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Abstract

The interactive deformation and visualization of volumetric objects is still a chal-
lenging problem for many application areas.We present a novel integrated system
which implements physically-baseddeformation and volume visualization of tetra-
hedral mesheson modern graphicshardware by exploiting the last featuresof vertex
and fragment shaders.

We achieve fast and stable deformation of tetrahedral meshesby means of a
GPU-based implicit solver and present a hardware-basedsingle-passraycaster for
deformed tetrahedral meshes.Thus, direct visualization of the inner structures of
the deformed mesh is possible,while keeping the data on the graphics hardware
throughout the entire simulation.
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1 In tro duction

Physically-basedanimation of deformableobjects hasgainedconsiderableat-
tention in the last two decadesamongthe computer graphicscommunity [1{
10]. The need for plausible real-time animations has generateda number of
approaches, most of them focusedon the simulation of cloth [4] and facial
expressions[5]. Works basedon Finite Element Methods (FEM) have beenre-
ported [6,7], whereobjects are decomposedusually into tetrahedral elements,
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over which the elasticity equationsare used. This leads to accurate simula-
tions, whilst material properties are speci�ed using few parameters.However,
mass-springmodels [5,8] have had higher acceptancedue to their simplicity
and the fact that they are computationally lessexpensive.

Independent of the model used, the dynamics of deformablebodies is gov-
erned by a partial di�erential equation which, oncediscretized, is integrated
in time as an ordinary di�erential equation (Section 3), using explicit or im-
plicit solvers. Explicit solvers are easyto implement and fast to compute [9].
However, this advantage is limited by the relative small time stepsneededto
maintain stabilit y with sti� equations.On the other hand, implicit integration
assuresstabilit y with larger time stepswhereexplicit methods fail [4].

However, the interactive simulation of sti� deformableobjects is an unsolved
problem. This problem is well suited for the application of the high pro-
grammability of current graphics hardware, recently increasedby the dy-
namic control 
o w o�ered by DirectX Pixel Shader 3.0 [11] and OpenGL
NVfragment program2 [12], and the full IEEE 
oating point support in tex-
ture and shaderstagesprovided by the NV40 architecture.

We exploit thesenew features to develop a hardware-acceleratedsimulation
systemfor deformabletetrahedral meshesbasedon implicit integration. With
the simulation performed on the GPU, rendering the deformedbody can be
realized directly without the needfor readbacks and downloads from/to the
graphicshardware in every step of the simulation. We exploit this fact to also
proposea single-passraycaster for deformabletetrahedral meshes.For means
of performancecomparisonwe also implemented di�erent explicit solvers on
the GPU.

2 Related work

M•uller et al. [7] presented a FEM-basedapproach for real-time deformations.
By estimating the rotational part of the deformationandusinglinear elasticity,
they create plausible animations free of the disturbing artifacts present in
linear models and faster than non-linear models.However, sincea they solve
a linear system on the CPU for the implicit integration, its use with large
meshesis still limited.

Teschner et al. [10]perform deformationson low resolutiontetrahedral meshes,
coupled with high resolution surfacemeshesused to visualize the deformed
body. Explicit Verlet integration on the CPU is usedto solve Newton's equa-
tion of motion. The actual deformation processis able to handle up to 25000
tetrahedra at interactive rates.

Physically-basedsimulation on the GPU has been addressedby researchers
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during the last years to simulate a variety of phenomena[13{17]. Several
NVIDIA demosperform simple physical simulations modelling cloth, water,
and particle systemsphysicsusing graphicshardware [13] basedon the work
by Harris et al. [14].

Kr •uger and Westermann[16] present a set of linear algebraic operators im-
plemented on the GPU. The e�ectivenessof the approach is demonstratedby
implementing the Conjugate Gradient and Gauss-Seidelalgorithms to solve
the 2D wave and incompressibleNavier-Stokesequations.Similarly Bolz et al.
[17] implement the Conjugate Gradient and Multigrid methods on the GPU
and apply them to solve the incompressibleNavier-Stokesequations.A GPU-
basedMultigrid solver is alsopresented by Goodnight et al. [18].In theseworks
many passesare required to computethe largevector inner products required
by the algorithms (O(log2N )) [16,17].Also, the needfor context changesbe-
tweenpbu�ers [17,18],to perform render-to-texture, and for pixels tests, e.g.
occlusionqueries[18], limits the performanceof theseapproaches.

The work by Georgiiet al. [15]is of particular relevanceto us.They addressthe
simulation of mass-springmodels at interactive rates through a GPU-based
computation of the Verlet integration method over tetrahedral meshes,where
the edgesof the tetrahedra represent springsthat join the particles. Although
the frame rates reported show promising results,sincetheir approach is based
on explicit integration, instabilit y arisesfor largetime stepsdueto the sti�ness
of equationswith high spring constants.

Weiler et al. proposeda hardware-acceleratedraycasterfor tetrahedral meshes
[19]. This approach was improved by the authors [20] through the use of
tetrahedral strips to decreasethe amount of texture memory used.They also
present an approach to rendernon-convexmeshesby meansof multiple restarts
of the renderingprocess.Both works usemultiple renderingpassesto perform
ray traversal.This leadsto multiple rasterization and render-to-texture oper-
ations which turns into a slow down of the renderingprocess.

3 Implicit In tegration of the Ph ysical Mo del

Our physical model is basedon the set of n interacting particles in a given
tetrahedral mesh.Particle i interacts with the N i particles connectedto it by
an edge. Interaction is represented by a linear spring model, for which the
energyfunction E for two particles i and j is given by:

E =
1
2

� s(jx ij j � L)2 (1)

whereL is the original distancebetweenthe particles,x i andx j their positions,
x ij = x j � x i , and � s the spring constant.
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Given the particlesvelocities vi and vj , we alsoinclude dampingforcesexerted
on particle i from the interaction with particle j . Thus, the forcesacting on
particle i due to particle j are:

f (s)
i = �

@E
@x i

= � s(jx ij j � L)
x ij

jx ij j
(2)

f (d)
i = � � d(v i � v j ) (3)

The combined force f i over particle i is given by f i = f (s)
i + f (d)

i + f (e)
i , where

f (e)
i is the sum of external forcesapplied on the particle that do not depend

on its position or velocity. Then, the derivatives of the force with respect to
the position and the velocity are the matrices given by:

@f i

@x j
= � s

x ij xT
ij

xT
ij x ij

+ � s

 

1 �
L

jx ij j

!  

I �
x ij xT

ij

xT
ij x ij

!

(4)

@f i

@v j
= � dI : (5)

Arranging the forces,positions,and velocities of all n particles in three arrays
f = (f1; ::; fn), x = (x1; ::; xn ), and v = (v1; ::; vn ), respectively, and given
the 3n � 3n diagonal matrix M = (m1; m1; m1; � � � ; mn ; mn ; mn ), wheremi is
the massof particle i , our dynamical problem can be written in terms of the
second-orderdi�erential equation:

•x = M � 1f (x; _x) (6)

Given the known position x(t) and velocity v(t) of the systemat time t, the
goal is to �nd the new position x(t + h) and the new velocity v(t + h) at time
t + h, whereh is the time step.

De�ning v = _x, Equation 6 is converted to a �rst-order di�erential equation:

d
dt

0

B
@

x

v

1

C
A =

0

B
@

v

M � 1f (x; v)

1

C
A (7)

Letting � x = x(t + h) � x(t) and � v = v(t + h) � v(t), the implicit Euler
method approximates � x and � v as:

0

B
@

� x

� v

1

C
A = h

0

B
@

v(t) + � v

M � 1f (x(t) + � x; v(t) + � v)

1

C
A (8)
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Following the groundbreaking work by Bara� and Witkin [4], we replace
� x = h(v(t) + � v) in the lower part of Equation 8 and take the �rst order
approximation of a Taylor seriesexpansionon f , to form the systemA � v = b:

 

I � hM � 1 @f
@v

� h2M � 1 @f
@x

!

� v = hM � 1

 

f (t) + h
@f
@x

v(t)

!

(9)

which must be solved for � v in order to �nd x(t + h) and v(t + h).

4 Hardw are-Accelerated Simulation

To solve the linear system of Equation 9 on the GPU, we store the input
data in 32 bits 
oating point textures. These textures hold the state infor-
mation (vectorsx and v), the externals forcesf (e) , connectivity information,
and partial results obtained during the simulation. To store the results com-
ing from a GPU computation for later use, we use the recently supported
EXTframebuffer object extension.

4.1 Data storage

The input data is stored in �v e 2D squaretextures, positions , velocities ,
external forces , neighbours , and neighbourhood, with dimensionsgiven
by d

p
ne, with the exceptionof neighbours which dimensionsared

p P n
i =1 N i e1 .

i

R G B

j GR B A

i

n1 2 3 4 5n n n n

N  neighbours 

N i

�� ��� �

����

Neighbours

Neighbourhood
External Forces

Velocities
Positions

iL

Fig. 1. Texturesneighbours and neighbourhood hold the information of the neigh-
boring particles.

For each particle i , texture positions holds its position in space,while tex-
ture velocities holds its velocity and mass.The sum of the external forces
is stored in external forces . Connectivity information is stored in two sep-
arate textures (SeeFigure 1). Texture neighbourhood storesa pointer to the
position of texture neighbours , where the information of the N i neighbours
of the particle is stored. This information includesa pointer back to the posi-
tion of the neighbour in the �rst four textures, the original distancebetween

1 Better choices for the dimensionsof these textures could be achieved using the
results given in [17].
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the particle and the neighbour, and the index of the particle. The number of
neighbours N i is stored in the B channelof texture neighbourhood. Although
� s, � d, and h are passedas environment parameters,� s could be stored al-
ternatively in the A channel of texture neighbourhood to allow the use of
di�erent local material properties.

This arrangement mapsnicely to hold the sparsenon-bandedmatrix computed
when forming the linear system.We can think of each row of N i neighbours
in texture neighbours as being the non-zeronon-diagonalpositions of the
i -th row in the matrix. This holds, since only the elements of the matrix
corresponding to two connectedparticles are non-zero.

4.2 Simulation algorithm

A typical implementation of the simulation algorithm is given in Figure 2. We
describe herehow each step of the algorithm is implemented on the GPU.

Simulation Algorithm

(1) Compute @f
@x and @f

@v .
(2) Calculate the force vector f = f (s) + f (d) + f (e) .
(3) Form the linear system A � v = b given by Equation 9
(4) Solve the linear system for � v and update the state vectors x and v.

Fig. 2. Deformable models simulation algorithm with the implicit Euler method.

4.2.1 Computederivativesand forces

We perform two renderingpassesto computethe derivativesand forces.In the
�rst passwe calculate the non-diagonalelements of @f

@x . For this, we render a
quadrilateral covering a viewport of sized

p P n
i=1 N i e to generatethe fragments

representing the non-zeronon-diagonalelements of @f
@x . Sinceeach element of

@f
@x is a 3 � 3 matrix, the result of each fragment has9 elements. We thus ren-
der the results to three target textures non diagonal dfdx k, k = 0; 1; 2 using
the GLATI drawbuffers and EXTframebuffer object extensions.The tex-
ture non diagonal dfdx k will hold the results of the non-zeronon-diagonal
elements of the (3 � i + k)-th row of @f

@x , in the texels corresponding to
the neighbours of the i -th particle. Textures positions , neighbours , and
neighbourhood, as well as the parameters� s and h, are inputs to this pass.

In the secondpass the diagonal elements of @f
@x and the force vector f are

computed.Each diagonalelement of @f
@x is given by the negationof the sum of

the non-diagonalelements in its row. Thus, in the secondrendering passwe
compute the diagonal elements by generatingd

p
ne fragments, and summing

in each fragment the resultsof the previousrenderingpasscorresponding to its
neighbours.Therefore,textures non diagonal dfdx k areinputs to the current
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renderingpass.To accessthe information in textures non diagonal dfdx k we
needtextures neighbours and neighbourhood. Sincethe combined forcesare
also computed in this pass,we also need textures positions , velocities ,
and external forces as input.

Thus, fragment i calculatesthe 3� 3 matrix corresponding to the i -th diagonal
element of @f

@x , and the combined forcecorresponding to particle i . The result
is stored in four target textures forces and diagonal dfdx k; k = 0; 1; 2. We
usethe NVfragment program2 extensionto loop on the neighbours.

4.2.2 Form the linear system

The linear system is formed in three rendering passes.In the �rst passwe
calculate the right side b of Equation 9 by generating (d

p
ne)2 fragments.

Each fragment calculatesthree elements of vector b to be stored in texture
b. Sincematrix M � 1 is diagonal,we only needto loop over the neighbours of
the particle i corresponding to the fragment to calculate f (t) + h @f

@x v(t) and
multiply the result by h

m i
. For this, we need textures non diagonal dfdx k,

diagonal dfdx k, and forces , as well as the parameter h and the textures
neighbours , neighbourhood, and velocities as inputs.

Next we must compute the matrix A on the left side of the linear sys-
tem. In the secondpass we calculate the non-diagonal elements given by
� hM � 1 @f

@v � h2M � 1 @f
@x . To that end, we generate(d

p P n
i=1 N i e)2 fragments,

and each fragment multiplies the input from the texturesnon diagonal dfdx k
by � h2

m i
, to obtain a partial result. Note that we need the index i of the

corresponding particle (row), which we fetch from the A channel of texture
neighbours . We then add � � d h

m i
to the diagonalelements of the partial result,

and write this �nal result to the textures non diagonal Ak, k = 0; 1; 2.

To computethe diagonalelements, we generate(d
p

ne)2 fragments, providing
as input textures diagonal dfdx k, and multiply their content by � h2

m i
for

fragment i . We add 1 � � d hN i
m i

to the diagonal elements and then write the
result to textures diagonal Ak; k = 0; 1; 2. Note that we also need textures
velocities and neighbourhood as input due to m i and N i .

With textures diagonal Ak, non diagonal Ak, and b holding the matrix A
and vector b, our problem �ts nicely to the GPU-basedimplementation of the
Conjugate Gradients algorithm proposedby Kr •uger et al. [16].

4.2.3 Solvethe linear system

Our arrangement of the data di�ers from the oneproposedby Kr •uger and is
more similar to the oneproposedby Bolz et al. [17]. Thus, we �tted the GPU
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matrix operationsproposedby Kr •uger to work with our arrangement. One of
the major di�erences with both works is the implementation of the reduction
operator. We exploited the availabilit y of loops in NVfragment program2, to
implement a two passreduction operator, comparedto the logN passesneeded
by Kr •uger and Bolz. In the �rst passwe perform a reduction by a factor of
255. This result is then combined in a secondpass,so we can handle vectors
of up to 2552 elements. Further passesor nestedLOOPinstructions would be
neededfor larger vectors.

Matrix-v ectormultiplications alsobene�t from the NVfragment program2ex-
tension. We eliminate the need for multiple passeslooping on the non-zero
elements of each row and using the information stored on the alpha channel
of texture neighbours to accessthe corresponding element in the vector to
be multiplied by the matrix. Each fragment generatedperformsthis operation
and then addsthe result to the contribution of the diagonal element.

Oncethe linear systemis solved, the solution vector � v is usedas input to a
�nal rendering pass,wheren fragments are generatedto update the position
and velocity of each particle. The result is renderedto textures positions and
velocities , and then the next iteration of the simulation is started.

4.3 Rendering the deformed mesh

Since it is not possible to bind a memory object, such as vertex arrays,
using framebu�er objects, we use the texture fetch operations available in
NVvertex program3 to accessthe deformed vertex positions. Each vertex
fetchesits correct position, which is then transformed and passedto the ras-
terizer. This allows us to avoid costly readback operations from the GPU.

Figure 3 shows deformationsperformedon two tetrahedral meshesusing our
approach. The imageswere generatedusing surfacerendering. However, we
focusedon applicationswherethe visualization of the inner information of the
deformedmeshis a key issue.Yet, volume rendering the deformedmeshre-
quiresconsiderationsnot addressedin previousGPU-basedvolume rendering
algorithms. Thus, in the next section we present a single-passraycaster for
deformabletetrahedral meshes.

5 GPU-based Volume Rendering of Deformable Tetrahedral Meshes

To perform raycasting of deformed mesheswe need, besidesthe results of
the simulation stored on texture positions , topology information which we
store in two 3D textures tetra vertices and tetra neighbours . Texture
tetra vertices holds pointers to the verticesvt;i ; i = 0; 1; 2; 3 in the texture
positions of each tetrahedron t, whilst texture tetra neighbours stores
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pointers to the neighbouring tetrahedra net;i in textures tetra * . The z o�set
in both textures represents the four vertices/neighbouring tetrahedra. The B
channel of tetra vertices is used to store the scalar value st;i attached to
each vertex vt;i , whilst the B channel of tetra neighbours holds the local
index f t;i ; 0 � f t;i � 3 of the facesof the tetrahedron. Facef t;i is opposite to
vertex vt;i . We will denoteby v t;i the position in spaceof vt;i and by n t;i the
normal of f t;i .

Normal and gradient information is necessaryduring ray traversal in order to
computeintersectionsof the ray with the facesof the tetrahedra and to inter-
polate the scalarvalueat any point within the tetrahedra. This information is
storedin �v e2D textures tetra gradients and tetra normalsi ; i = 0; 1; 2; 3.

Fig. 3. Surfacerendering of deformed tetrahedral meshes.

Fig. 4. Original and deformedmeshof the Foot dataset. A detail on a toe is shown
in the upper link corner of each image.

5.1 Single-passraycasting of tetrahedral meshes

The basic GPU raycaster starts with the rendering of the front facesof the
volume to generatethe fragments which will represent the castedrays. Ray
traversalwasimplemented in previousworksusingmultiple passes,calculating

9



in each passthe contribution of the current tetrahedron, �nding the newtetra-
hedronintersectedby the castedray, and writing the partial resultsand states
to working textures. Early ray termination was implemented by meansof an
additional passand performing pixel tests,e.gocclusionqueries.However, the
advent of the full branching supported by NVfragment program2 eliminates
the needfor multiple passes.Early ray termination is alsoeasily included into
the implementation by meansof a BRKinstruction.

Our algorithm starts rendering,asusual, the front facesof the volume. Using
per-fragment interpolated attributes we passto a fragment programthe direc-
tion of the castedray, the texture coordinatesin textures tetra * of the entry
tetrahedron, the local index i = 0; 1; 2; 3 of the entry face, and the position
in viewing coordinatesof each fragment (which is alsothe �rst intersectionof
the ray with the volume).

During ray traversal we calculate the exit point of the ray for the current
tetrahedron t as described in [19]. Given the eye point e, and the normalized
direction r of the ray, we determine the exit face taking the smaller � t;i =
(v t; 3� i � e)�n t;i

r �n t;i
of the non-visible facesof the tetrahedron. A face is visible if

r � n t;i < 0. Given the smaller � t;i , the exit facewill be f t;i , and the exit point
x is computed as x = e+ � t;i r . Point x becomesthe entry point for the next
step in the ray traversal.For this, we needthe normalsn t;i to each facef t;i of
the current tetrahedron, which are stored in the textures tetra normalsi .

Known the entry and exit points, and sincethe gradient gt within a tetrahe-
dron is constant for barycentric interpolation, we calculate the scalar values
at thosepoints ass(x) = gt � (x � v t;0) + st;0 = gt � x � gt � v t;0 + st;0, wherex
is the entry/exit point. Therefore,we store gt and ĝt = � gt � v t;0 + st;0 in the
texture tetra gradients to perform this calculation.

Oncedetermined the scalarvaluesat the entry and exit points, we calculate
the distance d between them, and use these three parametersto perform a
lookup in a 3D pre-integrated table [21], calculated using incremental pre-
integration [19]. The associated color eCk and opacity � k resulting from the
lookup are then used to accumulate the contribution of the tetrahedron to
the ray integral as eC0

k = eC0
k� 1 + (1 � � 0

k� 1) eCk and � 0
k = � 0

k� 1 + (1 � � k� 1)� k ,
obtaining the approximations eC0

k and � 0
k of the ray integral after k iterations.

5.2 Renderingdeformablemeshes

After a mesh is deformedwe cannot assureits convexity, or the validit y of
the normals and gradients stored initially . Therefore,we introduced two fur-
ther rendering passesafter each simulation step. In the �rst passwe update
the normals, rendering a polygon to generateone fragment per tetrahedron.
Each fragment computesthe new normals and gradient for its corresponding
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tetrahedron t from the verticespositions v t;i stored in positions . The result
is then written in textures tetra normalsi , i = 0; 1; 2; 3.

Once the new normals are computed, we update the gradients in the second
pass,where each fragment calculatesgt =

P 3
i=0

st;i

n t;i �(v t;i � v t; 3� i )
n t;i : and ĝt =

� gt �v t;0+ st;0 for its correspondingtetrahedron.Theseresultsarethe written to
texture tetra gradients . Input to this passarethe textures tetra normalsi ,
tetra vertices , and positions .

Wehandlenon-convexmeshesin a similar way asWeileret al. [20].Weperform
multiple passesof the raycastingalgorithm, to accumulate the contribution of
each \section" of the volume intersectedby a castedray. In the �rst passwe
only take the result of the closestintersectedfragment (using depth tests) and
write it to a texture. The fragment depth ds (in normalized space)is stored
in a secondtexture and a new passis started, in which we comparethe stored
depth with the current fragment depth dc. If dc � ds, we set the fragment
depth to 1� dc=102 and exit, otherwisewe blend the storedcolor and opacity
with the contribution of the ray traversal performedby he current fragment.
The new depth, color and opacity are then stored to be usedin the next pass.
Figure 4 shows results of this algorithm for the Foot mesh.

6 Results and Discussion

In this sectionwepresent resultsdescribingthe performanceof our algorithms.
All performancemeasurements were carried out on a standard PC equipped
with an NVIDIA GeForce7800graphicsboard, a 3.8 GHz P4 CPU, and 2GB
RAM.

Mesh size Frame rate [fps] CPU Euler [fps]

Tetrahedra Expl. Euler Verlet Veloc. Verlet Impl. Euler Explicit Implicit

Bar 80 3880 3408 3454 282 5824 67
Dolphin 13766 1039 764 764 113 102 *
Panda 17312 945 612 614 100 80 *
Elephant 24106 900 539 541 48 58 *
Knee - small 35118 445 302 302 56 44 *
Knee 112299 169 119 119 22 14 *
Foot 156612 220 149 149 12 10 *

* maxim um response time exceeded.

Table 1
Performancein fps of the integration methods on the GPU and CPU.

Table 1 shows the comparative results of the GPU-basedimplicit Euler and
the straightforward GPU implementations of the explicit Euler, Verlet and
velocity Verlet solvers. Frame rates for the integration process(not including
rendering time) are given in fps. Timings for the naive CPU versionsof the

2 Note that we assumethat no entry point will be farther away than 0:9.
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implicit and explicit Euler are also included. In somecases,the CPU imple-
mentation of the implicit Euler was not able to solve the equation beforethe
program aborted due to exceededtime without response.In debuggingmode,
the program solved the linear systemsuccessfullywith a signi�cant increase
of the processingtime.

To compareour resultswith thosereported by Georgiiet al. [15],we testedour
implementation including surfacerendering.For the Knee and Foot datasets,
we obtained a performanceof 88 fps and 144 fps respectively with the Verlet
method. For a smaller mesh with 84104tetrahedra, Georgii et al. obtain a
performanceof 121fps usingthe Verlet method. In this respect, it is important
to note that the integration time of Georgii et al. was considerableincreased
by the use of an extra arti�cial force for volume preservation. Although we
initially included the volume preservation force in the explicit methods of our
simulator, we did not obtain the resultsexpectedfor our largestmeshes.Thus,
we excludedthis force from our implementation consideringalso that it does
not ensurestabilit y in general.

On the other hand, our rendering time was increasedby the texture fetches
performed in the vertex shader,whilst Georgii et al. perform rendering only
every 5th step of the simulation. However, texture fetchesin the vertex stage
will be eliminated with the expected support for binding vertex arrays to
framebu�er objects, which will turn into a faster rendering.

It is important to remark that, for the Bar mesh, we were able to use a
maximum time step of h = 0:001s for � s = 3000with the explicit integration
methods. With higher � s or larger h, instabilit y occurred.On the other hand,
with the implicit Euler and h = 0:01s we found no stabilit y problem using
� s larger than 30000.Georgii et al. useda time step of h = 0:004s for their
experiments with the Verlet solver. Comparing their results for the meshwith
84104tetrahedra (121 fps), with our results for the quite larger Foot mesh
using implicit Euler (11 fps including renderingtime), we could state that, by
setting h = 0:05s, similar simulation times could be obtained for the implicit
method, while ensuring stabilit y. This aspect is the main advantage of our
solver.

Concerningthe single-passraycasterfor deformabletetrahedral mesheswhich
we proposed,we obtained for the Knee and Foot meshesframe rates of 11:21
fps and 6:2 fps, whilst Weiler et al. [19] obtained, for meshesof similar sizes
(148955and 124152tetrahedra), frame rates of 5:13 fps and 2:27 fps. The
performanceobtained with the coupled simulation-visualization system was
7:30 fps and 5:62 fps with the explicit and implicit Euler solvers respectively
for the Knee mesh, whilst for the Foot mesh we attained a performanceof
4:34 fps and 2:57 fps with the explicit and implicit Euler schemes.
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7 Conclusion

We have presented a GPU-basedimplementation of a simulation systemfor
deformablebodies,exploiting the new generalpurposeprogrammingcapabil-
ities of graphicshardware. Our approach integrates the simulation and visu-
alization stagesfor deformabletetrahedral volumes,focusingon applications
wherethe visualization of inner information, stored as intensity valuesat the
verticesof the mesh,is a key issue.

Sincestabilit y and responseat interactive frame rates are main goalsof many
applications, ranging from computer animation to medicine,our concernwas
to develop a stable yet fast simulator. The fact that our simulator is based
on an implicit solver, ensuresthe stabilit y of the simulation process,whilst
the application of the most recent extensionsavailable for commodity graphics
hardwareallowedusto achieve the high performancerequiredto present useful
feedback to the user.

We described the implementation of the implicit solver in detail and proposed
a single-passraycaster. We also presented the modi�cations that must be
performed on the raycaster in order to support the rendering of deformable
volumesdirect from the results of each simulation step.

Our tests show satisfactory performanceresults for meshesof even hundreds
of thousandsof tetrahedra, and the rendering quality demonstratedby our
raycaster is the sameas the oneachieved with previousmulti-pass implemen-
tations for tetrahedral meshes,whilst o�ering higher interactive frame rates.
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