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Abstract
With theadventof contemporary GPUs,it hasbeenpossibleto performvolumedeformationat interactiverates.
In particular, it hasbeenshownthat deformationcanbeimportantfor thepurposesof illustration. In such cases,
rather than being the result of a physically-basedsimulation,volumedeformationis often goal-orientedand
user-guided.For this purpose, it is importantto providetheuserwith tools for directlyspecifyinga deformation
interactivelyandre�ne it basedonconstraintsor userintention.In manycases,deformationis obtainedbasedon
a referenceobjector image. In this paper, wepresenta methodfor deformingvolumetricobjectsbasedon user
guidedscattereddata interpolation.A GPU-basedimplementationenablesreal-timemanipulationof 2D images
andvolumes.We showhowthis approach canhaveapplicationsin scienti�c illustration,volumeexploration and
visualization,generationof animationsandspecialeffects,amongothers.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Line andCurve Genera-
tion

1. Intr oduction

Recentadvancesin GPUtechnologyhasenabledtheinterac-
tivemanipulationanddeformationof volumetricobjects,in-
cludingthoseobtainedfrom CT or MR images,procedurally
de�nedobjects,or astheproductof asimulation.Becauseof
the complexity of volumetric objects,specifyingdeforma-
tionsis acomplex task.Surface-baseddeformationmethods
are often of limited usein volume graphicsdue to the in-
ability to representthedesireddeformationof theinteriorof
objects,andbecausevolumetricdataoftendo not containa
explicit representationof thegeometryof theobjects.Direct
transformationof voxels is impracticalandoften resultsin
undesiredaliasingandundersamplingeffects [MTB03]. In
othercases,volumedeformationis reducedto thedirectma-
nipulationof theverticesof a controlmesh,suchasa free-
form lattice [WRS01], which limits the typesof deforma-
tionsthatcanbeattained.Discontinuousdisplacementmaps
overcomesthislimitationbyallowingarbitrarydeformations
andcutsto beappliedto volumetricobjects[CSC06b], at the
costof pre-computingdisplacementmaps,whichcanbedif-
�cult to createandplacein 3D spaceto obtaina desiredde-
formation.Othermethodsrepresentdeformationastheprod-
uct of physics-basedsimulation,but they arecomputation-

ally costly, anddif�cult to control whenthe userwishesto
attaina “goal” deformedobject.

For this reason,it is importantto provide a methodfor
volumedeformationthatdecreasesthecomplexity of manip-
ulatingmillions of voxels in 3D spaceto simplerandfewer
elements.In this paper, we presenta methodfor specifying
thedeformationof a3D volumetricobjectvia scattereddata
interpolation.In our approach,we guide the 3D deforma-
tion startingfrom a userde�ned illustration. The userde-
formsthis2D imageby transformingasetof controlpoints.
Scattereddatainterpolationis thenusedto build a 2D dis-
placementmap,which is “extruded”into a3D displacement
mapaccordingto simpleuser-de�ned rules.This displace-
mentmapis thenappliedto theobjectto obtaina deformed
volume,usingthemethodologyin [CSC06b,CSC06a].

Thismethodisadvantageousoverpreviousapproaches,as
thecomplexity of handlinga largenumberof controlpoints
in 3D spaceis reducedto a 2D image.By usingscattered
datainterpolation,it is possibleto build a smoothdisplace-
mentmapthat resultsin plausibledeformations.Although
theuseof 2D imageslimit thetypesof deformationthatcan
be generatedin 3D, it is possibleto extendthis ideato di-
rect3D deformation.Webelieve thishasapplicabilityin 2D
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and3D imagemorphingandanimation,wheredeformation
is guidedby a setof matchingfeaturepoints,in illustration,
wheredeformationis oftenguidedby 2D referenceimages,
andin volumegraphicsin general.

2. RelatedWork

Volume deformationhasbeenpossiblewith the advent of
programmableGPU's. Oneof the �rst to proposethis was
Westermannand Rezk-Salama[WRS01, RSSSG01], who
de�ne deformationas the transformationof nodeslocated
in a proxy mesh,placedin the boundaryof the volume.
Becauseof the existenceof an embeddinggeometry, goal-
drivendeformationsaredif�cult to obtainascontrol points
arenot placedwithin featuresin thevolumetricobject.The
useof matchingfeaturesfor deformationhasonly beenpro-
posedbeforefor volumemorphing,whereaninitial andend
volumesare required[FHSR96, LGL95]. These,however,
were intendedfor non interactive generationof intermedi-
atevolumes,ratherthanfor interactive deformation.Other
volume deformationapproachesuse pre-computedproce-
dures to de�ne the transformation.Theseinclude spatial
transfer functions [CSW� 03], ray de�ectors [KY97], and
discontinuousdisplacementmaps[CSC06b, CSC06a]. Al-
thoughthesesolve the problemof expressingcomplex de-
formations,thecreationandplacementin 3D of thesetools
is a major problem.In this paper, we presenta methodfor
obtaining3D displacementsusingscattereddatainterpola-
tion. A smoothdisplacementmapis obtainedby interpolat-
ing the displacementof a small numberof control points,
manipulateddirectly by the user. We expandon the work
in [CSC06b], by allowing theuserto createthedesiredde-
formationthroughan interactive illustration.Scattereddata
interpolationhasbeenusedfor the deformationof 2D im-
ages.In [RM95], a numberof approachesareexplored,in-
cluding inversedistanceweightedinterpolationand radial
basisfunctions(RBFs).RBFsincludingrigid structureswas
explored by [LHH97]. Recentapproachesto imagedefor-
mation are aimedto �nding as-rigid-as-possibledeforma-
tions to be effective [ACOL00, SMW06]. In our approach,
we userigidity constraintswith Radial BasisFunctionsto
provide moreplausibledeformations.Unlike theseprevious
approaches,we do not requirea triangularmeshof the im-
age,but ratherwork directlyonaper-pixel basis.Further, we
proposean extensionwhich allows the introductionof dis-
continuities,usefulfor depictingcuts.The ideaof scattered
datainterpolationwasalsointroducedto thedeformationof
3D objects[RM93,KSSH02,BK05].

3. Overview

Ourapproachworksin two stages.In the�rst stage,theuser
createsthe desireddeformationby illustrating on a 2D im-
age.The 2D imageis obtainedfrom the volumetricobject,
eitherasacompositedprojection,amaximumintensitypro-
jection (MIP) or directly from a dataslice. This deforma-

tion is performedby de�ning a set of control points and
transformingthem directly. The imageis deformedby in-
terpolatingthedisplacementof thecontrolpointsalongthe
entiresurfaceof the image.Oncea desireddisplacementis
obtained,a 3D displacementis computed,by extruding the
2D displacementalong the z direction,using simple rules
de�ned by theuser. Onesuchrule couldbesimply to repli-
catethe 2D displacementinto a 3D volume.Then,the 3D
displacementis usedto deformthevolumeusingtheinverse
warpingmethodsproposedin [CSC06b]. Thefollowing sec-
tionsdescribethisprocessin moredetail.

3.1. Deformation via ScatteredData Inter polation

In the�rst stageof theprocess,wepresenttheuserwith a2D
projectionof the 3D volume.This projectioncanbe a rep-
resentative slice,or a maximumintensityprojection(MIP)
obtainedfrom theuser's currentviewpoint.

First, we assumewe have a set of control points in R2,
X = f x1;x2; : : : ;xNg, andwede�ne aninversedisplacement
for eachpoint, thatis, we have a setof displacementsin R2,
f d1;d2; : : : ;dNg. A displacementmapcanbefoundby �nd-
ing a continuousfunction that interpolatesthesedisplace-
mentvaluesat the control points.A numberof approaches
have beenproposed,suchas inversedistanceweightedin-
terpolation,wherethe interpolantis built asweightedaver-
ageof thedisplacement.Anothermethodis via RadialBasis
Functions(RBF),wheretheinterpolantis a linearcombina-
tion of basisfunctions,whichonly dependonthedistanceto
thecontrolpoints(thusnamedradial). In this work, we use
RBF to constructour interpolant.

Given a set of points X and a set of values f1; : : : ; fN,
a continuousfunction f canbe found with the RBF inter-
polant:

f (x) =
N

å
i= 1

a i f (jj x � xi jj ) + pk(x) (1)

wherea i are a set of coef�cients and pk(x) is a polyno-
mial of degreek. f (�) is a radial basisfunction, i.e., it only
dependson the euclideandistanceto a point (heredenoted
jj � jj ). Thecoef�cients a i andof thepolynomialarefoundby
puttingthecontrolpointsinto theinterpolant,i.e.,enforcing
f (xi) = fi .

For deformation,wewantto obtaina2D functionD, cor-
respondingto the displacementin the x and y directions.
Thentheinterpolantis de�ned as:

D(x) =
N

å
i= 1

ai f (jj x � xi jj ) + pk(x) (2)

where ai = [a i ;bi ]> is a tuple of coef�cients and pk =
[pk;qk]> is a tuple consistingof two polynomialsof de-
greek. It is commonpracticeto considerthe 2D function
astwo independentfunctionsdx anddy, andusetheminde-
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pendentlyto interpolatethex andy componentsof thedis-
placement,respectively.

In our work, we usepolynomialsof degreek = 1, which
ensuresthatthedeformationwouldbeas-af�ne-as-possible.
Then,thepolynomialsareof theform pk(x) = g0x+ g1y+ g2
andqk(x) = l 0x+ l 1y+ l 2.

In orderto �nd thecoef�cients, we put thecontrolvalues
into Eq.(2) andsolve the resultinglinear system.For the x
andy componentsof thedisplacement,it leadsto two sym-
metriclinearsystems:

�
F P
P> 0

� �
a j
gl

�
=

�
dxi
0

�
(3)

�
F P
P> 0

� �
b j
l l

�
=

�
dyi
0

�
(4)

whereF is a matrix of sizeN � N, suchthat f i j = f (jjxi �
x j jj ), P is amatrixof sizeN � 3 wherePi = (1;xi ;yi) anddx
anddy arethedisplacementsin x andy respectively for the
controlpoints.

This systemcanbesolvedwith a varietyof methods,in-
cluding iterative approaches.In this work, we considera
smallnumberof controlpoints,whicharesuf�cient tosketch
a wide rangeof complex deformations,so that the system
canbesolvedexactlyor via leastsquaresestimationat inter-
active rates.

Radial Basis Functions. A numberof radial basisfunc-
tions f (r) have beenproposedfor scattereddatainterpola-
tion, with differentcomputationalcostandcontinuityguar-
antees[RM95]. They arecalledradialbecausethey only de-
pendon thedistanceto thecontrolpoints.In this work, we
choseWendland's polynomial y 3;1(r) = (1 � r)4

+ (4r + 1),
where(1 � r)4

+ = (1 � r)4 for 0 � r � 1 and0 otherwise,
for its compactsupportand becauseit providesC2 conti-
nuity [Wen95]. CompactlysupportedRBFsaredesiredes-
peciallywhenthenumberof controlpointsincreases,since
otherwisethe interpolanthasto be computedbasedon all
points.

3.2. Generationof 3D Displacements

In orderto usethis methodfor volumetricdeformation,we
generatea3D displacementfrom the2D displacement.First,
the2D displacementis obtainedby evaluatingEq.(2) at dis-
cretepositionsin a 2D grid. Then,the 2D displacementis
extrudedin anorthogonaldirectionto createa 3D displace-
ment. This extrusion is a 1D interpolationbasedon user-
de�ned rules.Examplesof theserulesare:

Replication. In the simplestcase,the 3D displacementis
obtainedby simply replicatingthe 2D displacementalong
the orthogonaldirection (which we will assumeit to be
alongthez-axis).Then,the3D displacementis obtainedas:
D3D(x;y;z) = D(x;y) whereD(x;y) is obtainedfrom Eq.(2).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 1: Deformationof a volumetricbar (createdproce-
durally) (a),(b) Nodal deformationon a 2D grid. Control
points are marked with circles. (c),(d) Resultingdeforma-
tion on the3D dataset.(e),(f) 2D deformationusinga data
slice. (g),(h)Corresponding3D deformation.

This is theapproachtakenin Fig. 1, wherethe2D deforma-
tion is replicatedalongthez-direction,to representa bend-
ing deformation.

Modulation. In this case,the3D displacementis obtained
by modulatingafunctionof thezcoordinatewith the2D dis-
placement.Thismethodis usefulfor progressively applying
thedeformationor to provideasmoothdeformationfrom the
boundariesof the 3D displacement.In general,the 3D dis-
placementis obtainedas: D3D(x;y;z) = f (z)D(x;y) When
f (z) = z, for example, the 3D displacementis smoothly
interpolatedfrom zero to the 2D displacement,giving a
smoothtransition.An example can be seenin Fig. 2(d),
wherethe deformationis smoothlyinterpolatedin the z di-
rection. Compareto Fig. 2(c), which usesthe replication
rule.
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Inter polation. In themostcomplex case,3D displacement
is obtainedby interpolationof two or more 2D displace-
ments.In this case,tri-linear interpolationprovided by the
graphicshardwarecanbeexploited.Oneof theapplications
of this methodis thecreationof 3D displacementsthatcan
beappliedprogressively to a volumetricobjectto represent
differentstagesof a procedure,e.g.,a bendingoperation.In
this case,we keepintermediate2D displacementsobtained
astheusermovesthecontrolpointsandusethemall together
to createa3D displacement.

Oncea 3D displacementis created,it canbe appliedto
the renderingof deformedvolumetricobjectsusingthe ap-
proachesde�nedin [CSC06b,CSC06a], whereinversewarp-
ing is usedto transformeachsamplepoint via the 3D dis-
placement.

4. ComplexDeformations

Oneof theadvantagesof usingRadialBasisFunctionsasba-
sisfor creatinganinterpolantis theability to build displace-
mentswith certaindegreeof continuity, and the ability to
representas-af�ne-as-possibletransformationsdueto its op-
timization mechanism.However, certaindeformationsmay
be dif�cult to representdue to this. For instance,in many
cases,it is desiredto haveas-rigid-as-possibledeformations,
ratherthanaf�ne. In othercases,suchaswhensimulating
cuts,global continuity may be a limiting aspect.Here,we
describesomewaysin whichourapproachcanhandlethese
cases.

4.1. Simulating Rigid Transformations

One of the limitations of the above formulation of the in-
terpolant is that it tries to produceaf�ne transformations
whenever possible,dueto the de�nition of the polynomial
pk. Althoughthis is acceptablein many cases,deformations
that include rotations,suchas a bend,would result in un-
desiredeffects.For this reason,we can include additional
constraintsto theproblem,so thata morerigid transforma-
tion is obtained.Becausewe areusinga linear polynomial
in theinterpolant,theinterpolationtriesto deformpointsvia
thetransformation:

x0 = Mx+ T

=
�

g0 g1
l 0 l 1

�
x+

�
g2
l 2

�

wheregi and l i are the polynomial coef�cients for the x
and y componentsof the interpolant.To ensurea similar-
ity transformation,insteadof af�ne, we must ensurethat
M> M = r 2I , wherer is a uniformscalingandI is theiden-
tity matrix.For a rigid transformation,M> M = I. However,
theseare non-linearconstraints,which cannotbe incorpo-
ratedinto thelinearformulation.Insteadof �nding anexact
solution to this, we linearizethe constraints.For the case
of similarity, this canbeachievedby addingtheconstraints

g0 = l 1 andg1 = � l 0. Thisnew problemthenrequires�nd-
ing thecoef�cients in asinglelinearsystem,ratherthantwo
independentsystemsfor eachcomponentof the displace-
ment.Thenew systemis then:

0

B
B
B
B
B
B
@

F 0 P 0
0 F 0 P

P> 0 0 0
0 P> 0 0
0 0 k1 � k2
0 0 k2 k1

1

C
C
C
C
C
C
A

0

B
B
@

a j
b j
gl
l l

1

C
C
A =

0

B
B
B
B
B
B
@

dxi
dyi
0
0
0
0

1

C
C
C
C
C
C
A

(5)

wherek1 = [1;0;0] andk2 = [0;1;0] arethelinearizedcon-
straintsfor thesimilarity transformation.This is a different
approachthantheonein [SMW06] for enforcingconstraints,
but our resultsseemvery promising.An exampleis shown
in Fig. 4, whereakneeis bentusingasinglecontrolpoint in
thelowerpartof theleg.Notethedifferencebetweenthede-
formationin Fig. 4(c), whererigidity constraintsareadded
andthatin Fig. 4(d),with noconstraints.Thelatterresultsin
unrealisticsquashingof the leg, while the formerpreserves
for mostpart the rigidity of the bentbones,andthe rest is
deformedsmoothly. Thisapproach,althoughvery fast,hasa
limitation: rigidity constraintsareonly looselyenforceddue
to linearization,andtheresultingdeformationcontainsauni-
form scalingfactor. Following theapproachin [IMH05] one
canregularizethedeformationby adjustingthescalingafter
solving the RBF equations.Anotherapproachto introduce
rigidity constraintsis borrowedfrom thenon-linearmedical
imageregistrationcommunity[LHH97]. In this case,rigid-
ity constraintsare includedby consideringa set of “land-
marks”,eachof whichis movedrigidly. Theselandmarksare
usefulnot only to includerigid features,but alsoto �x cer-
tainpartsof thedataset.Following theapproachin [LHH97],
we canintroducea rigid partby modifying theRadialBasis
Functionf (r), suchthat it approacheszeroasa point gets
closerto the rigid feature.This canbe achieved by consid-
ering the distancetransformof the rigid part. Then,a new
RBFcanbebuilt for apairof pointsx andxi

f R(x;xi) = D (x)D (xi)f (jj x � xi jj ) (6)

whereD (x) is the unsigneddistancetransformof the rigid
part,sothatit is zerofor pointsinsideit. Thisensuresthatall
pointswithin a rigid parthave anRBF of zero.An example
is shown in Fig. 6(c),(d),whereit is appliedto a volumetric
representationof a horsemodel.Therigidity constraintsare
usedto �x the legs of the horse,asa distancetransformof
thehorizontalplanewherethehorsestands.Theincorpora-
tion of morecomplex rigidity constraintsis currentlybeing
sought.

4.2. Simulating Cuts

Oneof the advantagesof RBFsis the ability to obtaindis-
placementsthat are at leastC1 continuous.However, this
posesa problemfor de�ning discontinuousdeformation.In
thecaseof cuts,C1 continuity is desiredin thesub-regions
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(a)OriginalGrid (b) Deformedgrid

(c) GeneratedCut (d) ModulatedCut

Figure 2: Deformationcut addedby the userusinga 2D
grid as a guide(a,b). The3D displacementis foundusing
DecoupledRadialBasisFunctions,andextrudingalongthe
Z directionvia replication(c) andmodulation(d).

thatappearafterthecut.For thisreason,wedevisedwhatwe
call DecoupledRadial BasisFunctions(DRBF). For sim-
plicity, let us considera DRBF in 2D with two continuity
regions (i.e., thereis a single cut). The two continuity re-
gionsdivide theimageinto theregionsIP andIQ. Therefore,
IP(x) = 1 if x is in IP and0, otherwise,andsimilarly for IQ.
In addition,we assigncontrol pointsto a particularregion,
i.e., control pointsaredivided into the setsf x1;x2; : : : ;xng
andf y1;y2; : : : ;ymg, respectively. The2Ddisplacementwith
cutsis thengivenby:

D(x) =

8
><

>:

å n
i= 1ai f (jj x � xi jj ) + pk(x) IP(x) = 1

å m
j= 1 b j f (jj x � yj jj ) + qk(x) IQ(x) = 1

0 otherwise

(7)

whereai andb j arethe2D coef�cients, which arefoundin
thesamewayasdescribedbefore.

To representthe discontinuity, we obtaina transparency
map, A, that is usedto modulatethe opacity of the vox-
els when renderingthe volumetric object, as describedin
[CSC06b]:

A(x) =

(
1 IP(x) = IP(x+ D(x)) ^ IQ(x) = IQ(x+ D(x))

0 otherwise
(8)

An exampleis shown in Fig. 2, whereacut (shown asayel-
low line) dividesthegrid guidein two regions.Whenapply-
ing adeformation,thegrid is split asit crossestheboundary
de�ned by the cut, effectively forming a discontinuousde-
formation.Fig. 2(d) also shows the result of applying the
displacementto the bar dataset.Note also that a complex
deformationcanbefoundby interpolatingthedisplacement
valuesdown to zero,in orderto createa smoothercut (Fig.
2(e)),usingthemodulationrule for 3D extrusion.

4.3. Complex3D Deformation

Ourapproachsimpli�es thedeformationproblemby consid-
ering it alonga 2D direction,ratherthanin 3D space.This
makesit very fastfor largedatasets.However, it alsolimits
the typesof deformationthat canbe obtainedwith our ap-
proach.Therearetwo waysto obtaincomplex deformations
in 3D space,beyondthesimplerulesof replication,modula-
tion andinterpolation.The�rst approachis to applyprogres-
sively deformationalongdifferent2D planes.After a defor-
mationhasbeenapplied,theusermayrotatethevolumeand
applyadifferentdeformationalongadifferentplane.Defor-
mationsarethencombinedinto a singletransformation,via
blending.A differentapproachis to extendEq.(2) to 3D and
allow theuserto handlecontrolpointsin 3D space.Eq. (2)
becomes:

D3D(x) =
N

å
i= 1

s i f (jj x � xi jj ) + qk(x) (9)

wheres i = [a i ;bi ;di ]> is a tuple of coef�cients in 3D and
qk is a polynomialof degreek. In this case,q = q0 + q1x+
q2y+ q3z. This equationcanbe incorporateddirectly into
a 3D volumerenderingsystem.However, it is computation-
ally morecostly thanour 2D deformationmechanism.An
exampleis shown in Fig. 6(a,b),wheretheCT headdataset
is morpheddirectly in 3D.Anotherexampleis shown in Fig.
6(c,d), wherea horsemodel,representedvolumetricallyas
an implicit surface,is deformeddirectly. A fastmechanism
for the solution and applicationof 3D interpolantsis cur-
rentlybeingsought.

5. Resultsand Applications

Our approachenablestheuserto interactively illustratethe
type of deformationthat is desired.The illustration is in
2D, however, the resulting deformationis 3D. By allow-
ing the userto directly de�ne the deformation,many new
typesof deformations/cuts/illustrationscanbecreated.One
exampleis the useof deformationin the analyticalexplo-
ration of morphologyand the study of evolution, as pio-
neeredby D'Arcy Thompsonin his book “On Growth and
From”. In his work, heusesthedeformationof a 2D Carte-
siangrid to explain andillustratethe morphologicaldiffer-
encesbetweendifferentanimalspecies.In Fig. 3, anexam-
ple of his illustrationsis depicted,wherea rectangulargrid
is usedto inscribean illustration of the Polyprion species.
Another species,Antogonia carpos, can be inscribedin a
non-lineargrid, obtainedby deformingtherectangulargrid.
This methodof deformationis essentiallyan interpolation
mechanismgiventhedisplacementof controlpoints,which
correspondto matchingfeaturesof interest.In our case,we
haveadaptedthis ideato thedeformationof thecarpdataset.
We obtained�rst a 2D imageusing MIP and inscribedit
into a 2D grid. After deformingthe imagebasedon thede-
formationgrid of the referenceillustration,we generateda
3D displacementthatsmoothlyinterpolatesthe2D displace-
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mentalongtheZ direction.Resultsareshown in Fig. 3. Un-
like a 2D illustration, the deformationof a volumetricob-
ject allows the exploration from multiple viewpoints.This
approachcanbe extendedto evolutionarymorphingsimu-
lation directly on volumetricobjects,extendingthe surface
morphingapproachintroducedin [WAA � 05].

Fig. 4 shows an exampleof usingthis approachto kine-
matic movementof a CT scanof a knee.A 2D imageis
obtainedby computinganMIP projection.A setof control
pointsarede�ned alongthecontourof thedistalendof the
femurandanothercontrolpoint is de�ned in the lower part
of the calf. We thendisplacethis control point to simulate
a bendingof the knee.We seethat af�ne transformations
arenot suf�cient for a plausibledeformation,whereascon-
strainingthe coef�cients to be as-rigid-as-possiblegives a
more natural bending.Note that the lower portion of the
tibia and �b ula bonesare deformedrigidly. The obtained
displacementis usedto deformthe volumetricmodel.Fig.
5 shows an applicationof this methodfor the animationof
volumetric objects.In this case,a 3D displacementis ob-
tainedat different time stepsto simulatea complex defor-
mation.Notethatlargedisplacementscanbesimulatedwith
asmallnumberof controlpoints.Becauseeachtimestepre-
quiresa3D displacement,thiscouldbeexpensive.However,
sinceeach3D displacementis obtainedfrom a 2D displace-
ment(usingthereplicationmethod),they canbestoredin a
single3D displacement.In suchcase,the z dimensioncor-
respondsto time insteadof a spatialdimension.A number
of framesare shown. Fig. 7 shows an exampleof cutting
theabdomendatasetusingdecoupledRBFs.In thiscase,the
controlpointsaredividedinto two regionsIP andIQ, to the
left andright of thecut, respectively. By moving thecontrol
pointsin oppositedirections,a cut is obtained.To show the
effectof cuttingin 2D,weuseabackgroundimageof theab-
dominalorgans.In Fig. 7(d),weperformdeformationonthe
3D datasetby obtainingthe 3D displacementfrom the 2D
manipulation.Fig. 6 shows two examplesof usingour ap-
proachfor direct3D deformation.In thiscase,theequations
refer to 3D displacementdirectly, insteadof 2D. Although
this is computationallymore expensive, it producesmore
complex deformations.Fig. 6(a,b) shows the deformation
of a CT head.In this case,the deformationis incorporated
with a volumerenderingsystem,so that samplepointsare
warpedaccordingto the displacementgiven by solving the
RBF equations.A numberof controlpointsareshown. The
deformationof volumetricobjectsarenotonly usefulfor CT
or MR images,but alsocanbeusedto deformsurfacemod-
els.In this case,a volumetricrepresentationof themodelis
obtained,suchasa signeddistance�eld, andthendeformed
with our approach.Fig. 6(c,d) shows the deformationof a
horsemodelrepresentedimplicitly in a256� 256� 256vol-
ume.To maintainthe legs �x ed,we includea rigidity con-
straintasthedistanceto thehorizontalplanewherethehorse
is standing,usingEq.(6).

5.1. Implementation Details

In our implementation,we usea combinationof CPU and
GPUto maximizeperformance.Becausewe attemptto ob-
tain complex deformationwith a small numberof control
points, �nding the coef�cients for the RBF interpolantis
done in the CPU. We use the open sourcelinear algebra
packageLapack to solve the linear systemsof equations.
In our experiments,we have deformationsfrom lessthan8
control points to up to 32, with a solving time of 0:25 to
2:4 milliseconds.We usea PentiumM processor1.6 GHz
with a QuadroFX Go1400with 256 MB of texture mem-
ory. The generationof the displacementmap,however, is
doneon theGPU,by evaluatingEq.(2) on a per-pixel man-
ner. This is considerablyfasterthan doing it on the CPU.
For a 256� 256image,generationof thedisplacementmap
takesabout20 millisecondson theGPU,while it goesfrom
633 (8 control points)up to 2200milliseconds(32 control
points)in theCPU.Our GPUimplementationhasprovedto
beessentialfor real-timeinteraction.However, currentGPU
architectureslimits us to a maximumof 32 control points.
Although complex deformationscan be obtainedwith 32
controlpoints,we believe thatthis will beimprovedon new
generationsof GPU's.

6. Conclusions

Wehavepresentedamethodfor specifyingdeformationson
a volumetric object basedon scattereddata interpolation.
Ratherthan directly transformingvoxels or elementsin a
proxymesh,wereducetheproblemto thedeformationof 2D
points.This reducesthecomplexity inherentwith thetrans-
formation of complex 3D objects.Having a 2D imageas
theinputfor deformationis consistentwith many illustration
procedures,whichoftenusereferencesimagesasinspiration
for thede�nition of acomplex deformation.In ourapproach
we let the userde�ne a set of control points in the image
anddisplacethemin 2D space.Scattereddatainterpolation,
basedoncompactlysupportedradialbasisfunctions,is used
to createasmoothdisplacementmap.Weshowedhow com-
plex deformationsmay requireadditionalconstraints,such
as similarity or rigidity constraints,which resultsin more
plausibledeformations,or the decouplingof RBFsto sup-
port discontinuities,neededfor cuts.We alsoshowedhow a
3D displacementmapis obtainedby extruding the 2D dis-
placementbasedonsimplerulesde�nedby theuser. Wealso
showedhow this approachextendsdirectly to 3D deforma-
tion, but at a considerablecomputationalcost.We believe
thatthis methodhasa greatpotentialasa new way of inter-
actingwith volumetricobjects.
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