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ABSTRACT

This papemresentsa novel Scalar eld basedrree-Form Deforma-
tion (SFFD)techniquefoundedupongeneral o w constraintsand
implicit functions. In contrastto the traditionallattice-based=FD
drivenby parametriggeometryandsplinetheory we employ scalar
elds asembeddingspacesnstead. Upon the deformationof the
scalareld, theverticeswill move accordinglywhichresultin free-
form deformationsof the embeddedbject. The scalar eld con-
struction sketching,andmanipulatiorarebothnaturalandintuitive.
By tightly coupling self-adaptie subdvision and meshoptimiza-
tion with SFFD, versatilemulti-resolutionfree-form deformations
can be achieved becauseour algorithm can adaptvely re ne and
improve themodelonthe y to improve the meshquality. We can
also enforcevarious constraintson embeddednodels,which en-
ableourtechniqueo presere the shapdeaturesandfacilitatemore
sophisticatedlesign. Our systemdemonstratethat SFFDis very
powerful andintuitive for shapemodeling.lt signi cantly enhances
traditional FFD techniquesndfacilitatesa larger numberof shape
deformations.

Categoriesand Subject Descriptors

1.3.5 [Computer Graphics]: ComputationalGeometryandObject
Modeling; 1.3.6 [Computer Graphics]: Methodologyand Tech-
nigues—interactiontechniques

General Terms
Algorithms, Design

Keywords

Deformations)nteractionTechniquesScalarFields

1. INTRODUCTION

Free-Form Deformation(FFD)is animportanttechniquen shape
modeling, animation,and simulation. FFD-basedechniquesap-
plied onanexisting objectareanappealingalternatve to traditional
modeling since they are independenbf objects’ representations.
Various FFD techniqueshave beenproposedduring the pasttwo
decadeq18, 5, 4, 12, 13]. However, thereare several dif culties
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Figure 1: An object (a) is embeddedin a scalar eld (b) and de-

formed by altering the scalar eld (c). (b) shows a cross-section
of the entirescalar eld (seethe plane)and a singlelevel set(see
the transparent surface). (¢) showvs the deformed object.

associatevith currentFFD techniquesFirst, performingdeforma-
tionswith complex control latticesis extremelytime-consumingn
general.Althoughthe axis-based-FD approachesndthe directly
manipulated=FD approache§4, 12] arerelatively intuitive andef-
cient, thosemethodscanonly offer limited deformationsSecond,
thecontrollatticeis less e xible andcannothave arbitrarytopology
easily It is dif cult to afford a large numberof deformationtypes.
Third, thetraditional FFD operationis generallya singleoperation
appliedon staticmodels.There nementandoptimizationcanonly
occurbeforeor afterdeformation.If alow curvatureandlow reso-
lution region is not subdvided prior to the deformationthe model
is nolongercapableof representinghe deformationaccurately

We proposea novel free-formdeformationtechnique or SFFD,
basedon vertex o w constraintandimplicit functions,which em-
ploysascalareld astheembeddingpace Userscaninteractvely
sketcha scalar eld of animplicit function via a mouseto embed
anentiremodelor a partof themodel. Theembeddingspacebased
onscalareld is of diversetype,whichimplicitly de nesacompli-
catedgeometryandanarbitrarytopology Uponthe deformationof
theembeddingspace(i.e., themodi cation of scalar eld), thever
ticeswill move accordingto the enforced o w constraintswhich
resultsin free-formdeformationsof the embeddedbject. The de-
formationvelocity of eachvertex on the modelis very generaland
canadoptary userdesiredconstrainteasily Our SFFDtechnique
generalizegraditional FFD techniqueand affords a larger number
of shapedeformationsThescalareld constructionsketching,and
manipulationare more naturaland easy-to-usé¢han previous FFD
techniques.

Furthermorein orderto representleformationsnoreaccurately
the embeddednodelsare equippedwith self-optimizationcapabil-
ity. Adaptive subdvision andmeshoptimizationaretightly coupled
with SFFD, supportingversatilemulti-resolutionfree-form defor
mations. Sinceour SFFD can be an evolution processit allows
self-adaptie re nementand meshimprovementto interleave with
shapedeformationthroughoutthe SFFD operation. Our algorithm
canadaptvely subdvide themodelin regionsthatrequirehighreso-
lution. As the SFFDdeformsanobject,the cunvatureof theaffected



surfaceis checled to seeif subdvision is necessary We alsoin-

corporatevarious constraintson embeddednodels,which enable
our techniqueo facilitatefeature-basedesign.Our resultsdemon-
stratethatthe proposed=FD techniqueis very usefuland powerful

for shapeeditingandsolid design.

2. RELATED WORK

Sederbay and Parry [18] pioneeredthe FFD concepton solid
geometry However, FFD can be accomplishednly with a par
allelpipedIattice structure. Coquillart[5] developedthe Extended
Free-Form Deformation,or EFFD, as an extensionof Sederbeg
and Parry's technigue which usesnon-parallelepipe@®D lattices.
MacCraclenandJoy [13] presentea free-formdeformationtech-
nigue,which usesarbitrarylattices,namely Catmull-Clarksubdvi-
sionvolumes.Thistechniqueallows avarietyof deformablaegions
to bede ned, andthusabroaderangeof shapaleformationganbe
generatedHowever, the lattice spacede nition is time-consuming
anddif cult. Thistechniquerequiresa greatdealof CPUtime and
memory Later, Jin et. al. [10] proposeda constrainedocal defor
mationtechniguebasedn generalizednetaballs SinghandFiume
[19] presentedaviresfor interactive, geometriadeformation Crespin
[6] presented free-formdeformatiortechniquewith theuseof de-
formation primitives. Note that, the combinationof deformations
with the useof blendingfunctionsis counterintuitive andneedbe
tunedfor eachdifferenttype of deformationsOur paperintroduces
anew SFFDtechniqueby establishingleformatiormethodsle ned
onscalar elds, which avoids parameterizatioprocess.

As for interactve designbasedon scalar eld, Bloomenthalet.
al. [2] usedskeletonmethoddo construcimplicit surfaces Blobby
model,alsoknown assoft object[22], is anothempopulartechnique
for the designof implicit surfaces.Recently Raviv andElber[16]
presentedh 3D interactive sculptingparadigmthat employed a set
of scalaruniform trivariateB-splinefunctionsasobjectrepresenta-
tions. SchmittandPaslo [17] presentedn approactfor construc-
tive modelingof FRepsolidsde ned by real-\valuedfunctionsusing
4D uniformrationalcubicB-splinevolumesasprimitives. Turk and
O'Brien [20] introducedhew techniquegor modelingwith interpo-
lating implicit surfaces.

Ourworkis alsorelatedo level-setapproachesOsherandSethian

rst presentedhelevel setmethodq15]. Level setmodelsarede-

formableimplicit surfaceswherethe deformationof the surfaceis
controlledby a speedfunction in the level-setpartial differential
equation.In graphics Desbruret. al. [7] andBreenet. al. [3] used
the level setmethodsfor shapemorphing. Most recently Museth
et. al. and[14] and Beaerentzeret. al. [1] presenteda level set
framework for interactively editing implicit surfaces. For level set
methodsthe essentiaproblemis to constructmplicit functionsor
implicit modelshasednapplication-orientedpeedunctions.Note
that, modelsto be deformedmustbe rst corvertedinto volumetric
representatioandrepresentedsasingleiso-surfice.

3. SFFDALGORITHM

In general surfacesexpressedy animplicit form canbe formu-
latedasf X 2 R3jf(X) = cg. Thefunction f is calledthe implicit
function,or the eld function,which de nesascalareld. There-
lated level set (also called the iso-surfice)is correspondingo an
iso-valuec. The function f may be of any mathematicakxpres-
sion. It may also be an arbitrary proceduralprocesqi.e., a black
boxfunction)thatproducesa scalarvaluefor agivenpointin space.

In ourwork, thescalareld canbeusedasFFD embeddingpace,
whichwrapsato-be-deformedbject. Notethat,fundamentallydif-
ferentfrom traditional FFD space,the SFFD spaceis an implicit
function basedon scalar eld insteadof a lattice-basedjeometric

object. Figure2(a) shavs a 2D implicit functionandFigure2(b) is
thescalareld correspondingo the function. Deformingthe scalar
eld to the one shown in Figure 2(c), an embedded®D objectis
deformedaccordingly Figure1 shavs a 3D deformationexample.
Theteacupmodelis embeddedhsidea3D scalareld. After chang-
ing thescalar eld, theteacupis signi cantly deformed.
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Figure 2: (a) shows an implicit function graph and (b) shows
its correspondingscalar eld. A 2D object (a free-brm planar
curve) is embeddedin the 2D scalar eld asshown in (b) and
deformed by changingthe embeddingspaceasshown in (c).

Now let usoverview ourideaof applyingscalar eld of implicit
function to performfree-formdeformationson existing polygonal
models. First we embedan entire model or a part of the model
into a scalar eld andcalculatethe scalarvaluesat all the vertices
of thatembeddedart. Thenduring the FFD processhe vertices
arealwaysconstraineanthelevel setswherethey originally reside
by enforcingvertex- o w constraints.Onceusersdeformthe scalar

eld, thevertex will move accordingly which resultsin free-form
deformationof theembeddeabject.

Sincethe SFFD enforcesthat the relocationposition of a vertex
X(t) of the deformedobjectremainson the samelevel setwhen
scalar eld spaceis deformed,the trajectoryof the vertex canbe
representeasf X(t)j f(X(t);t) = cg. The derivative of f(X(t);t)
yields

df(X®);t) _ 1 (X1 dX@) | T1XMO:0) _
dx X dt It
whereﬂf(x(t) Y s the gradientat X. To simplify the notation,we

represen%egradlenusingﬂf, andabbreiate f(X(t);t) to f. There-
fore, (1) canbere-writtenasfollows:

1)

ax@) .
Nf . 2
dt ﬂt =0 @
Note that d—é@ and I areboth vectors. Therefore thereis an

ambiguity and the solutionfor the vertex velocity from (2) is not

unigue.Only from this o w constraintthevelocity & dx(t) couldnot

beuniquelysolved. Dividing =5~ dx(t) into (Vn; Vt; Vw), Wheren = kmk

representshe unit principle normalvectorof theiso-surfceof the
scalareld, t representtheunittangentector andw representthe
unit binormalvector we know thatonly the normalvelocity, vy, is
perpendiculato the constraintine. Sothe dot productin (2) only
retainstheitem containingvy,. Thereforewecanobtainthevelocity

of thenormal ow, vy = kak ﬂt f . This normal o w schemds

essentiallythe basisof level setmethods which hasbeenwidely
usedin computervision, andlevel-setbasedapplicationd7, 3] for
trackingthetargetobjects.Thenormal o w schemeonly considers
theevolution velocitiesalongthe normalsof iso-surfices.lt is good
for minimizing the similarity betweenthe actve modelandtamget
model. However, the intermediatedeformationsarenot naturaland
arenotaddresseth the aforementionedvork. In essencethe main
task of level setmethodsis to designthe normal velocitiesvy, to
evolve thefunction f.

Instead our objective is to provide a generalFFD technique We
computevertex velocitiesv basedon the changeof f. The motion



of theembeddebjectinsidethescalareld shouldbenatural,ver

satile,andwithout stronglimitation. Thereforewe needto consider
thevelocitiesalongthreelinearly independendlirectionssimultane-
ously In this paperwe considethegeneralelocity dlé@ alongthe
threecoordinateaxes,x; y; z, of the3D space Thegenerakelocityis

alsorepresentedsing(vx; Vy; Vz) or v. In orderto obtaintheunique
solutionfrom the o w constraintequation(2) andalsomaintainthe

smoothmotion of the deformedmodel during the SFFD process,
we adda smoothnessonstraintinto the model. The vertex veloc-

ity variationinsidea local region is minimized. This givesrise to

minimizing thefollowing objective function:

Z

E= (Nf v+ 2—:)2+ | (kRivk)2dx; (3)

wherel is a Lagrangianmultiplier. By discretizingthe above ob-
jective function, (3) can be minimized iteratively. Consideringa
vertex k andits neighboringvertex setQy in an optimizedmesh,
Qx = fjjjk 2 Mg, whereM denotesa setof all the edgesof the
embeddednodel. Note thatthe meshof the modelwill undego an
optimizationprocesasdescribedn Sectiond. Theerrorof the ow
constraintapproximatioris asfollows,

_ 11 1t 1",
c(k) = (ﬁvx(k)"' ﬂ—yVy(k)"' Evz(k)*' ﬁ) :

The smoothnessf the motion of the local region canbe computed
accordingto the velocity differencebetweenthe vertex, k, andits
neighboringones,j 2 Q.

1 . .
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wherekQgk denoteghe numberof verticesin Q. Therefore,

E= ék(c(k)+ I's(k)): 4)

s(k) =

; iefying JE_ — E - E_ _

.The_solutlon,satlsfyl_ngﬂvx(k) = 0 M — 0,and (@ 0,can
minimize the above objective functionE. Thatthe derivative of E
with respectto w(K), w(k), andvz(Kk) is equalto zeroyields the

following equationsand(vy; W; Vz) canbesolvedafterwards.

1f.5 Tf Of Tf Of e 1 9f
I+ (W) Yx(K) + nyvy(k)+ WEVZ(k) = 1 (k) VTR
1f.o Tf qf Tf Of . Tfqf,
(I + (‘ﬂ_y) Yy (K) + Wﬂ—yvx(k)"' 'ﬂ_yEVZ(k) = 1 vy(K) Ty Tt
1f.5 Tf qf f qf o Tf 1f
I+ (E) )vz(K) + WEVx(k)Jr ﬂ—yEVy(k) = 1vy(K) 7

where (Vx(K); %(K); Vz(K)) is the averagevelocity v(k) of all the
neighboringverticesin Q, V(k) = WlkkéjZQkV(j)- Solving the
above equationwe canobtainthefollowing iterative solution,

K.k o T 9f 1f
MEETETT = R Mgl ©

wherep= (Tvk+ %v)& 1o+ 0= + (1H2+ (%)2+ (IH?2).

Basedon the above formulations,we have designeda dynamic
continuousSFFD algorithm as follows. First generatea desired
scalar eld thatembedsa modelto be deformedandinitialize the
velocities(vx; W; Vz) atall theverticesas0. Altering thescalareld,
theembeddednodelbeginsto deform.During thedeformatiorpro-
cessperformthefollowing loop until all theverticesreachthelevel
setwherethey originally resided.

At eachtime stepDt,

1. Updatethescalareld f(X;t+ Dt) atall theverticesX;

2. Deduce’%—{ = (f(X;t+ DY)

f(X;t)=0t;

. Calculate%f( with nite differences;

. Computev(k) accordingto currentvertex velocities;

. Deducev(k+ 1) accordingo (5);

. Updatevertices'positionsby Xi+ o = Xt + g v(k+ 1) Dt;
. PerformSFFDmodeloptimization;

A F (X t+ DY) f(X;1), terminateptherwise advanceto
next time stepandrepeatheabove steps.

o N o O b~ W

TheSFFDcanbeanevolutionprocesswhichallows self-adaptre
re nementandmeshimprovementnterleasedwith themodeldefor
mationat eachiteration. In this algorithm,the gis a stepsizeof the
vertex evolution, which canbe speci ed by users. This parameter
controlshow mary iterationsit takesto meetthe stop conditions.
Wheng is setto be 1, the loop almostmeetsthe stop conditions
with only onetime step. Sothe deformationis just like traditional
free-form deformationof the staticmodel. If the model needsto
be extensiely re ned or optimizedin orderto representhe shape
deformationaccuratelyduring a single deformationoperation,the
value of g shouldbe setmuch smaller Thus, the modelis more
likely to bere ned andoptimizedduring the deformation.Usually
we setgas0.1. Displayingtheabove sequenceontinuouslywe can
getananimationshaving the dynamicdeformationprocess.

4. SFFDMODEL OPTIMIZA TION

Existing adaptve subdvision methodsproposeto only add tri-
anglesin high curvatureareasand prevent subdviding low curva-
tureregionsduringdeformation.While thisis alsotheintentof our
method,thoseadaptve subdvision schemespply the subdvision
onastaticmodel. Thismeanghatif alow cunatureregionthatwas
not previously subdvided beginsto deform,the modelis no longer
capableof representinghe deformatioraccurately

Weinterleave shapeevolutionandself-adaptre re nementwithin
a single deformation. Therefore,it allows the embeddednodelto
representhedeformatiormoreaccuratelyduringdeformation.Our
methodcangenerateadditionaltriangleson the y andonly in re-
gions that require more subdvision. Low curvature regions that
were not previously subdvided still get chanceto be re ned dur
ing thedeformation.As the SFFDdeformsan object,the curvature
of the affectedsurfaceis checledto seeif subdvisionis necessary
Trianglesare addedonly whenthis criterionis met. Thus, the lo-
cal, adaptve subdvision schemeusedin this paperonly addsthe
trianglesin regionsthatrequireadditionalsubdvision and,in addi-
tion, all deformedregionsarechecledto ensurghatsubdvision oc-
curson the appropriateaegions. We alsoincorporatea complimen-
tary decimationprocessvhich megesfacesin nearlyplanarareas
andtherebyreducesthe polygon-mesicompleity (i.e., the num-
ber of vertices,edgesandfaces).We trigger decimationby testing
the deviation betweersurfacenormalsat edgeendpointsThis self-
adaptve re nementstratgly supportsnulti-resolutiondeformation
of existingmodels.

Sinceour free-form deformationcan be a continuousevolution
processwe areableto control the dynamicmodelthroughoutthe
deformationprocess The meshquality canbe improved andmain-
tainedat eachtime step. In this paperwe considerthreeissues:a
goodvertex distribution, a propervertex density anda goodaspect
ratioof thetriangles.Thereis muchresearchwork [8, 21] conducted
in this eld, producingseveralvaluablealgorithms.



We emplg/ threemeshimprovementoperationswhich include
edge-splitedge-collapseandedge-svap. Conditionsunderwhich
the operationsare valid are discussedn [8]. First, edge-splitand
edge-collapsare usedto keepan appropriatenode density An
edge-splitis triggeredif the edgeis too long. Similarly, if arny two
neighboringverticesaretoo closeto eachother theedgeconnecting
thesetwo verticeswill be collapsed.Essentially thesetwo opera-
tionssplitlong edgesanddeletecronvdedverticesto ensurea proper
vertex density Then,edge-swapis usedo ensureagoodaspectatio
of thetriangles.We swapanedgeif doingsowill increase¢hemin-
imum inner anglewithin its adjacenffaces. Repeatedpplications
of this swap operationalways keepincreasingthe minimum inner
angleandhenceresultin a ConstrainedelaunayTriangulationat
theendof theprocedureWe alsotry to keepverticesuniformly dis-
tributed by performingLaplaciansmoothingover the triangulated
surface. In practice,thesemeshoptimizationstepsareinterleared
with the shapedeformationiterationssothata goodcomputational
meshis alwayspresent.This alsohelpstheiterative solver for min-
imizing the objective function (4).

Orderingthe operationghis way seemgo producethe bestmesh
atthe endof the meshimprovementstepg21]. The edge-swap op-
erationcan cleanup after the simple edge-splitand edge-collapse
operations,and the mesh-smoothings then invoked to optimize
neighborhoodshapes.The methodof maintaininga good compu-
tationalmeshover a triangulatedsurfaceis iterative andincremen-
tal, makingit appropriatdor usein our scalar eld basedree-form
deformationsjn which shapecanchangegraduallyover time. As
shavnin the o w of thealgorithm,interleaving shapesvolutionand
meshoptimizationtendsto equalizeedgelengths allowing vertices
to distributethemselesmoreevenly duringa SFFDoperation.

5. SFFD SPACE CONSTRUCTION

In orderto let userseasily useour SFFD techniqueto perform
free-form deformationson existing polygonal objects,our SFFD
techniqueis equippedwith threeapproachegor scalar eld con-
structionanddeformation We will detailthemasfollows.

Dynamicspline-basedcalar elds [9] utilize scalartrivariateB-
splinefunctionsasthe underlyingshapeprimitives. Differentscalar
B-spline patchesde ned over the 3D working spaceare collected
to form a volumetricimplicit functionthatcanbe usedto represent
space®f complicatedyeometryandarbitrarytopology In essence,
the functionis a hierarchicalorganizationof the N scalarB-spline
patchesand hasdynamicproperty sinceits coefcients are time-
varying. Userscandirectly manipulatethe scalarvaluesto evolve
the function. Pleasereferto [9] for the full detail aboutdynamic
manipulationof spline-basedolumetricimplicit functions. Figure
3 shavs anexampleusingdynamicspline-basedmplicit functions.

(@) (b) (©)

Figure 3: The teapot model (a) is embeddedin the scalar eld

de ned by a dynamic spline-basedmplicit function (b) and de-
formed by changing the scalar eld as shown in (c) (We only
show a singlelevel setusing coarsemeshin (b) and (c)).

Our systemalso allows usersto interactvely de ne skeletons,
thentheskeleton-basedcalar eld is generate@dsblendingof eld
functionsg; of asetof skeletonss;, f(X;y;2) = éi’\i 191(%y;2), where
theskeletonss canbeary geometrigprimitive admittinga well de-

ned distancefunction: points, curves, parametricsurfaces,sim-
ple volumes.etc. The eld functionsg; aredecreasindunctionsof
thedistanceto theassociatedkeleton:gi(x;y; 2) = Gi(d(X;¥;Z S)),
whered(x;y; z 5) is the distancebetween(x;y;2) to 5, andG; can
be de ned for instanceby piecesof polynomials.

We canenforceglobal andlocal control of an underlyingscalar
eld in threeseparatavays: (1) de ning or manipulatingof the
skeleton,(2) de ning or adjustingthoseimplicit functionsde ned
for eachskeletal element,and (3) de ning a blendingfunction to
weighttheindividualimplicit functions.

We alsoemplgy thesketching techniquefor scalareld construc-
tion andmodi cation. In this approactthe manipulatedscalar eld
is actuallya signed/unsignedistanceeld. The sketchedcontour
is the silhouetteof the zerolevel setof the resulteddistance eld.
This sketchingtechniquecangreatlyeaseheeditingof scalar elds
for designers.Strokesare gatheredrom the mouseasa collection
of points.In our systemtheinput strokesare2D curvesandcanbe
openor closed. If usingopencurves,the resulteddistanceeld is
unsignedneitherinterior nor exteriorde ned. Theplanecontaining
the 2D curnwe is calledthe draving plane. Our systemextrudesthe
contouralongthe perpendiculadirectionof thedrawing planeuntil
it meetshe boundingspaceor a userspeci ed boundingregion.

In practice,we only storethe 2D distanceeld on the drawing
planesinceotherslicesof the3D distanceeld alongtheperpendic-
ulardirectionareexactly thesame.Thereforeto obtainthedistance
valueof ary pointin thespacewe cansimply projectthe pointonto
the drawing planealong the perpendiculadirection of the draw-
ing plane,thenassignthe perpendiculafoot's distancevalueto the
point. This methodavoidsto computethe entire 3D distanceeld.
The computationakxpenseis greatlyreduced.The Euclideandis-
tanceto a closedcontourcanbe calculatedandstoredfor eachdis-
cretepointin animage. We calculatethe distanceat eachrequired
pointusingmethodsuchaschamferdistancdransformsandvector
distancetransformswhich propagte known distanceghroughout
theimage. An interpolationfunctionis usedto determinethe dis-
tancefrom ary pointlocatedwithin the quadboundedby distances
atknown grid points. In practice distancevalueswithin a quadare
reconstructedrom the 4 cornerdistancevaluesstoredper quadus-
ing standardilinearinterpolation.

6. SFFDOPERATIONS

Given the novel SFFD techniqueand the simple, intuitive, and
efcient scalareld constructioranddeformatiorapproachesjsers
caneasilyperformvariousSFFDoperationon existing models.

For bendingoperationsuseramay rst drav asetof skeletonso
de ne thesourcescalar eld. Figure4(a)(b)shavs abendingoper
ation on a 3D nozzlemodel. In that operation,a curve skeletonis
used.Theuserjust simply sketchesa straightline segmentnearthe
centerof the objectanda bendingcurve oneto de ne two distance
elds. The objectis thendeformedaccordingto the differenceof
thesetwo elds.

@) (b) (©) (d) (e)

Figure4: (a) Original model; (b) bending; (c) shrinking the mid-
dle part; (d) ination on both ending parts; (e) shrinking the
part near the bottom and the top parts.

For shrinking andin ation , usersande ne two setsof skeletons



(namely a sourceoneandatargetone)to de ne scalar elds. The
embeddeabjectwill in ate or shrinkaccordingto the eld defor
mationfrom thesourceto targetone. Or userscanjust modify some
parametersf the sourceskeletonsto performthe deformation.For
examplesshavn in Figure4(c-e),the useremploys Gaussiarblobs
asskeletonsthenozzlemodelin ates or shrinksin severalforms.
Userscanperformtaperingoperationdy simply sketchingstrokes.

As shawn in Figure5, the ship modelis taperedon the front part.
Theuser rst sketchesanopenstroke shavn in red. Thenthe user
sketchesanotherone shavn in green. The sourceand target dis-
tance elds aregeneratedocally basedon thesetwo strokes. Then
thelocalizedfront partis thentaperedaccordingo the eld change.

@ (b)
Figure 5: Tapering on the ship model.

For squeezingoperationsusersmay rst sketcha closedstroke
to de ne a distanceeld andthenmodi ed this distance eld by
addinganotherstrole. In this operationwe only performdeforma-
tion onthoseverticeswith positive distancevalues.For anexample
asshawn in Figure 6(a), the user rst sketchesa closedstroke (in
red) aroundthe body of the dinosaur The correspondinglistance
eld basedon the sketchedstrole is generatedising the method
describedn Section5. Thenthe usersketchesanotherstroke (in
green)to deformthedistanceeld. Theembeddedlinosauris then
squeezeasshavn in Figure6(b) accordingo the SFFD.Userscan
alsocompletelysketchanothemew stroketo de ne atametdistance
eld insteadof creatingit by modifying the existing stroke.

@ (b) (©

Figure 6: A dinosaur is deformed with the body squeezedb),
the neck stretched(b), and the position of the neck moved (c).

For stretding, userscanuseforce-basedools[9] to directlydrag
the embeddingscalar eld, which is equialentto dragthe embed-
ded objectdirectly. In essenceforce-basedools alter the scalar

eld alongtheforce vector which resultin the stretchingeffect of

theembeddingnodelalongtheforcevector For anexampleshavn

in Figure6, the userpicks up a vertex aroundthe bottomof the di-

nosaurs neck thendragsalongthe arrov to producea stretching
deformationon thedinosaurs neck.

Userscanalterthe partof anobjectto anotherlocationby using
moving operations.PleaseseeFigure6(b)(c) for anexample. The
usersketchesa straightline segmentnearthe centerline of the di-
nosaurs neck,which de nes a sourcedistanceeld. Thentheuser
draws anotherstroke, with a smallrotation,to de ne atarget eld.
Thelocalizeddinosaurs neckis thenmovedasshowvn in Figure6(c)
dueto this eld change.

Userscanalsoapply embossingandengravingoperationson an
objecteasily In theseoperationsuserscanpaintagrey scaleimage
or useanexisting oneto de ne anembeddingspaceon the object.
Figure7(a)shavs animageof globalmap. A surfaceSis obtained

by projectingthe samplingpoints alongthe object’s normalswith
correspondingrey scalevalues. Our systemthengeneratea local
distanceeld in theregion of interestaccordingto the surface.The
scalarvaluesare the shortestdistancedo the surface. The image
is similar to the conceptof displacemeniap[11]. Thedifference
is that we do not needto explicitly mapthe displacemento each
point of the basemodel. In embossingand engraing operations,
thesourcescalareld aroundthebasemodelisinitializedto zeroev-
erywhere.Sothe deformationbasedon the zerosourcescalar eld
andthe locally constructeddistance eld will produceembossing
andengraing effectson the embeddednodels. As shavn in Fig-
ure 7(b), this imageis embosseanto a "soap” shapeby usingthe
sketch-basedpaceconstructionapproachogetherwith the SFFD
technique If wereversethedistanceeld alongthe oppositedirec-
tion, we caneasilyperformthe engraing operation®nthemodels.

@ (b)

Figure7: (a) shows a grey scaleimage,which is usedto de ne a
scalar eld. (b) shavsthe deformed object.

It is very easyto useSFFDto createsharpcrease®n theembed-
dedmodelswhichis generallydif cult whenusingtraditionalFFD.
Userscanperformcreasingoperationsy simply sketchingstroles.
As shavn in Figure8, theusermakestwo shapecrease®ntheboth
sidesof the deformedcupmodel. Theuser rst localizestheregion
wherethe creasewill beformed. Thenthe usersketcheswo open
strokes (shavn in red) for generatingsourcedistance elds. Two
unsigneddistance elds are computedbasedon thesetwo strokes
in the localizedregions,which are nearthe side of the cup model.
Further the usersketchesothertwo opencurves shavn in green.
Thetargetunsignedistanceelds aregeneratedbaseconthesewo
cunesin the sameregions. The SFFDformsthe sharpcreasesc-
cordingto the eld changdrom thesourceoneto tamgetone.

(@) (b) (©

Figure 8: (a) shows the original model and the sketchedstrokes
around the both sidesof the cup. The red onesare strokesfor
generating the source distance eld, while the greenonesare
strokesfor generating the target distance eld. (b) shows two
sharp creaseformed on the both sidesof the cup. (c) Further
deformation using two analytic implicit functions.

We canlocally performthe aforementione@FFD operationson
polygonalmodelsby only allowing the movementof the vertices,
wherethe scalarvalueevaluateswithin a speci ed scopeof theiso-
values. For othervertices,they will not move duringthe deforma-
tion. Userscanspecifyary implicit functionto localizethe part of
themodelsto be deform.In our prototypesystemwe provide users
threetypesof primitivesto localizeregions, which includerectan-
gularbox, cylinder, andsphere.Combiningtheseprimitives, users
areableto localizeary partof embeddeanodels.

Our techniqueprovidesa generalSFFDmechanisnin the sense
thatit caneasilyaccommodate&ariousgeometricconstraints. To



enforceconstraintswe can simply augmenthe original objective
function E with the constraintenegy E¢, E, = E+ g E¢, where
E, denoteghe new, overall objective function and E; denoteghe
additionalcosttermintroducedby addedconstraints.Note that E¢
canbea linearcombinationof several costfunctionals.A standard
implicit iterative methodis employed to numericallycomputethe
minimization of the overall objective function. The gradientused
in this minimizationprocesss numericallyapproximatedisingthe
centraldifferenceof the overall objective function for the current
positionof the modelvertex with avery smallperturbation Thead-
vantageof this approachis thatit is relatively generalandcanoffer
anaccuratestablesolutionevenfor very large systemstherefore;jt
is well suitedfor our purposdn SFFDoperations.

With all theavailableoperationgndconstraintsye performsome
interestingdeformationson the mannequirmodelasshown in Fig-
ure9. Duringthedeformationssomefacialfeaturesaremaintained
by enforcingconstraintssuchasnormaland curvatureconstraints.
In Figure 9(a)(b), we drop the smoothnesgonstraintsn (3) dur-
ing the deformation,only allowing the vertex velocitiesalongthe
speci eddirections,in orderto producea bump-like hair effect.

@) (b) ()

Figure 9: The mannequin modelis deformed by usingthe avail-
able SFFD operationsand enforcing constraints.

7. CONCLUSION

We have articulatedanovel scalar eld basedree-formdeforma-
tion, or SFFD, methodologybasedon o w constraintsand scalar
eld functions.Thenew SFFDparadigmis fundamentallydifferent
from traditionalFFD techniquesecauseve employ scalar elds as
FFD embeddingspaces.A scalar eld basedembeddingspaceis
of diversetype andits spacede nition is much more simple, yet
both pawerful andintuitive for solid modelingapplications.In our
prototypesystem we developedseveral easy-to-useéechniquedor
efciently constructingandmanipulatingthe spaceaswell as e xi-
bly interactingwith variousgeometricshapesWith SFFDmethod,
userscan directly sketch a scalar eld of animplicit function to
control the deformationof ary embeddednodel. In addition, the
embeddingspacecanbe of complicatedgeometryandan arbitrary
topology The deformationvelocity for any model point can be
eithervery generalor constrainedsubjectto ary userspeci ed re-
quirement.Therefore our SFFDtechniqueaffordsa largernumber
of shapedeformationtypes. Furthermorethe embeddednodelhas
self-adaptie optimizationcapability throughoutthe SFFD process
in orderto accommodategersatiledeformationsmaintainthe mesh
quality, and presere shapefeatures. We have conducteda large
numberof experimentsvhich demonstratéhatour nev SFFDtech-
niqueis powerful, e xible, natural,andintuitive for shapedesignin
solid modeling,animation,andinteractve graphics.
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