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Twister: A Space-Warp Operator for the Two-Handed Editing of 3D Shapes
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Figure1: A sphereis deformedinto asporkin 5 Twistersteps.Redangreencoloringindicatetheareaof in�uence of eachhand.

Abstract

A free-formdeformationthatwarpsasurfaceor solidmaybespec-
i�ed in termsof oneor severalpoint-displacementconstraintsthat
mustbeinterpolatedby thedeformation.TheTwisterapproachin-
troducedhere,addsthecapabilityto imposeanorientationchange,
addingthreerotationalconstraints,ateachdisplacedpoint. Further-
more, it solves for a spacewarp that simultaneouslyinterpolates
two setsof suchdisplacementandorientationconstraints.With a6
DoF magnetictracker in eachhand,the usermay grabtwo points
on or nearthe surfaceof an objectandsimultaneouslydragthem
to new locationswhile rotating the trackers to tilt, bend,or twist
theshapenearthedisplacedpoints. Usinga new formalismbased
onaweightedaverageof screw displacements, Twistercomputesin
realtimea smoothdeformation,whoseeffect decayswith distance
from the grabbedpoints,simultaneouslyinterpolatingthe 12 con-
straints.It is continuouslyappliedto theshape,providing realtime
graphicfeedback.The two-handinterfaceandtheresultingdefor-
mationareintuitiveandhenceoffer aneffectivedirectmanipulation
tool for creatingor modifying3D shapes.

CR Categories: I.3.5 [Computer Graphics]: Computational
Geometryand Object Modeling—Curve, surface, solid, and ob-
ject representations;I.3.6 [ComputerGraphics]:Methodologyand
Techniques—Interactiontechniques

Keywords: free-formdeformation,two-handedinteraction,dis-
placementandorientationconstraints

1 Intro duction

Designers'productivity maybeenhancedby interactive techniques
for shapemanipulation,whichlink gesturesto predictabledeforma-
tion effectsandprovidesrealtimevisual,andpossiblyhaptic,feed-
back.Contributionsin this�eld typically striveto de�ne anabstract

mappingbetweengestureandshapemodi�cation andanalgorith-
mic descriptionof how parametersof shapemodifying operators
areto beinferredfrom measuresextractedby trackingagesture.

In thispaper, weadvocateagrabanddragoperation,but instead
of restrictingthedraggingto a singlepoint,we let thedesigneruse
both handsto grabandsimultaneouslydragandtwist two differ-
ent portionsof the spacein which the surfaceis embedded.We
computea 3D spacewarpthatsatis�esthepositionandorientation
constraintsimposedby bothhands.Visual feedbackis providedat
interactiverates,displayingtheimmediateeffectof the3D warpon
thesurfaceof interest,while theuser's handsarestill moving and
modifying theconstraints.Wecompareoursolutionfor computing
theconstraintsatisfyingspacewarpto othersolutionsand,basedon
thedeformedsurfacesobtained,concludethat it hasclearbene�ts.
For example,Figure1 shows how � ve two-handedgestureshave
beenusedto deforma sphereinto a spork(combinationof spoon
andfork).

The methoddescribedin this paperfocuseson how to produce
intuitive deformationsof generalsurfacesfrom handgestures.As
such,it appliesto thecreationof 3D modelsfor artisticpurposesor
for theexplorationof crudeapproximationsof shapes.It doesnot,
however, intendto solve issuesinvolvedwith theprecisedesignof
manufacturedor functionalsurfaces.

In the following sectionwe justify our designdecisions. Sec-
tion 3 summarizesrelatedwork in theareaof nonphysically based
shapedeformation.Section4 presentsourpreferredsolutionfor the
deformationusingsix andtwelveconstraints.Section5 presentsal-
ternative solutionsandcomparesthemwith thesolutionin section
4. Section6 providessomeimplementationdetailsandresults.

2 Motivation of Design Choices

In thissectionwe justify ourmaindesignchoices:useof grab-and-
drag shapedeformingoperations,useof two hands,useof rigid
handles,useof orientationconstraints,anduseof spacewarps.

Why Grab-and-Drag: Many differenttechniquescanbe used
to construct3D shapes.Someinterpolate3D pointswith implicit
surfaces[Turk andO'Brien 2002], othersautomaticallyconstruct
surfacesthat interpolate3D curves [Sachset al. 1991], [Wesche
andSeidel2001], [Grossmanet al. 2002],or 2D pro�les [Igarashi
et al. 1999]. Yet othersprovide meansfor the direct drawing of
surfaces[Schkolne et al. 2001] or for spacepaintingandcarving
[GalyeanandHughes1991].An alternative to theseshapecreation
techniquesis the warpingor deformationof existing shapes.Var-
ious methodsand interactionparadigmshave beendevelopedfor
this purpose.Somelet usersmanipulatethecontrolpointsof free-
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form deformationlattices[Sederberg andParry 1986], [Coquillart
1990], or verticesof multiresolutionmeshes[Zorin et al. 1997].
Higher-level techniqueshave beenproposedfor thedirectmanipu-
lationof free-formdeformation[Hsuetal.1992]or for themapping
of two-handedspatialandpictographicgesturesto axial deforma-
tions [Nishino et al. 1998]. The techniquedescribedin this paper
belongsto thisgroup.It is basedonagrab-and-dragshapedeform-
ing operator, andthusfalls within the paradigmof direct manipu-
lation of shape. It doesnot limit the user's interactionto control
pointsanddoesnot restricttheoperationsto beaxialdeformations.

Why UseRigid Handles: A humanhandoffers many degrees
of freedom,someof which have beenexploited for shapecontrol
usinggloves[Nishino et al. 1998]. We choseinsteadto have the
usercontrol the positionandorientationof a small rigid object in
eachhand.Thesetwo 6 DoF trackedobjectsrepresenthandlesthat
may eachbe usedto graba portionof spaceandto pull andtwist
it. Our decisionwas justi�ed by the availability of robust 6 DoF
trackers[Polhemus2002]andby thesimplicity of thecorrespond-
ing intentionalsemantics.

Why UseOrientation Constraints: The way our �ngers and
handsmanipulatea deformableobject imposesconstraintson the
orientationof its surfaceaftera deformation.Combiningmultiple
positionconstraints(i.e. 3 trianglevertices),eachroughly corre-
spondingto a �nger-imposedconstraint,would allow the userto
control the surfaceorientationindirectly. However, we have con-
cluded that controlling multiple position constraintsindividually
with the purposeof changingsurfaceorientationmay be cumber-
some,resultingin undesiredundulationsof thesurfaceandin nu-
meric instabilities. Thuswe supportorientationconstraints.Pre-
vious work by Fowler [1992], for the geometricmanipulationof
tensorproductsurfaces,andby Gain [2000], to allow themanipu-
lationof thederivative framewith Directly ManipulatedFree-Form
Deformation(DMFFD), arguefor the usefulnessof suchorienta-
tion control.Figure2 illustratesorientationconstraintsshowing the
deformationof a �at surfacewith threedifferentconstraints.

Figure2: Bene�ts of orientationconstraints(left to right): trans-
lation alongvectorOO0, translationandrotationabouttranslation
vectorOO0, translationandscrew rotationaboutanaxisperpendic-
ular to thetranslationvectorOO0.

Why UseTwo Hands: A previouslyproposeduseof two hands
in the context of object manipulationallows the user to control
the object's global position and orientationwith one handwhile
the otherhandperformssomeediting operation[Shaw andGreen
1997]. This methodis usedin our system.In additionto suchan
asymmetricuseof thehands,we proposeusingtwo handstogether
to controla shapedeformingoperationandto provide a naturalin-
terfacethatbuildsuponourdaily experiencein manipulatingcloth,
paper, or plasticwith bothhands.Figures1 and3 show deforma-
tionsthatwouldbedif�cult to specifywith asinglehand.

Why Warp Space: Someshapedeformationtechniquesare
physically based( [TerzopoulosandFleischer1988], [Jamesand
Pai1999],or [SzeliskiandTonnesen1993],) providinghigh�delity
approximationsof materialpropertiessuchasplasticity, elasticity,
or �e xibility . A physically plausiblebehavior thatis intuitively un-
derstoodby the designermakesit easierto predict the effect of a
gestureandthusto plana sequenceof deformationsthat leadto a
desiredshape.Unfortunately, physicalrealismis too expensive for
realtimefeedback.Thus,we have optedfor a compromise,which
offersa simpleandintuitive mapbetweenhand-gesturesandspace

Figure3: Bene�ts of two-handdeformation(left to right): transla-
tion only, translationandscrew rotations,translationandscrew ro-
tationsbendingthesurface.Thescrew motion trajectoryis shown
asa yellow curve. Thescrew axisof eachscrew rotationis shown
asapink cylinder.

warpsthat is independentof themanipulatedsurface. Thecostof
computingthewarpparametersis negligible andits effect appears
physicallyplausibleandquitepredictable.

3 Prior Work

Deformationtechniques,includingphysically basedones,aresur-
veyedin [GibsonandMirtich 1997]and[Gain 2000].Spacewarp-
ing and morphingtechniquesare thoroughlycovered in [Gomes
etal.1999].Physicallybaseddeformationsarecoveredin [Metaxas
1996]. In accordancewith thefocusof thispaper, thissectionsum-
marizeswork in non physically baseddeformations,with special
emphasisin spacewarpingtechniques.

Severalapproachesarebasedon the local deformationof a sur-
face. Parent[1977] useddecayfunctionsto diminish theeffect of
a displacementimposedon a userselectedvertex in a meshasa
functionof thegeodesicdistance,approximatedby thetopological
distanceon the connectivity graph. Allan et al. [1989] and Bill
[1994] developedsystemsthat madeuseof moreelaboratedecay
functions.Modernsoftwarepackages,suchasDiscreet3dsmax4
and5 [Discreet2002],alsoallow weightedmanipulationof vertices
with anadjustabledecayfunction.

Zorin et al. [1997] presenteda systemfor multiresolutionmesh
editing in which verticesat different levels of subdivision canbe
manipulatedwith adjustmentvectorsde�ned in local frames,with
thepurposeof preservingdetails.

Otherapproachesarebasedon theideaof spacewarping,which
is independentof the representation,andthuswell suitedfor edit-
ing trianglemeshes,voxel volumes,controlpointsof interpolating
curve patchesor scatteredpoint data.Barr [1984]publishedglobal
mappingsfor twisting, bendingand taperingspacedeformations.
ChangandRockwood [1994] introduceda generalizedde Castel-
jau approachto deformations.TheAxial Deformationsof Lazarus
et al. [1994] allowed theuseof curveswith any shapeastheaxis
for a generalizedcylinder with variableradii and local framesat
key points. Wires, by SinghandFiume[1998], took curve based
deformationtechniquesfurther, but atahighercomputationalcost.

Sederberg andParry [1986] introducedthe free-formdeforma-
tion (FFD), basedon latticesof controlpointsandtrivariateBern-
steinpolynomials.GreissmairandPurgathofer[1989]implemented
FFD with trivariateB-splines;Coquillart [1990] andMacCracken
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] developedrealtimetechniquesfor computingspacewarps
that simultaneouslyinterpolate several point-displacementcon-
straints.More recently, Milliron et al. [2002] introduceda general
framework for geometricwarps.
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4 The Proposed Twister Solution

By moving a tracker with onehand,the usercontrolsits position
and orientation,i.e., the poseof a coordinatesystem. When the
usergrabsa point in spaceby pressinga button, the poseof the
tracker is recordedasthe startingpose.While the button remains
pressed,subsequentdisplacementsandrotationsof the tracker up-
date the ending pose. At any momentduring the manipulation
phase,Twistercomputesaspacewarpthattakesasinputthestarting
poseC (de�nedbyalocalcoordinatesystemwith originOandthree
orthogonaldirectionsU;V;W) to theendingposeC0 (de�ned by a
local coordinatesystemwith origin O0 anddirectionsU0;V0;W0).
We assumethatW = U� V andW0= U0� V0. We wanta smooth
spacewarp that takesthe startingposeto the endingposeexactly
andwhoseeffect decaysaway from thegrabbedpoint. This condi-
tion resultsin threetranslationalandthreerotationalconstraints.To
meetthesesix constraints,weconstructa screw motionthatmoves
thestartingposeto theendingpose.We applythefull screw at the
grabbedpoint anddiminish its magnitudewith distancefrom the
grabbedpoint. Whenthetwo trackersareusedsimultaneouslywe
computethetwo screws for eachpointandblendthem.

4.1 Single-hand Twister

Thescrew motionof a point P describesanhelical trajectory. It is
fully de�ned by a startingandendingpose. A screw motion that
mapsC to C0 is completelyde�ned by an axis of unit directionD
passingthrougha point A andby ananglea of rotationaroundthe
axisandatranslationdistanced alongtheaxis[RossignacandKim
2001].A screw motionis minimalwhena 2 [0;p]. Theparameters
of aminimal screw maybecomputedasfollows.

LetUU0:= U0� U, VV0:= V0� V, andWW0:= W0� W. When
jUU0j = jVV0j = jWW0j = 0, thedeformationis a puretranslation
by vectorOO0. Otherwise,only onedifferencecanbenull. Assume
without loss of generalitythat UU0 is not null. (If UU0 is null,
renamethe vectors.) As illustratedin Figure 4, the direction of
the screw axis D, the translationdistanced and the anglea are
computedby

D := UU0� VV0+ VV0� WW0+ WW0� UU0; D := D=jDj

a := 2sin� 1
�

jUU0j
2jD � Uj

�

d := D � OO0

(1)

The projection of O0 on the plane through O with normal D is
O00:= O0� dD. Let M be the mid-point (O + O00)=2 of OO00.
From tan(a=2) = jOMj=jAMj the distancejAMj is computedas

jAMj = jOO00j
2tan(a=2) . The direction from M to A is computedby

N := D � OO00. NotethatsinceD? OO00andjDj = 1, jNj = jOO00j.
ThepointA is computedas

A = M + jAMj
N
jNj

= M +
jOO00j

2tan(a=2)
D � OO00

jOO00j

= M +
D � OO00

2tan(a=2)
= M +

D� (OO0� dD)
2tan(a=2)

= M +
D� OO0

2tan(a=2)

(2)

The imageof an arbitrary point P underthis screw motion is
P0 := (AP� U)U0+ (AP� V)V0+ (AP� W)W0+ dD + A. Consider
thefamily Sof interpolatingtransformationsthatde�ne thesucces-
sive posestakenby anobjectduringthis screw motionasthetime
parametert is variedfrom 0 to 1. For a given t;S(t) may be pro-
ducedthroughthefollowing sequence.Translateby � A; RotateD
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Figure4: Computationof screw parameters.

to Z; Translateby td alongZ; Rotateby ta aroundZ; RotateZ to
D; Translateby A. To animatea screw motion,for eachtime t, the
combinedeffect of thesetransformationsmaybecomposedinto a
single4� 4 matrix. If the desiredresultwasthe animationof an
objectalongthehelicaltrajectoryof thescrew motion,theparame-
ter t would beidenticalfor all pointsin theobject. To producethe
desiredspacewarp,adifferentt is computedfor eachpointP onthe
object(thesetof pointsP dependsontheunderlyingrepresentation
andmayfor instancecomprisetheverticesof a trianglemesh).We
usea function t(P) to control the decayof the effect of the screw
with distancefrom O. By usingthedecay, t(P) := cos2

�
jOPj
r

p
2

�
, we

obtainS(1) atO, S(0) outsideof aball of centerO andradiusr, and
asmoothvariationin between.

4.2 Two-hand Twister

Theformulationdescribedaboveleadsto intuitiveandeffectivede-
formationsfor asinglehandconstraint.It mayalsobeusedto solve
for two simultaneousconstraintswhenthegrabbedpointO of each
handlies outsideof the ball of in�uence of the other, by simply
addingthedecayedeffectof eachscrew.

In caseswherethe ball of in�uence of one handcontainsthe
grabbedpoint Q of the otherhand(i.e, jOQj < r), naive addition
of thedisplacementsproducedby thetwo setsof constraintsaffect-
ing a commonpoint would not satisfy the constraints.Hence,to
ensurethedesiredconstraintsatisfaction,weadjusttheformulafor
t as follows. Let s = jOQj and p = OP� OQ. If p < 0, we use
the sameexpressionfor t asbefore. Otherwise,we replaceP by
P+ (p=s)(( r � s)=s)(OQ=s) in the computationof t. This trans-
formationcorrespondsto a minimal squashingof half of the ball
of in�uence, sothat it no longercontainsQ. Thesquashingis for-
mally a scalingby s=r, in the directionOQ, with �x ed point O as
shown in Figure5. Whenneeded,we apply sucha scalingto the
decayfunctionsfor both hands. We computethe imagesof P by
thedecayedscrew motionsof bothhandsandthenaddthetwo dis-
placementsto P. Note thatour choiceof thefunctiont guarantees
that the sum of the two weightsfor a point on the line segment
betweenthe two grabbedpointswill be onewhenjOQj < r; i.e.:
8P: jOPj=r 2 [0;1] ) t(jOPj=r) + t(1 � jOPj=r) = 1. This prop-
ertyavoidsundesiredbumpsin thecommonregion.
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Figure5: Theballsof in�uencearesquashedwhenthey containthe
grabbedpointof theotherball.

Whentheradiusof in�uence r is largeenoughto keeptheobject
insidetheball of in�uence,andthetwo grabbedpointsareplacedin
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appropriatepositions,we canobtaindeformationswhich,although
not strictly equivalent,arevery similar in their effectsto someof
Barr'sglobalandlocaldeformations[Barr 1984].For example,we
canobtaina twist-like deformationby rotatingthe two trackersin
oppositedirectionsaboutthe line that joins them (seeFigure 6).
A bend-like deformationcanbe obtainedby rotating the trackers
in oppositedirectionaboutanaxisperpendicularto theline joining
them,andanoptionallytranslatingthemsymmetricallyin theplane
that hasthe rotation axis as normal. The main advantageof our
techniqueis thattheusercanselectfrom awider rangeof lesspure
warpsthroughanintuitive two-handedinterface,easilycombining
twistingandbending.

Figure6: A box twisted(left) andbent(right) by Twister. Theaxis
of eachscrew deformationis displayedasasmallpink cylinder.

5 Alternative Approaches

In this section,we developtwo alternative formulationsof a defor-
mation that satis�es displacementandorientationconstraintsand
show that they are lesseffective than the Twister approachintro-
ducedin theprevioussection.

The�rst alternative is to considera linearcombinationof trans-
lation androtationaroundthe constrainingpoint (Figure7). This
simplescheme�rst satis�estherotationalconstraintby applyinga
rotationabouttheaxisD at point O andthenthe translationalone
by applyinga translationOO0.

PSfragreplacements
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Figure7: Illustration of the linear combinationof translationand
rotation.

Thesamecomputationsusedabove for thescrew motioncanbe
usedto computethe rotation axis direction D and anglea. The
decayfunction is the sameasthe onediscussedabove. The main
differencelies in the choiceof the rotationaxis, which heregoes
throughO andneedsno longerbeparallelto thetranslationvector.
Theeffectof thischangeontheresultingdeformationis signi�cant,
especiallyfor largedisplacementswith largeanglesof rotation.

The secondalternative is basedon Scodef[Borrel and Rap-
poport1994],which interpolatesmultiple translationalconstraints.
Given a setof constrainingpointsO1;O2; :::;On andtheir warped
positionsO0

1;O0
2; :::;O0

n, Scodefcombinesn radial basisfunctions
f (X) 2 R to computea spacewarp F(P);P 2 R3 that satis�esall

of theseconstraints. The spacewarp F(P) is in the form of the
weightedsumof thebasescenteredatO1;O2; :::;On.

F(P) =
n

å
j= 1

f jA j ; f j = f (P� O j ) ; A j 2 R3 (3)

Unknownsarethecoef�cients A j thatcanbesolvedfrom thecon-
strainingequations.

F(Oi) =
n

å
j= 1

f i jA j = O0
i ; f i j = f (O0

i � O j ) (4)

Even thoughScodefdoesnot solve the rotationalconstraintsdi-
rectly, it can achieve rotation by placing three constraintpoints
along the axes of the initial coordinateframesand de�ning their
imagesin the target frames.Note that therotationcanbearbitrar-
ily closeto the commandedrotationby placingthesepointsclose
enoughto the constrainingpoints. In the two-handcasethereare
two setsof suchconstraints,thereforewe needsix constraining
points.

Figure8 shows the resultof the deformationsproducedby the
threemethodsin a 2D planarsetting. The original undeformed
shapeis a straightline. For small rotationangles,all threebehave
well andproducesimilar results. However, as the rotationangle
increases,self intersectionsand the sharpcuspthat appearsnear
themare leastprominentwith Twister. We concludethat for de-
formationscombininglargedisplacementsandlargerotations,our
screw-basedapproachis capableof producingbetterresultsthan
theothertwo.

In additionto a tendency to producemoreself-intersections,the
Scodef-basedmethodpresentsanotherproblem,known as space
tearing, whichhasits rootsin themathematicalblendingprocedure
inherentto it. This problemis reportedin [Borrel andRappoport
1994]. When two constraintsareclosetogethercomparedto the
region of in�uence of thebasisfunction,i.e., in nearsingularcase,
they arecon�icting with eachother. In thiscase,theresultingmag-
nitudesof thebasesarevery large.As aresult,largeportionsof the
surfacearedeformedin a directionoppositeto thatimposedby the
displacementconstraint.

Although Scodefbaseddeformationscan accommodatemore
thantwo setsof constraints,wedonotneedto exploit thispower in
our two handoperationmode.Thesimplicity of our userinterface
hasenabledusto designa blendingfunctionthathandlestheover-
lappingareawell. We concludethat thecombinationof thescrew
motion and the squashing-basedblendingproducesbetterresults
thantheothertwo 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 and two PolhemusFastraktrackers with
threebuttonsattachedto each. This implementationprovidesre-
altime (20 framesper secondin average)feedbackfor meshes
with up to 30,000vertices. In order to preserve smoothnessof
the deformedsurface without imposing an excessive burden on
the processingand renderingunits, an adaptive surfacesubdivi-
sionmustbeperformedduringthedeformation[GainandDodgson
1999]. To decidewhetheranedge(A;B) is to besplit thedistance
j(S(A) + S(B))=2� S((A+ B)=2)j is comparedagainsta threshold
thatcanbeadjustedto tradespeedfor smoothness.

By recordingthegrab-releasepairsof constraintsfor eachhand
at every deformationstepwe can reproduceat a later time a se-
quenceof deformations.Thesedeformationscanbe playedback
on the sameobjector on a slightly differentor moredetailedver-
sion of the object. For example,a deformationmay be designed
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Figure8: Comparisonin variousamountsof rotation.

at interactive rateson a simpli�ed imposterandthenexecutedon
a full resolution�nely tessellatedmodel. The posesthat control
theanimationsmaybegeneratedprocedurallyandmaybeusedto
illustrateaninteractiveeditingsession.

To increaseuser's productivity, we provide a quick way of
changingthe radiusof the ball of in�uence by pressinga button
oneachtrackerandmoving thetrackerscloseror furtheraway.

A sphericalvolumewill sometimesselecttoo much. Our users
have developeda userinterfaceidiom wherethey take advantage
of thesquashingof thevolumesthattakesplacewhenthedistance
betweenthetwo ballsof in�uence is lessthantheir radii, andthen
performthewarpwith only onehand.

Thereis a limitation on themaximumangleof rotationthatcan
be reachedin a singleTwister operation,which is 180 degreesin
any direction.TheusercanconcatenateseveralTwisteroperations
by pressinga button to freezethe model, while maintainingthe
sameselectionof verticesandtheir weights. This allows the user
to returnthehandto a relaxedpositionbeforetwisting another180
degrees.Thisprocesscanberepeatedany numberof times.

Our experimentsindicate that the Twister operatorcombined
with the two-handedinterfaceis intuitive and effective for creat-
ing andediting a large variety of shapes.For example,the series
of imagesin Figure1 show the5 Twisteroperationsthatwereused
to transforma sphereinto a spork. Figure9 shows threeobjects
producedfrom aspherein a few deformationsteps.

7 Future Work

In additionto theintegrationof Twisterwith abroadersetof previ-
ouslyproposedshapeeditingoperation,we planthefollowing two
extensions.

With the recent developmentof new materialsand of high
precisionmanufacturing technologies,one may hope that high-
resolution,computercontrolledhydraulic mechanismsthat sense
pressureandmanipulatereal surfaceswill soonbecomeavailable
andwill provide theultimateman-shapeinteractionparadigm.One
suchprojectsponsoredby the NSF [Allen et al. 2001] hasled to
thedevelopmentof a new hapticinterfacethroughwhich thecom-
putercontrolledsurfacecansenseand track individual �ngers of
a humanhand[Garguset al. 2002]. This interfacewill naturally
supportmultiple displacementconstraints. We envision tracking
three�nger tipsperhandandattachingacoordinatesystemto each
triplet. In this way, theuserwill beableto controlthepositionand
orientationof the two coordinatesystemswith a displacementor
rotationof thewrists. We hopethat theTwisteroperatordescribed
herewill bea usefultool for specifyinglargedeformationsof such
anew medium.

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

ter framerateswheninteractively editing larger models.We have
found two waysof taking advantageof vertex programs.In both
casesgraphicshardwareaccelerationis only usedfor displaypur-
posesto provide realtimefeedbackto thedesignerwhile warping.
Oncecomplete,thesamecomputationsareperformedon theCPU;
thereforethereis noneedto readdatabackfrom thegraphicscard.
Vertex programsmaybeusedto computeacolor thatrepresentsthe
weightthatis assignedto eachvertex asafunctionof its distanceto
the two trackers. In our implementation,this color feedbackhelps
theuserdecidewhereto placethe trackers. Vertex programsmay
alsocomputethe warpedpositionfor eachvertex, asdescribedin
section4. Earlyexperimentswith vertex programshaveshown sig-
ni�cant performanceimprovements.
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