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Figure 1: Four tempoal stepsin which a dynamicdiscontinuouglisplacemenimapis appliedto a piggy bankobjectinterac-

tively to simulatea cuttingeffect.

Abstract

Displacementappingis commonlyusedfor addingsurfacedetailsto an object.In this paper we outlinea gen-
eralized notion of displacementnapping which allows for uncorventionalfeatues sut as unorthayonal and
discontinuouslisplacemenBy lifting therestrictiononthe geometricpropertiesof thedisplacementyvecangen-
erate manydifferentspecialeffectsincluding peeling cuttingand deformingan object. Thesetypesof opeiations
are usefulfor volumetricobjects whee theinterior of objectsis representedTo addressthe technical dif culties
associatedvith this genealization, we employednversedisplacementapsin 3D vectorspace and deviseda
collection of techniques,including samplingdisplacedobjectsthrough a proxy geometry computingdisplaced
surfacenormals,correctinglighting artifactsat breakingpointsin a discontinuouglisplacemeninap,andcreat-
ing compositadisplacemenmapsfrom primitive mapson the y. Througha numberof examplesof displacement
maps we demonstate the geneality, interactivity and usability of this approach on a setof volumetricobjects.

Catgyoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.1 [ComputerGraphics]:Hardware Architecture-
Graphicgprocessorst. 3.7 [ComputerGraphics]:Three-DimensionabraphicsandRealism.

1. Intr oduction

Oneof thekey issuesn volumegraphicss to modelinterac-
tivedeformationsncludingcutsanddisplacementd€Existing
methodsfor modelingandrenderingdeformationsfall into
two categories, physically-basedand non-plysically-based
[CCI 05]. Physically-baseddeformationusescomple for-
mulasto propagteforcesover a mesh(e.g., nite element
methods) Non-plysically basedtechniquegseeSection2)
userenderingmechanismso achieve a similar effect. How-
ever, in thepastthey have notbeenableto modelcuts.Even
for physically-basedieformationcutsaredif cult to model
becaus¢hemeshneedgo berecon gured.In this paperwe
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present non-plysically basedechniqueto modelcutsand
deformationdasedn ageneralizeaotionof displacement
mapping.This techniquecanbe directly deploed in mary
applicationswherereal-timerenderingis essentiabut real-
istic hapticfeedbackis notrequired.lt canalsobe usedin a
physically-basedleformatiorpipelineasarenderingengine
afterdisplacementarecomputed.

Displacemenmapsarecommonlyusedto addvisualdetails
to a basesurfaceby perturbingpointson the surfacefor a
smalldistancealongthecorrespondingurfacenormals.For
this reasontraditional displacementnapsare generally(i)

appliedalongthesurfacenormaland(ii) assumedo becon-
tinuous.Theseconditionsmale it dif cult to simulatelarge
and complex deformationssuchas cuts and ipping-over.

The rst condition hasbeenrelaxed in somerecentwork.
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Wangetal. [WWT 03] employed volumetricdisplacement
functionsin orderto simulatenon-orthogonadlisplacements
on surface objects. Similar ideasare found in [WTL 04]
and[PBFJ0%. Theseapproachesjonethelesgonsideonly
displacementwithin smallvolumetricregionsalongthesur
face.Theremoval of the secondconditionis critical to ren-
deringlarge cutsandbreaks Surfacemesheglo not contain
adequatevolumetricinformation, suchassurfacethickness
andinterior structureo allow the creationof correctvisual
effects.Althoughthis canbe handledusingatetrahedratle-
scription of the interior, re-tessellatiorof suchmeshesds a
time-consumingask, which limits the quality, smoothness
andthicknessf cutsandbreaks.

In this paper we introducea generalizechotion of a dis-
placementmap, which allows for uncorventional features
suchasunorthogonahnddiscontinuouslisplacementdrig-
ure 2 illustratesthe differencebetweenthe traditional and
generalizeddisplacemenmapping.We discussthe major
technicaldif culties associateavith this generalizationand
outline our solutionsto theseproblems.In particular we
considera GPU-basediolumetricapproachwithout involv-
ing ary meshstructureandtheintensive computatiorassoci-
ated.By employing inversedisplacementapsin 3D vector
spacewe areableto apply comple displacementso vol-
umes.Our renderingapproachinvolvesthe useof a proxy
geometryfor sampling of the inverse displacemenimap,
whichis thenmappednto the original objectspaceCorrect
calculationof surface normalshecomesa particularissue
sincecorventionalnormalestimationwould leadto notice-
ablelighting artifactson surfacesdisplacedn varyingdirec-
tions,andatbreakingpointsin adiscontinuouslisplacement
map.We showv how to specifydiscontinuousnapsin RGBa
texture memory andto renderobjectsdisplacedundersuch
mapson currentGPU hardware. We adaptedslicing-based
renderingstrat@ies, so thatthe deformedspacels sampled
in aview-orientedmannerWe shav how displacementaps
can be combinedto producecomplex volumetric effects.
Throughtheseexampleswe demonstrat¢he generality in-
teractvity and usability of this new approachandits po-
tential asa powerful techniquefor renderingmary typesof
objectinteractions.

2. RelatedWork

Displacement Mapping. Displacemenmappingwasintro-
ducedby Cook[C0084 asa type of texture mappingtech-
nigue for modifying the geometryof a surface, resulting
in correct shadavs and silhouettes(in contrastto bump
mapping[Bli78]). Typical approacheso the realizationof
displacemenmappinginclude explicit surfacesubdivision
(e.g.,[CCCB8Y), directraytracing(e.g.,[LP95PH94), and
image spacewarping(e.g.,[SP99).

In surface subdvision [CCC87, geometricprimitives are
subdvided into micro-polygons,resulting in an explicit
representatiorof the displacedsurface. The method has

beenmadeavailable throughcommercialsoftware suchas
RenderMafMand Maya™ . Hardware solutionswere also
developed [GH99, DHOQ]. Discontinuitiesare introduced
with costly re-meshingof the object. This approachcan-
notbeextendedeasilyfor volumegraphicssinceno surface
modelis available.

In ray tracing,the corventionalapproactis to pre-compute
an inversedisplacementnap, and performthe intersection
calculationin thedisplacedspaceof asurface[LP95PH94,
similar to Barr's suggestiorfor renderingdeformedobjects
[Bar8Q. To alleviatethe costof ray-tracinganentirescene,
recentapproacheso displacemenimappingproposeto tra-
verserays through extrudedtrianglesin the texture space
[WWT 03, WTL 04, PBFJ0%. In imagespacewarping,the
visualeffectof adisplacemenis achievedin theimagespace
ratherthantheobjectspaceThemethodwas rst introduced
by Schau erandPriglinger[SP99, focusingonwarpingthe
image of the basesurface accordingto the projecteddis-
placementand later extendedby Oliveira et al. [OBMOQ].
The extensionof ray tracingto the modelingof cutsis dif -
cult, sinceit requirego determinearay intersectiorwith the
new surfaceproducedy thecut. Further currentapproaches
for displacemenimappingbasedon extrudedtrianglescan-
not modellarge or discontinuouslisplacementdn our pa-
per, we exploit the GPU capabilitiesof contemporargraph-
ics boardsto solve the limitations of the inversedisplace-
mentmapsandimage-spacevarpingapproachesvhenap-
plied to discontinuouslisplacemenbn volumetricobjects.

Non-physicall y based deformation. As an alternatve to
displacementmaps, cuts and deformationshave beenex-
plored as a modeling problem. The work presentedhere
is not aboutphysically-basedleformation,or sugical sim-
ulation, for which thereis a wide collection of literature
(see[NMK 05] and[CCI 05]). While physically basedde-
formationsare usefulfor realistichapticfeedbackthey re-
quire a hugecomputationatostwhich limits the comple-
ity thatcanbe achievedwith desktopcommodityhardware.
Non-plysically baseddeformationis a cost-efective alter
native in mary applicationssuchasillustrative, educational
and entertainmensoftware, whereit is necessaryto ren-
der complex deformationsat interactive ratesExisting non
-physically-basednethodsin volume graphicsinclude ray
de ectors[KY97], spatialtransferfunctions] CSW 03], vol-
ume splitting [IDSC04, volume browsing [MTBO03] and
non-linearwarping [BNGO0§. Volume browsing usespoint
primitivesto rendercutsvia forwardtransformationswhich
inherently allows for discontinuities.However, the use of
pointslimits its quality in rendering,asundersamplingc-
cursfor largedeformationsRayde ectorsandspatialtrans-
fer functionsareray-based@pproachethatuseinversemap-
ping. They canbe usedto simulatecuts and other defor
mationeffectssuchasmagiclense§ WZMKO05]. However,
the issueof correctnormal estimationalong the cuts and
breakswas not consideredn the existing ray-basedneth-
ods. It is alsodif cult for discreteray castingto achieve
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Figure 2: A crosssectionillustration of the traditional dis-
placemenimapping(left) and the genealized displacement
mappingallowing for unorthayonal and discontinuouslis-
placementright).
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the samelevel of performancestexture-basedolumeren-
deringwithoutspecialdatastructuresywhich furthercompli-
catesthe simulationof cuts.In [BNGO6€], deformationsare
hard-codedn the GPU.An initial effort atinversemapping
is presentedhut cutscannotbe achievedin real-time.Other
deformationapproachessuchas [WS0] and [RSSSGOL
arebasedn theforwarddeformatiorof proxy geometrylt is
dif cult to extendtheseapproachefor modelingcuts,since
it wouldrequirea ne re-tessellatiorf the proxy geometry

Both displacemenmappingandtexture-based/olumeren-
dering are desirablebecauseof their suitability for GPU-
basedrenderingln this paper we combinethe bestof both,
remove thedimensionakndgeometricconstraintsiormally
associatedvith surface-basedlisplacemenmapping,and
solwve the technicalchallengesn the integrationof general-
izeddisplacementnappinginto atexture-basedolumeren-
deringpipeline.

3. DisplacementMapping

Displacementmappingis traditionally consideredasa vari-

ation of 2D texture mapping,andit is usedto alterthebase
surfacegeometrically A volumetric displacemenmapping
can be consideredas a variation of 3D texture mapping,
where3D displacementareusedto perturbthevolume,en-
abling the simulationof large deformationsand cuts. Since
texturemappingin 2D or 3D ofteninvolvestexturesde ned

in ahigherdimensionaparametricspacewe consideiagen-
eral notion of spacelL without explicitly distinguishingbe-
tweengeometryandtexturespaces.

A Generaliz ed Notation. LetL beacommonreferenceco-
ordinatesystemsharedby an objt?ctpositionfunction P and
an objectdisplacemenfunction DB. We considerthe fol-
lowing generalizeanappingfrom apointontheobjectP(/ )
to anew pointP{/ )

PY/ ) = P(1)+ DB(I) )

I 2 L is acommonreferenceP de nes a coordinatemap-
ping from acommonreferenceo apointin E3. DB isavec-
tor functionthatcanbe speci ed procedurallyor by usinga
discretizedepresentatioruchasatexture.ln Eq.(1), it isno
longera mustthatthe surfacenormal determineghedirec-
tion of displacemenindfunction D Bisno longerassumed
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to be continuous As illustratedin Figure2, in comparison
with thetraditionalnotionontheleft, thisgeneralizeahotion
allows for unorthogonabnddiscontinuouslisplacement.

L canbe a 2D parametricspaceas in the traditional no-

tion, the 3D Euclideanspaceasin [KL96], or ary reference
systemappropriateto an application.In this work, we use
L = E3 asthe commonreferencecoordinatesystem.n the

following discussionsye usemainly theinverseform of Eq.

(1), thatis,

P(I)= PY/ )+ DE(I) 2

| |
whereD € istheinverseof DB. SincelL = E3, wecanmake
P(1)=p andPY/ ) = p®wherep;p®2 E3. By decomposing
DC asD(PY/ )) = D(pY, Eq. (2) canthusberewritten as

p=p% D(p9 3)
For simplicity, we considethebackwarddisplacementnap-
ping functionin theform of D in thefollowing discussions.
Thereis no constraintasto the displacementaluesof D.
Thedisplacementanbeof ary directionandmagnitude.

4. Rendering

Our approachusestexture-basedvolume renderingwith
view-alignedslices.We useslicing as a renderingmecha-
nism for discretesamplingof the displacedobject space,
ratherthan for storing a view-dependentepresentatiorof
thedisplacedbject.Sincethis spaces unknavn we de ne
aboundingbox objectasa proxy scenegeometry

Let O be the function of an objectand O° that of the dis-
placedobject. The proxy scenegeometryin effect de nes
a boundedspatialdomainof O° If the proxy scenegeome-
try containsa volumedataset,we canusethe texture-based
volume renderingmethodwhich samplesthe proxy scene
geometrywith slicesparallelto the view plane.Eachpixel
in a slice is thenmappedbackto the original objectspace
whereO is de ned, via aninversedisplacemenmap.Func-
tion O canbe ary objectrepresentatiorsuchthat given a
positionp in theoriginal objectspacejt returnsappropriate
luminanceattributesatp. O(p) caneasilybeanimplicit sur
facefunction, a level setsurface,a distanceeld or a color
volumetexture.In our case we usea scalarvolumedataset,
which we denoteasOj, andstoreit asa 3D texturein GPU
memory We alsoobtaina discretizationof a displacement
function, which we denoteas Dy, from a proceduralspec-
i cation. Dy is storedas a texture of 8-bit or 16-bit point
numbersnormalizedn theintenal [ 1;1].

4.1. DisplacementSetup

To createa dlisplacementexture, Dy, of sizew h d,we
rst specify DB proFeduraIIyandthen sampleits inverse
transformationD = D€ at discretepositionsf x;y, zjx =

0;1;:::5;wy= 0;1;:::;h;z= 0;1;:::;dg. For adiscontinu-
ous transformation however, its inverseD that is analyti-
cally valid at all pointsdoesnot exist, sincesomepointsin
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Figure 3: Systerdiagramfor discontinuouslisplacementapping Aswesampleheboundingboxof thesceneead fragment
plis displacedby a distanced obtainedby samplingthe displacementexture Dy.. Theresultingpositionp = p%+ d is usedto
samplethe objecttexture O; and gradienttexture N(Oj), to obtain color and normalinformation.Color, normaland opacity
(obtainedfromalphamaskap, ) are usedto computethe nal color of thefragment.

thedomainof D donothave apre-imageFor thisreasonye
computeapseudo-imerseDy, which islde nedastheinverse
D for thosepointsin theco-domainof DB, andit maintains
€O continuity

In otherwords, Dy is valid for all pointsin the proxy scene
geometryincluding thosewherethereshouldbe a discon-
tinuity. Dy is thennormalizedin the interval [ 1;1], then
scaledandbiasedto t in therangeof valid valuesof GPU
textures.In orderto modeltheactualdiscontinuitywede ne
amaskap,, such'thataDk(p% is 1 if p®hasa pre-imagein
the co-domainof DB and0 otherwise anddiscretizeit in a
3D texture.Dy andap, areillustratedin Figure3, wherethe
stripedpatternin the displacementnapis usedto shav the
stretchingthat occursat the discontinuity The actualbreak
is modeledasO valuesin the alphatexture. Having the dis-
placementmap as a continuous eld and the alphamask
to model discontinuities,we have addressedhe needfor
propertrilinear interpolationof displacementperformedby
the graphicshardware.If anarbitrarydisplacemenvalueis
usedto represenanemptyvoxel (e.g.,1 or 1) duetoacut,
voxelsin the boundaryof the cut would have displacement
valuesinterpolatedbetweerthe displacemenbf the nearest
voxel in thesurfaceof thecutandthis arbitraryvalue,which
clearlyresultsin visual artifacts.

4.2. DisplacedObject Points

In order to determinethe displacedvolume, we slice the
proxy scenegeometryinto view-orientedslices,as shovn
in Figure 3. The boundingbox of O can easily be found
by combiningthe boundingboxesof the object(s)andtheir
displacementsThe slicesarerenderedn back-to-frontor-
derand nally compositedusing alphablending.For each
point p®on theslice,we must nd the appropriatedisplace-
ment,sincetherecanbe morethanonedisplacemenacting
on the object(SeeSection6 on compositemaps).We usea

fragmentprogramto nd the opacityand color valuesof a
given pixel with texture coordinate® This programcom-
putesp = p% Dy (pY, wherep is thepositionin theoriginal

objectO thatcorrespondso thetexturecoordinatep® It then
sampleghe 3D textureof O atthepositionp andretrieve the
colorcomponents-inally, in orderto handlediscontinuities,
it sampleghe alphamaskap, atthe positionp®andmodu-
late the pixel's color componentsvith the mask.In orderto

avoid aliasingartifactsin the cut, the programconsidersa
point astransparenif the alphamaskis lessthan0:5, and
the resultingpixel will not contrikute to compositing.The
procesf thefragmentshadeiis depictedn Figure3.

4.3. DisplacedSurfaceNormal

In orderto properlyshadehe object,we needthe normalin-
formationat eachpoint. Sincewe storeobjectsasvolumes,
normalscanbe obtainedusing nite differencesor moreso-
phisticatedlters suchasthe SobeloperatorFor interactve
rendering,the gradientcan be pre-computedand storedin
a 3D texture. When processingragments,a texture fetch
of the gradienttexture yields the normal of the voxel and
its magnitude(This is shavn as NOj in Figure 3). There
arethreecasedo be consideredthe pointsthatarenot dis-
placed,the displacedpoints,and thosein the boundaryof
a discontinuity For pointsnot displacedthe pre-computed
normalscanbe useddirectly. The othertwo casesare han-
dledasfollows.

4.3.1. Normals at DisplacedPoints

For a pointundegoing displacementywe mustobtaina new
normal.Figure4(b) shavs the casewherethe pre-computed
normalis 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.Sincethe surfacewasoriginally facingaway
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from thelight, it remainsdark eventhoughit is now facing
thelight after peeling.A moreaccurateshadingof the sur

facecanbe seenin Figures4(c) and4(d) wherethe peeled
surfaceis correctlyshadedcandtowardthelight.

Normalscanbe computedn-the- y by samplingthe neigh-
boring voxels (after displacementand applying nite dif-

ferencesHowever, this methodrequiresup to 6 (for central
differencespdditionaldisplacementomputationswhichis
computationallyexpensve. Whatis neededs awayto trans-
form the undeformechormalson the y without additional
sampling.Barr [Bar84 describesa transformationof nor

malsfor aforwardtransformation.

Given FI a forward mappingsuchthat p°= F(p), the new
normal'n (M is:

() = detIe(Je 1)>'n P )

whereJg isthe3 3 Jacobiarof F. Ourrenderingapproach
requiresandinversemapping GivenG= F lasthatinverse
mappingsuchthatp = G(p9%, Eq.@) leadsto:

NP = detig(ds > ™ or:
1
detlg

whereJg is the Jacobiarof G. SinceG is obtainedvia 3D
displacementasde nedin Eq.(3), or moreexplicitly:

1 1
91(%y;2 X+ Dx(X¥:2)

p=G(xy,2= @ gy(xy2 A=@ y+Dyxy2 A
g3(%Y;2) z+ DXy, 2

the Jacobian]g is the derivative of G with respectto the

spatialcoordinatesTherefore:

2 3
Ja fou fa
x Ty 1z

g 12 792 9o

(JG)>!n(D) 'n (M (5)

Je(Xy.2 = > Ty Tz
9z 73 fgs
X Ty 1z
2 .m0 o, °
g o Mo, b
1=y 1=y 1=y
77775( 1+1]Dﬁy ﬂ?]D
503 A
= |+ \]D

wherel is theidentity matrix andJp is the Jacobiarof the
displacementap.Then,Eq. (5) becomes

h (™ = L

- >! ()
deti+ 3 TR

Sincenormalvectorsmustbenormalizedthe Who) fac-
tor canbe omitted. This leadsto our normaltransformation
equation:

M= 1+ J(DpC))> (P (6)

This last step avoids the division for zero that might oc-
cur whenthe Jacobiaris singular However, the Jacobiaris
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Figure 4: Lighting computationfor the piggy bankobject.
Thelight is above the piggy bank.(a) No lighting. (b) Using
the pre-computedyradientresultsin incorrectlighting, no-
tice howtheundesideof the cut surfaceis dark eventhough
it is facingthelight. (c) Correctlighting, but artifactsoccur
at discontinuities- rim of the cut area. (d) Correctlighting
with properhandlingof normalsat discontinuitiesNowthe
rim, which is facingthelight, is lit properly.

only singularat regionsof breaksIn our approachthe dis-
placementapis well de ned andcontinuougor all points,
andthe breaksarehandledby a differentmechanisnin the
pipeline(seeFigure3). In practice the Jacobiarof the dis-
placementmapis approximatedasthe gradientof the dis-
placementexture, i.e., Jp NDX;NDy; Np, ~, using nite
differencing.For speedup, onecanpre-computehe matrix
B=(I+ .](Dp%)> for eachvoxel in thedisplacemenmap,and
storeit asa 3D 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 the objectdoesnotundego displace-
ment.An exampleof thisis depictedn Figure4(c). Notethat
therim of the piggy bankatthe cutis dark. This is because
thosenormalshave not undegonetransformationglike in
theundersideof the peeledsurface)andarethereforeincor
rectly pointingaway from thelight sourceThisis especially
noticeableon solid objectswith a uniform interior. Evenfor
the caseof objectswith a heterogeneouisiterior, aslong as
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their normalsarenot directedorthogonatlto the cut, the cut
surfacewill belit incorrectly

To properlycomputethe normalsat the discontinuitieswe
needa way to determinethe new surfacethathasbeencre-
ated.This informationis storedin the alphamap ap,. We
cancomputethegradientof thealphamaskN(aDk), anduse
this valueonly at the boundaryof a cut. However, applying
only this gradientin the boundary may generateartifacts
nearthe boundary To solve this, we gradually correctthe
normalin the vicinity of the cut to the desirednormal,via
blending:

™= w1+ )" P+ 1 wlap)® (@)

wherew 2 [0;1] is a blendingfactor Figure4(d) shavs the
result of applying this methodfor the piggy bank object.
Note that the pixels at the rim of the cut arenow properly
shadedThis blendingmechanismis similar to the solution
proposedby Weislopf et al. [WEEOQ3 for volumetric cut-
aways.Althoughthe alphagradientcanbe computedon the
y using nite differencing,it canalsobe precomputednd
storedin a 3D texturefor speedup.

5. Construction of DisplacementMaps

Thissectiondescribesheproces®f creatingadisplacement
map,usingdeformationof the bunry datasehsanexample
(Figure8). This displacementisesa 3D Gaussiarfunction
to simulatea pull in the Z direction. The displacementan
be constructeds:

x 05)2+(y 052 =

DXY:d= 0o 0 ze =2 (8)

for (x;¥;2) in aunitcube,ands chosersothatdisplacement
becomed at the XY boundarie®of the unit cube.This dis-
placemenis discretizedand storedin a 3D texture of size
64 64 64.Notethatthez valueis usedto modulatethe
amplitudeof the Gaussiarpull, andthattheZ componenbf
the displacemenis negative, sinceD storestheinversedis-
placementFor instancethe point (32;32;32) in the 3D tex-
ture,correspondingo thenormalizedpoint (0:5; 0:5; 0:5) in
the unit cube,containghe displacementector(0;0; 0:5).

When consideringcuts, we follow a similar processFirst,
we computethe alphachannelof the cut procedurally so
thatap, (x;y; 2) is O wheneverthereis acut,andl elsavhere,
anddiscretizeit in atexturevolume.In addition,we applya
smoothingoperatorover the alphamaskin orderto obtaina
smoothregion aroundthe boundarieseededor the blend-
ing of thenormals,asdescribedn Section4.3.2 Theresult
is storedin thealphacomponenbf thedisplacemerntexture.

One challengein the creationof displacementss the pro-
vision of userinterfacesthatwould allow the userto de ne
cutsand peelsof arbitrarysizeandshapeln addition,user
interfacewidgetsarerequiredto manipulatehedifferentpa-
rametersof the displacementvhile renderingthe volume.
Thisis animportantissueandit is ongoingresearch.

(@) p= p%+ D1(p%+ D2(p%)  (b) p= p°+ D2(p°+ D1(pY)

Figure 5: Compositionof two displacementmaps D1
(wave)and D2 (peel)in differentorder.

6. CompositeDisplacementMaps
In generaltwo transformationsanbe combinedasfollows:

p = Gi(G(pY) 9)

whereGy(u) = u+ Dy(u) andGy(v) = v+ Dy(v) aredis-
placementnappings.

For computingthe normal,we mustsimply concatenatéhe
Jacobian®f thetwo mappings:

!n ™ = (B1 Bz)!n (P) (10)

whereB; = (1+ Jp,)” andBy = (1+ Jp,)” arethe pre-
computednormal transformationmatricesof the displace-
mentmappingsasde ned in Eq.(6). An exampleis shavn

in Figureb, wheretwo differentdisplacementarecombined
in differentorderand appliedto the tomatodatasetSince
eachdisplacementhangesheframeof referencecomposi-
tion is notcommutatve in general.

A powerful, yet rather simple, type of compositionis
throughlinear transformationsA linear transformationM
canbede nedasa4 4 matrix,andcandescribeglobalro-
tations,translationr scalingsof a coordinatérame.When
appliedto adisplacementt allows usto interactvely place
andscalethedisplacemeninaparbitrarily in the volumetric
object, enablingeffects asthe one seenin Figure 1. From
Eq.©9), we have:

p=M M 'p%DM p9 =p>+M DM *p9
Thenormaltransformatioris obtainedby concatenatinghe
inversetransposef the Jacobian®f M andM 1.

Pre-computeaombinationof displacemenmapsresultsin
anotherisplacementapanddoesnot requireary changes
in the GPU renderingprocess.It is a useful mechanism
to createcomplec displacementsrom simple ones. On
the otherhand,on-the- y combinationenableghe interac-
tive creationandmanipulationof independentisplacement
maps,thoughit requiresa modi ed GPU implementation.
Compositemapscan be realizedin the GPU programin a
single passby iteratingthe displacemenprocedureon the
voxel positionsfor eachdisplacementap,beforesampling
the original object. This approachhowever, cannotbe gen-
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Dataset Resolution fps
TeddyBear(Fig.7) 256 256 224 | 18.81
Bunry (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 mary compositionsTheresearclonagen-
eralmulti-passrenderingprocesss beingundertalen.

7. Results

We have implementedhe displacemenmappingapproach
within aninteractve programwhichallowstheuserto rotate
andscaletheobjectandto move or changahedisplacement
map.Thedisplacemenmapcanbechangednteractively via
lineartransformationg¢seeSection6). Figurel shovsapeel-
ing of thesizeof a piggy bankdatasetrevealingthe coinsin
theinside.Figure6 shavs aslicing of atomatodatasetSev-
eraltime stepsarerenderedvhichshow aprogressie slicing
astheusermovesthedisplacementertically. This displace-
mentcanbeobtainedrom asimpleslicingdisplacemenand
repeatingit periodically Figure 7 shavs an openingof the
teddy bearat the seam.Accuratelighting of the interior is
requiredto avoid artifactsdueto backfacingnormals.Fig-
ure8 shavs a Gaussiarisplacemento simulatea deforma-
tion of the Stanfordbunry datasetThey canbe placedand
scaledarywherein the sceneshawing the e xibility of our
approacho simulateother“traditional” deformationsAddi-
tional resultsareshawn in the accompaying video,andat:

http://www.caip.rutgers.edu/~cdcorrea/displacement/

8. Rendering Performance

Sincewe follow aslicingapproacho renderour scenesien-
dering performanceis mainly in uenced by the fragment
shadercapabilitiesof the graphicsboard. The rendering
speeds affectedby anumberof factorsjncluding:sampling
distanceof theslices resolutionof theobject,relative sizeof
the displacemeninap,andviewport size.Our testcon gu-
ration consistsof a PentiumXEON 2.8 Ghz PC with 4096
MB RAM, equippedvith aQuadroFX 4400with 512MB of
videomemory Theperformanceesultsareshavnin tablel,
for aslicingdistanceof 1:0 andaviewportof size512 512,
for the displacementslescribedn Section7. Note that the
performancas affectedby the relative size of the displace-
mentmap.For instancethe teddybearopeningat the seam
is smallerin sizethanthepeelingof the piggy bank,andit is
renderedat higherrates,eventhoughthe datasets larger.

Oneaspecthataffectsthe performancas the texture mem-
ory sizeandbandwidth.Volumetric displacemenmapping
requireghe storageof thex; y; zcomponentsf the displace-
ment.Althoughthey canbe storedin a singletexture using
8 bits for eachcomponentthis precisionis usuallylow for
asmoothdeformationandresultsin visible jaggedlines.In
thesecasesa 16-bit displacementanbe usedwhich would

¢ TheEurographic#ssociation2006.

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 thedisplacementexturesand tex-
ture memoryrequirementn total

requireat leasttwo 3D textures.The rst texture DISPXY
storesthe x andy componentf the displacements the
luminanceandalphacomponentswhile the secondexture
DISPZA storesthe z componentandthe a value (for dis-
continuities). This requirementdoesnot posea scalability
problemin practice,sincethe useof generaldisplacement
mapsallows the creationof complex cutsanddeformations
with relatively small 3D textures. Table 2 shows the size
of the displacementexturesusedin this paper andthe to-
tal amountof texture memoryrequired,which includesthe
storageof pre-computedlacobiansNote thatthey arewell
within thelimits of currentGPUtechnology

9. Conclusionsand Futur e Work

In this paper we have demonstratetiow discontinuouslis-
placementmapscan simulatemary differenttypesof vol-
umegraphicseffectssuchasfracturing,slicing, deforming,
andcutting of graphicalobjects.We have emplo/edinverse
displacementapsin 3D vectorspaceo solve for largeand
discontinuouddisplacementsWe have also devised a col-
lection of techniquesincluding computingsurfacenormals
changedlueto unorthogonatlisplacement;orrectinglight-
ing artifactsat fractures andcreatingcompositemapsfrom
primitive mapson the y . The displacementmap can eas-
ily berepresentedsa 3D texture andthe entirerendering
processcanbe codedinto a fragmentprogramyielding in-
teractve results We have implementedeveraldisplacement
mapsandhave shavn their effect on a numberof different
models,demonstratinghe generality interactvity, and us-
ability of thisapproach.

In this work, eachdisplacementnapis precomputedn the
CPUfrom aproceduramodel.Sucha modelcannotcapture
the semantidnformationof the volumeobjectto be manip-
ulated,suchasthe thicknessof a surfaceanda volumeseg-
ment.Researcleffort is beingmadeto incorporatesemantic
information throughdifferentfeature-alignedlisplacement
maps[CSd. Furtherdevelopmentsalsoincludeadisplace-
mentmapeditorfor creatingprimitive andcompositemaps
and a new versionof userinterfacewith novel interaction
featuresIn additionto volume objects,the describedech-
nique canbe appliedto proceduralolume modelsby sub-
stituting volume samplingwith implicit function evaluation
duringobjecttexturefetch.
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Figure 6: Slicingof thetomato

Figure 7: Openingat the seamof theteddybeardataset

Figure8: Gaussiardisplacementapto simulateextrusion
onthe Stanfod bunnyCT dataset
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