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An Unified View of Multitude Behavior, Flexibility,
Plasticity and Fractures Balls, Bubbles and Agglomerates

A. Luaant, S. JIMENez, O. Raoulr, C. Capoz, and J.L. FLORENS
ACROE-LIFIA

Abstract

The work presented here, is a part of a "modeler-simulator”, capable of representing and simulating a
large variety of physical objects: The Cordis-Anima system.

Based on particle physics, atomic interactions and the decomposition by network of lumped physical
components, the Cordis-Anima system enables modelisation and real time simulation of a large
variety of objects and scenes, rigid or deformable with collisions, fractures, sticking ...

However, the atomic representation of the objects becomes more unwieldy if there is more
discontinuous behavior or if the desired resolution in the shapes or deformations are greater. We have
added to the previous principles, the three following points :

¢ "physical ball-meshing" which consists in an adaptative structural physical decomposition of
matter.

0 "agglomerate-compacting” which consists in regrouping severals balls by one interaction law.

0 "physical-shaping" : the contour is seen as a physical interaction frontier between several
agglomerates.

This provides access to a more macroscopic modelisation of large free form objects, or of objects
whose structure is under dynamic modification.

Key words :
Computer animation - Physical models - physical interactions - Real time simulation - Physical
shaping.

I. INTRODUCTION TO PHYSICAL MODELING

During its initial phase of evolution, image synthesis has gone from pixel manipulation to 3D
modelisation. Whatever the importance of this leap forward, in terms of principles as well as the
machines that materialise them, the breakthrough nonetheless was not sufficient to tackie the problem of
animation adequately. Mathematical or geometric models, for the most part mainly directed towards
indeformable objects - be they CAD models like CSG (Constructive Solid Geometry) and BR
(Boundary Representation) or modelisation of natural objects using different interpolation functions
(varieties of splines, Coons or Béziers surfaces) - arc extremely unwieldy if used to describe high
variability movements, the extreme case being highly deformable objects such as fluids or pastes.

Over the last two years, image synthesis has jumped another major hurdle, which is the introduction,
in the object model, of behavioural properties. Some of these, such as the Reynolds multitude
behaviour models [Reyn 87] or the Reeves "particle systems" [Ree 83) are formalisms that enable
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explicit cinematic restitution of the phenomena that may, or may not (c.g. anticipation phenomena) result
from physical systems.

Others have tried to restitute the dynamics of physical systems by simulation, or what we refer to as
"physical models". It is therefore clear that physical modeling can be considered as one sector of
behavorial modeling. Indeed, from a conceptual standpoint it displays the same major advantages :

genericity : a physical model represents the class of movements - all the possible movements are
potentially contained in the model.

coherence : the movements obtained are "more natural” than those offered by combinations of’
geometric transformations - temporal and dynamic aspects are still coherent because of the
simulation process.

simplicity : these models take charge of the intrinsic behaviour of the objects, interactions
between objects, internal forces and so on, with only one formalism.

modularity : two models of two different objects can be mixed in a unique scene, i.e. each part
of a complex scene can be developped an tested separatly.

However there are distinct differences and these are to be found in the field of representation and in
the algorithms. Non-physical models are based on systems of rules - we might even add on systems of
arbitrary non limited behavorial rules. In physical modeling there is a canonical (in a mathematical sense)
base of rules composed of physical rules. Variables are strictly state variables. These can be extensive
variables (such as position, speed or deformation) and intensive variables (such as forces or
constraints).Physical interactions cannot include anticipations such as actions to avoid obstacles or
anticipatory behaviour proper to living beings.

From a simulation standpoint, we solve a set of great number of diferential equations and the
algorithmic models are time implicit.

Physical modeling and simulation appeared in 1979 with the first developement of the Cordis-Anima
system [Cad 79,81 - Luc 81]. Cordis-Anima is a system based on physical modeling for producing
sound and/or animated images. Some time later, physical calculus was used at Ohio State University as a
complement to other animation methods [Sch 84).

A great deal of research results have begun to accumulate in this field {Luc 84,85 - Cad 84 - Flo 86 -
Ter 87,88 - Bar 88 - Mil 88 - Hah 88 - Am 88 - DAH 89 - Flo 89 - Jim 89] since 1984. The net result is
that the idea and the interest of physical models in synthesising a moving image is today acknowledged
and has unanimously proved its initial worth.

In terms of physics, there are several computer representations available, and this obviously depends
on the aim of the application. For example,

models and their implementation can be very different if we use computers to predict the behaviour of
a physical system in as precise terms as possible ( i.c. and application in numerical calculation) or if we
want to use the computer as a modelor-simulator for physical systems and animation.

The Cordis-Anima system and the work presented in this paper have opted for the second goal. It
follows that the modularity and the constructability of the models, in addition to real time in simulation,
are major constraints in the computer representation of the physics.

The first part of this paper is devoted to the formal aspect in a computer physical modeler-simulator.
The second part deals with the major optimisation needs occasioned by the constraints of real-time and
of complex object simulation.
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II THE CORDIS-ANIMA FORMALISM

It is pertinent to consider that a physical model of a physical object is itself a physical object, that is,
it moves and is deformed when subjected to physical actions.

To achieve our objective of a modeler-simulator, we can therefore consider that such an object may be
symbolised by a dipole, or more generally by an n-poles system, which associates the two sets of dual
variables, extensives and intensives : O(PJF)=F

o]t

—_—

figure 1 : a physical object

It follows that all objects or sets of objects can be built by interconnected n-pole blocks which are in
series, parallel, or in parallel/series.
This formalism conveys the structural discretisation needed in a modeler-simulator.

() F c F)

figure 2 : structural discretisation of physical object

This approach forces us to explicitly choose what each block contains, which is, in fact, the question
of the minimal matter element and the underlying basis to interactions.

Physics, and the various chapters of mechanics offer many ways to define the minimal material
element and to select and associate these two variables. The choice depends on the phenomena that
interest us. This implies an option on a basic discretisation and modelisation principle for the real
universe. However, the modularity constraint (cf. I) means that the expression of these laws should be
the same on all levels of object description. These laws must be applicable to any network of the above
type, even if this network represents only a part of an object, a complex set of objects or the entire
scene.
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A usual choice (but not our own) is the "infinitesimal solid". The two dual variables are constraints
and deformations. The integration of the behavorial laws of infinitesimal solids provide a macroscopic
solid behavior.

dynamic torsor
FZ / rdm
dv
ﬁ’= / m r dm
N\
deformation work

v’Tu%f=/ c.de
dv

VERSUS ...

oOPPF=0

figure 3 : infinitesimal solid versus punctual representation of matter

The Cordis-Anima system, presented below, has opted for a "particle physics". The minimal element
of matter is a punctual mass. Dual variables are positions and centered forces. Interactions links several
of these elements of matter to make up an object or a scene.

Physical particles have mass and receive forces. They can physically interact and be submitted to
gravity or all other kinds of forces.

In other "particle models”, [Ree 83] for example, the particle systems have been chosen to simulate
complex systems with a very high number of simple elements which are not necessarily supposed to be
physical elements.

Cordis - Anima [Cad 81, Luc 84, Cad 84, Flo 89] has adopted the 3 following axioms as
modelisation principles of physical space.

1 - Modelisation of matter in punctual masses : the minimal matter element is the punctual mass. It
is represented by a discrete component, named the "matter component”, whose physical
parameter is the mass value. The calculation describing the behaviour of the component is
provided by the fundamental dynamics equation Force = Mass*Acceleration, expressed in
terms of "finite differences". This calculation is oriented to provide the mass position from the
forces that are applied to it. This component therefore presents itself as an oriented dipole [force
-> position].

2 - Modelisation of the continuous behavior of the material : the material, that is normally defined
by parameters of elasticity, viscosity, or others is represented by discrete components without
mass, named the “material component”, whose characteristics are elasticities or viscosities,
considered under their continuous aspects, with neither thresholds nor hysteresis. The
calculations are provided by the basic equations describing continuous behaviour F =-K*D
(the force is proportional to the distance) and F= -Z*V (the force is proportional to the relative
speed) . These calculations are oriented to provide forces from the positions. These components
present themselves as oriented quadripoles [two positions ->two forces].

3 - Modelisation of the structure of matter and of objects : the “"material components"” that enable
modelisation of the material are equipped with a double logical function. The first is to "link up"
the components representing the punctual masses. The second is to carry out this liaison
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according to a transition status logic that enables the parameters of the material to be modified in
function of conditions affecting the parameters or variables. This enables homogeneous access
to non-linear behaviour, continuous or discontinuous behaviour without any addition of basic
primitives. Collisions, non-linear parameter modifications, such as clastic behaviour over large
displacements, all non continuous behaviour, with or without hysteresis (like plasticity) can
thus be processed by this unique formalism.

There are thus no specific collision or fracture algorithms for rigid and deformable objects. This
choice of modelisation enables us to modelise the microscopic structure of matter of an object jn the
same way as the non-linear macrostructure of a scene. It clearly evidences the proximity between
phenomena situated on different levels - an elastic collision, a rupture (exceeding the elasticity
threshold), or plasticity for example.

The fact that the components can be represented in terms of quadripoles and dipoles enables us to
define simple connexions between components. The representation of physical objects by a network of
interconnected boxes is particularly adapted to model construction modularity. The extremely restricted
number of base algorithms lend themselves well to vectorisation.

The network which describes an object or a set of objects in physical interaction can be simulated
component by component, and this is a great advantage as regards the model experimentation,
depending on the modular design.

P1 P2
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figure 4 : an example of a Cordis-Anima model

Major consequences arise from these principles :

- The interaction between the human operator and the simulated objects is similar to the
interactions between physical objects.

- The simulated physical objects are physically manipulable.

- By using gestual transducers, a user can apply forces, or positions to the object. This object
responds by movement and deformation. i

- Such an object is perceptible in a proprio-tactilo-kinesthetic manner. By using force feeback
transducers, the user can actually feel forces and displacements.
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There is hence no control problem. The gestual bandwith is large enough to convey expressive
manipulations. This formalism is more general and therefore enables modelisation and simulation of all
types of objects, be they rigid or deformable. This equally applies to objects linked by any type of
interaction, linear or otherwise.

In contrast, this kind of atomic description and simulation of a scene becomes more unwieldy if there

are:

- more complex discontinuous behaviour events (for example, dry friction between a track
vehicule and a non-homogeneous ground).

- a great number of masses and interactions as for example in the agglutination of finely granulated
bodies (powders, fluids, ...).

Because of the above, two more specific optimisations have been developed [Jim 89] as a special
supplement to the Cordis-Anima modeler-simulator. They are totally compatible with the Cordis-Anima
formalism but they provide access to a more macroscopic modeling of free form physical objects or of
objects and scenes whose structure is under frequent modification.

These are suitable when there are :
- a great number of the same elements (homogeneous materials for example).
- or in the case of non-linear interactions, when the non-linearities depend only on a condition over
one variable (collisions for example).

Depending on the importance of these case, these optimisations can be seen as another modeling
principle, which we have named "agglomerate with univariable non-linear interactions".

Nonetheless, as a part of the Cordis-Anima modeler-simulator, they fulfil the general conditions of
modularity; they do not restrict the domain of representation and they can use the force feedback
interaction devices for physical real time interactions with the operator.

III. AGGLOMERATES WITH UNIVARIABLE NON-
LINEAR INTERACTIONS.

The context is one of buildable, manipulable, and interactional physical objects. The basic principles
remain the same as those described and discussed above - the choice of particle dynamics in opposition
to solid dynamics ; the use of interaction between particles to define complex objects or set of objects ;
the modelisation by network of lumped physical components.

III.1 Balls, bubbles and agglomerates

The fundamental change brought in, compared to the previously described Cordis-Anima formalism,
resides in a new way of breaking down a piece of matter. The principled is rooted in the construction of
agglomerates, that are pieces of matter which present themselves as a milieu. The minimal matter element
here is the "physical ball".

We replace the Cordis-Anima physical points, nominatively coupled to another physical point, by
composite entities named "balls". A ball is never alone. What we designate as "balls" are a group of
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punctual masses that come into interaction amongst themselves via a distributed interaction function. The
prime parameter of this function is the interaction zone.

Each ball is a punctual mass plus a spherical non-entrance zone (impenetrability). In the case of a
non-exit zone, we refer to “bubbles” (figures 5). This zone appears only when interaction occurs. A set
of scattered balls is merely a group of punctual masses .

Bubbles Balls
figure 5 : Bubbles and Balls

Thus the initial principles have been specialized with “physical ball-meshing" as an adaptive structural
decomposition of matter. A piece of physical matter will be presented as a set of different sized physical
balls.

We have also introduced "agglomerate-compacting”. An agglomerate is a group of balls plus a law of
interaction between each balls of the set. This law can be attractive, repulsive or more complex (see

below).
These two concepts could be written as :
mass + interaction zone = ball
ballS + interaction law = agglomerate

As a consequence, we can now speak of "physical-shaping". The contour of an object can be defined
as the physical interaction frontier between several agglomerates.

IFll=fi
Interaction law: 4

d > Threshold F=0

d <Threshold F= kd

T d
figure 6 : balls under interaction - the clementary law of interaction

As we said above, agglomerates are composed of a group or set of balls linked together by a
specifically unigue interaction law. The overall interaction law should be observed as an intrinsic

property of the agglomerate.
A N*(N-1)/2 liaison module calculates the mutual interactions between the masses (figure 7).
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figure 7 : Interaction Module

A particular, and moreover interesting case, is the intermolecular law of liaison (Van der Waals). It
enables us to build consistent agglomerates with a centred shape. However, other types of laws are
possible.

F F‘ F

attractive

| wlsivc - ™~ >x
b3 X
pure spring

Gravity Intermolecular interaction
figure 8 : interaction functions

In the case of the agglomerate, the output of the interaction functions depends on only one variable
and then, the interaction function can be represented by piecewise linear function (as shown in figure 6
and 8). It is easy to define a generic algorithm to design piecewise linear functions. In addition, because
of the formalism of punctual representation, the forces are summed on masses, and thus we can put
several interactions in parallel and obtain complex interaction functions from simple linear piecewise
functions. Because of this approach, we do not need to have more than two or three pieces in the
interaction primitives.

This kind of interaction is an important case of the “"conditional link sub-system" implemented in the
Cordis-Anima system [Cad 81, Luc 84, Luc 90(1), Luc90(2)] which allows us to describe and simulate
general non-linear interactions from "fusible links" as in [Ter 89] to general non-linear multivariable
interactions as a bowed string, snow/ski interactions, or track vehicule/non-homogeneous ground
interactions, where complex temporal sequences of states occur.

III.2 Agglomerate properties

An agglomerate is an accumulation of undifferentiated balls with a global shape which results from a
dynamic process.
h re-exist, it is achiev

It is one state of equilibrium. These states of equilibrium are the peculiar points of a generator
process. One characteristic of these particular points is the degree of stability. Thus, an agglomerate can
intrinsically break up, without any addition of extra information. A mass violently striking an
agglomerate stabilised by Van der Waals, or by gravity, can break it. The agglomerate may not
necessarily be able to totally reconstitute itself. It is also possible to define sticky agglomerates so that
they cannot be broken apart.



63

The interaction function and the number of balls define the variety of agglomerate shapes. However,
the internal arrangement of the balls depends on dynamic conditions given to the generator process. Two
balls could be permuted without any change in the global shape.

In contrast to Cordis-Anima, the position of each ball is not determined when the model is
constructed (balls were dropped in quasi-random positions). In fact, it would be useless. Thus, the
given model is not really a model of the final object, but an object-making model. The underlying thought
process to modelisation work, is a thought mode of movement and temporal processes.

II1.3 Objects

An agglomerate is an elementary homogeneous object. In the same way as an agglomerate is a set of
balls under interaction, so a complex object can be described by a set of interacting agglomerates. Each
couple of agglomerates could be linked by its own interaction law.

agglomerateS + P interaction lawS object
objectS + Qinteraction lawS = scene

To calculate all the interactions between all the balls of two agglomerates, we use an optimized "NxM
liaison module". This module corresponds to a unique interaction law distributed over the NxM couples
of the cartesian product of two agglomerates.

Unlike the agglomerate, these can be linked together by several different sorts of interaction functions
in parallel. It is therefore sufficient to define as many "liaison modules” as required, since the summation
of the forces is effected in the balls of the agglomerates.

Object 1
N mass

=
«4 v]

ek M Liaison
module

figure 9 : NxM Liaison Module

III.4 A proposition for the construction of malleable objects

The following structure is an operational guide to modelise (more or less rigid) solids by the
“physical ball composition" approach. An object can be structured in three relative layers, that are not all
necessarily present :

- A deep layer or "nucleus” : this represents a centering function that the object organises itself
around. The nucleus is cither undeformable or only slightly deformable. In the simplest case, it
may be reduced to a large attractive or repulsive ball, and is thus indeformable. But this nucleus



can also be composed of scveral masses and springs to define, for example, a cube or any other
sort of structured object.

- A derm : this will bear the most substantial deformability qualities. Its thickness represents the
depth and area of the deformation quite directly.

- An epiderm, or "skin" : its role is to reinforce the agglomerate's cohesion. This is where the
notion of "surface tension" will be localised.

Each layer is characterised by a specific interaction function between its constituents, that are in
complementarity to their neighbouring layers. The object interaction with the exterior varies more or less
in depth, depending on the layers concemed.

figure 10 : structured object

The main role of this organisation is to structure the interactions between objects, and consequently,
to lower their number. For example, in the case where a skin layer exists, it handles the interactions with
the outside. In the more extreme case of a scene composed of many objects which can shatter into
fragments, and then fall again into new objects, all the layers, including nucleii, must be affected by the
outside interactions.

IIL.5 Simulation examples

1. A multitude of particles in interaction
The water of the cascade (see photograph 1) is modeled as a set of indeformable particles in non-
permanent elasto-viscous collision interactions. A big difference between this model and other “particles
sytems", is the possibility to obtain pool of water, whirlpool and turbulence - which means that each ball
could interact with all the others. This type of effect cannot be obtained with a simple superimposition of
independent trajectories.

The principle is similar in the next example : a ball thuds into an heap. Here again, effective
interactions are necessary.

R || 5% || 8% || o8B || S0SBe [|.BRE

chronogramm 1
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2. A simple structured object : the rubber ball

This is a stable, spherical, and slightly deformable object. It is structured in two layers. A nucleus
confers the overall shape to the object (a 3D ball or a 2D disc). The derm is composed of a set of inter-
repulsive balls. The nucleus/derm interaction law is "intermolecular”. The derm balls take up a position
of equilbrium by positioning themselves regularly around the nucleus and form a regular crown. When
the object runs into a wall, it is slightly crushed, and the derm balls that are in contact with the wall are
separated. When the object moves away from the wall, it recovers its initial spherical shape. This model
introduces the notions of adaptive meshing and of deformation locality (see photograph 3).

derm  ::= (balls + elementary interaction law ) Futions
nucleus ::= (ball)

fiaison ::= (Van Der Waals)

Object ::=nucleus liaison d erm

Derm
elements

figure 11 : an elementary object (Nucleus-Derm)

3. The rubber ball - separation and then regrouping
This example shows how the previous deformable object is equally transformable without any
addition of other functions. Cases of non predefined splitting or of “re-sticking" are entirely taken into
consideration. The shape of these objects is not defined as such, but it is made up. It is the free
expression of dynamic forces that lead to stable forms. This also illustrates that the first level of
complexity, - i.e. the dynamic modification of the structure in the object - is allowed for in the
agglomerate. The object can shatter into elementary fragments.

e || & | &1 a @ : @
chronogramm 2 . ° ‘

4. The rubber ball - sliding without rolling, rolling without sliding
During the contact with a flat floor - that is formed by little adjacent balls - the rubber ball may present
a sliding movement without rolling. It occurs when the size of the floor balls is smaller than those of
the derm, or when the floor is locally extra flat (simulated by a very large ball).
If the derm of the rubber ball is very thick and the nucleus very small, it has a large depth of
deformation. Placed on a flight of stairs - that is obtained also by "ball-meshing" (figure 12) - it tears
down the stairs, hugging the steps' shape. It rolls, but it does not slide (see photograph 4).
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figure 12 : "ball-meshing" stairs

5 Mouldable object
The photograph 5 show a piece of plasticine which is mouldable by the operator in real time. The
model of this plastic object is obtained by an agglomerate composed about 30 balls linked by a repulsive-
attractive interaction function. The attractive zone is chosen to be lower than a 2 ball radius. The object
has the shape that the operator gives it. The plasticine can broken up and then re-stuck together
according to the manipulation. We can easily knead the paste, tear and recompact it, and this in real tme.

6. A file model example

The model below describes a sort of rattle composed of a tetrahedron enclosed inside a hollow
sphere. The sphere can rebound on a flat floor and the tetrahedron inside the sphere. This model is not a
program but just the description of elementary objects, and interaction laws between them. In this simple
example, movements merely result from gravity and internal interactions effects - five lines more were
needed to enable real-time manipulation with force-feedback gestual transducers.

Each line is composed of a keyword, an identification name (if needed) and a set of parameters. It
should be noted that "DEFMASS" (as DEFFI) is just used to associate name to numerical values -
whereas "DEFMOB" is used to allocate N balls descriptors, to specificy their mass (named), the
topology of the internal interaction law (AGGLOmerate), plus the interaction law itself (named). For
example, "DEFMOB foo 10 n_m AGGLO n_intl" means : allocate an agglomerate descriptor named
"foo", composed of 10 balls (each ball fool, foo2, .. has a mass "n_m") with an interaction law named
"n_intl".

VISCOSITY 0.01 overall viscosity of the milieu
GRAVITY 98 Earth's gravity

DEFMASS m_rattle  10e-3 the rattle masses will weigh 10 g
DEFMASS m_sphere 100c-3 the sphere mass will weigh 100 g
DEFFI fi_in_rattle 1(-1,0) [.05)

DEFFI fi_raule_sphere 2(-1,0) (1,.1) (.1}

DEFFI fi_sphere_floor 2(-1,0) (1,100) {100}

# allocations of elementary agglomerates

DEFMOB rattle 4 m_rawle AGGLO fi_in_raule

DEFMOB  sphere 1 m_sphere

DEFFIX floor 1

# interactions between couples of agglomerates

LINKGRP raule sphere fi_ratle_sphere

LINKGRP sphere floor fi_sphere_floor

# no interaction between rattle and floor

# initial positions

POSITAROUND raule (0,0,0) [.1,1.1] quasi-random positions
POSIT sphere  (0,0,0)

POSIT floor  (0,100,0)
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The initial positions of the material points of the rattle are selected in random fashion . Four material
points linked together by springs of a given length (Scm, see fi_in_rattle) will spontaneously organise
themselves into a tetrahedral shape, whatever their initial configuration. Moreover, the sphere will
"swallow" or absorb the tetrahedron even if the latter is initially on the outside. The initial status of the
rattle is not determinant here since only one stable structure exists (the rattle masses organised into a
tetrahedral, the tetrahedron inside the sphere, and the sphere above the floor)

The ground is a hollow sphere with a 100 m radius. Its center is fixed rigidly at an altitude of 100 m.
It therefore behaves like a quasi-flat floor surface. We often use such methods to reduce the effective
number of balls ; in some case, ball-meshing can be avoided.

III.6 Optimisation, parallelisation, vectorisation

1. Physical meshing
Our decomposition of physical matter is : adaptive, punctual and_isotropic. It therefore offers a
considerable gain in calculations compared to the more classical approaches that employ geometric
meshing of solids.

Physical Meshing is adaptive : there is no unique best model for a given object. Structural
variations could be used exactly as parameter adjustments to obtain very precise effects. The meshing
accommodates the shape specificities of the object as well as the deformation-transformation locality

(figure 13).

figure 13 : Two meshing examples

Physical Meshing is punctual : as the calculations are based on particle physics they never bring
in rotations, projections, vectorial products and so on. The ball has only three degrees of liberty. Its
calculation is Jinear. The equations are only a sum of products. It is the same for each of the 3 degrees of
liberty, and for all the balls of all the agglomerates. If the complete scene has N balls, we can easily
vectorise the calculation of all these equations.

Physical Meshing is isotropic : there is no integration of any potential function.. The interaction
functions are centered. The calculation only involves the distance (or relative speed), which is calculated
once for each sampling step. These functions can be represented by linear piecewise functions. These
may be expressed in algebraic form, with certain approximations.

We shall only provide two major examples to illustrate the efficiency of this calculation : the first is an
example of interaction calculation (intermolecular) ; the second shows how an elementary solid is
obtained from punctual masses.
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2. Intermolecular interaction calculation
Physics proposes a potential energy model (Lennard-Jones model) which enables definition of a
potential family expressed as : Vn = (S/d)2n - 2 * (S/d)n where the threshold S represents the zone of
minimum potential. The force family derived from these potentials is written as :
Fn = -gradVn = -(@Vn/0dx, 0Vn/dy, 0Vn/dz) which produces Fn =Fi(d) * Dp

where Dp = (dx,dy,dz) is the "distance vector” of norm d
the Fi functions are expressed in the form (figure 14) : Fi(d) = 2*n*( §20 /d2n+2 . gn/dn+2)

Fi 4

S rest position

L
\~

figure 14 : Lennard-Jones Interaction

Below is an example of this type of function approximated by a three piecewise linear function
(fig.15) :

F
ar

attractive
figure 15 : attractive/repulsive interaction fonction

Which, in the same way as any linear approximation, can be expressed as a sum of absolute linear
term values ( here in three terms) :

Fard)=AQ*I1d|+A2*ld-S)1+A3*Ild-S21+C
where AQ,A1 A2, C are real constants which depend on S, S1, S2.
Concerning the complexity of the interaction function - in this case, the number of pieces - we can

make two remarks : in the major cases, three picces are sufficient ; we can also increase this number by
superimposing several functions in parallel.
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3. Construction of an elementary solid (6 DOFs) by ball composition
A primary challenge for this type of modelisation is to be able to simulate a solid, with 6 degrees of
freedom with the previous 3D components. Photograph 2 shows an elementary solid composed of 4
balls which form a tetrahedron, enclosed inside a rectangular compound, and stabilized by the interaction
funcuon dcscnbed above This object is stable, strikes the walls, bounce, and displaces itself in
after the impacts. The chronogram below shows a similar solid, which is flat
and composed of 3 balls (a 4 DOF object composed of two 2 DOF balls).
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V. THE CONTOUR

"Contour" is a rich, multiform and complex notion, that cannot be reduced to the current methods in
image synthesis (boundary representation : parametric surfaces and faceting). Our type of modelisation
enables frequent or far-reaching structure modifications, so the generation of the contour demands
thorough prior definition of the notion.

The contour is what establishes the unity of the object in its relation with the outside, and what
implicitly distinguishes an interior (the object) from an exterior (the environment). It characterises the
object as an individuated shape. It is a "membrane”, "a threshold", and its materiality is sometimes
highly partial, as, for example, in the case of a candle flame. It sustains the interactions with the exterior,
and these interactions are of a very varied nature, which is why it is sometimes more the coherence
between phenomena that allows us to establish the existence of a contour. In short, the object is seen,
manipulated, and interacts through its contour.

When a model object includes an epiderm, there is no doubt that the latter conveys the outside shape
of the object. Figure 16 gives an example of an epiderm model. The material skin, that is composed of
visco-clastic Mass-Liaison bipole elements [Cad 79, Luc 81] plays the role of cohesion for the object
like an elastic membrane, and because of this very fact (setting the border between the object and its
environment) it is the contour.
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Material skin
figure 16 : material skin

The next chronogramm shows an example of material skin.
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On occasions, objects have a weaker internal cohesion, and where the model does not require an
“epiderm" layer. For example, this could be said of a more or less viscous fluid - such as a drop of oil or
of mercury, or materials that are capable of being broken up or stuck back together - such as modelling
clays. In this instance the contour can no longer be sustained by a structurally stable material skin. It
should be noticed that in the commonest instance, the contour, when it exists, is a special feature, as a
discontinuity or a zero-level, of the interaction function between the object and its environment.

Thus, for an agglomerate as we have just described, it is relatively easy to define a global interaction
law, as the sum of the interactions which would be produced by each ball, in a point x,y,z of the empty
space. We can then determine the main discontinuities of this 3D interaction field. Finally, we must
detect this frontier in order to display it.

For that, we might use systematic or adaptive scanning techniques but the cost of the operation is
inacceptable for a simulation that has to take place at a minimum of 25 Hz.

So, we have focussed on a technique that could be called "dynamic scanning”. This means running a
free mass with an initial speed over the object border. This mass is influenced by the global force field
Fp, derivated from the intertaction fied. The successive positions of the mass, defines an approximation
of the object envelope (figure 17).

Fp Global Force Field "Drop of water " effect

.. @
L8 &

figure 17 : "dynamic scanning"
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VI. PHOTOGRAPHS

Photograph 1 : The Cascade



Photograph 2

Photograph 3

Photograph 4

Photograph 5
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