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Perceptually validated global/local
deformations

By Marcos Garćıa*, Miguel Anguel Otaduy and Carol O’Sullivan
..........................................................................

Modal analysis techniques are often used to animate deformable objects in real time. In
order to achieve performance improvements, the degrees of freedom of the problem may be
reduced by using the main global deformations alone. However, this can lead to a reduction
in quality and realism due to the lack of local behaviors. To solve this problem, we present a
new method to add local deformations to modal analysis simulations. We perceptually
evaluate our method with a set of experiments, thereby deriving guidelines for when and
how local deformations can best be used. Copyright © 2010 John Wiley & Sons, Ltd.
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Introduction

Nowadays, many computer graphics applications use
physically based simulations to generate automatic ani-
mations. Rigid body dynamics have been extensively
researched and many effective solutions have been
proposed in this area. Nevertheless, the simulation of
deformable models (e.g., elastic, plastic, fluid, and fab-
ric objects) remains an open problem, with one of the
main challenges being to find a technique that provides
both good performance and high quality results. Reduced
coordinate techniques,1 such as modal analysis, provide
for particularly good performance. However, while these
methods capture an object’s global behavior very well,
they cannot handle local deformations. We propose a
hybrid method that combines modal analysis with local
deformations.

Our method can be considered as belonging to a set
of techniques that try to add local deformations to fast
global models. All of these models are based on the
hypothesis that adding local deformation to a global
model will increase the visual quality and appeal of
an animation. While this is a plausible hypothesis, its
validity has not been formally tested to date. Further-
more, it may be the case that sometimes the global model
alone can provide results that are just as effective for
a given situation. Our method can therefore be used
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to simulate only global deformations if required, thus
allowing for level of detail (LOD) simulation. To investi-
gate these issues and to evaluate our method, we ran a set
of perceptual experiments. We found that the use of local
deformations does indeed help to increase realism in
certain situations, especially for soft objects, and can
in fact ameliorate the effects of significantly reducing
the quality of the global simulation. The local model
can also help to make collisions look more realistic.
Our results can be used to tune systems depicting
deformable object simulations in order to achieve the
optimal speed/quality balance.

Previous Work

Since the use of physically based simulation to animate
deformable objects was first proposed by Terzopoulos et
al.,2 many other methods have appeared. For a thorough
overview, we refer the reader to Reference [3] and con-
centrate here on those methods most closely related to
our own.

The finite element method (FEM)4 is commonly used
to animate elastic objects, due to the realism of the result-
ing simulation. However, such methods are generally
very slow, so several simplifications have been proposed.
For example, models based on the co-rotational formula-
tion of FEM5,6 rely on linear equations to describe object
behavior.

From a performance point of view, reduced coordi-
nates can deliver some of the best results. Reduced
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Figure 1. Object main modes. From left to right: rest position, 2nd, 3rd, 5th, and 7th mode.

coordinates represent displacements of the nodesuusing
another basis:

u = �q (1)

Each degree of freedom of q represents an object defor-
mation (see Figure 1) and the dimension of u is much
higher than the dimension of q. One of the most com-
mons ways of obtaining � is using modal analysis.1 One
of the many advantages of such methods is that they
can be easily accelerated using programmable graph-
ics hardware.7 Choi and Ko8 handle the problems that
arise when a linear strain tensor is used, by combin-
ing modal analysis and the co-rotational formulation,
whereas Barbič and James9 use a linear constitutive equa-
tion and a nonlinear strain tensor. In a later work,10 they
apply their technique to a haptic system.

As in this paper, combining global deformation meth-
ods with local deformations has been proposed to speed
up simulations. Terzopoulos and Witkin11 were amongst
the first to separate global rigid motions from elas-
tic deformations. A similar approach was stated by
Galoppo et al.,12 who later combined skeleton driven
global deformation with elastic surface deformation.13

Multiresolution methods also try to reduce the degrees
of freedom of the problem, by using a coarse mesh to cap-
ture the global behavior and a finer mesh to model the
local behavior.14–16 Steinemann et al.17 add a multireso-
lution scheme to shape-matching deformation method
proposed by Müller et al.18 and improved by Rivers and
James.19 Finally, we would like to point out that very few
works treat influence of perception on physical based
simulations. Among them, we want to point out the
work.20

Model Description

As stated in the background section, FEM models are
often favored when simulating elastic objects. These
methods discretize the continuum mechanics equations
and can easily model a variety of physical phenomena

such as volume conservation, due to their physical basis.
However, their main drawback is speed, so a common
acceleration strategy is to use a linear model character-
ized by:

� the linear constitutive equation σ = Eε, where σ is the
stress tensor, E is the elasticity matrix and ε is the strain
tensor, and

� the Cauchy strain tensor ε = 1/2(∇uT + ∇u)

The Cauchy strain tensor is not invariant to rotations
and the co-rotational formulation is used to solve this
problem. The rotational component of each element’s
deformation gradient is extracted. Then, the forces in
the un-rotated configuration are computed and sub-
sequently rotated: fe = ReKeR

−1
e ue, where fe are the

internal forces on the nodes of the element e, Re is the
rotation matrix of that element and ue are the displace-
ments of the element nodes.

The performance of linear FEM can be significantly
increased using modal analysis, in which the vibration
modes of an object are pre-computed (Figure 1). The
lower frequency modes are used as a basis to represent
all possible deformations of the model (see Equation (1)).
Good results have been achieved using a reduced num-
ber of modes, less than 10 in some cases.8,9

As a consequence of using only the lower frequency
modes, these methods capture the global movement of
an object but fail to adequately simulate local behav-
iors. In this work we propose a new approach to add
local deformations to modal analysis methods. As a
starting point, we have used the model proposed in
Reference [8], but our method could be adapted to use
other modal analysis techniques, even nonlinear ones as
Reference [9].

Model Overview

As mentioned above, our algorithm consists of two main
steps: first, following collision detection, we compute
global displacements using the global model and then
select the elements to be used by the local model; finally,
we compute the local displacements using the local
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Figure 2. The adjacency level is defined by the designer. The
green triangles are the ec elements, the blue ones are the ele-
ments in the first level of adjacency, the red dots are the nodes

p ∈ Lp and the yellow dots are the nodes p ∈ Bp.

model, taking into account collision information and the
previously computed global displacements.

Global Model

Starting from Choi and Ko’s8 model, we need to solve
the dynamic equation, which can be written as:

Mü + Cu̇ + Ku = F (2)

where M is the mass matrix, C is the damping matrix,
K is the stiffness matrix, u is the displacement field
and F is the vector that contains the forces applied over
the mesh nodes. To compute the vibration modes, the
generalized eigenvalue problem K� = λM� is solved
at the pre-processing stage. The columns of � contain
the vibration modes and the elements in the diagonal
matrix λ contain the associated frequencies. To reduce
the degrees of freedom of the problem, only the lower
frequency vibration modes are used. From now on we
refer to the matrix containing the reduced set of eigen-
vectors as � and to the diagonal matrix containing their
associated eigenvalues as λ. Using Rayleigh damping
(C = c1M + c2K, where c1 and c2 are constants), �, λ and
Equation (1), the dynamic equation can be rewritten as:
q̈ + c1q̇ + c2λq̇ + λq = �tF. It should be noted that there
are significantly fewer equations in this system and they
are independent.

The model presented above uses the Cauchy strain
tensor, which means that rotations will cause unreal-
istic deformations. This problem can be resolved by
computing the internal forces Fint in the un-rotated con-
figuration and then rotating the forces again: Fint =
RKul, where ul is the linear displacement field and R

its associated rotation. Now the displacement field and
their derivatives can be written as:

u =
∫ t

0

Ru̇ldτ, u̇ = Ru̇l, ü = Rül + Ṙu̇l (3)

For simplicity the coriolis Ṙlu̇l effect term is neglected.
Instead of Equation (1) we use:

ul = �ql (4)

Multiplying both sides of Equation (2) by R−1, Equations
(3) and (4) can be used to rewrite the dynamic equa-
tion: q̈l + c1q̇l + c2λq̇l + λql = �tR−1F. This equation is
solved using an implicit integration scheme.

The rotation vector w(x) of each point x in the mate-
rial can be computed using the curl of the displacement
field w(x) = 1

2 ∇ × u(x). The following matrix is used to
compute the rotation of a material point x inside the
element e, from the displacement of the element nodes:
We(x), where w(x) = We(x)ue. When using tetrahedral
elements and barycentric coordinates as shape function,
We is constant and can be computed as We = 1

2 ∇ × He,
where He(x) is the linear shape function of the element e.
The rotations of each node are calculated using the aver-
age rotation of all nodes’ elements. If all the We matrices
are assembled in W, which is constant over time, the
rotations of all nodes w can be computed directly from
the reduced coordinates, w = Wu = W�q = �q.

Local Model

In this section we explain how the local deformations
are computed and integrated with the global model. This
local model simulates the type of behavior that is not cap-
tured by the global model. The idea is to solve most of the
mesh nodes with the global technique (using the reduced
coordinates basis) and to solve the nodes in contact using
linear displacements.

In order to add the local behavior we mantein a set of
local elements Le. These elements will be solved using the
traditional co-rotational formulation. After the collision
detection stage, new elements ec in contact are added to
the local element set Le. After the simulation, we remove
from Le those elements whose local solution is close to the
global one. Some of the elements adjacent to ec can also be
added to Le. The level of adjacency used is a design choice
and depends on the mesh and the material properties (see
Figure 2). Furthermore, our implementation allows the
user to define elements that cannot be part of Le, even
if they are in direct contact with a scene object. This lets
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M. GARCÍA, M. A. OTADUY AND C. O’SULLIVAN
...........................................................................................

the user reduce the number of elements Le can contain,
selecting nodes where local deformations are not impor-
tant, for example interior nodes. The boundary node set
Bp consists of all nodes p which belong both to elements
of Le and elements of the complement of Le, while the
local node set Lp consists of nodes that belong only to
elements of Le. It should be noted that Le may contain
elements from previous simulation steps.

As stated above, the nodes p ∈ Lp will be solved using
the linear displacements rather than the reduced coor-
dinates. The displacement vector ul can be arranged in
such a way that ul = [uL,uB,uQ], where uL are the
displacements of the nodes p ∈ Lp, uB are the displace-
ments of the nodes p ∈ Bp and uQ are the displacements
of the nodes p /∈ Lp and p /∈ Bp. The values of uB and
uQ are calculated using the global algorithm described
in the previous section. Therefore, the equations that con-
tain uQ can be removed from the co-rotational dynamic
equation system:

Mül + c1Mu̇l + c2Ku̇l + Kul = R−1F (5)

Now M and K for the local nodes in Lp can be written
as:

M =
[

ML MLB

MBL MB

]
, K =

[
KL KLB

KBL KB

]
and

F =
[

FL

FB

]
(6)

The state of nodes p ∈ Bp is known, so any equations
relating to those nodes with forces FB applied to them
can be removed from Equation (5), which can be rewrit-
ten as:

FC = MLBüB + c1MLBu̇B + c2KLBu̇B + KLBuB (7)

MLüL + c1MLu̇L + c2KLu̇L + KLuL + FC = R−1FL

(8)

where FC is a constraint force, produced by the elements
in Bp.

We apply the following implicit integration scheme to
Equation (8):

u(t) = u(t − h) + hu̇(t) (9)

u̇(t) = u̇(t − h) + hü(t) (10)

which leads to the following system:

SLu̇L(t) = MLu̇L(t − h) + hR−1FL

− hKLu(t − h) − hFC(t) (11)

where

SL = ML + c1hML + c2hKL + h2KL (12)

FC(t) = MLBüB(t) + CLBu̇B(t) + KLBuB(t) (13)

CLB = c1MLB + c2KLB (14)

ü(t) = u̇(t) − u̇(t − h)
h

(15)

To solve Equation (11) we use the Jacobi preconditioned
conjugate gradient method. Once uL is obtained, any
node p ∈ Lp is erased if it satisfies: ‖up − u′

p‖2 < εu and
‖u̇p − u̇′

p‖2 < εu̇ where up and u̇p are the position and
linear velocity respectively, as computed by the local
method, u′

p and u̇′
p are those computed by the global

method and εu and εu̇ are user defined constants. If all
the nodes p of an element e are removed from the set Lp,
that element e is also removed from the set Le.

Perceptual Validation

We ran a series of perceptual experiments, which exam-
ined how the local deformations affects how much
participants enjoy an animation or how well they per-
form a task. Three experiments were designed to test the
appeal of a simulation, while a fourth tested whether local
deformations aided in the perception of contacts.

Appeal: Active Task

In the first experiment, 15 naı̈ve participants (6F/9M,
aged 20–40) performed an active task and indicated their
preferences between pairs of simulations. We hypothe-
sized that the use of local deformation would improve
the realism of the animation, especially in the more obvi-
ous cases. The simulations depicted two objects: a cannon
and a deformable cylinder placed on a square base. The
cylinder was simulated as an elastic object either using
only its main three vibration modes, i.e., the Global model,
or combining its three main vibration modes with local
deformations, i.e., the Global/Local model. The cylinder
was used because of its neutral shape, thus ensuring
that the participants did not make assumptions about the
material it was made of. Rigid spheres were shot toward
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the cylinder at random time intervals and in random
directions

We allowed the user to control the cylinder, and the
task was to prevent collisions between the spheres and
the cylinder by grabbing the latter with the mouse
pointer and pulling it. The number of hits was displayed
at the bottom of the screen. For each trial, participants
were asked to play two versions of this game (in random-
ized order), where the only difference between them was
the deformation model used, i.e., Global or Global/Local.
After playing each pair, the participants had to answer
which of the two they found more realistic.

Three different scenarios were tested: near camera with
a soft cylinder; near camera with a stiffer cylinder; and far
camera with a soft cylinder. There were two repetitions
of each scenario, so the participants played six different
pairs of games in random order.

Results. We performed a three-way, within subjects
analysis of the variance (ANOVA) on the data, where the
factors were model and scenario. No statistically signifi-
cant preference for the Global model or the Global/Local
model was found. There was no clear preference between
the different scenarios either. The lowest levels of appeal
were recorded for the Global model in the near-camera
soft-stiffness scene. For the stiff object, the Global/Local
model was clearly preferred 66% of the time (p < 0.05).

It appears that the addition of local deformations did not
significantly affect the appeal of the simulation for the users
when they were engaged in an active task.

Appeal: Passive Task

In the second experiment, 16 naı̈ve participants (7F/9M,
aged 20–40) were asked to watch videos created from
pre-recording a user performing the task described in
Experiment 1. We hypothesized that in the passive test
the effect of the local deformations would be higher
because the participant was not immersed in perform-
ing a task and would therefore pay more attention to
the quality of the simulation. The simulations and dis-
play were almost identical, except that the score was not
displayed at the bottom of the screen. The videos were
displayed as before in Global/Global–Local pairs (in ran-
domized order), after which the participant indicated
which one they found more realistic. Again, the three sce-
narios (near soft, near stiff, far soft) were repeated twice,
so participants viewed six different pairs of videos in
random order.

Results. We found that there was a main effect of model
(F (1, 16) = 19.105, p < 0.0005), where the Global/Local
model was preferred 72% of the time. As before, the sce-
nario did not have a significant effect. From these results
we can conclude that the addition of local deformations sig-
nificantly enhanced the appeal of the simulation when the user
was passively viewing it.

Appeal: Effect of Material
Properties

The third experiment examined the effect of material
properties on participants’ preferences for the Global or
Global/Local deformation models. Our hypothesis was
that for the soft material, the Global/Local model would
be preferred more often. We also tested the impact of
reducing the number of modes used for global defor-
mations. We hypothesized that knowing the material
properties would make participants more inclined to pre-
fer the Global/Local model for softer materials. We also
predicted that local deformations would improve the
realism of the object even when the number of modes
was reduced.

Twenty-one naı̈ve participants (8F/13M, aged 20–40)
viewed sets of videos depicting a physically simu-
lated anthropomorphic blobby object and were asked
to sort them based on realism. This stimulus was
chosen to give the impression of a flexible toy (see
Figure 1). Again, multiple spheres were fired at the
object from many different directions, while the impacts
made it bend and deform. The camera viewpoint was
rotated around the object following an elliptical trajec-
tory.

Three factors were varied: the deformation model
(Global or Global/Local as before); the object elasticity
(soft, medium, stiff); and the quality of the global defor-
mation (4 or 10 modes).

In this test, four videos were shown simultaneously
on a large screen, placed at the four screen corners. The
position of each video was selected randomly. Then, the
participant was asked to sort them from the more realistic
to the less realistic. The videos were rated by the partici-
pant, putting the randomly assigned name of each video
on a list. Each participant viewed three sets of videos in
random order and each set was animated with a different
material, but the same material was used within each set
and the user was told what the material properties were.
At the beginning of the experiment all the materials were
briefly described to the users. In each set, four modes
were used for the global deformations in two videos and
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Figure 3. Results from the third experiment (material properties). The categories on the x-axis show the participants’ preferences
in terms of realism. 4 is the most realistic and 1 is the least realistic.

10 modes for the other two. Similarly, two videos were
animated using the Global model and the others using
the Global/Local method in such a way that all possible
factor combinations were shown.

Results. It should first be noted that objects simulated
using reduced coordinate methods tend to look stiffer,
because most of the vibration modes are neglected. A
log-linear analysis of frequencies showed that there were
no main effects, but there were some significant inter-
actions (see Figure 3). The material interacted with the
quality of the global deformation (χ2(6, N = 21) = 14.17,
p < 0.05), in that the softer the object, the higher the
global quality that is needed to simulate it. There was
also an interaction between the model used and the
material (χ2(6, N = 21) = 16.77, p < 0.05), due to the
Global/Local model being preferred for simulating soft
objects. Finally there was an interaction between the
model and the global deformation quality (χ2(3, N =
21) = 20.63, p < 0.05). We found that when local defor-
mations are active, the difference between the two global
qualities is smaller.

One conclusion from this experiment is that local
deformations are particularly important when simulat-
ing soft objects. Particularly important is the result that
the number of vibration modes used can be reduced when using
local deformations, even for softer objects, while still maintain-
ing visual quality.

Collision Perception

In the final experiment, we tested whether local defor-
mations helped participants to detect contacts between
the balls and the blobby object as shown in the previous
experiment.

Fourteen naı̈ve participants (6F/8M, aged 20–40)
viewed videos depicting a similar scenario to the one
used in the third experiment. The participants were asked
to click the right mouse button each time they saw a colli-
sion. They were asked not to anticipate the collision based
on the ball trajectory or the click would not count. To
ensure that all contacts were visible, the balls were fired

so that they never hit the back of the object. Furthermore,
the camera was either static or moved back and forth
along a trajectory that was restricted to a half-ellipse.

Four factors were tested: deformation model, object
elasticity, quality of global deformation, and camera tra-
jectory (static or moving). All 24 possible scenarios were
shown twice, giving rise to 48 videos which were dis-
played in random order. We hypothesized that the use
of local deformations can help to detect collisions, thus
assisting the user to perform some tasks. The camera tra-
jectory factor was added to see if the Global/Local model
can be especially useful when ball trajectory cues cannot
be used to detect collisions.

Results. The data were analyzed using a within-
subjects four-factor ANOVA, with post-hoc analysis
using the Newman–Keuls test for comparison of means.
We found main effects for all factors except global qual-
ity. The participants found it easier to count the collisions
when the object was stiffer (F (2, 54) = 8, 12, p < 0.05).
The results for stiffer objects were significantly different
(p < 0.05) from the other two elasticities. As expected,
there was a main effect of the model used (F (1, 27) = 59,
p < 0.05), where participants could detect 90% of the col-
lisions when the Global/Local model was used and 84%
otherwise. The camera trajectory affected the perception
of the collisions (F (1, 27) = 69.8, p < 0.05), with the static
camera allowing for higher accuracy, as hypothesized.

Elasticity interacted with camera trajectory (F (2, 54) =
11.1, p < 0.05) with participants’ performance especially
bad in the lower stiffness cases with a moving cam-
era. There was also an interaction between elasticity and

Figure 4. Interaction between the elasticity and scene.
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Figure 5. Performance comparison between the Global method, the CF (Stiffness Warping), and our model (Global/Local). The
plot on the left shows the results for the Flubber model and the plot on the right shows the results for the high complexity cylinder.

model (F (2, 54) = 3.4, p < 0.05), as the Global model in
the two softer elasticity cases performed significantly
worse than in the other cases. We did not find any inter-
action between the model and the camera trajectory.
The Global/Local model always obtained better results
than the Global model: (Global/Static 88.1% of the hits,
Global/Moving 81.2%, Global–Local/Static 92.5% of the
hits and Global–Local/Moving 85.5%; see Figure 4).

Clearly, adding local deformations increases the realism of
contacts and thereby helps the user to detect collisions.

Performance Evaluation

In this section, we analyze our model from the per-
formance point of view. We have used three different
models: a Flubber model (324 nodes, 970 elements), a
low complexity Cylinder (253 nodes, 990 elements) and a
high complexity Cylinder (861 nodes, 3600 elements). All
models were simulated in the same scenario as the one
used for the collision perception experiment. The mod-
els were placed at the center of the scene and several
balls were fired at them. We compared our Global/Local
model with the Global model8 and the co-rotational for-

mulation (CF).6 In the CF setting, the state update was
solved using the Conjugate Gradient method (CGM)21

with a Jacobi preconditioner. We stop the CGM after
60 iterations or when an error threshold is reached. All
our implementations run in a single thread and we have
not used any GPU optimization in a Intel(R) Core(TM)2
QUAD Q6600 at 2.4 GHz.

Figure 5 shows the cost per simulation step of the three
techniques. The plot on the left displays the results for
the Flubber object and the plot on the right displays the
results for the high quality Cylinder. The Flubber model
was animated using 10 modes and one level of adjacency.
The high quality Cylinder was simulated using 10 modes
and two levels of adjacency. We have shown the results
of both models to ilustrate that the behavior of the dif-
ferent techniques is similar despite of the model used.
When the simulation starts there are no contacts and the
model is in its rest position, therefore the CGM exits in
just one iteration. In that case, the cost of the CF setting is
dominated by building the system matrix and the com-
putation of per-element rotations. Figure 5 demonstrates
that both the Global method and our Global/Local
method run orders of magnitude faster than the CF
method.

Figure 6. Performance comparison between the Global method, our model (Global/Local), and number of local nodes considered in
the Global/Local technique. The plot on the left shows the results for the Flubber model and the plot on the right shows the results

for the high complexity cylinder.
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M. GARCÍA, M. A. OTADUY AND C. O’SULLIVAN
...........................................................................................

Figure 7. Speed-up of the Global model and Global/Local model
(using different adjacency levels) with respect to the CF model.

Figure 6 compares the Global method with ours, using
the Flubber model (left) and the high quality Cylinder
model (right). The number of local elements used by the
Global/Local model is also shown. In this figure, we can
see that the cost of the Global/Local model is roughly
linear in the number of active local nodes. At the begin-
ning of the simulation, when no local elements are active,
the Global/Local model and the Global have almost the
same performance. In our test scenario the number of
active local nodes never exceeds 20% of the model total
nodes. It can also be pointed out that the behavior of both
techniques is similar regardless of the model complexity.
In our experiments we also found that computing the
local node set took only a few microseconds, a negligible
cost in comparison to the total solve time.

In Figure 7 we evaluate the impact of the number
of adjacency levels on the speed-up gained with our
Global/Local model. Specifically, the plots show the
computational cost ratio between the CF setting and our
Global/Local model or the full Global model. We use as
reference technique the co-rotational formulation. The
results are shown using a logarithmic scale. The data
gathered were obtained from the Flubber model, low

quality Cylinder and the high quality Cylinder. All the
models were simulated using 10 modes. Can be pointed
out that the plot lines fit in a logarithmic curve. From
these plots, one could derive an optimal adjacency level
for each particular model in a particular application. For
example, the low quality Cylinder has the lowest num-
ber of elements, and using an adjacency level higher
than one has no contribution in the performance because
almost all its elements are added into Le. Experiments
using higher number of modes were also carried out and
similar results were obtained.

Conclusions and Future
Work

In this paper, we have described a technique to add local
deformations to global models based on modal analy-
sis. The results produced by our technique can be shown
in Figure 8. Futhermore, the data analysis of our percep-
tual experiments provides guidance as to when it is most
effective to use local deformations and when it is not so
useful.

Our proposed approach allows for local deforma-
tions to be disabled if they are not necessary. In some
circumstances it may not be worthwhile to use local
deformations, for example, when processor units (CPUs
or GPUs) are overloaded; when the user may not be pay-
ing attention to the collisions or interactions due to an
absorbing task; or when simulating stiff objects. When
local deformations are disabled, our technique is as fast
as the modal analysis alone. Our approach is similar
to many multiresolution methods but it has the added
advantage of not having to compute and store other vol-
umetric meshes.

Figure 8. These images compare our Global/Local method (on the top) with the Modal Warping method (on the bottom).
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From our experiments, we learned that local deforma-
tions did not have a significant effect when the user was
performing an absorbing task. However, we were using
a linear material, which means that the deformation is
linearly related to the stress. This is not a common sit-
uation in nature. The forces that the participant applied
to the object had a linear effect on the object deforma-
tion. This was especially noticeable when the user was
pulling the soft object and the camera was near. This
may have had a disturbing effect on the user. In the fol-
lowing experiments we tried to prevent these effects. No
grabbing actions were permitted so the possibly unrealis-
tic pulling deformations described above were avoided.
From our second experiment, it is clear that the use of
local deformations helps to increase realism for passive
tasks, while our third experiment demonstrates that the
use of local deformation is especially useful when ani-
mating soft objects. We have also found that, when using
local deformations, the number of vibration modes used
can be reduced even for the softer objects. Finally, we
found that adding local deformations helps the user to
detect collisions. We also discovered that softer elastici-
ties make collision perception more difficult, especially
when just global deformations are used. Our conclusion
is that the large deformations can be disturbing for the
user, thus distracting him from his task. However, the
use of local deformation can also ameliorate this effect.

From the performance evaluation experiments we can
conclude that using our Global/Local technique can
drastically reduce the computational cost in comparison
to a full-resolution solver based on co-rotational meth-
ods , with little overhead compared to a Global modal
warping approach.

In this work we have presented some guidelines that
can be used to determine when to apply local defor-
mations. Our plan for future work is to find perceptual
thresholds to guide the automatic activation and deac-
tivation of our local deformation model. It will also be
interesting to apply our technique to other model anal-
ysis techniques to solve some of the limitations of our
global model.

ACKNOWLEDGMENTS

This work has been partially funded by the Trinity Col-
lege Dublin, Science Foundation Ireland, URJC - Comunidad
de Madrid (project CCG08-URJC/DPI-3647), and the Spanish
Ministry of Science and Innovation (projects TIN2009-07942,
PSE-300000-2009-5, and TIN2007-67188). Authors thank profes-
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M. GARCÍA, M. A. OTADUY AND C. O’SULLIVAN
...........................................................................................

Symposium on Computer Animation, ACM, New York, NY,
2002; 41–47.

16. Grinspun E, Krysl P, Schröder P. Charms: a simple frame-
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