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Abstract structure changes due to effects such as film rupture and

In this paper we present a technique for simulating andiffusion. Such changes alter the visual appearance of
rendering liquid foams. We are aiming at a functionathe foam. Thus, filming scenes featuring foam is a dif-
realism that allows our simulation to be consistent witHicult task and using computer animations is an effective
the physical effects in real liquid foam while avoidingalternative. Due to the complex dynamical and optical
the prohibitive computational cost of a physically accuproperties of foams, it is very hard or even impossible to
rate simulation. To this end, we have to recreate twachieve sufficiently believable animations of foam at var-
important attributes of foam. The dynamic behaviour ofous scales using existing modelling and rendering tech-
the simulated foam must be based on the physics of reaiques such as particle systems or texturing. Thus, a spe-
foam, and the characteristic interior structures of foamialized technique for simulation and rendering of foam
and their optical properties must be reproduced. Ws needed.

tackle these requirements by introducing a two part hy- The rest of the paper is structured as follows. The next
brid rendering approach. The first stage is geometric angéction describes previous work in the field of foam sim-
determines the dynamic behaviour of the foam by simulation and rendering. Sectidn 3 gives an overview of
ulating structural forces on a set of spheres, which reghe physical and geometric properties of liquid foams. In
resent the foam bubbles. In the second stage we reSection[# we describe our model for the simulation of
der these spheres using a special surface shader that fdam structure and dynamics. Our rendering method is
plicitly reconstructs the foam surfaces and performs thexplained in Sectiof]5. Sectiff 6 contains implementa-
shading calculations. This two step approach allows uon details and presents some results. We end with con-

to easily integrate our technique into existing ray-tracingluding remarks and ideas for future work.
systems. We include images of an example animation to

demonstrate the visual quality. 2 Previous Work

Key words: liquid foam, simulation, rendering, naturalSoap films and bubbles have fascinated children and re-

phenomena, shading techniques searchers from many different disciplines for centuries.
While children are fascinated by the fragility and beauty

1 Introduction of the iridescent soap bubbles, mathematician’s interest

The simulation of natural phenomena is an important ari S0ap film structures is mainly due to the surface mini-
fascinating research field in computer graphics. Convinéizing property of these films [11]. Although this theo-
ing simulations and renderings of these phenomena afefic research on minimal surfaces has produced various
greatly to the realism of computer generated imagery. INSights in the geometry of foanis [23, 2], many problems
Liquid foams are natural phenomena that are promgtill remain unsolved [24].
nent in everyday life. On most carbonated beverages, for Analytical solutions for the geometry of soap bubble
example, there will be at least a small amount of froth¢lusters exist for clusters of up to three bubbles. The lig-
While techniques have been developed to simulate andd films are spherical in these cases. Glassner models
render liquids and their dynamics very realistically, thesuch clusters using CSG operations and renders them us-
addition of foam would significantly increase the realisning a special shader that takes Fresnel reflection and in-
of animations. terference effects at the soap films into account [13].
Another point motivating the need for realistic com- As the geometry of larger bubble clusters cannot be
puter generated foam is that foam is quite difficult to haneomputed analytically, numerical methods have to be
dle, as it tends to disintegrate over time. Also, its internalsed. The Surface Evolver program by Brakke evolves



triangular meshes towards a state of minimal energy, takesents the foam as a collection of interacting gas bub-
ing surface tension and other forces into account [5]. kles. In comparison with network based approaches,
can be used to numerically compute the geometry of bulthis greatly simplifies the simulation of the dynamic be-

ble clusters in equilibriurm [19]. However, due to its com-haviour of foam since one does not have to deal with
putational expense, this approach is not feasible for largepological changes as bubbles move.

numbers of bubbles. Almgren and Sullivan [1] render

bubble cluster geometries produced by Surface Evolvér Foam Physics

simulations using a shading model very similar to the on8.1 Foam Structure

used by Glassner. Liquid foams are two phase systems consisting of a lig-
Icart and Arqgeés restrict their simulation of soap froth uid enclosing bubbles of gas. Depending on the liquid
to two-dimensional foam, i.e. bubbles in a common planeontent, the structure of the foam can vary greatly. In
[14]. They use spherical and planar films to approximatan extremely wet foam, the gas bubbles are spherical and
the foam structure. As for Almgren, Sullivan and Glassseparated by large amounts of liquid. At the other ex-
ner, the main focus of their work is on the simulation ofireme, a very dry foam consists of extremely thin films of
the interference effects at the liquid films. liquid separating the gas bubbles. Foams encountered in
In contrast, Durikovic does not address optical propeeveryday life such as beer foam or dish washing foam are
ties at all and focuses instead on the simulation of the geuite dry, featuring liquid films with thickness ranging
ometry and the dynamic behaviour of soap bubbles [10from a few to several tens of microns.
He uses particles connected by springs to approximate theWhere the films meet, small tubes with a triangu-
bubble surface and its deformation in response to forcéar cross-section are formed (see Figufe 3). Known as
caused by wind or contact with other bubbles or objectsPlateau bordersthese tubes are where most of the water

None of the published research dealing with the rerid @ foam is contained. They are responsible for some of
dering of soap bubbles or foam takes the junctions of tH&€ characteristic visual properties of liquid foams.
liquid films into account, although these are of great im- The surface tension in liquids causes contracting forces
portance for the visual appearance of foams. along the surface of the liquid. As a result, liquids always

Physicists have been studying foams for a long time {§Y t© minimize their surface area. The reason why a bub-
investigate their dynamic properties. Although there is §1€ remains stable and does not collapse into a drop of

great deal of published research in soft condensed m&@uid is that there is an excess pressure inside the bub-
ter physics on many aspects of foams [26, 3/ 15[ 25, 21 le. This produces forces acting on the bubble surface

foam dynamics is still far from completely understoodNat exactly cancel the forces owing to the surface ten-

Due to the instability of liquid foam, many foam exper-S'0":
iments tend to be very difficult to perform. This is one3.2 The Laplace-Young Law

reason why physicists developed and used computer siflaplace and Young derived an equation relating the ra-
ulations of foam structure and dynamics. Most of thejiys of curvaturer of a liquid film with surface tension

approaches restrict themselves to the simulation of two; o the pressure differencp between the gas cells it
dimensional foams. This reduction in dimensionality sigseparates [3]:

nificantly decreases the complexity of the problem and R4
most insights gained from these 2D simulations can be T OAp
transferred to the 3D case. There are two different typ

of models for the foam structure that researchers ha Is law can be used to compute_the radius of individual
used in their simulations. Kermode and Bolton both deS02P Pubbles, as well as the radius of curvature of films

veloped computer programs for the simulation of tWO_separating two gas cells. According to this law, such a
eparating liquid film will be curved toward the cell with

dimensional foam. They model the foam as a network .
e smaller pressure. It also follows from this law that

s ) . t
curved liquid films. Kermode’s simulation program 2D- .
Froth (described in[26]) assumes the films to be infinitel?wlaller bubbles have higher pressure than larger bubbles

thin circular segments joined at vertices. For given pre ind thus t_he separating film between two different size

sures in the enclosed cells, the structure is equilibrat bbles will be curved towards the larger bubble.

by moving the vertices. Boltori [4] extends this modeB.3 Law of Plateau

by allowing the junctions of films to have spatial extents|n the 19th century, Plateau performed experiments with

which allows for the simulation of foam with higher lig- spap films and framework5 [20]. He experimentally es-

uid fractions. tablished rules about the geometric properties of soap
The other type of model, used by Duriand [7, 8] repfilms that were later theoretically proven. These rules



first boundary. However, because the boundaries are par-
allel, the change in direction will be reversed at the sec-

ond interface. Thus the ray leaves in the same direction
as it entered but with a small positional offset.

Part of the light is reflected at the interfaces. The frac-
tion of the light that is reflected is given by the Fresnel
reflection coefficient [12], a value which depends on the
indices of refraction of liquid and gas and also on the inci-

] dent angle of the light ray. A fraction of the light entering

Figure I: Angles formed by films and Plateau borders  thq iquid will also be reflected inside the liquid one or
more times. This results in light leaving the liquid in the

state that the liquid films in a foam always meet in groupsame direction as the directly reflected light (see figure
of three. At these junctions (the Plateau borders) the filnfd but with a phase shift due to the different path lengths
always form angles of20° (see Figur¢]la). The Plateauand the additional phase shift occurring when the light en-
borders themselves meet in groups of four in the tetrahéers the liquid. Due to the interference of the light waves
dral angle ofl09.5° (Figure[1b). taking these different paths, some wavelengths are rein-
forced, while others are cancelléd [6]. If the thickness of

h ff h ime f | the films is sufficiently close to the wavelength of visible
The structure of foam changes over time for severa re‘ﬁ{;ht (0.5 to about 2 microns), these interferences cause

sons. Gravity exerts forces on the_ liquid, res_ulting in Bnly a few maxima and minima in the visible spectrum
drainage of the foam. Thus, the films get thinner oveg, g yhys produce the characteristic iridescent colours of

time, and the prpbability of film rupture increases. A s0ap bubbles. However, for all but extremely dry foams,
maore ?”.d more films br_e_ak, the foam gets coarser and he liquid films are thicker and thus do not exhibit visible
nally disintegrates. Additionally, in the case of froth on Anterference effects 3]

liquid, new bubbles could rise from the liquid and add to
the foam from below.

3.5 Optical Effects
Liquid foam has fascinating optical properties. For ex-
ample, it is intriguing, that a transparent liquid can form
a bright white foam that seems to be completely opaque.
These properties are caused by the effects of refraction
and reflection at the liquid/gas boundaries of the complex
foam structures. In this section we take a closer look at
these interactions of light with the foam structures.

If we follow a ray of light into the foam, we have to
distinguish between collision with a film and a Plateau
border. As the liquid films are extremely thin, their two
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3.4 Dynamic Effects in Liquid Foams

Figure 3: Refraction and total refraction at Plateau border

While the effect of refraction on light rays passing
through liquid films is negligible, the effect is signifi-
cant at Plateau borders. Due to refraction and total re-
flection at the interfaces, the direction of the rays leaving
the Plateau border can vary greatly for the same incident
angle and only a small positional offset (see Fidure 3).
Due to these refraction effects and the additional Fres-
nel reflections at films and Plateau borders, the light is
scattered inside the foam and its direction is randomized.
To what extent the direction of light entering the foam
is randomized, depends on the ‘optical thickness’ of the
foam and on the distance that the light travels through the
Figure 2: Light ray refracted and reflected at liquid film  foam. The optical thickness determines the frequency of

scattering events in a medium and it can be characterized
boundary surfaces are almost perfectly parallel to each terms of the transport mean free path, i.e. the average
other. As illustrated in Figurg] 2, a ray of light passingdistance a photon will travel before it is scattered into a
through a film is refracted according to Snell's law at theandom direction[[16]. Measurements show that in the




case of liquid foams this value is proportional to the avhaviour. Ideally, these forces will cancel each other ex-
erage bubble diameter|[9]. The randomization of lighactly when the Plateau conditions are met.
directions due to multiple scattering results in the nearly The repulsive forcé;;(= —F7,) acting on bubble

uniform white appearance of dense liquid foams. due to contact with bubblﬁln our model is given by
4 Simulation S 1 1
The model we use for the simulation is very similarto = % ~ " <|pi —pjll  rad; + mdj) (Pi = Py);

the one proposed by Durian! [7]. However, there are im-
portant differences. Durian’s model is restricted to th&vherek,. is a user-defined coefficient that models the sur-
simulation of two-dimensional foams in the wet regimeface tension in the liquidp; andp; are the positions of
We extended it to three dimensions and also generalizélte sphere centres for the spheres representing bubbles
it to simulate foams with arbitrary liquid content by al-and;j andrad; andrad; are the radii.
lowing attractive forces between bubbles. The only ex- The attractive force between two bubbles depends on
ternal influence on the simulated foam in Durian’s workhe surface area that these bubbles can share when mov-
is exerted by moving the topmost bubbles with constarihg closer together. Obviously, if additional other bubbles
velocity. We allow for interaction of the simulated foamtouch both bubbles, the possible common surface area
with the environment by taking forces due to contact wittwill be smaller, resulting in a smaller pairwise attractive
external objects into account. force. To approximate this, we take the number of neigh-
During the simulation, we do not compute the exacbours of the spheres into account when computing the
geometry of the foam structure or how the bubbles arattractive force;; acting on bubblé due to contact with
deformed as they come into contact with other bubblesubble;j. More specifically,
or external objects. Instead, we represent the bubbles by

e " . - . P — pi
spheres with fixed radii and move them according to as FY = Ky Cop Caist ot
sumed forces. Ipj — pill
with
4.1 Bubble - Bubble Forces 1L
If we take a look at two bubbles in an extremely wet foam, ey = ANBlINB|
we see that the bubbles are spherical gas cells surrounded 2
by water. When these bubbles touch each other, they de- . .~ _ [p;j — pil| — maz(rad;, Tadj).
form into non-spherical shapes. As a sphere has minimal min(rad;, rad;)

surface area, this deformation increases the surface of the

bubbles and thus gives rise to a repulsive force due #gain, k, is a user-defined coefficient. The rafie mod-

surface tension. According to Duriafl [7], these forcesls the liquid content (i.e. the wetness) of the simulated

are close to harmonic and can thus be approximated gam. |NB;| is the cardinality of the set of neighbours of

spring forces between touching bubbles. sphere, i.e. all the spheres that are overlapping with that
sphere in the current configuration.

For gas bubbles to change their position relative to each
other, liquid must flow through the films and Plateau bor-
ders. As the bubbles move with respect to their neigh-
bours, they experience a force opposed to this movement

due to viscosity of the liquid. We assume the fofgeto

Figure 4: Attracting force acting on touching bubbles be proportional to the velocity at which bubhlenoves
relative to the bubbles touching it. That is,

The situation is more complicated in a dry foam. If

two bubbles surrounded by air touch each other as shown F/ = k,(vi—vi)

in Figure[4 they can share the separating film and thus

decrease the overall surface by moving closer together. = k, Z Vi | _ vi |,
This causes an attractive force which drags the bubbles JENB; |NB;|

toward each other. The surface area is minimized when

the Plateau condition is met, i.e. when the films meet atherek, is a user-defined parameter modelling the vis-

120° angles as on the right side of Fig{ije 4. cosity of the liquid,v; is the velocity of bubbleé andv;
We use a combination of attractive and repulsive sprinig the mean velocity of the bubbles in contact wiithe.

forces acting on touching bubbles to model this bethe bubbles inVB;.



4.2 Object - Bubble Forces Sincev; = p;, we have a first-order ODE system. We
We want the foam to react to objects in the scene. Weése numerical integration to solve for the positions of the
must therefore compute the forces acting on the bubbl&gsibbles at the current animation frame. The result of this
due to contact with those objects. The forces we take ingimulation is then used as start configuration for the sim-
account here are very similar to the ones between bublation for the next frame.
bles. Again, we assume attractive and repulsive spring Unlike most physical models involving spring forces,
forces for bubbles touching the objects. Additionally, wehe springs in our model are not statically assigned, but
also consider forces due to friction at the object surfacedepend instead upon the position of the bubbles. Thus,
for each step of the numerical integration scheme, it
FY = kop (v0; — vy), (1) has to be determined which spheres overlap with which
_ ] ) other spheres and which external objects, as this infor-
wherev?; is the mean velocity of the scene objects touchy,ation is needed for the computation of the forces acting
ing bubble: andk, is the friction coefficient, which can o the pubbles. We exploit the temporal coherence of
be adjusted by the user on a per-object basis. sphere overlaps to accelerate these computations using a
4.3 Other Forces scheduling approach similar to the one described in [17].

An additional constant forc#', acts on all forces and 4.5 Other Dynamic Effects

models the effect of gravity. Another frictional force in gy simulation also models the rupture of liquid films and
our model is the forcd;*" acting on bubblé due to air  {he creation of bubbles rising from a supporting liquid (or
reS|st§mce. Wg assume the air to be static, so that t%peaﬂng from any other source) by simply removing
force is proportional to the velocity of the bubble: random bubbles during the simulation and adding new
random bubbles according to a set of user-defined param-
eters specifying the distribution of positions and radii of

where the user-defined parameter, models the air re- NeW bubbles as well as the rate of additions and film rup-

air __
Fi - _kair Vi,

sistance. ture.
4.4 Deriving an ODE System 4.6 Generating Geometry
The total forceFtote! acting on bubblé is given by Using the result of the simulation, we create simple ge-

ometry consisting of overlapping spheres with the com-
puted centres and radii. The spheres are flattened at the

Fiotal — Fre 4 F{ "+ FY, intersection with scene objects. The resulting geometry
with is passed to the ray-tracer for rendering using the shading
ra , u or oa approach described in the next section.
Fo = Z (Fi; + Fij) + Z (For + F);
JENB; kENO; 5 Shading
F/" = FY4+F LR, The main purpose of our shading algorithm is to trans-

a _ _ form a set of spheres into the visual appearance of a con-
where F; represents all the repulsive and attractivgjgyous foam structure. The existing geometry is a sphere
forces acting on bubble due to contact with adjacent strcture like the one on the left side of Figlile 5. Our

i fr - .
bubbles (VB;) and objects §O;). F;" represents the ghader then tries to mimic the look of real foam, as de-
frictional forces acting on bubbledue to movementrela- picted on the right side.

tive to its neighbour bubbles, objects and the surrounding
air.

Like Durian [1], we assume that the bubbles have no
mass. A consequence of this assumption is, that th
forces acting on a bubble have to sum u@iohat is,

Fﬁotal —0.

Using this, we can relate the velocity of a bubble to the ] ‘
position and the velocities of adjacent bubbles and olfigure 5: Sphere representation (left) and corresponding
jects. Solving forv; gives foam structure (right)

1 We use a special surface shader, which is called at ev-

o v Vo, £ IO L F9 . ) o .
Vi o+ Eop + ki (kuVi + kopvoi + Fi" +F9) . oryintersection of a viewing ray with one of the gener-



an intersection is that the ray was in exactly three spheres
and at this intersection leaves the one sphere out of the
’ three that it entered the first. If a plateau border is de-
tected using one of these conditions, we perform the local
shading as described in Sectjon|5.2.
If the current intersection does not meet the conditions
‘ for a Plateau border, we check if it represents an intersec-
tion with a liquid film. This will be the case #) a sphere
is entered from empty space loythe ray leaves a sphere
Figure 6: Ray intersecting overlapping spheres into empty space and neither at this nor at the next inter-
section along the ray are the conditions for a Plateau bor-

ated spheres. For each such intersection, we must dec@® met. The local shading calculations for the intersec-
if there is a liquid film or Plateau border at this position intion are then performed using the shading model for lig-
the Corresponding foam Structure, for which local Shad.“d films described in SeCtIl There is one other case
ing has to be performed. Otherwise, no shading calcul¥then local shading for liquid films must be performed. It
tions are carried out at this intersection. In the exampl@eals with the assumed liquid films separating touching
shown in F|gur{p we 0n|y want to perform local Shadbubbles such as at the second marked pOint in Fure 6.
ing at the three marked positions. As can also be seenftich a separating liquid film is assumed when the ray was
this example, the surface of an assumed liquid film sep#? exactly two spheres and leaves the sphere it entered
rating two or more bubbles does not necessarily coincidést. Since the assumed separating film does not coincide
with the surfaces of the spheres. Thus, in such cases, we

have to somehow approximate the intersection with this

separating film from the information we get for the ray’s

intersections with the spheres. The basic idea is to make

all these decisions depending on the order in which a ray

enters and leaves the overlapping foam spheres. To do

this, we associate a data structure with a ray that keeps

track of which spheres the ray currently is inside, as well

as the order in which it entered these spheres. Figure 8: Approximation of intersection with separating

liquid film

with the sphere surfaces, we must approximate the inter-
section with that film. We do this by simply averaging
the positions and normal vectors of the intersections with
the two overlapping spheres as shown in Fijlire 8. As the
smaller bubble has a higher curvature, the averaged nor-
mal vectors will give the visual impression of a surface
curved towards the larger bubble, which is consistent with
the shape of liquid films in real foams (see Secfion 3.2).

. . . . . It has to be mentioned however, that this does not neces-
Given this information at a ray/sphere intersection, we _ . : S L
. ) sarily hold for grazing viewing angles. Thus, this simple

decide to assume a Plateau border in the foam structure y s :
) R .~ and somewhat crude approximation manages to qualita-
in both cases shown in Figuf¢ 7. The grey areas md{.- o ;
|Yely recreate the curvature of the liquid films quite well

cate where Plateau borders would be assumed by our al- : S

. . and at low computational cost for most viewing angles.
gorithm. In the left case, a ray passing through the grey _ R
area travels through a small amount of free space betwebrd Local Shading for Liquid Films
spheres. We detect this case when the ray enters a sph@sedescribed in Sectign 3.5 refraction does not change
from free space and the distance to the last intersectithe direction of rays passing through the liquid films. The
with another sphere is smaller than a user-defined upperentioned positional offset of the ray is so small (a few
bound for the width of Plateau borders. As shown in thenicrons at most) that it can be safely ignored. So when
right case in Figurg]7, we also assume a Plateau borderay hits a liquid film, we perform the local shading and
when the ray traverses the intersection of at least thr@entinue to follow the ray further into the scene. For the

overlapping spheres. The condition to detect this case latal shading of the films we use a simple shader that

Figure 7: Two sphere configurations in which a Plateau
border is assumed



approximates Fresnel reflection [12]. Currently we daendering stage.

not take interference effects into accounts. However, a In our implementation, we support two different types

shader that simulates these effects using the techniquefsobjects that can interact with the simulated foam. The
described in[[5, 22] could be used instead for the rendefirst object type is convex polygonal objects. The foam is
ing of extremely dry foams. restricted to the interior of these objects. The other sup-

5.2 Local Shading for Plateau Borders ported shapes are spheres. They can be placed as foam

. . . . opstacles. These types of objects were chosen based on
As mentioned in sectidn 3.5, the high curvature shapes HF yp )

S . e ease and efficiency of intersection tests with the foam
the Plateau borders cause incident light to be Scatteredéﬂheres The objects used to affect the foam need not ap-
many different directions through Fresnel reflection, re- '

fraction and total reflection. In our shading approach fo ear in the rendering. Using invisible spheres and convex
the Plateau border we model both the scattering of dl-bJeCtS’ arbitrary object shapes can be approximated.

rect incident light towards the camera at a single Platedul Results
border, as well as the diffusion of light due to multipleFigure[9 contains three frames of a simple animation.
scattering in the foam. In this animation, a small amount of foam consisting of
We approximate the diffusion as the sum of the intenabout 700 bubbles slides down a slant and around a spher-
sities of all light sources illuminating the foam, weightedical obstacle. The resulting animation is quite convinc-
by a user-defined parameter. This parameter represeiitg, featuring plausible foam dynamics. The interaction
the diffusive properties of the foam. To determine thevith external objects greatly increase the realism.
amount of direct incident light, that is scattered towards The simulation computations for this scene took about
the camera at a Plateau border, we first approximate tdeseconds per frame. The time spent in the rendering it-
Plateau border’s principal directioh. We construcid  self was 40 seconds per frame (for 800x630 images on a
as being maximally close to perpendicular to the normalual P11/400). For larger numbers of bubbles, the simula-
vectors of the adjacent sphere surfaces. The direetiontion and rendering times stay reasonable. A scene with
of an incoming light ray can be split up into a componen8000 foam bubbles resulted in a per-frame simulation
parallel tod and a perpendicular one. We then make théme of 28 seconds and a rendering time of 90 seconds.
simplifying assumption that Fresnel reflection, refraction
and total reflection have the effect of completely random¢  Conclusion and Future Work
izing the component perpendiculardavhile leaving the  We have developed a rendering technigue that allows
parallel component almost unchanged. The only changggh quality foam simulation and rendering in reasonable
to the parallel component is due to refraction becauséme. The simulation stage uses a physically-based 3D
the Plateau border surfaces are perpendiculat Bmd simulation with foam bubbles represented by fixed-size
thus reflections have no effect on this component. As thepheres. With this approach, we avoid the explicit con-
change that occurs due to refraction when the ray entegguction of the complex interior surfaces of foam. To
the liquid is counteracted by the change occurring wheachieve visually convincing results, we use a custom sur-
it exits, the assumption of a small change is valid. face shader to approximate these structures in the render
The contribution of a single light source according tdng stage. Although not physically accurate, this combi-
this model is then taken to be the intensity of that lighhation leads to a rendering method that is consistent with
source weighted byos™#, wheren is a user-defined pa- the physical effects in real foam and reasonably fast for
rameter and is the minimum angle between any light rayproduction use.
from this light source scattered at the Plateau border ac- Previous work on the rendering of bubbles and liquid
cording to the assumptions stated above and the directifwams in computer graphics has mainly focused on the
from the Plateau border to the camera. The" distribu- modelling and rendering of single bubbles or small clus-
tion models the small possible change of the componetdrs of bubbles. The other extreme, a dense foam viewed

parallel tod due to refraction. from a large distance, could be rendered using multiple
) scattering techniques as described_in [18], thus ignoring
6 Implementation the internal structure of the foam completely. Our work

We implemented our approach as a combination of a gies somewhere between these extreme cases. The com-
ometry and material shader for Mental Ray from Menpromise between physics and heuristics we take in our
tal Images, a commercial ray-tracing system. The implenodel works quite well for foams with several thousand
mentation includes a geometry shader responsible for thebbles, viewed from moderate distance.

simulation calculation and sphere creation. A material A promising area for future research could be the ex-
shader was implemented to perform the shading in thension of our technique to allow arbitrary numbers of



Figure 9: Foam of approximately 700 bubbles sliding past a hemisphere on an inclined plane

bubbles viewed from arbitrary distances. This could bgo]
achieved using a level of detail approach. For close-ups,
the internal structure of the foam should be explicitly11]
modelled and rendered with more suitable shading mod-
els. For dense foams, computation of bubble positions tﬁ‘z
the interior may be avoidable. At the same time, our ap-
proximation of light transport inside dense foam needs tp3]
be replaced by an actual simulation of the multiple scat-
tering effects. Such an integrated technique would allow4]
efficient simulation and rendering of convincing anima-
tions of a wide variety of liquid foams. [15]
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