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Figure 1: Examplecutsanddeformationson 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 programmableshaderpipelineof
contemporary GraphicalProcessingUnits. In our method,weallow general deformationsincludingcuts.Previ-
ousapproachesto deformationplacethe role of the GPU as a general purposeprocessorfor computingvertex
displacement.With theadventof vertex texturefetch in currentGPUs,a numberof approacheshavebeenproposed
to integratedeformationinto therenderingpipeline. However, therenderingof cutscannotbeeasilyprogrammed
into a vertex shader, dueto the inability to change thetopology of themesh.Furthermore, renderingsmoothde-
formedsurfacesrequiresa �ne tessellationof themesh,in order to preventself-intersectionandmeshingartifacts
for largedeformations.In our approach, weovercometheseproblemsbyconsideringdeformationasa part of the
pixel shader, where transformationis performedon a per-pixel basis.We demonstratehowthis approach canbe
ef�ciently implementedusingcontemporary graphicshardwareto obtainhigh-qualityrenderingof deformationat
interactiverates.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.5 [ComputerGraphics]:ComputationalGeometry
andObjectModelingGeometricTransformations;I.3.6 [ComputerGraphics]:MethodologyandTechniquesInter-
actiontechniques;

1. Intr oduction

In this paper, we presenta novel renderingmethodology
which produceshigh-quality deformationsincluding cuts
and twists, using programmablegraphicshardware. Un-
like previousapproachesto hardware-assisteddeformation,
which placethe deformationat the vertex shader, we place
deformationin thepixel shader. This hascertainadvantages
overper-vertex deformation.First,genericdeformationscan
be de�ned in deformationtextures, which sample3D dis-
placementsin a 2D or 3D texture.Vertex texture fetch has

only beensupportedin the latestGPUs,and have limited
�ltering modes.However, pixel texture fetch is still con-
siderablyfaster, andprovidessupportfor multiple �ltering
modes,suchasbi-linear, tri-linear andanisotropic.Second,
deformationon image-space,as opposedto object space,
providessmootherresults,as it is not limited by the reso-
lution of the mesh.In our approach,we deformthe object
aspartof therenderingpipeline.This is differentfrom other
traditionaldeformationmethods,wheredeformationis con-
sideredasa modelingproblemanda new meshis required.
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Deformationasa renderingprocessdoesnot producea re-
sultingmesh,but generatesimagesof a deformedobjectin
real-timeandwith veryhighquality. Thishasawidenumber
of applicationsin real-timeillustration, animation,gaming
andgenerationof specialeffects.

In this paper, we proposea generalizednotion of defor-
mation shaders,wherewe exploit the programmabilityof
graphicshardware to renderall kinds of deformations,in-
cluding cutsandbreaks.Thesearemoredif�cult to model
using vertex processing,as topology changesare required
(i.e., remeshing).However, we show that thesecanbereal-
ized in a pixel shader, by consideringa specialkind of de-
formationtextureswhich encodediscontinuityinformation.
Becausewe realizedeformationasa pixel shader, it is con-
sideredasan inversespacewarpingproblemratherthana
vertex transformationproblem.As a generalapproach,we
useraycastingto �nd intersectionsof viewing rayswith the
deformedsurface.This paradigmwasintroducedearlierfor
raytracingof deformedobjects[Bar86], andweshow how it
canbeef�ciently implementedusingprogrammablegraph-
icshardware.Further, wesolveanumberof additionalchal-
lengeswhenincorporatingcuts.

2. RelatedWork

Deformationshave beenwidely usedin computergraphics
to generatea numberof effects,andthey have applications
in animation,shapemodelingandsimulation.Theliterature
in deformationis extensive, for which therearea numberof
surveys [NMK � 05,BS07]. Meshcuttingis anotheraspectof
deformation,wherethemeshtopologyis modi�ed to simu-
latebreaksandincisions[BSM� 02]. Work closelyrelatedto
this paperareGPU-baseddeformationtechniquesandren-
deringof implicit surfaces.

GPU AcceleratedMesh Deformation. Most deformation
approachestransformthe verticesof a meshdirectly, via
proceduraltransformations[Bar84], via a proxy geometry
[SP86], or via aphysically-basedsimulation[NMK � 05]. Re-
cently, physically-baseddeformationapproacheshave used
graphicshardwarefor solving partial differentialequations
requiredfor mass-springor �nite elementmodels[KW03,
GWL� 03]. In thiscase,renderingis seenasadifferentstage
to the deformationprocess.This approachhas been ex-
tendedto therenderingof cuts,especiallyfor surgerysimu-
lation [MS05]. Othershave applieddeformationduring the
renderingprocess,in a vertex shader. The deformationis
procedurallyde�ned [d'E04], de�ned asa deformationtex-
ture [JP02] or a displacementmap [SKE05], or asa com-
binationof basisfunctions[MBK06]. The ability to de�ne
deformationsastexturesis possiblethanksto vertex-texture
capabilitiesof recentGPU's.A problemwith vertex-shader-
baseddeformationis therelianceonasmoothtessellationof
the input meshfor high-qualityrenderingandthedif�culty
to model topologychanges,requiredfor cuts.As an alter-
native, deformationcan be donein a pixel shader. Trans-

forming theshapeof anobjectin imagespacehasbeensuc-
cessfullyimplementedfor displacementmapping.Displace-
ment mapping[Coo84] allows the renderingof geometric
detail on a basesurface.RecentmethodsuseGPU-based
ray casting[OBM00, HEGD04, WTL� 04, PO06]. However,
many of thesetechniquesdonotextendeasilyto generalde-
formation or to large cuts, becausethe displacementmap
is usually independentfrom the input geometryand be-
causeit is assumedto be containedwithin a small volume
(shell) surroundingthe surface.A displacementwas pro-
posedin [CSC06b, CSC06a], wherea volumetricobject is
deformedandcutat interactive rates.Becausethevolumeis
representedasa stackof view-alignedslices,this approach
is prone to aliasingand undersampling.In this paper, we
generalizethenotionof displacementmapfor deformation,
including the ability to rendercuts in polygonalmodelsin
an ef�cient manner, without the requirementof explicitly
changingthetopologyof themesh.

Implicit Representations.Implicit surfaceshavebeenused
widely in computergraphicsas an object representation,
with applicationsin modeling,deformationand animation
[Blo97]. Oneof the challengeswith implicit deformations
is �nding intersectionsef�ciently for interactive rendering
or acceleratedray tracing. A numberof approacheswere
proposedvery early [Har96, KB89, SP91], for both unde-
formedanddeformedimplicit surfaces.Recently, Hadwiger
etal. [HSS� 05] showedhow thesemethodscanbeextended
to therenderingof arbitrarymeshesusingthedistance�eld
as an implicit representation.In this paper, we exploit the
programmabilityof pixel shadersto representmeshdefor-
mationasa renderingof a deformeddistance�eld. Unlike
previousapproaches,ourmethodcanbeextendedto theren-
deringof cuts,which may introducesharpcorners,dif�cult
to renderaccuratelyvia raycasting.We show 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
representation,we choosesigneddistance�elds asa repre-
sentation.Later, in Section6.1, we show how this require-
mentcanbe adjustedto improve GPU memoryef�ciency.
An implicit surfaceis de�ned asanisosurfaceof a function
f : R3 7! R. As a convention,a surfaceof interestS canbe
de�ned implicitly asthesetof pointsp suchthat f (p) = 0.
Also,asaconvention, f is positiveinsidetheobjectandneg-
ativeoutside.A deformedimplicit surfaceS0is de�nedasthe
zero-setf 0(p) = 0. Let T : R3 7! R3 by aspatialtransforma-
tion, so thata point p is transformedinto p0= T(p) andits
inverseT � 1 suchthatp = T � 1(p0). In this paper, we de�ne
T � 1 asa3D inversedisplacement,i.e.,p = p0+ D(p0), with
D : R3 7! R3, a displacement�eld. The deformedimplicit

c
 Associationfor ComputingMachinery, Inc. 2007.



C. Correa& D. Silver/ ProgrammableShaders for DeformationRendering

surfacecanbefoundasthesetof pointsp0suchthat:

f 0(p0) = f (T � 1(p0)) = f (p0+ D(p0)) = 0 (1)

Sincewe intendto apply this methodto surfacesde�ned
asmeshes,our renderingpipelinerequiresa stagewherea
signeddistance�eld is obtainedfrom the mesh.However,
wedonot requireasigneddistance�eld for theentiremesh,
but ratheronly the subsetof the surfacewhich is to be de-
formed.Thanksto a numberof GPU-basedtechniquesfor
the generationof distance�elds [SPG03, SGGM06], it can
bedoneinteractively.

First, the userselectsa region wheredeformationis to
be appliedusing a boundingbox. Let SD � S be the part
of the surfacecontainedin that region, which is to be de-
formed.The userselectsa 3D displacementtexture from a
pool of pre-de�neddeformations,andappliesit to the sur-
face,much in the way color or displacementtexturesare
appliedin currentgraphicspipelines.Becausewe know the
maximumattainabledisplacementfor a given deformation
texture,we canboundthe spaceoccupiedby the deformed
surfacewithin a boundingbox B(S0

D), whereS0
D is the de-

formed surface. Then, the renderingcan be done in two
stages.First,werendertheundeformedpartof theobjectus-
ing traditionalshaders,enablingdepthculling of theregion
de�ned by B(S0

D), so that the deformedregion is not ren-
deredtwice.In thesecondstage,werendertheboundingbox
B(S0

D) usinga deformationshader. Thedeformationshader
is a shaderprogramthatenablesthe renderingof deformed
implicit surfacesin imagespaceratherthanobjectspace.Fi-
nally, onceboth are rendered,we blend the color nearthe
seamsso that both parts(the oneusingan explicit surface
andthe oneusingan implicit surface),areintegratedwith-
outartifacts.Thisis possibleaslongasdeformationvanishes
asit getsneartheboundaries.This couldbeenforcedin all
boundariesof thedeformationcube,but, in practice,this is
only enforcedin certainfacesof thecube,dependingon the
deformation.Twisting,for instance,is constrainedto bezero
at all the facesexceptthe top of the deformationbox. This
meansthat it shouldbe placedso that the top facedo not
intersecttheobject.

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

1. Warping. Each samplealong the ray p0 is inversely
warpedby samplingthe deformationtexture,andusing
thevaluesasa3D displacement.Thatis:

p = p0+ M(D(M� 1(p0))) (2)

whereD is a displacement�eld (storedasa deformation
texture), andM is a coordinatetransformationbetween
texturespaceandobjectspace.

2. Sampling. The warpedcoordinatep is usedto sample
theimplicit representationf .
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Figure 2: Deformationof an apple. S, the original sur-
face is rendered with a traditional shader. A 3D displace-
ment/deformationtexture is chosenandaddedto theobject.
The boundingbox B(S0

0) is rendered as an implicit repre-
sentationusingray casting. Theresultof both shaders are
compositedtogether.

3. Find Intersection. The ray traversalis stoppedwhen-
ever anintersectionis found,asthezero-setf (p) = 0. A
numberof approachescanbeappliedfor thedetermina-
tion of a stoppingcriteriaandray traversal,asdiscussed
in section3.1

4. Lighting . Finally, whenan intersectionis found, color
andlighting attributesareobtainedby estimatingthenor-
malsto thedeformedsurfaceat theintersectionpoint.

3.1. Ray traversaland Intersections

In orderto �nd theclosestintersectionof a raywith thesur-
face,this stagetraversestherayat samplingpositions:

p0
i = p0 + tiv (3)

for ti 2 (0;tend) andp0 theentrypoint of the ray v into the
boundingbox B(S0

0). This linear searchhasbeenusedfor
interactive renderingof displacementmaps.For moreaccu-
rateintersections,linearsearchis usuallyaccompaniedwith
a binary intersectionre�nement,suchas in [HSS� 05], and
an adaptive samplingmechanism.For speedup, linear and
binary searchgivesgoodresultsfor smoothsurfaces.Sur-
faceswith narrow details,however, resultsin artifactsdueto
missinganintersection.In thecontext of deformation,there
aretwo additionalchallenges:the introductionof large de-
formations,andtheintroductionof sharpcuts,bothof which
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canintroducenarrow detailsinto thenew deformedsurface.
Theseproblemsarediscussedin thefollowing sections.

3.1.1. AdaptiveSampling

One of the challengeswith the renderingof implicit sur-
facesis accurately�nding the�rst intersectionwith thesur-
face.With linear search,regions of high spatialfrequency
might be skipped,resultingin artifactsnearedges.A num-
ber of solutionshave beenproposed.Previous approaches
aimingtowardraytracingrequire“guaranteed”intersection-
�nding algorithms,basedon Lipschitz constants[KB89].
Hadwiger et al. use adaptive sampling basedon a user-
controlledthreshold[HSS� 05]. In our paper, we are inter-
estedin thecaseswhereadaptive samplingis neededin the
caseof deformation.For this purpose,andwithout lossof
generality, we assumethat the original undeformedsurface
canberenderedrobustly usingoneof theabove techniques.
With deformation,additionalconditionsmustbemetsothat
the deformedsurfaceis renderedproperly. For instance,a
long narrow pull or a large twisting, may increasethe re-
quired samplingof the deformedsurface.Let us de�ne a
ray in deformedspacep0 + tv, wherev is the view direc-
tion andp0 is the ray entry point. This ray correspondsto
a 3D curve R(s) in undeformedspace.We can consider
s = T � 1(t), for an inversetransformationT � 1, such that
R(s) = T � 1(p0 + tv). To avoid missingintersectionsin the
caseof asharpor largedeformations,weensurethatsamples
in thedeformedspacecorrespondto uniform samplesalong
thecurve in theundeformedspace.Takingthederivative of
swith respectto t yields:

ds
dt

= jJT � 1vj

whereJT � 1 is theJacobianof thetransformationT � 1. Since
T � 1 is a displacement,JT � 1 = I + JD, whereI is the iden-
tity matrix andJD is theJacobianof thedisplacement�eld.
Then,assumingaconstantsamplingdistanceds, anadaptive
sampling(whichwecall Jacobiansampling)is obtainedas:

dti =
1

j(I + JD(t))vj
ds (4)

andpointsalongthe ray directioncanbe found aspi+ 1 =
pi + dtiv. Fig.(3) shows anexampleof a narrow pull on the
golf ballmodel.Becauseadaptivesamplingcanbecostly, we
allow theprogrammerto de�ne whetherto usea threshold-
basedsamplingas in [HSS� 05], Jacobiansamplingor no
adaptivesamplingatall.

3.2. Warping

Warping of the sampled positions is done via inverse
displacementusing Eq.(2). Previous approachesto pro-
grammabledeformationde�ne thewarpingasa hard-coded
statementwithin avertex or pixel shader. Thismethod,how-
ever, is dif�cult to generalizeandsomedeformations,such
aspeels,requireacomplex proceduralde�nition thatmaybe

(a) (b)

(c) (d)

Figure 3: (a) Narrow Pull over golf ball model(245K tri-
angles).(b) Linear search with binary re�nementresultsin
missedintersections(c) Adaptivesamplingbasedon thresh-
old (thresh=0:04) cannot resolveall misses(d) Jacobian
sampling�nds theintersectionsproperly.

costly to compute.Instead,complex deformationsaresam-
pledinto deformationtextures. In Eq.(2), we allow thede�-
nitionof aspatialtransformationM, whichrepresentsamap-
pingbetweenobjectspaceanddisplacementspace.Thistype
of mappingmay be usedto mapthe deformationin cylin-
drical coordinates,for example,to render“round” cuts.An-
otheruseis theinteractivecontrolof thespatialextentsof the
deformation,asanaf�ne transformationA(p) + u, whereA
containsa rotationandscaling,andu) is a translation.This
allows the userto translateandrotatethe deformationtex-
tureto simulateinteractive manipulationof thedeformation
parameters,withouttheneedto modify thedeformationtex-
ture on the �y . For instance,translatinga twist in the y di-
rection,hastheeffectof increasingthestrengthof thetwist.
Similarly, a translationalongthex directionof a peeldefor-
mationsimulatestheeffectsof progressivepeeling(Fig.(4)).

3.3. Lighting

After anintersectionpoint is found,color propertiesareob-
taineddependingon the lighting parameters.For this pur-
pose,we needto estimatethenormalat thatpoint.Thenor-
mal canbereconstructedfrom thegradientof f 0 on the �y ,
or, for speedup,fromatransformationappliedto theoriginal
gradientof f . In traditionaldeformation,thiscanbeencoded
into thevertex shaderby multiplying theoriginal normalby
the inversetransposeof the Jacobianof the forward trans-
formationfunction T [Bar84]. In our approach,we require
a transformationbasedon the inversedisplacement.From
vectorcalculus,we have that for an inversetransformation,
J�>

T (p) = J>
T � 1(T(p)) [Dav67], whereJT is theJacobianof

a transformationT. For T � 1(p) = p + D(p), theJacobianis
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Figure 4: Exampleof applyingan af�ne transformationto
thedeformationtexture. Top: A progressivetwistingof a �n-
ger is obtainedby applyinga translationalong the y axis.
Bottom:A translationof the deformationspace(blue box)
along the z directionresultsin progressivepeeling. This is
encodedin themappingstageof thedeformationshader.

de�nedasJT � 1(p) = I + JD(p), whereJD(p) is theJacobian
of the displacementandI is the identity matrix. Therefore,
normalscanbeobtainedas:

�!n 0(p) = normalize
�

(I + JD(p))> �!n (p+ D(p))
�

(5)

where�!n 0(p) is thenormalto thedeformedsurfaceat point
p and�!n (p) is thenormalto theundeformedsurfaceatpoint
p. Notethatthis is adifferentexpressionfrom theusualnor-
mal estimationformulawhich hasbeenderived from direct
deformation.Eq.(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:DF (x;y;z) =
(xcosa(z) + ysina(z) � x; � xsina(z) + ycosa(z) � y;0)) .
The inversedisplacementis simply D = � DF . For a bend
deformation,the inversetransformationcanalsobe found,
as describedin [Bar84]. Complex deformations,however,
may be dif�cult to de�ne procedurally. Further, �nding a
close form solution to the inversemay prove dif�cult. In
this case,deformationcan be obtainedusing a �nite set
of control points,which are deformedinteractively by the
user, and using inverseweightedinterpolationin order to
�nd the valuesat grid points [RM95]. Oncea deformation
textureis created,it canbere-usedinto a numberof surface
models and applications,much in the way of color or
image textures. Further, deformation textures based on
displacementsarealgebraicallyeasyto combine.Addition

of deformationtextures can be used to add deformation
“detail” to adeformationtexture.

5. Cut shader

The above methodis essentiallyfor continuousdeforma-
tions,wherethe displacementfunction D is de�ned every-
wherein the domainof the deformationtexture. Deforma-
tion cuts, suchas incisions,creatediscontinuitiesinto the
surface,without removing material.Othercuts,suchasthe
removal of parts(i.e.,aCSGoperation),canalsoberealized
with this method.To implementa cut shader, a numberof
changesaremadeto thedifferentstagesof thedeformation
pipeline.First,we mustencodethecut informationinto our
deformationtexture.Second,�nding intersectionsis differ-
ent,astheintroductionof cutsimpliesachangein theconti-
nuity of thesurface.Further, whensimulatingasolidmodel,
a ray may intersectthe objectat the interior, on a new sur-
facethatappearsdueto thecut. And �nally , becausea new
surfacemayappear, thenormalinformationmustbeadapted
to theshapeof thecutgeometryaswell. Thesecasesarede-
scribedbelow.

The deformationtexture,which containsa discretesam-
pling of D must be extendedto contain discontinuity in-
formation.This is achieved by creatingan alphamapA(p)
(scalar�eld), which tellswhetherapoint is insideor outside
of acut region.As aconvention,weassumethatapointp is
cut, if it lies in theregionA(p) > 0, or not,otherwise.

5.1. Ray Intersection with Deformation Cuts

Theray intersectionprocessdiffersfrom theoriginal shader
in thataraymaynotintersectthesurfaceif it is cut,or it may
intersecta new surfacethatappearsat theinterior of a solid
object.Theappropriateray intersectionmethoddependson
whethertheobjectisassumedtobehollow, solid,orahollow
thick shell.Althoughsurfacesaremodeledasthin shells,a
deformationcut shaderallows therenderingof any of these
threetypesof objects,asselectedby theuser.

5.1.1. Renderingof Hollow Surfaces

In the simplestcase,we may considera surfaceas a thin
shell. Cutting a surfacerevealsthe empty spaceinside an
object,andprovidesa view of the backsideof partsof the
object.In traditionaldeformation,cuttingasurfaceimpliesa
changein topology, whichisdif�cult todoin avertex shader.
However, this canbe doneusingour pixel-baseddeforma-
tion shaders,by modifying theray intersectionalgorithm,as
follows:Wheneveranintersectionp0 is found,a testfor vis-
ibility is performed,usingthealphamapwhich encodesthe
shapeof the cut. If A(p0) < 0, the point is not within a re-
gion of thecut andtheintersectionis found.Otherwise,the
point is discardedandthe ray traversalcontinuesuntil an-
otherintersectionwith thesurfaceis found,or thestopping
criteriaaremet.This is shown in Fig.(5a). The intersection
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point 1 is discardedandonly 2 is usedfor rendering.Note
thattheseintersectionsareontheinterioror undersideof the
model.We can usethe normalsto renderthe interior in a
differentcolor. Becauseof falseintersections,this approach
may be slow. Another approachis to usethe original ray
intersectionalgorithmover a combinedimplicit representa-
tion of thesurfaceminusthegeometryof thecut (CSGop-
eration).However, this approachmay result in intersection
missesfor sharpcuts.With the approachdescribedabove,
however, sharpcutscanberepresentedwithoutartifacts.

5.1.2. Renderingof Solid Objects

If we assumethattheobjectis solid, renderinga cut reveals
the interior of thesolid. To renderthis effect, a ray may in-
tersecta new surfacethat appearsdueto the cut. A similar
algorithmis used,exceptthatwhenanintersectionwith the
object is discarded(becauseit is within the volumeof the
cut), it maybepossiblethat it still intersectsthecut geome-
try. In suchcase,thealgorithmcontinuestraversingtheray,
but thistimeit searchesfor intersectionswith thecutsurface,
which is found at pointswhereA(p) = 0. A valid intersec-
tion with thesurfaceof thecut mustbein theinterior of the
object, i.e., f (p) > 0. If that is not the case,the algorithm
continuesin the searchof intersections.This is depictedin
Fig.(5b). Renderinga solid objectalsochangesthe lighting
stage,sincethe reconstructednormal dependson whether
thepoint foundintersectsthesurface f or thealphamapA.
Thefollowing testcomputesthecorrectnormal:

�!n 0(p) =

( �!n 0
f (p) p < e

Ñ(A) otherwise
(6)

where�!n 0
f is thenormalfoundusingEq.(5), andÑ(A) is the

gradientof thealphamapA.

5.1.3. Renderingof Thick Shells

Finally, anotherpossibility is the casewherewe have hol-
low objectswith a “thick skin”. In this case,thereare re-
gions where intersectionswith the cut surfaceare needed
(thethick partof theoutershellof theobject),andotherre-
gionswheretheseareignored. Remarkably, this canbeob-
tainedby modifying the surfacerepresentationandfollow-
ing thealgorithmfor solidobjects.Let t > 0 bethethickness
of theshell.Then,thenew surfacerepresentationis:

f̂ (p) =

(
t � f (p) f (p) > t

2
f (p) otherwise

(7)

The different renderingof cuts can be seenin Fig.(6). In
traditionaldeformationwith cuts,it is requiredto remesha
complex tetrahedralmeshto representthesedifferenttypes
of solids.

6. GPU Implementation

Our approachcanbeef�ciently implementedexploiting the
programmabilityof fragmentshaders.A deformationshader

Original Solid CutHollow Cut

(a) (b)

2

1 1

2

Figure 5: Rayintersectionof cut surface. (a) For a hollow
object,wecomputeintersectionswith f (p), discardingthose
insidethecut region (1), andstoppingwhenit is outsidethe
cut region (2). (b) For a solid object,wekeeptrack of inter-
sectionswith thecut regionandtheobject(point2).

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

Figure6: Hollow, Thick andSolidApple

is thena realizationof thedifferentstagesdescribedin Sec-
tion 3. To rendera deformedimplicit shader, we �rst com-
putethe distance�eld of the partial surfaceSD andstoreit
into a 3D texture. We usea while loop to traversethe ray
along the view direction, and usea conditionalstatement
for early termination.CurrentGPU's often incur in branch
penaltieswith thesetype of loops.We believe that branch-
ing supportof newer GPU's will improve the performance
of our approach.Within theloop,we warp eachsamplepo-
sitionaccordingto thedisplacementstoredin adeformation
map,andusetheresultto sampletheimplicit representation
f , storedalsoasatexture.An interval for apossibleintersec-
tion is foundwhenever a changein signof f occurs.Then,
we usea binaryre�nementto narrow down the intersection
coordinates.

6.1. GPU Ef�ciency

In our approach,we requirea distance�eld representation
of an object. Dependingon the complexity of the mesh,
thismaybememoryconsuming.As analternative,onemay
choosesmallerrepresentations,tradingoff theexactnessof
distance�elds. An exampleis 2D depthmaps.A depthor
height map is a 2D mappingfunction H : R2 7! R, which
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Figure7: Renderingtimefor continuousdeformation,in re-
lation to the relativesizeof the deformationboundingbox,
asa percentageof thescreenarea(512� 512)

containsdepthvaluesto theclosestpoint in thesurfacealong
a givenvector�!n , normalto theplanewherethedepthmap
is de�ned. Depthmapscanbeusedasanimplicit represen-
tationof anobjectas: f (p) = H(px) � d(p), whered(p) is
theclosestdistanceof p to theplane,andpx is theprojection
of the point into the plane,de�ned in 2D coordinateslocal
to thatplane.Althoughadepthmapis notacompleterepre-
sentationof theclosestdistanceto anobject,it canbeused
asanimplicit representationof a convex surface,aslong as
all pointsin the surfacearevisible alongthe directionnor-
mal to the depthmap.In Fig. (6), for example,we useda
depthmap.To overcomethelimitationsof depthmaps,one
canapproximatea distance�eld basedon depthmapsalong
the six planesde�ned by a cubeembeddingthe object.We
call this a depthmap cube. For the purposeof rendering,
animplicit representationcanbeobtainedby combiningthe
correspondingf functionsfor thesix faces.Giventwo repre-
sentationsf1 and f2, anew representationf canbefoundas:
f (p) = r � min(j f1(p)j; j f2(p)j), wherethesignr is obtained
aspositive for thecaseswhere f1(p) and f2(p) arepositive,
i.e., whenthe point is in the insideof both representations.
This combinationis then repeatedfor the six facesof the
cube.As an exampleof the memorysavings,a 3D layered
representationof resolution1283 requires8 MB of texture
memorywhile a depthmapcubeof thesameresolutionre-
quiresonly 6� 64KB = 384KB. However, thereis a visibil-
ity tradeoff, andthe depthmapcubecanonly be usedfor
geometrieswhichdonotcontainsigni�cant concavities.

6.2. GPU PerformanceResults

Differentdisplacementtextureswerecreatedto testour ap-
proach.In this paper, we include onessimulating a peel
(Fig.(1b)), a twist (Figs.(1c) and(4)), a bend(Fig.(1c)), and
a knife cut (Fig.(6)). For Fig.(1b), an object (maskmodel)
wasplacedundertheoriginal torsomodel,sothatwhenit is
peeled,thebottomsurfaceis revealed.

Model Triangles Continuous Cuts Cuts
(noESK) (ESK)

hand 18,905 89.79 225.46 75.77
bunny 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

Table1: Weightedaverageof renderingtimefor continuous
anddiscontinuousdeformationin milliseconds.

Since our approachis largely implementedas pixel
shaders,its performancedependson the screenareaof the
deformationregion rather than its complexity in termsof
numberof vertices.We performeda seriesof experiments
with modelsof varying size and obtainedrenderingtimes
for differentsizesof the deformationregion, relative to the
sizeof the viewport (512� 512),on a PentiumXEON 2.8
GhzPC with 4096MB RAM, equippedwith a QuadroFX
4400with 512MB of videomemory. Compositerepresenta-
tion in all thesecasesused2MB of texturememory. Fig.(7)
showstherenderingtimesvs.theeffectivescreenareaof the
deformationregion,asapercentageof thewindow area.We
measuredtime for therenderingof continuousdeformation
(Continuous)andfor a solid renderingof cuts(Cuts),asde-
scribedin Section5.1.2. We canseetheoverheaddueto ex-
tra intersectiontestswhenrenderingsolidcuts.To overcome
theperformancecostof “f alse”intersectionswhenrendering
cuts,we mayemploy anemptyspaceskippingmechanism,
whererays are initiated only at the continuouspart of the
alphamaskusedfor the deformation.This informationcan
be obtainedfrom a distance�eld representationof the cut
geometry. If a samplepoint is foundto bewithin theregion
of the cut, we cansafelyskip the samplepointswhich are
within thedistancegivenby thedistance�eld at thatpoint,
without theneedof testingfor intersectionswith theobject
surface.Thismethodprovedto bevery fastcomparedto the
original method,andrenderingtime wascomparableto that
for continuousdeformation.

To summarizetherenderingtimefor thetwo methodsin a
comparableway, we computeda weightedaverageon those
results.The weightedaverageis computedas å aktk=å ak,
whereak 2 [0;1] is therelative renderareaof thedeformed
spaceandtk is the renderingtime for a measurek. Table1
shows theresultsof this averaging,whererenderingtime is
givenin milliseconds.

6.3. Discussion

Previous resultsare encouragingfor future generationsof
GPUs.As per-pixel processingbecomesmorepowerful, we
believe that the speedup on deformationapproachesbased
on ray traversalcanbeconsiderable.For applicationswhere
real-timeis needed,suchasgames,thedeformationpipeline
canbe improved with a multi-resolutionmechanism.First,
ray traversalcanbe performedin a besteffort basis,where
deformationstaking placein a small areaof the screenor
at very high speedcan be renderedusing low frequency
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sampling.One of featuresthat makes our approach�e xi-
ble is theability to storecomplex deformationsastextures.
In our examples,deformationsonly requirefrom 128 KB
(peel)to 2 MB (twist). In general,a displacementtextureof
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 aspectis the implicit representation
of complex objectsvia 3D textures.For instance,the ar-
madillo model(at a resolutionof 2563) required64 MB of
texturememory. Thiscanbereducedby applyingalternative
representationsas seenin section6.1. However, handling
large complex modelsrequiresa partitioningof the object
into several texturesand improved CPU-GPUbandwidth.
With the advent of new vertex capabilities,improved ver-
tex supportmaybeavailable.We believe our approachstill
hasvalidity andcancomplementmesh-baseddeformation.
In fact, it would openpossibilitiesfor a hybrid approach,
wherecoarsedeformationcanbe implementedon a vertex
shader, while �ne-graineddeformationandcutscanbedone
at thepixel level.

7. Conclusions

We have presenteda novel pipelinefor renderingdeforma-
tionsandcutsusingprogrammablegraphicshardware.Un-
like previous approaches,which introducedeformationas
partof a vertex shader, we de�ne deformationrenderingas
a pixel shader. This makes possiblethe renderingof cuts,
which are dif�cult to produceusing vertex shadersdue to
the changesin meshtopology. In our case,we do not need
to explicitly split thegeometryor remeshalongtheedgesof
a cut. It also overcomesthe needfor a �ne tessellationof
themesh,requiredfor smoothrenderingof deformation.To
implementour approach,we usean implicit representation
of theportionof themeshundergoingdeformation,storedin
theGPUasadistance�eld texture.Wehaveshown how dis-
placementmapscanbeappliedto renderdeformation,simi-
lar to image-spacedisplacementmapping,andhow they can
beextendedto renderdeformation-cuts.Througha number
of examples,we show how our methodcanbeusedto ren-
derhollow andsolidobjects,without theneedfor acomplex
tetrahedralmesh.We believe this approachhasapplicability
in authoringandanimationsystems,in surgical simulation
andinteractiveapplications.
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