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Figure 1: Examplecutsand deformationson geometricmodels.From left to right: (a) Armadillo with bendingdeformation
(172Ktriangles)(b) Torso (25,528triangles)with peeledskinandinterior Maskmodel(10,213triangles)(c) Horsewith twist

deformation(97K triangles)

Abstract

In this paper we presenta methodfor renderingdeformationsas part of the programmableshaderpipeline of
contempaary Graphical ProcessingJnits. In our method we allow generl deformationsncluding cuts. Previ-
ousappoadiesto deformationplacethe role of the GPU as a generl purposeprocessoirfor computingvertex
displacementth theadventof vertex texture fetch in currentGPUs,a numberof appoaceshavebeenproposed
to integrate deformatiorinto therenderingpipeline However, therenderingof cutscannotbe easilyprogrammed
into a vertex shaderdueto the inability to change the topolagy of the mesh Furthermoe, renderingsmoothde-
formedsurfacegequiresa ne tessellatiorof themeshjn orderto preventself-intessectionand meshingartifacts
for large deformationsln our approadc, we overcometheseproblemsby consideringdeformatiorasa part of the
pixel shaderwhele transformatioris performedon a per-pixel basis.We demonstate how this approach canbe
efciently implementedisingcontempoary graphicshardware to obtainhigh-qualityrenderingof deformationat

interactiverates.

CatagoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.5[ComputerGraphics]:ComputationalGeometry
andObjectModelingGeometridransformationst.3.6 [ComputerGraphics]:Methodologyand Techniquesinter

actiontechniques;

1. Intr oduction

In this paper we presenta novel renderingmethodology
which produceshigh-quality deformationsincluding cuts
and twists, using programmablegraphics hardware. Un-
like previous approacheto hardware-assistedeformation,
which placethe deformationat the vertex shaderwe place
deformationin the pixel shaderThis hascertainadwantages
over pervertex deformationFirst,genericdeformationsan
be de ned in deformationtextures which sample3D dis-
placementsn a 2D or 3D texture. Vertex texture fetch has
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only beensupportedn the latestGPUs,and have limited
Itering modes.However, pixel texture fetch is still con-
siderablyfaster and provides supportfor multiple Itering

modes,suchasbi-linear, tri-linear andanisotropic.Second,
deformationon image-spaceas opposedto object space,
provides smootherresults,asit is not limited by the reso-
lution of the mesh.In our approachwe deformthe object
aspartof therenderingpipeline. Thisis differentfrom other
traditionaldeformationrmethodswheredeformationis con-
sideredasa modelingproblemanda nenv meshis required.
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Deformationas a renderingprocessdoesnot producea re-
sulting mesh,but generategmagesof a deformedobjectin

real-timeandwith very high quality. Thishasawide number
of applicationsin real-timeillustration, animation,gaming
andgeneratiorof specialeffects.

In this paper we proposea generalizechotion of defor
mation shaderswhere we exploit the programmabilityof
graphicshardware to renderall kinds of deformationsjn-
cluding cutsand breaks.Theseare moredif cult to model
using vertex processingas topology changesare required
(i.e., remeshing)However, we shav thatthesecanbereal-
izedin a pixel shaderby consideringa specialkind of de-
formationtextureswhich encodediscontinuityinformation.
Becausewe realizedeformationasa pixel shaderit is con-
sideredas an inversespacewarping problemratherthana
vertex transformationproblem.As a generalapproachwe
useraycastingo nd intersection®f viewing rayswith the
deformedsurface.This paradigmwasintroducedearlierfor
raytracingof deformedobjects[Bar8¢, andwe showv how it
canbe efciently implementedisingprogrammableraph-
ics hardware.Further we solve a numberof additionalchal-
lengeswhenincorporatingcuts.

2. RelatedWork

Deformationshave beenwidely usedin computergraphics
to generatea numberof effects,andthey have applications
in animation,shapanodelingandsimulation.Theliterature
in deformationis extensie, for which therearea numberof

suneys[NMK 05,BS07. Meshcuttingis anotheraspecbf

deformationwherethe meshtopologyis modi ed to simu-

late breaksandincisions|[BSM 02]. Work closelyrelatedto

this paperare GPU-basedleformationtechniquesandren-

deringof implicit surfaces.

GPU Accelerated Mesh Deformation. Most deformation
approachedransformthe verticesof a meshdirectly, via
proceduraltransformationgBar84, via a proxy geometry
[SP84, orviaaphysically-basegimulationflNMK 05]. Re-
cently physically-basedieformationapproachesave used
graphicshardware for solving partial differentialequations
requiredfor mass-springr nite elementmodels[KWO03,
GWL 03]. In this caserenderings seerasa differentstage
to the deformationprocess.This approachhas been ex-
tendedto therenderingof cuts,especiallyfor suigery simu-
lation [MS05. Othershave applieddeformationduring the
renderingprocess,n a vertex shader The deformationis
procedurallyde ned [d'E04], de ned asa deformationtex-
ture [JP02 or a displacemenmap[SKEQY, or asa com-
binationof basisfunctions[MBKO06]. The ability to de ne
deformationsastexturesis possiblethanksto vertex-texture
capabilitiesof recentGPU's. A problemwith vertex-shader
basedleformatioris therelianceon asmoothtessellatiorof
the input meshfor high-qualityrenderingandthe dif culty
to modeltopology changesrequiredfor cuts. As an alter
native, deformationcan be donein a pixel shader Trans-

forming the shapeof anobjectin imagespacehasbeensuc-
cessfullyimplementedor displacementapping Displace-
ment mapping[Coo84 allows the renderingof geometric
detail on a basesurface. Recentmethodsuse GPU-based
ray castingflOBMO00O,HEGD04 WTL 04, PO0§. However,
mary of thesetechniqueslo notextendeasilyto generade-
formation or to large cuts, becausethe displacementmap
is usually independentfrom the input geometryand be-
causeit is assumedo be containedwithin a small volume
(shell) surroundingthe surface. A displacementvas pro-
posedin [CSC06HCSC064 wherea volumetric objectis
deformedandcut atinteractive rates Becausehe volumeis
representedsa stackof view-alignedslices,this approach
is proneto aliasingand undersamplingln this paper we
generalizehe notion of displacemeninapfor deformation,
including the ability to rendercutsin polygonalmodelsin
an efcient manner without the requirementof explicitly
changingthetopologyof themesh.

Implicit RepresentationsImplicit surfaceshave beenused
widely in computergraphicsas an object representation,
with applicationsin modeling,deformationand animation
[Blo97]. One of the challengeswith implicit deformations
is nding intersectionsefciently for interactve rendering
or accelerateday tracing. A numberof approachesvere
proposedvery early [Har96 KB89, SP91, for both unde-
formedanddeformedmplicit surfaces Recently Hadwiger
etal. [HSS 05] shavedhow thesemethodscanbe extended
to therenderingof arbitrarymeshesuisingthe distanceeld
asan implicit representationln this paper we exploit the
programmabilityof pixel shadergo representmeshdefor
mationasa renderingof a deformeddistanceeld. Unlike
previousapproachegyurmethodcanbeextendedo theren-
deringof cuts,which may introducesharpcornersdif cult
to renderaccuratelyia raycasting We shawv how ef cient
ray castingalgorithmscan be developedfor artifacts-free
renderingof deformation-cuts.

3. Overview

Our pipeline for deformationis basedon the raytracingof
implicit deformablesurfaces.Becauseof the exactnessof
representationye choosesigneddistanceelds asarepre-
sentation Later, in Section6.1, we shov how this require-
mentcan be adjustedto improve GPU memoryefciency.
An implicit surfaceis de ned asanisosurficeof a function
f : R® 7! R As acorvention,a surfaceof interestS canbe
de ned implicitly asthe setof pointsp suchthat f(p) = 0.
Also, asacorvention, f is positive insidetheobjectandneg-
ativeoutside A deformedmplicit surfaceS’is de ned asthe
zero-setf{p) = 0.Let T : R® 7! R® by aspatialtransforma-
tion, sothata point p is transformednto p°= T(p) andits
inverseT 1 suchthatp= T %(pY. In this paperwede ne
T lasa3Dinversedisplacement,e.,p = p% D(p9, with
D : R® 7! R®, adisplacementeld. The deformedimplicit
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surfacecanbefoundasthe setof pointsp®suchthat:
P9 = £(T 2P = fe>*+D(PN=0 (1)

Sincewe intendto apply this methodto surfacesde ned
asmeshespur renderingpipeline requiresa stagewherea
signeddistanceeld is obtainedfrom the mesh.However,
we do notrequireasigneddistanceeld for theentiremesh,
but ratheronly the subsetwf the surfacewhich is to be de-
formed. Thanksto a numberof GPU-basedechniquegor
the generatiorof distance elds [SPG03SGGMO04, it can
bedoneinteractiely.

First, the userselectsa region where deformationis to
be appliedusing a boundingbox. Let S S be the part
of the surfacecontainedin that region, which is to be de-
formed. The userselectsa 3D displacementexture from a
pool of pre-de neddeformationsandappliesit to the sur
face,muchin the way color or displacementextures are
appliedin currentgraphicspipelines.Becauseve know the
maximumattainabledisplacementor a given deformation
texture, we canboundthe spaceoccupiedby the deformed
surfacewithin a boundingbox B(S2), where S} is the de-
formed surface. Then, the renderingcan be donein two
stagesFirst,werendertheundeformegartof theobjectus-
ing traditionalshadersenablingdepthculling of the region
de ned by B(%), so that the deformedregion is not ren-
deredtwice. In thesecondstagewe rendertheboundingoox
B(%) usinga deformationshaderThe deformationshader
is a shademprogramthat enableghe renderingof deformed
implicit surfacesn imagespaceaatherthanobjectspaceFi-
nally, onceboth arerenderedwe blendthe color nearthe
seamsso that both parts(the one using an explicit surface
andthe oneusinganimplicit surface),areintegratedwith-
outartifacts.Thisis possibleaslongasdeformatiorvanishes
asit getsnearthe boundariesThis could be enforcedin all
boundarief the deformationcube,but, in practice thisis
only enforcedn certainfacesof the cube,dependingnthe
deformationTwisting, for instancejs constrainedo bezero
at all the facesexceptthe top of the deformationbox. This
meansthat it shouldbe placedso that the top facedo not
intersecthe object.

The deformationshaderthen consistsof a ray traversal
procedureEachfragmentgeneratesray in theview direc-
tion. For eachsamplepoint we performthefollowing steps,
asshowvnin Fig.(2):

1. Warping. Each samplealong the ray pC is inversely
warpedby samplingthe deformationtexture, and using
thevaluesasa 3D displacementThatis:

p=p% M(DM *(p%)) )

whereD is adisplacementeld (storedasadeformation
texture), and M is a coordinatetransformatiorbetween
texture spaceandobjectspace.

2. Sampling. The warpedcoordinatep is usedto sample
theimplicit representatiori.
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Figure 2: Deformationof an apple S the original sur

faceis rendeed with a traditional shader A 3D displace-
ment/deformationexture is chosenand addedto the object.
The boundingbox B(%) is rendeed as an implicit repre-
sentationusingray casting Theresultof both shades are

compositedogether

3. Find Intersection. The ray traversalis stoppedwhen-
ever anintersectionis found,asthe zero-setf (p) = 0. A
numberof approachesanbe appliedfor the determina-
tion of a stoppingcriteriaandray traversal,asdiscussed
in section3.1

4. Lighting. Finally, whenan intersectionis found, color
andlighting attributesareobtainedy estimatinghenor
malsto the deformedsurfaceat theintersectiorpoint.

3.1. Ray traversaland Intersections

In orderto nd theclosestntersectiorof aray with the sur
face,this stagetraversegheray at samplingpositions:

p% = po+ tiv (3)

for tj 2 (O;teng) @andpo the entry point of theray v into the
boundingbox B(%). This linear searchhasbeenusedfor
interactve renderingof displacemeninaps.For moreaccu-
rateintersectionslinearsearchs usuallyaccompanieavith
a binary intersectionre nement, suchasin [HSS 05], and
an adaptve samplingmechanismFor speedup, linear and
binary searchgives goodresultsfor smoothsurfaces.Sur
faceswith narrov details,however, resultsin artifactsdueto
missinganintersectionln the contet of deformationthere
aretwo additionalchallengesthe introductionof large de-
formationsandtheintroductionof sharpcuts,bothof which
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canintroducenarrav detailsinto the new deformedsurface.
Theseproblemsarediscussedh thefollowing sections.

3.1.1. Adaptive Sampling

One of the challengeswith the renderingof implicit sur
facesis accuratelynding the rst intersectiorwith the sur
face.With linear search regions of high spatialfrequeng
might be skipped ,resultingin artifactsnearedgesA num-
ber of solutionshave beenproposed Previous approaches
aimingtowardraytracingrequire“guaranteedintersection-
nding algorithms,basedon Lipschitz constantg KB89].
Hadwiger et al. use adaptve samplingbasedon a user
controlledthreshold[HSS 05]. In our paper we areinter-
estedin the casesvhereadaptve samplingis neededn the
caseof deformation.For this purpose andwithout loss of
generality we assumehatthe original undeformedsurface
canberenderedohustly usingoneof the above techniques.
With deformation additionalconditionsmustbe metsothat
the deformedsurfaceis renderedproperly For instancea
long narrav pull or a large twisting, may increasethe re-
quired samplingof the deformedsurface.Let us de ne a
ray in deformedspacepg + tv, wherev is the view direc-
tion and pg is the ray entry point. This ray correspondso
a 3D curve R(s) in undeformedspace.We can consider
s= T 1(t), for an inversetransformationT I, suchthat
R(s)= T (pg+ tv). To avoid missingintersectionsn the
caseof asharpor largedeformationsye ensurghatsamples
in the deformedspacecorrespondo uniform samplesalong
the curwve in the undeformedspace Taking the derivative of
swith respectot yields:

ds

dt
whereJ; 1 is the Jacobiarof thetransformatior L. Since
T 1lis adisplacement); 1 = | + Jp, wherel is theiden-
tity matrix andJp is the Jacobiarof the displacementeld.
Then,assuming constansamplingdistancels, anadaptve
sampling(which we call Jacobiarsampling)is obtainedas:
_ 1

j(1+ (1) vj

and points alongthe ray direction canbe found aspj+1 =
pi + dtjv. Fig.(3) shavs anexampleof a narrav pull onthe
golf ballmodel.Becausedaptve samplingcanbecostly, we
allow the programmeto de ne whetherto usea threshold-
basedsamplingasin [HSS 05], Jacobiansamplingor no
adaptve samplingatall.

= jIr 1

dt; ds 4)

3.2. Warping

Warping of the sampled positions is done via inverse
displacementusing Eq.(2). Previous approacheso pro-
grammabledeformationde ne thewarpingasa hard-coded
statementvithin avertex or pixel shaderThis method how-
ever, is dif cult to generalizeandsomedeformationssuch
aspeelsrequireacomple proceduratle nition thatmaybe

(@) (b)

(© (d)

Figure 3: (a) Narrow Pull over golf ball model (245K tri-

angles).(b) Linear seach with binary re nementresultsin

missedntersectiongc) Adaptivesamplingbasedon thresh-
old (thresh=0:04) cannotresolveall misses(d) Jacobian
sampling nds theintersectiongproperly.

costlyto compute Instead,complex deformationsare sam-
pledinto deformationtextures In Eq.(2), we allow thede -
nition of aspatialtransformatioM, whichrepresentamap-
pingbetweerobjectspaceanddisplacemenspaceThistype
of mappingmay be usedto mapthe deformationin cylin-
drical coordinatesfor example,to render‘round” cuts.An-
otheruseis theinteractive controlof thespatialextentsof the
deformationasanafne transformatiorA(p) + u, whereA
containsa rotationandscaling,andu) is atranslation.This
allows the userto translateand rotatethe deformationtex-
tureto simulateinteractve manipulationof the deformation
parametersyithoutthe needto modify the deformationtex-
tureon the y . For instancetranslatinga twist in they di-
rection,hasthe effect of increasinghe strengthof the twist.
Similarly, atranslationalongthe x directionof a peeldefor
mationsimulategheeffectsof progressie peeling(Fig.(4)).

3.3. Lighting

After anintersectiorpointis found, color propertiesareob-
taineddependingon the lighting parametersFor this pur
pose we needto estimatethe normalat thatpoint. The nor
mal canbe reconstructedrom the gradientof f%onthe y ,
or, for speedip,from atransformatiorappliedto theoriginal
gradientof f. In traditionaldeformationthis canbeencoded
into thevertex shadetby multiplying the original normalby
the inversetransposeof the Jacobiarof the forward trans-
formationfunction T [Bar84. In our approachwe require
a transformationbasedon the inversedisplacementFrom
vectorcalculus,we have thatfor aninversetransformation,
JT> (p) = J? 1(T(p)) [Dav67], whereJt is the Jacobiarof

atransformatiorl. For T 1(p) = p+ D(p), the Jacobiaris
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Figure 4: Exampleof applyingan af ne transformationto
the deformatiortexture, Top: A progressivewistingofa n-

ger is obtainedby applyinga translationalong the y axis.
Bottom: A translationof the deformationspace(blue box)
along the z directionresultsin progressivepeeling Thisis
encodedn themappingstage of the deformationshader

de nedasJt 1(p) = | + Ip(p), whereJp(p) istheJacobian
of the displacemenand| is the identity matrix. Therefore,
normalscanbe obtainedas:

'"9p) = normalize (I+ Jp(p))” 'n (p+ D(p)) (5)

Where!n Yp) is the normalto the deformedsurfaceat point
| f .

p and'n (p) is thenormalto theundeformedsurfaceat point

p. Notethatthisis adifferentexpressiorfrom the usualnor

mal estimationformulawhich hasbeenderived from direct

deformationEq.(5) appliesfor inversewarping.

4., De nition of Deformation Textures

Deformation Textures are de ned as a sampling of
an inverse displacementin a regular grid. There are a
number of ways of obtaining a deformation texture:
procedurally as the result of inverting a forward trans-
formation, via control points, or via a simulation. In
this paper our deformationsare obtained from a pro-
cedure.For a twist deformation,for instance,a forward
transformationis given by the expression:Dg(X;y;2) =

(xcosa(2) + ysina(z) x; xsina(2)+ycosa(z) y;0)).

The inversedisplacements simply D = Dg. For a bend
deformation the inversetransformationcan also be found,
as describedin [Bar84. Complex deformationshowever,
may be dif cult to de ne procedurally Further nding a
closeform solution to the inversemay prove dif cult. In
this case,deformationcan be obtainedusing a nite set
of control points, which are deformedinteractvely by the
user and using inverseweightedinterpolationin orderto
nd the valuesat grid points[RM95]. Oncea deformation
textureis createdjt canbere-usednto a numberof surface
models and applications,much in the way of color or
image textures. Further deformation textures based on
displacementsire algebraicallyeasyto combine.Addition
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of deformationtextures can be usedto add deformation
“detail” to adeformationtexture.

5. Cut shader

The abore methodis essentiallyfor continuousdeforma-
tions, wherethe displacemenfunction D is de ned every-

wherein the domainof the deformationtexture. Deforma-
tion cuts, suchas incisions, creatediscontinuitiesinto the

surface,without remaving material.Othercuts,suchasthe

removal of parts(i.e.,aCSGoperation)canalsoberealized
with this method.To implementa cut shadera numberof

changesremadeto the differentstagef the deformation
pipeline.First, we mustencodethe cut informationinto our

deformationtexture. Second, nding intersectionss differ-

ent,astheintroductionof cutsimpliesa changen theconti-

nuity of thesurface.Further whensimulatinga solid model,
aray may intersectthe objectat the interior, on a new sur

facethatappearslueto the cut. And nally, because new

surfacemayappeayrthenormalinformationmustbeadapted
to the shapeof thecutgeometryaswell. Thesecasesarede-

scribedbelow.

The deformationtexture, which containsa discretesam-
pling of D must be extendedto contain discontinuity in-
formation. This is achieved by creatingan alphamap A(p)
(scalareld), whichtellswhetherapointis insideor outside
of acutregion. As aconvention,we assumehata pointp is
cut,if it liesin theregion A(p) > 0, or not, otherwise.

5.1. Ray Intersection with Deformation Cuts

Theray intersectiorprocesdiffersfrom the original shader
in thataray maynotintersecthesurfaceif it is cut,or it may

intersecta new surfacethatappearst theinterior of a solid

object. The appropriateay intersectiormethoddependsn

whethettheobjectis assumedo behollow, solid,or ahollow

thick shell. Although surfacesare modeledasthin shells,a

deformationcut shademllows the renderingof ary of these
threetypesof objects,asselectedy theuser

5.1.1. Rendering of Hollow Surfaces

In the simplestcase,we may considera surfaceas a thin
shell. Cutting a surfacerevealsthe empty spaceinside an
object,and providesa view of the backsideof partsof the
object.In traditionaldeformationguttinga surfaceimpliesa
changen topology whichis dif cult todoin avertex shader
However, this canbe doneusing our pixel-baseddeforma-
tion shadersby modifying theray intersectioralgorithm,as
follows: Whenever an intersectiorpois found,atestfor vis-
ibility is performedusingthe alphamapwhich encodeshe
shapeof the cut. If A(p9 < 0, the point is not within a re-
gion of the cut andthe intersectioris found. Otherwise the
point is discardedandthe ray traversalcontinuesuntil an-
otherintersectiornwith the surfaceis found, or the stopping
criteriaaremet. This is shovn in Fig.(5a). Theintersection
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point 1 is discardedandonly 2 is usedfor rendering.Note
thattheseintersectionsreontheinterior or undersideof the
model. We can usethe normalsto renderthe interior in a
differentcolor. Becausef falseintersectionsthis approach
may be slow. Another approachis to usethe original ray
intersectiomalgorithmover a combinedimplicit representa-
tion of the surfaceminusthe geometryof the cut (CSGop-
eration).However, this approachmay resultin intersection
missesfor sharpcuts. With the approachdescribedabove,
however, sharpcutscanberepresentedithout artifacts.

5.1.2. Rendering of Solid Objects

If we assumehatthe objectis solid, renderinga cut reveals
the interior of the solid. To renderthis effect, a ray may in-

tersecta new surfacethatappearsiueto the cut. A similar

algorithmis used exceptthatwhenanintersectiorwith the
objectis discardedbecauset is within the volume of the
cut), it maybe possiblethatit still intersectghe cutgeome-
try. In suchcasethe algorithmcontinuegraversingtheray,

butthistimeit searchefor intersectionsvith thecutsurface,
which is found at pointswhereA(p) = 0. A valid intersec-
tion with the surfaceof the cut mustbein theinterior of the
object,i.e., f(p) > 0. If thatis not the case the algorithm
continuesin the searchof intersectionsThis is depictedin

Fig.(5b). Renderinga solid objectalsochangeghe lighting

stage,since the reconstructedhormal dependson whether
the point foundintersectghe surface f or the alphamapA.

Thefollowing testcomputeghe correctnormal:

|
nip) p<e

N , (6)
(A) otherwise

|

nqp) =
Where!n? is thenormalfoundusingEq.(), andN(A) is the
gradientof thealphamapA.

5.1.3. Rendering of Thick Shells

Finally, anotherpossibility is the casewherewe have hol-
low objectswith a “thick skin”. In this case,thereare re-
gions whereintersectionswith the cut surface are needed
(thethick partof the outershell of the object),andotherre-
gionswheretheseareignored. Remarkablythis canbe ob-
tainedby modifying the surfacerepresentatioand follow-
ing thealgorithmfor solidobjectsLett > 0 bethethickness
of theshell. Then,the new surfacerepresentatiors:

t f(p) f(p)>}%
f(p) otherwise

f(p) = (7
The differentrenderingof cuts can be seenin Fig.(6). In
traditionaldeformationwith cuts, it is requiredto remesha
compl« tetrahedrameshto representhesedifferenttypes
of solids.

6. GPU Implementation

Our approaclcanbeef ciently implementedxploiting the
programmabilityof fragmentshadersA deformatiorshader

Original

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

(b)

Figure 5: Rayintersectionof cut surface (a) For a hollow
object,wecomputéntersectionswith f(p), discadingthose
insidethecutregion (1), and stoppingwhenit is outsidethe
cutregion (2). (b) For a solid object,we keeptradk of inter-

sectionswith the cutregion andthe object(point 2).

(a) Hollow (b) Thick Hollow (c) Solid

Figure 6: Hollow, Thid and Solid Apple

is thenarealizationof the differentstagesiescribedn Sec-
tion 3. To rendera deformedimplicit shaderwe rst com-
putethe distanceeld of the partial surfaceSy andstoreit
into a 3D texture. We usea while loop to traversethe ray
along the view direction, and use a conditional statement
for early termination.CurrentGPU's oftenincur in branch
penaltieswith thesetype of loops. We believe that branch-
ing supportof newer GPU's will improve the performance
of our approachWithin theloop, we warp eachsamplepo-
sitionaccordingo thedisplacemenstoredin a deformation
map,andusetheresultto sampletheimplicit representation
f, storedalsoasatexture.An interval for apossiblantersec-
tion is found wheneer a changein signof f occurs.Then,
we usea binary re nementto narrav down theintersection
coordinates.

6.1. GPU Ef ciency

In our approachwe requirea distance eld representation
of an object. Dependingon the compl«ity of the mesh,
this maybe memoryconsumingAs analternatve, onemay
choosesmallerrepresentationdradingoff the exactnesf
distance elds. An exampleis 2D depthmaps.A depthor
heightmapis a 2D mappingfunctionH : RZ 7! R, which
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containgdepthvaluesto theclosespointin thesurfacealong
agivenvector'n, normalto the planewherethe depthmap
is de ned. Depthmapscanbe usedasanimplicit represen-
tation of anobjectas: f(p) = H(px) d(p), whered(p) is
theclosestdistanceof p to theplane,andpy is theprojection
of the point into the plane,de ned in 2D coordinatedocal
to thatplane.Althougha depthmapis nota completerepre-
sentatiornof the closestdistanceto anobject,it canbe used
asanimplicit representationf a corvex surface,aslong as
all pointsin the surfacearevisible alongthe directionnor-
mal to the depthmap.In Fig. (6), for example,we useda
depthmap.To overcomethe limitations of depthmaps,one
canapproximatea distanceeld basedn depthmapsalong
the six planesde ned by a cubeembeddinghe object.We
call this a depthmap cube For the purposeof rendering,
animplicit representatiomanbe obtainedby combiningthe
corresponding functionsfor thesix facesGiventwo repre-
sentationd; and f,, anew representatiori canbefoundas:
f(p) = r min(jf1(p)j;jf2(p)j), wherethesignr is obtained
aspositive for thecasesvheref;(p) and fa(p) arepositive,

i.e., whenthe pointis in the inside of both representations.

This combinationis thenrepeatedor the six facesof the
cube.As an exampleof the memorysavings, a 3D layered
representationf resolution128® requires8 MB of texture
memorywhile a depthmapcubeof the sameresolutionre-
quiresonly 6 64KB = 384KB. However, thereis avisibil-

ity tradeoff, andthe depthmap cubecanonly be usedfor

geometriesvhich do not containsigni cant concaities.

6.2. GPU PerformanceResults

Differentdisplacementextureswere createdo testour ap-
proach.In this paper we include onessimulating a peel
(Fig.(1b)), atwist (Figs.(@c) and(4)), abend(Fig.(1c)), and
a knife cut (Fig.(6)). For Fig.(1b), an object(maskmodel)
wasplacedundertheoriginal torsomodel,sothatwhenit is
peeledthebottomsurfaceis revealed.
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Model Triangles | Continuous Cuts Cuts

(noESK) | (ESK)
hand 18,905 89.79 225.46 | 75.77
bunry 72,027 87.32 249.92 | 114.95
armadillo | 172,974 83.89 260.18 | 126.00
dragon 871,414 119.24 323.20| 126.5

Table 1: Weightedaverage of renderingtimefor continuous
anddiscontinuousieformationin milliseconds.

Since our approachis largely implementedas pixel
shadersits performancedependson the screenareaof the
deformationregion ratherthanits compleity in terms of
numberof vertices.We performeda seriesof experiments
with modelsof varying size and obtainedrenderingtimes
for differentsizesof the deformationregion, relative to the
size of the viewport (512 512),0n a PentiumXEON 2.8
Ghz PCwith 4096 MB RAM, equippedwith a QuadroFX
4400with 512MB of videomemory Compositerepresenta-
tion in all thesecaseaised2MB of texture memory Fig.(7)
shavstherenderingimesvs. theeffective screerareaof the
deformatiorregion, asa percentagef thewindow areaWe
measuredime for the renderingof continuousdeformation
(Continuous)yandfor a solid renderingof cuts(Cuts),asde-
scribedin Section5.1.2 We canseethe overheaddueto ex-
traintersectiortestswhenrenderingsolid cuts.To overcome
theperformanceostof “f alse”intersectionsvhenrendering
cuts,we may emplgy an empty spaceskippingmechanism,
whererays areinitiated only at the continuouspart of the
alphamaskusedfor the deformation.This informationcan
be obtainedfrom a distanceeld representatiomf the cut
geometrylf asamplepointis foundto be within the region
of the cut, we cansafely skip the samplepointswhich are
within the distancegiven by the distanceeld atthatpoint,
without the needof testingfor intersectionsith the object
surface.This methodprovedto bevery fastcomparedo the
original method,andrenderingtime wascomparableo that
for continuousdeformation.

To summarizeherenderingime for thetwo methodsn a
comparablavay, we computeda weightedaverageon those
results.The weightedaverageis computedas § axty=4 a,
whereay 2 [0; 1] is therelative renderareaof the deformed
spaceandty is the renderingtime for a measurek. Table 1
shaws the resultsof this averaging,whererenderingtime is
givenin milliseconds.

6.3. Discussion

Previous resultsare encouragingor future generationsof
GPUs.As perpixel processindbecomesnorepowerful, we
believe thatthe speedup on deformationapproachebvased
onray traversalcanbe considerablefor applicationsvhere
real-timeis neededsuchasgamesthedeformatiorpipeline
canbe improved with a multi-resolutionmechanismFirst,
ray traversalcanbe performedin a besteffort basis,where
deformationgtaking placein a small areaof the screenor
at very high speedcan be renderedusing low frequeng
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sampling.One of featuresthat makes our approach e xi-
ble is the ability to storecomplex deformationsastextures.
In our examples,deformationsonly requirefrom 128 KB
(peel)to 2 MB (twist). In general adisplacementexture of
sizew h d requires8whd bytes.However, highly com-
plex deformationsmay requirelarge 3D texturesto render
high quality images.One mechanismto overcomethis is
to allow the compositionof deformationsvia simpler tex-
tures.Anotherlimiting aspects the implicit representation
of complex objectsvia 3D textures. For instance,the ar
madillo model(at a resolutionof 256°) required64 MB of
texturememory This canbereduceddy applyingalternatve
representationas seenin section6.1 However, handling
large complex modelsrequiresa partitioning of the object
into several textures and improved CPU-GPUbandwidth.
With the advent of new vertex capabilities,improved ver-
tex supportmay be available.We believe our approactstill
hasvalidity and cancomplemenimesh-basedeformation.
In fact, it would openpossibilitiesfor a hybrid approach,
wherecoarsedeformationcanbe implementedon a vertex
shaderwhile ne-graineddeformationandcutscanbedone
atthepixel level.

7. Conclusions

We have presentedh novel pipelinefor renderingdeforma-
tions andcutsusing programmableraphicshardware. Un-
like previous approacheswhich introduce deformationas
partof a vertex shaderwe de ne deformationrenderingas
a pixel shader This makes possiblethe renderingof cuts,
which aredif cult to produceusing vertex shaderdueto
the changesn meshtopology In our casewe do not need
to explicitly split thegeometryor remeshalongthe edgesof
a cut. It alsoovercomesthe needfor a ne tessellationof
themesh requiredfor smoothrenderingof deformation.To
implementour approachwe useanimplicit representation
of the portionof themeshundegoingdeformationstoredin
theGPUasadistanceeld texture.We have showvn how dis-
placementnapscanbe appliedto renderdeformation simi-
lar to image-spacdisplacemeninapping.andhow they can
be extendedto renderdeformation-cutsThrougha number
of exampleswe shav how our methodcanbe usedto ren-
derhollow andsolid objects withoutthe needfor acomple
tetrahedramesh.We believe this approacthasapplicability
in authoringand animationsystemsjn sumgical simulation
andinteractve applications.
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