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ABSTRACT
This paperpresentsa novel Scalar-�eld basedFree-Form Deforma-
tion (SFFD) techniquefoundedupongeneral�o w constraintsand
implicit functions. In contrastto the traditional lattice-basedFFD
drivenby parametricgeometryandsplinetheory, we employ scalar
�elds asembeddingspacesinstead. Upon the deformationof the
scalar�eld, theverticeswill moveaccordingly, whichresultin free-
form deformationsof the embeddedobject. The scalar�eld con-
struction,sketching,andmanipulationarebothnaturalandintuitive.
By tightly coupling self-adaptive subdivision and meshoptimiza-
tion with SFFD,versatilemulti-resolutionfree-formdeformations
can be achieved becauseour algorithm can adaptively re�ne and
improve themodelon the �y to improve themeshquality. We can
also enforcevariousconstraintson embeddedmodels,which en-
ableour techniqueto preserve theshapefeaturesandfacilitatemore
sophisticateddesign. Our systemdemonstratesthat SFFDis very
powerful andintuitive for shapemodeling.It signi�cantly enhances
traditionalFFD techniquesandfacilitatesa largernumberof shape
deformations.

Categoriesand SubjectDescriptors
I.3.5 [Computer Graphics]: ComputationalGeometryandObject
Modeling; I.3.6 [Computer Graphics]: Methodologyand Tech-
niques—interactiontechniques

GeneralTerms
Algorithms,Design

Keywords
Deformations,InteractionTechniques,ScalarFields

1. INTRODUCTION
Free-FormDeformation(FFD)is animportanttechniquein shape

modeling,animation,and simulation. FFD-basedtechniquesap-
pliedonanexistingobjectareanappealingalternative to traditional
modeling since they are independentof objects' representations.
VariousFFD techniqueshave beenproposedduring the past two
decades[18, 5, 4, 12, 13]. However, thereareseveral 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). (c) shows the deformed object.

associatedwith currentFFDtechniques.First,performingdeforma-
tionswith complex control latticesis extremelytime-consumingin
general.Althoughtheaxis-basedFFD approachesandthedirectly
manipulatedFFD approaches[4, 12] arerelatively intuitive andef-
�cient, thosemethodscanonly offer limited deformations.Second,
thecontrollatticeis less�e xible andcannothavearbitrarytopology
easily. It is dif�cult to afford a largenumberof deformationtypes.
Third, the traditionalFFD operationis generallya singleoperation
appliedonstaticmodels.There�nementandoptimizationcanonly
occurbeforeor afterdeformation.If a low curvatureandlow reso-
lution region is not subdividedprior to thedeformation,themodel
is no longercapableof representingthedeformationaccurately.

We proposea novel free-formdeformationtechnique,or SFFD,
basedon vertex �o w constraintsandimplicit functions,which em-
ploys a scalar�eld astheembeddingspace.Userscaninteractively
sketcha scalar�eld of an implicit function via a mouseto embed
anentiremodelor a partof themodel.Theembeddingspacebased
on scalar�eld is of diversetype,which implicitly de�nesa compli-
catedgeometryandanarbitrarytopology. Uponthedeformationof
theembeddingspace(i.e., themodi�cation of scalar�eld), thever-
ticeswill move accordingto the enforced�o w constraints,which
resultsin free-formdeformationsof theembeddedobject. Thede-
formationvelocity of eachvertex on themodelis very generaland
canadoptany user-desiredconstraintseasily. Our SFFDtechnique
generalizestraditionalFFD techniqueandaffords a larger number
of shapedeformations.Thescalar�eld construction,sketching,and
manipulationaremorenaturalandeasy-to-usethanprevious FFD
techniques.

Furthermore,in orderto representdeformationsmoreaccurately,
theembeddedmodelsareequippedwith self-optimizationcapabil-
ity. Adaptivesubdivisionandmeshoptimizationaretightly coupled
with SFFD,supportingversatilemulti-resolutionfree-form defor-
mations. Sinceour SFFD can be an evolution process,it allows
self-adaptive re�nementandmeshimprovementto interleave with
shapedeformationthroughoutthe SFFDoperation.Our algorithm
canadaptively subdividethemodelin regionsthatrequirehighreso-
lution. As theSFFDdeformsanobject,thecurvatureof theaffected



surfaceis checked to seeif subdivision is necessary. We also in-
corporatevariousconstraintson embeddedmodels,which enable
our techniqueto facilitatefeature-baseddesign.Our resultsdemon-
stratethat theproposedFFD techniqueis very usefulandpowerful
for shapeeditingandsoliddesign.

2. RELATED WORK
Sederberg and Parry [18] pioneeredthe FFD concepton solid

geometry. However, FFD can be accomplishedonly with a par-
allelpipedlattice structure. Coquillart [5] developedthe Extended
Free-Form Deformation,or EFFD, as an extensionof Sederberg
and Parry's technique,which usesnon-parallelepiped3D lattices.
MacCrackenandJoy [13] presenteda free-formdeformationtech-
nique,whichusesarbitrarylattices,namely, Catmull-Clarksubdivi-
sionvolumes.Thistechniqueallowsavarietyof deformableregions
to bede�ned,andthusabroaderrangeof shapedeformationscanbe
generated.However, the latticespacede�nition is time-consuming
anddif�cult. This techniquerequiresa greatdealof CPUtime and
memory. Later, Jin et. al. [10] proposeda constrainedlocal defor-
mationtechniquebasedongeneralizedmetaballs.SinghandFiume
[19] presentedwiresfor interactive,geometricdeformation.Crespin
[6] presenteda free-formdeformationtechniquewith theuseof de-
formationprimitives. Note that, the combinationof deformations
with theuseof blendingfunctionsis counter-intuitive andneedbe
tunedfor eachdifferenttypeof deformations.Ourpaperintroduces
anew SFFDtechniqueby establishingdeformationmethodsde�ned
onscalar�elds, whichavoidsparameterizationprocess.

As for interactive designbasedon scalar�eld, Bloomenthalet.
al. [2] usedskeletonmethodsto constructimplicit surfaces.Blobby
model,alsoknown assoft object[22], is anotherpopulartechnique
for thedesignof implicit surfaces.Recently, Raviv andElber [16]
presenteda 3D interactive sculptingparadigmthat employed a set
of scalaruniform trivariateB-splinefunctionsasobjectrepresenta-
tions. SchmittandPasko [17] presentedanapproachfor construc-
tivemodelingof FRepsolidsde�ned by real-valuedfunctionsusing
4D uniformrationalcubicB-splinevolumesasprimitives.Turk and
O'Brien [20] introducednew techniquesfor modelingwith interpo-
lating implicit surfaces.

Ourwork isalsorelatedto level-setapproaches.OsherandSethian
�rst presentedthe level setmethods[15]. Level setmodelsarede-
formableimplicit surfaceswherethe deformationof the surfaceis
controlledby a speedfunction in the level-setpartial differential
equation.In graphics,Desbrunet. al. [7] andBreenet. al. [3] used
the level setmethodsfor shapemorphing. Most recently, Museth
et. al. and [14] and Bærentzenet. al. [1] presenteda level set
framework for interactively editing implicit surfaces.For level set
methods,theessentialproblemis to constructimplicit functionsor
implicit modelsbasedonapplication-orientedspeedfunctions.Note
that,modelsto bedeformedmustbe�rst convertedinto volumetric
representationandrepresentedasasingleiso-surface.

3. SFFDALGORITHM
In general,surfacesexpressedby animplicit form canbeformu-

latedasf X 2 R3j f (X) = cg. The function f is calledthe implicit
function,or the �eld function,which de�nes a scalar�eld. There-
lated level set (also called the iso-surface)is correspondingto an
iso-value c. The function f may be of any mathematicalexpres-
sion. It may alsobe an arbitraryproceduralprocess(i.e., a black
boxfunction)thatproducesascalarvaluefor agivenpoint in space.

In ourwork, thescalar�eld canbeusedasFFDembeddingspace,
whichwrapsato-be-deformedobject.Notethat,fundamentallydif-
ferent from traditional FFD space,the SFFD spaceis an implicit
function basedon scalar�eld insteadof a lattice-basedgeometric

object.Figure2(a)shows a 2D implicit functionandFigure2(b) is
thescalar�eld correspondingto thefunction.Deformingthescalar
�eld to the one shown in Figure 2(c), an embedded2D object is
deformedaccordingly. Figure1 shows a 3D deformationexample.
Theteacupmodelis embeddedinsidea3D scalar�eld. After chang-
ing thescalar�eld, theteacupis signi�cantly deformed.

(a) (b) (c)

Figure 2: (a) shows an implicit function graph and (b) shows
its correspondingscalar �eld. A 2D object (a fr ee-form planar
curve) is embeddedin the 2D scalar �eld as shown in (b) and
deformed by changingthe embeddingspaceasshown in (c).

Now let usoverview our ideaof 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 that embeddedpart. Thenduring the FFD processthe vertices
arealwaysconstrainedonthelevel setswherethey originally reside
by enforcingvertex-�o w constraints.Onceusersdeformthescalar
�eld, the vertex will move accordingly, which resultsin free-form
deformationof theembeddedobject.

Sincethe SFFDenforcesthat the relocationpositionof a vertex
X(t) of the deformedobject remainson the samelevel set when
scalar-�eld spaceis deformed,the trajectoryof the vertex can be
representedas f X(t)j f (X(t);t) = cg. The derivative of f (X(t);t)
yields

d f (X(t);t)
dX

=
¶f (X(t);t)

¶X
dX(t)

dt
+

¶f (X(t);t)
¶t

= 0; (1)

where ¶f (X(t);t)
¶X is the gradientat X. To simplify the notation,we

representthegradientusingÑf, andabbreviate f (X(t);t) to f . There-
fore,(1) canbere-writtenasfollows:

Ñf �
dX(t)

dt
+

¶f
¶t

= 0: (2)

Note that dX(t)
dt and ¶f

¶X areboth vectors. Therefore,thereis an
ambiguityand the solution for the vertex velocity from (2) is not
unique.Only from this �o w constraint,thevelocity dX(t)

dt couldnot

beuniquelysolved.Dividing dX(t)
dt into (vn;vt ;vw), wheren = Ñf

kÑfk
representstheunit principlenormalvectorof the iso-surfaceof the
scalar�eld, t representstheunit tangentvector, andw representsthe
unit binormalvector, we know thatonly thenormalvelocity, vn, is
perpendicularto theconstraintline. So thedot productin (2) only
retainstheitemcontainingvn. Therefore,wecanobtainthevelocity
of the normal �o w, vn = � 1

kÑfk
¶f
¶t n. This normal �o w schemeis

essentiallythe basisof level set methods,which hasbeenwidely
usedin computervision, andlevel-setbasedapplications[7, 3] for
trackingthetargetobjects.Thenormal�o w schemeonly considers
theevolutionvelocitiesalongthenormalsof iso-surfaces.It is good
for minimizing the similarity betweenthe active modelandtarget
model.However, theintermediatedeformationsarenot naturaland
arenot addressedin theaforementionedwork. In essence,themain
task of level set methodsis to designthe normal velocitiesvn to
evolve thefunction f .

Instead,our objective is to provide a generalFFD technique.We
computevertex velocitiesv basedon thechangeof f . Themotion



of theembeddedobjectinsidethescalar�eld shouldbenatural,ver-
satile,andwithoutstronglimitation. Therefore,weneedto consider
thevelocitiesalongthreelinearly independentdirectionssimultane-
ously. In thispaper, weconsiderthegeneralvelocity dX(t)

dt alongthe
threecoordinateaxes,x;y;z, of the3D space.Thegeneralvelocityis
alsorepresentedusing(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 smoothnessconstraintinto the model. The vertex veloc-
ity variationinsidea local region is minimized. This givesrise to
minimizing thefollowing objective function:

E =
Z

(Ñf � v+
¶f
¶t

)2 + l (kÑvk)2dx; (3)

wherel is a Lagrangianmultiplier. By discretizingthe above ob-
jective function, (3) can be minimized iteratively. Consideringa
vertex k and its neighboringvertex set Qk in an optimizedmesh,
Qk = f jj

�!
jk 2 Mg, whereM denotesa setof all the edgesof the

embeddedmodel.Notethatthemeshof themodelwill undergo an
optimizationprocessasdescribedin Section4. Theerrorof the�o w
constraintapproximationis asfollows,

c(k) = (
¶f
¶x

vx(k) +
¶f
¶y

vy(k) +
¶f
¶z

vz(k) +
¶f
¶t

)2:

Thesmoothnessof themotionof the local region canbecomputed
accordingto the velocity differencebetweenthe vertex, k, and its
neighboringones,j 2 Qk.

s(k) =
1

kQkk å
j2Qk

[(vx(k) � vx( j))2 + (vy(k) � vy( j))2

+( vz(k) � vz( j))2];

wherekQkk denotesthenumberof verticesin Qk. Therefore,

E = å
k

(c(k) + l s(k)) : (4)

Thesolution,satisfying ¶E
¶vx(k) = 0, ¶E

¶vx(k) = 0, and ¶E
¶vx(k) = 0, can

minimize the above objective functionE. That the derivative of E
with respectto vx(k), vy(k), and vz(k) is equalto zero yields the
following equationsand(vx;vy;vz) canbesolvedafterwards.

(l + (
¶f
¶x

)2)vx(k) +
¶f
¶x

¶f
¶y

vy(k) +
¶f
¶x

¶f
¶z

vz(k) = l vx(k) �
¶ f
¶x

¶f
¶t

;

(l + (
¶f
¶y

)2)vy(k) +
¶f
¶x

¶f
¶y

vx(k) +
¶f
¶y

¶f
¶z

vz(k) = l vy(k) �
¶ f
¶y

¶f
¶t

;

(l + (
¶f
¶z

)2)vz(k) +
¶f
¶x

¶f
¶z

vx(k) +
¶f
¶y

¶f
¶z

vy(k) = l vz(k) �
¶ f
¶z

¶f
¶t

;

where (vx(k);vy(k);vz(k)) is the averagevelocity v(k) of all the
neighboringverticesin Qk, v(k) = 1

kQkk å j2Qk
v( j). Solving the

aboveequationwecanobtainthefollowing iterativesolution,

[vk+ 1
x ;vk+ 1

y ;vk+ 1
z ]> = [vk

x;vk
y;vk

z]> � µ[
¶f
¶x

;
¶f
¶y

;
¶f
¶z

]> ; (5)

whereµ= ( ¶f
¶x vk

x + ¶f
¶y vk

y + ¶f
¶zvk

z + ¶f
¶t )=(l + ( ¶f

¶x )2 + ( ¶f
¶y )2 + ( ¶f

¶z )2).
Basedon the above formulations,we have designeda dynamic

continuousSFFD algorithm as follows. First generatea desired
scalar�eld that embedsa model to be deformedandinitialize the
velocities(vx;vy;vz) atall theverticesas0. Altering thescalar�eld,
theembeddedmodelbeginsto deform.Duringthedeformationpro-
cess,performthefollowing loopuntil all theverticesreachthelevel
setwherethey originally resided.

At eachtimestepDt,

1. Updatethescalar�eld f (X;t + Dt) atall theverticesX;

2. Deduce¶f
¶t = ( f (X;t + Dt) � f (X;t))=Dt;

3. Calculate¶f
¶X with �nite differences;

4. Computev(k) accordingto currentvertex velocities;

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

6. Updatevertices'positionsby Xt+ Dt = Xt + g� v(k+ 1) � Dt;

7. PerformSFFDmodeloptimization;

8. If f (Xt+ Dt ; t + Dt) � f (X;t), terminate;otherwise,advanceto
next timestepandrepeattheabovesteps.

TheSFFDcanbeanevolutionprocess,whichallowsself-adaptive
re�nementandmeshimprovementinterleavedwith themodeldefor-
mationat eachiteration.In this algorithm,thegis a stepsizeof the
vertex evolution, which canbe speci�ed by users.This parameter
controlshow many iterationsit takes to meetthe stopconditions.
When g is set to be 1, the loop almostmeetsthe stop conditions
with only onetime step. So thedeformationis just like traditional
free-formdeformationof the staticmodel. If the modelneedsto
be extensively re�ned or optimizedin orderto representthe shape
deformationaccuratelyduring a singledeformationoperation,the
value of g shouldbe set much smaller. Thus, the model is more
likely to bere�ned andoptimizedduringthedeformation.Usually
wesetgas0.1.Displayingtheabovesequencecontinuously, wecan
getananimationshowing thedynamicdeformationprocess.

4. SFFDMODEL OPTIMIZA TION
Existing adaptive subdivision methodsproposeto only add tri-

anglesin high curvatureareasandprevent subdividing low curva-
tureregionsduringdeformation.While this is alsotheintentof our
method,thoseadaptive subdivision schemesapply the subdivision
onastaticmodel.Thismeansthatif a low curvatureregionthatwas
not previously subdividedbeginsto deform,themodelis no longer
capableof representingthedeformationaccurately.

Weinterleaveshapeevolutionandself-adaptivere�nementwithin
a singledeformation.Therefore,it allows the embeddedmodelto
representthedeformationmoreaccuratelyduringdeformation.Our
methodcangenerateadditionaltriangleson the �y andonly in re-
gions that requiremore subdivision. Low curvature regions that
werenot previously subdivided still get chanceto be re�ned dur-
ing thedeformation.As theSFFDdeformsanobject,thecurvature
of theaffectedsurfaceis checkedto seeif subdivision is necessary.
Trianglesareaddedonly whenthis criterion is met. Thus,the lo-
cal, adaptive subdivision schemeusedin this paperonly addsthe
trianglesin regionsthatrequireadditionalsubdivision and,in addi-
tion,all deformedregionsarecheckedto ensurethatsubdivisionoc-
curson theappropriateregions. We alsoincorporatea complimen-
tary decimationprocesswhich mergesfacesin nearlyplanarareas
and therebyreducesthe polygon-meshcomplexity (i.e., the num-
berof vertices,edgesandfaces).We triggerdecimationby testing
thedeviationbetweensurfacenormalsat edgeendpoints.This self-
adaptive re�nementstrategy supportsmulti-resolutiondeformation
of existingmodels.

Sinceour free-formdeformationcanbe a continuousevolution
process,we areableto control the dynamicmodel throughoutthe
deformationprocess.Themeshquality canbeimprovedandmain-
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 employ threemeshimprovementoperations,which include
edge-split,edge-collapse,andedge-swap. Conditionsunderwhich
the operationsarevalid arediscussedin [8]. First, edge-splitand
edge-collapseare usedto keepan appropriatenodedensity. An
edge-splitis triggeredif theedgeis too long. Similarly, if any two
neighboringverticesaretoocloseto eachother, theedgeconnecting
thesetwo verticeswill be collapsed.Essentially, thesetwo opera-
tionssplit longedgesanddeletecrowdedverticesto ensureaproper
vertex density. Then,edge-swapisusedtoensureagoodaspectratio
of thetriangles.We swapanedgeif doingsowill increasethemin-
imum inner anglewithin its adjacentfaces.Repeatedapplications
of this swap operationalwayskeepincreasingthe minimum inner
angleandhenceresult in a ConstrainedDelaunayTriangulationat
theendof theprocedure.Wealsotry to keepverticesuniformly dis-
tributedby performingLaplaciansmoothingover the triangulated
surface. In practice,thesemeshoptimizationstepsareinterleaved
with theshapedeformationiterationssothata goodcomputational
meshis alwayspresent.This alsohelpstheiterative solver for min-
imizing theobjective function(4).

Orderingtheoperationsthiswayseemsto producethebestmesh
at theendof themeshimprovementsteps[21]. Theedge-swapop-
erationcancleanup after the simpleedge-splitandedge-collapse
operations,and the mesh-smoothingis then invoked to optimize
neighborhoodshapes.The methodof maintaininga goodcompu-
tationalmeshover a triangulatedsurfaceis iterative andincremen-
tal, makingit appropriatefor usein ourscalar-�eld basedfree-form
deformations,in which shapecanchangegraduallyover time. As
shown in the�o w of thealgorithm,interleaving shapeevolutionand
meshoptimizationtendsto equalizeedgelengths,allowing vertices
to distributethemselvesmoreevenlyduringaSFFDoperation.

5. SFFDSPACE CONSTRUCTION
In order to let userseasilyuseour SFFDtechniqueto perform

free-form deformationson existing polygonalobjects,our SFFD
techniqueis equippedwith threeapproachesfor scalar�eld con-
structionanddeformation.Wewill detailthemasfollows.

Dynamicspline-basedscalar�elds [9] utilize scalartrivariateB-
splinefunctionsastheunderlyingshapeprimitives.Differentscalar
B-splinepatchesde�ned over the 3D working spacearecollected
to form a volumetricimplicit functionthatcanbeusedto represent
spacesof complicatedgeometryandarbitrarytopology. In essence,
the function is a hierarchicalorganizationof the N scalarB-spline
patchesand hasdynamicpropertysinceits coef�cients are time-
varying. Userscandirectly manipulatethe scalarvaluesto evolve
the function. Pleaserefer to [9] for the full detail aboutdynamic
manipulationof spline-basedvolumetricimplicit functions.Figure
3 showsanexampleusingdynamicspline-basedimplicit functions.

(a) (b) (c)

Figure 3: The teapot model (a) is embeddedin the scalar �eld
de�ned by a dynamic spline-basedimplicit function (b) and de-
formed by changing the scalar �eld as shown in (c) (We only
show a singlelevel setusingcoarsemeshin (b) and (c)).

Our systemalso allows usersto interactively de�ne skeletons,
thentheskeleton-basedscalar�eld is generatedasblendingof �eld
functionsgi of asetof skeletonssi , f (x;y;z) = å N

i= 1gi(x;y;z), where
theskeletonssi canbeany geometricprimitiveadmittingawell de-

�ned distancefunction: points, curves, parametricsurfaces,sim-
ple volumes,etc. The�eld functionsgi aredecreasingfunctionsof
thedistanceto theassociatedskeleton:gi(x;y;z) = Gi(d(x;y;z;si)) ,
whered(x;y;z;si) is thedistancebetween(x;y;z) to si , andGi can
bede�ned for instanceby piecesof polynomials.

We canenforceglobal andlocal control of an underlyingscalar
�eld in threeseparateways: (1) de�ning or manipulatingof the
skeleton,(2) de�ning or adjustingthoseimplicit functionsde�ned
for eachskeletalelement,and (3) de�ning a blendingfunction to
weighttheindividual implicit functions.

Wealsoemploy thesketching techniquefor scalar�eld construc-
tion andmodi�cation. In this approachthemanipulatedscalar�eld
is actuallya signed/unsigneddistance�eld. The sketchedcontour
is the silhouetteof the zerolevel setof the resulteddistance�eld.
Thissketchingtechniquecangreatlyeasetheeditingof scalar�elds
for designers.Strokesaregatheredfrom themouseasa collection
of points.In our system,theinput strokesare2D curvesandcanbe
openor closed. If usingopencurves,the resulteddistance�eld is
unsigned,neitherinteriornorexteriorde�ned. Theplanecontaining
the2D curve is calledthedrawing plane. Our systemextrudesthe
contouralongtheperpendiculardirectionof thedrawing planeuntil
it meetstheboundingspaceor auser-speci�edboundingregion.

In practice,we only storethe 2D distance�eld on the drawing
planesinceotherslicesof the3D distance�eld alongtheperpendic-
ulardirectionareexactly thesame.Therefore,to obtainthedistance
valueof any point in thespace,wecansimplyprojectthepointonto
the drawing planealong the perpendiculardirection of the draw-
ing plane,thenassigntheperpendicularfoot's distancevalueto the
point. This methodavoids to computetheentire3D distance�eld.
Thecomputationalexpenseis greatlyreduced.TheEuclideandis-
tanceto a closedcontourcanbecalculatedandstoredfor eachdis-
cretepoint in an image.We calculatethedistanceat eachrequired
pointusingmethodssuchaschamferdistancetransformsandvector
distancetransforms,which propagateknown distancesthroughout
the image. An interpolationfunction is usedto determinethe dis-
tancefrom any point locatedwithin thequadboundedby distances
at known grid points. In practice,distancevalueswithin a quadare
reconstructedfrom the4 cornerdistancevaluesstoredperquadus-
ing standardbilinearinterpolation.

6. SFFDOPERATIONS
Given the novel SFFD techniqueand the simple, intuitive, and

ef�cient scalar�eld constructionanddeformationapproaches,users
caneasilyperformvariousSFFDoperationsonexistingmodels.

For bendingoperations,usersmay�rst draw asetof skeletonsto
de�ne thesourcescalar�eld. Figure4(a)(b)shows a bendingoper-
ation on a 3D nozzlemodel. In that operation,a curve skeletonis
used.Theuserjust simply sketchesa straightline segmentnearthe
centerof theobjectanda bendingcurve oneto de�ne two distance
�elds. The object is thendeformedaccordingto the differenceof
thesetwo �elds.

(a) (b) (c) (d) (e)

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

For shrinking andin�ation , userscande�ne two setsof skeletons



(namely, a sourceoneanda targetone)to de�ne scalar�elds. The
embeddedobjectwill in�ate or shrinkaccordingto the �eld defor-
mationfrom thesourceto targetone.Or userscanjustmodify some
parametersof thesourceskeletonsto performthedeformation.For
examplesshown in Figure4(c-e),theuseremploys Gaussianblobs
asskeletons,thenozzlemodelin�ates or shrinksin severalforms.

Userscanperformtaperingoperationsbysimplysketchingstrokes.
As shown in Figure5, the ship model is taperedon the front part.
Theuser�rst sketchesanopenstroke shown in red. Thentheuser
sketchesanotherone shown in green. The sourceand target dis-
tance�elds aregeneratedlocally basedon thesetwo strokes. Then
thelocalizedfront partis thentaperedaccordingto the�eld change.

(a) (b)

Figure5: Tapering on the ship model.

For squeezingoperations,usersmay �rst sketcha closedstroke
to de�ne a distance�eld and then modi�ed this distance�eld by
addinganotherstroke. In this operation,we only performdeforma-
tion on thoseverticeswith positivedistancevalues.For anexample
asshown in Figure6(a), the user�rst sketchesa closedstroke (in
red) aroundthe body of the dinosaur. The correspondingdistance
�eld basedon the sketchedstroke is generatedusing the method
describedin Section5. Then the usersketchesanotherstroke (in
green)to deformthedistance�eld. Theembeddeddinosauris then
squeezedasshown in Figure6(b)accordingto theSFFD.Userscan
alsocompletelysketchanothernew stroketo de�ne atargetdistance
�eld insteadof creatingit by modifying theexistingstroke.

(a) (b) (c)

Figure 6: A dinosaur is deformed with the body squeezed(b),
the neckstretched(b), and the position of the neckmoved (c).

For stretching, userscanuseforce-basedtools[9] to directlydrag
theembeddingscalar�eld, which is equivalentto dragtheembed-
ded object directly. In essence,force-basedtools alter the scalar
�eld alongthe forcevector, which resultin thestretchingeffect of
theembeddingmodelalongtheforcevector. For anexampleshown
in Figure6, theuserpicksup a vertex aroundthebottomof thedi-
nosaur's neck then dragsalong the arrow to producea stretching
deformationon thedinosaur'sneck.

Userscanalter thepartof anobjectto anotherlocationby using
moving operations.PleaseseeFigure6(b)(c) for anexample. The
usersketchesa straightline segmentnearthecenterline of thedi-
nosaur's neck,which de�nesa sourcedistance�eld. Thentheuser
draws anotherstroke, with a small rotation,to de�ne a target �eld.
Thelocalizeddinosaur'sneckis thenmovedasshown in Figure6(c)
dueto this �eld change.

Userscanalsoapplyembossingandengravingoperationson an
objecteasily. In theseoperations,userscanpaintagrey scaleimage
or useanexisting oneto de�ne anembeddingspaceon theobject.
Figure7(a)shows animageof globalmap.A surfaceSis obtained

by projectingthe samplingpointsalongthe object's normalswith
correspondinggrey scalevalues.Our systemthengeneratea local
distance�eld in theregion of interestaccordingto thesurface.The
scalarvaluesare the shortestdistancesto the surface. The image
is similar to theconceptof displacementmap[11]. Thedifference
is that we do not needto explicitly mapthe displacementto each
point of the basemodel. In embossingandengraving operations,
thesourcescalar�eld aroundthebasemodelis initializedto zeroev-
erywhere.Sothedeformationbasedon thezerosourcescalar�eld
and the locally constructeddistance�eld will produceembossing
andengraving effectson the embeddedmodels.As shown in Fig-
ure7(b), this imageis embossedontoa ”soap” shapeby usingthe
sketch-basedspaceconstructionapproachtogetherwith the SFFD
technique.If we reversethedistance�eld alongtheoppositedirec-
tion, wecaneasilyperformtheengraving operationsonthemodels.

(a) (b)

Figure 7: (a) shows a grey scaleimage,which is usedto de�ne a
scalar �eld. (b) shows the deformed object.

It is veryeasyto useSFFDto createsharpcreaseson theembed-
dedmodels,whichis generallydif�cult whenusingtraditionalFFD.
Userscanperformcreasingoperationsby simplysketchingstrokes.
As shown in Figure8, theusermakestwo shapecreasesontheboth
sidesof thedeformedcupmodel.Theuser�rst localizestheregion
wherethecreaseswill beformed.Thentheusersketchestwo open
strokes (shown in red) for generatingsourcedistance�elds. Two
unsigneddistance�elds arecomputedbasedon thesetwo strokes
in the localizedregions,which arenearthe sideof the cup model.
Further, the usersketchesother two opencurves shown in green.
Thetargetunsigneddistance�elds aregeneratedbasedonthesetwo
curvesin thesameregions. TheSFFDformsthesharpcreasesac-
cordingto the�eld changefrom thesourceoneto targetone.

(a) (b) (c)

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 green onesare
strokes for generating the target distance �eld. (b) shows two
sharp creasesformed on the both sidesof the cup. (c) Further
deformation using two analytic implicit functions.

We canlocally performtheaforementionedSFFDoperationson
polygonalmodelsby only allowing the movementof the vertices,
wherethescalarvalueevaluateswithin a speci�edscopeof theiso-
values.For othervertices,they will not move during thedeforma-
tion. Userscanspecifyany implicit functionto localizethepartof
themodelsto bedeform.In ourprototypesystem,weprovideusers
threetypesof primitivesto localizeregions,which includerectan-
gularbox, cylinder, andsphere.Combiningtheseprimitives,users
areableto localizeany partof embeddedmodels.

Our techniqueprovidesa generalSFFDmechanismin thesense
that it caneasilyaccommodatevariousgeometricconstraints.To



enforceconstraints,we cansimply augmentthe original objective
function E with the constraintenergy Ec, En = E + g� Ec, where
En denotesthe new, overall objective function andEc denotesthe
additionalcostterm introducedby addedconstraints.Note thatEc
canbea linearcombinationof severalcostfunctionals.A standard
implicit iterative methodis employed to numericallycomputethe
minimizationof the overall objective function. The gradientused
in this minimizationprocessis numericallyapproximatedusingthe
centraldifferenceof the overall objective function for the current
positionof themodelvertex with averysmallperturbation.Thead-
vantageof this approachis that it is relatively generalandcanoffer
anaccurate,stablesolutionevenfor very largesystems,therefore,it
is well suitedfor ourpurposein SFFDoperations.

With all theavailableoperationsandconstraints,weperformsome
interestingdeformationson themannequinmodelasshown in Fig-
ure9. During thedeformations,somefacialfeaturesaremaintained
by enforcingconstraintssuchasnormalandcurvatureconstraints.
In Figure 9(a)(b), we drop the smoothnessconstraintsin (3) dur-
ing the deformation,only allowing the vertex velocitiesalongthe
speci�eddirections,in orderto produceabump-likehair effect.

(a) (b) (c)

Figure9: The mannequinmodel is deformed by using the avail-
ableSFFDoperationsand enforcing constraints.

7. CONCLUSION
Wehavearticulatedanovel scalar-�eld basedfree-formdeforma-

tion, or SFFD,methodologybasedon �o w constraintsandscalar-
�eld functions.Thenew SFFDparadigmis fundamentallydifferent
from traditionalFFDtechniquesbecauseweemploy scalar�elds as
FFD embeddingspaces.A scalar�eld basedembeddingspaceis
of diversetype and its spacede�nition is much more simple, yet
bothpowerful andintuitive for solid modelingapplications.In our
prototypesystem,we developedseveraleasy-to-usetechniquesfor
ef�ciently constructingandmanipulatingthespaceaswell as�e xi-
bly interactingwith variousgeometricshapes.With SFFDmethod,
userscan directly sketch a scalar�eld of an implicit function to
control the deformationof any embeddedmodel. In addition, the
embeddingspacecanbeof complicatedgeometryandanarbitrary
topology. The deformationvelocity for any model point can be
eithervery generalor constrainedsubjectto any user-speci�ed re-
quirement.Therefore,our SFFDtechniqueaffordsa largernumber
of shapedeformationtypes.Furthermore,theembeddedmodelhas
self-adaptive optimizationcapabilitythroughoutthe SFFDprocess
in orderto accommodateversatiledeformations,maintainthemesh
quality, and preserve shapefeatures. We have conducteda large
numberof experimentswhichdemonstratethatournew SFFDtech-
niqueis powerful, �e xible, natural,andintuitive for shapedesignin
solidmodeling,animation,andinteractivegraphics.
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