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Abstract

We useour adaptedversionsof the two mostusedmethodsn ComputerFluid Animation,Marker and Cell and
SmoothedParticle Hydrodynamicsto developa nev methodtakingadvantaye of the calculationspeedf the r st
andthe greatlevel of detail and contmollability of the secondSut a methodis very usefulin animationswith a
greatvolumeof uid whee theeventsneedinghigh-level detail take placeonthesurface

Finally, we presentsomesimulationexamplesmadewith this new method.

CatgoriesandSubjectDescriptorgaccordingo ACM CCS) 1.6.5[SimulationandModeling]: ModelingMethod-
ologies,|.6.8 [SimulationandModeling]: Typesof Simulation.Animation

1. Intr oduction

Thecompleity of uid behaiouris well known. Generally
all the methodsusedin Fluid Animation have their advan-
tagesand their disadwantagesand the use of only one of
suchmethodss notenoughto catchtherealismof thescene
maintaining,at the sametime, an acceptablgerformance
and someanimationcontrol to modify the behaiour of a
uid whenits realsimulationdoesnot t theartisticrequire-
ments Thesearethemainchallengesvhensimulating uids
for video-games,virtual ervironmentsor other interactve
applications.

In the Fluid Simulationworld the referenceequationgor
modelingordinaryevents(like liquid streams|iquids mov-
ing inside containersand even low speedsmole) are the
NavierStolesEquationsfor IncompessibleViscousFlows

8 1 1
< ﬁ“"'(’dr)ﬁ"'r p= gAHtg "

divda= 0;

wherethe unknavns aretd and p, velocity andpressurere-
spectvely, Reis the ReynoldsNumber directly relatedwith
theKinematicViscosity(Re= 1=y) andg representdebody
forces,suchasgravity.

From the wide rangeof approacheso the numericsolu-
tion of theseequationglifferentmethodf Fluid Simulation
have arisen.eachone,aswe said,with its advantagesndits
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disadwantagesAmongall of them,we canstandoutthefol-
lowing two:

Marker andCell (MAC).

Simulationmethodwith an eulerianapproachjn which

the unknavns are calculatedover a meshof the domain
andthe uid positionis determinedat every time step,
by marler particles.Theseparticlesdo not have ary mass
and are moved throughthe simulationareaaccordingto

thevelocity eld.

It hasvery goodsimulationtimeswhenthe scenedoesnot

requirehigh-level details[FM96].

SmoothedParticle Hydrodynamic{SPH).

It is alagrangiarmethodin whichthe uid is represented
by particles,eachof themwith its own valuesand asso-
ciatedcharacteristicghatdeterminghe movementof the
uid.

This methodcan achieve high-level detail but meansa
very importantcomputationakeffort sincethe behaiour
of eachparticledepend®nthebehaiour of thesurround-
ing particlesat every time step[Mon92.

Nowadays,MAC and SPH coexist with otherimportant
andinterestingmethods|ik e the semi-lagrangiammne of J.
Stam[Sta99. Unfortunatelythis methodis very suitablefor
dealingwith smole but hassometroubleswhenit is directly
appliedto liquid simulation(it suffersfrom massissipation)
andneedssomespecialtechniqueso be usedonthesurface
[FFO1.



N. Suaez& A. Susin’ Mesh-Rirticle Modelfor Fluid Animation

Most of thesemodelstry to visually improve liquid sur
face using particlesthat make possiblethe simulation of
foamandsplash(e.g.[TFK*03] or [CCLY02]) but their ap-
pearancelependslirectly on meshmethodsvalues keeping
their associatedlobal problems|ik e lossof wavesbecause
of thetendenyg to smoothfeaturesandlack of controlby the
animator(usually unptysicalchangesreabsorbedby mesh
methodgproducingunnaturabehaiours).

For this work, we have taken MAC andSPHasour main
groundingbecauseboth are widely usedmethodsin Fluid
Simulation(in their differentversions)with very goodre-
sultsandthey are,clearly, complementarynodels:our aim
is the creationof a nev methodcombiningMAC, in great
volume zoneswherenot a too muchdetailedsimulationis
neededandSPH,in zoneswhereit is actuallyneededThis
way, we will reducethe computationtime without loosing
the level of detail. Moreover, SPHis a very e xible model,
in the sensehatthe uid behaiour canbe manipulatedoy
animatorghroughtheforcesactingover eachparticle.

In thetwo following sectionsve describesomecharacter
isticsof our 3D versionsof MAC andSPH.

2. Mark er and Cell Model

This modelwas rst developedin the 19605 by F. Harlow
andJ.Welch[HW65] andmeantaveryimportantstepin the
world of Fluid Simulation.Sincethen,it is beingusedby
mary authorsas groundingto develop their own methods,
like N. FosterandD. Metaxag FM97] or J. Stam[Sta03.

The MAC startingpoint are the equationsn (1) written
andsimpli ed for 3 dimensions:
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whereu, v andw representelocitiesin x, y andz directions,
respectiely.

For the numericalsolution of theseequationsthe simu-
lation areais voxelized in parallelepipedwith their faces
parallelto thoseof the main domain.Pressurés calculated
in themiddle of eachoneof theseresultingcellsandveloc-
ities are calculatedin the middle of their right, upperand
backfacespbtaininga Staggered Grid (see gure 1).

Oncewe have donethis, we introducethe corresponding
changesnto theequations.

Y

Figure 1: Staggered Grid.

2.1. Spaceand time discretization

The approximationof the spatialderivativesis madeusing
progressie, centredor regressie nite differences(f.d.),
dependingon the consideredphysical magnitudeand its
derivationorder

Dealingwith the adwectionterms,we usea combination
of centredf.d. and DonnorCell Discretization This tech-
nique gives the MAC method more stability when these
termsdominatethemotion[GDN9S§,.

In the caseof time deriatives, progressie f.d. are used
andthe valuesof p aretakenin timet(™ Y being(n+ 1)
thenew time state,in whichwe do notknow thevaluesof u,
Vv, W Or p:

h i
) = (M Gt o™
ix
h i
vt = g gt ﬂpfl;;l) (3)
h i
W(n+1) - H(n) dt ﬂp;Tn;l):

Thus,we have animplicit methodin pressurg[ ] means
spatialdiscretization).

2.2. Pressue calculation

Now, to solve our problem we only needthepressurevalues
in time t{™ D for all the cells. In orderto achiere them,we
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usethe expressionsn (3) in thelastequationin (2), obtain-
ing a PoissonEquationfor pressures,

2 A(n+ 1) 2 (n+1) 2 (Nt 1)
ﬂ;xz +ﬂ$1y2 +ﬂ2122 )
4)

1 g™ [ O
G FR S A

that we solve with the Successiv®verRelaxationMethod
(SOR)[Had0q.

2.3. Solid contactand freesurface

Thenumericalsolutionof theequationsliscretizedhis way
needssome valuesfor the different physical magnitudes
inside the solid cells. Thosevaluesdependon the chosen
boundaryconditions.

On the other hand,somesuitable pressureand velocity
valuesarealsoneededo simulatethe behaiour of the uid
free surface.To assignthesevalues,we shouldstudyall the
surfacecells at every time step.However, this studyis not
necessaryn our hybrid methodbecaus®ur MAC modelis
runningonly in thedeepeipartof the uid, farfrom thesur
facecells. Thus,no surfaceconditionsareneededavoiding
themostcomplicatedeatureof MAC.

3. SmoothedParticle Hydr odynamicsModel

SPHwasoriginally developedin the 19705 by R. Gingold
andJ.MonagharfGM77] andL. Lucy [Luc77], in separated
works. It was rst conceved to solve compressibleastro-
physicalproblemsput becaus®f its mesh-freenatureit has
beenused,andis being usednowadays,to simulate uids
anddeformablesubstanced herecentworksof M. Desbrun
andM. Cani[DC99, J. MonagharandA. Kos[MKO00], M.
Mdiller etal. [MCGOJ or P. ClearyandM. Prakasi{ CP04
or aregoodexamples.

In SPH,asa Lagrangianapproachthe uid is not con-
sidereda continuougmaterial.Insteadjt is formedby parti-
cleswhich carriedout the uid propertiesandtheir motion
is governedby the Newton's Second_aw, F = m a. Thus,
oncewe know the forcesactingover the particles we know
their velocitiesandpositions.

To calculatethis forces,an interpolationtechniquebased
on kernelfunctions W (X), is used.Thesefunctions,called
SmoothingKernels are an approximationof the Dirac's d
functionanddescribahebehaiour of thecharacteristicas-
sociatedo the particlein its neighbourhood.

With this techniquethe equationf the uid modelbe-
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come: |
- .
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wherer iW,Lj is the gradientof Wh(x; %) taken with re-
specttox; = (X;Vi; z), thecoordinate®f particlei, r; is the
densityof particlei andm;, themassit represents.

The rst equationdescribesheparticlesmovementdueto
thedifferencesn pressurdviscosityandbodyforcesshould
beaddedo this one).Thesecondneallows usto know the
densityvariation:r; = ri(r d);. This form of the conti-
nuity equationhasgood numericalconseration properties
andis not affected by free surface or density discontinu-
ities[CP04.

3.1. Equation of State

Although SPH usesa compressibleversionof the Navier-
Stokes Equationsjt canbe forcedto work neartheincom-
pressiblelimit (actually thatis the situationin real uids)

by meansof the StateEquation thatlinks pressurendden-
sity [MK99]:

ri 7
pi=PR 1 (6)

Here,r g is theinitial densityandPy is a constantlepending
onthe uid.

3.2. Smoothingkernel

For our SPHversionwe have chosena kernelwith the ba-
sic featuregnormalizedintegral andWi, (%) !  d(>) whenh
tendsto 0), compactsupportand with a gradientthat pre-
ventsfrom thedecreasef therepulsionforcewhentwo par
ticles arevery close(see gure 2), avoiding clusterforma-
tion [DC99:
(

15 o ok %y
pan® g if

O0< kxk 2h
2h < kxk:

Wh(x) =
(@)

The fact of usinga compactsupportkernel reducesthe
numberof particlesinteractingwith agivenone.Thisallows
to increasethe speedwhenwe look for the neighbourpar
ticles creatinga storagematrix with the information of the
particlesn every2h 2h  2h cell of thesimulationdomain.

3.3. Integration scheme

In order to obtain more accurateresults,we use a Leap-
Frog schemewhereaccelerationsnd positionsare calcu-
latedwith atime lag of dt=2 in respecto velocities.Because
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Figure 2: Smoothindernelandits gradientin 1D.

of this, it is very importantto calculatevelocitiesdt=2 in ad-
vanceto computethe following acceleratiorvalueswith the
SPHalgorithm:

M 1) = (D) g D) G- (8)

4, MAC-SPH mixed model

Now, we wantto createa methodpro ting from the advan-
tagesof the previous methodsand avoiding or minimizing
their disadwantages.

Let ussupposehata greatvolumeof liquid sufferssome
disturbancesn sucha way that the moreimportantconse-
quencegake placeonits surface.

-
PPOSPHYOPPPIOOODS

Figure 3: Qualitative 2D representationof the MAC-SPH
model.

4.1. MAC adaptation

Ontheonehand,we nd thatmostof the uid hasasmooth
andvery regular behaiour thatcanbe simulatedef ciently

with MAC. So, we choosea suitableheightand malke the
necessaradaptationso usea MAC simulationunderit.

Firstof all, calculationof velocity andpressurevalueson
the last of the MAC-meshrows needsthesevalueson its
upperrow cells. Using the SPH technique,we can assign
themto somenodeg(see gure 3),

e om
Aq-:aA,-r—j‘WA' (A uvwp); ©)
i6]

andthenmale the correspondingverageso completethe
staggeredyrid valuesof our new shortenedmesh(for the
pressurave mustobsene thatMA C-meshvaluesarein fact
p=r , whereagor SPHparticlesareactuallyp).

To implementthe calculationof nodevalueswe usethe
samestoragematrix of SPH. In this case,sincenodesare
x ed, their 2h  2h  2h cells are computedonly onceat
the beginning of the simulation (only SPH information is
deletedeachtime). Besidesthey do not take partin actual
SPHcalculations.

We male surethatall the particlesat distance2h around
thenodesare SPHparticles.This way, all the operationsare
well de ned and we manageto in uence MAC valuesbhy
SPHyvalues,sincethis in uence is transmittedthroughthe
mesh.

4.2. SPHadaptation

Ontheotherhand,moreaccurag is neededo simulatethe
surfacezoneandthis canbeachiezedusingSPH.

In orderto transmittheinformationof MAC calculations
to the SPHparticleslocatedin this zone ,we needsomekind
of "transmitters".

SPHparticlescannotinteractdirectly with MAC marler
particlesbecausehey needaccelerationmasspressure,
density etc.,aswell astheir positionandvelocity values.
To solwe this problem,we could assignsuchvaluesby
meanftheMAC eld to thosemarlker particlessituated
atdistance?h from theSPHonestakinginto accounthat:

— As we saw in section4.1, meshpressurevaluesare
actuallyp=r.

— TousetheSPHmethodwe needthedt=2 advancedve-
locitiesfor all the particlesinvolved andthis forcesus
to male rst theMAC calculationandthento estimate
the"advanced'valuesof the marker particles(in fact,
now they aredelayedusingthe new velocitiesy(™ D:

(n+1) (n)
a(n) - - k)
(20)

(M 122) = (M 4 g(Mgr=0:
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However, marker particles with such a treatmentdo

not maintainthe distancesbetweenthemseles as SPH

particles do, causinginstabilities when these particles
becomeSPH (enteringinto the SPHzone).Let usdenote
MIXB thiskind of particles.

To avoid theseinstabilities,we createMIXA, anew level
of particleshetweerSPHandMIXB, 2h highandin such
awaythattheirmovement(atleasinearthe SPHparticles)
doesrespecthis distance.

The idea is to move them, with a linear combination
of both simulationmethods being strongerthe SPH be-
haviour aswe approachthe SPH/MIXA limit, |.

Letusde neb; = (I y;)=2h2 [0; 1], beingy; thevertical
positionof theMIXA particlei. We wantthenew velocity
of i to be:

d™ = py V1w @

what can be carriedout actualizingthe SPH part of the
combinationat the end of eachMAC-SPHmixed model
iterationandthe MAC partin the next iteration,afterthe
MAC calculationandbeforethe SPHone.

We have to be carefulwith the actualizationof pressure
and density for MIXA and MIXB particles,that must be
done just after the SPH calculation (their old valuesare
neededn it). Although we have given themthe treatment
in (112), thereis the possibility of calculatingone of them
this way andthen, the otherby meansof the stateequation
(6). Thiscouldobtainbetterresultsandstill mustbestudied.

To summarizeve have 4 kinds of particles(see gure 3):
SPH,MIXA (movedwith alinearcombinatiorof bothmeth-
ods),MIXB (MAC marker particlesthat, besidescarry the
informationneededo calculatethe SPH part of the MIXA
ones)and MAC. Moreover, we mustrespectthe distances
betweerthedifferentlevelsof particles,aswell asthecalcu-
lation orderof theMAC/SPHcontritutions,to obtainagood
interactionbetweerthe two simulationmodels.

4.3. Results

Figure 4 shavs somesnapshot®f a drop falling into a re-
ceptaclewherethe uid isinitially atrest.We seeparticles,
velocitiesandbothtogetherThetotal numberof particlesin

this exampleis 70;883 and, initially, 39;673 of themneed
the SPHtreatmen{SPHandMIXA).

In gure 6 we seesomeimagesf theevolution of this ex-
ample.Thesmoothsurfaceis a pointbasedsurfacerendered
with POV-Ray (www.povray.org), adaptingthe ray-surfice
intersectionsccordingo themethodof |. Wald [WS09.

Figure5 is madeup of somesnapshot®f an externally
manipulatedexample.At the beginning, the uid is at rest.
Then,two cubesareraisedby meansof forcesdirectly ap-
plied to the correspondingarticlesand stoppedsometime
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later During the fall, pressureand densityevolution makes
the cubeschangeinto spheroidsin this case thetotal num-
berof particlesis 68;662and,initially, 37; 452 of themneed
the SPHtreatment.

Thegenerabehaiour of the uid is verynatural(in Fluid
Animationwe look for a fast uid-lik e behaiour although
not physically exact) and the improvementin simulation
speeds quite noticeablealthoughtherunningtimesarenot
competitve becausehe algorithmis not totally optimized
(e.g.improvementsanbedonein theneighboursearchand
the PoissorEquationsolution)andit wasexecutedn anor-
dinarylaptop,in the rst examplethereis asaving of 32%in
averagedterationrunningtime comparedvith a pure SPH
executionanda saving of 37%in the secondexample.

Figure 4: Snapshot®f falling uid drop. Particles and ve-
locitiesare represented.
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Figure 5: Exampledirectly modi ed by the animator Two
cubesareraisedandstoppedsomeimelater to thenletthem
fall.

5. Conclusionsand futur e work

We have presented new methodwhereMAC and SPHin-
teractwith the aim of minimizing the computationakffort
in problemswheredifferentpartsof the domainhave very
differentcharacteristicsallowing atthe sametime someex-
ternalmanipulationof the scenes.

In examplesin which a greatvolume of uid needsto

be presentbut thereis not ary importantfeatureneeding
high-level detailin it theresultscanbe noticedimmediately
achiezing, in somecasesup to 40% of saving in averaged
iterationrunningtime (regardingthe pureSPHmodel).Nev-

erthelessassociatedimitations to the original methodsare
kept, like the coupling of grid resolutionand simulationof

turbulentfeaturesof theMAC.

On the otherhand,makingthe heightfor the interaction
layer being dependenbn some uid parameterslike the
uid quantity or velocity, avoidsits choicein advanceand
can extend the amountof problemsto be treatedwith this
method,for example,to problemsin which containersare
lled or emptied.Furthermoreif the detectionof the super
cial zonegto betreatedwith SPHcould be doneautomati-
cally, the methodwould be more e xible andcould be very
usefulfor awider rangeof problemsTheinclusionof mov-
ing solid objectsis alsoanissuefor furtherresearch.

Summarizingpur MAC-SPHmixed modelis a new sim-
ulation methodthat preseres part of the calculationspeed
of the MAC modelandthe high-level detail simulationof
SPHon the surface,without losing the possibility of being
usedby animatorsto modify the uid behaiour that SPH
has.All thesecharacteristicsanturnit avery usefultool for
the Fluid Simulationfor the ComputerAnimationworld.
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Figure 6: Evolutionof a falling uid drop.
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