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Abstract

We presentefcient data structues and caching schemesgo accelerte ray-surfaceintersectionsfor deforming
point-sampledsurfaces By exploiting spatial and tempoal coheenceof the deformationduring the animation,
weare ableto improverenderingperformanceby a factor of two to threecompaedto existingtechniques.
Startingfroma tight boundingsphee hierarchy for theundeformeabject,weusea lazyupdatingschemeto adapt
the hierarchy to the deformedsurfacein eac animationstep.In addition, we achieve a signi cant speedugfor
ray-surfacentersectionshy caching per-ray intersectionpoints.We also presenta techniquefor renderingsharp
edgesandcornersin point-samplednodelsby introducinga novel surfaceclipping algorithm.

Categoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.5[ComputerGraphics]:ComputationalGeome-
try and ObjectModeling—SuraceRepresentationk3.7 [ComputerGraphics]:Three-DimensionaGraphicsand

Realism—Raytracing

1. Intr oduction

Point-basedsurface representationdave recently become
popular in computer graphics and geometric modeling
[AGP 04]. As an alternatve to traditional surface models,
suchasspline patchesor polygonalmeshesthey allow for
simple and ef cient dynamicre-samplingdue to minimal
consisteng requirementfPKKG03. At thesametime,their
explicit naturesupportshighly detailedsurfaces,which is
crucial for realistic computeranimationsin feature Ims
andgames.Thesetwo propertiesmake point-basedsurface
representationparticularly suitablefor animatingcomplex
deformableobjects,as hasrecently beendemonstratedn
[MKN 04], [CZ04], and[PPG03.

To visualize point-sampled surfaces, splat-basedap-
proacheshave beenmostpopular e.g.,[RLOQ], [ZPvGO0].
However, as has beenshavn in [AANO5], splatting re-
sultsin poorimagequality undermagni cation. Moreover,
splatting-basedenderingalgorithmstypically do not ac-
countfor secondaneffects suchasshadevs or re ections,
which greatly enhancethe realism of an animation.Ray-
tracing,on the otherhand,naturallyincorporateghesesec-
ondaryrenderingeffects.Variousauthorshave proposeday-
tracing schemedor static point-sampledsurfaces([SJO0Q,
[AAQ03a], [AA03Db], [WS03) using static data structures,
suchaskd-trees,octreespr boundingspherehierarchieso
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improve the performanceof ray-suraceintersectioncalcu-
lations.

In this paperwe proposea new raytracingalgorithmfor
renderingdeforming point-sampledsurfaces,and address
thechallengeshatarisewhenbalancingheef ciency of dy-
namicupdatesss. spatialquerieson the datastructureused
to accelerat¢heintersectiortests.

We assumea reduceddeformationmodel,wherethe dis-
placemenbf the objectsurfacecanbe expressedvith sig-
ni cantly fewer parameterghanthe numberof degreesof
freedomof the surfaceitself. A typical exampleis the free-
form deformationapproachof [MKN 04], wherea high-
resolutionsurfaceis embeddeavithin alow-resolutionsim-
ulationdomain We rendersucha deformablenodelby con-
structingandmaintainingaboundingspherehierarcly to ac-
celerateay-surbceintersectionsRenderingoerformancés
greatlyimproved by exploiting differentaspectf spatial
andtemporalcoherence:

The compactepresentatioof the deformatiorallows ef-
cient local updatef the spherehierarcly by bounding
thedeviation of thedisplacementsf thesurfaceelements.
The surface representatiorand correspondingbounding
spherdreearemaintainedn alazy fashionwhenthe ob-
jectis deformedOnly thoseelementsareupdatedhatpo-
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tentially experiencearay intersectionwhile otherpartsof
themodelremainunchanged.

For eachray, we rst testagainstthe intersectedsphere
nodefrom the previous time step.This givesa good up-
perboundfor the currentintersectiordepth,signi cantly
culling thenumberof sphereso beupdatedandtestedor
intersection.

We also presenta novel techniquefor renderingsharp
edgesandcornersin point-samplednodelsby introducing
anew surfaceclipping algorithm.

2. RelatedWork

Raytracing Point-Sampled Geometry. Schau er and
Jensen[SJOQ werethe rst to proposea ray-surfice in-

tersectionalgorithm for point-sampledsurfaces.They de-
ne the intersectionas a weightedaverageof disk inter

sectionswithin a cylinder aroundthe ray. This leadsto a
slightly view-dependensurface,which canbe problematic
whenrenderinganimations Adamsonand Alexa [AA03b]

presented differenttechniquebasecdbn aniterative projec-
tion procedureTherayis intersectedvith spheresvhichen-
closethe surface,andinsidethe sphereswith local polyno-
mial surfaceapproximationsAs a result,their surfacedef-
inition is view-independentOur surfaceintersectionalgo-
rithm is basedon their follow-up work [AA03a] (seealso
[AAO4]) on approximatingand intersectingsurfacesfrom

points.Thesurfaceis implicitly de ned basecn normaldi-

rectionsand weightedaveragepoint positions.The core of

theintersectioralgorithmconsistof threestepsFirst,asup-
portplaneis constructedisinganapproximateormaldirec-
tion. Thena polynomial approximationis constructedover
the supportplane servingas a local approximationof the
surface.Finally, theray is intersectedvith this polynomial.
This procedureis repeateduntil corvergence.As a spatial
datastructurethey usea boundingspherehierarcly which

hasshavn to bevery effective.[AANO5] proposesnexten-
sionof this schemeo speedup ray-surficeintersectionsy
exploiting image-andobject-spaceoherenceSurfaceinter

sectionpointsareusedto constructview-dependenbilinear
surfaceapproximationswhich arerenderedasquadson the
GPU usingforward projection.Thesepatchesarereusedn

consecutie frames,leadingto performancegains of up to

50%for non-deformingobjects.

Accelerated Raytracing. As reviewing all of the acceler
ation techniquesds out of the scopeof this paperwe refer
to [Gla8], [Gla89, [Shi0g, and[3DQ] andthe excellent
stateof the art reporton real-timeraytracingby Wald and
coworkers[WPS 03]. Mostrelevantto this paperis the sec-
ondpartof their reportwherevariousapproacheto acceler
ateraytracingin dynamicervironmentsarediscussede.g.,
[RSHOQ, [LAMO1] and [WBS03. However, most of this
work focuseson (hierarchical)motion,wherewhole groups

of trianglesaremovedunderthesameaf ne transformation.

Our techniqueon the otherhandfocuseson highly detailed
point-sampledurfacesvhichdeformin afree-frommanner

We exploit temporal coherenceusing a lazy updating
schemesimilar to [MSH 92]. They use an octree accel-
eration data structure,which is only built up to a certain
level in eachframe.Nodesat lower levels areonly updated
whennecessaryn our setting,spherenodesf thebounding
spherehierarcly andsurfacepatchesareonly updatedvhen
queried,.e. testedfor ray intersection.

A cachingschemesimilar to oursis usedin [AK87],
where recently referencechypercubesare cachedand re-
trievedfor intersectiortestingin thenext time step.We store
perray intersectedspherenodesfrom frameto frame and
testcachedspheregor intersectionrst. Thisallowsef cient
culling of unnecessargpherenodesfor increasedendering
performance.

Finally, the updateof our boundingspherehierarcly is
inspiredby thetechniquepresentedn [JP04. By bounding
thedeformationof the surfacewithin eachspherea conser
vative estimateof theupdatedsphereadiuscanbecomputed
for eachtime step.

3. Surface Animation

Our methodfor renderingdeformableobjectsis basedon
theanimationframevork of [MKN 04] thatallows physics-
basedsimulation of elastically and plastically deforming
solids.To solve the equationsf continuummechanicsthe
simulationvolumeis discretizedwith a setf p;g of simula-
tion nodes(seeFigure 1, left). The boundarysurfaceof the
solid is representedby a (typically muchlarger) setf sig of
surfaceelementgsurfels) Whendeformingthematerial the
displacement®f the surfelsare determinedirom spatially
adjacensimulationnodesusingafree-formdeformatiorap-
proach.In principle, however, our renderingalgorithm can
be usedwith ary animationmethodthat appliesthe idea
of anembeddedurface,e.g.,mass-sprindpasedsystemsor
FEM-basedpproaches.

Initially, we assignto eachsurfel s a setof neighboring
simulationnodesp; (seeFigurel, middle). After ananima-
tion step,thenew positionxg of 5 is computedusinga rst
orderaccuratepproximatiorof thedisplacementay, of the
neighboringsimulationnodesp; as|[MKN 04]:

0_ o hy T :
Xs = Xs + A Wag i, (Up; + 1 ulp O ixy)s (1)
P

wheredxy = y X, W'Q;y = V\/'Q;y=éyvvl>?;y. and WQ;y is a
smoothly decayingweight function with supportradiush.
We usethe compactlysupportedadial splinefunction

1 6ré+83 3% r 1
vvh- = w(r) = 2
ey = W(r) 0 > 1 )

wherer = (kx yk)=h. We reusethe MLS approximation
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Figure 1: Left and middle: the surfels are embeddedn
the simulationdomain. Right: boundingsphee. Note that
the simulationnodesare not necessarilycontainedby the
sphee.

of r yup;, which is computedwvhensolving the continuum
mechanicequationsasdescribedn [MKN 04]. Similar to
[PKKGO03, both the surfel centerandits tangentaxes are
deformedyieldingthedeformeclsurfelnormalng.

By de-couplingthe samplingof the simulationdomain
from the samplingof the boundarysurfacesthis methodal-
lows ef cient animationof highly detailedmodelsusingthe
smoothdisplacementeld u. We exploit theimplicit spatial
coherencdor ef cient updatesf the boundingspherehier
arcty, aswill bediscussedbelow.

4. Rendering Framework

In this sectionwe describeherenderingramevork thatwe
useto generatsubsequerframesof ananimatednodel.We
rst discusgheboundingspheréierarcly usedo accelerate
ray-surfice intersectionsNext, we outline the ray-surfice
intersectionalgorithmwhich is at the core of our rendering
algorithm.We describenow renderingtime canbe reduced
by cachingof perray intersectedspherenodes,beforewe
introduceclipping relationsfor renderingsharpedgesand
cornersFinally, we discusshow theseindividual piecesare
integratedto yield an ef cient raytracingalgorithmfor de-
forming point-sampledurfaces.

4.1. Bounding Sphere Hierar chy

To acceleratethe ray-surfice intersectiontests, we use a
boundingspherehierarcly [AA03b]. The hierarcly is only
built oncefor the undeformedobjectand dynamically up-
datedin eachtime stepto conformwith the deformedob-
ject[JP04.

4.1.1. Initial Sphere Hierar chy

The hierarcly is built top-dovn starting with a sphere
wrappedaroundall surfels.Eachspheres recursvely split

into two child spheresintil eventuallyaspherecontainsonly

onesinglesurfel.Splittingis doneaccordingo theplanede-
ned by thelongestaxis of the surfels'boundingbox, simi-

lar to [RLOQ]. We computetheinitial spherecentersxc and
optimalradii R usingthe miniball algorithmof [Gar99. For

eachsphereboundingsurfelss;, we alsokeepa list of the
simulationnodespj thatde ne the displacemenof the sur

felss (seeFigurel, right).
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4.1.2. Sphere Update

As building anew spherehierarcly in eachtime stepis com-
putationallytoo expensve, we dynamicallyupdatethe hier

arcty built for theundeformecdbjectusingthe deformation
eld u(x) (seealso[JP0J).

Center Update.Thedisplacedsphere:entemg is computed
in the samemanneraswe computethe displacedsurfel po-
sitions:

0 _ 2 R T
Xc = Xt a WXc;ij(upJ + 1 yUp dxc;xpj) 3

pj
Xc+ Uc: 4)
Radius Update. The new radiusRC is conseratively esti-
matedfrom themaximaldistanceébetweerthedeformedsur

fels (Equationl) andthenew spherecenter(Equationd) us-
ing basiclinearalgebraandthetriangleinequality:

RO = msaxkxgJ xgkz (5)

—h
= msaxk(xs Xc)+é.Wx;;xpj(UPj Uc)
pj

o _h
+ AW i, T uUp, dxg ixp, K2 (6)
Pj
msaxkxs xcko+ & msaxi%:pjikup; Uckz
Pj
+ & maxkbs p, kokr b Up, ke @)
Pj
R+ § AjUj+ & Bjr U; ®)
pj Pi
= R+ATU+B'r U 9)
where as;p; = WQ% xpyr Dsip = WQ% xp; Oy 5y AN

kr Eupj Kr is the Frobeniusmormof thedirectionalgradient
of the displacementWe can bring uc into the summation
sincetheweightsWQ; xp, SUMUP to 1 by constructionThe

entriesA; andBj remainconstantduringthe animationand
canthusbe precomputedncein the referencesystem(see
alsoSection4.1.3. Note that the centerandradiusupdates
have time compleity linear in the numberof simulation
nodesassociateavith a boundingspherenotin thenumber
of boundedsurfels. This is important as the number of

simulationnodesis typically muchsmallerthanthe number
of surfels.Theradiusupdateis alwaysdonewith respecto

the initial (optimal) boundingspheresj.e., the radiuscan
bothincreaseanddecreas@ver time. The spherehierarcly

thus maintainsits tight t evenfor highly elasticmaterials
thatexpandandshrinksigni cantly duringananimation.

Theabove update®f thespherecenterandradiusareonly
performedor non-leafnodes Sinceeachleafnodeboundsa
singlesurfel,we canusetheupdatedsurfel's position(Equa-
tion 1) andcomputethe updatedadiusfrom the surfel's de-
formedtangentaxes.
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Figure 2: Left: thedisplacementare computedelativeto

therefeencesystemRight: thedisplacementare computed
relativeto the optimally transformedefeencesystemThis

resultsin smallerrelativedisplacements.

4.1.3. Optimal Rigid Transformation

Asiillustratedin Figure?2, thedisplacements of surfelsand
simulationnodesare computedrelative to the undeformed
positionsx. The latter are de ned in the referencesystem
(materialcoordinates)while the displacedpositionsx0 are
speci ed in the deformedsystem(world coordinates)Al-

thoughtheboundingradiusupdateof Equation9 is invariant
underuniformtranslationgsincethenU; = Oandr U; = 0),

the sphereradii grow underuniformrotations.

We canaddresghis problemby factoringout the optimal
rigid transformation After eachiteration,we transformthe
referencesystenrigidly by computingtheoptimalglobalro-
tationandtranslatiorbasedngeometrialgebrg LFDL9I8],
similarto [TW88]. Thiswill alignthetransformedeference
systemascloselyaspossiblewith the deformedsystemyre-
sultingin smallerUj'sandr U;'sandthusin smallerbounds
for theupdatedspherenodes(seeFigure?2, right).

Translation. Theoptimaltranslationt = Xp, Xm is thedif-
ferencebetweenthe centersof massX, = & p; Mp; x%i and
Xm = & p, Mp; Xp; of thedisplacedandthe referencesimula-
tion nodesrespectiely, wheremp,; = mp, =4 p, mp;, andmp,
is the massof asimulationnodep;.

Rotation. The optimal rotationR = VU is computedn a
leastsquaresenseby computingthe singularvaluedecom-
positionof F = UWV T, where
2 < 0 0\T.
F=amg(Xxp Xm)(Xp, Xm)': (10)
Pij

This lineartransformatioris appliedto the referencepo-
sition of all simulationnodes,surfelsandboundingsphere
centersvhenusedduringraytracing. Thequantitiesdx.y and
Wﬂ;y remainconstanunderrigid transformationsndthere-
foretheentriesAj andB; of Equation9 needio becomputed
only onceasdiscussedbefore.

4.1.4. Tightnessof Radius Update

For the examplegivenin Figure 6, the updatedradiusis on
averaged timeslargerthantheradiusof the smallestsphere
wrappedaroundthe deformedpoints(usingthealgorithmof
[Gar99). If welook atthelowestlevels,theratiois only 1.0,

20 T T T T T T T T T T T T T T T T T T T T T T
Equation 9 —+—
Equations 9 and 11 —>— |

Average Tightness Ratio
=
o
T
L
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10 11 12 13 14 15 16 17 18 19 20 21 22 23
Level

Figure 3: Averageratio of updatedspheeradiusandradius
of smallestenclosingsphee at all levels(level 0 is theroot
node)for the cannonball armadillo sequencéFigure 6).

\‘k
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Figure 4: Left: The parentand child spheesare updated
accodingto Equations4 and9. Right: In this case a tighter
boundfor the parent's radiuscanbefoundby lookingat the
children'sradii usingEquationl1l

1.2,1.2,.... However, if we go up the hierarcly, theradius
estimatedependon more and more simulationnodesand
thereforethis ratio increaseso up to 20.0for theroot node
(seeFigure3). In our setting,this is someavhat problematic
asthesespheresrealsothebiggestonesandarethushit by

mary raysduringraytracing.

To alleviatethis problem we computea seconcconsera-
tive radiusestimateR® and choosethe smallestof the two
estimatego updatethe boundingsphere Assumethat both
child nodesof a spherehave alreadybeenupdatedin the
currentanimationstep.Let x2,, x2, andR?, R bethecorre-
spondingupdatedspherecentersandradii, respectiely. We
know thatthe surfelsin the parentnodeareboundedoy the
unionof thetwo child spheresAs illustratedin Figure4, we
canthuscomputeR®%as

RP%= max(kxd xqk+ R%kxd xIk+R)):  (11)

Sincethe time compleity of this expressionis constant,
the additionalradiusestimatecomesessentiallyfor free, as
comparedo theestimaten Equationd, whichhastime com-
plexity linearin the numberof associatedimulationnodes.
If one of the childrenis not updatedyet in this animation
stepwe chooseR’ astheradiusupdateptherwisewve choose

min(R% R%.

The combinationof thesetwo bounddeadsto anaverage
increaseof the sphereradiusby only afactorof 1.9ascom-
paredto the tightestpossiblesphere For the highestlevel,
i.e.theroot spherethe averageratio dropsto 2.1 insteadof
the aforementione@0.0(seeFigure 3). This resultsin 48%
lessunnecessarsay-spherentersectiortestson average.
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4.2. Ray-Surfacelntersections

We startby brie y describingheray-surfceintersectioral-
gorithm for point-sampledsurfaces.Next, we demonstrate
how we exploit temporalcoherencedo increasethe perfor
manceof intersectiortests.

4.2.1. Intersection Algorithm

When a ray hits a leaf node, we intersectit with the el-
lipse de ned by the nodes surfel. This intersectionpoint x
senesasan initial guessfor the following iterative proce-
dure[AAO4]:

Computethe weightedaveragea(x) of the deformedsur
fel positionsandthe weightedaveragen(x) of surfelnor-
malsin the neighborhooaf x within a distanceh:

9 h 0 2 0
as Wx;xg Xs ag V\/Q;xg Ng

ax)= ———; n(x¥= IS S (12)
s "x;xQ as x;xg Ns

Thesede ne aplanef(x) = n(x)T(x a(x)) = 0.
Testfor corvergence Theiterative intersectioralgorithm
hasconvergedif j f(x)j < e. If notcorverged,intersecthe
raywith this plane.Thisyieldsanew intersectiorpointxo.
If xfalls outsidethenodes boundingspheretheiteration
is stoppedandtheintersectiorpointis rejected.
Repeatheabove stepsuntil corvergence.

As shawvn in [AA034d) this procedurequickly converges
dependingon the initial guess.in our exampleswe need3
iterationson averagebeforecorvergence.

We avoid expensve nearestneighborqueriesby using
a static surfel neighborhoodfor the leaf nodes.The sur
fel neighborsare precomputedn the undeformedsystem.
Wheneer aray hits aleaf nodewe usethe storedsurfelss;
asneighbordor the initial intersectionpoint. Note thatthe
weightsw{(‘;xg arecomputedagainstthe currentintersection

point, not againstthe centerof the leaf node.For the exam-
plesgivenin this paperwe used x ed neighborhoodsf 16
surfels.

4.2.2. Sphere Node Caching

We canreducethe numberof ray-spherentersectiontests
by cachingintersectedspherenodesfrom frameto frame.
For eachray we storethe spherenodewherewe found the
closestintersectionpoint (i.e. the one with the smallestt-

value).In the next frame,we rst testfor intersectiorusing
this cachedspherenode(if thereis ary). In mary caseghis

givesusagoodupperboundfor theintersectiordepthof the
ray. Next, we testagainstthe root nodeanddescendhe hi-

erarcly asusual.However, thanksto the upperboundof the
intersectiondepth, mary more spheresare trivially culled
resultingin lesssphereupdatesand lessray-surficeinter

sectiontests.We experiencech decreasef 27% on average
in the numberof performedintersectionteststhanksto the
spherenodecaching.
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4.3. Clipping

To be ableto rendersharpedgesand cornerswe have in-
corporatedh new clipping technique Surfelsaregroupedn
surfelcollectionsbetweerwhichwe explicitly storeclipping
relations.Supposewne have a sharpedgede ned asthe in-
tersectionof two surfacesS; andS,. Wheneer aray inter-
sectsasurfelof surfaceS; wetestif theintersectiorpointis
clippedby surfaceS,. If so,theintersectioris rejected.

To be ableto performthe clipping test,we storefor each
surfel of S; the two nearestsurfels of S, and vice versa
(theseare precomputedndcachedor the undeformedsur
faces).Clipping is performedusing thesetwo nearestsur
fels of the other surface using the techniqueproposedin
[WTGO04. Note that clipping is donein (deformed)object
spaceasopposedo [WTG04 whereclippingis performed
in imagespace This hasthe adwantagethat we are ableto
anti-aliaghesharpedgesandcornerdoy supersampling(see
Figure8).

4.4, Putting It All Together

In this sectionwe describehow the individual piecesde-
scribedabove are combinedto yield the nal renderingal-
gorithmfor deformablemodels.

Precomputation. For each surfel 5 computeits surfel
neighbors.If thereare clipping relations, precomputethe
clipping neighbordor therelevantsurfels.Also computethe
simulationnodesp; andthecorrespondingveightsWQ; Xp;
that de ne the displacemenbf s;. Build the initial bound-
ing spherehierarcly for the undeformedobject. For each
spherekeepalist of simulationnodespj usedby thesurfels
boundedby the sphereandkeepthe correspondingveights
Wffc;xpj. Precomputehe entriesin A andB for eachsphere
(Equation9).

Rendering. For eachray, testfor intersectionagainst the
cachedspherenode before testing against the whole hier

archy. Whena nodeis visited for the rst time, updatethe
centerandthe radiususing Equations4 and9. If a nodeis

alreadyvisited before,updatethe radiususingEquation11,

if possible.When eventually the ray hits a leaf node, up-
datethe surfel 5 correspondingo this nodeandits surfel
neighborsusing Equationl (if not alreadydonebeforein

this time step).For leaf nodeswe usethe centerof the as-
sociatedsurfel asthe centerof the sphere Intersectthe ray
with theellipsede ned by s;. Performtheiterative intersec-
tion algorithm.If necessarycheckwhetherthe intersection
pointis rejectedoy oneor moreclipping surfaces.

Notethatboththe updateof the spherenodesandthe up-
dateof the surfelsaredonein alazy mannerOnly thenodes
andsurfelsvisited in this time stepare updatedJeadingto
additionalsavingsin computatiortime.

Optimization For Shadov Rays. Whentraversingthe hi-
erarcly for shadev rays,we canreducethe numberof ad-



Adamsetal. / Ef cient Raytracingof DeformingPoint-Sampledurfaces

Model #Surfels #Sim.Nodes  #Spheres  #levels
Armadillo 170k 453 346k 23

Goblin 100k 502 200k 24
CSGHead 91k 253 182k 23
ElasticBall 6k 88 10k 14

Table 1: Samplingstatisticsfor the differentmodelsusedin
our examples.

ditional spheredo be updatedIf a shadev ray intersectsa
parentsphereof which only onechild is alreadyupdatedyve
rst testtherayagainsttheupdatecthild. As for shadav rays
ary intersectionpoint counts(i.e. we do not have to search
for the closestone), mostof thetime the otherchild branch
doesnot have to beupdatecdhor traversed.

5. Results

We have testedourimplementatiorusingfour animationse-
quencesall renderedat a resolutionof 512 by 384 pixels.
The samplingstatisticsare given in Table 1, averageren-
deringtimes (averagedover 3 runson a Pentium4, 3GHz,
512Mbram)areindicatedin Figure5.

The rst animationshawvs the armadillo being hit by a
cannonball (Figure 6). As canbe seenon the left plot in
Figure5, we achieve anaveragespeedumf afactor2.1(8.5
secondyer frame comparedo 18.5 secondger frameon
average)comparedo the naive techniquewherethe sphere
hierarcly is rehuilt in eachtime step.In the beginning and
end of the animationwe clearly gain from cachingsphere
nodesastheobjectdoesnotdeformsigni cantly. In themid-
dle of the animationwe alsogain from the factthata large
part of the armadillois occludedby the cannonball. This
resultsin lessspherenodeandsurfaceupdates.

The secondsequenceshawvs a goblin creaturepracticing
gymnasticon the parallelbars(Figure 7). Timing statistics
aregivenonthe secondgraphin Figure5. Again, we obtain
aspeedumf afactor2.1 (6 secondgperframecomparedo
12.8secondperframeonaverage)ln thissequenceve gain
from thefactthatlarge partsof the goblin areself-occluded
anddo not have to be updatedfrom frameto frame.Note
thatthe middle curve toucheghe uppercurve aroundframe
160. Herethe goblin is deformedthe most, resultingin the
worst t of theboundingspherehierarcly.

The third sequenceshavs three bouncing heads(Fig-
ure 8). Eachheadconsistsof threesurfacesbetweenwhich
explicit clipping relationsarede ned (seeSection4.3). The
timings on Figure 5 indicatea speedupof a factor2.2 (19
secondyer frame comparedo 42.8 secondger frameon
average).

Finally, the last animationshows 40 elasticballs being
thrown inside a hollow cube(seeFigure 9). Thanksto the
dynamicsphereupdatesndthe spherenodecachingwe ob-
tain anaveragespeedumf a factor3 comparedo the nave

techniqug15secondperframecomparedo 45 secondper
frameon average).

6. Discussionand Futur e Work

As demonstrateih Figure5, exploiting spatialandtempo-
ral coherencéeadsto signi cant performanceainsoverthe
naive approachSpeedupsre particularly high if the num-
berof surfelsis large comparedo the numberof simulation
nodessincespheraipdatesrelinearin thenumberof simu-
lation nodes Our methodalsoperformswell for animations
wherelarge partsof the surfaceare occludedandthus not
touchedby ary rays(e.g.for theanimationof Figure9).

Situationsmayarisehoweverwherere tting (partsof) the
spherehierarcly is moreef cient thanlazyupdating Aslazy
updatingresultsin sub-optimaboundingspheresit alsore-
sults in more ray sphereintersectiontesting comparedto
the optimal spherehierarcly. Our experimentsshoved that
thebreak-@en point (speedupf 1) variessigni cantly with
the speci ¢ sequenceTherefore,one might wantto devise
heuristicsto decidewhetherto uselazy updatingor to per
form a (full) spherenierarcly update.

Storingandreusingspatialandtemporalproximity infor-
mation naturally leadsto increasedmemory consumption.
The main bottlenecksare the spherenodes:for eachnode
we keepa list of simulationnodesand the corresponding
weightsv_vi;xpj, andentriesAj and B; (seeEquation9).
However, for the armadillo sequencewhereall the surfels
have 16 simulationnodeneighborsthe spherenodeshave
to storeonly 16.4 simulationnodeson average,sincechild
nodessharetheir simulationnodeswith the associatedur
fels. Storing static surfel neighborhoodsequiresan addi-
tional 16 pointerspersurfel.For thecachingof perrayinter
sectedspherenodeswe cantradeoff cachesizewith cache
hit rateby settinga maximumcachesize.

Memory overheadcan be signi cantly reducedwhen
mary instancesof the samemodel are presentin a scene
(e.g.the animationsof Figures8 and9). In suchcaseswe
can reusethe same (undeformed)spherenode hierarcly,
even if the individual instancesdeform differently. Since
the weightsv‘vﬁ‘c;xpj, entriesA;j andBj, and neighborhood
relationsare constantover all instanceswe only needto
storethepropertieof thedeformedsimulationnodessphere
nodesandsurfelsfor eachinstance.

Tighter boundson the radius updatecould be obtained
usinga hierarchicalapproachwhen computingthe optimal
rigid transformation(see Section4.1.3. Insteadof com-
puting a single transformationfor the whole object, one
could sggment the simulation nodesin different setsand
computean optimal transformationfor eachset similar to
[MHTGOS]. For example,the model of Figure 7 could be
split into two sets,onefor the body and onefor the hands.
This yields smallersimulationnodedisplacementandthus
smallerboundsfor the updated-adii.
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Currently our methodis only suitablefor animatednod-
elswith x edtopology For highly dynamicsubstancesuch
asfracturingsolidsor uids, ourcachingschemesvouldfail
since neighborhoodelationschangetoo frequently How-
ever, we planto extend our methodwith dynamicup- and
down-samplingof surfels and simulation nodesto better
handlemodelsthatexperiencextremedeformationsAs re-
samplingis oftenavery localizedoperationwe expectthat
updatingof cachecheighborswill befairly ef cient.

We wantto stressthat eventhoughour methodis imple-
mentedn thecontet of apoint-based@nimationframevork,
our dynamicspherehierarcly canalsobeusedfor othersur
facerepresentationgor example jif theboundarysurfaceof
thesolidis givenasa polygonalmeshembeddedh anFEM
simulationgrid [MG04], thesamealgorithmscanbeusedby
applyingthe deformationeld to themeshvertices.

7. Conclusion

We have introduceda new methodfor ef cient raytracingof
animatedpoint-sampledurfaces Centralto our methodis a
dynamicboundingspherehierarcly thatis usecto accelerate
ray-surficeintersectiontests.By de-couplingthe sampling
of the simulationdomainfrom the samplingof theboundary
surfaceswe areableto updatethe hierarcly by only look-
ing at the deformationof the simulationnodes.Moreover,
the updateis donein alazy manneyonly touchingspheres
andsurfelsthatareactuallyusedduringrenderingWe show
how this dynamicupdateand additional cachingof inter-
sectedspherenodedeadto anef cient raytracingalgorithm
obtainingspeedup®f over a factorof 2 comparedo exist-
ing techniquesFinally, our methodincorporatesherender
ing of sharpedgesandcornerswhich areexplicitly de ned
usingsurfaceclipping relations.
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Figure 5: Timing statisticsfor the different sequencedromleft to right: cannonball armadillo sequencegymnasticgoblin
sequencebouncingheadssequenceand elasticballs sequenceThe straight lines representthe average renderingtime over
all frames.Theuppercurveis the timing without consideringany coheence The middlecurveis timedusingour technique
withoutsphee nodecaching enabled Thelower curveshowshe average timeperframeemployingll acceleationtechniques
presentedn this paper

Figure 6: Four framesof the cannonball armadillo sequence

Figure 7: Four framesof the gymnasti@oblin sequence

Figure 8: Four framesof thebouncingheadssequence

Figure 9: Four framesof the elasticballs sequence
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