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Abstract

We presenta methodfor including the visual effect of bubblesin a computergraphics uid simulation,thusen-
hancingtheillusion of realismfor a splashinguid. Previous uid simulationmethod$avenotincludedbubbles.
Bubblecreationis integratedinto the particle level-set uid simulationalgorithm.Individual bubblesare approx-
imatedby sphees,which form more complex shapesvhele they intersect. Therenderingof bubblesand uid are
integratedto createthe appeaanceof one continuoussurface At the uid-air boundary we integrate bubbles
wheneer level-setmarker particlespassfromfromthe outsideto theinsideof the uid. Thus,theseparticlesrep-
resentair that hasbecomerappedwithin the uid surface In addition, we detectemptypodetswithin the uid,
thatare oftenformeddueto turbulence andcreatebubbleswithin this space Thisis aninexpensivavay of giving
theimpressiorthattheair trappedin air podketshashecomebubbles Photo-ealisticimagesof simulationresults
arerendeedwith a raytracerthathasbeenenhancedo includecausticsandto handlebubble-tubbleinterfaces.
Comparisorof theseimageswith imagesrendeedwithoutbubblessupportsour positionthat the simpleaddition
of bubblesto a uid simulationgreatlyenhancesisualrealism.

CategoriesandSubjectDescriptorgaccordingto ACM CCS} 1.3.7 [ComputerGraphics]:Raytracing).6.8 [Simu-

lationandModeling]: Visual

1. Intr oduction

Sincewe experiencevaterin somary waysin ourlives,sim-
ulating water for computergraphicsis both importantand
highly challenging.Recentmethodshave producedsucces-
sively more realistic resultsbut still look somevhat arti -
cial. Figure 1 illustratesour thesisthat the visual appealof
splashingvatercanbe greatlyenhancedy theinclusionof
bubbles.

Our approachis to integratethe automaticproductionof
bubblesinto a uid simulation,andthento move thesebub-
bleswith thewatervolumeor its surface.We exploit marker
particles,that are usedto maintaindetail in the uid sur
facelevel set.Someof theseparticlesescapeut of the sur
faceandin previouswork have beenusedto generatesplash
droplets.We do the converse.Particles escapingfrom the
air into the uid representir volumethathasbeentrapped
inside the liquid, indicating where bubblesmight form. In
addition,we detecttrappedair pocketsin the uid, collapse
them,andcorverttheminto bubbles.
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Figure 1: Splashingvaterwith bubbles.

2. Previous Work

Therehasbeenconsiderablesarlierwork on uid simula-
tion andsomeon bubblesandfoam. The methodpresented
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in this papersynthesizeapproaches thesetwo directions,
providing for the automatidntegrationof bubblesandfoam
into a simulated uid. The work intentionally avoids sim-
ulating bubble formationusing a surfacetensionmodel,in

favor of a more computationallytractableapproachthatis

only rst-order physically reasonableyhile producingvisu-
ally appealingresults.Thusthe extensve literature(for ex-

amplesegBKZ92, LNS 94]) relatedto bubblesandsurface
tensionis notsureyed.

2.1. Fluid simulation

The useof the Navier-Stokes equationsfor the simulation
of complex water motion was introducedto the computer
graphicscommunityby Fosterand Metaxes[FM96]. They
usedthe marker and cell method of Harlov and Welch
[HW65] to create3D animationsof water Marker particles
were distributed throughoutthe computationalgrid of the
simulationandthentransportedy the velocity eld of the
uid. Cells with at leastone particle were treatedas uid
cells, with surfacecells beingthe setof all uid cells ad-
jacentto at leastone empty cell. Chenet al. [CIJR9Y im-
proved this methodby placing marker particlesonly near
the surface of the uid. Stam[Sta99]introduceda semi-
lagrangiartreatmenbf the adwectionportion of the Navier-
Stokes equationsallowing large timestepswithout causing
instability. Fosterand Fedkiw [FF01] introduceda hybrid
modelthat combineda level setwith surfacemarker parti-
cles. The level setis de ned implicitly by a functionf of
spatial position, whosemagnitudemeasureslistancefrom
thesurfaceandwhosesignis positive outsideof the uid and
negative inside.Thelevel setmaintainedheoverall shapeof
thesurface while theparticleswereusedto maintainsurface
detail. The markersandlevel setwere advancedin smaller
timestepghanthatusedfor the uid in orderto reducethe
errorin therepresentationf the surface.Mostrecently En-
right et al. [EMF02] proposedhe useof additionalmarker
particlesoutsideof the liquid volumein orderto maintain
surface detail coming from columnsof air formedin the
uid. This is the methodthat we usefor our uid simula-
tions.

2.2. Bubblesand foam

Bubblesandfoam have beenstudiedextensvely by mathe-
maticiansmainly becaus®f their surfaceminimizing prop-
erties.Analytical solutionsfor the geometryof bubbleclus-
tersupto thesizeof threebubbleshave beenfound.Glassner
[Gla0Q modeledhesegroupswith CSGoperationsNumer
ical methodsmustbe usedfor larger bubble clusters,since
their liquid Ims arenot spherical Bolton simulatedfoams
in two dimensionsas a network of curved Ims [Bol90].
HongandKim [HKO03] simulatedthe behavior of individual
bubblesfor computergraphicsapplicationsby integrating
bouyang forcesto correctthe uid velocity eld. However,
they did not treatthe interactionof bubblesor the creation

of foams.Durian createda modelthatusesa groupof inter
actingbubblesto represenfoam [Dur95, Dur97). Differing
from the network basedapproachesDurian's methodsim-
pli es the simulationof the foam becausét doesnot have
to dealwith changesn topology Using similar techniques,
Kick et al. simulatedandrenderedoamsin 3 dimensions
[KV G0Z. Our methodfor the simulationand renderingof
bubblesis largely basedn their techniques.

3. Creating Bubblesfrom EscapedMark er Particles

In therealworld, bubblesarecreatedvheneerair is trapped
insideof a uid. Whenthesebubblesreachthe surface they
persistbecauseof the surfacetensionin the Im of water
surroundinghebubbleactingagainstthepressurevithin the
bubble.lt is possibleto add surfacetensioneffectsto uid
simulations.The air could be simulatedas a second uid,
andbubblescould be simulatedalongwith the level setand
underlyingvelocities.However, the Im of the bubblewhen
it reachegshe surfaceis too ne to be simulatedwith the
underlyingcomputationadird typically usedfor uid simu-
lation.

In our method,we avoid the needfor the ne detailnec-
essaryto simulatebubblesby simply creatingsphericabub-
ble objectsthataremoved by the velocitieswithin the uid
simulation.Our bubblesare passve, and have no effect on
the underlying uid simulation.Our assumptionis thatin a
moving liquid, the effectsof relatively smallbubblesarenot
signi cantenougho causeanoticeablechangen thebehar-
ior of the uid. At thesurface,asinglebubblehasminiscule
masscomparedo thewateritself, soit will notsigni cantly
disturb water that is moving. If the wateris still, a single
bubble could causenoticeableripples, but this is not typi-
cally a problemthat we would addresswith a full Navier
Stokessimulation.

Sinceabubbleis partof the uid, whenit movesthe mo-
tion oneseessimply re ects themotionof thesurfaceof the
uid. Sincewe representhis detail of the surfacewith the
bubble object,the bubble objectmovesinsteadof the level
setrepresentatioonf the uid (whichis too coarseto repre-
sentathinbubble Im). Usingpassiebubbless simplerand
is morepracticalthanthealternatve of allowing thebubbles
to createforcesthatdirectly affect uid velocities.Oncethe
uid simulationis run andsaved, the bubblesimulationcan
be twealed to the needsof the animator If the bubblesdid
affectthemotionof the uid, any changeto the bubblecon-

guration would requirererunningthe uid simulation.

3.1. Bubble creation

Ourmethodof bubblecreationis integratedinto a uid sim-
ulation basedon the methodof Enrightetal. [EMF02]. We
createbubbleswheneer air marker particlescrossthe uid-

air interfaceandgettrappednsidethe uid. Whenaparticle
thatrepresentsir movestoo far acrossheinterface,it is a
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goodindication of wheretheremight be mixing of air and
water The bubblesimulationcreateds independentf how
the Navier-Stokes equationsare solved, but it dependson
thehybrid particle-level setmethodfor therepresentationf
a uid surface,which usesmarler particlesrepresentinghe
outsideof the uid.

Since the air is not simulatedin the particle-level set
method,air pocketsthatform areignoredby the uid sim-
ulation and are simply engulfedby uid. If this is notice-
able, it is very undesirableln reality, the air pocketswould
becomebubblesandwould not lose volume. If we did not
detectair poclets,the air pocket would shrink, asthe uid
velocities o w inward. This would pushthe marler parti-
clesinto tighterandtighter spacesandwhenthe air pocket
is nally totally empty afew bubbleswould form from the
escapednarker particles.Thatmuchvolumelossis very un-
realistic,andcreateda challengefor our method.

Fortunatelyit is straightforvardto detecttheseair pock-
etsby looking for cellsthatdo not contain uid andarenot
connectedo the air outsideof the uid. This is achieved
by a ood Il algorithm[FvDFH90]. The cells are treated
like pixels. Thosewith no uid are “painted” one “color,”
which designateshemasair cells. All othercells, includ-
ing wall cells, are“painted” another‘color”. The Il algo-
rithm is startedfrom an emptycell thatis guaranteedo be
in the atmospherdsuchasa cell at the top of the simula-
tion). Thus, all “painted” cells are consideredpart of the
atmosphereEmpty cells that are not “painted” the atmo-
spheré‘color” areconsideredartsof air pockets.Figure2
illustratesthe only modi cation neededo thebasicseed|l
algorithm.This is thatcells diagonallyadjacento anatmo-
spherecell shouldbe includedonly if the level setimplicit
functionvaluef betweerthecellsis positive (i.e. outsideof
the surface).If f is positive, the air extendsdiagonallybe-
tweencells,asseenin theleft handdiagram.Otherwisethe
diagonalof the cell is blocked off with uid, asseenin the
right handdiagram.

Figure 2: DiagonallnclusionCases

Atmospherecellsaremarkedin yellow. The uid is marked
in blue.Casewhendiagonalcell shouldbeincludedwith
atmospheréleft) andwhenit shouldnot (right).

During simulation, theair pocketsaredetectedeforethe
level setis reinitializedandafterit is moved andcorrected.
Whenan air pocket is detectedwe cornvert the emptycells
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to uid by makingthelevel setimplicit functionvaluef neg-
ative (i.e. insidethe uid). Sincethe marker particleswithin
thesecellsarenow farfromtheinterface they areconsidered
escapedndbecomebubbles.This givesthe visual appear
ancethattheair pocket changesnto bubbles.Thevelocities
of the cells in the air pockets areinitialized to reasonable
valuesthroughthe extrapolationof surfacevelocitiesin the
surfaceconserationstepof the particle-level setmethod.

3.2. Avoiding unrealistic bubbles

We foundthatwe neededo avoid creatingbubblesfrom es-
capedmarler particlesin caseswvhereit would be unlikely
for bubblesto form. Oneprecautiortakenis to createa bub-
ble only if thecurvatureof thesurfaceis negative atthe posi-
tion of the particle.Sincebubblesaresupposedo represent
trappedair, they shouldnot beformedwhenthereis a posi-
tive cunature(i.e corvex outward).

In the particle level set method, particlesare assigned
radii, andtheseradii are adjustedin orderto keepthe sur
facesmooth.It is more probablethat particlesof the mini-
mumradiuswill befarenoughfrom thelevel setsothatthey
areconsidered'escaped. Our experimentsshaved that, in
mary of thesesituationsijt is not appropriatdor bubblesto
form, sowe usecautionwhenusingthesesmall particlesto
createbubbles.Sincea particle with radiuslarger thanthe
minimumrepresents largermove of thesurface we always
accepttheseparticles.Bubblesthat are createdfrom parti-
cleswith the minimum radiusare marked. Onceall of the
bubblesarecreatedwe checkthatnew bubblescreatedrom
smallparticlesarein contactwith thosecreatedrom larger
particles.If thereis no contact,thenwe remove the small-
particlebubbles.

3.3. Bubble size

In our method the placementaindsizeof bubblesis initially
basedon the position and radius of escapednarker parti-
cles.In the particle-level setmethod theradiusof a particle
is alwaysbetweerD.1and0.5 of thecell width. Thus,chos-
ing bubbleradiusdirectly from particleradiuswould create
extremelytiny bubblesfor ne grids.Additionally, if thees-
capedparticle’s radiusweresimply scaledup by a constant
value,therewould not be enoughvariationin bubblesize.

Bubble radii could simply be generatedrandomly but
thereis valid informationin the marker particle radii. For
commonsplashingandsloshingagoodproportionof thees-
capedmarler particlesare small. For bubblescreatedfrom
air poclets, a signi cant proportionof the escapednarler
particleshave aradiusof the maximumsize.lt makessense
for largeair pocletsto creatdargerbubbles,sobubblescre-
atedfrom marker particleswith the maximumradiusshould
have a larger radiuson averagethan bubblescreatedfrom
marler particleswith the minimumradius.

Our methodgeneratesubble radii basedon a gaussian



S.T. Greenwood D. H. House/ Betterwith Bubbles

distribution with meanand standarddeviation determined
by theradiusof the marler particle.Particleswith the max-
imum radiuscreatebubbleswith onemeanandstandardie-
viation. Particleswith the minimum radius createbubbles
with smallermeanand standarddeviation. We interpolate
betweentheseextremesbasedon particle radius.Random
valuesthataretoo large or small arerecalculatedintil they
are an appropriatesize (as determinecby userde ned pa-
rameters)It is importantthatbubbleswith sizesthataretoo
smallto besampledeffectively by normalraytracingshould
be avoided(unlessthereis a specialcasefor renderinghese
bubbles).This methodeffectively createsbubblesof varied
sizesrelatedto the radiusof the marker particle.As shavn
in Figure3, this methodis independenof the cell width and
grid size,sothatsimilar bubbleswill becreatedor different
grid resolutions.

Figure 3: Bubblescreatedin differentgrid resolutions

30x30grid (left) and60x60grid (right), notethatbubble
sizesaresimilar.

3.4. Bubble merging and popping

It shouldbe notedthat the radii of adjacentmarker parti-
clescanoverlap.Further if the bubblesarelargerthanthe
original marker particles thentherecanbe signi cant over
lap in the createdbubbles.During bubblecreation,it might
make senseo meige heavily overlappingbubblesinto larger
bubbles.Also, bubblesthat meetin the interior of the uid
might meige into larger bubbles.We choseto ignorethese
situations Sincewe modelbubbleswith sphereslargerbub-
blesarevisually undesirabldaswill bediscussedn thelast
section).We do remove bubblesthatarecompletelyencom-
passedy otherbubbles.

A real bubble popswhenoneof its surface Ims drains
too much, becomeghin and breaks.This can be modeled
by removing bubblesrandomly The largerthe surfacearea,
the morelikely it is thata bubbleis goingto pop, solarger
bubblespop soonerthansmallerbubbles.Whena bubbleis
adjacento anobstaclethereis lesssurfaceareaof Im and
thuslessareato break.We let thelifetime of abubblebe

Orp rs

L= (rp rs).
a(rl\j rs)’ o> Ts

; ()

wherery, is thebubbles radius,rs is the minimumradius,r
themaximumradius,anda is atunablescalefactor Thenat

eachtimestepin thesimulation theprobabalitythata bubble
is removedis
(1+ L)h
T
whereT is the bubble's currentlifetime and h the simula-
tion timestep Bubblesin contactwith obstaclegendto last
longer sowe useadifferentlifetime parametea for bubbles
in contactwith walls. Sinceit is not possiblefor bubblesto
“pop” while insidethe uid, only bubblesthathave reached
the surfacearecandidategor removal.

min( ;1:0);

3.5. Particle density and creation of bubbles

Sincetherearedifferentdensitief markerparticlespervol-
ume,we decidedo make the numberof bubblesformedde-
pendenbnvolumeandnotongrid resolution A similar uid
simulationwith twice the resolutionin all dimensionshas
eighttimesasmary maker particlesperunit volumefor the
samenumberof marker particlespercell. Thisis a problem
asthe ner grid would tendto createmorebubblesthanthe
coarsegrid. For rapidtesting,it is especiallyusefulto work
with coarsergrid sizes,so consisteng acrossresolutionss
important.A marker/volumedensityis chosenin which all
escapegarticlesareconsideredo createbubblesin thestep
wherebubblesarecreatedtheratio betweerthe desiredand
theactualmarker/volumedensitiedeterminesghe probabil-
ity of bubblecreationThis assureshatfor asimulationwith
eighttimesthe desiredmarker particledensity we only use
oneon averageeighthof theescapednarker particlesto cre-
atebubbles.

4. Bubble Simulation
4.1. Simulation of foams

We basedour foam simulationon the methodsoutlined by
Kick et al. [KV G0Z. This subsectionoutlines their ap-
proach.The exactgeometryof foam Ims is not simulated.
Instead bubblesare simulatedby sphereof x edradii and
aremovedaccordingo a setof simulatedforces.

As shavnin Figure4, whenbubblesarein contactattrac-
tive andrepellingspringforcesarecreatedo cause¢hemto
overlap and appearto be part of a foam structure.The at-
tractive andrepellingforcesaresetsothatthey canceleach
otherout whenthe bubblesoverlap by the desiredamount.
Similar attractve and repelling forcesare appliedbetween
bubblesandobstacles.

Whentwo bubblesarein contact,the repelling force of
bubblei onbubblej is
1
Rj= k(oo
1=K G pjii
wherek; is a userde ned strengthcoefcient, pj andp;j are

the positionsof bubblesi andj, andljj = rj + rj is therest
distancebetweerthebubbles.

%)(pi py); @
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Figure 4: Attractiveforcesactingontouching bubbles.

Theattractve force

Fi= kacnca(pi PpEipi pjii; ®)

betweerbubblei andbubble j dependn how mary other
bubblesabubbleis in contactwith. If N; is thesetof bubbles
overlappingspherd, the coefcient
_ 15N+ 15N

—

This malkesthe attractionforce smallerfor bubblesin large
clusters Also, the coefcient

Cn

_iip il maxriiry).
min(ri;rj) ’

Cd

malkestheattractive forceanonlinearfunctionof distancelt

is zerowhenthe centerof a smallerbubblerestsontheedge
of alargerbubble,andincreasesvhenthedistanceds larger.

It becomesegative whenthelargerbubbleencompassebe
centerof the smallerbubble,changingheattractionforceto

arepellingforcethatpreventsbubblesfrom overlappingtoo
much.

Theviscousforceon bubblei from otherbubblesis
R = k(v V) (4)

whereky is anadjustablgarametel; is thevelocity of bub-
blei andy; is theaveragevelocity of bubblesin contactwith
bubblei. Thefriction forcebetweerbubbleandabarrierob-
jectis de ned similarly. Gravity is aconstanforceFg acting
onall bubbles Air dampingis

Rl koui; ®)
whereky is auserde ned parameter

It is assumedhatthe bubblesaremasslesswhich means
thatthe sumof all forcesmustbe zero,andallows a direct
solutionfor velocity. From Equation through5 we getthe
explicit solution

kv + koV?"' Fs+ Fy
Vi = ;
kv
whereFs is the sumof all attractingandrepelling"spring"”
forces.

(6)
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4.2. Coupling bubble and uid simulations

In orderto incorporatehebubblesimulationmodelof Kiick
et al. [KVGO0Z into the uid simulation,we have to add
forcesfrom the uid onthebubbles.

Bubbleswithin the uid aresubjectto aforcedueto uid
pressureFosterand Metaxes[FM96] modeledbuoyant ob-
jectsthatweresubjecto aforcerelatedio thenegative gradi-
entof the pressurdimesthe volume.In our modelthe pres-
sureforceon bubblei is

FP= Kpr pVi; (7

wherep; is the pressureat the position of the bubble,V; is
thebubble’s volume,andKp is auserde ned parametethat
adjuststhe contritution of pressureon the bubble's motion.
Sinceour forcesaremodeledinearly, for large bubblesve-
locities canget unrealisticallylarge. For the calculationwe
clip the volumeV; to a userde ned limit to keepbubbles
from moving unrealisticallyfast.

Theother uid forceon bubblesis dueto theviscosityof
the uid. Theviscousforceonbubblei is

R = Ku(ui w); (8)

wherey; is the velocity of the uid at the position of the
bubble,andKy is auserde ned coefcient of viscosity

4.3. Bubble forcesin different areas

Dependingon a bubble's locationwith respecto the uid' s
surface,differentforceswill be acting.Figure5 shows the
four distinctregionsthatwe considerbelow, adjacenbelaw,
adjacentbove, andabove the surface.

Figure5: Bubbleregions.

Above thesurface(left), adjacentibore (middleleft),
adjacentbelon (middleright), andbelow the surface
(right). Fluid surfaceinterfaceis markedin red.

A bubbleis consideredo bein the belowsurfaceregion
whenthe level setimplict function valuef at the position
of the bubbleis belav a negative multiplier of the bubble's
radius.Thismeanghatthebubblemustbeasmallerdistance
thanits own radiusfrom the surfaceto be consideredat the
surface.The multiplier mustbe betweer0 and-1. We used
-0.1 which seemedo work well. If the bubble’s negative
radiuswereusedasthethresholdvalueof f , a bubblebelov
the surfacethatis adjacento anobstaclevould incorrectly
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beconsideredo beatthesurface,asin therightmostbubble
in Figure 5. Below the surfaceof the uid thereis only a
repulsiorforcebetweerbubblegKV G0Z. In addition,there
is no friction force betweenbubblesor objects,andgravity
will nothave signi cantimpact.Thus,below thesurface the
solutionfor velocity is

Vi = i(Kvui + RS+ FP); 9)
Kv

whereFS omitsall attractve forces.

If thevalueof f ata bubble's positionis belov zerobut
greaterthan the negative of the bubble's radius,thenthat
bubbleis in the adjacentbelow the surfaceregion. When
bubblesare at the surface, thereis an attractionforce be-
tweenbubblesthat are in contact,and their friction is no
longer nggligible. Viscousinteractionswith other bubbles
causea bubble’s velocity to be dependenbn the previous
velocities of its neighboringbubbles.This dependengc on
previousstatess undesirablavith the masslesassumption.
Instead we usethe currentvelocitiesof the uid at the po-
sition of the adjacentoubblesinsteadof the velocity of the
adjacenbubblesfrom the previoustimestep.Thus,thefric-
tion forceis

R'= Ke(G W) (10)

whereu; is the averageof the uid velocitiesat bubblesin-
tersectindoubblei. Averagingthe uid velocitiesratherthan
thebubblevelocitiesis reasonablat the surface,sincethere
abubbles velocity is mostin uencedby viscousinteraction
with the uid atthatpoint.Here,pressuresimply pusheghe
bubbleup to the surface.Thus,bubblevelocity adjacenbe-
low the surfaceis
_ K+ KeGi+ B+ FP

v = Ko+ K; : (11)

If the bubble's positionis betweerzeroandthe bubble's
radius,thenthatbubbleis in the adjacentabove the surface
region. Thecalculationof velocity is the sameasin theadja-
centbelaw region exceptthat F9 (gravity) is substitutedor
FP (pressure)n Equation11.

Oncethevalueof f atabubblepositionis greatethanthat
bubble’s radius,the bubbleis no longerin contactwith the
uid. Thesebubblesmay be “popped” becausevater bub-
blescannotpersistaway from thewaters surface.

4.4. Simulation scheme

The particle-level setsurfaceis updatedon a sub-gcle of
the timestepusedto adwancethe Navier-Stokes equations,
andthebubblesimulationis asub-gcle of thetimestepused
to updatethe uid surface. This meansthat the timestep
usedwhile simulatingthe bubblesmay be smallerthanthe
timestepusedto move forwardthelevel setandmarlker par
ticles. The timesteph that we useis regulatedby the CFL

condition
h < rmin=Vmax; (12)

where rmin is the smallestbubble radius, and vmax is the
largestbubblevelocity. For simulatingour bubbleswe used
anEulertimestepl00timessmallerthanthis CFL condition.
Sincethe simulationof the bubblesis muchfasterthanthe
uid simulation,it did not signi cantly increaserun times,
and this guaranteeshat bubblescannotmiss contactwith

eachother The bubble simulationstepcomesafter the re-
initialization of thelevel set.At thispoint,all of thenew bub-
blesfor thistimestephave beencreatedWhenthelevel setis

advancedwe save theold level set. This allows usto know

the currentvalue of the level setimplicit functionf atary

point in the bubble subgcle by interpolatingbetweenpre-
viousandpastvalues.The moreaccuratelywe know where
the surface of the uid is during a timestepthe better as
theforcesappliedto a bubblevary drasticallyin relationto
its positionrelative to the uid surface.This is becausehe
transitionof a bubblebetweerdifferentregionsis treatedas
adiscreteevent.

5. Bubble Rendering
5.1. Renderingin Kiick etal.

Kick et al. [KV G0Z rendera contiguousfoam structure
from an arbitrary con guration of spherical bubbles as
shavn in Figure 6. This subsectiorexplains their method.
The foam is ray tracedand calculationsare madeat each
intersectionof a ray with the spheresWith time saving ap-
proximationsthey succeedeth renderingfoamson the or-

derof severalthousandubbles asseerfrom amediumdis-

tance,n reasonabléime.

Figure 6: Makingspheesappearto befoam.

Sphereaepresentatiofleft) andcorrespondindoam
structure(right).

No refractionis calculatedat a bubble Im. Theassump-
tion is thatthe Im is too thin to noticeablychangethe di-
rectionof alight ray. They useanapproximatiorfor fresnel
re ections to shadethe bubble’s Im. The Fresnelterm is
the ratio of re ected to refractednon-polarizedight from
a dielectric (non-conductingsurface)[FVvDFH9(. This ap-
proximationto thefresneltermis

f=1 NI (13)

whereN and| areunit vectorsin thedirectionof thesurface
normalandtheincidentlight. Figure7 demonstratethatthis
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S.T. Greenwood D. H. House/ Betterwith Bubbles

createsa smoothtransitionfrom totally re ective to totally
refractve behaior.

Figure 7: Bubbleshaderusingapproximatedrresnelterm.

Whentwo or morebubblesoverlap,their goalis to create
the appearancef a contiguousoam structure Whenaray
passedhroughtwo overlappingspheresthe Im between
thethemis approximatedThe approximatedim' s position
is takento betheaverageof thetwo hit pointsonthespheres,
andthenormalis theaverageof thenormalsatthehit points.

No shadingcalculationsaredoneat the actualsurfacesof
thespheresvherethey overlap.Thisappeargorrectbecause
with thehighercunatureof thesmallerbubble theaveraged
normalsgive theimpressiorof thesurfacecurvedtowardthe
largerbubble. This approximations inexpensve andworks
for mostviewing angles.As canbe seenin Figure8, these
methodsareeffective at creatingthe appearancef two bub-
blesjoinedtogether

Figure 8: Two-hubblecluster

Wherethreebubblesoverlap,Kiick etal. de ne aplateau
border andrenderthis region usingan ambienttermto rep-
resentthe light that would be heaily scatteredn this re-
gion, aswell asa termthatrepresentsefractedight onthe
plateauborder In this method the ray stopsonceit reaches
the plateauborder This works sincethey wereinterestedn
densdoamsthatheavily scattetight andwerenotinterested
in smallerbubbleclusters.
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5.2. Rendering bubbleswith uid

Our simulationof bubblesin uid differs from the simula-
tion of foambecausdéoamsconsistof thousandsf bubbles.
We dealwith only hundredsandthey areviewed at closer
range(i.e. they arebigger)thanin foam simulations Also,
our bubblesaresloshedaroundvigorously

For the integration of approximatedims betweentwo
bubblesandtransparenbbjects,a specialcaseneedsto be
addressed~or thecaseshavn in Figure9, theapproximated

Im is partially inside of an object.We detectthis caseand
donotrenderit.

Figure 9: Two-hubblecaseinsideof object.

For two overlapingbubbles it mustbe checledwhetherthe
approximatedim is behindthe surfaceof anobject.

For our purposesgdealingwith small bubbleclustersthe
useof anambienttermwhenthreebubblesoverlapis unde-
sirablebecausé resultsin anoticablevisualartifactin close
or mid-distanceviews. We wantedto usethe approximated

Ims approachthat we usedwith two bubblesso that they
metsomavherein thethreebubbleoverlapregion. Unfortu-
nately sincethe Ims betweertwo bubblesarenotexplicitly
de ned, thereis no easywayto dothis.

Insteadwe treatedthe threebubbleoverlappingcasesim-
ilarly to the two bubble overlappingcase.As seenin Fig-
ure 10b, oncea ray entersan areawherethe bubblesover
lap, no shadingis calculateduntil theray exits into a single
bubble. Thenthe normalis setto the averagebetweerthis
hit point, andthe original hit pointwhentheray enteredhe
secondbubble. The re ection ray leavesthe samepoint as
the refractionray, becausehereis no simpleway of know-
ing which bubblesthe averageof the hit pointsis inside.(In
the two bubble case the averagepoint is inside of the two
bubblessowe cansendthere ection ray from thatpoint).

The original hit pointwasusedfor approximatingurther
Im intersectionsroundthe threebubbleregion (asthered
re ection ray maycreatein Figure10). While this methodis
simplyaheuristic,it allowstherayto continuepastthethree-
bubbleregionanddoesnotdraw attentionto itself. Figure11
shaws the visual quality obtainedwhenusingthis approxi-
mation.
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Figure 10: Modi ed methodfor shadingwhere three bub-
blesoverlap.

Re ectionray (red)is sentfrom the nal hit pointbecausét
is unknavn which bubblesthe averagedooint (x) is inside.

Figure 11: Three-lubblecluster

Theamountof light thatis re ected from awatersurface
is determinedby the angleof theincidentray, andtheindex
of refraction. This meansthat light is re ected differently
dependingonwhetheraray is hitting from outsideor inside
of the water's surface.For watersurfaces,we usestandard
Fresnelterm [FYDFHOQ for calculatingthe re ection ratio
ratherthanthe approximatedrresneltermfor bubble Ims.
Asseerin Figurel2,light re ectsdifferentlywhetherhitting
a uid surfacefrom inside or outside,or hitting a bubble

Im. After calculatingthe Fresnelterm, we renderspecular
highlights asthe actualre ections of lights. For the inside
of refractive surfaces approximatinghe speculahighlights
with Phongor Blinn shadergor indirectspeculahighlights
is incorrect,as thereis no direct pathway for light thatis

beingrefractedo a surfacepoint.

While a level setis very powerful at de ning humerous
shapesthereis little possibilitythata level setcouldbede-
ned sothatit sitsexactly ush up againstanobjectin the
simulation(unlessthat objectis a plane).If the level setis
not allowedto overlapobjects therewill beasmallamount
of spacebetweerthe zerolevel set(the surfaceof the uid)
andanobjectthatis in contactwith the uid. Unlessthisis
takeninto accounttheraytracemill detecttwo hits,onebe-

Figure 12: Reflactingwatersurface

Fromleft to right: waterspherehalf submegedbubble
shaving simulatedFresneke ectionsonleft half, and
totally submegedbubble.

tweenthe uid andtheempthspaceandanothebetweerthe
emptyspaceandthe object. To avoid this complication,we
setupourscenesothatthelevel setoverlapstheobjectwhen
thesurfaceof the uid is supposedo be againstthe object.

Thus,the rendereronly hasto worry aboutrenderingthe
boundarief the objectcontainedn the uid, notthe sur
faceof the uid thatis containedn the object.Bubblesare
treatedn asimilarfashionastheboundarie®f thelevel set
arenotrenderedvheninsideof abubble,but theboundaries
of thebubblearerenderedvheninsideof the uid.

This leadsto a hierarcly of objects.Non uid/nonbubble
objectsin thescenegetthehighestpriority. Thenext priority
is bubbles,andthe last priority is the uid. This hierarcly
canbe seenin Figure12 and Figure 13. The boundarybe-
tweena bubbleandthe surfaceof the uid is renderedsthe

uid surface.Theboundarybetweera bubbleandtheair is
renderedasa uid Im (approximatedrresnel).

Figure 13: Hierarchy of surfaces.

Water(left), glass(right), andbubble(top).

¢ TheEurographic#Association2004.
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6. Resultsand Summary
6.1. Issuesand concems

Several assumptiongnd approximationaisedin this work
leadto certainlimitationsthatwe discusselow.

Simulating bubbles that are basedon perfect spheres

worksreasonablyvell, but thereare problemswith this ap-
proach.In reality, largerbubbles atten outatthe surfaceso
thatthey resembledomes.Sincewe canonly simulateand
rendersphereswe avoid creatinglarge bubbles.A similar
problemoccurswhenviewing the bubblesup close,so our
methodworks bestfor renderingbubblesat a mediumdis-
tance.

Marker particlesmay escapenccasionallywhenit is un-
realisticfor a bubbleto form. While we take stepsto pre-
vent this, we cannotguaranteehat unwantedbubbleswill
notform. This maynotbeanissue becausén aproduction
ervironment,ananimatorwould needthe controlto addand
remove bubblesaryway. In animationsoftware the uid sur
face,velocity andpressureelds, andescapednarker parti-
clescouldbestoredin onepassOncethedesiredvatermo-
tion is obtained,the animatorcould move on to animating
the bubbles,combiningour techniquewith standardgarticle
toolsto enhancdubblemotion.

Justmaking the sign of the level setimplicit function f

negative is not enoughto turn all of theair pocket cellsinto
uid immediately Adjacentto the air pocket therearenear
zero-ngative or zerovaluesof f (thatarenot changede-
causdhey arenotair). In theseregionstheremaybepositive
(air) marler particlesthathave not escapedTheseparticles
may preventthe air pocketsfrom turningentirelyinto uid.
Sincethe valuesof are not negative enoughto make these
marker particlesescapethey persistand continueto con-
tributeto theair poclet.

In our simulation, theseparticlesare removed, but the
level setstill resistschangingto uid. The equationsthat
reinitialize the level setto a signeddistancefunction avoid
changingthe valuesof f asthey approactezero.This causes
portionsof the air pocket to remainair; however, theseparts
of thelevel setarecontinuouslymovedby thevelocity elds
anddo not persistfor morethana few frames.As seenin
Figure 14, theseresidualpiecesof air pocketsarevery tiny.
Further they areobscuredy thebubblesthatarecreatechy
theair pocket andarenot noticeablen ananimation.

6.2. Morerealistic uid?

Our experimentsdemonstrat¢hataddingbubblesto a uid
simulation can enhancethe overall realismof a splashing
uid. In thepresencef air, bubblesnaturallyformin splash-
ing water Thus,theinclusionof bubblesis both corvincing
andaestheticallypleasing Also, our treatmenbf trappedair
pocketsgivesthe morenaturalappearancef thetrappedair

¢ TheEurographic#ssociation2004.

Figure 14: Smallresidualpiecesof air podet may persist
for a few frames.

turninginto bubblesratherthanthetrappedair suddenlydis-
appearingOur methodgrovide aninexpensve way of deal-
ing with air pocketswithout simulatingthe air.

Figuresl15aand15b demonstratehat our methodeffec-
tively removesair pockets. The air pocket disappearsnore
abruptly thanit would if we did not adjustthe value of f
within the pocket, andthe uid simulationweresimply al-
lowedto engulfit. However, theendeffectis thesameasthe
disappearancef air into the uid looksunrealistic.Thecre-
ation of bubbleshidesthe disintegrationof air pocketsand
createsnoretrueto life animationsasseenin Figure15c.

Our experiencehasbeenthat by creatingand rendering
bubbles,the addeddetail distractsfrom otherproblemsthat
might otherwisebe apparentwith the uid' s appearance.
Overall, thesemethodsarea goodway of creatingrealistic
bubblesf viewedfrom amediumdistanceFigurel6afrms
this obsenation,shaving framestakenfrom our animations
of splashingandsloshing uids.
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(a) air pocket beforeremoval

(b) air pocket afterremoval

(c) air pocket afterremoval with bubbles

Figure 15: Animationframewith air podet
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Figure 16: Fluid splashwith bubbles.
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