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Twister: A Space-Warp Operator for the Two-Handed Editing of 3D Shapes
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Figurel: A spherds deformednto a sporkin 5 Twistersteps.Redangreencoloringindicatetheareaof in uence of eachhand.

Abstract

A free-formdeformatiorthatwarpsa surfaceor solid maybespec-
i ed in termsof oneor several point-displacementonstraintghat
mustbeinterpolatedby the deformation.The Twisterapproachn-
troducedhere,addsthe capabilityto imposean orientationchange,
addingthreerotationalconstraintsateachdisplacedgoint. Further
more, it solvesfor a spacewarp that simultaneouslyinterpolates
two setsof suchdisplacemenandorientationconstraintsWith a6
DoF magnetictracker in eachhand,the usermay grabtwo points
on or nearthe surfaceof an objectand simultaneousldragthem
to new locationswhile rotating the traclkersto tilt, bend,or twist
the shapenearthe displacedpoints. Using a new formalismbased
onaweightedaverageof screw displacementslwistercomputesn
realtimea smoothdeformationwhoseeffect decayswith distance
from the grabbedpoints, simultaneouslyinterpolatingthe 12 con-
straints.It is continuouslyappliedto the shape providing realtime
graphicfeedback.The two-handinterfaceandthe resultingdefor
mationareintuitive andhenceoffer aneffective directmanipulation
tool for creatingor modifying 3D shapes.

CR Categories: 1.3.5 [Computer Graphics]: Computational
Geometryand Object Modeling—Cune, surface, solid, and ob-
jectrepresentationd;3.6 [ComputerGraphics]:Methodologyand
Techniques—Interactiotechniques

Keywords: free-formdeformation,two-handednteraction,dis-
placemenandorientationconstraints

1 Intro duction

Designersproductiity maybeenhancedy interactive techniques
for shapemanipulationwhichlink gestureso predictabledeforma-
tion effectsandprovidesrealtimevisual,andpossiblyhaptic,feed-
back.Contritutionsin this eld typically striveto de ne anabstract

mappingbetweengestureand shapemodi cation andan algorith-
mic descriptionof how parameter®f shapemodifying operators
areto beinferredfrom measuresgxtractedby trackinga gesture.

In this paperwe adwcatea grabanddragoperationput instead
of restrictingthedraggingto a singlepoint, we let the designemuse
both handsto grab and simultaneouslydrag andtwist two differ-
ent portionsof the spacein which the surfaceis embedded.We
computea 3D spacewnarpthatsatis esthe positionandorientation
constraintdmposedby both hands.Visualfeedbackis provided at
interactve rates displayingtheimmediateeffect of the 3D warpon
the surfaceof interest,while the users handsarestill moving and
modifying the constraintsWe compareour solutionfor computing
theconstrainsatisfyingspacevarpto othersolutionsand,basedn
the deformedsurfacesobtained concludethatit hasclearbene ts.
For example, Figure 1 shavs how ve two-handedgestureshave
beenusedto deforma sphereinto a spork (combinationof spoon
andfork).

The methoddescribedn this paperfocuseson how to produce
intuitive deformationsof generalsurfacesfrom handgestures As
such,it appliesto the creationof 3D modelsfor artisticpurpose®r
for the explorationof crudeapproximationsf shapeslit doesnot,
however, intendto solve issuesnvolved with the precisedesignof
manufcturedor functionalsurfaces.

In the following sectionwe justify our designdecisions. Sec-
tion 3 summarizeselatedwork in the areaof nonphysically based
shapaleformation.Sectiond presentsur preferredsolutionfor the
deformatiorusingsix andtwelve constraintsSection5 presentsl-
ternative solutionsandcompareghemwith the solutionin section
4. Section6 providessomeimplementatiordetailsandresults.

2 Motivation of Design Choices

In this sectionwe justify our maindesignchoices:useof grab-and-
drag shapedeformingoperationsuse of two hands,useof rigid
handlesuseof orientationconstraintsanduseof spacevarps.
Why Grab-and-Drag: Mary differenttechniqguesanbe used
to construct3D shapes.Someinterpolate3D pointswith implicit
surfaces[Turk and O'Brien 2002], othersautomaticallyconstruct
surfacesthat interpolate3D curves [Sachset al. 1991], [Wesche
andSeidel2001], [Grossmaret al. 2002], or 2D pro les [Igarashi
et al. 1999]. Yet othersprovide meansfor the direct drawing of
surfaces[Schlolne et al. 2001] or for spacepainting and carving
[GalyeanandHughes1991]. An alternatve to theseshapecreation
techniquess the warpingor deformationof existing shapes.Var
ious methodsand interactionparadigmshave beendevelopedfor
this purpose.Somelet usersmanipulatethe control pointsof free-
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form deformationlattices[Sederbeay and Parry 1986], [Coquillart
1990], or verticesof multiresolutionmesheqZorin et al. 1997].
Higherlevel techniquesave beenproposedor the directmanipu-
lation of free-formdeformatior{Hsuetal. 1992]or for themapping
of two-handedspatialand pictographicgesturego axial deforma-
tions [Nishino et al. 1998]. The techniquedescribedn this paper
belonggo thisgroup.lIt is basedn agrab-and-draghapedeform-
ing operator andthusfalls within the paradigmof direct manipu-
lation of shape. It doesnot limit the users interactionto control
pointsanddoesnot restrictthe operationdo be axial deformations.

Why UseRigid Handles: A humanhandoffers mary degrees
of freedom,someof which have beenexploited for shapecontrol
usinggloves[Nishino et al. 1998]. We choseinsteadto have the
usercontrol the positionand orientationof a smallrigid objectin
eachhand.Thesetwo 6 DoF tracked objectsrepresenhandleghat
may eachbe usedto graba portion of spaceandto pull andtwist
it. Our decisionwasjusti ed by the availability of robust6 DoF
trackers[Polhemus2002] andby the simplicity of the correspond-
ing intentionalsemantics.

Why Use Orientation Constraints: The way our ngers and
handsmanipulatea deformableobjectimposesconstraintson the
orientationof its surfaceafter a deformation.Combiningmultiple
position constraints(i.e. 3 triangle vertices),eachroughly corre-
spondingto a nger-imposedconstraint,would allow the userto
control the surfaceorientationindirectly. However, we have con-
cludedthat controlling multiple position constraintsindividually
with the purposeof changingsurfaceorientationmay be cumber
some,resultingin undesiredundulationsof the surfaceandin nu-
meric instabilities. Thuswe supportorientationconstraints. Pre-
vious work by Fowler [1992], for the geometricmanipulationof
tensorproductsurfaces,andby Gain[2000], to allow the manipu-
lation of the derivative framewith Directly Manipulatedrree-form
Deformation(DMFFD), amgue for the usefulnesf suchorienta-
tion control. Figure2 illustratesorientationconstraintshowing the
deformationof a at surfacewith threedifferentconstraints.

Figure2: Bene ts of orientationconstraintqleft to right): trans-
lation anngvectorOOO, translationand rotation abouttranslation
vectorOQP translatiorandscrev rotationaboutanaxis perpendic-
ularto thetranslationvectorO0°

Why UseTwo Hands: A previously proposediseof two hands
in the context of object manipulationallows the userto control
the object's global position and orientationwith one hand while
the otherhandperformssomeediting operation[Shav and Green
1997]. This methodis usedin our system.In additionto suchan
asymmetriauseof the handswe proposeusingtwo handstogether
to controla shapedeformingoperationandto provide a naturalin-
terfacethatbuilds uponour daily experiencen manipulatingcloth,
paper or plasticwith both hands.Figuresl1 and3 shov deforma-
tionsthatwould bedif cult to specifywith asinglehand.

Why Warp Space: Some shapedeformationtechniquesare
physically based( [Terzopoulosand Fleischer1988], [Jamesand
Pai 1999],or [SzeliskiandTonneser1993],) providing high delity
approximationf materialpropertiessuchasplasticity, elasticity
or exibility. A physically plausiblebehaior thatis intuitively un-
derstoodby the designemalesit easierto predictthe effect of a
gestureandthusto plana sequencef deformationghatleadto a
desiredshape.Unfortunately physical realismis too expensve for
realtimefeedback.Thus, we have optedfor a compromisewhich
offersa simpleandintuitive mapbetweerhand-gestureandspace

Figure3: Bene ts of two-handdeformation(left to right): transla-
tion only, translationandscrav rotations.translationandscrev ro-
tationsbendingthe surface. The scrav motion trajectoryis shavn
asayellow curve. The screv axis of eachscrav rotationis shavn
asapink cylinder.

warpsthatis independenbf the manipulatedsurface. The costof
computingthe warp parameterss negligible andits effect appears
physically plausibleandquite predictable.

3 Prior Work

Deformationtechniquesincluding physically basedones,are sur

veyedin [GibsonandMirtich 1997]and[Gain 2000]. Spacewarp-
ing and morphingtechniquesare thoroughly coveredin [Gomes
etal. 1999]. Physicallybasedleformationsrecoveredin [Metaxas
1996]. In accordancevith thefocusof this paper this sectionsum-
marizeswork in non physically baseddeformationswith special
emphasisn spacewarpingtechniques.

Several approachesarebasedon the local deformationof a sur
face. Parent[1977] useddecayfunctionsto diminish the effect of
a displacementmposedon a userselectedvertex in a meshasa
function of the geodesidistance approximatedy the topological
distanceon the connectiity graph. Allan et al. [1989] and Bill
[1994] developedsystemghat madeuseof more elaboratedecay
functions. ModernsoftwarepackagessuchasDiscreet3dsmax4
and5 [Discreet2002],alsoallow weightedmanipulatiorof vertices
with anadjustablelecayfunction.

Zorin etal. [1997] presented systemfor multiresolutionmesh
editing in which verticesat differentlevels of subdvision canbe
manipulatedvith adjustmentectorsde ned in local frames,with
the purposeof preservingletails.

Otherapproachearebasedn theideaof spacevarping,which
is independenbf the representationrandthuswell suitedfor edit-
ing trianglemeshesyoxel volumes,control pointsof interpolating
cune patchesr scatteregoint data.Barr [1984] publishedglobal
mappingsfor twisting, bendingand taperingspacedeformations.
Changand Rockwood [1994] introduceda generalizedle Castel-
jau approacho deformations.The Axial Deformationsof Lazarus
etal. [1994] allowed the useof curveswith ary shapeasthe axis
for a generalizectylinder with variableradii andlocal framesat
key points. Wires by Singhand Fiume [1998], took curve based
deformationtechniquedurther, but ata highercomputationatost.

Sederbay and Parry [1986] introducedthe free-form deforma-
tion (FFD), basedon latticesof control pointsandtrivariateBern-
steinpolynomials.GreissmaiandPuigathofer{1989]implemented
FFD with trivariate B-splines;Coquillart [1990] and MacCraclen
and Joy [1996] extendedFFD to supportmore generallattices,
while Hsu et al. [1992] developeda versionof FFD that allows
directmanipulation.

Borrel and Bechmann[1991] and later Borrel and Rappoport
[1994] developedrealtimetechniquedor computingspacewarps
that simultaneouslyinterpolate several point-displacementon-
straints.More recently Milliron etal. [2002] introduceda general
framework for geometriovarps.
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4 The Proposed Twister Solution

By moving a tracker with one hand,the usercontrolsits position
and orientation,i.e., the poseof a coordinatesystem. Whenthe
usergrabsa point in spaceby pressinga button, the poseof the
tracler is recordedasthe startingpose. While the button remains
pressedsubsequentisplacementandrotationsof the tracker up-

date the endingpose. At ary momentduring the manipulation
phaseTwistercomputesspacevarpthattakesasinputthestarting
poseC (de nedby alocalcoordinatesystemwith origin O andthree
orthogonaldirectionsU;V; W) to the endingposeC® (de ned by a
local coordinatesystemwith origin O° and directionsU2Vv2w?9.

We assumehatW = UV andW%= U% VO We wantasmooth
spacewarp that takesthe startingposeto the endingposeexactly

andwhoseeffect decaysaway from the grabbedpoint. This condi-
tion resultsin threetranslationabndthreerotationalconstraintsTo

meetthesesix constraintsye constructa scrav motionthatmoves
the startingposeto the endingpose.We applythefull scrav atthe
grabbedpoint and diminish its magnitudewith distancefrom the
grabbedpoint. Whenthe two trackersareusedsimultaneouslyve

computethetwo scravs for eachpointandblendthem.

4.1 Single-hand Twister

The scrav motion of a point P describesan helicaltrajectory It is
fully de ned by a startingand endingpose. A scrav motion that
mapsC to C%is completelyde ned by an axis of unit directionD
passinghrougha point A andby ananglea of rotationaroundthe
axisandatranslatiordistanced alongthe axis[Rossigna@andKim
2001]. A scrav motionis minimalwhena 2 [0; p]. The parameters
of aminimal scrav maybe computedasfollows.

Letuu%=U°% U,vw%=Vv? v, andww?%=wW° W. When
juug = jvvYq = jwwq = 0, the deformationis a puretranslation
by vectorOO". Otherwise pnly onedifferencecanbenull. Assume
without loss of generalitythat UU%is not null. (If UU%is null,
renamethe vectors.) As illustratedin Figure 4, the direction of
the scrav axis D, the translationdistanced andthe anglea are
computedoy

D:= UU® vvo% vvO wwo ww® uu® D:= DD
1 juug

2D Uj
d:=D od°

a:= 2sin

1)

The projectionof O on the planethrough O with normal D is
0%:= 0% dD. Let M be the mid-point (O + 0%=2 of OO
From tan(a=2) = jOMj=jAMj the distancejAMj is computedas

JAMj = 235(2022)- The direction from M to A is computedby

N:= D OO NotethatsinceD? O0%ndjDj = 1,jNj = jOO.
Thepoint A is computedas

I\ jo0”® D oQ
A= M+ A = M+ 2tJar(a=?2) 00%
D 0000: . D (00 dD) @
2tan(a=2) 2tan(a=2)
D oOd°
2tan(a=2)

The imageof an arbitrary point P underthis scrav motion is
PO:= (AP U)U%+ (AP V)V%+ (AP W)WO%+ dD+ A. Consider
thefamily Sof interpolatingtransformationshatde ne thesucces-
sive posegaken by an objectduring this scrav motion asthe time
parametet is variedfrom O to 1. For a givent; §t) may be pro-
ducedthroughthe following sequenceTranslateby A; RotateD

dD wo
wwo

I

— 1 M= O+ 0%

D 0000 2 w
A 21an(a2) D
o v Vo

. . vyo
Figure4: Computatiorof screv parameters.

to Z; Translateby td alongZ; Rotateby ta aroundZ; RotateZ to
D; Translateby A. To animatea scrav motion, for eachtimet, the
combinedeffect of thesetransformationsnay be composednto a
single4 4 matrix. If the desiredresultwasthe animationof an
objectalongthe helicaltrajectoryof the screv motion,the parame-
tert would beidenticalfor all pointsin the object. To producethe
desiredspaceavarp,adifferentt is computedor eachpointP onthe
object(thesetof pointsP depend®ntheunderlyingrepresentation
andmayfor instancecomprisethe verticesof atrianglemesh).We
usea functiont(P) to control the decayof the effect of the scrav
with distancefrom O. By usingthedecayt(P) := cos @‘23 ,we
obtain§(1) atO, §(0) outsideof aball of centerO andradiusr, and
asmoothvariationin between.

4.2 Two-hand Twister

Theformulationdescribedibore leadsto intuitive andeffective de-
formationsfor asinglehandconstraint.t mayalsobeusedto solve
for two simultaneousonstraintsvhenthe grabbedpoint O of each
handlies outsideof the ball of in uence of the other by simply
addingthe decayedeffect of eachscrav.

In caseswherethe ball of in uence of one hand containsthe
grabbedpoint Q of the otherhand(i.e, jOQj < r), naie addition
of thedisplacementproducedby thetwo setsof constraintaffect-
ing a commonpoint would not satisfy the constraints.Hence,to
ensurehedesiredconstraintsatisaction,we adjustthe formulafor
t asfollows. Lets= jOQ andp= OP OQ. If p< 0, we use
the sameexpressionfor t asbefore. Otherwise,we replaceP by
P+ (p=9)((r 9)=s)(0OQ=9) in the computationof t. This trans-
formation correspondgo a minimal squashingf half of the ball
of in uence, sothatit nolongercontainsQ. The squashings for-
mally a scalingby s=r, in the directionOQ, with x edpoint O as
shown in Figure5. Whenneededwe apply sucha scalingto the
decayfunctionsfor both hands. We computethe imagesof P by
the decayedscrav motionsof bothhandsandthenaddthetwo dis-
placementso P. Notethatour choiceof the functiont guarantees
that the sum of the two weightsfor a point on the line sggment
betweenthe two grabbedpointswill be onewhenjOQj < r; i.e.
8P: jOPj=r 2 [0;1]) t(jOP=r)+t(1 jOPj=r) = 1. This prop-
erty avoidsundesirecbumpsin the commonregion.

Figure5: Theballsof in uence aresquasheavhenthey containthe
grabbedpoint of theotherball.

Whentheradiusof in uencer is largeenougho keepthe object
insidetheball of in uence, andthetwo grabbedointsareplacedn
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appropriatgositions we canobtaindeformationavhich, although
not strictly equivalent,are very similar in their effectsto someof

Barr's globalandlocal deformationgBarr 1984]. For example,we
canobtaina twist-like deformationby rotatingthe two trackersin

oppositedirectionsaboutthe line that joins them (seeFigure 6).

A bendlike deformationcan be obtainedby rotatingthe trackers
in oppositedirectionaboutanaxisperpendiculato theline joining

them,andanoptionallytranslatinghemsymmetricallyin theplane
that hasthe rotation axis as normal. The main advantageof our
techniques thatthe usercanselectfrom awider rangeof lesspure
warpsthroughanintuitive two-handednterface,easilycombining
twisting andbending.

Figure6: A boxtwisted(left) andbent(right) by Twister Theaxis
of eachscrav deformations displayedasa smallpink cylinder.

5 Alternative Approaches

In this section,we developtwo alternatve formulationsof a defor
mationthat satis es displacementnd orientationconstraintsand
shav thatthey arelesseffective thanthe Twister approachintro-
ducedin the previoussection.

The rst alternatve is to considera linear combinationof trans-
lation androtationaroundthe constrainingpoint (Figure 7). This
simpleschemerst satis estherotationalconstraintoy applyinga
rotationaboutthe axis D at point O andthenthe translationalbne
by applyinga translationOQ”

orlglnal surfaceo‘([T/
Statedsurface

Figure 7: lllustration of the linear combinationof translationand
rotation.

The samecomputationsisedaborve for the screv motioncanbe
usedto computethe rotation axis directionD and anglea. The
decayfunctionis the sameasthe onediscussedbore. The main
differencelies in the choiceof the rotation axis, which heregoes
throughO andneedso longerbe parallelto the translatiorvector
Theeffectof thischangeontheresultingdeformatioris signi cant,
especiallyfor large displacementsiith large anglesof rotation.

The secondalternatve is basedon Scodef[Borrel and Rap-

poport1994],which interpolatesnultiple translationaktonstraints.

Given asetof constralnlngpomtsol, Oy;::1;Op andtheir warped
positions0Y; 0J; :::; 08, Scodefcombinesn radial basisfunctions
f (X) 2 R to computea spacewarp F(P); P 2 R3 thatsatis esall

of theseconstraints. The spacewarp F(P) is in the form of the
weightedsumof thebasesenterecat O1; Oy;:::; Op.

n
F(P) = A fjA| ;
j=1

fi=f(P 05); A2R® A3)

Unknavns arethe coefcients Aj thatcanbe solved from the con-
strainingequations.

F(O) = a fijAj =
=1

o; fij=rf(0) 0j) (4)

Even though Scodefdoesnot solve the rotational constraintsdi-
rectly, it can achieve rotation by placing three constraintpoints
alongthe axes of the initial coordinateframesand de ning their
imagesin the targetframes. Note thatthe rotationcanbe arbitrar
ily closeto the commandedotationby placingthesepointsclose
enoughto the constrainingpoints. In the two-handcasethereare
two setsof suchconstraints thereforewe needsix constraining
points.

Figure 8 shavs the resultof the deformationgproducedby the
threemethodsin a 2D planarsetting. The original undeformed
shapeis a straightline. For smallrotationangles.all threebehae
well and producesimilar results. However, asthe rotationangle
increasesself intersectionsand the sharpcuspthat appearsear
themareleastprominentwith Twister We concludethat for de-
formationscombininglarge displacementandlarge rotations,our
scrav-basedapproachis capableof producingbetterresultsthan
theothertwo.

In additionto atendenyg to producemoreself-intersectionghe
Scodetasedmethodpresentsanotherproblem, known as space
tearing which hasits rootsin themathematicablendingprocedure
inherentto it. This problemis reportedin [Borrel and Rappoport
1994]. Whentwo constraintsare closetogethercomparedo the
region of in uence of the basisfunction,i.e., in nearsingularcase,
they arecon icting with eachother In this casetheresultingmag-
nitudesof thebasesreverylarge. As aresult,large portionsof the
surfacearedeformedn adirectionoppositeto thatimposedby the
displacementonstraint.

Although Scodefbaseddeformationscan accommodatemore
thantwo setsof constraintsyve do not needto exploit this powerin
our two handoperationmode. The simplicity of our userinterface
hasenabledusto designa blendingfunctionthathandleghe over-
lappingareawell. We concludethatthe combinationof the screv
motion and the squashing-basedlending producesbetterresults
thanthe othertwo approaches.

6 Implementation and Results

We have implementedTwister in C++ with OpenGL on a dual
Pentium3 866 Mhz with 256 MB of RAM, a NVIDIA Quadro4
900 XGL graphicscard andtwo PolhemusFastraktrackers with
threebuttonsattachedo each. This implementatiornprovidesre-
altime (20 frames per secondin average)feedbackfor meshes
with up to 30,000vertices. In orderto presere smoothnes®f
the deformedsurface without imposing an excessie burden on
the processingand renderingunits, an adaptve surface subdvi-
sionmustbeperformedduringthedeformatior{GainandDodgson
1999]. To decidewhetheranedge(A; B) is to be split the distance
I(S(A)+ §B))=2 Y(A+ B)=2)j is comparedagainsta threshold
thatcanbeadjustedo tradespeedor smoothness.

By recordingthe grab-releas@airsof constraintfor eachhand
at every deformationstepwe can reproduceat a later time a se-
guenceof deformations. Thesedeformationscan be playedback
on the sameobjector on a slightly differentor more detailedver
sion of the object. For example,a deformationmay be designed
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Figure8: Comparisorin variousamountsof rotation.

at interactize rateson a simpli ed imposterandthen executedon
a full resolution nely tessellatednodel. The posesthat control
the animationsmay be generategrocedurallyandmay be usedto
illustrateaninteractve editingsession.

To increaseusers productvity, we provide a quick way of
changingthe radiusof the ball of in uence by pressinga button
on eachtracker andmoving thetraclkerscloseror furtheraway.

A sphericalvolumewill sometimesselecttoo much. Our users
have developeda userinterfaceidiom wherethey take adwantage
of the squashingf the volumesthattakesplacewhenthe distance
betweerthetwo balls of in uence is lessthantheir radii, andthen
performthewarpwith only onehand.

Thereis alimitation on the maximumangleof rotationthatcan
be reachedn a single Twister operation,which is 180 degreesin
ary direction. The usercanconcatenatseveral Twister operations
by pressinga button to freezethe model, while maintainingthe
sameselectionof verticesandtheir weights. This allows the user
to returnthe handto arelaxed positionbeforetwisting anotherl80
degrees.This processanberepeatediny numberof times.

Our experimentsindicate that the Twister operatorcombined
with the two-handednterfaceis intuitive and effective for creat-
ing and editing a large variety of shapes.For example,the series
of imagesn Figurel shav the 5 Twisteroperationghatwereused
to transforma sphereinto a spork Figure9 shavs threeobjects
producedrom a spherdn afew deformationsteps.

7 Future Work

In additionto theintegrationof Twisterwith a broadersetof previ-
ously proposedshapeediting operationwe planthefollowing two
extensions.

With the recentdevelopmentof new materialsand of high
precision manufcturing technologies,one may hope that high-
resolution,computercontrolled hydraulic mechanismghat sense
pressureand manipulatereal surfaceswill soonbecomeavailable
andwill providetheultimateman-shapé@teractionparadigm.One
suchprojectsponsoredy the NSF[Allen et al. 2001] hasled to
the developmentof a new hapticinterfacethroughwhich the com-
puter controlledsurface can senseand track individual ngers of
a humanhand[Gamus et al. 2002]. This interfacewill naturally
supportmultiple displacementonstraints. We ervision tracking
three nger tips perhandandattachinga coordinatesystemo each
triplet. In thisway, theuserwill beableto controlthe positionand
orientationof the two coordinatesystemswith a displacemenbr
rotationof the wrists. We hopethatthe Twister operatordescribed
herewill bea usefultool for specifyinglarge deformationf such
anew medium.

We are exploring the possibility of using vertex programming
facilities available on currentgraphicshardware to provide bet-

ter framerateswheninteractively editing larger models. We have
found two ways of taking advantageof vertex programs.In both
casegraphicshardware acceleratioris only usedfor displaypur-

posesto provide realtimefeedbacko the designemwhile warping.
Oncecompletethe samecomputationsareperformedonthe CPU;
thereforethereis no needto readdatabackfrom the graphicscard.
Vertex programsnaybeusedto computea colorthatrepresentthe
weightthatis assignedo eachvertex asafunctionof its distanceo

thetwo trackers. In ourimplementationthis color feedbackhelps
the userdecidewhereto placethe trackers. Vertex programsmay
alsocomputethe warpedpositionfor eachvertex, asdescribedn

sectiond. Early experimentswith vertex programshave shavn sig-
ni cant performanceémprovements.
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