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Figure1: A ball of watercollideswith a skeletonhand.Theframesin this animationwereef�ciently computedusingour technique:theball
andthesplashesbelongedto domainsthatweremergedandsplit to minimizecomputationcells.

We presentan adaptive �uid simulationtechniquethat splits the
computationdomain in multiple moving grids. Using this tech-
nique,weareableto simulate�uids over largespatialdomainswith
reasonablecomputationtimes.

Motivation
Fluiddynamicsdescribesthebehavior of smoke,steam,waterpour-
ing into a container, oceanwaves, �re, clouds, explosions,and
many other phenomenathat appearfrequently in movies, video
games,andvirtual reality simulations.From a computergraphics
perspective,computational�uid dynamics(CFD)techniquescanbe
categorizedaseitherLagrangianor Eulerian.

Lagrangiantechniquestranslatethe Navier-Stokes equationsinto
thematerialcoordinateframeandtreatthe �uid �o w asa particle
system,wherepressureis an inter-particleforce that seeksto pre-
serveuniformparticledensity. While thesetechniquesexcelat rep-
resentingsplashyandparticulate�uid �o ws,they requireexcessive
numbersof particlesto simulatesmoothwatersurfaces.

Most computergraphicsapplicationshave leanedtowardstheEu-
lerian approach,wherethe Navier-Stokesequationsareexpressed
in a �x ed global coordinateframe. Finite-differencemethodscan
be madeunconditionallystablewith semi-Lagrangianmethodsas
suggestedby [Stam1999], andhave beenusedto simulategases
andliquids. Eulerianmethodsexcel at representinginterfacesvia
Levelsetmethods,andincompressibilitycanbeenforcedef�ciently
usingthe projectionmethod. While Eulerianmethodscanbe un-
conditionallystable,excessively large time stepsintroducesevere
numericalviscosity, andhenceruin physicalandvisual accuracy.
This is why [Enrightetal. 2002]recommendslimiting thetimestep
to no morethan5 timestheCourant-Friedrich-Levy (CFL) condi-
tion. For splashysimulations,this can lead to excessively small
time steps.

In generalthe Lagrangianrepresentationis superiorfor modeling
free-falling waterin termsof speed,accuracy, andsimplicity. The
goalof thepresentresearchis to exploit this observation to accel-
eratesimulationsof splashy�uids, by mixing aLagrangianmethod
for free-falling waterwith anEulerianmethodfor containedwater.
Our methodsplitsa singlesimulationinto multiple computational
grids,wherethemotionsof thecomputationalgridsaretreatedan-
alytically whenever possible(e.g. whensplashesarein free-fall).
During thesimulation,thesegridsareresized,split, or mergedde-
pendingon the motion of the �uid to improve computationalef�-
ciency andaccuracy.
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Our work is anextensionof [Rasmussenet al. 2004]wherewe al-
low the grids to have arbitrary rectilinearmotionsand individual
adaptive timesteps.

Simulation framework
The power of our approachis to concentratecomputationalcells
andcycles wherethey are needed.First spacially, our algorithm
doesnot requiregridding spacethat doesnot contain�uids. Sec-
ond,sinceeachdisjoint grid is simulatedindependently, eachcan
useadifferenttimestep.As aresult,a fastmoving splashmight re-
quiresmall time stepswhile in thesamesimulationa slow moving
bodyof watercanafford muchlargertimesteps.

Our algorithm is designedto managea collection of grids. The
grids areusedto simulateunconnectedvolumesof �uid. As the
�uid is set in motion, grids might merge (when two volumesof
�uid collide) or split (whena volumeof �uid breaksinto multiple
unconnectedcomponents).Thecomplexity of our framework lies
in managingmultiple grids in a way that is physically valid and
ef�cient. Our algorithmrevolvesarounda schedulingqueuethat
containsanentryfor eachgrid. Thegridsareorderedby increasing
timestep,sothatthetop of thequeuepointsto thegrid thathasthe
smallesttimestep(asprescribedby the CFL condition). At each
step,multiple eventscanoccur.

� Merge.Two gridscollideandaremergedin a singlegrid.

� Split. A grid splitsinto multiple separategrids.

� CFL step.In theabsenceof mergingor splitting, thegrid that
hasthesmallesttime-stepis simulated.

At eachiteration,thealgorithmchecksfor potentialeventsandex-
ecutesthemin sequentialorder. A globalclock is maintainedandis
updatedaseventsareprocessed.Eachgrid hostsa local clock that
re�ectseventslocal to thegrid. Weuseanoctree-basedapproachto
decidewhento split andmergegrids. Thesedatastructuresallow
checkingfor theseconditonsat a �ne resolution.
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