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ABSTRACT

Trends, ergonomics and engineering analysis post
more challenges than ever to product shape designs,
especially in the freeform area. In this paper, freeform
feature handles are proposed for easing of difficulties in
modifying an existing freeform shape. Considering the
variations of curvature as the footprint of a freeform
feature(s), curvature analysis is applied to find
manipulators, e.g. handles, of a freeform feature(s) in the
shape. For these, a Laplacian based pre-processing tool is
proposed first to eliminate background noise of the shape.
Then least square conformal mapping is applied to map the
3D geometry to a 2D polygon mesh with the minimum
distortions of angle deformation and non-uniform scaling.
By mapping the curvature of each vertex in the 3D shape to
the 2D polygon mesh, a curvature raster image is created.
With image processing tools, different levels of curvature
changing are identified and marked as feature point(s) /
line(s) / area(s) in the freeform shape. Following the
definitions, the handles for those intrinsic freeform features
are established by the user based on those feature items.
Experiments were conducted on different types of shapes to
verify the rightness of the proposed method. Different
effects caused by different parameters are discussed as
well.

1 INTRODUCTION

With the ever swelling demands from a range of
products and various application domains for reduced
product lifecycles, the needs of efficient and effective tools
and methods for geometric modeling/modification are
continuing increasing, especially in the freeform area [1].
In the past decade, reverse engineering has received much
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attention for its importance in accelerating product design
process. Generally, reverse engineering of shape is the
process of obtaining a Computer Aided Design (CAD)
model from measurements of an existing artifact [2]. The
purpose of reverse engineering can be either to provide
digital support for subsequent life cycle stages of a product
for which no CAD model is available, or to support the
redesign of an existing product [3]. Although shape
reconstruction through reversing engineering [4] is a well
established technology, its application in extracting existing
freeform shape information for further modifications is still
an unsolved problem.

Different from the regular shape, extracting freeform
shape information, possibly indirect, inaccurate or un-
predictable, is known to be hard. The major reasons are the
complex geometrical representations and the non-
uniqueness of the types of parameters for a given freeform
shape. For this, freeform feature concept [S, 6, 7] was
recently introduced to help the designer in creating and
manipulating freeform shapes. By the advantage of feature
concept [8], the designer can directly manipulate pre-
defined intrinsic parameters of features in a freeform shape.

Feature concept was introduced to many existing CAD
systems. In a freeform feature based CAD system [7],
feature information can be easily viewed, browsed and its
parameter can be easily modified. But for an existing
geometric shape, such as a patch of digitized surface,
feature information does not always accompany with it.
Besides, it is hard to draw clear boundaries among freeform
features since the intrinsic properties of a feature are not
unique. For instance, a stretched bump shape can also be
treated as a ridge. Thus, unlike mechanical features [4],
recognizing features in an existing shape based on a well-
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defined and detailed freeform feature taxonomy is quite
difficult.

Intrinsic properties of a freeform feature always
accompany with changes in the geometry. In the past
decades, two methods were developed to identify those
changes: template fitting [9] and identifying feature lines.
In template fitting, a well-defined freeform feature
template, which is controlled by pre-defined parameters, is
used to fit the region of interest of a given shape. Template
matching is proven to be robust, but the numbers of
parameters and the computing expensive fitting procedure
[10] prevent its further usages in identifying complicate
freeform features.

Applications of identifying feature items, especially
feature lines, in the geometry usually link with reverse
engineering and segmentation of an existing freeform
shape. Shape descriptors, which are some sets of numbers
that are produced to describe a given shape [11], were
frequently used in those applications. In general, shape
descriptors represent parts of the “natural” attributes of a
given shape, and the shape may not be entirely
reconstructable from the descriptors, but the descriptors for
different shapes should be different enough that the shapes
can be discriminated. For instance, Levy et al [12] used
second order differences, i.e., the angles between the
normals, in their segmentation applications. Jagannathan et
al [13] applied curvedness, which is known as benting
energy, in their adaptive segmentation applications.

With a defined shape descriptor(s), algorithms were
developed to find the feature lines. In 2D digital image
processing, detecting edges, which are typical feature lines,
has been intensively studied [14]. But in 3D space, due to
the complexities introduced by the additional dimension
and the irregularities of freeform shapes, fewer methods
were developed and they can be categorized [13] to: a.
Using Reeb graph ideas based on Morse theory [15]; b.
Extending classical segmentation approaches used in image
analysis to 3D space [16] and c. Performing perceptual
segmentation. This algorithm is based on theminima theory
and essentially, it defines boundaries as lines of negative
minima curvature [17].

Combining the shape recognition techniques and the
freeform feature concept, this research is the pilot stage of
developing a cross-platform and user-friendly tool to
manipulate existing freeform shapes. The target of this
research is to find suitable handles for those manipulations.
For this, shape handles are defined in Section 2 based on an
abstract freeform feature concept and shape curvature,
which is a type of descriptors. To find those handles,
curvature plot of a given freeform shape is analyzed first.
Then a Laplacian based pre-processing tool is developed in
Section 3 to eliminate high-frequency background noises of
the shape. In Section 4, for further analyzing the freeform
shape, different from existing approaches in 3D space, a 2D

approach is brought forward inspired by harmonic and
conformal maps. With least square conformal maps, which
maximally preserve the angles and scales in the mapping,
3D geometric shape is mapped to 2D planar polygon
meshes. Assigning each vertex in the 2D mesh the
curvature value of its corresponding vertex in the original
3D shape, a curvature raster image is created. With image
processing tools, different levels of curvature changing are
identified and marked as feature point(s)/ line(s)/area(s) in
the freeform shape, where feature handles can be
established based on them by the user. The architecture of
the presented approach is illustrated in Figure 1.

Shape 3D Polygon Freeform
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Figure 1: The architecture of the approach

2 HANDLES FOR FREEFORM FEATURES

Generally, a feature is a generic shape of a product
with which designers can associate certain attributes and
knowledge useful for reasoning about the product [2].
Features offer the advantage of treating sets of elements as
single entities, thus improve the efficiency in creating the
product model. While the concept of feature has been
mainly investigated in the mechanical environment, it was
also introduced to the freeform area [5, 7]. A freeform
feature is commonly represented as a portion of a single or
a set of freeform surfaces. Unlike for mechanical features,
for freeform features, a clear, unique boundary cannot
always be specified [9].

In 1999, a freeform feature taxonomy was proposed by
Fontana et al [5]. In their work, according to the intrinsic
properties and different contributions to the freeform shape,
the freeform features were classified to two main
categories: shape deformation features and shape
elimination features, then they were further elaborated to
many detailed features, such as n-groove, n-channel, etc.
Nyirenda et al [7] proposed another generic freeform
feature class definition. In their definition, besides the
definition of Fontana et al [5], compound freeform features
were proposed to use hybrid freeform features to represent
complicate geometric shapes.

In feature based freeform modeling, a designer may
quickly select a well-defined feature(s) which is similar to
the desired shape and instantiate it with proper parameters
on a basis surface. Then he/she starts to use different kinds
of geometric modification tools, or even simply move the
basic geometric elements, for instance control points in
Non-Uniform Rational B-Spline(NURBS) surfaces, to
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achieve the desired shape. Due to the limited features type
and diversities of freeform shapes, those modifications are
always necessary. Later suppose he/she wants to edit this
shape in the same CAD system, based on the modeling
history, the whole modeling process can be scrolled back
and feature parameters can be easily retrieved and
modified. But in reverse engineering, due to lack of
modeling history, those user modifications post challenges
to feature recognition algorithm. Besides, many existing
freeform shapes are not created based on freeform feature
based modeling system, which means the exactly same
shape as one in the feature library hardly can be found.
Thus, features in the library hardly match existing shapes.

In our definitions, instead of using many types of
detailed freeform features, several abstract features are
proposed to approximate most of freeform shapes. Based
on those abstract features, we offer user feature handles,
which is a superset of feature parameters, in order to
manipulate the feature in a more flexible and intuitive
manner. There are two general feature categories of
abstract freeform features: deformable freeform features
and elimination features. A deformable feature is defined
on intrinsic properties of a given shape from the user
perspective of view, where elimination features is defined
based on the boundary of the part it eliminates. Among
them, the deformable freeform feature was further
elaborated to protrusion, extrusion and bent features. Ideal
examples of those freeform features are presented in Figure
2. Most of the existing freeform features can be simply
categorized to these three types. For instance, both n-
groove and ridge [5] features belong to the protrusion

=

(a) Protrusion (b) Extrusion
6
(c) Bent (d) Elimination

Figure 2: Examples of ideal freeform features with their
curvature plots

A freeform deformable feature always accompanies
with changes of curvature. Local curvature, which is a type
of shape descriptors, is the amount by which a geometric
object deviates from being flat. For a 2D curve, it is the
degree of the deviation from a straight line, or for a 3D
surface, it is the degree of the deviation from being planar.
In other words, curvature is the degree by which a
geometric object bents (at a location, at a time). Generally,
for surfaces embedded in R3, there are four types of

curvature to each given point on the surface: minimal
curvature, maximal curvature, Gaussian curvature and
mean curvature [18]. Considering the intersection of the
surface with a plane containing a fixed normal vector at the
point, this intersection is a plane curve and has a curvature.
By varying the plane, this curvature will change, and there
are two extreme values - the maximal and the minimal
curvature, named the principal curvatures and the extreme
directions are named principal directions. Here we adopt
the convention that a curvature is taken to be positive if the
curve turns in the same direction as the surface's chosen
normal, otherwise negative. The mean curvature of that
point is the average of the maximal and minimal curvature
and the Gaussian curvature is equal to the product of the
principal curvatures. The positive value of the curvature
indicates that the surface in this point is locally convex
where the negative value indicates a locally concave shape.
In this paper, we use the modified T-Algorithm [19], to
estimate the Principal Curvatures and the Darboux Frame
of a particular vertex on the 3D polygon mesh. And the
normal direction of this vertex is computed based on the
method provided by OuYang and Feng [20].

In Figure 2, all features are presented with its mean
curvature plot, which means the color of the shape is
associated to the range of mean curvature, where red
indicates larger curvature and blue indicates small or even
negative curvature.

Height

Figure 3: Feature parameterization

Generally, a protrusion feature is local deformation of a
freeform shape, centered by one or several apexes (bottom
for concaved deformation). In conventional approaches,
parameters, which are the quantitative characteristics, are
often used to change the intrinsic properties of features.
Figure 3 presents a possible parameterization of such a
feature. From curvature point of view, the intrinsic
properties of a given deformable freeform features always
have a certain type of curvature pattern. For a protrusion
feature, it is always circulated by a stripe of changes of
curvature in the curvature plot. Here, feature handles,
which will be offered to the designer, are defined based on
the curvature information. For protrusion features, they can
be:

1. Position, size and shape of the circular stripe. They
are controls by the feature line, most probably the
maximum or the minimum in the stripe as in
Figure 4;
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2. Position, size and shape of apex(es) area(s) inside
the circular shape. They are also controls by the
feature lines/areas in those area as Figure 4;

3. The relations between 1 and 2. They are controlled
by the lofting surface constructed by the feature
lines and guide curve as Figure 4.

Feature line of the

apex area

/N
-

4

e/

S

Feature line of the
circular siripe

Figure 4: Handles of a protrusion feature

Handles is a superset of parameters, for example the
height parameter in Figure 3 is the one of the handle 3. The
manipulations of handles will be transferred to the freeform
shape by freeform deformation techniques [9,21].
Generally handles offer the user more controls of the given
freeform shape in an intuitive manner. For example, if the
users want to enlarge the feature area of a protrusion
feature, he/she can simply adjust the feature line which
represents the circular stripe in the curvature plot.

Comparing to the protrusion feature, an extrusion
feature always develops though the whole shape and form
two external boundaries, the handles for manipulating
extrusion features are:

1. Position, size and shape of the stripe of extreme
values in the curvature plot in one side;

2. Position, size and shape of the stripe of extreme
values in the curvature plot in another side;

3. Position, size and shape of apex(es) area(s)
between two external stripes.

4. The relations among 1, 2 and 3.

Figure 5 illustrates some possible manipulations
controlled by handles of an extrusion feature. In Figure
5(a), the original shape containing a protrusion feature is
presented. By adjusting handles of the apex area inside the
feature, the shape of the apex area was changed in Figure
5(b). In Figure 5(c), handles in the two external stripes
were modified resulting in a wider extrusion shape. Finally
the relations between the external stripe and apex area were
adjusted.

Though the bent feature is a local feature, it always
influences the global development of the freeform shape.
For bent features, handles are

1. Position, size and shape of the stripe of extreme
values in the curvature plot in one side;

2. Position, size and shape of the stripe of extreme
values in the curvature plot in another side;

3. The relations between 1, 2.

© ()
Figure 5: Using handles to manipulate an extrusion feature
The elimination feature is quite different from
deformable feature due to the cut area. To specify handles
for the elimination feature, boundaries of the cut area
(Figure 2(d)) should be considered. We defined handles of
the elimination feature as following:

1. Boundaries of the cut area;

2. Possible circular stripes of extreme curvature
values in the curvature plot around the boundary;

3. The relation between 1 and 2.

=
(b) Its mean curvature plot

(a) A protrusion feature
Figure 6: Curvature of a protrusion feature

In current stage of research, the handle generation is an
interactive  process. By  offering the  feature
points/lines/areas, the user can specify the handle(s) he/she
interests in. For this, identifying the extreme values, i.e.,
feature points/lines/areas, in the curvature plot is the key
issue. For an ideal freeform feature, by a simple threshold
analysis on the curvature plot, those feature items can be
easily found by taking the extreme position in both
negative and positive curvature areas. But in many practical
cases, the curvature plot is always influenced by the noises
of the shape and interferences from other features. This is
especially true when the shape is retrieved from 3D
digitizing. Figure 6(a) presents a “visually smooth”
protrusion feature based on the mesh representation. In
Figure 6(b), its mean curvature plot is displayed, which is
still not good enough for extracting feature items.

3 PRE-PROCESSING
A conventional approach for solving this problem is to
use different surface smoothing tools, such as Laplacian
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filter [22, 23], Taobin filer [24], to smooth the geometry of
the shape. Laplacian smoothing is a simple, effective and
one of the most popular tools in smoothing a given
geometry. Considering a triangular shape

A*={T;|j=0,mp, V| i=0,my,C|i=0,mpu}

in R3, where T is a triangle in A, (mr + 1) is number of
triangles in A3, VA is a vertex in the shape, C is a type of
curvature value on the vertex based on [19], (my + 1) is
the number of vertices in this mesh. For a particular vertex
VA in A3, an umbrella-operator U can be defined as

m m
u(v) = Z w,-vq,-/z w; — Vi
j=0 j=0

where V; are the neighbors of V2, m + 1 is the number of
the neighbors and w; is the weight of the neighbor Vy; With

the umbrella-operator U, a new position of vertex V2 can
be computed as

VA = v 4 qu(vR),

In the equation, 1 is a constant and typically it is a small
positive number, such as 0.2. Using the Laplacian
smoothing tool, this process is repeated until a smoothed
geometric shape is reached. Laplacian smoothing can
quickly remove the high frequency noise of the shape and it
does not change the topology of the geometry. But it also
does not guarantee an improvement in the mesh quality and
after smoothing, each vertex position will be moved even
originally the geometry is perfectly smooth. Thus the
original geometry is always modified [25].

In the proposed method, to maximally preserve the
original geometry for later manipulation, with the
computed curvature values on each vertex of the geometric
shape, a curvature based umbrella-operator U is
constructed as

m m
US(ch) = ijcgj/z w; — CA,
j=0 =0

where Cf* is a type of curvature on vertex V{, C{;‘j is the
same type of curvature of its neighbors and m + 1 is the
number of the neighbors, w; is the weight of CqA]-. UCisa
one dimensional function, which is different from the
umbrella-operator U used in the geometric domain. It
directly uses a type of curvature values at each vertex in the
computing. With the umbrella-operator U, the smoothed
curvature associated to vertex V; can be computed as

cirew = ¢ +mque(cd).

Same as the Laplacian smoothing tool, 1 is a small positive
scalar coefficient, the typical range is from 0.1 to 1. Figure
6 demonstrates the effectiveness of the proposed smoothing
algorithm. In Figure 7(a), a protrusion feature is presented
where its curvature plot is displayed in Figure 7(b). Based

on the proposed smoothing algorithm, the smoothing result
of the mean curvature is presented in Figure 7(c).

T

(@) S O ©

Figure 7: Curvature patterns after pre-processing

4 IDENTIFYING FEATURE ITEMS

The pre-processing tool presented in this paper
provided a reasonable smoothed 3D curvature plot without
any changes of the given freeform shape. For finding the
feature points/lines/areas, which are the basis the feature
handles, different from existing 3D approaches, we tried to
change the 3D problem to a 2D problem with mappings.
The merits of such an operation are: a. the problem of 3D
feature items detection is reduced to 2D image processing
problems, which have been extensively studied; b. Those
feature items, and their relations are directly linked to
feature handles, which will be used in manipulating
freeform shapes via freeform deformation techniques.
Generating lattice for freeform deformation following the
developments of freeform shapes [9] is much easier in 2D
than in 3D space.

According to conformal geometry theory, each 3D
shape with disk topology can be mapped to a 2D domain
through a global optimization and the resulting map is a
diffeomorphism, i.e., one-to-one and onto [26]. Among
those maps, Quasi-conformal maps, which are almost
conformal, can control the angel distortion in a manner of
uniformly bounded throughout their domain of definition
[27]. Quasi-conformal maps include harmonic maps,
conformal maps, and least-squares conformal maps, and
they have been frequently used in computer vision and
graphics applications, especially for texture mapping.
Among them, least-squares conformal maps [12] was
selected and implemented due to its minimum angle
deformations and non-uniform scaling.

Given a mesh A3, a smooth target mapping U: A3 —
A? is constructed, where A? is a planar mesh and A? =
{Ti [j=0,mg, VP |i=0,myCF|i=0, mA}, Tj is a planar
triangle and (mp + 1) is the number of triangles, Vf =
(u;,v;), which is a 2D vertex in the shape, C# is the
curvature values which is the same as the curvature value
CA of vertex V2 in A3, (m, + 1) is the number of vertices.
U is conformal on A3 if and only if the Cauchy-Riemann
equation

aou N N 0
0x ! dy
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is satisfied. Here x and y are the coordinates of vertices VA
based on a local orthonormal basis (i.e., the normal is along
the z-axis). Mathematically, the Cauchy-Riemann equation
cannot be strictly enforced for each triangle in A3. Thus, in
least square conformal maps, it is satisfied from a least
square sense. The minimization criterion

ou  ou
CR(A®) = Z i ams,
T]'EA3 T; X

where Tj is a triangle in A3. Suppose the desired mapping is
linear on T; , the minimization criterion CR (A3) is further
elaborated as

CR(A®) = Z ‘
TjEA3

where S(Tj) is the area of triangle Tj. Consider q; = x; +
ly; and rj = u; + iv; for i = (0,my), they should satisfy
U(r;) = q;. A vector q then is arranged as q = (qf,qp)
where q; has (my + 1 —p) free coordinates, e.g., f=
(mp +1—p), q, contains p constrain point coordinates.
Then, the minimization criterion is rewritten as

ou _afuzs T
§+la_y| (Ty),

CR(A®) = [|Meq¢ + Mpa,||”,

where M = (Mg, M), which is a sparse (mp + 1) X (my +
1) matrix. In this equation, CR(A3) can be easily
minimized by the conjunction gradient method [28]. Thus
2D coordinates (u;,v;) of each vertex V¥ in the planar
mesh A? are calculated in a lease square sense.

In A2, each vertex is assigned the curvature value of the
corresponding vertex in original mesh A3. Generally,
vertices in A? is not uniform, thus a raster image, which is
defined to be a rectangular array of regularly sampled
values, needs to be created as the input of the image
processing. For generating this raster image, the minimum
and maximum position in both u and v direction of A? are
found first as (Upin, Vimin) and (Umax, Vmax)»> and the scan
interval to create the image is specified as §, which a half
of the minimum edge length in mesh AZ, in both u and v
direction. The image can be represented as

I= {x,y, nylx =0,w;y = O,h},

where x is the image width, h is the image height and Cyy is
the value in this position. Each pixel corresponds to a point
(uy, vy) in A% where Uy = Upip + X8 and vy = Vi + 8.

If (ugvy) locates in a triangle with vertices
(uq,vy), (uy, vy) and (us,v3), corresponding to curvature
values C;, C, and Cj;, respectively, suppose an linear
function kyu + k,v + k3 = C exists for all position insides
the triangle, the requirement that the values at the vertices
leads to three linear equations

k1U1 + k2V1 + k3 = Cl'

k1u2 + szz + k3 = Cz,
k1U3 + k2V3 + k3 = C3.

Coefficients kq, k, and k3 can be easily found by solving
these linear equations. Thus for a point (uy,vy), its
curvature value is defined as:

ny = klux + kzvy + k3,

and it will be assign to point (x,y) in the raster image. If
(uy, vy) is not surrounded by any triangles in A2, Cyy will
be marked and masked in the image processing process.
Figure 7 presents the procedure of generating a mean
curvature raster image of a 3D face model. In Figure 8(a),
the original 3D model is presented where in Figure 8(b) the
mean curvature plot of the model is shown. Using least
square conformal maps, the 3D face model was mapped to
a planar mesh as Figure 8(c) where the edges of triangles in
the mesh are presented as well. In Figure 8(d), the mean
curvature plot presented in Figure 8(b) is mapped to a raster
image by the proposed algorithm.

(a) The original 3D face model (b) Curvature plot of the 3D
model

AATTR
V4 2
LD,
RN =
i@‘g‘&"&*&"’.‘r‘)
as

(c) Mapping the 3D face model (d) 2D polygon mesh with
to 2D polygon mesh curvature plot
Figure 8: Generating curvature raster images

For identifying different feature handles, two types of
curvature raster image are generated, referring to two types
of curvature: minimum curvature and maximum curvature,
respectively. In the first image I,, maximum curvature
values are used in the computing and in I, the minimum
curvature value are deployed. Geometrically, I, is mainly
used to describe the convex area on the shape where the
concave area is emphasized by I..

Identifying feature points and areas can be done by
clustering points with a threshold in I, and I.. To identify
feature lines, Sobel operator [14] is implemented.
Technically, Sobel operator is a discrete differentiation
operator, computing an approximation of the gradient of
the image intensity function. At each point in the image, the
result of the Sobel operator is either the corresponding
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gradient vector or the norm of this vector. The Sobel
operator is based on convolving the image with a small,
separable, and integer valued filter in horizontal and
vertical direction and is therefore relatively inexpensive in
terms of computations. On the other hand, the gradient
approximation which it produces is relatively crude, in
particular for high frequency variations in the image. For
this, Discreet Wavelet Transformation (DWT)[14] denoise
tool is applied first to remove possible high frequency
noises which is not suppressed by pre-processing tool.
Mathematically the Sobel operator consists of a pair of 3x3
convolution kernels as:

-1 0 1 1 2 1
Sy=|-2 0 2fandS,=|0 0 0|
-1 0 1 -1 -2 -1
For curvature raster image I, the gradient approximation is

G = \[(Sx@)l,,)z +(5,®1,)".

Gradient approximation of I. can be deduced as well. With
the found feature items in I, and I, based on the definition,
feature handles can be established though the user-
computer interactions. Furthermore, lattices for FFD can be
generated following the specified handles [9]. Space
limitations prevent detailed discussion of the deformation
process, and it will appear in the authors’ future works.
e _

(a) The original cuature (b) After smoothing (n =1
plot and iteration times = 100)
Figure 9: Curvature plot of a 3D model

Figure 10: Over-smoothed curvature image of the model in
Figure 8

5 RESULTS AND DISCUSSION

Using C++ and Matlab®, the proposed freeform feature
handles recognition algorithm was implemented and the
visual interface was provided by Rapidform®. In this
section, we use several scenarios to test different aspects of
the algorithm. In Figure 9(a), a protrusion feature interfered
by many smaller extrusion features (the revolved shapes) is
presented with its curvature plot. Then the pre-processing
tool was applied on the shape, the pre-processing tool has
three key parameters: a. the depth of neighbors, either
based on the topology or based on the distance; b.
coefficient 7; c. iteration times. In Figure 9(b), by setting

the depth of topological neighbors to 2, 7 to 1 and iteration
times to 100, high frequency noises from the revolved
protrusion feature are removed and the curvature plot is
presented.

If the parameters in the pre-processing are not well-
specified, in many cases it leads to an over-smoothed
curvature plot/image, where detail features may disappear.
Figure 10 presents such a curvature image based on the 3D
models and 2D meshes presented in Figure 7. Here the
depth of topological neighbors is set to 2, 7 is set to 1 and
iteration times to 18. Comparing to Figure 7(d), the detail
feature items around the nose and eyes are vanished due to
the relatively sparse polygons in the mesh and the large
iteration numbers. Thus, feature handles cannot be
correctly generated based on this curvature image.

(c)
/ Tip of
?" protrusion

Elimination

(g (h)
Figure 11: Identifying feature items a freeform shape

Figure 11 presents a complete process of finding
feature handles on a freeform shape. In Figure 11(a), a
freeform shape contains several freeform features is
presented. Those features are a protrusion feature, two
extrusion features, a bent feature and an elimination
feature. The mean curvature plot of the original shape is
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displayed in Figure 11(b). After pre-processing, the
curvature image I, which uses the maximum curvature, is
presented in Figure 11(c) and the minimum curvature
image I. is shown in Figure 11(d). By boundary analysis
and clustering extreme values in I, the apex of a protrusion
and the boundary of an elimination were found as Figure
11(e). Then both I, and I are denoised, and the stripes of
extreme curvature values in curvature images were eroded.
With Sobel edge detector, feature lines in the convex area
and concave are were found as Figure 11(f) and (g),
respectively. The synthesis of those items is presented in
Figure 11(h) where feature handles can be established
following the definitions.

Currently, our program is not specially optimized for
speed. In our approach, curvature computing and image
processing is fast, but the least square conformal map is an
computing expensive, depending on the numbers of
triangles. For example, mapping a 3D mesh with 763
vertices and 865 triangles to 2D only cost 0.079 second.
But for a 3D mesh with 35749 vertices and 70660 triangles,
it costs 113.109 second on a Pentium 4 3.6GHZ computer.

(d) (e)
Figure 12: Feature handles in a digitized shape

In Figure 12(a), a digitized tea pot is presented and a
part of its surface was selected as in Figure 12(b). With its
curvature plot in Figure 12(d), it was found that the original
shape contains a lot of noise. With the proposed method,
feature handles were identified where I, is presented in
Figure 12(d) and a synthesis of [, and I.. is shown in Figure
12(e). In this image, we found that this feature is mainly a

protrusion feature with several convex and concave areas
inside.

6 CONCLUSION AND PROSPECTS

In this paper, an approach to identify freeform feature
handles is presented. Based on the patterns of freeform
feature curvature plots, the feature handles concept is
proposed in order to offer user more flexibility to modify a
freeform shape. To quickly remove the noise introduced in
the shape retrieval process, inspired by Laplacian
smoothing methods, a pre-processing tool is developed and
controlled by three key parameters. For easily indentifying
feature items and generating lattice for later manipulation,
3D shapes are projected to 2D planar polygon meshes via
least square conformal maps. By assigning each vertex in
the 2D mesh the curvature value of its corresponding vertex
in the original 3D shape, a curvature raster image is created
and processed by image processing tools. These detected
feature items forms feature handles for later manipulations.

The presented research is the pilot works of using
feature handles to manipulate existing freeform shapes.
Current research is directed towards two directions:
improving the existing algorithms and finalizing the
manipulation tools. Within current approach, a lot of
human-computer interactions are required, such as
specifying parameters for the pre-processing tool and the
image processing tools, helping establishing handles,
especially for relation handles. More user-friendly
algorithms are under development to automate part of the
process. Besides, feature interference problems are also to
be tackled. Based on feature handles, an algorithm based on
freeform deformation techniques is also to be developed for
achieving more flexible shape manipulations.

7 ACKKNOWLEDGEMENTS

This research is sponsored by The Dutch National
Scientific Founding (NWO) “Cross-platform Model-
independent Geometric Modification” project, which is
conducted by Faculty of Industrial Design Engineering,
Delft University of Technology. The implementation of the
proposed algorithm is based on Rapidform® software.
Valuable comments from three reviewers are appreciated.

REFERENCES

[1] Vergeest J. S. M. and Horvath 1., 2001, Parameterization
of Freeform Features, Proceeding of Shape Modeling
International, IMA-CNR, IEEE, Piscataway, 20-29.

[2] Ingle K. A., 1994, Reverse Engineering, McGraw-Hill,
New York.

[3] Varady T., Martin R. R. and Cox J., 1997, Reverse
engineering of geometric models-an introduction,
Computer-Aided Design, 29 (4), 255-268.

[4] Chivate P. N. and Jablokow A. G., 1995, Review of
surface representations and fitting for reverse
engineering, Computer Integrated Manufacturing
Systems, 8 (3), 193-204.

8 Copyright © 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



[5] Fontana M., Giannini F. and Meirana M., 1999, “A
Freeform Feature Taxonomy”, Eurographics 99,
Computer Graphics Forum, 18(3), 107-118.

[6] van den Berg, E., Bronsvoort W. F. and Vergeest J. S.
M., 2002, “Freeform Feature Modeling: Concepts and
Prospects”, Computer in Industry, 49(2), 217- 233.

[7] Nyirenda P.J., Bronsvoort W.F., Langerak T.R., Song Y,
and Vergeest J.S.M, 2005, A generic taxonomy for
defining freeform feature classes. Computer-Aided
Design and Applications 2(1-4), 497-506.

[8] Shah J. J. and Mantyla M., 1995, Parametric and Feature
Based CAD/CAM, Wiley-Interscience Publication, John
Wiley Sons Inc.

[9] Song Y., Vergeest J. S. M. and Bronsvoort W. F., 2005,
Fitting and manipulating freeform shapes using
templates, Journal of Computing and Information
Science in Engineering, 5(2), 86-94.

[10] Langerak T.R. Vergeest, J.S.M., 2007, A new
framework for the definition and recognition of free form
features, Journal of Engineering Design,18(5).

[11] Pizer S., Morse B., Eberly D., and Fritsch D., 1998,
Zoom Invariant Vision of Figural Shape: The
Mathematics of Cores, Computer Vision and Image
Understanding, January.

[12] Lévy B., Petitjean S., Ray N., Maillot J., 2002, Least
squares conformal maps for automatic texture atlas
generation, ACM Transactions on Graphics, Volume 21 ,
Issue 3.

[13] Jagannathan A., Miller E. L., 2007, Three-Dimensional
Surface Mesh, Segmentation Using Curvedness-Based,
Region Growing Approach, IEEE TPAMI, 29(12).

[14] Gonzalez R.C. and Woods R.E., 2002, Digital Image
Processing, 2nd Edition (DIP/2e), Prentice Hall.

[15] Mortara M. and Patane G., 2002, Affine-Invariant
Skeleton of 3D Shapes, Proc. Shape Modeling Int’l, 1-8.

[16] Sherbrooke E.C., Patrikalakis N.M., and Brisson E.,
1996, An Algorithm for Medial Axis Transform of 3D
Polyhedral Solids,” IEEE Trans. Visualization and
Computer Graphics, 2(1).

[17] Page D.L., Koschan A.F., and Abidi M.A., 2003,
Perception-Based 3D Triangle Mesh Segmentation Using
Fast Marching Watersheds, Proc. IEEE Conf. Computer
Vision and Pattern Recognition, 2, 27-32.

[18] Stillwell J., 1992, Geometry of Surfaces, Springer.

[19] Hameiri E. and Shimshoni I., Estimating the Principal
Curvatures and the Darboux Frame from Real 3D Range
Data, First International Symposium on 3D Data
Processing Visualization and Transmission, 2002.

[20] OuYang D., Feng H.Y., On the normal vector estimation
for point cloud data from smooth surfaces, Computer-
Aided Design, 37, 2005, 1071-1079.

[21] Sederberg, T. W. and Parry, S. R., 1986, Freeform
deformations of solid geometric models, Computer
Graphics, SIGGRAPH, 20(4), 151-160.

[22] Haralick R. and Shapiro L., 1992, Computer and Robot
Vision, Vol 1, Addison-Wesley Publishing Company,
346-351.

[23] Field D. A., 1984, Laplacian smoothing and delaunay
triangulations. Comm. Appl. Numer. Methods, 4, 709—
712.

[24] Taubin G., 2003, New Results in Signal Processing and
Compression of Polygon Meshes. Shape Modeling
International 2003, 45-48.

[25] Song Y. and Vergeest J.S.M., 2007, Matching geometric
shapes in 4D space incorporating curvature information,
2007 ASME International Design Engineering Technical
Conferences, IDETC07, September 4-7, Las Vegas,
Nevada, USA.

[26] Anderson G.D., Vamanamurthy M.K. and Vuorinen
M.K., 1997, Conformal Invariants, Inequalities, and
Quasiconformal Mappings. Wiley-Interscience.

[27] Wang S., Wang Y., Jin M., Gu D.X,, 2007, Samaras D.,
Conformal Geometry and Its Applications on 3D Shape
Matching, Recognition, and Stitching, IEEE Trans.
PAMLI, 28(7).

[28] Press W.H., Teukolsky S. A. Vetterling W.T., Flannery
B.P., 2007, Numerical Recipes: The Art of Scientific
Computing, 3rd edition, Cambridge University Press.

9 Copyright © 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


