A Layered Approach to Deformable Modeling and Animation
Clint Chua and Ulrich Neumann
{chua | uneumann}@usc.edu
Computer Science Department
Integrated Media Systems Center
University of Southern California
Abstract
Our approach integrates three mechanisms needed to
model and animate deformable objects: controlling
mechanisms, geometric surface deformation, and mesh
refinement.
Most approaches focus either modeling
physically correct behavior or alternative representations
for deformable models. This results in a set of method
specific algorithms that best represents a particular class
of deformable objects. By encapsulating each process, our
system introduces the interface that allows us to integrate
existing controllers in a modular fashion. We demonstrate
this in our system by instantiating hardware accelerated
free form deformation for geometric deformation and
midpoint subdivision for mesh refinement. Finally, we
discuss the available options for controlling mechanisms
and show how this approach leads to a generalizable
framework.

1 Introduction
Modeling and animating a deformable object often
involves the simultaneous use of physical simulators,
surface deformation and mesh refinement. Thus, to
incorporate a deformable object into a virtual environment,
these three processes must be integrated into a system.
Since existing approaches to deformable objects are either
material specific [32] or method specific [13], this limits
the class of deformable objects in any one system.
Implementing several deformable modeling approaches is
difficult since there is no common interface among the
different approaches.
This paper shows how three
processes can be integrated in one deformation system that
supports a wide range of options for each component.
The first process is the controlling mechanism. This
refers to the process that controls the deformation of the
object. This often is a physical simulator but in some cases
can be a user interface to the surface deformation engine.
The latter case is common when artists require full control

over the object rather than having the object respond in a
physically correct manner.
The second process is the surface deformation engine.
This process alters the surface geometry of the deformable
object. In some approaches, the physical simulator and the
surface deformation engine cannot be differentiated. Most
physical simulators directly alter the surface geometry.
Combining the controller with the surface deformation
process results in method specific deformable systems. We
separate these processes in order to enforce a standard
structure in our system that allows multiple controllers to
be used with the same deformation engine.
The third process is the mesh refinement system.
Although models could be represented using several
representations, triangular meshes are common and
efficient for rendering. Therefore, the accuracy of the
model representing the deformed object can depend on the
amount of refinement that is applied to the model. This
process ranges from re-meshing, commonly used with
implicit surface representations, to subdivision surfaces for
triangular or quadrilateral meshes. Some deformation
techniques ignore this process by using a fixed but highly
tessellated mesh. This is inefficient if some portions of the
mesh remain planar while other portions have high surface
curvature.
Our system implementation focuses on the second and
third processes since we intend to use existing controlling
techniques. A natural extension to our approach is its use
as a framework for general deformable modeling and
animation with a variety of controllers.
The next section discusses related work in deformable
modeling. Sections 3 through 5 detail our system concept.
Section 6 discusses available controlling technologies.
Section 7 describes our implementation, and the last section
summarizes the utility and features of our system.

2 Related Work
There is a lot of research done in physically correct
deformable modeling. Physical simulation, ranging from
mass-spring models to finite element methods [13], is often

used in deformable modeling as a controlling mechanism.
Gibson and Mirtich give a comprehensive survey of this in
[3]. In contrast to prior work, space-time adaptive
sampling applied to finite element methods achieves
physically correct real-time deformations [1, 2].
Purely geometric surface deformation engines have not
been given much attention. The idea of a geometric
deformation primitive was first introduced in [4] and later
developed into free form deformation (FFD) [5], extended
FFD (EFFD) [6] and FFD with lattices of Arbitrary
Topology [7]. WIRES [8] introduced a new geometric
deformation primitive. Instead of deformation via a
bounded region of space that characterizes most geometric
deformation primitives, WIRES utilized axial deformation,
deformation of space around a curve. WIRES is also able
to mimic the functionality of FFD and some of its variants.
Implicit surfaces are alternate representations of
deformable objects [9,10,11].
Another alternative
representation called Smoothed Particles is introduced in
[12]. Although these alternatives can represent deformable
objects, the rendering pipeline is optimized for triangular
meshes. The deficiency of accurate modeling using meshes
is compensated by the introduction of mesh refinement
primitives such as Catmull-Clark surfaces [15] and other
surface interpolatory schemes [16, 17, 18, 19, 27]. The
idea behind all of these methods is inserting new triangles
or quadrilaterals based on a weighting of a local cluster of
vertices. These techniques achieve smooth and continuous
surfaces when recursively applied to the mesh.
New techniques [23, 24] deal with two processes:
controlling mechanisms and mesh refinement. These
systems validate the trend of deformation systems
converging toward the three processes identified in this
paper. While their systems are an improvement, these still
focus primarily on method specific deformation systems.

3 System Overview
Our approach divides
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Figure 1 System Overview
layers either through
physical simulation or direct user interaction. Since varied
control mechanisms are feasible, and our choice is not
limited, our discussion does not focus on this layer.
The second layer is the surface deformation system.
This layer represents a geometric deformation method. Our

implementation uses the Extended Free-Form Deformation
(EFFD) primitive since FFD is popular, computationally
inexpensive, and easy to implement. Among all the
variants of the FFD, EFFD retains the mathematical
simplicity of the FFD and yet is able to use more complex
lattice shapes compared to the original FFD method. In
addition, we show in our previous work that the EFFD
technique can be hardware accelerated in front of a
standard OpenGL pipeline [28]. A description of EFFD is
outlined in Section 4.
The third layer is the mesh refinement system. We
chose to work with a triangular mesh representation since
graphics pipelines render triangular meshes directly. In
order to maintain representation accuracy while minimizing
the total number of triangles in the mesh, we employ an
adaptive midpoint subdivision operator for mesh
refinement. For all deformed states, this allows us to
process a minimal number of triangles. We chose midpoint
subdivision since it is simple and can be hardware
accelerated as proposed by Bischoff and Kobbelt[20]. The
basics of midpoint subdivision are introduced in Section 5.
We add a retargeting layer between the controlling
mechanism and the surface deformation layer. In our
approach, physical controllers no longer displace vertices
of the mesh directly. Thus, a retargeting layer is needed to
convert the output of the physical controller and map it to
an appropriate input to the EFFD. The details of the
retargeting layer are discussed further in Section 6.

4 Surface Deformation
4.1 Background
The analogy behind all types of FFDs is embedding an
object into a piece of gelatin, and as the gelatin deforms,
the embedded object deforms with it. The different FFDs
only vary the initial shape of the gelatin in which the object
is embedded.
A standard FFD works solely with
rectangular parallelepipeds. Arbitrary topology FFDs
allow any control lattice. The EFFD, while not as versatile
as the arbitrary topology FFD, can work with cylinders,
spheres and other regular shapes more complex than a
rectangular parallelepiped, while still using the efficient
deformation equations of the standard FFD.
EFFD operation is divided into 3 steps. The first step
embeds the object in the initial control lattice and computes
the parameterized coordinates of the object. The next step
moves the control lattice points to new locations, thus
deforming the enclosed region of space. The last step
calculates the deformed positions of every object point
based on the new locations of the control points. The
deformed object is then ready for rendering.
The embedding process starts with a lattice bounding a
volume of space to be deformed. An object is embedded
within the lattice by computing a transformation of
coordinate systems from the object coordinate system to the

local lattice coordinate system. The embedding process
requires a solution to a system of non-linear equations.
This system of non-linear equations is defined by the
equations of deformation so we will first introduce these
equations and then show how the embedding is done.
Assuming that each object point X=(x,y,z) has a
parameterized local coordinate (s,t,u) and 0≤ s,t,u ≤ 1, then
with the set of control points P, we calculate the deformed
position q with
qi , j , k ( s, t , u ) =

3

∑

l , m, n = 0

Pi + l , j + m, k + n Bl ( s ) Bm (t ) Bn (u )

(1)

where Pi,j,k is the ith, jth, kth control point and the Bs are
the uniform cubic B-spline blending functions. Thus, given
a set of parameterized local coordinates, we evaluate the
above equation to get the set of deformed points based on
the new positions of the control points.
For the embedding process, we need to derive the
system of non-linear equations to determine the
parameterized local coordinates. From equation (1), we
can derive the system of non-linear equations for the (s,t,u)
parameterization of an object point X. The intuition behind
the embedding procedure for the EFFD is that it is the
inverse of deformation of the object in the initial control
lattice to a rectangular parallelepiped control lattice.
Hence, the initial EFFD control lattice shape is constrained
by the existence of a mapping or morph between it and a
standard rectangular parallelepiped. The morph must not
incur any space folding, that is, it must be invertible. From
this we can see why the EFFD is not appropriate for lattices
of arbitrary topology since the morph from the arbitrary
lattice to the rectangular parallelepiped may not exist. To
derive the system of non-linear equations, we set the object
point X equal to q, the deformed point in Equation (1). The
goal then is then to find a parameterization (s,t,u) that
satisfies this equation. In order to find (s,t,u), we rearrange
Equation (1) to obtain
3

∑

l ,m,n = 0

Pi + l , j + m, k + n Bl ( s ) Bm (t ) Bn (u ) − X i , j , k = 0

(2)

where Xi,j,k is the object point within the deformable
region of Pi,j,k to Pi+3,j+3,k+3. Since this is a 3-D vector
equation, we have one equation from each dimension, and
3 unknowns, namely (s,t,u). We use a Newton-Raphson
root-finding method with initial guess 0.5 to find (s,t,u).
For a more detailed explanation of the EFFD process and
properties, refer to [5, 6, 7, 28].

4.2 Lattice Translation Table
Our formulation of the FFD equation (Equation 1) uses
the uniform cubic B-spline basis functions.
The
parameterized point depends on a 4x4x4 set of local lattice
points that surround the object point. A 4x4x4 lattice grid
is required to deform a cell volume within the lattice, as
shown in Figure 2. For more complicated lattices with

more than one cell volume, the process of embedding an
object point also entails locating which cell volume
Object inside
the deformable
region
Non deformable
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4x4 lattice grid

Figure 2: A 2-D view of the lattice grid showing the 4x4 set of control
points for a single cell of deformation, the region of deformation in the
center of the bounded region, and the non-deformable regions
surrounding it.

controls the space that the object point is located.
Since the lattice shape is not always a rectangular
parallelepiped, we propose an indexing structure for fast
object-point to cell-location translation called the Lattice
Translation Table (LTT) shown in Figure 3. The LTT is an
axis aligned bounding box of the lattice that is divided into
regularly spaced cubes. For each cube that intersects with
the deformable area of the lattice, indices to the deformable
area are kept in each cell. If more than one deformable
region occupy a cube, only one index is kept since the
appropriate cube can be deduced as an extrapolation from
the results of the embedding process. This extrapolation
mechanism will be discussed in the next section.
LTT Bounding box

EFFD Deformable
Volume
(Phantom Regions
ommitted)

Multiple
lattice
volumes-cell
intersection

Start of raster scan
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Figure 3: The Lattice Translation Table

The creation of the LTT is done in a raster-order sweep
of each cube in the LTT. A set of test points in each cube
is chosen, typically the center and the corner points of the
cube, then these points are tested for their positions within
the lattice volume by parameterizing them in the lattice. If
the parameterization yields coordinates such that 0≤ s,t,u ≤
1 then we found a lattice volume-cube intersection. A good
starting point for the raster sweep is to use the location of
the control point at (0,0,0) in the lattice grid and then use
the cube that contains the control point. Notice that some
cubes that contain lattice volume-cube intersection may be
missed using this algorithm if the lattice volume is concave
(e.g. an extruded star shape). One solution is to add more
test points in each cube. Another option is to grow the
existing cubes to encompass the entire volume of the
lattice. This latter method takes the existing set of lattice
volume-cube intersections and tests the neighboring cubes
that do not have lattice volume-cube intersections.

Neighboring cubes are chosen for testing based on control
points that have common edges with other control points
that lie inside cubes with lattice volume-cube intersections.
The LTT is created as a pre-processing step and each
LTT is associated with a specific lattice. This means that a
whole library of lattices with its associated LTT files can be
created beforehand without prior knowledge of the object
to be deformed. Once the lattice and LTT structures are
created, embedding the object points involves an LTT
lookup of the lattice index belonging to the LTT cube that
the object point is in. These indices are then used in the
Newton-Raphson root finding method for each point.

4.3 Embedding and Extrapolation
The embedding process described in section 4.1 can also
be used to extrapolate the correct cell that an object point
belongs to if a good initial guess was provided. Since
overlapping deformable volumes exist in an LTT cube,
only one lattice index in the LTT can be used as a starting
guess for all points within an LTT cube.
Since the parameterized coordinate is constrained such
that 0≤ s,t,u ≤ 1, coordinates that do not satisfy this
constraint mean that the object point does not belong to the
lattice cell and also that the object point lies in the direction
of the axis that does not satisfy the constraint. In other
words, if s < 0 or s > 1 then the lattice cell that is in the x-1
or x+1 position relative to the current cell will contain the
object point (Figure 4).
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Figure 4: Extrapolation procedure

Thus the process of embedding and extrapolation is as
follows. First, the initial guess, (x,y,z), of the lattice cell
index is taken from the LTT. The object point is
parameterized against the lattice cell. If it satisfies the
constraint such that 0≤ s,t,u ≤ 1, then the object lies in that
lattice cell with parameterized coordinates, (s,t,u).
Otherwise, the lattice cell index (x, y, z) is incremented or
decremented depending on s, t, u less than zero or greater
than one, respectively.

are inserted at the midpoint of
each edge of the triangle and a
new triangle is created as
shown in Figure 5. Midpoint
subdivision is often applied
uniformly to the entire mesh.
Figure 5: Subdivided
This has both advantages and
Triangle
disadvantages. One advantage
is that several recursive applications of midpoint
subdivision easily create a smooth finely tessellated mesh.
The disadvantage of uniformly applying midpoint
subdivision is the exponential growth in the number of
triangles in areas that do not need the subdivision. The
solution is to apply midpoint subdivision only to parts of
the mesh that require subdivision based on a curvature or
surface error metric.
Adaptive subdivision gives rise to a problem with
boundary triangles. Options for dealing with boundary
triangles are shown in Figure 6.
Before

After

(a)

Two cases arise when performing adaptive midpoint
subdivision. A boundary triangle will either have one or
two new vertices added to its edges. In the single point
case shown in Figure 6a, the triangle is cut in half. In the
two-point case shown in Figure 6b and 6c, there are two
ways to subdivide the triangle. The first is to add the
missing third point and apply midpoint subdivision (Figure
6b). The other is to split it into three triangles as shown in
Figure 6c.
The first method has the advantage of maintaining the
uniformity of subdivision, however, in introducing the third
vertex, the triangle is changed from being a border triangle
to a midpoint-subdivided triangle. This method not only
expands the boundary triangle region but also causes a
cascading midpoint subdivision effect whenever the added
vertex also lies on another boundary triangle as shown in
Figure 7.
Third vertex
inserted

5 Mesh Refinement
5.1 Midpoint Subdivision
Midpoint subdivision is the process of refining a
triangular mesh by subdividing existing triangles. Vertices

(c)

(b)

Figure 6:
(a) Singe point case.
(b) Re-subdivide
(c) early termination
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Figure 7: Using the Re-subdivide technique adds the third vertex on
the top triangle. This adds the second vertex for the lower triangle and
causes another application of the Re-subdivide technique and thus the
cascaded vertex.

The second method does not produce this cascading
effect since no new vertices are added. It has the drawback
that long thin triangles may be produced but degenerate
configurations of boundary triangles can cause cascading,
leading to the introduction of unnecessary triangles.

5.2 Representation
We used a forest of trees representation for the
subdivided triangles as shown in Figure 8. Instead of reevaluating the FFD equation (Equation 1) from the
parameterized coordinates and lattice indices, object
coordinates are kept if the lattice volume was not deformed.
Pointers to neighboring triangles are kept in order to
perform boundary triangle subdivision. If a triangle is
beside a midpoint subdivided triangle, then the neighboring
triangle is either subdivided into two or three triangles,
depending on the number of new vertices introduced by
other midpint subdivided triangles. Pointers to subdivided
triangles are used to keep track of the current level of
subdivision. In addition, reversing the subdivision process
is possible since we still keep the original triangle in this
representation.
Object coordinates
and Parameterized
coordinates

Pointers to
neighboring
triangles

Parameterized coordinate
of the center of mass of
the triangle
Pointers to
subdivided triangle

Figure 8: Tree representation

The root of each tree corresponds to a triangle in the
original undeformed mesh. The depth of the tree depends
on the number of applications of subdivision a particular
triangle has undergone. Traversing each tree and rendering
its leaf nodes renders the model.

5.3 Subdivision Criteria
As the mesh is deformed, the accuracy of the deformed
model is generally diminished.
A fidelity criterion
determines where additional triangles are needed. We use
the distance between the undeformed and the deformed
center of mass of the triangle as a metric that is simple and
fast to evaluate.
During the pre-processing stage of parameterizing the
object coordinates, the center of mass of each triangle’s
vertices is also parameterized. Whenever a triangle
undergoes deformation, the center of mass in world
coordinates is calculated based on the current configuration
of the triangle. The original center of mass is recalculated
using the parameterized coordinates and Equation 1. If the
distance between these two coordinates exceeds a

threshold, the triangle is subdivided. (To avoid a square
root calculation, use the square of the distance.)

6 Controlling Mechanisms
In order to deform the object, we need to manipulate the
control points.
Control points generally number
significantly fewer than the deformed mesh vertices,
however control of these points is still nontrivial. This
section reviews some geometric and physically based
controllers best suited for controlling FFD lattices.

6.1 Radial Basis Function
A Radial Basis Function (RBF) is a popular
multidimensional interpolation method. By controlling a
small subset of FFD control points, the RBF method can
interpolate new positions of the remaining control points.
For example, the corner control points of the lattice are
chosen as the interpolation points of the RBF from which
the internal control point locations are derived.
The RBF is a system of linear equations of the following
form.
N

y j = ∑ ci x j − xi
i =1

j = 1,..., N

(3)

where yj is a vector containing a single dimension of the
corner control point location, ci is an unknown weighting
factor, ||xj-xi|| is the pair-wise Euclidean distances between
each of the corner control points, and N is the total number
of corner control points.
Interpolating is done as follows. Define a symmetric
matrix H such that Hij = ||xj-xi||, the pair-wise Euclidean
distances of the corner control points. Recover the
weighting factors c by solving the equation c=H-1y. The
new location of the internal control points is calculated by
substituting the internal control point location for xj in
Equation 3. This whole process is done for all three
dimensions, but since H-1 is the same for each dimension,
the inverse is only calculated once. For more the details on
RBFs, refer to [29].

6.2 Skeletal Animation Systems
Skeletal animation systems embed a movable skeleton
inside an object.
Skeleton motions, influence the
surrounding mesh. As the name implies, skeletal animation
systems are a form of axial deformation. The skeleton
bones form the axis and vertices move to preserve their
distance from an axis. Two or more bones may influence
vertices near joints.
Skeletal animation can control axial deformations of an
FFD lattice. Analogous to a skin that wraps around a bone,
the bone can control an FFD lattice and multiple bones at
joints can control a single control point. In turn, the object
embedded in the FFD lattice moves according to the

skeletal deformation. For more details on skeletal systems,
refer to [30].

6.5 Finite Element Methods and Other Physical
Controllers

6.3 Directly Manipulated Free-Form Deformation
While global deformations are easily obtained by direct
manipulation of FFD control points, attaining specific
detailed
deformations
can
require
unintuitive
configurations of control points. Animators and modelers
often prefer to manipulate the surface directly. This
requires the system to hide the indirect and automatic
manipulation of the control points from the user. This is
called Directly Manipulated Free-Form Deformation
(DMFFD). The user manipulates a set of vertices on the
surface. moving them to their desired final locations. The
DMFFD system calculates the best configuration of control
points to produce the desired vertex positions. Determining
the best control point configuration can be posed as either
an underdetermined or overdetermined system of nonlinear equations, depending on the number of vertices and
the total number of control points. Standard solution
methods employ either naïve pseudo-inverses or
Householder’s QR factorization. For details on solving
these equations, refer to [25, 26].
A more important aspect of DMFFD is how it can be
used as a retargeting layer as mentioned earlier in Section
3. Since most physically based controllers manipulate the
mesh directly, DMFFD is the best method by which the
output of a physically based controller can be retargeted to
controlling the FFD control points. This means that no
changes are needed in the physically based controller
algorithm because of DMFFD. In addition, since DMFFD
handles general direct surface manipulation, it is
conceivable to design a whole new set of controllers on top
of DMFFD, be it physically based or non-physically based.

The finite element method (FEM) can be thought of as a
generalized extension to the mass-spring model. An object
is represented by a set of discrete finite elements. The
interconnections between finite elements define how these
elements interact. Instead of using Hooke’s spring laws,
FEMs use equations that model the level of potential
energy within the object and the physical simulation aims
at minimizing the total potential energy. FEMs give the
most physically accurate representation of elastic
deformation but they tend to be computationally expensive.
Recently, techniques achieving real-time simulations using
FEMs include [1, 2, 14, 23, 24].
Since FEM control mechanisms produce the best
representations of elastic objects, they are desirable to
incorporate as controllers. As discussed in Section 6.3,
DMFFD can serve as a retargeting layer to translate the
output of FEMs into FFD control point configurations. The
physical simulator and representations used by FEMs
remain the same, only the final output object configuration
is re-targeted. This approach allows our deformation and
subdivision method to utilize a rich library of physical
controllers.
Another method of integrating physical controllers into
FFD systems was proposed in Dynamic Free Form
Deformations [31]. This method defines a parametric
space of different lattice configurations representing basic
operations performed on the object such as bending and
shearing. Lagrangian dynamics is used to simulate both
locomotion and internal strain energy. Deformation is
calculated as a linear combination of the several operation
parameters based on the calculated strain energy of the
object.

6.4 Mass Spring Systems

7 Results

Mass-spring systems are often used in animation
systems. Their applications range from facial animation to
simple deformable objects. In addition, they are easy to
implement and computationally inexpensive for lattices of
up to a few hundred points. As external forces, such as
gravity, are applied to one or more of the mass elements, a
simulation of the mass and spring interactions is computed
until an equilibrium state is reached.
The application of a mass-spring system as an FFD
controller is used in [22]. Each control point is considered
a mass element while the lattice topology represents the
spring network that ties the masses together. With this
arrangement, a user can either apply forces to the FFD
lattice or manipulate the mass elements to control the FFD
control points. This system produces physically plausible
dynamics and responses for the object.

We implemented Sections 4 and 5 in software running
on a Pentium II 450Mhz PC. An RBF controller is used as
the controlling mechanism for our experiments. Four
models ranging in complexity and surface properties serve
as test cases. We tested bending along the y-axis of the
object and measured the amount of subdivision that
occurred. The results are summarized in Table1 and are
shown in Plate 1.

Cube
Bookcase
Chair
Venus model

Triangle Count
Undeformed
Deformed
12
176
108
1368
1232
1407
1396
1718
Table 1: Triangle Counts

The first two cases show the greatest amount of
subdivision since the original mesh is composed of flat

surfaces. The chair and Venus model only added a small
number of triangles. Triangles were added mostly to the
stem of the chair and the waist area of the Venus model
since these are the apex of the bending operation and thus
experience the highest curvature change. This also shows
the benefit of adaptive subdivision since additional
triangles are only added where necessary.

8 Conclusion
We developed a unified deformation system by
identifying common processes of deformation systems:
controlling mechanisms, surface deformation and mesh
refinement. Emphasis was placed on the last two layers by
discussing our selection of EFFD and midpoint subdivision
as components in our system. Hardware acceleration of
these two components is feasible, leading us to believe that
they can form the foundation of real-time interactive
deformable modeling and animation. We describe how to
integrate a rich library of controlling mechanisms, ranging
from RBFs to FEMs, into this system.
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