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Figure1: Step-by-stepeditingof adragoncharacterin under3 minutesusingoursystem.Eachsteprepresents1–3individualdeformations.

Abstract

Techniquesfor interactive deformationof unstructuredpolygon
meshesare of fundamentalimportanceto a host of applications.
Most traditionalapproachesto this problemhave emphasizedpre-
cisecontrol over the deformationbeingmade. However, they are
oftencumbersomeandunintuitive for non-expertusers.

In thispaper, wepresentaninteractivesystemfor deformingun-
structuredpolygonmeshesthat is very easyto use. The userin-
teractswith thesystemby sketchingcurvesin the imageplane.A
singlestroke cande�ne a free-formskeletonandtheregion of the
modelto bedeformed.By sketchingthedesireddeformationof this
referencecurve, the usercanimplicitly andintuitively control the
deformationof an entireregion of the surface. At the sametime,
thereferencecurve alsoprovidesa basisfor controllingadditional
parameters,suchastwist andscaling.Wedemonstratethatoursys-
temcanbeusedto interactively edit avarietyof unstructuredmesh
modelswith very little effort. Wealsoshow thatour formulationof
thedeformationprovidesanaturalwayto interpolatebetweenchar-
acterposes,allowing generationof simplekey framedanimations.
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1 Intro duction

While many techniquesfor geometricmeshdeformationhavebeen
developed,�nding effective interactive techniquesis 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 deformationsto unstructuredpolygon
meshes.

In our system,userssketcha referencecurve in theimageplane
both to determinea region of interestandto serve asa meansof
controllinganindividualdeformation.By sketchingasecondcurve
indicatingthedesireddeformationof thereferencecurve,userscan
easilyachieve thedeformationof theentireregion of interestspec-
i�ed by thereferencecurve. By constructinga mappingof there-
gion of interestonto thereferencecurve, our systemalsoprovides
asimplemethodfor controllingadditionalparameterssuchaslocal
twistingor scaling.

Our systemprovidesa greatdealof �e xibility to theuser. It can
acceptasinputtriangulatedmanifoldmeshesof any genus,contain-
ing any numberof boundaryloops. No furtherstructuralinforma-
tion aboutthe object is required. The usercanusefree-formref-
erencecurveswithout beingconstrainedby geometricallyde�ned
skeletalstructures.Thedeformationcurvescanbesigni�cantly dif-
ferentthanthe“natural” skeletonof thesurface,andwork well even
whensuchskeletonstructureswouldbeill-de�ned.

By using a sketch-basedscreenspaceinterface,we avoid the
needfor complex 3-D interactionsthatcanbecumbersomefor non-
expertusers.Userscanachieverelatively complex deformationsby
simply drawing two strokes on the screen. Furthermore,we can
usethesesketch-baseddeformationsto achieve a naturalinterpo-
lation betweencharacterposes,thusproducingsimplekey framed
animations.



Figure2: A simplesketch-basedmeshdeformation.Theuserdraws
a referencecurve alongtheleg, followedby a secondtargetcurve.
This inducesadeformationof theleg itself.

2 Related Work

Therehasbeenagreatdealof work donein thepastondeveloping
techniquesfor themodelinganddeformationof geometricobjects.
Herewe survey only themostrelevantwork, with anemphasison
techniquesfor interactivedeformation.

Free-Form Deformations(FFD) areoneof the most important
techniquesfor deformingsurfaces[Sederberg andParry 1986;Co-
quillart 1990; MacCracken and Joy 1996]. While their complex
control latticesprovide very precisecontrol over the resultingde-
formation, editing theselatticescan be an unintuitive and time-
consumingprocess. Handle-manipulationapproaches[Kobbelt
et al. 1998;BendelsandKlein 2003;Yu et al. 2004]arealsopop-
ular andcanproducepleasinglysmoothdeformations.However,
the rangeof deformationsthatcanbeproducedwith a singlehan-
dle manipulationis generallyquite limited. Thereforea usermust
perform a sequenceof several individual stepto achieve a more
complex result.

Curve-baseddeformationapproachessuchasWires [Singhand
Fiume 1998] or medial-basedshapedeformations[Bloomenthal
2002;Yoshizawa et al. 2003]have receivedconsiderableattention
in recentyears.Curvesor skeletonsin thistypeof methodscanpro-
vide a naturalmeansof capturingthe structureof surfaces.Thus,
deformingsurfacesby editingthoseentitiesprovidesagoodmeans
of achieving largescaledeformations.For this reason,our system
usesa curve-basedapproachwith anemphasison providing anex-
tremelyeasymethodfor specifyingfree-formcontrolcurves.

Therehasbeensubstantialinterestof latein developingintuitive
interactive techniques,suchas deformationby paintingover sur-
faces[Lawrenceand Funkhouser2003]. Sketch-basedinterfaces
have emergedasoneof the morepopularapproachesto building
user-friendly deformationtools. In Teddy [Igarashiet al. 1999],
userscancreateandedit objectsby simply sketchingstrokesin the
screen.Thesystemalsoproposesa deformationmethodbasedon
warp [Corrêaet al. 1998]. Recently, a sketchinginterfaceto FFDs
hasbeendeveloped[Hua andQin 2003]. Heresketchstrokesare
usedto manipulatescalar�eld embededin 3-D space.In our sys-
tem,we employ sketchingboth to specifyanddeformthe regions
of interest.

3 Overview

In our system,theuserinitiatesa deformationby drawing a refer-
encecurve on the imageplane.This curve implicitly de�nes a re-
gion of interest— thatpartof thesurfacewhich will bedeformed.
The userthen appliesthe deformationeither by sketchinga new
target shapefor the referencecurve or by directly manipulatinga
deformationparametersuchastwist or scaling.

(a) (c) (d)

(b)

Figure3: Preparingfor deformationof the left leg. We compute
two cuttingplanes(b) that will de�ne the two loopsboundingthe
region of interest(c). Eachvertex in the region is mappedto the
closestpointon thereferencecurve (d).

Figure2 shows a simpleexampleof our systemin action. The
userbegins by drawing a referencecurve along the leg. The re-
gion of interestis highlightedwith a red-to-bluecolor ramp. The
userthendraws a target curve indicatingthe desireddeformation.
From this pair of curves, the systemautomaticallygeneratesthe
deformationof the leg. A morecomplex editingsessionis shown
in Figure1. Eachstepin this editingsequencecorrespondsto 1–3
individualdeformations.

4 Beginning a Deformation

Theuserbeginstheprocessof deformationby drawing a reference
curve,whichmustbeprojectedinto the3-D world space.Fromthe
referencecurve, we implicitly recognizethe region of the surface
that theuserwishesto deform. Theusercanoptionally re�ne this
region selectionusinganinteractive partitioningscheme.Oncethe
region of interestis identi�ed, a “skinning” stepassociateseach
vertex within this regionwith theclosestpointonthe3-D reference
curve. Thisbasicprocessis illustratedin Figure3.

4.1 Building the Reference Curve

We begin with a free-formsketchof thereferencecurve in theim-
ageplane.Werepresenttheraw sketchcurveasacollectionof line
segmentstakendirectly from mouseeventsproducedby theuser's
stroke. This raw curve is likely to befairly noisy, especiallywhen
drawn with a mouseratherthana tabletdevice. Therefore,before
proceeding,we smoothandregularizetheraw sketch. We applya
simpleaveraging�lter andsimplify thepolylineby mergingneigh-
boring segmentsso that eachsegmentwill be at least5 pixels in
length.

Having regularizedthe referencecurve in the imageplane,we
mustprojectit into the3-D world spaceof themodel.We�rst com-
putethepoint of intersectionof a ray from theview point through
the �rst point on the sketchcurve. This hit point, alongwith the
normalof theviewing plane,de�nesaplanein world spaceparallel
to the imageplane.We projectthesketchcurve onto this planeto
computethe3-D referencecurve.

4.2 Recognizing the Region of Interest

After theuser-drawn referencecurve is mappedinto 3-D space,we
implicitly partition the modelinto threeparts: (1) a staticcompo-
nent,(2) theregionof interest,and(3) arigid component.Thestatic
componentof themeshwill beunchangedby thedeformation.The



Figure4: (Top) Deformationof thebodywithout partitioning.The
legs and feet are undesirablydistorted. (Bottom) The two legs
arepartitionedso that they canbe transformedrigidly, producing
amorenaturalresult.

region of interestis thatpartof themeshto which thedeformation
will actuallybeapplied.Therigid componentwill be transformed
rigidly to maintainits connectivity with theregion of interest.Fig-
ure3 shows a simpleexamplein which (1) thewholebodybeyond
theupperthigh formsthestaticcomponent,(2) theleg is theregion
of interest,and(3) thefoot below theankleis therigid component.

Theunderlyingassumptionof oursystemis thattheregionof in-
terestis thepartof thesurface“covered”by theuser'ssketchcurve.
At eachendpointof thecurve,thesystemcomputesacuttingplane
perpendicularto thereferencecurve (seeFigure3b). Theintersec-
tion of theseplaneswith thesurfacede�ne triangleloopsthatpar-
tition theinput mesh.We de�ne thesetriangleloopsusinga graph
cut formulationoutlinedin Section4.2.1. In caseswherea plane
de�nes multiple intersectionloops,we selectthe loop containing
thenearesttriangleto theendpoint. Having selectedoneboundary
loop per cutting plane,we now have two triangleloopsbounding
the region of interest(as in Figure 3c). The verticesin eachof
the 3 regionsarelabelledby a breadth�rst style “�ood �ll”. The
staticcomponentwill betheregionboundedby theloopcreatedby
thestartingpoint of thereferencecurve andtherigid componentis
boundedby its endingpoint.

In highergenuscases,a single loop may fail to cut the object
into two parts. In suchcases,multiple loopsarerequiredfor the
partition. We begin with thesetof all loopsde�ned by thecutting
plane;thesemustcollectively partitiontheobject,astheplaneitself
does.Wethenconsidereachloopotherthantheinitially onein suc-
cession.We remove a candidateloop from thecut only if doesnot
mergethetwo componentsseparatedby theinitially selectedloop.
Thisprocesseventuallyproducesexactly two disjoint components.

Our implicit recognition schemeworks well in many cases.
However, additionalexplicit partitioningis usefulin certaincircum-
stances.For example,in Figure4, whenwe lift up thebackpartof
thedragon,we probablywant to rigidly transformeachleg, while
thebodyis smoothlydeformed.To do this, userscaninteractively

augment(or override)theautomaticallygeneratedpartition.

4.2.1 Interactive Partitioning

In oursystem,we adopta graphcutpartitioningschemecontrolled
by the selectionof cutting planes. The userdraws a line to de-
�ne a cutting planecontainingthat line and perpendicularto the
view plane. In general,this cutting planewill not follow existing
edgesin the meshbut will cut acrossmany triangles. Therefore,
we applya fuzzy decompositiontechnique[Katz andTal 2003] to
�nd theactualboundaries.We collectall triangleswithin a certain
screen-spacedistancefrom thecuttingplane— we typically adopt
a 5 pixel distancelimit. In general,the cutting planemight cre-
atemultiple separatedfuzzy regions.In this case,thesystempicks
the region which is nearestto theview point. Thenthis setof tri-
anglesservesasa fuzzy region. To computethe boundary, a dual
graphof the fuzzy region is created,wherethe weight of an edge
in thedualgraphis thedihedralangleof thecorrespondingprimal
edgemultipliedby its length.Finally, amin-cutmethodonthedual
graphproducesa cut correspondingto the boundary. The method
producesnaturalandsmoothboundariessincetheresultingcut fol-
lows relatively lowerdihedralangleswhichareagoodcriterionfor
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 thesurfaceby associatingeachvertex with the
closestpoint on thereferencecurve. Notethat theseclosestpoints
aresimply requiredto beon thecurve; they neednot beverticesof
thecurve. Figure3dshowsanexampleof thisassociation,connect-
ing eachvertex with its correspondingpointon thecurve.

We representeachpoint on the referencecurve by its normal-
izedarc lengths. That is, for a given point we addup the length
of all segmentsfrom theorigin of thecurve to thepoint. We nor-
malizethesevaluessothatthey rangebetween0 and1. Thuss= 0
ands= 1 are,respectively, theorigin andendpointsof thecurve.
This inducesa parameterizationof the region of interestonto the
range[0;1]. For eachvertex v we have the normalizedarc length
parameters(v) correspondingto the associatedpoint on the refer-
encecurve. This parameterizationis shown by the color rampon
the leg in Figure3a, with blue correspondingto s = 0 andred to
s= 1.

As outlinedearlier, oneor moreregionsof 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 associatedwith theclosestpointon thereferencecurve. The
transformationof a virtual vertex determinesthetransformationof
all verticesin its partition.

5 Deformation Techniques

In the previous section,we have discussedthe preparationsteps
necessaryto begin adeformation.Theuserdrawsareferencecurve,
which is �ltered andprojectedinto 3-D. The region of interestis
determined,andeachvertex within this region is mappedto apoint
on the3-D referencecurve. Oncethis initial phaseis complete,the
usercanapplyany oneof thefundamentaldeformationsdescribed
in thissection.

5.1 Sketch-Based Mesh Deformation

The primary deformation that we support is accomplishedby
sketching. The usersimply draws a new target curve, which we
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Figure5: Illustration of sketch-baseddeformation. For eachver-
tex v in themesh,we computetheclosestpoint vr in thereference
curve. The total turning anglefor the vertex v is linearly interpo-
latedin theline segmentvr lieson.

interpretasa deformationof theoriginal referencecurve. Our sys-
temthendeformstheentireregion of interestin ananalogousway.
This providesthe userwith intuitive and�e xible control over the
object's shape.Figure2 shows a simpleexampleof this style of
deformation.

Recallthatwe have alreadyassigneda values(v) to eachvertex
v whichconnectsit to acorrespondingpointonthereferencecurve.
Wecanthusthink of thedeformationprocessasfollows. Therefer-
encecurveis scaledandbentto matchthetargetcurve. Thevertices
of themeshareconnectedto thereferencecurve throughrigid iron
wires, so they are translatedandrotatedalongwith the reference
curve.

Preparation We begin by �ltering and smoothing the target
curve in the imageplane,just aswe did the referencecurve. To
preventthemeshfrom tearing,we translatethetargetcurve sothat
it' s startingpoint is coincidentwith the startingpoint of the ref-
erencecurve. We then map the target curve to the sketch plane
constructedin Section4.1.Consequently, theuseris notallowedto
changeviewing parameterswhile drawing thetwo curves.

For eachvertex v in theregionof interest,wehaveacorrespond-
ing normalizedarc lengthvalues(v) thatprovidesuswith thecor-
respondingclosestpoint vr on the referencecurve. Similarly, we
usethesamenormalizedarc lengthparameterto computethecor-
respondingpoint vt on the target curve. This providesus with all
the informationnecessaryto computeto desiredtransformationat
v.

Computing Rotational Angles Wedeformthesurfaceby rotat-
ing eachvertex v aboutthecorrespondingreferencepoint vr . The
axis of rotation is simply the normalof the sketchplaneand the
rotationalangleq(v) is thesignedanglebetweenthetangentsat vr

andvt . However, sinceour curvesaresequencesof line segments,
we must interpolaterotationalanglesalong the curve in order to
avoid signi�cant discontinuities.

To computethe rotationalangleq(v), we must �rst locatethe
line segment[si ;si+ 1] of the referencecurve on which vr lies. We
de�ne f i to bethesignedexterior turningangleof thecurveatnode
i (seeFigure5). We will de�ne thetangentdirectionat thenodesi
by thetotal turningangleF i :

F i =
i� 1

å
j= 0

f j +
f i

2
(1)

Note thatwe usethehalf-angle f i
2 so that the tangentat si will be

theaveragedirectionof thetwo incidentline segments.Thisde�nes

(a) (b) (c)

Figure 6: An exampleof twisting the neck of a dinopetmodel.
(a) We �rst specifythe approximatepart of the neckto twist. (b)
Theneckis twistedby specifyingtherotationaxis (black)andthe
amountof angles(grey). Notethatin thisexample,rotationalangle
is linearto theparametrizationwhich is color rampcoded.(c) The
resultfrom adifferentview point.

thetotal turningangleat thenodesof thecurve. For a point on the
interiorof asegment[si ;si+ 1] we interpolatetheturningangle

F (s) = F i +
f i

2
b(2a ) +

f i+ 1

2
b(2a � 1) (2)

where
a =

s� si

si+ 1 � si
(3)

and

b(x) =

8
><

>:

1 if x > 1,
x if 0 � x � 1,
0 otherwise.

(4)

Theblendingfunctionb is chosensothatF ( si+ si+ 1
2 ) = F i + f i

2 . In
other words, so that the tangentdirection at the midpoint of the
segmentwill beparallelto thesegment.

Wecancomputethesetotal turninganglesfor boththereference
andtargetcurves.They tell usthesignedangledifferencebetween
the initial segmentof the curves and the given points vr and vt .
We also needto accountfor the global rotation qg, which is the
anglebetweenthe initial segmentsof the two curves. Our desired
rotationalangleis now simply

q(v) = F r (s(v)) � F t (s(v)) + qg (5)

Oncewehavecomputedthetargetpositionandthedesiredrota-
tionalanglefor avertex, the�nal deformedpositionv0of thevertex
v will be

v0= T(vt )R(q(v))T(� vr )v (6)

whereT indicatestranslationandRindicatesrotationaboutthenor-
malof thesketchplane.

5.2 Twisting

We canalsoachieve twisting deformationsby locally rotatingthe
theregion of interestaboutthereferencecurve. For example,con-
siderthe simpletwisting operationshown in Figure6. The refer-
encecurve is now the rotationalaxisandtheuser's secondmouse
stroke is usedto controltheamountof twistingbeingperformed.

To usethereferencecurve asa rotationalaxis,it mustbeplaced
insideof thethemodel.To do this,we mustaltertheway in which
we projectthereferencecurve into world space.We �rst compute
a setof joints. For eachnodein the referencecurve in the image



plane,a joint is de�ned astheaverageof hit pointson thenearest
front faceandthe backfaceby the ray from the viewpoint to the
vertex. Consequently, we disallow twisting if any of nodesin the
sketch curve hasonly one hit point. Now, the rotationalaxis is
the curve connectingthesejoints. Note that this new curve looks
thesamefrom theuser's perspective,asit still projectsto thesame
imagespacesketchcurve. As we did in sketch-baseddeformation,
therotationalaxisfor thevertex v (i.e.,thetangentdirectionats(v))
is linearlyblended.

We must now computethe rotationalangleq(v). Obviously
using the samerotationalangleat all verticeswould not produce
the desiredresult. We have found that the most naturaltwisting
is achieved whenthe rotationalanglesq(v) vary linearly with the
normalizedarc lengths(v). Thus,we computea maximumangle
qmax proportionalto thelengthof thesecondline drawn by theuser
andusearotationalangleq(v) = s(v)qmax at thevertex v. Thenew
positionfor vertex v will thereforebe

v0= T(vr )R(tr (v);q(v))T(� vr )v (7)

wheretr (v) is the interpolatedtangentdirection of the reference
curveat s(v).

5.3 Indirect Control Using Parameterization

Theparameterizations(v) thatwe have establishedto mapthe re-
gion of interestonto the referenceandtarget curvesalsoprovides
a naturalmechanismfor adjustingdeformationparameters.We al-
low thetheuserto gain �ner controlover thedeformationby using
a standardsplinecontrol to specifymodi�cations of the deforma-
tion parametersasafunctionof s. In thissection,webrie�y outline
threesuchcontrols.

Adjusting Target Curve Turning Angles In oursketch-based
deformation,the end result is obviously controlledby the shape
of the target curve. By �ne tuning the target curve, we can �ne
tunethedeformation.This allows theuserto draw a fairly simple
basetargetcurveandtheninteractively adjustits shapeto achievea
speci�c intendeddeformation.

Wecontroltheshapeof thetargetcurveby adjustingtheexterior
turning anglesf i , which werediscussedin Section5.1. By con-
trolling theseangles,we canradicallyalter theshapeof the target
curve.

Wepresentto theuserastandardsplineboxwith whichthey can
de�ne an offset function F(s), which we initialize to the identity
function F(s) = s. For eachvertex at positionsi alongthe target
curve,wecomputeanadjustedturninganglef 0

i as:

f 0
i = f i + F(si) � si (8)

andusetheseadjustedturningangleto computeanadjusteddefor-
mation.

An exampleof thistypeof deformationis shown in Figure7. We
begin by sketchingaverysimpledeformationthatachievesacoarse
deformationof the overall shape.We thenadjustedthe rotational
anglesto achievea �nal S-shapedshark.

Scaling Control The scalingcontrol allows usersto locally in-
�ate or de�ate the surfacealongthe referencecurves. This tech-
niquecanbethoughtasaninteractive versionof generalizedcylin-
ders[Snyder andKajiya 1992]. We achieve local scalingby con-
trolling themagnitudeof theoffsetvectorv � vr of a vertex v. We
usethe sameskeletoncurve connectingjoints as in twisting for
computingtheseoffsets. The magnitudeof the offset vectorsis
scaledby a function F(s) which is initially the constantfunction
F(s) = 1. We seea typical examplein Figure8. We have locally
in�ated andde�atedtheleft Queenalongaverticalreferencecurve
usingthesplinefunctionshown on theright.

(a)
 (b)


(c)
 (d)


(e)
 (f)


Figure7: Adjusting target curve turning anglescan �ne tune the
deformation.An initial coarsedeformation(b) is adjustedusinga
splinecontrol(c) to produceamorenuancedpose(d–f).

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

Rotational Angle Control for Twisting As discussedin Sec-
tion 5.2, we linearly increasethe twisting angleas a function of
s. We can just as easily add an additionalscalingadjustmentto
produceq(v) = F(s(v))qmax. This allows the userto control the
relative “speed”of thetwist alongtheregionof interest.

5.4 Increasing Smoothness

In mostcases,our techniquesproducepleasinglysmoothdeforma-
tions. However, local jaggednesscanoccurastheresultof factors
suchasexcessive noisein the user's sketchor the limited screen
resolution. For thesecircumstances,we introducea deformation
optimizationtechniquethat can automaticallysmoothaway such
artifacts.It alsoprovidesastraightforwardmechanismto blendthe
boundariesbetweenrigidly transformedcomponentsandthefreely
deformableregion.

Any oneof themany generalmeshsmoothingalgorithmscould
be appliedto smooththe deformation.However, this would have
theundesirableside-effect of removing actualsmall-scalefeatures
from the surfaceaswell. Therefore,we seekto directly optimize
deformationparametersto producea smoothresult. The central
ideais neighboringverticesshouldundergosimilar transformations
to maintainsmoothnes,while still remainingfaithful to the user's



Figure9: Thebene�tsof automaticallysmoothingthedeformation.
(Left) Sketch-baseddeformation.Thetoppictureis beforetheopti-
mization,andthebottompictureis aftertheprocess.(Right) Twist
deformation.Theleft oneshows non-optimizedtwisting deforma-
tion, andtheright oneshows theresultof theoptimization.

speci�edtransformation.
For eachvertex vi in theregionof interest,let usconsiderits de-

formationparameterui . For sketch-baseddeformation,we would
separatelyconsiderboth rotationalanglesq(vi) and the normal-
ized arc length s(vi). Starting from an initial set of parameters
(u1; : : : ;un) generatedfrom theuser's input,we wish to �nd a new
setof parameters(u0

1; : : : ;u0
n) thatminimizesthefollowing energy:

E = å
i

 

å
j2Ni

wi j (u0
i � u0

j )
2

!

+ wc(ui � u0
i)

2 (9)

whereNi is thesetof verticesadjacentto vertex vi .
The�rst termof this energy functionprovidesa measureof the

smoothnessof the parameterui . We choosethe edgeweightswi j
to be the inverseedgelengthwi j = kv j � vik� 1. Thesecondterm
in thesummationmeasuresthedeviation of thenew parametersu0

i
from theparametersui derived from theuser's input. Empirically,
we�nd thatsettingtheweightwc suchthatå j2N(i) wi j = 10wc pro-
videsagenerallygoodbalancebetweensmoothnessandthis�delity
term.

We solve this optimizationproblemusinga traditionalNewton
method.Theinitial valuesaresimplythosebeforetheoptimization,
which makesthesecondcosttermzero. Sinceour costfunctionis
quadraticandthenumberof neighboringverticesareusuallyvery
small, the Hessianmatrix is constantand sparse. Therefore,the
optimizationproblemcanbevery ef�ciently computedby solving
a linear systemthroughone-timeLU factorization. Furthermore,
the initial valuestendto be fairly closeto theoptimalsolution,so
weobservethatthenumberof iterationsnecessaryis generallyvery
small.

The resultof this automaticoptimizationprocessareshown in
Figure9. Thefairly obviousartifactsin theunoptimizeddeforma-
tion areentirelyremovedfollowing theoptimizationprocess.

5.5 Adaptive Mesh Re�nement

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

The �rst criterion is edgestretching, de�ned asthe ratio of the
edgelengthin theoriginalmeshto its lengthin thedeformedmesh.

Figure 10: When performingsigni�cant deformations,the result
canappearjaggedif the input meshis too coarse.Adaptive mesh
re�nementremovestheseartifacts.

Wewill considersplittingany edgewhoseratioexceedsaspeci�ed
limit. We alsoapply this criterion recursively to new edgespro-
ducedby splitting previous edges.Experimentally, we �nd that a
ratio of 1.5 workswell asa threshold;hereanedgewill besplit if
it is stretchedby morethan50%. This criterionwill tendto re�ne
morealongthedirectionof deformation,but lessin theorthogonal
direction,ascanbeseenin Figure10. In this example,we subdi-
vide morealong the direction in which the neck is stretched,but
relatively lessaroundtheneck.

The secondcriterion is edgecurvature. We only wish to split
thoseedgesthataresuf�ciently bentby thedeformation.Eachcan-
didateedgein theoriginalmeshis tentatively splittedby insertinga
vertex at themidpointof theedge.Thentheinsertedvertex is also
transformedto a deformedposition. If the anglebetweenthe two
new edgesin the deformedmeshis lessthansomethreshold,we
acceptthesplit. Otherwise,thesplit is cancelled.This meansthat
if thesplit edgesarecloseto parallel,thesplit is not necessary. We
havefoundthatananglethresholdof p � p

24 producesgoodresults.
In Figure10, thebentpart in thelower neckis morere�ned, while
themiddlepartis lessre�ned.

Our re�nementschemeis designedto minimize the numberof
facesaddedwhile maintainingthesmoothnessof thedeformation.
However, theresultingmeshmight have many trianglesof badas-
pect ratio. If morenearlyequilateraltrianglesaredesired,thena
regularizationprocessthatcanperformadditionaloperationssuch
as edge�ipping could be considered[Welch and Witkin 1994;
Kobbeltet al. 2000].

6 Results

In this section,we considerseveral examplesof usingour system
to edit unstructuredpolygon meshes.All resultswere generated
by interactive editing on a standardconsumer-level Windows PC.
We renderall samplemodelswith �at shadingin order to better
highlight thestructureof thesurfacemesh.

Figure 1 provides a step-by-stepillustration of an editing ses-
sion in which we reposea dragoncharacter. We begin by opening
the mouth,which requiresonly two sketch-baseddeformationsor
exactly 4 lines to be drawn by the user. We subsequentlytwisted
both armsandthe neck. We concludeby usingtwo sketch-based
deformationsto bendthetail. Theentireeditingsession— includ-
ing programstartup,loading the meshfrom disk, and interactive
editing— requiredlessthan3 minutes.

In Figure11 we seeanexampleof usingsketch-baseddeforma-
tion to bendaninitial cylinder into multiple letter forms. Eachlet-
ter wascreatedby drawing a singlereferencecurve on thecylinder
followedby asingletargetcurve in theshapeof theintendedletter.
Eventhoughtheoriginalcylinderhasbeenstretchedandbentfairly
signi�cantly, the deformedsurfaceremainssmooth. Note that, in
orderto keepthenumberof triangles�x edacrossall examples,we
havenotappliedouradaptive re�nementschemein thiscase.



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

Figure12: Reposingahorsewith 4 simpledeformations.

Figure12 demonstratesthe deformationof anothermorecom-
plex �gure. We begin by interactively partitioning the front two
legs.Thebodyis thendeformedby asinglesketch-baseddeforma-
tion (requiringonly 2 strokes). We concludeby twisting theneck,
andbendingthefront legsby asinglesketch-baseddeformationfor
each.

We candeformthe handshown in Figure13 into a numberof
otherposesquiteeasily. For theexamplesshown, we applied1–2
sketch-baseddeformationsto eachof the �ngers. Total modelling
time is a mere1 minuteperhandpose.Notethattheinput is fairly
smoothandthe meshis ratherdense.Our systemcanstill handle
thismeshat interactivespeedsandthedeformedmeshesarejustas
smoothastheinput.

Figure14 demonstratesa leg deformationusingthreedifferent
referencecurves. We canclearlyseethat thesystembehaveswell
even whengiven quite differentreferencecurves. The useris not
constrainedto draw a referencecurve that follows the “natural”
skeletonof the leg, and indeedcan even draw a referencecurve
beyond the edgeof the surface. All of thesereferencecurvesare
suf�cient to unfold theleg. We canalsoseethatby drawing some-
whatdifferentreferencecurves,theusercaneasilyexcercisecon-
trol over the nuancesof the deformationresult. For instance,the
middleresultbendstheleg morerigidly thantheothersbecausethe
referencecurve follows theshapeof 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 naturalposetransitions
thataremuchmorepleasingthanusingsimplelinear interpolation
(seeFigure15).

To morph using the skeletonsat eachintermediateframe, we
mustinterpolatethecurve from thereferenceandthetargetcurves

Figure13: Theoriginalhandmodel(left) andtwo deformedhands.

Figure14: By usingdifferentreferencecurves,theusercanproduce
subtlydifferentresults.

thendeformtheobjectaccordingto theinterpolatedcurve. Thein-
terpolatedcurveiscomputedautomaticallyby linearlyinterpolating
lengthsandrotationalangles.Its total lengthis linearly interpolated
from the lengthsof the referenceandtarget curves. As de�ned in
Section5.1, thereis a rotationalangleq(v) at eachvertex of the
referencecurve thatdeformsit into thetargetcurve. Therotational
anglesfor the interpolatedcurve aresimply a q(v) for a 2 [0;1].
Thisapproachis similarto as-rigid-as-possibleinterpolation[Alexa
et al. 2000],in thesensethatwe separatetherotationandthescale
components.

Oncethe interpolatedcurve is computed,the vertex positions
arecomputedin thesameway asin thesketch-baseddeformation
describedin Section5.1. Theonly differenceis thatwe substitute
theinterpolatedcurveasthetargetcurve.

7 Conclusion and Future Work

We have proposeda new andintuitive approachto interactive de-
formation of unstructuredpolygon meshes.Usersof our system
canmake signi�cant editsto 3-D objectsby simply drawing a pair
of curveson the imageplane. The referencecurvesdrawn by the
usersimultaneouslypartition the mesh,serve asa control handle
for the deformation,andprovide a scalar�eld that parameterizes
the region of interest.This parameterizationcanbeusedto easily



Figure 15: Interpolating our deformationparametersgenerates
muchmorenaturalin-betweenframesthanlinear interpolationof
vertex positions.

control additionaldeformationparameterssuchastwist andscal-
ing. As our methoddoesnot useany �x edskeletalstructure,users
have greatfreedomin choosingthe way in which the surfacewill
be deformed.Sinceour systemis basedon simple2-D sketching
operations,it is both intuitive andeasyto use,andallows usersto
quickly createdeformedobjects. It is alsorelatively appealingto
non-expert users. Furthermore,our deformationmethodcanpro-
vide for naturalmorphingbetweentwo key framesby using the
sketchcurvesasimplicit skeletons.

Ourcurrentsystemis averyeffective tool, but therearealsonu-
merouswaysin which it couldbeimprovedandextended.Ourcur-
rentapproachis targetedmoretowardsreposingbodiesandlimbs.
Editing �ne-grainedsurfacefeatures,suchastheshapeof theeyes
on a face,is moredif�cult. Extendingour sketch-basedmethod-
ology to supportediting of suchsurface featureswould be very
desirable. Although our methodis quite fastandsuitablefor in-
teractive editing of fairly large models,the performancecould be
improvedby incorporatingmultiresolutiontechniquessuchas[Lee
et al. 2000]. Extendingskeleton-basedmorphinginto a complete
systemfor easilycreatingsimplekey-framedanimationsis another
veryappealingdirection.
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