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Figurel: Step-by-stediting of adragoncharactein under3 minutesusingour system Eachsteprepresentd—3individual deformations.

Abstract

Techniquesfor interactve deformationof unstructuredpolygon
meshesare of fundamentaimportanceto a host of applications.
Most traditionalapproacheso this problemhave emphasizegre-
cise control over the deformationbeingmade. However, they are
oftencumbersomandunintuitive for non-expertusers.

In this paperwe presentaininteractive systenfor deformingun-
structuredpolygon mesheghat is very easyto use. The userin-
teractswith the systemby sketchingcurvesin theimageplane. A
singlestroke cande ne afree-formskeletonandthe region of the
modelto bedeformed By sketchingthedesireddeformatiorof this
referencecurwve, the usercanimplicitly andintuitively control the
deformationof an entireregion of the surface. At the sametime,
thereferencecurve alsoprovidesa basisfor controlling additional
parameterssuchastwist andscaling.We demonstrat¢hatour sys-
temcanbe usedto interactvely edit a variety of unstructurednesh
modelswith very little effort. We alsoshaw thatour formulationof
thedeformatiorprovidesanaturalwayto interpolatebetweerchar
acterposesallowing generatiorof simplekey framedanimations.
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1 Intro duction

While mary techniquegor geometrioneshdeformatiorhave been
developed, nding effective interactive techniquess still a chal-
lenging topic in modelingand animation. Observingthat direct
interactionin 3-D spaceis often a confusingtask for non-expert
users,we proposean intuitive interfacefor meshdeformationby
sketchingcurvesin the imageplane. Our systemallows a userto
easilyapplyabroadrangeof deformationgo unstructuregolygon
meshes.

In our systemuserssketcha referencecurve in theimageplane
both to determinea region of interestandto sene asa meansof
controllinganindividual deformation By sketchingaseconcturve
indicatingthedesireddeformatiorof thereferencecurve, userscan
easilyachieve the deformationof the entireregion of interestspec-
i ed by thereferencecurve. By constructinga mappingof there-
gion of interestontothereferencecurve, our systemalsoprovides
asimplemethodfor controllingadditionalparametersuchaslocal
twisting or scaling.

Our systemprovidesa greatdealof e xibility to theuser It can
acceptsinputtriangulatednanifoldmeshe®f any genuscontain-
ing ary numberof boundaryloops. No further structuralinforma-
tion aboutthe objectis required. The usercanusefree-formref-
erencecurveswithout being constrainecy geometricallyde ned
skeletalstructuresThedeformatiorcurvescanbesigni cantly dif-
ferentthanthe“natural” skeletonof thesurface,andwork well even
whensuchskeletonstructuresvould beill-de ned.

By using a sketch-basedscreenspaceinterface, we avoid the
needfor comple 3-D interactionghatcanbecumbersoméor non-
expertusers.Userscanachieve relatively complex deformationy
simply drawing two strokes on the screen. Furthermorewe can
usethesesketch-basedieformationgo achieve a naturalinterpo-
lation betweencharacteposesthusproducingsimplekey framed
animations.



Figure2: A simplesketch-basetheshdeformation.Theuserdravs
areferencecurve alongtheleg, followed by a secondargetcune.
Thisinducesa deformationof theleg itself.

2 Related Work

Therehasbeena greatdealof work donein the paston developing
techniguedor themodelinganddeformationof geometricobjects.
Herewe suney only the mostrelevantwork, with anemphasion
techniquedor interactve deformation.

Free-form Deformations(FFD) are one of the mostimportant
techniquedor deformingsurfacegSederbey andParry 1986;Co-
quillart 1990; MacCraclen and Joy 1996]. While their comple
control latticesprovide very precisecontrol over the resultingde-
formation, editing theselattices can be an unintuitive and time-
consumingprocess. Handle-manipulatiorapproachegKobbelt
etal. 1998;BendelsandKlein 2003;Yu et al. 2004] arealsopop-
ular and can producepleasinglysmoothdeformations. However,
the rangeof deformationghat canbe producedwith a singlehan-
dle manipulationis generallyquite limited. Thereforea usermust
perform a sequenceof several individual stepto achieze a more
comple result.

Curve-basedleformationapproachesuchasWires [Singhand
Fiume 1998] or medial-basedshapedeformations[Bloomenthal
2002; Yoshizava et al. 2003] have receved considerablattention
in recentyears.Curvesor skeletonsn thistypeof methodscanpro-
vide a naturalmeansof capturingthe structureof surfaces. Thus,
deformingsurfacesby editingthoseentitiesprovidesagoodmeans
of achieving large scaledeformations.For this reasonpur system
usesa curve-basedipproactwith anemphasion providing anex-
tremelyeasymethodfor specifyingfree-formcontrolcunes.

Therehasbeensubstantiainterestof latein developingintuitive
interactive techniquessuchas deformationby painting over sur
faces[Lawrenceand Funkhouser2003]. Sketch-basednterfaces
have emeged as one of the more popularapproacheso building
userfriendly deformationtools. In Teddy [Igarashiet al. 1999],
userscancreateandedit objectsby simply sketchingstrokesin the
screen.The systemalsoproposes deformationmethodbasedon
warp [Corréaetal. 1998]. Recently a sketchinginterfaceto FFDs
hasbeendeveloped[Hua and Qin 2003]. Here sketchstrokesare
usedto manipulatescalar eld embededn 3-D space.In our sys-
tem, we employ sketchingboth to specifyanddeformthe regions
of interest.

3 Overview

In our system the userinitiatesa deformationby drawing a refer

encecure on theimageplane. This curve implicitly de nesare-

gion of interest— thatpartof the surfacewhich will be deformed.
The userthen appliesthe deformationeither by sketchinga new

target shapefor the referencecurve or by directly manipulatinga
deformationparametesuchastwist or scaling.

Figure 3: Preparingfor deformationof the left leg. We compute
two cutting planes(b) thatwill de ne the two loopsboundingthe
region of interest(c). Eachvertex in the region is mappedto the
closesipointonthereferencecurve (d).

Figure 2 shavs a simple exampleof our systemin action. The
userbegins by drawing a referencecurve alongthe leg. There-
gion of interestis highlightedwith a red-to-bluecolor ramp. The
userthendraws a target curve indicatingthe desireddeformation.
From this pair of cunes, the systemautomaticallygenerateshe
deformationof theleg. A morecomple editing sessioris shavn
in Figurel. Eachstepin this editing sequenceorresponds$o 1-3
individual deformations.

4 Beginning a Deformation

Theuserbeginsthe procesof deformationby drawing areference
curve, which mustbe projectednto the 3-D world space Fromthe

referencecurve, we implicitly recognizethe region of the surface
thatthe userwishesto deform. The usercanoptionallyre ne this

region selectionusinganinteractive partitioningschemeOncethe

region of interestis identi ed, a “skinning” stepassociategach
vertex within thisregion with theclosesipointonthe 3-D reference
cune. Thisbasicprocesss illustratedin Figure3.

4.1 Building the Reference Curve

We begin with a free-formsketchof thereferencecurve in theim-
ageplane.We representheraw sketchcurve asa collectionof line
segmentstakendirectly from mouseeventsproducedoy the users
stroke. This raw curve is likely to be fairly noisy, especiallywhen
drawn with a mouseratherthana tabletdevice. Therefore before
proceedingwe smoothandregularizethe raw sketch. We apply a
simpleaveraging Iter andsimplify the polyline by memging neigh-
boring sggmentsso that eachsegmentwill be at least5 pixelsin
length.

Having regularizedthe referencecurve in the imageplane,we
mustprojectit into the 3-D world spaceof themodel.We rst com-
putethe point of intersectiorof a ray from the view point through
the rst point on the sketchcurve. This hit point, alongwith the
normalof theviewing plane,de nesaplanein world spaceparallel
to theimageplane. We projectthe sketchcurve ontothis planeto
computethe 3-D referencecune.

4.2 Recognizing the Region of Interest

After theuserdrann referencecurve is mappednto 3-D spacewe
implicitly partitionthe modelinto threeparts: (1) a staticcompo-
nent,(2) theregionof interestand(3) arigid componentThestatic
componenbf themeshwill beunchangedby the deformation.The



Figure4: (Top) Deformationof the bodywithout partitioning. The
legs and feet are undesirablydistorted. (Bottom) The two legs
are partitionedso thatthey canbe transformedrigidly, producing
amorenaturalresult.

region of interestis thatpartof the meshto which the deformation
will actuallybe applied. Therigid componentill betransformed
rigidly to maintainits connecwity with theregion of interest.Fig-
ure 3 shawvs a simpleexamplein which (1) thewholebodybeyond
theupperthigh formsthe staticcomponent(2) theleg is theregion
of interest,and(3) thefoot belowv the ankleis therigid component.

Theunderlyingassumptiorof our systems thattheregion of in-
terestis thepartof thesurface“covered”by theusers sketchcurve.
At eachendpointof thecurve, the systemcomputes cuttingplane
perpendiculato the referencecurve (seeFigure3b). Theintersec-
tion of theseplaneswith the surfacede ne triangleloopsthat par
tition theinput mesh.We de ne thesetriangleloopsusinga graph
cut formulationoutlinedin Section4.2.1. In caseswvherea plane
de nes multiple intersectionloops, we selectthe loop containing
thenearestriangleto the endpoint. Having selectecdbneboundary
loop per cutting plane,we now have two triangle loops bounding
the region of interest(asin Figure 3c). The verticesin eachof
the 3 regionsarelabelledby a breadthrst style“ood II". The
staticcomponenwill betheregion boundedy theloop createcby
the startingpoint of thereferencecurve andtherigid components
boundedvy its endingpoint.

In higher genuscasesa singleloop may fail to cut the object
into two parts. In suchcasesmultiple loops are requiredfor the
partition. We begin with the setof all loopsde ned by the cutting
plane;thesemustcollectively partitiontheobject,asthe planeitself
does.Wethenconsidereachloop otherthantheinitially onein suc-
cession.We remove a candidatdoop from the cut only if doesnot
meigethetwo componentseparatedy theinitially selectedoop.

This proceseventuallyproducesxactly two disjoint components.

Our implicit recognition schemeworks well in mary cases.
However, additionalexplicit partitioningis usefulin certaincircum-
stancesFor example,in Figure4, whenwe lift up the backpartof
the dragon,we probablywantto rigidly transformeachleg, while
thebodyis smoothlydeformed.To do this, userscaninteractiely

augmen{or override)the automaticallygenerategbartition.

4.2.1 |Interactive Partitioning

In our systemwe adopta graphcut partitioningschemecontrolled
by the selectionof cutting planes. The userdraws a line to de-
ne a cutting plane containingthat line and perpendiculato the
view plane. In general this cutting planewill not follow existing

edgesin the meshbut will cut acrossmary triangles. Therefore,
we apply a fuzzy decompositiortechniqugKatz and Tal 2003] to

nd theactualboundariesWe collectall triangleswithin a certain
screen-spacdistancefrom the cutting plane— we typically adopt
a 5 pixel distancelimit. In general,the cutting planemight cre-
atemultiple separateduzzy regions. In this case the systempicks
the region which is nearesto the view point. Thenthis setof tri-

anglessenesasa fuzzy region. To computethe boundary a dual
graphof the fuzzy region is created wherethe weight of an edge
in the dual graphis the dihedralangleof the correspondingprimal

edgemultiplied by its length.Finally, amin-cutmethodon thedual
graphproducesa cut correspondindo the boundary The method
producesaturalandsmoothboundariesincetheresultingcutfol-

lows relatively lower dihedralangleswhich area goodcriterionfor

naturalboundaries. The freely deformableregion is boundedby

only onepartition. All otherpartswill berigidly transformed.

4.3 Skinning and Parameterization

At this point, all the verticesin the region of interesthave been
collected. We skin the surfaceby associatingachvertex with the
closestpoint on the referencecurve. Note thattheseclosestpoints
aresimply requiredto be on the curve; they neednot be verticesof
thecurve. Figure3d shavs anexampleof thisassociationconnect-
ing eachvertex with its correspondingointonthecurne.

We represeneachpoint on the referencecurve by its normal-
izedarc lengths. Thatis, for a given point we add up the length
of all sggmentsfrom the origin of the curve to the point. We nor
malizethesevaluessothatthey rangebetweer0 andl1. Thuss= 0
ands= 1 are,respectiely, the origin andendpointsof the curve.
This inducesa parameterizatioof the region of interestonto the
range[0; 1]. For eachvertex v we have the normalizedarc length
parametes(v) correspondindo the associategboint on the refer
encecurve. This parameterizatiois shavn by the color rampon
theleg in Figure 3a, with blue correspondingo s= 0 andredto
s=1.

As outlined earlier one or moreregions of the surfacewill be
rigidly transformed. To assignthe single transformationto each
partition,weintroduceavirtual vertex for eachof them. Thevirtual
vertex is placedin the centerof the boundarybetweenpartitions
andis associatedvith the closestpointonthereferencecurve. The
transformatiorof a virtual vertex determineghe transformatiorof
all verticesin its partition.

5 Deformation Techniques

In the previous section,we have discussedhe preparationsteps
necessarto begin adeformation.Theuserdravsareferenceune,

which is Itered andprojectedinto 3-D. The region of interestis

determinedandeachvertex within this regionis mappedo apoint

onthe 3-D referencecurve. Oncethis initial phasds completethe

usercanapplyary oneof thefundamentatleformationslescribed
in this section.

5.1 Sketch-Based Mesh Deformation

The primary deformationthat we supportis accomplishedby
sketching. The usersimply dravs a new target curve, which we



Figure5: lllustration of sketch-basedleformation. For eachver-
tex v in the mesh we computethe closestpointv' in thereference
curwe. Thetotal turning anglefor the vertex v is linearly interpo-
latedin theline segmentv' lies on.

interpretasa deformationof the original refeencecure. Our sys-
temthendeformsthe entireregion of interestin ananalogousvay.
This providesthe userwith intuitive and e xible control over the
objects shape. Figure 2 shavs a simple exampleof this style of
deformation.

Recallthatwe have alreadyassigneda values(v) to eachvertex
v which connectst to acorrespondingointonthereferenceurve.
We canthusthink of thedeformatiorprocessasfollows. Therefer
encecurweis scaledandbentto matchthetamgetcurve. Thevertices
of themeshareconnectedo thereferencecurve throughrigid iron
wires, so they aretranslatedand rotatedalongwith the reference
cune.

Preparation We begin by ltering and smoothingthe tamget
curwe in the imageplane,just aswe did the referencecurve. To
preventthe meshfrom tearing,we translatethe targetcurve sothat
it's startingpoint is coincidentwith the startingpoint of the ref-
erencecune. We then map the target curwve to the sketch plane
constructedn Sectior4.1. Consequentltheuseris notallowedto
changeviewing parametersvhile draving thetwo curves.

For eachvertex v in theregion of interestwe have acorrespond-
ing normalizedarclengthvalues(v) thatprovidesuswith the cor
respondingclosestpoint v on the referencecurve. Similarly, we
usethe samenormalizedarc lengthparameteto computethe cor
respondingpoint vt on the target curve. This providesus with all
theinformationnecessaryo computeto desiredtransformatiorat
V.

Computing Rotational Angles Wedeformthesurfaceby rotat-
ing eachvertex v aboutthe correspondingeferencepoint vf. The
axis of rotationis simply the normal of the sketch planeandthe
rotationalangleq(v) is thesignedanglebetweerthetangentsat v’

andvi. However, sinceour curvesaresequencesf line segments,
we mustinterpolaterotationalanglesalong the curve in orderto

avoid signi cant discontinuities.

To computethe rotationalangleg(v), we must rst locatethe
line segment[s;; 5+ 1] of thereferencecurve on which v' lies. We
de ne f; to bethesignedexterior turningangleof thecurve athode
i (seeFigure5). We will de ne thetangentdirectionatthe nodes;
by thetotal turningangleF :

__iol - fi
Fi= af1+§ 1
j=0

Note thatwe usethe half-anglef—z' sothatthetangentat s will be
theaveragedirectionof thetwo incidentline sggments.Thisde nes

@ (b) ©

Figure 6: An exampleof twisting the neck of a dinopetmodel.
(a) We rst specifythe approximatepart of the neckto twist. (b)
The neckis twistedby specifyingthe rotationaxis (black) andthe
amountof angleq(grey). Notethatin this example rotationalangle
is linearto the parametrizationwhich is color rampcoded.(c) The
resultfrom a differentview point.

thetotal turningangleat the nodesof the curve. For a pointonthe
interior of asggment[s; s+ 1] we interpolatetheturningangle

F(9)=F;+ %b(Za)+ leb(za 1) )
where s s
a= 3
S+1 S @)
and 8
21 ifx> 1,
b¥=_x ifo x 1, 4)
* 0 otherwise.

Theblendingfunctionb is chosersothatF (3:8:1) = F;+ . In

otherwords, so that the tangentdirection at the midpoint of the
segmentwill beparallelto theseggment.

We cancomputethesetotal turninganglesfor boththereference
andtamgetcunes. They tell usthe signedangledifferencebetween
the initial segmentof the curves and the given pointsv' and vt.
We also needto accountfor the global rotation gy, which is the
anglebetweentheinitial segmentsof the two curves. Our desired
rotationalangleis now simply

a(v) = F'((v)) F'(s(v)) + g (5)

Oncewe have computedhetametpositionandthedesiredrota-
tionalanglefor avertex, the nal deformedpositionv®of thevertex
v will be o

Vo= TOMR(QV) T( Vv (6)

whereT indicategranslatiorandR indicatesotationaboutthenor
mal of the sketchplane.

5.2 Twisting

We canalsoachieve twisting deformationgdy locally rotatingthe
theregion of interestaboutthereferencecurve. For example,con-
siderthe simpletwisting operationshovn in Figure6. The refer
encecurve is now the rotationalaxis andthe users secondnouse
stroke is usedto controlthe amountof twisting beingperformed.
To usethereferencecune asarotationalaxis, it mustbe placed
insideof thethe model. To do this, we mustaltertheway in which
we projectthereferencecurve into world space.We rst compute
a setof joints. For eachnodein the referencecurve in theimage



plane,ajoint is de ned asthe averageof hit pointson the nearest
front faceandthe backfaceby the ray from the viewpoint to the
vertex. Consequentlywe disallav twisting if ary of nodesin the
sketch curve hasonly one hit point. Now, the rotational axis is
the curve connectingthesejoints. Note that this new curve looks
thesamefrom the users perspectie, asit still projectsto thesame
imagespacesketchcure. As we did in sketch-basedeformation,
therotationalaxisfor thevertex v (i.e.,thetangentirectionats(v))
is linearly blended.

We must now computethe rotationalangle g(v). Obviously
using the samerotationalangleat all verticeswould not produce
the desiredresult. We have found that the most natural twisting
is achieved whenthe rotationalanglesqg(v) vary linearly with the
normalizedarc lengths(v). Thus,we computea maximumangle
gmax proportionaito thelengthof thesecondine dravn by theuser
andusearotationalangleq(v) = s(v) gmax atthevertex v. Thenew
positionfor vertex v will thereforebe

Vo= T(V)R(E (v); q(v)) T( V')V @)

wheret'(v) is the interpolatedtangentdirection of the reference
curve ats(v).

5.3 Indirect Control Using Parameterization

The parameterizatios(v) thatwe have establishedo mapthere-
gion of interestonto the referenceandtarget curvesalso provides
anaturalmechanisnfor adjustingdeformationparametersWe al-
low thetheuserto gain ner controlover the deformationby using
a standardspline control to specifymodi cations of the deforma-
tion parameterasafunctionof s. In this sectionwe brie y outline
threesuchcontrols.

Adjusting Target Curve Turning Angles In oursketch-based
deformation,the end resultis obviously controlled by the shape
of the tamget curve. By ne tuning the target curve, we can ne
tunethe deformation. This allows the userto draw afairly simple
basetamgetcurve andtheninteractively adjustits shapeo achieve a
speci ¢ intendeddeformation.

We controltheshapeof thetargetcurve by adjustingthe exterior
turning anglesf;, which werediscussedn Section5.1. By con-
trolling theseangleswe canradically alter the shapeof the target
cune.

We presento theusera standardsplineboxwith which they can
de ne an offset function F(s), which we initialize to the identity
function F(s) = s. For eachvertex at positions; alongthe tamet
curve, we computeanadjustedurninganglef %as:

fO= fi+F(s) s ®)

andusetheseadjustedurningangleto computean adjustecdefor
mation.

An exampleof thistypeof deformations shovn in Figure7. We
begin by sketchingavery simpledeformatiorthatachiesesacoarse
deformationof the overall shape.We thenadjustedthe rotational
angleso achiese a nal S-shapedhark.

Scaling Control The scalingcontrol allows usersto locally in-
ate or de ate the surfacealongthe referencecurves. This tech-
niguecanbethoughtasaninteractve versionof generalizeaylin-
ders[Snyder andKajiya 1992]. We achieve local scalingby con-
trolling the magnitudeof the offsetvectorv  v'" of avertex v. We
use the sameskeleton curve connectingjoints asin twisting for
computingtheseoffsets. The magnitudeof the offset vectorsis
scaledby a function F(s) which is initially the constantfunction
F(s) = 1. We seeatypical examplein Figure8. We have locally
in ated andde atedtheleft Queenalongaverticalreferencecurve
usingthe splinefunctionshavn ontheright.

angle Contol

Figure 7: Adjusting target curwve turning anglescan ne tunethe
deformation.An initial coarsedeformation(b) is adjustedusinga
splinecontrol(c) to producea morenuancedose(d—f).

=
L

Figure8: By locally scalingoffset vectors,we canlocally in ate
andde ate theinitial shape.

Rotational Angle Control for Twisting  Asdiscussedh Sec-
tion 5.2, we linearly increasethe twisting angleas a function of
s. We canjust as easily add an additional scalingadjustmento
produceq(v) = F(s(V))gmax This allows the userto control the
relative “speed”of thetwist alongtheregion of interest.

5.4 Increasing Smoothness

In mostcasespur techniqueproducepleasinglysmoothdeforma-
tions. However, local jaggednessanoccurastheresultof factors
suchas excessie noisein the users sketch or the limited screen
resolution. For thesecircumstanceswe introducea deformation
optimizationtechniquethat can automaticallysmoothaway such
artifacts.It alsoprovidesa straightforvardmechanismo blendthe
boundariebetweerrigidly transformecomponentandthefreely
deformableregion.

Any oneof the mary generaimeshsmoothingalgorithmscould
be appliedto smooththe deformation. However, this would have
the undesirableside-efect of removing actualsmall-scaldfeatues
from the surfaceaswell. Thereforewe seekto directly optimize
deformationparametergo producea smoothresult. The central
ideais neighboringverticesshouldundego similartransformations
to maintainsmoothneswhile still remainingfaithful to the users



Figure9: Thebene tsof automaticallysmoothinghedeformation.
(Left) Sketch-basedeformation.Thetop pictureis beforethe opti-

mization,andthe bottompictureis afterthe process(Right) Twist

deformation.Theleft oneshowns non-optimizedwisting deforma-
tion, andtheright oneshavs theresultof the optimization.

speci edtransformation.

For eachvertex v; in theregion of interestJet usconsidelits de-
formation parameten;. For sketch-basedleformation,we would
separatelyconsiderboth rotationalanglesq(vi) andthe normal-
ized arc length s(v;). Startingfrom an initial setof parameters

|
E=8 & wj( u)? +we(u u)? 9)
i 2N

whereN,; is the setof verticesadjacento vertex v;.

The rst termof this enegy function providesa measuref the
smoothnessf the parameten;. We choosethe edgeweightsw; j
to betheinverseedgelengthwij = kvj vik 1. Theseconderm
in the summatiormeasureshe deviation of the new parametersi®
from the parametersi; derived from the users input. Empirically,
we nd thatsettingtheweightwc suchthatd j, ¢y Wij = 10w pro-
videsagenerallygoodbalancebetweersmoothnesandthis delity
term.

We solwe this optimizationproblemusinga traditional Newton
method.Theinitial valuesaresimply thosebeforetheoptimization,
which makesthe secondcosttermzero. Sinceour costfunctionis
quadraticandthe numberof neighboringverticesare usuallyvery
small, the Hessianmatrix is constantand sparse. Therefore,the
optimizationproblemcanbe very ef ciently computedby solving
a linear systemthroughone-timeLU factorization. Furthermore,
theinitial valuestendto befairly closeto the optimal solution,so
we obserethatthenumberof iterationsnecessaris generallyvery
small.

The resultof this automaticoptimizationprocessare shavn in
Figure9. Thefairly obviousartifactsin the unoptimizeddeforma-
tion areentirelyremovedfollowing the optimizationprocess.

5.5 Adaptive Mesh Re nement

If the userappliesa signi cant deformationto the model,the res-
olution of the input meshmay be insufcient to supportsmooth
deformation. The resultwill be a locally jaggeddeformation. To
accountfor this, we proposea simpleadaptve re nementscheme
for smoothdeformation.Our re nementprimitive is the edge split.
For eachedge we testtwo criteriato decidewhetherto split or not.
We split theedgeonly if thetwo criteriaarebothsatis ed.

The rst criterionis edgestretching, de ned astheratio of the
edgelengthin the original meshto its lengthin thedeformedmesh.

Figure 10: When performingsigni cant deformationsthe result
canappearjaggedif theinput meshis too coarse.Adaptive mesh
re nementremovestheseartifacts.

Wewill considersplitting any edgewhoseratio exceedsa speci ed
limit. We alsoapply this criterion recursvely to new edgespro-
ducedby splitting previous edges.Experimentallywe nd thata
ratio of 1.5workswell asa threshold;hereanedgewill be split if
it is stretchedoy morethan50%. This criterionwill tendto re ne
morealongthedirectionof deformation put lessin the orthogonal
direction,ascanbe seenin Figure10. In this example,we subdi-
vide more alongthe directionin which the neckis stretchedbut
relatively lessaroundthe neck.

The secondcriterion is edgecurvatue. We only wish to split
thoseedgeghataresufciently bentby thedeformation.Eachcan-
didateedgein theoriginal meshis tentatively splittedby insertinga
vertex atthe midpointof the edge.Thentheinsertedvertex is also
transformedo a deformedposition. If the anglebetweenthe two
new edgesin the deformedmeshis lessthan somethreshold,we
acceptthe split. Otherwise the split is cancelled.This meanshat
if the split edgesarecloseto parallel,the splitis not necessarywe
have foundthatananglethresholdof p 42%1 producegyoodresults.
In Figure10, the bentpartin the lower neckis morere ned, while
themiddle partis lessre ned.

Our re nementschemeds designedo minimize the numberof
facesaddedwhile maintainingthe smoothnessf the deformation.
However, the resultingmeshmight have mary trianglesof badas-
pectratio. If more nearly equilateraltrianglesare desired,thena
regularizationprocesghat canperformadditionaloperationssuch
as edge ipping could be consideredWelch and Witkin 1994;
Kobbeltetal. 2000].

6 Results

In this section,we considerseveral examplesof usingour system
to edit unstructuredpolygon meshes. All resultswere generated
by interactve editing on a standarcconsumetevel Windows PC.
We renderall samplemodelswith at shadingin orderto better
highlightthe structureof the surfacemesh.

Figure 1 provides a step-by-stepllustration of an editing ses-
sionin which we reposea dragoncharacter We begin by opening
the mouth, which requiresonly two sketch-basedieformationsor
exactly 4 linesto be drawn by the user We subsequentlywisted
both armsandthe neck. We concludeby usingtwo sketch-based
deformationgo bendthetail. The entireediting session— includ-
ing programstartup,loading the meshfrom disk, and interactive
editing— requiredlessthan3 minutes.

In Figure11 we seeanexampleof usingsketch-basedieforma-
tion to bendaninitial cylinderinto multiple letterforms. Eachlet-
terwascreatedoy drawing a singlereferencecurve onthe cylinder
followedby asingletamgetcurwe in the shapeof theintendedetter
Eventhoughtheoriginal cylinder hasbeenstretchedandbentfairly
signi cantly, the deformedsurfaceremainssmooth. Note that, in
orderto keepthe numberof triangles x edacrossall exampleswe
have notappliedour adaptve re nementschemen this case.



Figure 11: Applying signi cant deformationsto benda cylinder
into variousletterformsstill resultsin smoothsurfaces.

Figure12: Reposinga horsewith 4 simpledeformations.

Figure 12 demonstratethe deformationof anothermore com-
plex gure. We begin by interactiely partitioning the front two
legs. Thebodyis thendeformedby a singlesketch-basedeforma-
tion (requiringonly 2 strokes). We concludeby twisting the neck,
andbendingthefront legsby a singlesketch-basedeformatiorfor
each.

We candeformthe handshavn in Figure 13 into a numberof
otherposegquite easily For the examplesshavn, we applied1-2
sketch-basedleformationgto eachof the ngers. Total modelling
time is amerel minuteperhandpose.Notethattheinputis fairly
smoothandthe meshis ratherdense.Our systemcanstill handle
this meshatinteractve speedsindthe deformedmeshesrejustas
smoothastheinput.

Figure 14 demonstratesa leg deformationusing threedifferent
referencecurves. We canclearly seethatthe systembehaeswell
even whengiven quite differentreferencecurves. The useris not
constrainedo draw a referencecurve that follows the “natural”
skeletonof the leg, andindeedcan even drav a referencecurve
beyond the edgeof the surface. All of thesereferencecurvesare
sufcient to unfoldtheleg. We canalsoseethatby draving some-
whatdifferentreferencecurves, the usercaneasily excercisecon-
trol over the nuancesf the deformationresult. For instance the
middleresultbendstheleg morerigidly thanthe othersbecaus¢he
referencecurve follows the shapeof theleg lessclosely

6.1 Skeleton Based Morphing

In our sketch-baseddeformation, the referencecurves can be
thoughtof asskeletonsfor the regionsof interest. Utilizing these
implicit skeletons,we can producequite natural posetransitions
thataremuchmorepleasingthanusingsimplelinearinterpolation
(seeFigurelb).

To morph using the skeletonsat eachintermediateframe, we
mustinterpolatethe curve from the referenceandthetametcurves

Figure13: Theoriginalhandmodel(left) andtwo deformedhands.

Figurel4: By usingdifferentreferenceurves,theusercanproduce
subtlydifferentresults.

thendeformthe objectaccordingo theinterpolatedcurve Thein-

terpolatecturveis computedautomaticallyby linearlyinterpolating
lengthsandrotationalangles Its totallengthis linearly interpolated
from the lengthsof the referenceandtametcurves. As de ned in

Section5.1, thereis a rotationalangle q(v) at eachvertex of the
referencecurve thatdeformsit into thetargetcurve. Therotational
anglesfor the interpolatedcurve aresimply aq(v) for a 2 [0;1].

Thisapproachs similarto as-rigid-as-possibliaterpolationAlexa
etal. 2000],in the sensehatwe separat¢herotationandthescale
components.

Oncethe interpolatedcurve is computed,the vertex positions
arecomputedn the sameway asin the sketch-basedleformation
describedn Section5.1. The only differenceis thatwe substitute
theinterpolateccurve asthetargetcurve.

7 Conclusion and Future Work

We have proposeda new andintuitive approacho interactive de-
formation of unstructuredpolygon meshes. Usersof our system
canmake signi cant editsto 3-D objectsby simply draving a pair
of curveson theimageplane. The referencecurvesdravn by the
usersimultaneouslypartition the mesh,sene asa control handle
for the deformation,and provide a scalar eld that parameterizes
the region of interest. This parameterizatiowanbe usedto easily



Figure 15: Interpolating our deformation parametergyenerates
muchmore naturalin-betweenframesthanlinear interpolationof
vertex positions.

control additionaldeformationparametersuchas twist and scal-
ing. As our methoddoesnotuseary x edskeletalstructureusers
have greatfreedomin choosingthe way in which the surfacewill
be deformed. Sinceour systemis basedon simple 2-D sketching
operationsijt is bothintuitive andeasyto use,andallows usersto
quickly createdeformedobjects. It is alsorelatively appealingto
non-epert users. Furthermore pur deformationmethodcan pro-
vide for naturalmorphingbetweentwo key framesby usingthe
sketchcurvesasimplicit skeletons.

Our currentsystemis a very effective tool, but therearealsonu-
merouswvaysin whichit couldbeimprovedandextended.Our cur
rentapproachs tamgetedmoretowardsreposingbodiesandlimbs.
Editing ne-grainedsurfacefeaturessuchasthe shapeof theeyes
on a face,is moredif cult. Extendingour sketch-basednethod-
ology to supportediting of suchsurfacefeatureswould be very
desirable. Although our methodis quite fastand suitablefor in-
teractize editing of fairly large models,the performancecould be
improvedby incorporatingmultiresolutiontechniquesuchas[Lee
et al. 2000]. Extendingskeleton-basedanorphinginto a complete
systentor easilycreatingsimplekey-framedanimationss another
very appealingdirection.
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