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Abstract:

The novel free-form deformation( FFD) technique presented in the paper uses scalar fields defined

by skeletons with arbitrary topology. The technique embeds objects into the scalar field by assigning a field
value to each point of the objects. When the space of the skeleton is changed, the distribution of the scalar
field changes accordingly, which implicitly defines a deformation of the space. The generality of skeletons as-

sures that the technique can freely define deformable regions to produce a broader range of shape deformations.
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INTRODUCTION

NURBS and polygonal meshes are two major
representation schemes for modeling complex 3D
objects. Although some effective shape editing
tools are now available for both of them, modify-
ing the shape of an object intuitively is still ted-
ious work. This is particularly true for some spe-
cial local or global modifications, such as adding
arbitrary shaped bumps, shape bending, twist-
ing, tapering, etc. For polygonal mesh repre-
sentation scheme the problem becomes even more
serious because there are no inirinsic paramelers
involved in this representation.

The first representation independent defor-
mation technique was proposed by Barr (1984),
which defines the deformable space with Cartes-
ian coordinate system. 'The technique bends,
twists, sketches or tapers objects around an axis
of the coordinate system by taking the transfor-
mation of each point as a function of its position.
Barr’ s technique was later generalized to axis-
based deformation techniques ( Lazarus et al . »
1994) by allowing the coordinate system to move
along a curve during the deformation. This tech-
nique defines the deformable space by a para-
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metric curves in which each point in the space is
parameterized with respect to the closest coordi-
nate system on the curve. When the curve is de-
formed, the space and hence the embedded ob-
jects are also deformed correspondingly. Several
calculation approaches were proposed to imple-
ment the axis-based deformation ( Lazarus et
al .»1994) . Generally; the axis-based deforma-
tion technique is very powerful, intuitive and ef-
ficient, but it is limited to the curve-like shape
deformations. The technique was further extend-
ed to edit the local shape of a surface(Singh and
Fiume; 1998), in which the deformable space is
defined by several curves with their own influ-
ence regions.

A more generalized deformation approach is
the free-form deformation technique ( FFD D,
proposed by Sederberg and Parry (1986, which
uses a trivariate Bézier volume to define the de-
formable space. The trivariate Bézier volume de-
fined by the lattice of control points is initialized
which

points in the deformable space to be parameter-

as a parallelepiped structure, allows
ized easily. When the parallelepiped lattice is
deformed; the new positions of points of an em-
bedded object can be calculated using the triva-

* Projects supported by the National Natural Science Foundation of China ( Nos. 60133020, 60021201 and by the National Crand Fundamental Research
973 (No.2002CB312104) and the key Project of Education Ministry of ChinalNo.01094)



624

QIN Xujia, HUA Wei et al.

riate Bézier volume. Because the technique is
very powerful for modifying local or global shapes
of objects with little user interaction, the free-
form deformation techniques have become very
popular in 3D shape design and animation .

In the past years, there were many exlen-
sions to FFD ( Coquillart, 1991; Griessmair and
Purgathofer, 1989; Lamousin and Waggenspack;
1994) . Griessmair and Purgathofer (1989) pre-
sented similar technique based on a trivariate B-
spline representation. Coquillart (1991) extend-
ed the technique Ccalled EFFD) by utilizing a
more general lattice structure to define the de-
formable space. But his method suffers from ex-
pensive calculation and low stability due to the
usage of numerical techniques for the parameter-
ization of the space. A recent free-form deforma-
tion technique> developed by MacCracken and
Joy(1996) generalized Sederberg and Parry’ s
work by applying the extended Catmull-Clark
subdivision scheme to lattices of arbitrary topolo-
gy . Such a lattice is repeatedly refined to conve-
rge to the deformable space. Instead of the sim-
ple trivariate parameterization used in previous
methods, the technique directly establishes a
correspondence between the deformable space
and the object space. In comparison to EFFD,
MacCracken and Joy s method is much faster

and stable.

proaches suffers from the laborious task of con-

However, all these extended ap-
structing complex lattices from an inventory of
lattices with user interaction.

Note that deformations produced by the men-
tioned techniques are completely free, without
imposing any constraints on objects. In some ap-
plications; however, the displacements of some
points, 1. e. consiraints are specified in ad-
vance, the deformable space must be deformed
to satisfy these constraints. Hsu et al. (1992)
proposed a constraint-based deformation tech-
nique for calculating the deformation of the lat-
tice in FFD to satisty the deformation require-
ments on some points. Borrel and Bechmann
(1991) decomposed the deformation function in-
to the combination of a user-specified function,
such as a tensor product B-spline in a box or
sphere; and a linear transformation, in which
the constraint-based deformation can be achieved
by solving a linear system equation. These tech-
niques can effectively decrease user’ s interac-
tion.

Although the above free-form deformation
techniques can be directly used to modify the
shapes of polygonal meshes, the necessity for
multiresolution editing or deformation techniques
(Kobbelt et al . » 1998; Lee et al . » 1998) for ed-
iting multiresolution polygonal meshes are also
widely addressed. In these techniques, the mul-
tiresolution representation for a mesh is first con-
structed using mesh decimation techniques. A
low-resolution model is selected to define the de-
formable space. Kach level of detail is recorded
or parameterized in local frames on its next lower
resolution model. As the model is deformed, the
deformation is achieved by transferring the vertex
displacements through the multiresolution repre-
the tech-
nique usually involves a fairing process during

sentation. To keep objects smooth;,

deformation transfer.

A disadvantage of FFD methods is in the in-
direct control of the deformation through adjust-
ing control points or weights of the embedding
volume. It is difficult to force the object to pass
through desired points precisely. Moreover, the
large number of control points in complex models
makes it impractical for determining the exact
number of control points to be changed and how
they must be changed to produce a desired defor-
mation. Additionally; the axis-based deforma-
tion is a supplementary technique of FFD, and is
limited to the curve-like shape deformation.

In this paper; we extend the free-form defor-
mation techniques further based on scalar fields
defined by skeletons of arbitrary topology, which
defines the deformable space. In this case, rath-
er than establishing a parameterization for the
deformable spaces our approach just assigns a
field value to each point of an embedded object.
As the skeleton or the scalar field is deformed,
the embedded object is correspondingly deformed
by moving each point of the object in a specified
direction to a new position to maintain its origi-
nal field value. Since skeletons may be flexibly
constructed in an intuitive manner using curves,
parametric patches or polygonal meshes, this ap-
proach can generate a wide range of shape modi-
fications .

The paper is organized as follows. In Section
2, we introduce a scalar field construction meth-
od based on skeletons. Firsts we independently
define a distance field from a primitive of simple
geomeiry . The blending operator is then used to
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merge the distance fields into the final scalar
field. In Section 3, we present several methods
for tracking new positions for points of the em-
bedded object as the field is deformed. This pro-
duces the required deformations. In Section 4,
an adaptive sampling method is introduced to en-
sure that the embedded object undergoes the de-
sired deformation. The implementation and re-
sults are discussed in Section 5, and the conclu-
sions are given in Section 6.

THE SCALAR FIELD CONSTRUCTION

As we know, distance field is the simplest
kind of scalar field. Technically, all the oriented
manifolds be used to construct distance
fields. However; it may be time-consuming for
complex manifolds. To facilitate the user inter-
action requirement, our scalar field construction

should be implemented as fast as possible. In

can

this section. we present an efficient way for con-
structing a scalar field from a skeleton consisting
of some simple primitives.

Instead of directly constructing the distance
field from a complex skeleton. we first calculate
a distance field for each component of the skele-
ton, then merge all these distance fields into the
final scalar field using the blending operator de-
scribed in Fang et al. (2001). The primitives
adopted by our approach include points, curves
( polylines ) parametric patches Copen polygonal
meshes) and polyhedra (closed polygonal mesh-
es). The constructed distance fields can be repr-
esented in discrete or continuous form. Actual-
ly, the discrete field can be regarded as a sam-
pling of the continuous field. In our current im-
plementation, we adopt the variational interpola-
tion scheme described in ( Turk and O’ Brien,
1999) to construct an approximate distance field
for each primitive. As illustrated in Fig. 1, let
{V. } be the sample points for primitive P, and
d; be the signed distance from V; to P; the in-
terpolation scheme calculates the distance field
JCP) of primitive P satisfying f( V;) = d;. For
polyhedron, we usually choose the vertexes of
the skeleton and the points along their normals as
the sampling points. For points, curves and pa-
rametric patches, the sampling points can be
chosen by some rules, for example, uniformly
sample the distance field. Some isosurfaces ex-

tracted from the distance fields defined by differ-
ent kind of skeletons are shown in Fig.2.

A

N

Fig.1 Scalar field sampling

fn (hi

Fig.2 Interpolated distance field of different kind of
skeletons
Ca) points (b) line: (¢) plane: (d) polyhedron

Note that the distance field of single primi-
tive mentioned above is usually relatively sim-
ples which may be unsuitable for complex shape
deformations. Therefore; we further merge the
distance fields defined by the components of the
skeletons into the final scalar field. In order to
control the influence of each primitive, an influ-
ence radius r, is introduced for every primitive.
Then the merged fields can be described as

l; ECLCPY (1
Heres f;( P) is a scalar field defined by one
skeleton. Function £ (d) is a potential energy
function which defines the potential energy value
for each point in that scalar field. In order to
keep each field with a limited influence region,
we choose the potential energy function conform-
ing to the distribution shown in Fig.3. The fol-
lowing potential distribution function is adopted.
Other functions can be found in( Blinn, 1982;

Nishimura et al .» 1985; Wyvill et al ., 1986).
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Fig.3 Potential energy distribution

Fig.4 shows a field formed by merging two
fields which are defined by single skeletons.

T

Fig.4 Merged field
Ca) fields defined by two single skeletons: (b)) the
merged field

Constructing a skeleton from several primi-
tives 1s straightforward and can be done with lit-
tle user interaction. All the traditional modeling
tools can be used to model primitives mentioned
before. As for dense polygonal meshes, we can
use their simplified models as skeletons to con-
trol their deformations. The simplified models
may be generated using LOD algorithms( Eck et
al . » 1995: Hoppe> 1996) .

REPOSITIONING POINTS IN
ABLE SPACE

THE DEFORM-

As discussed in Section 1, each of the previ-
ous free-form deformation techniques involves

The

new position of a point after deformation is then

parameterization of the deformable space.

directly calculated. However, in our case, since
no parameterization is performed for the deform-
able space, we must track the new positions of
points on the embedded object according to the
field deformation.

Our goal is to find a new position for each
point such that the point will keep its original
potential value in the deformed space. Since
there are many positions with the same field val-

ue: which form an iso-surfaces the algorithm
needs to determine adaptively the tracking direc-
tion for each point to reflect the field deforma-
tion.

One strategy is to track along the gradient di-
rection of the field; Eq.(3). For each point in
the field, its gradient direction can be calculated
easily by a numerical method.

_ LACPYL AP £APY]
VETLATPY 40P £CPY T

When the skeleton is deformed, the field
values of the points which locate in the influence
region of the skeleton also change. These points
should then move along their gradient directions

(3

until they recover their original field value.
Sometimes, we cannot get satisfactory result by
using such simple tracking method. In these cas-
es: the tracking direction is determined by inter-
polating the corresponding points. Let P and
P;(j=1,2""s n) be the corresponding point
pairs on the original skeletons and the changed
skeletons, respectively. Using the variational in-
terpolation again, we can construct a warp func-
tion( Cohen-Or et al . > 1998; Fang et al . ,2001)
WCX,t) satisfying:

[ W( P;U‘O) = IJJ'U

WPy, 1) = P (4

Jj=1ls"n

For each point P in the influence region, its
new position P’ can be calculated by this warp
function.

And the vector defined by the point and its
new position can be chosen as the tracking direc-
tion V.

V=P -P) || P -P] (6)

The corresponding warp points can be de-
fined by the corresponding points of changed
skeletons or specified directly by users.

For the embedded objects the field values of
its vertexes were recorded when it was embedded
into a scalar field. After the field was deformed.,
the new position of a point can be determined by
the following functions.

For current point P, while( |8 | =¢)
// 8 is the current point field value alteration,
/e is the approaching accurate
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{
caleulate the tracking direction V
AV=5V;
P =P+ AV
8 =exp 'CECP ) —exp'ley)
// ey is the original field value
while( 5+8" <0 {
AV =0.5AV
P =P+ AV
"=exp ' CECP)) —exp ' (ey)
}
if 181>181
P=F, =08
else AV=—-AV
}
Fig.5 Calculate the new position of a point

ADAPTIVELY SAMPLING THE EMBEDDED
OBJECTS

The deformation may take place in local re-
gion or nonuniformly, then the embedded object
will be deformed unsmoothly if the mesh is not
dense enough. In order to keep the smoothness
of the embedded object after deformation. new
sampling points are added adaptively where
needed .

During the deformation process, the points
within the influence regions are moved first.
Then for each cell on the embedded object
mesh> we check its edge length after the defor-
mation. If one edge length becomes too long, a
new sampling point is added at the middle point
of the original edge. whose field value takes the
average of that on the two end points. The added
sampling points are then also moved conforming
to the deformation constraints. This sampling
procedure is repeated until no additionary sam-
pling is necessary and the deformation region
within the portion of the embedded object is ada-
ptively resampled. The adaptive sampling proce-
dure is described below:

Move the mesh vertexes in the influence regions with the
procedure shown in Fig.5.
for every cell of the mesh which contains moving points {
for every edge {
calculate the new edge length | E’; |
if 1E1=1.81E;1{
P=0.5(Vy+ V)
// Here V and V,, are the start and end

/4 point of current edge separately .

d=0.5CECVy)+ ECV,;))

}

}

repolygonize the current cell

Move the added sampling points conforming to the de-

formation constraints.
}
Repeat the above procedure until no additional sam-

pling is necessary.

Fig.6 Adaptive sampling procedures

IMPLEMENTATIONS ~ AND
RESULTS

EXPERIMENTAL

Before deforming a models users must speci-
fy skeletons to define a scalar field so as to con-
trol the deformation. Then users can deform this
model by two ways. One is to edit the skeleton
shape interactively. After the skeleton is edited,
its corresponding field is also changed. Fig. 7
and Fig. 10 show the deformation results by edit-
ing the shape of the skeleton directly. Users can
also deform an embedded model by replacing the
original skeleton with another one. In Fig.8 and
Fig.9, the embedded models are deformed using
this method. Because the gradients of the two
fields are different, the deformation results pro-
duced are also different. By calculating the point
moving direction from a corresponding points
warping function, twisting a local region can be
implemented. This is shown in Fig. 11. The
skeleton is obtained from the LOD model of the
original model.

Fig.7 Deform the embedded model by stretching the
field skeleton directly
Ca) original model; (b)) deformed model

Additionally, the deformation of the object is
only dependent on the changes of the scalar
fields. So the deformation value of the object is
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relative to the size of the warping skeleton.
When the object surfaces are close to the skele-
tons the skeleton changes will excessively impact
on the object (shown in Fig.8). Otherwises if
the embedded object is far from the skeleton, the

skeleton changes have little effect on the object

(shown in Fig.9).

Modifying the influence radius can control
the deformation region. Points on the embedded
object out of the influence region will not be
moved. This can avoid degeneration or topology
change of the object after deformation.

This deformation algorithm was implemented
in C++ on a PC. Since there is little limitation
on the shape of the field skeletons, users can
control the deformation intuitively and accurate-

LA

i)

Fig.8 Deform the embedded model by replacing the
field skeleton

Ca), (e the model embedded in a field defined by a eyl-
inder skeleton: Ca)s; (h) the side view: (¢), (d) the top
view: (b),(d) the model deformed after the field skele-
ton was replaced

) (b

{ey (dy

Fig.9 The embedded model was deformed by re-
placing field skeleton

Ca), (e original model and its skeleton; (h)s (d) re-
placed skeleton and deformed model

Fig.10 The teapot model was deformed by editing
the field skeleton
Ca) original model; (b) deformed model

Fig.11 Turn a bunny’ s head by calculating the
points moving direction using corresponding points
warping function

Ca), (h) the field skeleton: (¢)s Cd) the embedded

model

CONCLUSIONS

We have described a generalized free-form
deformation technique which controls the defor-
mation by a scalar field. Any object can be em-
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bedded into a scalar field and be deformed by
changing the field. Because the scalar field is
defined by 3-dimensional skeletons and there is
little limitation on the skeleton types, this defor-
mation method can implement most deformation
functions, such as Barr’ s method, Axis Defor-
mation and FFD. On the other hand,
easily construct a skeleton and control the defor-
mation intuitively.

By choosing the influence radius, the defor-
mation region can be controlled. Since no point-

users can

fo-point correspondence between the object space
and the deformation space is available, the ver-
texes on the embedded model may miss moving
directions during deformation. This problem can
be solved by constructing a local parameteriza-

tion.
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