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Abstract
During the industrial design process, a product model undergoes several analyses. One of the most common ones
is the finite element analysis. This kind of analysis needs a simplified model, which can include idealised parts,
and thus it is usually non-manifold and non-regular. During the idealisation process, the semantic information
attached to the CAD model, such as features or surface types, or information used for model simplification, e.g.
assumptions on the behavior type, is usually lost, thus making more difficult re-using, or, at least taking advantage,
of performed simulations and models. This would be made easier if a meaningful interpretation of the object sub-
parts is available. To this aim, in this paper, we provide a taxonomy of form features in non-manifold shapes and
we describe an approach for their identification based on a decomposition of a non-manifold shapes into uniformly
dimensional components proposed in [DHH06]. The process presented is the first step towards the identification
of form features, since it analyzes those features containing non-manifold singularities.

Categories and Subject Descriptors (according to ACM CCS): I.3.3 [Computer Applications]: Feature models, Prod-
uct design and analysis, Non-manifold representations

1. Introduction

The complete and detailed specification of a product shape
is one of the major outcomes of the development process of
new products. It is the result of many behavior simulation
and reasoning processes typical of the different phases of
the product life cycle. These processes are needed in order to
guarantee that the product fulfils the functional requirements
and constraints defined on the basis of client specifications
[Lee99].

Every kind of analysis is associated with a specific engi-
neering field that requires specialist knowledge and specific
attributes attached to the various parts forming an object. For
this reason, it is necessary to have a different model of the
same object for every view.

The types of attributes attached with the various models

are not only geometric, but also qualitative. Therefore, all
the representations commonly used in CAD systems based
on primitive entities, like vertices, edges and faces, as in
the case of boundary representations [Man87], or compos-
ing volumes, such as cylinders, cones and spheres for the
Constructive Solid Geometry [RT78], are inadequate. They
provide a description of the object just in terms of low-level
geometric entities not meaningful from the application point
of view.

A possible solution to these limitations is to use a feature-
based representation which provides a structuring of the un-
derlying geometric model [SM95]. Features, in fact, are used
to associate an engineering meaning with a part, or a set of
parts of an object.

Moreover, in some simulation analyses, such as stress
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analysis, we have to deal with additional problems related
to the execution time. The time needed to solve the system
of equations that compute a given analysis is too high when
the model is complex. Therefore, to perform the computa-
tion in a reasonable time, a representation that contains only
data really affecting the behavior under analysis is needed.
For this reason, the model used during the first design phase
cannot be used and a new simpler model has to be gener-
ated. Usually, the required structure for the various analyses
is a finite set of interconnected meshes. The activity of cre-
ating these meshes is called Finite-Element Model (FEM)
preparation. This activity comprises the specification of the
boundary conditions, that are the various forces acting on the
object and external loads attached to the object.

To have a simpler model, some shape details which do not
affect simulation results are eliminated and some parts of the
object are idealized. For example, if a 3D part of the object
presents a behavior comparable to that of a beam, that 3D
object sub-region can be replaced by a 1D element. Simi-
larly, if its behavior is analogous to that of a lamina it can
be replaced by a 2D element [Gro06]. After the idealisation
process, the structure can be composed by parts of different
dimensions, therefore it can be non-manifold.

Several methods have been proposed for such shape adap-
tation process of CAD models for the Finite Element Analy-
sis (FEA). Among them, in [BBT∗99], a morphological fea-
ture recognition approach has been adopted to identify fea-
tures that might be suppressed, or idealised, and to main-
tain consistency between the original CAD model and the
idealizations used for the various views. Similar approaches
can be found in the works of Hamri et al. [HLG04] and of
Lee [Lee05]. The first propagates CAD information in the
tessellated representation and combines a feature-based sim-
plification with a shape adaptation guided by mechanical
criteria directly on the mesh representation. Whereas, Lee
exploits the feature information provided by a design-by-
feature approach to define idealised parts. All these works
highlight the strong link between the presence of features
and the idealisations to be performed. Anyhow, generally no
relationship between the original CAD model and the ide-
alized version is maintained. It could be useful to evaluate
different simplifications of the same shape, or to better un-
derstand if after changes in the CAD data a new simulation
has to be performed.

In the literature, many studies on feature recognition on
manifold objects have been devised [SAKJ01], but very few
are dealing with non-manifold objects such the one pre-
sented in [FG92]. In this paper, we propose a feature taxon-
omy for non-manifold shapes and an approach for classify-
ing the various components of a non-manifold shape, which
we consider obtained by simplification and idealisation pro-
cess. At first, the object representation, described by a sim-
plicial 2-complex embedded in 3D Euclidean space, is de-
composed into manifold parts attached at singular vertices

and/or edges, then each part is classified according to the
defined taxonomy by analysing its relationships with the ad-
jacent parts.

The work here described is a first step for assessing the
similarity of FEA meshes for the simulation point of view.
The remainder of this paper is organized as follows. In Sec-
tion 2, we briefly describe the decomposition of an object
into manifold parts on which our classification is based. In
Section 3, we describe the taxonomy of the selected features.
In Section 4, we present our classification method. In Section
5, we draw some concluding remarks.

2. A decomposition into manifold parts

In this Section, we review some basic notions about two-
diemnsional Euclidean simplicial complexes, and we briefly
describe a topological decomposition of a non-manifold
shape introduced in [DHH06], that we use as the basis for
our form feature classification algorithm.

We consider a set Vσ of k + 1 linearly independent points
in the n-dimensional Euclidean space Rn, with k ≤ n. The
subset σ of Rn formed by the points x that can be expressed
as the convex combination of the points of Vσ is called a k-
simplex generated by Vσ. Note that a 0-simplex is a vertex, a
1-simplex an edge, a 2-simplex a triangle. Any s-simplex τ

generated by a subset of Vσ of cardinality s+1 ≤ k is called
an s-face of σ. A finite collection Σ of simplexes is an Eu-
clidean simplicial complex if and only if for each simplex σ

in Σ, all faces of σ belong to Σ, and, each pair of intersect-
ing simplexes intersect at a common face. If d is the max-
imum of the orders of the simplexes of Σ, then Σ is called
a d-simplicial complex. Note that a simplicial 2-complex is
formed by vertices, edges and triangles, while a simplicial
1-complex just by vertices and edges.

We consider a non-manifold shape discretized as a sim-
plicial 2-complex embedded in 3D Euclidean space. The
decomposition is based on three classes of components
namely:

• wire-webs, which are maximal connected subcomplexes
formed only by wire-edges (i.e. edges which are not on
the boundary of any triangle);

• sheets, which are maximal 1-connected sub-complexes
with boundary formed by two-sided triangles;

• shells, which are maximal 1-connected sub-complexes
without boundary which include empty volumes.

Note that a 1-connected complex is a simplicial complex
in which every pair of triangles or edges can be connected
through a path formed only by triangles and edges.

In [DHH06], an algorithm is described for extracting the
above components from a simplicial 2-complex. Note that
each component in the decomposition may contain non-
manifold singularities. Wire-webs may contain only non-
manifold vertices, while the other two may contain also non-
manifold edges.
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3. Our Feature Classification

From the decomposition described above we just obtain
information on the shared non manifold entities, whereas
for additional considerations, more meaningful information
have to be available in order to describe the object composi-
tion.

Let us consider the example in Figure 1. The object is de-
composed into 6 manifold components: component A, that
can be considered the base on which other components are
added; components B, D and E can be seen as protrusions
of A, component C is an handle attached to A, and finally F
connects D and E. This is the most natural interpretation we
can give to the components and in fact, it is the interpretation
we want to find with our classification algorithm.

Figure 1: Components individuation

We should notice that this is not the unique possible inter-
pretation. For example, in Figure 1, components D, E and F
can be considered together as a handle. The various interpre-
tations can be obtained by using a local or a global classifi-
cation approach. The local one consists in analysing only the
relationships of a component with its directly adjacent ones,
whereas the global one looks at their concatenation.

Here, we focus on the first approach, which is conceived
as the basis for providing the global classification. The com-
ponent classification in terms of feature we have introduced
is based on the form feature taxonomy of STEP (Standard
for Exchange of Product Data, ISO 10303), in particular on
the subset relative to volume features. The features which
we consider in STEP are subdivided in two main categories:
added volumes and subtracted volumes. The feature cor-
respondents to added volumes are also divided in protru-
sions, connectors, handles and standalones, while those cor-
responding to subtracted ones are distinguished in cavities
and through holes.

Since we have to deal with idealized models, that is non-
regular and non-manifold models, we will deal not only with
volumes but also with 2D and 1D components, i.e. in general
of simplicial complexes embedded in R3.

Since the models we work with on are idealized, it is even
more complex to find the types of features to search for, and

how they are defined. The problem is that the process of ide-
alization can alter the type of connection between different
components of an object. As an example, the object in Fig-
ure 2.a is formed by two components A and B connected
by the component C, while the object in Figure 2.b is com-
posed by one components A with a protrusion C. These two
objects can have the same idealization, shown in Figure 2.c,
in which we loose the type of connection between the parts
of the object, since we cannot know if the components A and
B were touching before idealization or not.

Since we do not have any limitation on the possible ob-
jects, we cannot foresee the type and the number of relations
between the components. Thus, we have chosen to have rela-
tively few feature types, but with the possibility of assigning
more than one type to a single component. In this way, no
possible interpretation for a component is lost.

Figure 2: Two different objects (a) and (b), having the same
idealization model (c).

In the following feature definitions, we consider a "part"
as a connected and compact subset of the object that has a
meaningful semantics in the application context. In Figure 3,
we have an example of an object containing all the features
that we consider. Therefore, our classification is as follows:

• Connector: part of the object that, if removed, breaks the
object in two or more connected parts.

• Handle: part of the object that intersects only one other
part in two or more ends and is outside of this other part

• Protrusion: part of object that intersects only one other
part in one end and is outside this other part.

• Through hole: part of object that intersects only one an-
other part in two ore more ends and is inside this other
part.

• Cavity: part of object that intersects only one other part
in one end and is inside this other part.

• Standalone: part of the object that is not a feature of any
other part and can be considered as autonomous.

4. Feature interpretation

To classify the parts, it is necessary to define the properties
of each single component and the nature of its relations with
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Figure 3: Examples of the considered features: protrusion,
connector, handle, standalone, through hole, cavity.

its adjacent parts, like the component dimension and the con-
nection type. We call components the sub complexes Ci de-
termined by the decomposition.

4.1. Component dimension

We distinguish among:

• one-dimensional component
• open two-dimensional component
• closed two-dimensional component

A one-dimensional component is composed only of ver-
tices and edges.

A two-dimensional open component is a two-dimensional
simplicial complex with boundary.

A two-dimensional closed component is a two-
dimensional simplicial complex without boundary.

Based on the component dimension, we can create a
first hierarchy between the components, that will help us in
their classification. If a two-dimensional component is con-
nected with a one-dimensional component we assume that
the lower-dimensional component is a feature of the higher-
dimensional component one. Similarly, if we have two two-
dimensional components, one open and one closed, the open
one will be considered a feature of the closed one.

4.2. Cut between two components

Entities shared by two components C1 and C2 are organized
in sets called cut, to define the type of the connection be-
tween C1 and C2. The list of cuts that connect C1 to C2 could
be different from the list of cuts that connect C2 to C1, so
we need to consider these two different lists. Let us con-
sider, for example, the objects in the Figure 4 and 5. Both
models are composed of two-manifold components. In the
first one, the two components are joined by three cuts: one
consists of the vertex v and the others two of the chains of
edges [e1,e2] and [e3,e4]. In this case, we can say that A

is connected to B through the same cuts with which B is
connected to A. In Figure 5.a, the situation is different. In
this case, we can see that component A has the shape of a
handle attached to component B by two chains of edges:
[e1,e2] and [e3,e4]. On the contrary, component B is not a
handle and the chain of edges through which it is joined to
A is only one: [e1,e2,e3,e4]. In order to capture the differ-
ence between the connection types of the two components,
we define the extended star of a cut. We recall that, in a
simplicial complex Σ, the star of a simplex σ is defined as
{ξ ∈ Σ | σ is a simplex on the boundary of ξ}.

Let C1 be one component and let w be a connected chain
of edges. Then, the extended star of w is defined as follows:
st(C1, w) = {ξ ∈C1 | ξ∪ st(σ),σ ∈ w}.

In Figure 5.b, we can observe in darker colours the two
extended stars of the chains connecting the two compo-
nents. While the extended star inside B constitutes a set of
1-connected entities, the star extended inside A is composed
by two sets of 1-connected entities. This implies that compo-
nent A has two different joints with B, and so it is a handle,
and component B has only one joint with A, so it is not a
handle.

Figure 4: Components A and B are connected by three cuts:
one is vertex v, the other two consist of the chains of edges
[e1,e2] and [e3,e4]

Figure 5: (a) First special case of a chain of edges that has
to be divided (b) We can see in darker colours the two stars
of the chain of edges shared by the two components.

The special cases of cuts shown in Figure 5 and 6 are use-
ful to understand the definition of cut we give. A cut cannot
be only defined as the maximal chain of entity shared by two
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components, because in some cases, a single chain would
not have been broken, like in Figure 5. Note that the chain
of edges inside the component A of the Figure 5 has been
cut in correspondence of the only non-manifold vertex of
A. Not always the separation happens in correspondence to
non-manifold vertices. Let us consider the example in Figure
6: the entities shared by the two components E and F are the
edges e1, e2, e3. We consider the cuts that connect F to E. If
the division were made in correspondence of non-manifold
vertices of F, we would obtain 3 chains composed of a single
edge: [e1], [e2] and [e3]. This would not be correct. In fact,
member F is clearly one handle that is closed on E with its
two partially coincident extremities: the first is composed of
edges [e1, e2, e3] and the second one of single [e2].

Figure 6: Second case in which a chain must be divided.

In these examples, it has been shown the need to maintain
two distinguished lists of cuts for every pair of components
sharing entities. This provides therefore more complete and
correct information that allows a better classification of the
components. Let us consider the simplicial sub-complex as
follows: we indicate with st(σ) the union of the simplexes
incidents in σ (star of σ). Let C1 and C2 be the two compo-
nents that have in common one or more vertices or edges and
let w be a connected chain of edges [e1, e2, . . ., ek] such that
ei ∈C1∩C2 for i ≥ 1, i ≤ k.

The cut from C1 towards C2 is defined as follows:

• A vertex v ∈ C1 ∩C2 belongs to the cut if and only if no
edge exists in C1∩C2 having v as an extreme vertex.

• A connected chain w of edges w = [e1, e2, . . ., ek] belongs
to the cut if and only if:

1. for every edge ei in w, ei ∈C1∩C2
2. every pair ei, e j ∈ w, i 6= j, is 1-connected by means of

a path belonging to st (C1, w) that does not contain any
edge in w except ei and e j that are the ends of the path.

3. w is maximal, that is, w does not belong to any longer
chain w′ that comprises edges [e1, . . ., en] and is con-
nected through the same simplexes of the paths [h1,
. . ., hn−1].

4.3. Classification Algorithm

The feature classification is based on the analysis of the at-
tributes of the components and of the relations with adjacent
components. The components adjacent to a given compo-
nent C are those sharing at least a non-manifold vertex or
edge with C. Note that we characterize every component C
in relation to its adjacent components of larger or equal di-
mension. For example, if we want to know the component
which can be identified as protrusions, we need to search
for components connected to only one other component of
larger dimension. Note that such components may be con-
nected or not with a component of lower dimension. Given
a component C, we denote with:

• i1(C) the number of components adjacent to C which are
of higher dimension than C and such that there is only one
cut from each of such components towards C;

• i2(C) the number of components adjacent to C which are
of higher dimension than C and such that there exists two
or more cuts from each of such components towards C;

• o1(C) the number of components adjacent to C which
have the same dimension as C and such that there is only
one cut from each of such components towards C;

• o2(C) the number of components adjacent to C which
have the same dimension as C and such that there exists
two or more cuts from each of such components towards
C.

In the following, we provide the rules for the positive fea-
tures (handle and protrusion) but the same rule can be ap-
plied to the corresponding negative ones (holes and through
holes). The distinction is only given by checking if the fea-
ture component is internal or external to the component to
which it refers to. Moreover, we have added a further spec-
ification to the connector feature type to better characterise
it. Since the models that we are going to classify are com-
posed of components of different dimension, we choose to
use this information as well. Therefore, we classify almost
as a connector all the components Ck that intersect at least
two components Cx e Cy of higher dimension. We call such
components handle-connector.

Standalone: A component C is called standalone if it is
not a feature of any other component and can be considered
as autonomous. Thus,

• i1(C) = 0 and i2(C) = 0

Connector: A component C is called a connector if and
only if its removal separates the object into two parts. The
condition is as follows

• i1(C) + i2(C) + o1(C) + o2(C) ≥ 2 and removing C dis-
connects the object

Handle-connector: A handle-connector is defined as a
mono-dimensional component that intersects at least two
two-dimensional closed components. If its removal discon-
nects the object, then it is no more considered handle con-
nector, but connector. Thus,
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• i1(C)+ i2(C)≥ 2 and the removal of C does not leave the
object disconnected

Handle: A node C is classified as handle if it intersects
another component in two or more ends. Therefore,

• i2(C) > 0
• i1(C) = 0 and i2(C) = 0 and o2(C) > 0

Protrusion: A component C is a protrusion if it intersects
only in one end only one component of larger dimension
or no components of larger dimension but a component of
equal dimension in only one end. Thus,

• i1(C) = 1 and i2(C) = 0
• i1(C) = 0 and i2(C) = 0 and o1(C) = 1 and o2(C) = 0

Figure 7: Example of classification. Component A is clas-
sified as standalone. Component B is classified a protrusion,
component C is classified as a connector, component D is
classified as standalone and a connector, component E is
classified as a protrusion and a handle, component F is clas-
sified as a protrusion and component G is classified as a
connector-handle.

Moreover, we say that the connection between two com-
ponents Ci e Cj is degenerate if there exists a cut connecting
Ci to Cj that is partially or totally coincident with a cut that
connects Ci to a third component Ck. Clearly, the connection
between Ci to Ck will be degenerate as well. An example is
shown in Figure 8, where the components A, B and C are
connected by the same vertex v. In this case the connection
between the three components A, B and C is degenerate.

5. Concluding Remarks

We have presented an algorithm that produces a classifi-
cation of form features in a non-manifold and non-regular
model. These types of models are used in the analysis phase
of a product in its cycle of industrial production.

Their drawback is that the semantics of the various parts
and of their reciprocal relationships is lost. Therefore, every
time we have to do the analysis on a certain object, we cannot
re-use results done in the past on similar objects, because

Figure 8: Examples of degenerate connections: connection
between components A, B and C.

we are not able to know if two objects are similar from the
simulation point of view. A features-based model will help
in understanding such a similarity.

What we have presented here constitutes a first step in the
development of a meaningful classification process. A more
global classification is foreseen as future work to allow a
better understanding of the overall object organisation.
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