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ABSTRACT
Segmentation of meshes has received a lot of attention in
recent years, due to its growing number of applications. In this
paper, we discuss properties that have been used in the literature
to evaluate segmentation algorithms. Then, we describe some
applications of segmentation in CAD. For each application, we
review one of our segmentation algorithms that is suitable for the
problem. We focus on four applications: modeling by example,
shape-based retrieval, skeleton extraction, and paper crafting.

paper-crafts.
The key consideration in mesh segmentation is the criteria
according to which a mesh partitioning should be evaluated. It
is evident that these criteria must depend largely on the expected
use of the segmentation, as different uses require different algorithms. In this paper, we discuss some common criteria used in
the literature.
Then, we review some of our recent segmentation algorithms, in light of their usages in CAD. For each application,
we set the appropriate requirements and analyze the quality of
the algorithm accordingly. We show that certain criteria are less
essential than others, for a specific use. We also demonstrate the
results of each of these algorithms.
The paper is structured as follows. In the first section, we
propose several general criteria for evaluating a segmentation algorithm. In the next section, we discuss four applications of segmentation in CAD. For each application, we discuss the essential
properties required and review an algorithm that is characterized
by these properties. The last section concludes the paper.

INTRODUCTION
Segmentation has been an important challenge in various
disciplines for many years. Examples include image segmentation [25,29], volumetric mesh segmentation [13,24], point-based
clustering [1, 7], and boundary mesh segmentation [3, 27]. This
paper focuses on the latter.
Mesh segmentation is defined as follows. Given a boundary
mesh M = {V, E, F}, defined by its sets of vertices V , edges E,
and faces F, the goal is segment M into face-wise disjoint submeshes Σ = {M1 , · · · Mk }. The partitioning of the faces induces a
partition on the edges and the vertices.
Though mesh segmentation can benefit a variety of applications, such as computer graphics animation, shape matching,
texture mapping, and more [2, 15, 17, 18, 22, 23, 28, 31], the current paper concentrates on its applications to CAD. The recent
developments in shape segmentation and analysis indicate that it
may be a suitable basis for a variety of activities in CAD, including modeling, retrieval, skeleton extraction, and construction of

SEGMENTATION PROPERTIES
A variety of ways to evaluate the quality of a segmentation
exists. Below, we list criteria that have been used in the literature. In the next section, we examine these properties in light of
specific applications.
1. S EGMENTATION TYPE : It is common to classify segmentation’s objectives into two classes [26]: segmentation
into meaningful components (i.e., following the minima
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rule [11]) and segmentation into purely geometric shapes,
i.e., planar or conic segments.
G EOMETRIC CONSTRAINTS : Sometimes, each component
is restricted to certain geometric constraints, such as convexity [6].
T OPOLOGICAL CONSTRAINTS : Other common restrictions
are topological. For instance, each component should be
a single connected component or should be topologically
equivalent to a disk.
H IERARCHY: Often, a single segmentation of a model
would not exactly fit the segmentation the user “has in
mind”. Therefore, it is desirable to produce either a hierarchical segmentation or a multi-scaled one.
E XACT CUTS : Though defining “correct” boundaries between segments is infeasible, desirable geometric properties
of the boundaries can be characterized. Such properties can
include smoothness, length, and location along concave features.
I NTERACTIVITY: Fully automatic segmentation is a difficult
problem. Therefore, user-guided segmentation techniques
may be a more practical solution for applications that require
a considerable accuracy of the components.
P OSE INVARIANCE : For certain applications it is important
that models of similar objects in different poses, will be segmented compatibly. For instance, a sitting man and a standing man should have the same segments.
P ROPORTION INVARIANCE : Similarly, it is sometimes important to compatibly segment models of similar objects,
having different proportions between their parts. For example, a chair having a long back and a chair having a short
one, should have the same segments.
E XTRACTION OF SMALL FEATURES : The extraction of
very small features, like parts of the fingers of a human, is
still considered difficult. The ability to achieve it is an objective for some algorithms.
P ERFORMANCE : Both the worst-time asymptotic complexity and the actual running times of the algorithms are important factors in the choice of an algorithm.
C ONTROL PARAMETERS : The number of control parameters gives some indication regarding the difficulty of tuning
the algorithms, in order to produce the desirable segmentation. Most segmentation algorithms have parameters. The
goal is to bring the number of parameters to minimum.
B OUND ON THE MAXIMUM AND / OR MINIMUM NUMBER

of the properties listed above. We have demonstrated their uses
in metamorphosis, skeleton extraction, animation, modeling, retrieval, and paper crafting. This section focuses on CAD-related
applications.
We discuss four uses: modeling by example, shape-based
retrieval, skeleton extraction, and paper crafting. For each application, we discuss the essential requirements from the list above
and then briefly describe the algorithm that attempts to achieve
these properties.
Modeling by example [8]: We investigate modeling by example, a data driven approach to constructing new 3D models by
assembling parts from previously existing ones. We have built an
interactive tool that allows the user to find and extract parts from
a large database of 3D models and composite them together to
create new 3D models. This approach is useful for creating objects with interchangeable parts, which includes most man-made
objects (vehicles, machines, furniture, etc.), as illustrated in Figure 1.

Figure 1.

Modeling a Radio Flyer tricycle

OF ELEMENTS IN A COMPONENT OR THE NUMBER OF
COMPONENTS : This constraint is often used too eliminate

over-segmentation or too large and unbalanced components.

From a segmentation viewpoint, the major consideration is
how to provide an interactive segmentation tool that provides
“exact” cuts. This is so, since only one, very exact piece is
needed. There are several possible approaches to interactive segmentation of 3D meshes [10, 16, 33]. In our system, the user is
allowed to paint strokes on the mesh surface to specify where

SEGMENTATION IN CAD
Over the years we have developed a variety of segmentation algorithms [6,8,15,31,32], each satisfying a different subset
2
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cuts should be made. This stroke specifies a constraint that the
cut must pass within r pixels of every point on the stroke. Then
a cost function of a cut can be computed by:
cost(e) = clen (e) × cang(e)α × cdist (e)β × cvis (e)γ × cdot (e)δ ,
where clen is the edge’s length, cang is a function of the dihedral angle of its adjoining faces, cdist depends on the distance to
the stroke, cvis indicates the visibility of the edge, and cdot is a
function of the normal. α, β, γ, δ trade off between the factors. A
constrained least cost path problem is solved in order to find the
optimal cut specified by the user s stroke.
Figure 2.

Shape-based retrieval [32]: Retrieval of objects, which is
based on similarity between them, can also be based on segmentation. This approach attempts to succeed the theories
of [4, 5, 21]. The key idea is to decompose each object into its
“meaningful” components at the object’s deep concavities, and
to match each component to a basic shape. After determining
the relations between these components, an attributed graph that
represents the segmentation is constructed and considered the object’s signature.
Given a database of signatures and one specific signature,
the latter is compared to other signatures in the database, and the
most similar objects are retrieved.
This graph-based approach has a few important properties.
First, it is invariant to non-rigid-transformations. For instance,
given a human object, we expect its signature to be similar to
signatures of other humans, whether they bend, fold their legs,
or point forward, as illustrated in Figure 2. In this figure, all the
19 humans in a database consisting of 388 objects, are ranked
among the top 21 objects, and 17 among the top 17. Second,
normalization is not required, since the signature is a graph that
is invariant to rigid transformations. Third, the signature tolerates
degenerated meshes and noise. This is so because the object is
represented by its general structure, ignoring small features. Finally, the proposed signature is very compact. Thus, signatures
can be easily stored and transfered.
For this application, neither accuracy nor hierarchy are
needed. Five requirements are posed: good performance, a limited number of segments, no control parameters, pose invariance,
and proportion invariance. Performance is vital since the algorithm should be executed on a whole database of objects and
not on a single model. A limited number of segments is important since the segmentation graphs should be compared. Parameters should not be controlled for every object, since again, the
database might be large. Obviously, pose and proportion should
not influence the segmentation
Therefore, for this application two extremely simple and linear segmentation algorithms are utilized: The Watershed decomposition [20] and a BFS-based heuristic [6].

Retrieval of the top 20 objects similar to to the top left-most

human figure

Skeleton extraction: It has been shown in [15] that given a
segmentation, a control-skeleton can be extracted. This is done
by traversing the segmentation tree and generating joints at the
boundary between the segments. In [19], it is shown that the
opposite is also correct. Skeletons can facilitate the creation of
segmentations.
A segmentation algorithms for skeleton extraction should
satisfy the following properties. It should segment the patches
into meaningful components; it should be hierarchical; the cuts
between components should be exact, since otherwise joint binding will be difficult; it should be both pose invariant and proportion invariant, since similar objects should have similar skeletons; and small features should be extracted, so as to facilitate
the skeleton at these parts.
The algorithm described in [14] qualifies for this application, because it satisfies these requirements, as demonstrated in
Figure 3.
The algorithm proceeds from coarse to fine. For each node
in the hierarchy tree, the algorithm consists of the following
stages.
1. Mesh coarsening: Mesh coarsening is applied as a preprocessing step [9]. It assists not only in accelerating the
algorithm when executed on large meshes, but also in decreasing the sensitivity of the algorithm to the presence of
noise.
2. Pose-insensitive representation: Multi-dimensional scaling
is used to transform the mesh S into a canonical mesh SMDS .
Euclidean distances between points on SMDS are similar to
the geodesic distances between their corresponding points
on S. This property makes the representation pose insensitive, because folded organs (e.g., arms) are “straightened”
up by the transformation.
3. Feature point detection: A few points, the prominent feature points, are computed on SMDS and mapped back to their
3
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prevent situations in which objects without prominent components (i.e., almost convex objects), get further segmented.
Paper craft [30]: The aim of the algorithm is to segment a
mesh into a small number of segments that can be well approximated by developable surfaces and whose boundaries can be easily cut and glued. The results are demonstrated in Figure 4.

(a) First level
Figure 3.

(b) Third level

(c) Sixth level

Pose-insensitive segmentations: Two sumo wrestlers in differ-

ent poses are segmented separately (top and bottom). The segmentations are similar in all levels of the hierarchy. Note also the extraction of
the small features (The wrestler’s hair, facial features, nails and mawashi
(belt) originally belong to different connected components.)

4.
5.
6.

7.

corresponding points on S. Intuitively, points on the tips of
components, such as the tail, the legs and the head of an animal, are prominent feature points. The algorithm is based on
the observation that feature points can be characterized by
local as well as global conditions, in terms of their geodesic
distances.
Core component extraction: The core component is extracted using a spherical flipping operation.
Mesh segmentation: The algorithm computes the other segments, each containing at least one feature point.
Cut refinement: The boundaries between the segments,
which were found in the previous stage, are refined. The
goal is to find boundaries that go along the “natural” seams
of the mesh.
Mesh refinement: After the segmentation of the coarseresolution mesh (Step 1) is computed, it is mapped to the
input, fine-resolution mesh, and the cut is refined again, similarly to Step 6.

Figure 4.

Paper-craft models

In this case, the following requirements are relevant: The
segmentation type should be purely geometrical; the boundaries
between segments should be piecewise smooth, and thus easy
to cut; and the number of segments should be controlled by a
parameter, either indicating the number of pieces or indicating
the allowed error.
A surface is developable if it has a zero Gaussian curvature
at all points. Since this definition does not provide a practical
algorithm for generating a segmentation, our algorithm uses two
types of surfaces known to be developable: a planar surface and
a conic surface [12]. Our general scheme, however, can incorporate other pre-defined types of developable surfaces.
The algorithm begins with an initial over-segmentation of
the mesh into trivial developable segments. This initial segmentation is iteratively modified, by decreasing the number of
segments, while increasing the error. Each such iteration approximates the current segments, by fitting each segment to a
conic(/plane), using weights specific to our problem. Once the
segmentation is determined, the approximations are modified, in

The hierarchical segmentation continues as long as the current segment Si contains feature points and the ratio between the
number of vertices contained in the convex hulls of both Si and
SiMDS and the total number of vertices is low. These conditions
4
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order to accommodate for “good” boundaries. Then, the analytical boundaries between the approximations are computed, therefore not restricting the boundaries to pass through edges of the
original mesh.
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CONCLUSION
In this paper we have analyzed the necessary requirements
that segmentation algorithms should satisfy, for specific problems in CAD. We have shown that every application requires
different properties. For instance, in retrieval, a very simple algorithm suffices, even though it cannot produce exact segments,
while for skeleton extraction, precises segments are vital. As
another example, while hierarchical segmentation should be attained for skeleton extraction, a flat one suits paper crafting, and
extraction of a single component is suitable for modeling by example. The conclusion is that before choosing a segmentation
algorithm, one should characterize carefully the properties required for the specific application.
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