaries, which
are determined by the nature of CAD parts. These characteristics
make traditional segmentation methods for graphics models
unsuitable for partitioning CAD mesh models. For example, the
original watershed algorithm cannot find a vertex with a local
minimum curvature as the catchment basin for sparse CAD mesh.
Thus, the classical watershed algorithm for graphical models
must be improved greatly to fit CAD mesh segmentation. The
improvements include, adding new vertices to refine the mesh,
taking a multi-descent strategy during the segmentation and
finally performing iterative region merging.

For clarity, the steps of the improved watershed algorithm are
listed as follows:

Step 1: Refine the mesh by adding new vertices to the original
mesh model;

Step 2: Segment the refined mesh model using a multi-descent
strategy;

Step 3: Update the region representation generated based on the
refined mesh model;

Step 4: Generate the final regions by iterative region merging.

4.1. Mesh refinement by adding new vertices

Since CAD mesh models usually contain many large and sparse
triangles, there are not enough vertices to calculate the curvature
and define a catchment basin. Therefore, the traditional watershed
algorithm cannot segment CAD mesh models with high quality.
This problem can be solved by adding newvertices into the original
mesh properly, that is, refining the original mesh. To hold the
features of the CAD mesh model, the refinement of the original
mesh cannot change its geometry. To this end, two vertex insertion
manners are presented in the following, based on the feature edge
concept introduced by Razdan [48] (An edge is called a feature edge
if the normals of its two adjacent triangles form an angle greater
than a given threshold.):
Manner 1: If not all edges of a triangle are feature edges, three
new vertices are added at the mids of three edges of the triangle,
creating four sub-triangles (see Fig. 5(a));
a b c

Fig. 6. Illustration of hard boundary problem. (a) A mesh model; (b) Segmentation
result without hard boundary, segmented by the traditional watershedmethod; (c)
Segmentation result with hard boundary, segmented by our improved watershed
method.

Manner 2: If the three edges of a triangle are all feature edges, a new
vertex is added at the center of the triangle and three new vertices
are added at the mids of three edges, generating six sub-triangles
(see Fig. 5(b)).

In this way, the features of the original CAD mesh model
are remained precisely. Moreover, compared with Razdan’s
method [48], our approach can maintain the topology of the mesh
model much better.

4.2. Segmentation by multi-descent strategy

One major limitation of traditional watershed algorithm is
that the segmentation result has no hard boundary [48]. That is,
there remain undetermined strips between patches segmented
(see blank triangles in Fig. 6(b)). Razdan et al. proposed a
method to determine the boundary in the strips based on triangle
decomposition in Ref. [49]. However, since they have to modify
the original mesh, the approach is not suitable for engineering
applications.

In fact, it is mainly because the descent strategy in the
traditionalwatershedmethod is unidirectional and only one region
label can be assigned to each vertex, that the hard boundary cannot
be generated. Take the case in Fig. 7 as an example, since the
vertex D in Fig. 7(a) is a ridge one, it should be assigned not only
the region label R1 of C but the region label R2 of E. However,
with the unidirectional descent strategy, the traditional watershed
algorithm only flows downhill on the height function towards the
lowest value point C , and thus only the region label R1 of C is
assigned to D. Therefore, the edge DE is undetermined, and we do
not know which region it belongs to (Fig. 7(b)).

To overcome the above limitations of the traditional watershed
algorithm, in this paper, we develop a new descent strategy, i.e.
the multi-descent strategy, to segment the CAD mesh models.
Differing from the unidirectional descent strategy, the multi-
descent strategy enables thewatershed algorithm to flowdownhill
from a vertex towards all its neighbor vertices which have lower
height function values than that of the vertex. In this way, the
region label can be assigned to each vertex according to the
following rules:
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Fig. 7. Unidirectional descent strategy. (a) Descent path of vertex D; (b) Descent result.
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Fig. 8. Multi-descent strategy. (a) Multi-descent path of vertex D; (b) Descent result.
(1) At the vertex on a ridge, the descent along multiple directions
can get to different minimum value vertices, so it is assigned
multiple region labels.

(2) At the vertex not on a ridge, the descent along multiple
directions can arrive at only one minimum value vertex, so it
is assigned only one region label.

Therefore, the vertex with multiple region labels is the vertex
on the boundary of the regions segmented. In this way, the hard
boundary is determined (Fig. 6(c)). For clarity, we illustrate the
multi-descent strategy in Fig. 8, where vertex D gets both region
labels R1 and R2, and thus it is considered as a boundary vertex.

4.3. Region representation update

After the segmentation with a multi-descent strategy is
fulfilled, the refined mesh model is decomposed into a number
of regions each of which consist of a set of connected triangles
of the refined mesh model. Now we need to update each region
representation by replacing the triangles of the refined mesh
model with these of the original mesh model, so as to make the
segmentation result be represented by the original triangles. The
triangle replacement is performed as follows.

On one hand, for the triangle of the original mesh model in
which some new vertices are added by manner 1 (Fig. 5(a)), the
sub-triangles are replaced according to the following rules:

(1) If three or more sub-triangles of the original triangle belong
to the same region, then the original triangle is added to this
region and all its four sub-triangles are deleted;

(2) Otherwise, the original triangle is added to the region to which
T2 (Fig. 5(a)) belongs and all its four sub-triangles are deleted.
On the other hand, for the triangle of the originalmeshmodel in

which some new vertices are added by manner 2 (Fig. 5(b)), since
all its six sub-triangles must belong to the same region after the
segmentation because the new vertex on the center is the vertex
with local minimum curvature, the original triangle is added to the
region towhich its six sub-triangles belong and all six sub-triangles
are deleted.

4.4. Generation of final segmentation result by iterative region
merging

While adding new vertices is very helpful for generating the
hard boundaries, it often leads to oversegmentation, especially on
the blend areas. Therefore, region merging is required to generate
the final segmentation result.
To do so, two queues are created: One stores the candidate
regions (CR), and the other stores the adjacent candidate region pairs
(ACRP), which are defined as follows, as well as the valid adjacent
region pair.
Valid adjacent region pair: An adjacent region pair ⟨R1, R2⟩ is valid
if all dihedral angles between two adjacent boundary triangles are
smaller than an angle threshold δangle and the area ratio α between
R1 and R2 satisfies α ∈ [1/δarea, δarea], where δarea ≥ 1.
Candidate region: A region is a candidate region if it belongs to at
least one valid adjacent region pair.
Adjacent candidate region pair: An adjacent region pair ⟨R1, R2⟩ is a
candidate one if both R1 and R2 are candidate regions.

With CR and ACRP defined above, we can delineate the region
merging algorithm, which consists of the following four steps:

Step 1: Initialize the CR and ACRP queues by determining all the
candidate regions and adjacent candidate region pairs
of the segmented mesh model according to the above
definitions;

Step 2: Get the front pair from the ACRP queue, and merge these
two regions if the new merging region is still a candidate
region;

Step 3: Update the region representation in the CR and ACRP
queues by replacing merged regions with new region;

Step 4: Repeat Step 2 to Step 3 till the CR or ACRP queue is empty
or a given iteration time is reached.

Fig. 9 shows two examples of the final blend region generated
by the region merging, where the first column shows the original
mesh models, the second column demonstrates the segmentation
results based on the refined mesh models with newly added
vertices, and the third column illustrates the final blend regions
after region merging.

4.5. Discussion on the improved watershed segmentation method

The improved watershed segmentation method works well
on CAD models with hard edges. Meanwhile, it still needs to be
improved in the following two aspects: (1) Capability of handling
the model including complex blending features and the model
containing two adjacent curved surfaces which are triangulated
with similar triangles, e.g. their triangle shapes and areas are
similar; (2) Effective selection of the parameters in the improved
watershed segmentation algorithm that directly determine the
segmentation quality.



S. Gao et al. / Computer-Aided Design 42 (2010) 1178–1188 1183
a

b

Fig. 9. Two examples of the final blend region generation by iterative region merging. (a) Example 1; (b) Example 2.
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Fig. 10. Sensitivity of the parameter curvature. (a) The original model; (b)
Curvature = 0.01; (c) Curvature = 0.05; (d) Curvature = 0.07.

a b c d

Fig. 11. Sensitivity of the parameter angle. (a) The original model; (b) Angle =

(1/18)π ; (c) Angle = (1/9)π ; (d) Angle = (1/5)π .

Currently, for complicated mesh models, to generate desirable
segmentation results, the parameters in the improved watershed
segmentation algorithm need to be selected experimentally and
experientially according to the requirements and the actual
triangulation result which CAD software exports. The major
parameters as well as their sensitivity are illustrated as follows.
Curvature: Curvature is the key parameter for segmentation. It is
the decisive factor to whole segmentation. Generally speaking, the
higher the curvature is, fewer parts the segmented model has.
Taking Fig. 10 as an example, with the curvature threshold varying
from 0.01 to 0.07, the segmented model has less and less parts
(angle and area ratio are ignored):
Angle: Angle controls the size of region. The parameter merges
two adjacent regions when their dihedral is less than the angle
threshold. The larger the angle is, bigger the region is. Fig. 11 shows
the segmentation trend when the angle is getting larger (we fix
curvature threshold = 0.01, area ratio = 2).
Area ratio: The area ratio is designed for splitting two adjacent
regions whose triangles’ areas are different. As we know, CAD
a b c d

Fig. 12. Sensitivity of the parameter area ratio. (a) The original model; (b) Area
ratio = 1.1; (c) Area ratio = 1.2; (d) Area ratio = 1.3.

software triangulates the model by surface. The triangles lying
on the same surface have the same shape. The area ratio splits
the model using this characteristic. Fig. 12 shows the segmented
results with a varying area ratio (curvature = 0.01, angle =

(1/5)π ).

5. Feature recognition

To suppress the features and simplify the CAD mesh model,
these features should be recognized in advance. With the
region-level representation of the mesh model, the graph-based
method [50] is employed and improved to recognize features.
Specifically, two major modifications are made to the traditional
graph-based feature recognition method in our work, that is:

(1) Since the features interested in this work are mainly detailed
features and are usually attached to one ormore base faces, we
decompose the face-edge graph of the whole model based on
the base faces rather than only convex faces;

(2) Because only feature boundary information is required by fea-
ture suppression, we define rib features completely by their
face-edge graph without feature parameters and constraints,
which makes the definition and representation of rib features
not only simple but also unified, and facilitates the implemen-
tation of the user defined feature recognition.

In general, there has been a pre-defined feature library.
However, due to the diversity of the features that need to
suppressed, it is impossible to pre-define all of them in a feature
library. In this work, we allow users to interactively define the
features that they want to suppress during the process of mesh
model simplification. The user-defined features can also be put into
the feature library and used as pre-defined features afterward.
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Fig. 13. Process of feature recognition based on RAG. (a)Meshmodel with region information; (b) RAG of themeshmodel; (c) Sub-graphs obtained by graph decomposition;
(d) Feature graph candidate.
With the user-defined and pre-defined feature library in hand,
the features in the CAD mesh can be recognized according to the
following steps (Fig. 13).
Set up region adjacency graph (RAG): Based on the region-level
representation of the mesh model, the region adjacency graph
(RAG) of the model can be set up, in which each node refers to a
region and each arc represents the adjacency relationship between
the two regions including convex/concave attribute. An example
is shown in Fig. 13(b) where solid lines refer to convex adjacency
relationship, and dashed lines stand for the concave adjacency
relationship.
Find out all base regions: All the base regions can be easily
determined according to the base region definition given in
Section 3.1. Specifically, for each region, whether it has inner loop
(s) or concave vertex (vertices) is checked. If so, it is taken as a base
region since both the inner loop and concave edge indicate that
there is some form feature attached on this region. In Fig. 13(a),
regions 4, 6, 7 and 8 are determined as base regions.
Decompose the region adjacency graph (RAG): In order to reduce the
space of sub-graphmatching that is themost time-consuming step
of the graph-based feature recognition, we decompose the RAG
of the mesh model by deleting all the base regions from it. It is
because a base region will not be involved in any form feature that
needs to be suppressed. After all the base regions are deleted, the
RAG is decomposed into a set of sub-graphs, each of which might
correspond to a form feature needing to be suppressed. For the RAG
shown in Fig. 13(b), after the graph decomposition by deleting base
regions 4, 6, 7 and 8, two sub-graphs {1, 2, 3, 5} and {9, 10, 11, 12}
are obtained, as depicted in Fig. 13(c).
Determine feature graph candidates: For each sub-graph obtained
in the previous step, we further check whether it may correspond
to a real feature needing to be suppressed, i.e. whether it is a
feature graph candidate, by checking if the regions of the sub-
graph are adjacent with its base regions on inner loop edges or
concave edges. If so, the sub-graphmay correspond to a real feature
needing to be suppressed and is taken as a feature graph candidate.
Moreover, after a feature graph candidate is determined, it is
checked whether all the regions of the feature graph candidate
have a common region with a concave adjacency with them. If so,
this common region is restored and added into the feature graph
candidate. In Fig. 13(c), sub-graph {9, 10, 11, 12} is determined
as the feature graph candidate, as shown in Fig. 13(d), while sub-
graph {1, 2, 3, 5} is excluded.
Sub-graph matching: In the last step, each feature graph candidate
is compared with the RAG of every pre-defined feature in the
feature library. If it matches any one, a feature is recognized. For
the example shown in Fig. 13, the feature graph candidate {9, 10,
11, 12} is finally recognized as a feature.
a b c

Fig. 14. Define and recognize user-defined features. (a) The original model;
(b) Defining of a new feature (red); (c) Recognized new features (red). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 14 demonstrates an example for recognizing a user-
defined feature. Fig. 14(a) shows the original model segmented. In
Fig. 14(b), user defines a new feature in red, and the features are all
recognized in Fig. 14(c).

6. Feature suppression

After all the features that need to be suppressed are recognized,
they can be suppressed to simplify the CAD mesh model.
Specifically, feature suppression includes two steps: (1) deleting
every recognized feature, i.e. deleting all the triangles involved
in every feature from the mesh model; and (2) filling the holes
formed due to the feature deletion. Since feature deletion is very
simple, we focus on hole-filling. In this section, according to the
geometric shape of the suppressed feature, we develop three hole-
filling methods, each for a certain type hole.

6.1. Planar Delaunay triangulation method

If all the base regions of the feature to be suppressed are planar,
the hole formed by removing the feature will be filled using the
planar Delaunay triangulation method [49,51,52]. There are two
cases:
Case 1: If the feature has only one planar base region, indicating
that the hole lies completely on a single planar region, then it is
filled by directly performing planar Delaunay triangulation with
the boundary of the hole as input and adding all the new triangles
generated into the mesh model.
Case 2: If the feature has more than one planar base regions,
meaning the hole is not a planar hole, e.g. the rib feature shown
in Fig. 15(a), we first decompose the boundary of the hole into
a number of planar loops, each of which lies on a base region of
the feature, and then fill every generated loop by planar Delaunay
triangulation with the loop as input and adding all the new
triangles generated into the mesh model. For example, after the
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a b c d

Fig. 15. Suppression of rib feature with two base regions. (a) The feature-level
representation of the mesh model (A and B refer to the two base regions of the rib
feature); (b) The mesh model with rib feature deleted; (c) Two loops generated by
hole decomposition; (d) The final feature suppression result.

a b c

Fig. 16. An example of feature suppression based on the Poisson equation. (a)
A mesh model with a feature whose base region is curved (red); (b) Effect of
suppression based on planar triangulation; (c) Effect of suppression based on the
Poisson equation.

Fig. 17. The flowchart and illustration of feature suppression based on the Poisson
equation.

rib feature in Fig. 15(a) is removed, the hole is first decomposed
into two loops as shown in Fig. 15(c), and each loop is filled by
planar Delaunay triangulation. The final feature suppression result
is shown in Fig. 15(d).

6.2. Poisson equation method

If the base region of a feature is curved, the effect of the planar
triangulation method is not desirable (Fig. 16(a) and (b)). In order
to effectively fill the hole on the curved region so that the new
triangles can be compatible with the base region, we proposed
a hole-filling algorithm based on normal estimation and Poisson
equation [53]. The flowchart and illustration of the algorithm is
shown in Fig. 17. Fig. 16(c) shows the suppression effect of the
feature in Fig. 16(a) using this algorithm, which is obviously better
than that shown in Fig. 16(b). For the detailed algorithm, please
refer to Ref. [53].

6.3. Blend feature suppression

Due to the speciality of blend features, the two feature suppres-
sion methods presented above cannot achieve the desirable sup-
pression effect (see Fig. 19) for them. Thus, we develop the fol-
lowing algorithm for suppressing blend features according to their
characteristic. This suppressionmethod can suppress blending fea-
tures generated by the ball-rolling algorithm.

Firstly, since themax principle curvature lines of a blend region
always flow from one of its adjacent regions to another (Fig. 18(a)),
all the vertices on the blend region can be classified into a number
of clusters by tracing seed vertices, each of which correspond to a
max principal curvature line.

Secondly, the junction vertices, that is, the common vertices
between the blend region and its adjacent regions, are determined
a b c

Fig. 18. Illustration of some notations used in blend feature suppression.
(a) Maximal principle curvature flow lines; (b) Two junction vertices on a curvature
flow line; (c) The tangent planes at two junction vertices and the projection of the
vertices on them.

a

b

Fig. 19. Two examples of blend feature suppression. (a) Example 1; (b) Example 2.

during tracing of the max curvature lines. As shown in Fig. 18(b),
each vertex cluster has two junction vertices.

Thirdly, for each cluster, we construct two tangent planes at
their two junction vertices (Fig. 18(c)), each of which takes a
junction vertex as its root point and the normal of the junction
vertex on the adjacent region as its normal. Then every vertex of
the cluster is projected onto the tangent plane closest to it along
its normal, as shown in Fig. 18(c).

Finally, check whether all the triangles in the blending feature
have their three vertices lying on the same tangent plane. If there
is a vertex lying on a tangent plane which is different from that of
the other two vertices, then project the vertex onto the intersection
line between two tangent planes.

The above algorithm simplifies the shape of a blend region
by changing the coordinates of every vertex of the blend region
without making any modification to the topology of the blend
region. Fig. 19 shows two examples of suppressing blend regions
using the algorithm.

After planar and blend feature suppression, we need a
procedure to reduce the number of coplanar triangles. In this work,
we choose the method of Garland and Heckbert [5] for this task.
By selecting an error threshold close to zero, we can achieve the
desired effect.

7. Implementation and results

The proposed approach has been implemented with a VC++
2003 environment. And various CAD mesh models have been
used to test our approach. In the following, several representative
examples are illustrated.

Fig. 20 shows the Chasis model and its simplification results.
Fig. 20(b) is the segmentation result with curvature threshold T =

0.01, angle threshold δangle = 0.2π , and area threshold δarea = 6;
Fig. 20(c) shows the recognized pre-defined features; Fig. 20(d)
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Fig. 20. The simplification of Chasis model. (a) Original mesh model; (b) Region-level representation; (c) Recognized pre-defined features; (d) Recognized user-defined
features; (e) Final simplification result.
Fig. 21. The simplification of tire model. (a) Original mesh model; (b) Segmentation result; (c) All recognized features; (d) Final simplification result.
Fig. 22. The comparison between our method and Garland and Heckbert’s method.
depicts the recognized user-defined features; and Fig. 20(e) is
the final simplified result. Fig. 21 shows the Trye model and its
simplification result. From this example, it can be seen that our
approach has the capacity of suppressing the form features whose
base regions are curved.

Furthermore, a comparison is demonstrated in Fig. 22 between
our approach and one of the traditional simplification methods
(i.e. the method of Garland and Heckbert [5]) with respect to
the simplification effect on CAD mesh models. In Fig. 22, the left
column shows a CAD mesh model with 4484 triangles (one is in
shading and another is wireframe), and the other columns show
the simplified models (the simplified models on the top are the
simplification results of our approach and those on the bottom are
the results of Garland and Heckbert’s method). Obviously, the final
simplification effects of two methods are very different and our
approach can satisfy the requirements of engineering applications
better. In addition, it can be seen from this example that our
approach can also generate themulti-resolution simplifiedmodels
as Garland and Heckbert’s method does.
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Fig. 23. Simplification of four parts.
In Fig. 23, more examples are shown, each of which consists of
five models. The first and second are the initial mesh model and
the mesh model with segmentation results, and the last three are
the multi-resolution simplified models.

8. Conclusions and future work

In this paper, we present a framework to CAD mesh model
simplification based on feature suppression. Firstly, a CAD
mesh model is segmented into patches using an improved
watershed method. Secondly, pre-defined features or user-
defined features are recognized based on the topology of
the segmented patches. Finally, these recognized features are
suppressed and the left holes are filled to generate the simplified
CAD mesh model. The framework is intended to be able to
effectively deal with complex CAD mesh models. Compared with
traditional simplification algorithms, our approach can meet the
requirements of engineering applications better for it is capable of
removingunnecessary form features from themeshmodelwithout
any changes to the rest part.

There are five aspects for future work: First, we want to design
an efficient method to select the parameters in the segmentation.
Second, a robust segmentation algorithm is required, which is
dedicated to the CADmesh segmentation. Third, we need to design
an easy way to control the level of simplification. Fourth, for better
filling of the hole, we should develop a method to subdivide the
loops constituting the boundary of the hole into pieces, each for a
base region. Finally, a physical based feature suppression method
will be designed in the future.
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