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Figure 1: Four temporal stepsin which a dynamicdiscontinuousdisplacementmapis appliedto a piggy bankobjectinterac-
tively to simulatea cuttingeffect.

Abstract
Displacementmappingis commonlyusedfor addingsurfacedetailsto an object.In this paper, weoutlinea gen-
eralizednotion of displacementmapping, which allows for unconventionalfeaturessuch as unorthogonal and
discontinuousdisplacement.Bylifting therestrictiononthegeometricpropertiesof thedisplacement,wecangen-
eratemanydifferentspecialeffectsincludingpeeling, cuttinganddeformingan object.Thesetypesof operations
are usefulfor volumetricobjects,where theinterior of objectsis represented.To addressthetechnical dif�culties
associatedwith this generalization,we employedinversedisplacementmapsin 3D vectorspace, and deviseda
collectionof techniques,including samplingdisplacedobjectsthrougha proxy geometry, computingdisplaced
surfacenormals,correctinglighting artifactsat breakingpointsin a discontinuousdisplacementmap,andcreat-
ing compositedisplacementmapsfromprimitive mapson the�y . Througha numberof examplesof displacement
maps,wedemonstratethegenerality, interactivityandusabilityof thisapproach ona setof volumetricobjects.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:HardwareArchitecture-
Graphicsprocessors;I.3.7 [ComputerGraphics]:Three-DimensionalGraphicsandRealism.

1. Intr oduction

Oneof thekey issuesin volumegraphicsis to modelinterac-
tivedeformationsincludingcutsanddisplacements.Existing
methodsfor modelingandrenderingdeformationsfall into
two categories,physically-basedand non-physically-based
[CCI� 05]. Physically-baseddeformationusescomplex for-
mulasto propagateforcesover a mesh(e.g.,�nite element
methods).Non-physically basedtechniques(seeSection2)
userenderingmechanismsto achieve a similar effect.How-
ever, in thepast,they havenotbeenableto modelcuts.Even
for physically-baseddeformation,cutsaredif�cult to model
becausethemeshneedsto berecon�gured.In thispaper, we

† {cdcorrea,silver}@caip.rutgers.edu,M.Chen@swansea.ac.uk

presenta non-physically basedtechniqueto modelcutsand
deformationsbasedonageneralizednotionof displacement
mapping.This techniquecanbe directly deployed in many
applicationswherereal-timerenderingis essentialbut real-
istic hapticfeedbackis not required.It canalsobeusedin a
physically-baseddeformationpipelineasarenderingengine
afterdisplacementsarecomputed.

Displacementmapsarecommonlyusedto addvisualdetails
to a basesurfaceby perturbingpointson the surfacefor a
smalldistancealongthecorrespondingsurfacenormals.For
this reason,traditionaldisplacementmapsaregenerally(i)
appliedalongthesurfacenormaland(ii) assumedto becon-
tinuous.Theseconditionsmake it dif�cult to simulatelarge
and complex deformationssuchas cuts and �ipping-over.
The �rst condition hasbeenrelaxed in somerecentwork.
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Wanget al. [WWT� 03] employed volumetricdisplacement
functionsin orderto simulatenon-orthogonaldisplacements
on surface objects.Similar ideasare found in [WTL� 04]
and[PBFJ05]. Theseapproaches,nonetheless,consideronly
displacementswithin smallvolumetricregionsalongthesur-
face.Theremoval of thesecondconditionis critical to ren-
deringlargecutsandbreaks.Surfacemeshesdo not contain
adequatevolumetricinformation,suchassurfacethickness
andinterior structure,to allow thecreationof correctvisual
effects.Althoughthiscanbehandledusinga tetrahedralde-
scriptionof the interior, re-tessellationof suchmeshesis a
time-consumingtask,which limits the quality, smoothness
andthicknessof cutsandbreaks.

In this paper, we introducea generalizednotion of a dis-
placementmap, which allows for unconventional features
suchasunorthogonalanddiscontinuousdisplacements.Fig-
ure 2 illustratesthe differencebetweenthe traditional and
generalizeddisplacementmapping.We discussthe major
technicaldif�culties associatedwith thisgeneralization,and
outline our solutionsto theseproblems.In particular, we
considera GPU-basedvolumetricapproachwithout involv-
ing any meshstructureandtheintensivecomputationassoci-
ated.By employing inversedisplacementmapsin 3D vector
space,we areableto apply complex displacementsto vol-
umes.Our renderingapproachinvolves the useof a proxy
geometryfor samplingof the inversedisplacementmap,
which is thenmappedinto theoriginalobjectspace.Correct
calculationof surfacenormalsbecomesa particular issue
sinceconventionalnormalestimationwould leadto notice-
ablelighting artifactsonsurfacesdisplacedin varyingdirec-
tions,andatbreakingpointsin adiscontinuousdisplacement
map.Weshow how to specifydiscontinuousmapsin RGBa
texturememory, andto renderobjectsdisplacedundersuch
mapson currentGPU hardware.We adaptedslicing-based
renderingstrategies,so that the deformedspaceis sampled
in aview-orientedmanner. Weshow how displacementmaps
can be combinedto producecomplex volumetric effects.
Throughtheseexamples,we demonstratethegenerality, in-
teractivity and usability of this new approach,and its po-
tentialasa powerful techniquefor renderingmany typesof
objectinteractions.

2. RelatedWork

Displacement Mapping. Displacementmappingwasintro-
ducedby Cook [Coo84] asa typeof texturemappingtech-
nique for modifying the geometryof a surface, resulting
in correct shadows and silhouettes(in contrast to bump
mapping[Bli78]). Typical approachesto the realizationof
displacementmappinginclude explicit surfacesubdivision
(e.g.,[CCC87]), directray tracing(e.g.,[LP95,PH96]), and
imagespacewarping(e.g.,[SP99]).

In surface subdivision [CCC87], geometricprimitives are
subdivided into micro-polygons,resulting in an explicit
representationof the displacedsurface. The method has

beenmadeavailable throughcommercialsoftwaresuchas
RenderManTMandMayaTM . Hardwaresolutionswerealso
developed [GH99, DH00]. Discontinuitiesare introduced
with costly re-meshingof the object. This approachcan-
notbeextendedeasilyfor volumegraphics,sincenosurface
modelis available.

In ray tracing,theconventionalapproachis to pre-compute
an inversedisplacementmap,andperformthe intersection
calculationin thedisplacedspaceof asurface[LP95,PH96],
similar to Barr's suggestionfor renderingdeformedobjects
[Bar86]. To alleviatethecostof ray-tracinganentirescene,
recentapproachesto displacementmappingproposeto tra-
verserays throughextrudedtrianglesin the texture space
[WWT� 03,WTL� 04,PBFJ05]. In imagespacewarping,the
visualeffectof adisplacementis achievedin theimagespace
ratherthantheobjectspace.Themethodwas�rst introduced
by Schau�erandPriglinger[SP99], focusingonwarpingthe
imageof the basesurfaceaccordingto the projecteddis-
placement,andlater extendedby Oliveira et al. [OBM00].
Theextensionof ray tracingto themodelingof cutsis dif�-
cult, sinceit requiresto determinearay intersectionwith the
new surfaceproducedby thecut.Further, currentapproaches
for displacementmappingbasedon extrudedtrianglescan-
not modellarge or discontinuousdisplacements.In our pa-
per, weexploit theGPUcapabilitiesof contemporarygraph-
ics boardsto solve the limitations of the inversedisplace-
mentmapsandimage-spacewarpingapproacheswhenap-
plied to discontinuousdisplacementonvolumetricobjects.

Non-ph ysicall y based deformation. As an alternative to
displacementmaps,cuts and deformationshave beenex-
plored as a modeling problem. The work presentedhere
is not aboutphysically-baseddeformation,or surgical sim-
ulation, for which there is a wide collection of literature
(see[NMK � 05] and[CCI� 05]). While physically basedde-
formationsareusefulfor realistichapticfeedback,they re-
quire a hugecomputationalcostwhich limits the complex-
ity thatcanbeachievedwith desktopcommodityhardware.
Non-physically baseddeformationis a cost-effective alter-
native in many applications,suchasillustrative,educational
and entertainmentsoftware, where it is necessaryto ren-
der complex deformationsat interactive ratesExisting non
-physically-basedmethodsin volume graphicsinclude ray
de�ectors[KY97], spatialtransferfunctions[CSW� 03], vol-
ume splitting [IDSC04], volume browsing [MTB03] and
non-linearwarping[BNG06]. Volumebrowsing usespoint
primitivesto rendercutsvia forwardtransformations,which
inherentlyallows for discontinuities.However, the useof
points limits its quality in rendering,asundersamplingoc-
cursfor largedeformations.Rayde�ectorsandspatialtrans-
fer functionsareray-basedapproachesthatuseinversemap-
ping. They can be usedto simulatecuts and other defor-
mationeffectssuchasmagiclenses[WZMK05]. However,
the issueof correctnormal estimationalong the cuts and
breakswasnot consideredin the existing ray-basedmeth-
ods. It is also dif�cult for discreteray castingto achieve
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Figure 2: A crosssectionillustration of the traditional dis-
placementmapping(left) and thegeneralizeddisplacement
mappingallowing for unorthogonalanddiscontinuousdis-
placement(right).

thesamelevel of performanceastexture-basedvolumeren-
deringwithoutspecialdatastructures,whichfurthercompli-
catesthe simulationof cuts.In [BNG06], deformationsare
hard-codedin theGPU.An initial effort at inversemapping
is presented,but cutscannotbeachievedin real-time.Other
deformationapproaches,suchas [WS01] and [RSSSG01]
arebasedin theforwarddeformationof proxygeometry. It is
dif�cult to extendtheseapproachesfor modelingcuts,since
it would requirea �ne re-tessellationof theproxygeometry.

Both displacementmappingandtexture-basedvolumeren-
dering are desirablebecauseof their suitability for GPU-
basedrendering.In this paper, we combinethebestof both,
remove thedimensionalandgeometricconstraintsnormally
associatedwith surface-baseddisplacementmapping,and
solve the technicalchallengesin the integrationof general-
izeddisplacementmappinginto atexture-basedvolumeren-
deringpipeline.

3. DisplacementMapping

Displacementmappingis traditionallyconsideredasa vari-
ationof 2D texturemapping,andit is usedto alter thebase
surfacegeometrically. A volumetricdisplacementmapping
can be consideredas a variation of 3D texture mapping,
where3D displacementsareusedto perturbthevolume,en-
abling thesimulationof largedeformationsandcuts.Since
texturemappingin 2D or 3D ofteninvolvestexturesde�ned
in ahigherdimensionalparametricspace,weconsideragen-
eralnotionof spaceL without explicitly distinguishingbe-
tweengeometryandtexturespaces.

A Generaliz ed Notation. Let L bea commonreferenceco-
ordinatesystemsharedby anobjectpositionfunctionP and
an objectdisplacementfunction

�!
D B . We considerthe fol-

lowing generalizedmappingfrom apointontheobjectP(l )
to anew pointP0(l )

P0(l ) = P(l ) +
�!
D B (l ) (1)

l 2 L is a commonreference.P de�nes a coordinatemap-
pingfrom acommonreferenceto apoint in E3. DB is avec-
tor functionthatcanbespeci�edprocedurallyor by usinga
discretizedrepresentationsuchasatexture.In Eq.(1), it is no
longera mustthat thesurfacenormaldeterminesthedirec-
tion of displacement,andfunction

�!
D B is nolongerassumed

to be continuous.As illustratedin Figure2, in comparison
with thetraditionalnotionontheleft, thisgeneralizednotion
allows for unorthogonalanddiscontinuousdisplacement.

L can be a 2D parametricspaceas in the traditional no-
tion, the3D Euclideanspaceasin [KL96], or any reference
systemappropriateto an application.In this work, we use
L = E3 asthecommonreferencecoordinatesystem.In the
following discussions,weusemainlytheinverseform of Eq.
(1), thatis,

P(l ) = P0(l ) +
�!
D C(l ) (2)

where
�!
D C is theinverseof

�!
D B . SinceL = E3, wecanmake

P(l ) = p andP0(l ) = p0wherep;p02 E3. By decomposing
�!
D C asD(P0(l )) = D(p0), Eq.(2) canthusberewrittenas

p = p0+ D(p0) (3)

For simplicity, weconsiderthebackwarddisplacementmap-
ping functionin theform of D in thefollowing discussions.
Thereis no constraintas to the displacementvaluesof D.
Thedisplacementcanbeof any directionandmagnitude.

4. Rendering

Our approachuses texture-basedvolume renderingwith
view-alignedslices.We useslicing as a renderingmecha-
nism for discretesamplingof the displacedobject space,
ratherthan for storing a view-dependentrepresentationof
thedisplacedobject.Sincethis spaceis unknown we de�ne
aboundingboxobjectasaproxyscenegeometry.

Let O be the function of an objectandO0 that of the dis-
placedobject.The proxy scenegeometryin effect de�nes
a boundedspatialdomainof O0. If theproxy scenegeome-
try containsa volumedataset,we canusethetexture-based
volume renderingmethodwhich samplesthe proxy scene
geometrywith slicesparallel to the view plane.Eachpixel
in a slice is thenmappedbackto the original objectspace
whereO is de�ned, via aninversedisplacementmap.Func-
tion O can be any object representationsuchthat given a
positionp in theoriginal objectspace,it returnsappropriate
luminanceattributesatp. O(p) caneasilybeanimplicit sur-
facefunction,a level setsurface,a distance�eld or a color
volumetexture.In our case,we usea scalarvolumedataset,
which we denoteasO j , andstoreit asa 3D texturein GPU
memory. We alsoobtaina discretizationof a displacement
function, which we denoteasDk, from a proceduralspec-
i�cation. Dk is storedas a texture of 8-bit or 16-bit point
numbers,normalizedin theinterval [� 1;1].

4.1. DisplacementSetup

To createa displacementtexture,Dk, of sizew� h� d, we
�rst specify

�!
D B procedurally, and thensampleits inverse

transformationD =
�!
D C at discretepositions f x;y;zjx =

0;1; : : : ;w;y = 0;1; : : : ;h;z = 0;1; : : : ;dg. For a discontinu-
ous transformation,however, its inverseD that is analyti-
cally valid at all pointsdoesnot exist, sincesomepointsin
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Figure3: Systemdiagramfor discontinuousdisplacementmapping. Aswesampletheboundingboxof thescene, each fragment
p0 is displacedby a distanced obtainedby samplingthedisplacementtexture Dk. Theresultingpositionp = p0+ d is usedto
sampletheobjecttexture O j andgradienttexture Ñ(O j ), to obtaincolor andnormal information.Color, normalandopacity
(obtainedfromalphamaskaDk) areusedto computethe�nal color of thefragment.

thedomainof D donothaveapre-image.For thisreason,we
computeapseudo-inverseDk, whichis de�nedastheinverse
D for thosepointsin theco-domainof

�!
D B , andit maintains

C0 continuity.

In otherwords,Dk is valid for all pointsin theproxy scene
geometry, including thosewherethereshouldbe a discon-
tinuity. Dk is then normalizedin the interval [� 1;1], then
scaledandbiasedto �t in therangeof valid valuesof GPU
textures.In ordertomodeltheactualdiscontinuity, wede�ne
a maskaDk , suchthataDk(p

0) is 1 if p0 hasa pre-imagein
theco-domainof

�!
D B and0 otherwise,anddiscretizeit in a

3D texture.Dk andaDk areillustratedin Figure3, wherethe
stripedpatternin thedisplacementmapis usedto show the
stretchingthatoccursat thediscontinuity. Theactualbreak
is modeledas0 valuesin thealphatexture.Having thedis-
placementmap as a continuous�eld and the alphamask
to model discontinuities,we have addressedthe needfor
propertrilinear interpolationof displacementsperformedby
thegraphicshardware.If anarbitrarydisplacementvalueis
usedto representanemptyvoxel (e.g.,1 or � 1) dueto acut,
voxels in theboundaryof thecut would have displacement
valuesinterpolatedbetweenthedisplacementof thenearest
voxel in thesurfaceof thecutandthisarbitraryvalue,which
clearlyresultsin visualartifacts.

4.2. DisplacedObject Points

In order to determinethe displacedvolume, we slice the
proxy scenegeometryinto view-orientedslices,as shown
in Figure 3. The boundingbox of O0 can easily be found
by combiningtheboundingboxesof theobject(s)andtheir
displacements.The slicesarerenderedin back-to-frontor-
der and �nally compositedusingalphablending.For each
point p0on theslice,we must�nd theappropriatedisplace-
ment,sincetherecanbemorethanonedisplacementacting
on theobject(SeeSection6 on compositemaps).We usea

fragmentprogramto �nd the opacityandcolor valuesof a
givenpixel with texturecoordinatesp0. This programcom-
putesp = p0+ Dk(p0), wherep is thepositionin theoriginal
objectO thatcorrespondsto thetexturecoordinatep0. It then
samplesthe3D textureof O atthepositionp andretrievethe
colorcomponents.Finally, in orderto handlediscontinuities,
it samplesthealphamaskaDk at thepositionp0andmodu-
latethepixel's color componentswith themask.In orderto
avoid aliasingartifactsin the cut, the programconsidersa
point astransparentif the alphamaskis lessthan0:5, and
the resultingpixel will not contribute to compositing.The
processof thefragmentshaderis depictedin Figure3.

4.3. DisplacedSurfaceNormal

In orderto properlyshadetheobject,weneedthenormalin-
formationat eachpoint. Sincewe storeobjectsasvolumes,
normalscanbeobtainedusing�nite differencesor moreso-
phisticated�lters suchastheSobeloperator. For interactive
rendering,the gradientcanbe pre-computedandstoredin
a 3D texture. When processingfragments,a texture fetch
of the gradienttexture yields the normal of the voxel and
its magnitude(This is shown as ÑO j in Figure 3). There
arethreecasesto beconsidered:thepointsthatarenot dis-
placed,the displacedpoints,and thosein the boundaryof
a discontinuity. For pointsnot displaced,the pre-computed
normalscanbe useddirectly. The othertwo casesarehan-
dledasfollows.

4.3.1. Normals at DisplacedPoints

For a point undergoingdisplacement,we mustobtaina new
normal.Figure4(b) shows thecasewherethepre-computed
normal is used,which resultsin incorrectshading.In Fig-
ure4(b), we peelthetop of a piggy bankobject(thelight is
above the piggy bank).We seethe incorrectshadingof the
peeledsurface.Sincethesurfacewasoriginally facingaway
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from the light, it remainsdarkeven thoughit is now facing
the light after peeling.A moreaccurateshadingof the sur-
facecanbe seenin Figures4(c) and4(d) wherethe peeled
surfaceis correctlyshadedandtowardthelight.

Normalscanbecomputedon-the-�y by samplingtheneigh-
boring voxels (after displacement)and applying �nite dif-
ferences.However, this methodrequiresup to 6 (for central
differences)additionaldisplacementcomputations,which is
computationallyexpensive.Whatis neededis awayto trans-
form theundeformednormalson the �y without additional
sampling.Barr [Bar84] describesa transformationof nor-
malsfor a forwardtransformation.

Given F a forward mappingsuchthat p0= F(p), the new
normal�!n (p0) is:

�!n (p0) = detJF(JF
� 1)> �!n (p) (4)

whereJF is the3� 3 Jacobianof F. Ourrenderingapproach
requiresandinversemapping.GivenG= F � 1 asthatinverse
mappingsuchthatp = G(p0), Eq.(4) leadsto:

�!n (p) = detJG(JG
� 1)> �!n (p0) or:

1
detJG

(JG)> �!n (p) = �!n (p0) (5)

whereJG is the Jacobianof G. SinceG is obtainedvia 3D
displacement,asde�ned in Eq.(3), or moreexplicitly:

p = G(x;y;z) =

0

@
g1(x;y;z)
g2(x;y;z)
g3(x;y;z)

1

A =

0

@
x+ Dx(x;y;z)
y+ Dy(x;y;z)
z+ Dz(x;y;z)

1

A

the JacobianJG is the derivative of G with respectto the
spatialcoordinates.Therefore:

JG(x;y;z) =

2
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= I + JD

whereI is the identity matrix andJD is theJacobianof the
displacementmap.Then,Eq.(5) becomes

�!n (p0) =
1

det(I + JD)
(I + JD)> �!n (p)

Sincenormalvectorsmustbenormalized,the 1
det(I+ JD ) fac-

tor canbeomitted.This leadsto our normaltransformation
equation:

�!n (p0) = (I + J(p0)
D )> �!n (p) (6)

This last step avoids the division for zero that might oc-
cur whentheJacobianis singular. However, theJacobianis

(a) (b)

(c) (d)

Figure 4: Lighting computationfor thepiggy bankobject.
Thelight is abovethepiggybank.(a) No lighting. (b) Using
the pre-computedgradientresultsin incorrect lighting, no-
ticehowtheundersideof thecutsurfaceis darkeventhough
it is facingthelight. (c) Correctlighting, but artifactsoccur
at discontinuities– rim of thecut area.(d) Correct lighting
with properhandlingof normalsat discontinuities.Nowthe
rim, which is facingthelight, is lit properly.

only singularat regionsof breaks.In our approach,thedis-
placementmapis well de�ned andcontinuousfor all points,
andthebreaksarehandledby a differentmechanismin the
pipeline(seeFigure3). In practice,theJacobianof thedis-
placementmap is approximatedas the gradientof the dis-
placementtexture,i.e., JD �

�
ÑDx;ÑDy;ÑDz

� > , using�nite
differencing.For speedup, onecanpre-computethematrix

B = (I+ J(p0)
D )> for eachvoxel in thedisplacementmap,and

storeit asa3D texture.

4.3.2. Normals at Discontinuities

Unfortunately, even with correctednormal transformation,
westill seeartifactsontheresultingobjectsattheboundaries
of cuts.In this case,the normalsof an objectmay change
evenwhenthatpartof theobjectdoesnotundergodisplace-
ment.An exampleof thisisdepictedin Figure4(c). Notethat
therim of thepiggy bankat thecut is dark.This is because
thosenormalshave not undergonetransformations(like in
theundersideof thepeeledsurface)andarethereforeincor-
rectlypointingawayfrom thelight source.This is especially
noticeableon solid objectswith a uniform interior. Evenfor
thecaseof objectswith a heterogeneousinterior, aslong as
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their normalsarenot directedorthogonalto thecut, thecut
surfacewill belit incorrectly.

To properlycomputethe normalsat the discontinuities,we
needa way to determinethenew surfacethathasbeencre-
ated.This information is storedin the alphamapaDk . We
cancomputethegradientof thealphamaskÑ(aDk), anduse
this valueonly at theboundaryof a cut. However, applying
only this gradientin the boundary, may generateartifacts
nearthe boundary. To solve this, we graduallycorrectthe
normal in the vicinity of the cut to the desirednormal,via
blending:

�!n (p0) = w(I + JD)> �!n (p) + (1� w)Ñ(aDk)
(p0) (7)

wherew 2 [0;1] is a blendingfactor. Figure4(d) shows the
result of applying this methodfor the piggy bank object.
Note that the pixels at the rim of the cut arenow properly
shaded.This blendingmechanismis similar to the solution
proposedby Weiskopf et al. [WEE03] for volumetric cut-
aways.Althoughthealphagradientcanbecomputedon the
�y using�nite differencing,it canalsobeprecomputedand
storedin a3D texturefor speedup.

5. Construction of DisplacementMaps

Thissectiondescribestheprocessof creatingadisplacement
map,usingdeformationof thebunny datasetasanexample
(Figure8). This displacementusesa 3D Gaussianfunction
to simulatea pull in the Z direction.The displacementcan
beconstructedas:

D(x;y;z) =
�

0; 0; � ze
(x� 0:5)2+( y� 0:5)2

2s 2

� >
(8)

for (x;y;z) in aunit cube,ands chosensothatdisplacement
becomes0 at theXY boundariesof theunit cube.This dis-
placementis discretizedandstoredin a 3D texture of size
64� 64� 64. Note that the z valueis usedto modulatethe
amplitudeof theGaussianpull, andthattheZ componentof
thedisplacementis negative, sinceD storesthe inversedis-
placement.For instance,thepoint (32;32;32) in the3D tex-
ture,correspondingto thenormalizedpoint (0:5;0:5;0:5) in
theunit cube,containsthedisplacementvector(0;0; � 0:5).

Whenconsideringcuts,we follow a similar process.First,
we computethe alphachannelof the cut procedurally, so
thataDk(x;y;z) is 0 wheneverthereis acut,and1 elsewhere,
anddiscretizeit in a texturevolume.In addition,weapplya
smoothingoperatorover thealphamaskin orderto obtaina
smoothregion aroundtheboundariesneededfor theblend-
ing of thenormals,asdescribedin Section4.3.2. Theresult
is storedin thealphacomponentof thedisplacementtexture.

Onechallengein the creationof displacementsis the pro-
vision of userinterfacesthatwould allow theuserto de�ne
cutsandpeelsof arbitrarysizeandshape.In addition,user
interfacewidgetsarerequiredto manipulatethedifferentpa-
rametersof the displacementwhile renderingthe volume.
This is animportantissueandit is ongoingresearch.

(a) p = p0+ D1(p0+ D2(p0)) (b) p = p0+ D2(p0+ D1(p0))

Figure 5: Compositionof two displacementmaps D1
(wave)andD2 (peel)in differentorder.

6. CompositeDisplacementMaps

In general,two transformationscanbecombinedasfollows:

p = G1(G2(p0)) (9)

whereG1(u) = u + D1(u) andG2(v) = v + D2(v) aredis-
placementmappings.

For computingthenormal,we mustsimply concatenatethe
Jacobiansof thetwo mappings:

�!n (p0) = (B1 � B2)�!n (p) (10)

whereB1 = (I + JD1)> and B2 = (I + JD2)> are the pre-
computednormal transformationmatricesof the displace-
mentmappings,asde�ned in Eq.(6). An exampleis shown
in Figure5, wheretwo differentdisplacementsarecombined
in differentorderandappliedto the tomatodataset.Since
eachdisplacementchangestheframeof reference,composi-
tion is not commutative in general.

A powerful, yet rather simple, type of composition is
throughlinear transformations.A linear transformationM
canbede�ned asa4� 4 matrix,andcandescribeglobalro-
tations,translationsor scalingsof acoordinateframe.When
appliedto a displacement,it allows usto interactively place
andscalethedisplacementmaparbitrarily in thevolumetric
object,enablingeffectsas the oneseenin Figure 1. From
Eq.(9), wehave:

p = M �
�

M � 1p0+ D(M � 1p0)
�

= p0+ M � D(M � 1p0)

Thenormaltransformationis obtainedby concatenatingthe
inversetransposeof theJacobiansof M andM � 1.

Pre-computedcombinationof displacementmapsresultsin
anotherdisplacementmapanddoesnot requireany changes
in the GPU renderingprocess.It is a useful mechanism
to create complex displacementsfrom simple ones. On
the otherhand,on-the-�y combinationenablesthe interac-
tive creationandmanipulationof independentdisplacement
maps,thoughit requiresa modi�ed GPU implementation.
Compositemapscanbe realizedin the GPU programin a
singlepassby iterating the displacementprocedureon the
voxel positionsfor eachdisplacementmap,beforesampling
theoriginal object.This approach,however, cannotbegen-
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Dataset Resolution fps
TeddyBear(Fig.7) 256� 256� 224 18.81
Bunny (Fig.8) 256� 256� 256 11.51
PiggyBank(Fig.1) 190� 190� 134 7.52
Tomato(Fig.6) 256� 256� 162 6.24

Table 1: Performanceresultsfor different volumedatasets
(samplingdistanced = 1:0)

eralizedeasilyto many compositions.Theresearchonagen-
eralmulti-passrenderingprocessis beingundertaken.

7. Results

We have implementedthe displacementmappingapproach
within aninteractiveprogramwhichallowstheuserto rotate
andscaletheobjectandto moveor changethedisplacement
map.Thedisplacementmapcanbechangedinteractively via
lineartransformations(seeSection6). Figure1showsapeel-
ing of thesizeof apiggybankdataset,revealingthecoinsin
theinside.Figure6 showsaslicingof a tomatodataset.Sev-
eraltimestepsarerenderedwhichshow aprogressiveslicing
astheusermovesthedisplacementvertically. Thisdisplace-
mentcanbeobtainedfromasimpleslicingdisplacementand
repeatingit periodically. Figure7 shows an openingof the
teddybearat the seam.Accuratelighting of the interior is
requiredto avoid artifactsdueto backfacingnormals.Fig-
ure8 showsaGaussiandisplacementto simulateadeforma-
tion of theStanfordbunny dataset.They canbeplacedand
scaledanywherein thescene,showing the�e xibility of our
approachto simulateother“traditional” deformations.Addi-
tional resultsareshown in theaccompanying video,andat:
http://www.caip.rutgers.edu/~cdcorrea/displacement/

8. RenderingPerformance

Sincewefollow aslicingapproachto renderourscenes,ren-
dering performanceis mainly in�uenced by the fragment
shadercapabilitiesof the graphicsboard. The rendering
speedis affectedby anumberof factors,including:sampling
distanceof theslices,resolutionof theobject,relativesizeof
the displacementmap,andviewport size.Our testcon�gu-
ration consistsof a PentiumXEON 2.8 Ghz PC with 4096
MB RAM, equippedwith aQuadroFX 4400with 512MBof
videomemory. Theperformanceresultsareshown in table1,
for aslicingdistanceof 1:0 andaviewportof size512� 512,
for the displacementsdescribedin Section7. Note that the
performanceis affectedby the relative sizeof thedisplace-
mentmap.For instance,theteddybearopeningat theseam
is smallerin sizethanthepeelingof thepiggybank,andit is
renderedathigherrates,eventhoughthedatasetis larger.

Oneaspectthataffectstheperformanceis thetexturemem-
ory sizeandbandwidth.Volumetricdisplacementmapping
requiresthestorageof thex;y;zcomponentsof thedisplace-
ment.Althoughthey canbestoredin a singletextureusing
8 bits for eachcomponent,this precisionis usuallylow for
a smoothdeformation,andresultsin visible jaggedlines.In
thesecases,a 16-bit displacementcanbeusedwhich would

Displacement Resolution Sizein KB
Peel(e.g.Fig. 1) 128� 128� 1 320
Slicing (e.g.Fig. 6) 128� 128� 1 320
Extrusion(e.g.Fig. 8) 32� 32� 32 640
Seamopening(e.g.Fig. 7) 64� 64� 64 5120

Table 2: Sizein voxelsof thedisplacementtexturesandtex-
turememoryrequirementin total

requireat leasttwo 3D textures.The �rst texture DISPXY
storesthe x and y componentsof the displacementas the
luminanceandalphacomponents,while the secondtexture
DISPZA storesthe z componentandthe a value(for dis-
continuities).This requirementdoesnot posea scalability
problemin practice,sincethe useof generaldisplacement
mapsallows thecreationof complex cutsanddeformations
with relatively small 3D textures.Table 2 shows the size
of the displacementtexturesusedin this paper, andthe to-
tal amountof texture memoryrequired,which includesthe
storageof pre-computedJacobians.Note that they arewell
within thelimits of currentGPUtechnology.

9. Conclusionsand Futur eWork

In this paper, we have demonstratedhow discontinuousdis-
placementmapscansimulatemany different typesof vol-
umegraphicseffectssuchasfracturing,slicing, deforming,
andcuttingof graphicalobjects.We have employedinverse
displacementmapsin 3D vectorspaceto solve for largeand
discontinuousdisplacements.We have also devised a col-
lectionof techniques,includingcomputingsurfacenormals
changeddueto unorthogonaldisplacement,correctinglight-
ing artifactsat fractures,andcreatingcompositemapsfrom
primitive mapson the �y . The displacementmapcaneas-
ily be representedasa 3D texture andthe entirerendering
processcanbe codedinto a fragmentprogramyielding in-
teractiveresults.Wehaveimplementedseveraldisplacement
mapsandhave shown their effect on a numberof different
models,demonstratingthe generality, interactivity, andus-
ability of thisapproach.

In this work, eachdisplacementmapis precomputedon the
CPUfrom aproceduralmodel.Suchamodelcannotcapture
thesemanticinformationof thevolumeobjectto bemanip-
ulated,suchasthethicknessof a surfaceanda volumeseg-
ment.Researcheffort is beingmadeto incorporatesemantic
information throughdifferent feature-aligneddisplacement
maps[CSC]. Furtherdevelopmentsalsoincludea displace-
mentmapeditor for creatingprimitive andcompositemaps
and a new versionof userinterfacewith novel interaction
features.In additionto volumeobjects,the describedtech-
niquecanbe appliedto proceduralvolumemodelsby sub-
stitutingvolumesamplingwith implicit functionevaluation
duringobjecttexturefetch.
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Figure6: Slicingof thetomato

Figure7: Openingat theseamof theteddybeardataset

Figure8: Gaussiandisplacementmapto simulateextrusion
on theStanford bunnyCT dataset
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