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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 [5, 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 
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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. 

 
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 
feature. 

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 Թଷ, there are four types of 
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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. 

 
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; 
3 Copyright © 2008 by ASME 
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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. 

 
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; 
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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. 

(a) A protrusion feature (b) Its mean curvature plot  
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 
4 Copyright © 2008 by ASME 
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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  Aଷ ൌ ൛T୨ | j ൌ 0, mT, V୧A | i ൌ 0, mA, C୧A | i ൌ 0, mAൟ  

in Թଷ, where T୨ is a triangle in Aଷ, ሺmT ൅ 1ሻ is number of 
triangles in Aଷ, V୧A is a vertex in the shape, C୧A is a type of 
curvature value on the vertex based on [19], ሺmA ൅ 1ሻ is 
the number of vertices in this mesh. For a particular vertex V୧A in Aଷ, an umbrella-operator U can be defined as  U൫V୧A൯ ൌ ෍ ω୨V୯୨୫

୨ୀ଴ ෍ ω୨୫
୨ୀ଴൙ െ V୧A. 

where V୯୨ are the neighbors of V୧A ,  m ൅ 1 is the number of 
the neighbors and ω୨ is the weight of the neighbor V୯୨ With 
the umbrella-operator U, a new position of vertex V୧A can 
be computed as V୧A୬ୣ୵ ൌ V୧A ൅ ηU൫V୧A൯. 
In the equation, η 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 UC is 
constructed as  UC൫C୧A൯ ൌ ෍ ω୨C୯୨A୫

୨ୀ଴ ෍ ω୨୫
୨ୀ଴൙ െ C୧A, 

where C୧A is a type of curvature on vertex  V୧A, C୯୨A  is the 
same type of curvature of its neighbors and m ൅ 1 is the 
number of the neighbors, ω୨ is the weight of C୯୨A . UC is a 
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 UC, the smoothed 
curvature associated to vertex V୧ can be computed as  C୧A୬ୣ୵ ൌ C୧A ൅ ηUC൫C୧A൯. 
Same as the Laplacian smoothing tool, η 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 
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on the proposed smoothing algorithm, the smoothing result 
of the mean curvature is presented in Figure 7(c).  

(a)  (b) (c) 
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 Aଷ,  a smooth target mapping ࣯: Aଷ ՜Aଶ is constructed, where Aଶ is a planar mesh and Aଶ ൌ൛T୨ | j ൌ 0, mT, V୧P | i ൌ 0, mA, C୧P | i ൌ 0, mAൟ, T୨ is a planar 
triangle and ሺmT ൅ 1ሻ  is the number of triangles, V୧P ൌሺu୧, v୧ሻ, which  is a 2D vertex in the shape, C୧A is the 
curvature values which is the same as the curvature value C୧A of vertex V୧A in Aଷ, ሺmA ൅ 1ሻ is the number of vertices. ࣯ is conformal on Aଷ if and only if the Cauchy-Riemann 
equation ∂∂࣯x ൅ ݅ ∂∂࣯y ൌ 0 
5 Copyright © 2008 by ASME 
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is satisfied. Here x and y are the coordinates of vertices V୧A  
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 Aଷ. Thus, in 
least square conformal maps, it is satisfied from a least 
square sense. The minimization criterion   

ሺAଷሻܴܥ ൌ ෍ න ∂∂࣯x ൅ ݅ ∂∂࣯y dAଷTౠTౠאAయ , 
where T୨ is a triangle in Aଷ. Suppose the desired mapping is 
linear on T୨ , the minimization criterion  ܴܥሺAଷሻ is further 
elaborated as ܴܥሺAଷሻ ൌ ෍ ฬ∂∂࣯x ൅ ݅ ∂∂࣯y ฬଶ S൫T୨൯,TౠאAయ  

where S൫T୨൯  is the area of triangle T୨. Consider q୧ ൌ x୧ ൅݅y୧  and  r୧ ൌ u୧ ൅ ݅v୧ for i ൌ ሺ0, mAሻ, they should satisfy ࣯ሺr୧ሻ ൌ q୧. A vector q then is arranged as q ൌ ሺq୤, q୮ሻ 
where q୤  has ሺmA ൅ 1 െ pሻ free coordinates, e.g., f ൌሺmA ൅ 1 െ pሻ, q୮ contains p constrain point coordinates. 
Then, the minimization criterion is rewritten as  ܴܥሺAଷሻ ൌ ฮM୤q୤ ൅ M୮q୮ฮଶ, 
where M ൌ ሺM୤, M୮ሻ, which is a sparse ሺmT ൅ 1ሻ ൈ ሺmA ൅1ሻ matrix. In this equation, ܴܥሺAଷሻ can be easily 
minimized by the conjunction gradient method [28]. Thus 
2D coordinates ሺu୧, v୧ሻ of each vertex V୧P in the planar 
mesh Aଶ are calculated in a lease square sense. 

In Aଶ, each vertex is assigned the curvature value of the 
corresponding vertex in  original mesh Aଷ. Generally, 
vertices in Aଶ 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 Aଶ are 
found first as  ሺu୫୧୬, v୫୧୬ሻ and ሺu୫ୟ୶, v୫ୟ୶ሻ, and the scan 
interval to create the image is specified as δ, which a half 
of the minimum edge length in mesh Aଶ, in both u and v 
direction. The image can be represented as I ൌ ൛x, y, C୶୷หx ൌ 0, w; y ൌ 0, hൟ, 
where x is the image width, h is the image height and C୶୷ is 
the value in this position. Each pixel corresponds to a point  ሺu୶, v୷ሻ in Aଶ where u୶ ൌ u୫୧୬ ൅ xδ and v୷ ൌ v୫୧୬ ൅ yδ.  

If ሺu୶, v୷ሻ locates in a triangle with vertices ሺuଵ, vଵሻ, ሺuଶ, vଶሻ and ሺuଷ, vଷሻ, corresponding to curvature 
values Cଵ , Cଶ and Cଷ, respectively, suppose an linear 
function kଵu ൅ kଶv ൅ kଷ ൌ C exists for all position insides 
the triangle, the requirement that the values at the vertices 
leads to three linear equations kଵuଵ ൅ kଶvଵ ൅ kଷ ൌ Cଵ, 
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kଵuଶ ൅ kଶvଶ ൅ kଷ ൌ Cଶ, kଵuଷ ൅ kଶvଷ ൅ kଷ ൌ Cଷ. 
Coefficients kଵ, kଶ and  kଷ can be easily found by solving 
these linear equations. Thus for a point ሺu୶, v୷ሻ, its 
curvature value is defined as: C୶୷ ൌ kଵu୶ ൅ kଶv୷ ൅ kଷ, 
and it will be assign to point ሺx, yሻ in the raster image. If ሺu୶, v୷ሻ is not surrounded by any triangles in Aଶ, C୶୷ 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 

 
(c) Mapping the 3D face model 

to 2D polygon mesh 
 (d) 2D polygon mesh with 

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 I୴, maximum curvature 
values are used in the computing and in Iୡ, the minimum 
curvature value are deployed. Geometrically, I୴ is mainly 
used to describe the convex area on the shape where the 
concave area is emphasized by Iୡ.  

Identifying feature points and areas can be done by 
clustering points with a threshold in I୴ and Iୡ. 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 3×3 
convolution kernels as: ܵ௫ ൌ ൥െ1 0 1െ2 0 2െ1 0 1൩ and ܵ௬ ൌ ൥ 1 2 10 0 0െ1 െ2 െ1൩. 

For curvature raster image I୴, the gradient approximation is  ܩ ൌ  ටሺܵ௫۪ܫ௩ሻଶ ൅ ൫ܵ௬۪ܫ௩൯ଶ. 
Gradient approximation of Iୡ can be deduced as well. With 
the found feature items in I୴ and Iୡ, 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. 

 
(a) The original curvature 

plot 
(b) After smoothing (1 = ߟ 
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 ߟ; c. iteration times. In Figure 9(b), by setting 
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the depth of topological neighbors to 2,  ߟ 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,  ߟ 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. 

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 
7 Copyright © 2008 by ASME 
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displayed in Figure 11(b). After pre-processing, the 
curvature image I୴, which uses the maximum curvature, is 
presented in Figure 11(c) and the minimum curvature 
image Iୡ is shown in Figure 11(d). By boundary analysis 
and clustering extreme values in I୴, the apex of a protrusion 
and the boundary of an elimination were found as Figure 
11(e). Then both I୴ and Iୡ 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. 

 

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  I୴ is presented in 
Figure 12(d) and a synthesis of I୴ and Iୡ is shown in Figure 
12(e). In this image, we found that this feature is mainly a 
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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. 
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