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Abstract. Animation and Realistic Simulation of a 3D object’s elastic
deformation is actually an important and challenging feature in applica-
tions where three-dimensional object interaction and behaviour is consid-
ered or explored. Also, in interactive environments we need a rapid com-
putation of deformations. In this paper we present a prototype of a sys-
tem for the animation and simulation of elastic objects in an interactive
system and under real-time conditions. The approach makes use of the
finite elements method (F.E.M) and Elasticity Theory. The simulation is
interactively visualized in an Open Inventor environment. Using picking
node selection the user can interactively apply forces to objects caus-
ing their deformation. The deformations computed with our approach
have a physical interpretation based on the mathematical model defined.
Furthermore, our algorithms perform with either 2D or 3D problems.
Finally, a set of results are presented which demonstrate performance
of the proposed system. All programs are written in C++ using POO,
VRML and Open Invertor tools. Real time videos can be visualized on
web site: http://dmi.uib.es/people/mascport/defweb/dd.html
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1 Introduction and Related Work

Obviously, flexible and deformable objects are inherently more difficult to model
and animate in computer graphics than rigid objects. Until recent years, the
computer graphic methods proposed were limited to modelling rigid objects.
However, recent advances in algorithms and computer graphics hardware sup-
port the processing of flexible objects. Today, there is a great need in many
engineering and medical applications to be able to simulate the material and
geometrical behaviour of 3D objects under real forces. In general, different mod-
elling techniques are usually classified into three categories: geometrical, physical
and hybrid:
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Geometrical techniques. Geometrical models do not consider the physical
properties of objects. They focus on appearance and the deformation is rep-
resented by geometrical equations. This means that the user has a high
degree of intervention and they are computationally faster than other ap-
proaches.

Physical techniques. In this group of techniques, the objects are modelled as
a triangular or rectangular grid in 2D or voxeled volumed in 3D. Each joint
or node in the grid can be affected by forces and the global grid is governed
by the interaction of physical forces on each node considered. This kind of
methods are more realistic from the mathematical and physical viewpoint
and the user only defines the initial conditions and the system can simulate
a real physical simulation over time. Unfortunately, they are more computa-
tionally expensive than geometrical techniques.

Hybrid techniques. Finally, we can combine physical and geometrical meth-
ods to avoid problems and improve efficiency.

In particular, the growth in hardware graphics can overcome the time-consuming
restrictions of physically based methods. So in this paper we present our system
called PPDMA. Tt is based on Finite Element Methods (F.E.M) and uses the
Elasticity Theory. As we know, the solid theory used guarantees the robustness
of the system and is actually widely used by other researchers [NNP02]. Thus,
we are principally interested in designing a system that can run in real or near
real time systems. We believe that in Virtual Reality systems the time in inter-
action and feedback is very critical. In this case, the efficiency of implementation
is very important and results must be checked to reach this condition. In some
cases, an initial off-line process can be introduced to improve efficiency.

This paper is organized in several sections. The second section includes the
mathematical model proposed. The third section is dedicated to presenting the
F.E.M implemented. The fourth section includes the algorithm designed to re-
solve the dynamical system. Finally, we conclude with some considerations about
parallelization, efficiency and computational cost. The paper also includes the
conclusions, future work and related bibliography.

2 Mathematical Model Proposed.

Let 12 be an enclosed and connected solid in IR®. Let us assume that the boundary
of 2, I',is C! piecewise. We divide I into two parts, Iy and Iy, where I7 is the
part of the boundary which receives external forces and I is the fixed part of
the boundary whose size we assume to be strictly positive. Note that boundary
I" does not necessarily need to be connected, which will enable us to simulate
deformations of objects with holes.

The aim of this work is to study and analyse the computational cost of the
evolution of {2 under the action of external forces f on the inside and external
sources g on the boundary I7.

The position of the object is defined by the function u(t,2). Our problem
is, therefore, reduced, given the functions ug (initial position of the object) and



w1 (initial speed), to finding the position w(t, ) = (u1,...,us) of these in the
domain Q1 = 2 x (0 x T') which will verify the following evolution system in
time:
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where functions o;; are the components of the tension tensor, n; are the com-
ponents of the normal vector at a point on the surface of the domain Iy x (0,7)
and p is the density of the object.

The resolution of the above problem is carried out by variational formulation.
The solution of a discrete approximation u of the above formulation gives us
the approximate solution to our problem.

Specifically, we consider a subspace V}, with a finite dimension I = I(h) of

Hilbert’s space H defined by H = {v € (H1 ((2))3 ,tal , quev = OsobreFo} .

Our problem is reduced to finding a function up defined in Q7 solution to
the following differential system:

2
Vi € Vi, per (un (8) ,vn) + @ (un (£) ,mon) = L(vn)

up (0) =uo,n, (2)
d,g,éh (O) = ul,h )

where a (-, -) is the bilinear continous form defined by a (u,v) = E?,j:l Jooij (uw)ei; (v)de,
(+,-) is the following scale product defined for functions defined in Q7: (u,v) =
Zle Jo ui () vi () dz and L(v) is the following continuous linear form on Vj:
L(’U) = E?:l fﬂ fzv,dw + f@ﬂ givida.
Let ¢; be a V}, base of functions. If we write the solution to look for uy as,
up (t) = Z_:ll &i (t) ¢, , the components ; verify the next differential system:
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In the above system we have added a new term (v ZLI & (t) (w4, p4)) to simu-
late a damping effect of the object. The above system, written in a matrix form,
is:

pME" +YME + KE= L, @)



with M and K as the mass and tension matrices respectively:
K= (a((p’w(PJ)) ’&,] = 15"'51—‘
By discretizing in time this last equation:

M (ALH%-QLAJ £(t+ At) =

(5)
M
= L+553 (26 (t) — £ (t — At)) + LEE(t— At) — KE(t).
The simulation of different physical phenomena such as instantaneous blows,
constant forces, waves, etc. are implicit in the expression of vector L.

3 F.E.M and K, M, L. Definition.

In order to choose the type of finite elements to use we will base our decision on
two basic criteria: the type of finite element to be used must correctly transmit
the propagation of the tensions in the direction perpendicular to each face of the
finite element and the type of finite elements to be used must possibility a real
time computational process.

This is why finite elements of a rectangular prism type will be chosen. This
kind of finite element makes a right transmition of the propagation of the tensions
in the direction perpendicular to each face of the finite element and gets a low
computational cost.

Note that by means of the type of finite elements chosen it is possible to
define uniform grids (grids which possess all the finite elements of an identical
length), and non-uniform grids. This second type of grid let us make an approach
of the boundary of (2.

First of all, we will define the fundamental tool which will allow us to work
with the finite elements: domain with a pair of points.

Let ¢ and j be two arbitrary nodes of the grid of finite elements of the object.
Let sup ¢; be the set IR® where ¢; # 0.

(2; ; is defined as the integration domain of a pair of points (7, j) such as

(25,5 = sup p; Nsup @; .

3.1 Base functions
In the three-dimensional model, there are three types of base functions:
1 2 3

The expression of ¢; is the same in each base function: it is that function
which has a value of 1 in the i-th node and 0 in the other nodes.



3.2 Deformations tensor
The deformations tensor is defined by the following expression:

1 6’0,' 6’0_7' ..
. = _ < <n.

3.3 The tension matrix K

The internal bonds of the object can be seen in tension matrix K.

The components of matrix K are: K;; = K (¢ (k),cpgk)) where cpgk) and (p(k)
are the base functions defined in (6) and the expression of K (u,v) is the following
where u and v are any H functions:
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The expression of matrix K is the following:
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The space of functions we consider is that generated by the polynomials R?
< 1,%1,%2,%3,Z1 - T, X1 - T3, Lo - T3,L1 - Lo - T3 >. Therefore, the function ; will
have a linear combination of these polynomials.

In order to find K;; := K(p w,(pg )) for instance, we must carry out two
integrals on the domain of the pair of points (2;;. Below, we write 2;; = UQx,
where @)y is a square prism type finite element which forms part of (2;;.

Therefore, we can calculate K;; in the following way: K;; = >, K l(]k), where

K, .({“) corresponding to K ( (1), qagl)) for instance, would have the expression:

(k) _ i Op; Opi Op; | Opi Op;
K;; A+2 —— — dzr1dzad — dridzad.
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With k fixed, there will be 64 = 8 x 8 different K Z-(f) values since each square
prism @ has a total of 8 vertices.
Let Qs = [0,1] x [0,1] x [0,1]. The calculation of each of the integrals that
appear in the expression K z-(f) can be carried out in the following way:
. . By Op’
I Jq, 5% 52 dmvdeades = Vi [ [ o, 55 g deideyda
where V}, is the volume of Qg, % 8“” =5 Do Oz;'. = ai% and the variable change

7 sz ox;
of Qr a Qs is z; = b; + a;x, 1 =1,2,3.




. ; 0p; . . .
The calculation of [ [ [, gﬁ} 5t dz; dzy day is quite simple as we are work-
s O} Ba;

ing with a standard cube.
In this way, the 64 possible values K l-(f) can be obtained. It can be seen that
there are only 8 different values.

3.4 The mass matrix M

The mass matrix M will be made up of nine sub-matrices whose expression is
the following;:
(cpﬁl)&;”) 0 0
M = 0 (cp§2),<p§.2)) 0 , Where:
0 0 (<p§3), <p§-3))

(,057) = (0. 01) = (¢, 0F) # 051 25 # 0.

In order to calculate (¢;, ;) in an effective way, we will use a method of

approximate integration using the vertices of the finite elements as nodes. That

is, using: (cpgl),cpgl)) = Zk\chQﬁ ka pi(x)p;(x)de, we approximate the in-

tegration as:

8
/Q pil@)ps(@)dz ~ S Aipi(P)es(P), (10)
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where P, are the vertices of the finite element () and A; are the coefficients of
the approximate integration formula.

In this way, we manage to make the mass matrix M diagonal since @;(P;) =
d;1. Furthermore, since the numerical integration error is less than the error we
make in the variational approximation of the problem which is in the order of
h3 where h is the maximum length of the sides Q@ (see [Cia80]), the use of the
integration method does not increase the overall error in the approximation.

In order to find ka vi(z)p;(x)dz, we will move onto a standard cube @, =
[0,1] x [0,1] x [0, 1] by the adequate change in variable and there we will use the
expression (10). In this way coefficients 4; will not depend on the finite element
Q@ chosen. In the standard cube, coefficients A4; equal: 4; =

By the way,

Jo, @i(@)p;(@)da = Pk,

1
3-

3.5 The external force vector L

The external force vector L will be of the type:

L= (L (cpgl)) , L (<p§2)) , L (¢§3)))T, where L (cpgk)), k =1,2,3, are dimen-

sion vectors N with N as the number of nodes of the grid of finite elements
which does not belong to Iy, that is, non fixed nodes.



The expressions of the vectors L(y;), L(¢’;) and L(¢p";) are the following:

o) -

sup ¢;

i@p@ide+ [ ge)ee)d,
2Nsup @;

where k£ =1,2,3.

In all the experiments carried out, we have assumed that f = 0. Therefore,
the first term in the above expressions will be null.

If the external forces g applied on the boundary are constant, the above
expressions are reduced to: L (cpgk)) =9k J, 82Nsup ;i vi(x)do.

Our problem is, therefore, reduced to finding [y, . = @i(x)do.

. . 1P @i .

We will assume that the boundary of (2 is approximated by square prism
type finite elements. Therefore, we have the case in which the integration domain
012 N sup p; will be: 802 N sup p; = Uy, where IT;; are flat rectangles situated
on a plane z; =constant.

We have, therefore, the case in which the value of the above integral can be
calculated as: fa()ﬁsup o Pi(@)do =30, Ji,, pi(®)do

The above integral | e pi(x)do can be reduced by the variable change
adapted to a double integral on the standard square [0, 1] x [0, 1].

4 Dynamic Solution System, Parallelization and
Computational Cost

The matrix of the system (5) is diagonal, so the i-th component of the value
&(t + At) can be obtained as:

e an) (i) = MO HEE) + 606 = &)

) 0,...,3N
Ml(l,l) ;ZE{ ) ) } )

where
M= M (S + 5% ), & = B () — €0 — A,
€= PHE(E—AY), &= KE().

4.1 Parallel computation of the tension matrix K

Using the fact that component ij of matrix K can be calculated as K;; =

Z K z(f), we can parallelize the computation of K;; by assigning the calcu-
QrC 25
lation of K i(f) to each CPU.

4.2 Parallel computation of the solution of the problem

If the external forces are variable during the deformation process the calculation
of vector L will be depending of the time parameter.



If these forces are constant or constant in parts, we can calculate the value
of the L vector in a parallel process. We assign to each CPU the compute of
faﬂﬁsup ©; (p’(m)da.

In the figure 1 the calculation process of the deformation is outlined, where
the system, from the conditions of the material to be deformed and the applica-
tion of the external forces in time, is capable of launching a totally parallelizable
calculation process.

‘Components process
KM
finite element n
‘Components process M
KM
finite element n External forcesin time
. K

Components process.
KM
finite element n

\ y /
Initia state

Cum‘pule
&(t+ a9 ()

Compute
(A9 ()

Positions of the vertex of the object in t time

Fig. 1. Outline of the parallel calculation process of the dynamic solution system of
deformations.

4.3 Computational cost of the calculation of the matrices K y M

The computational cost of the tension and mass matrices will be a function of
the number of simultaneous processes that the system can bear, and a function
of the quantity of finite elements of the object to be deformed.

Let ne the number of the finite elements of the object. Let np the number of
simultaneous processes the computerized system can bear. Let @; an arbitrary
finite element.

Let Cmk, the computational cost associated to calculate -, . (Kz.(l,)) + %
and the additions to reach the final values of the matrices M and K associated

to each independent process. Then we can define:
CMK = max CMK,-
1<i<ne
Finaly, we obtain the computational cost to calculate the matrices M ,K:

Cuk *xne
np

Costyg <

So, the computational cost is %.



Computational cost of the calculation of an iteration of the solution
The computational cost of the solution of one iteration step in the dynamic
system is linear O(N) where N is the number of nodes in the grid of finite
elements such that the matrix of the system is diagonal.

5 An Elastic Simulation Example

In figures 2, 3, and 4 we can see the simulation process of a 60 seconds elastic
deformation. We apply some forces in a kind of a latex square tube of dimensions
0.028 x 0.028 x 0.224 meters. We apply some Fx newton forces in the upper and
lower marks during the first 24 seconds (left, figure 2). Between 12-24 seconds we
apply some F, newton forces in right and left marks (middle, figure 2). In two
seconds time of the simulation process we can observe a little tube expansién
and rotation (right, figure 2).

Fig. 2. Initial forces conditions of the simulation and 2 sec. time of the deformation
process.

At 13 seconds time we can note the efect of the F, forces result, a greather
expansion and anti-clock wise rotation of the latex tube (left, figure 3). At 24
seconds time we can see the final state of the object after the F, and F, forces
action (middle, figure 3). At 26 seconds the action forces have been stoped an
the object is returning to its initial state (right, figure 3).

Fig. 3. Left to right 18, 24 and 26 seconds time of the simulation process.



At 27 seconds time the elastic energy of the tube has made a clock-wise
rotation (left, figure 4). Here to the final state of the simulation process the
object makes an armonic rotation balance to reach its initial state (middle-right,
figure 4).

Fig. 4. Left to right 27, 30 and 60 seconds time of the simulation process.

6 Conclusions and Future Work

In this work we have presented a 3D deformation model based on the Theory of
Elasticity. This model uses a rectangular parallepiped grid of finite elements that
let us make a pre-computation values of the matrices M & K. That cause possi-
bility a real time simulation of the deformation process. The main contributions
can be summed up in the following points:

— The calculation of deformations is totally parallelizable. We assign the com-
putation process for the finite elements grid matrix values to several CPU’s.
Values acording to one voxel of the finite elements grid are assigned to one
CPU. The final values for the tension and mass matrices are the additions
of the partial results computed for each parallel process. The solution of the
dynamic system can be parallelizated too cause the system is diagonal.

— The chosen finite elements correctly transmit the tensions in a direction
perpendicular to the boundary of the same. Therefore, the deformations
presented are quite realistic. Whatever quadrangular parallelepiped voxel
can be used in this deformation model to makes the finite elements grid of
the object.

— The computational cost has been reduced so that the deformations can be
represented in real time. Experiments have been realized using an ATHLON
900 CPU with 512 MB of RAM memory. The model supports real time
process in an objetc with 12000 voxels.

— A study of the computational cost of the algorithm has been carried out. We
reach a lineal computational cost deppending on the number of voxels of the
object and the quantity of simultaneous processes that the system can bear.

In the context of future work, we would like to highlight the following;:



— A study of the deformations of two-dimensional varieties such as the study
of clothes deformations or the deformation of the human skin.

— A study of deformations when internal forces are not null, f # 0.

— A study of deformations when the external force g depends on the speed
of the object. Integrating inertial forces to the model and collision checking
techniques.
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