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Abstract

A novel method of hierarchicalimplicit modeling is
presentedn which animplicit objectis modeledoy using
a hierarchyof implicit surfaces. The hierarchyprovides
both layeredlocal refinementand global deformation.
Local refinementallows the introductionof higherlevel
detailedsurfaces Globaldeformationchangesheoverall
shape of the surface while maintaining the integrity

of surface details. The model is gradually refined by
introducing appropriatenew primitivesin the specified
surface areas. Refinementconstraints,such as local
surfaceareaandlevel of the surface(within thehierarchy)
aredesignedo be appliedto the implicit objectsoasto

achieve finer control over the local surface. The method
provides a dynamic representatiorof implicit surfaces
and can be usednot only in modelingcomplex implicit

objects,but alsoin animatingthe surfacesandsimulating
thedeformationf variousobjects.

keywords: implicit surfaces,implicit modeling,sur
facerefinementglobaldeformationanimation.

1 Intr oduction

Implicit surfaceshave receved increasedattentionin re-

centyears[3]. They are a natural methodfor repre-
sentingsolid objectsparticularlywhenblendingbetween
primitives is required. Skeletal implicit surfaceshave

the advantageghatthe skeletoncanarticulatedandvery
realistic modelscan be built and animated. Models of

realisticnaturalobjectssuchasseashells([9]) requirea

proceduraldefinition or a developmentalprocessesand
replicationwith alterations,all of thesefeaturescan be

supportedy skeletalimplicit modeling.
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Both point primitives and non-point primitives such
asline, polyline, curve, polygon, solid, etc., have been
usedin variousimplicit modelingapplications.Comple
modelscan be built with CSG booleanoperationsand
field warping functions[3, 26], providing implicit sur
face the capability of building engineeringobjects. In
addition,skeletal-basedmplicit modeling[2] andvarious
well-definedfield functions[1, 3, 19, 29] provide control
for implicit surfaces. However, with the currentimplicit
modeling techniques,once the model is defined, it is
very difficult to do further local refinementand global
deformatiorwithouthaving to re-desigrthewholemodel.
Thereis no successfulpproacho arbitrarily addingde-
tailsto subsectionsf the surfaceandchangingheoverall
shapeof the surfacewhile maintainingthe completesur
faceintegrity. In particular refining the implicit surface
directly insteadof working on the polygonmeshremains
achallenge.

We presenta new, intuitive methodfor implicit mod-
eling basedon implicit primitives. Insteadof modeling
implicit objectswith shapetransformationg§12, 15|, re-
finementof the polygonmesh[10, 14, 21, 24] or implicit
particles[22, 25], we directly manipulatethe implicit
primitives. This new methodprovidesa way to build a
modelin a hierarchyof implicit surfaceswith bothlocal
refinementand global deformation. Sincethe accurag
of the surfaceinteractionis critical in the caseof refine-
ment,we obtainthe preciseinteractionby ray-tracingthe
surfaceat the interactionarea. Constrainedoy the local
surfaceareaand level of the surface,the modelis pro-
gressvely refinedby introducingprimitiveslocally, while
maintainingthe global propertieof the otherpartsof the
surface. With a global deformationat a lower level of
the surfacehierarchy the overall shapeof the surfacecan
be changedwhile maintainingthe integrity of the higher
levelssurface(Figure8 and9).



1.1 Previous Work

Hierarchicalsurfacerefinemen{7, 8] lendsitself to better
shapecontrolin hierarchicalB-splinesthanin traditional
B-spline surfaces. The main adwvantageis to allow the
additionof morepatchesgo a particularregion ratherthan
acrossthe entire surface. Moreover, it provides local
refinementandthe ability to changethe overall shapeof
the surface without having to re-edit (or re-animatein
the caseof animatedsurfaces)the detailson thatsurface.
Motivatedby this conceptwe proposea nenv methodfor
implicit surfacerefinement.

Most techniquedor implicit modelingare basedon
skeletal primitives such as point, line, circle, polygon,
etc., theseprimitives are blendedtogetherto obtain a
smoothsurface.To represensolid object,CSGoperations
[26, 3] areintroducednto implicit modelingwhichmakes
implicit surfacessvenmoreattractie.

Skeletonbasedmethods[4] provide the main stream
of implicit modeling. It associategachskeletal element
with a locally defined implicit function. Individual
functions are blended using a polynomial weighting
function that can be controlled by the user This
has been widely acceptedas a basic implicit surface
modeling approach. Physically-basedarticle systems
[25] uses constraintsto sample and control implicit
surfaces. A simple constraintlocks a set of particles
onto a surface while the particles and surface move.
For implicit local refinementand global shapecontrol,
several approacheshave been proposed. Galin [10]
updatesthe surface meshingincrementallybasedon a
recursve decompositionof spacethat focus on regions
where changesin the potentialfield f occurred. Van
Overveld and Wyvill [24] use shrinkwrapto refine the
polygonalmeshfor manifold objects.Guo[12] proposed
a method to control the shapesof implicit patches
throughmanipulatingheircontrolpointsusingBernstein-
Bezier representatiornof polynomials. The shape of
the model is controlled by maintaining corvexity of
the patch. For implicit surface reconstructionMuraki
[17] introduced a “Blobby” model for automatically
generatinga shapedescriptionfrom rangedata. The
model expressesa 3D surface as an isosurfice of a
scalar field which is producedby a number of field
generating primitives or skeletons. The method is
computationaintensive dueto the optimizationprocess.
Using generalizedmetaballsas deformationconstraints,
Jin [15] developed an approachto control the shape
of the surface. All these methods cannot directly
control the local detail of the implicit surfaces and
maintainthe integrity of local detailsduring broad-scale

changes. In particulay although basedon skeletons,
mostmethodslon’t directly manipulatgprimitives,which
makesmodelingandanimatingcomplex implicit models
muchmoredifficult whenbuilding primitivesthatneedto
be changedfterward.

1.2 Overview

This paperpresentsa nev methodfor implicit surface
refinementand global deformation. The main goal is to
createimplicit objectsby modifying the surfacedirectly
and dynamically basedon primitives. Each model is
associatedwvith a hierarchy of implicit surfaces. The
adwantageof usingthis hierarchyis thatboth hierarchical
local refinementand global surface deformation can
be performeddynamically at any level of the surface.
Constrainedoy the local areaand level of the surfaces,
the methodleadsto an easy control over the implicit
surface and provides an intuitive way of representing
deformedobject. In addition,the preciseinteractionwith
the surfaceis achiezed by ray-tracingtheimplicit surface
atthesurfaceinteractionarea.

The remaining sections are organized as follows:
Section2 describegmplicit modeling, the generalidea
for implicit surfacerefinement,and the BlobTree The
methodof hierarchicalimplicit surfacerefinements de-
tailed in Section3, including the hierarchicalrepresen-
tation of implicit surfaces,the implicit surfacelocal re-
finementand global deformation. Section5 discusses
applicationsof this methodin modelingand animation.
Section6 present®ur conclusionandfutureworks.

2 Implicit Modeling

In this section, we presentthe backgroundof implicit
modeling. First we give a definition of implicit sur
face. Thenthe implicit surfacerefinementmethodsare
reviewed. Finally we introducethe BlobTree structure
which providesanimplicit modelingsystenthrougha hi-
erarchyof blends CSGandwarpingappliedto primitives.

2.1 Implicit Surfaces

An implicit surface S is characterizeds the points of
spacewhosepotential f(z, y, z) equalsa thresholdvalue



denotecby T'.

S ={M(z,y,2) € R®, f(z,y,2) =T}

The primitives are generallypoints, lines, polygons
etc. Thesetechniqueswere introducedby Blinn [1],
and subsequenthdevelopedby Wyvill et al. [29] and
Nishimuraetal. [19]. In this paper we addressmplicit
surfaceshuilt from skeletonsor primitives, also known
as soft objects[29]. A soft objectis describedby its
scalarfield f(z,y, z), thatis generatedby summingthe

influencesof scalarfield elementsf;(z,y, 2) associated

to their skeletonssS;.

f(:c,y,z) :Zfi(xayaz) (1)
i=1

to control theimplicit shapeby the corvexity of quadric
patchesor cubicpatches.

An incrementatechniqug10] describesnincremen-
tal polygonizationapproachfor implicit surfacesbuilt
from skeletonelementsBasedon arecursve decomposi-
tion of spacethatfocuson regionswherechangesn the
potentialfield f occurred,the methodcan interactively
updatethe surfacemeshingwhereneeded An alternatve
method shrinkwrap[24] createsaninitial coarsepolygo-
nal meshandthenadaptvely refinesthe meshto obtaina
betterapproximatiorof theobject.

b
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Figurel: Union (a), corvolution (b), and combined(c)
surfaces

To control the blendingbulge, Bloomenthal[2 com-

In general,the field contributions f; are decreasing binesunion surfaceFigure 1atogetherwith cornvolution

functionsof thedistanceo a primitive suchasin [29].

2.2 ShapeControl of Implicit Surfaces

Shapecontrolin implicit modelinghasprovendifficult be-
causesmallchangego implicit primitivesresultin global
changedo the implicit surface. Efforts have beenmade
to addressghis problem. Onesuchmethodis the skeletal
method[4], which associatesachskeletalelementwith a
locally definedimplicit function. Individual functionsare
blendedusing a polynomial weighting function that can
be controlledby the user A proceduraimplicit function
permitsa greaterdegreeof localizedcontrolascompared
to a simple blend of implicit primitive in which each
primitive hasa global affect on the surface.However, in-
teractionwith complex proceduress somevhatawkward.
Skeleton-basedémplicit modelingis effective andwidely
used. Therefore,our methodis basedon skeletons. The
basicideais to addnew primitivesinto the modelwhere
thelocal surfaceis beingrefined.

In order to guaranteethe topology of the implicit
surface,[14] developedapolygonizationtechniquewnhich
candirectly and accuratelymanipulatepolygonizedim-

surface 1b asshown in Figure 1c. Other shapecontrol
methoddfor implicit surfacesincludecontrolledblending
[6, 13] andprecisecontactmodeling[11]. Sinceblending
a very small primitive with a large one fails with the
normalblendingmethod Wyvill [28] proposedestricted
blending which modifies the blending distanceof one
primitive (4) to matchthat of the other(B). The field
function of A is scaled,thentranslatedyesultingin the
field function shovn in Figure 2. The field function is
finally clippedsothat f(r) = 1if r < (Rp — R1)/2
and f(r) = 0if r > (Ry + R1)/2. This leadsto
a betterblendingbetweentwo primitives. Dealing with
moreprimitivesis still anopenproblem.
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plicit surfaces by using techniquesfrom catastrophe Figure2: The modified field function used for larger

theory and Morse theory Another method usesthe
Bernstein-Bezierepresentatiorio control the shapesof
implicit patcheg12, 20]. In particulay Guo[12] proposed

spheréfor therestrictedblend.

All the methods mentioned for building implicit



surfacesare basicallydealingwith a static model. The
refinementis basedon the polygonizationmesh, either
controlling the mesh points or updating the mesh as
needed. Intuitively, we wish to build a dynamicmodel
which directly controlsthe implicit objectsand refines
the surfacewith skeletonsor primitivesasthe modeling
procesgontinuesln addition,the methodshouldbe able
to undego global deformationwithout having to re-edit
all the detailedsurfaces.

2.3 The BlobTree

The BlobTree[26] providesa hierarchicaldatastructure
for the definition of complex modelsbuilt from implicit

surfaces, CSG Boolean operationsand field warping
functions. The model is defined as the hierarchical
compositionof multiple objects. 2D textures has also
beenappliedto the BlobTree as describedin [23, 30].

Moreover, it can be extendedto include some other
implicit attributesaswell. Figure 3 shavs an example
built from BlobTree with 2D texture mappedon the
BlobTreesurface.

Difference

Figure3: Exampleof amodelbuilt up from a BlobTree

The BlobTree widely opensthe applicationareasof
implicit surfaces It canbe usedto build complicatedsoft
andengineeringpbjects. However, sincethe BlobTreeis
basically a static model, once defined, it is difficult to
change.To further extendthe useof BlobTree, we wish
to dynamicallyintroduceimplicit primitivesandchange
theoverall shapeof the surfaceasrequired.We'll present
a methodwhich enablesnodificationsto the tree at the
specifiedocal surfacearea.

3 Hierarchical Implicit Surface Re-
finement

Our methodof implicit surfacerefinementworksdirectly
on the surface and primitives. we build a hierarchyof
implicit surfacesrepresentinghe object. Eachsurfaceat
a hierarchynoderepresentdoth a local surfacerelative
to its parentsurfaceand a global surfacerelative to all
its sub-surfces. In this section, we first describethe
hierarchicalrepresentatiorof implicit surfaces. Then
we introduceray-tracingbaseddirect surfaceinteraction,
generatiorof surfacedetails,local refinementandglobal
deformation.

3.1 Hierarchical Representationof Implicit
Surfaces

For a given implicit object, we createa hierarchy of
implicit surfacesrepresentingheobject.In the hierarchy
eachsurfaceis a nodein the tree, either an internal
nodeat the coarserlevel or a leaf nodeat a finer level.
Eachhierarchycontainsa local surfaceanda setof sub-
hierarchiesThesurfacecanbeary implicit surfacewhich
is composedof a setof primitives: P? = {px|pr €
level i}. It is either a leaf surface relative to the
higher level hierarchyor an internal surface relative to
the surfacesof its sub-hierarchies.Each sub-hierarchy
represents local surface detail which is createdin its
own local coordinatesystem.Surfaceselatedto thesame
surfacebeingrefinedare at the samelevel of hierarchy
With this hierarchicalrepresentatiolof implicit surfaces,
implicit surface representedat level ¢ of the hierarchy
consistsof the local surface S}, andall the surfaces
of its sub-hierarchie§ " S¢

i .
sub—sur face*

i _ qi , E : i
surface — globalO’PTeleement Ssubfsurface'

where OPretinement representsthe operation of the
hierarchy Figure 4 shaws the hierarchicalstructureof
implicit surfaces.

Accordingto the refinemenbperationsfour kinds of
hierarchiesaredesigned:

¢ Blending

e ControlledBlending



ROOT LEVEL —»

1
5% stobal
g321 832151nbu.l

Globai

Figure4: Hierarchyof theimplicit surface

e PreciseContactModeling

e CSG

They representour different operationsto combine
the global surface with the details. Blending uses
supetellipsoid blendingmethoddescribedn section2.1.
Controlledblendingdealswith the blendingpropertiesof
thesurfaces Precisecontactmodelingcombineghelocal
surfaceandthe surfacedetailsusingthe methodproposed
in [11]. CSGoperationgerformintersectiondifference,
or unionon thelocal surfaceandtherefinedsurface.

1. Blending Hierar chy containsa surfaceanda num-
ber of sub-hierarchieslt representanimplicit sur
facewhichblendsits local surfaceandall thesurface
detailsof its sub-hierarchiessingtheimplicit model
definedin formulal. Thesurfaceof blendinghierar
chycanbedescribeds:

surface — Sleaf + Ssubfsurface'

2. Controlled Blending Hierar chy consistsof a sur
faceandanumberof sub-surcesvhichareblended
with their parentsurface, but not with eachothet
We have choserto usethe controlledblendingtech-
niguefrom Guy [13] becausef its simplicity. Other
methodsuchasDesbrun6] maybe appliedaswell.
Thesurfacerepresentedly this hierarchyis:

;'urface = Slieaf + Z Ct(S.Zubfsurface)'

where ct(S%,; surrace) TEPresentsthe controlled

field valuefrom the sub-hierarchies.

3. PreciseContact Modeling hierarchy is composed
of asurfaceandasub-hierarchyvhichrepresentshe
surfacedetail. Basednthetechniqueof precisecon-
tactmodeling[11], thishierarchyrepresentsvo sep-
aratesurfaceswhich are preciselycontacted. Sim-
ilarly we modelthe contactsurfaceby considering
bothinterpenetratiomegion and propagatiorregion
of the contactsurfaces. Thereforethe surfaceof a
precisecontactmodelinghierarchycanbe described
as:

i
surface

i i
surface + gsurface

i pi i
Ssub - fsub + sub

where fi,, ;4. and f2,, arethefield functionsfor
thesurfaceS; , ;.. andSy,, respectiely. g, r4c.
andg:,, arethe deformationfields for the surface
andthe sub-surécewhich aredefinedasfollows:

gi _ [ iso—fi., interpenetration
= i ;
surface Ihropagations Propagation
. i . .
gi _J is0— fsm,face, interpenetration
sub — i ;
Ipropagation> propagation.

Where interpenetation and propagation refer to
the correspondingegion. Details of choosingthe
propagatiorfunction gi, ., ., .ari0n Canbereferredto
Gascue[5, 11].

4. CSG hierarchy dealswith refinementrelated to
CSGoperationsuchasintersectiondifferenceand
union. It containsa surface and a sub-hierarchy
representingnotherimplicit surface.The surfaceof
this hierarchyis therefore

1 Qi i
surface — SleafOPCSGSsub—surface'

whereOPcsq is intersectiondifferenceor union.

3.2 Construction of the Hierar chy

We startwith aninitial implicit surfaceandcreatea root
hierarchy A sequenceof sub-hierarchiegshen can be
built by recursvely refining the selectedsurfaces.Given
a descriptionof the surfacedetail, a sub-hierarchySi+!



atlevel i is definedby applyinga splitting schemeawhich
searcheshe relatedsurfacesaccordingto the refinement
constraintg section3.5)andcreatesnew surfaceatlevel
i+1,ie.

S = {pilpy € split(Szquace)}'

Each hierarchy except the root hierarchy in the
world coordinate system, is constructedat its local
coordinatesystemrelative to its parenthierarchy The
local coordinatesystemis determinedby the centerof
the given surface refinementarea and the refinement
constraints.

With this hierarchyof implicit surfacesthe final ob-
ject is obtainedby combiningall surfacesin the hierar
chy accordingto the differenthierarchicalproperties. A
bottom-uprecursie surface constructionstratgy is ap-
plied. Lower level surfacesareprocessedirst. Thenthey
are combinedwith higherlevel surfacesusingblending,
controlled blending, precisecontactmodeling, or CSG
operations.Due to the hierarchicalrepresentatiof the
surfaces]ocal detailscanbe maintainedaccordingto the
refinementonstraints.

The generalalgorithmfor implicit surfacerefinement
is asfollows:

e Defineconstraintsf necessary
e Pickthesurfacepointsanddefinethe displacement,

e Searchthe hierarchy to locate the surfaceswhich
have the mostinfluenceto the selectegoints,

e Generatenew primitives to approximatethe local
surfacedetail,

¢ Introducenew hierarchyat the givenlevel basedon
the constraint,

¢ Repeapreviousstepsto build thecompletemodel,

e Renderthehierarchyto gettheimplicit surface.

Here, step2 and 3 are usedfor interactve modeling
only. Constraintscan be specifiedas either local area
or surfacelevel. The following sectionsprovide further
details.

3.3 Directimplicit Surfacelnteraction

Polygon mesh has been extensiely used for implicit
surfacedeformation,visualization,animation,modeling
etc. Theimplicit objectis manipulatedhroughthecontrol
of the meshingpoints[10, 14, 15, 21]. To finely interact
with the local surface, we useray-tracing,insteadof a
polygonmesh,to locatethe exact positionon the surface
for picking andselectingoperations.

Directimplicit surfaceinteractionincludespick opera-
tionsanddisplacemendf thesurface.To beprecisearay-
tracing techniqueis usedto corvert eachselectedpoint
(z,y) (screencoordinate)o a surfacepointin the object
coordinatesystem. The surfacenormalis also obtained
andusedto control the displacemenbf the surface. The
displacemenif the surface point P to a new surface
point ) is thenusedto determinethe parameter®of the
local surfacedetail, for example,the rangeof influence
and other transformationsxpectedfor the surface. If
ary of therefinementconstraintds defined,the rangeof
influenceof thenew surfacewill beconstrainedvithin the
local areaor the specifiedevel of surface.

3.4 Generationof SurfaceDetails

Surfacedetailsareintroducedaccordingo therefinement
constraints. In order to add surface details into the
hierarchy we first specify the refinement constraint
and then traverse the hierarchy to obtain all surfaces
contributing to the refinement(surface)area. Basedon

the refinementconstraints,new surfaceis then created
and addedas a sub-hierarchyat the chosenlevel. If

local surfaceareaconstraintis defined,the boundaryof

the area,either surfaceor volume, determineghe range
of the influence of the new surface. Similarly, level

constraintrestrictthe refinemenion the specifiedevel of

thehierarchy

A simple splitting techniqueis to introducea new
primitive for eachrefinementwhile keepingother prim-
itiveswithin thegroupunchangedi,e.

Split(sgurface) = Pnew—primitive

The propertiesof the primitive such as radius of
influence displacementector andpotentialfunction,are
determinedbasedon the constraints. Figure 5 showvs a



simplecaseusingthis schemeTherefinemenintroduces

etc. In particular by limiting the rangeof influenceof

a spike basedon local area constraints,displacement the primitives, the refinementcan be restrictedwithin a

vector, radiusof influence andsometaperingandbending
constraints.

Figure5: Surface refinement with a simple splitting
scheme

This simplesplitting methodprovidesinteractvity as
well as satishctory result in most of the cases. But
the group of primitives may not be the optimal group
thatmodelsthe local surface. Redundanprimitivesmay
exist after a seriesof refinements. [17, 18] proposed
a more complicatedmethod for fitting 3D range data
with Blobbies In this case,a better shapedescription
is requiredto definethe refinedsurfacein orderto find
anoptimalgroupof primitivesapproximatinghe surface.
This optimizationprocesshowever, resultsin a serious
computationabverhead.Therefore we areinvestigating
abetterschemeo achieve bothinteractvity andaccurag.

3.5 Local SurfaceRefinement

Sinceimplicit surfacespossesslending and constraint
properties,they lend themselesto local surfacerefine-
ment. The rangeof influenceof an implicit primitive
is characterizedby its parameterR which definesthe
influenceboundaryof the primitive.

3.5.1 Local Surface AreaConstraints

With theconcepbf overlayandoffsetrefeencing Forsey
and Bartels [8] presentthe local deformationand local
surfacerefinementon a B-Splinesurface. Theideais to
designatea patchonthesurfaceatary level of refinement
and executea new refinementstepto re-representhis
patch. Also they refinea surroundingnumberof patches
sufficiently to includethe areainfluencedby ary refined
control vertex that are to be manipulated. Such a
fine control over implicit surface can be achieved by
controlledblending [13, 28] and using implicit surface
propertiessuch as field function, radius of influence,

specifiedregion.

Sucharegiononthesurfacedefinesanareaconstraint
in ourlocalrefinementWe selectasetof surfacepointsto
definea closedsurfacearea. Subsequentefinementwill
only take placewithin this local area.The constraintalso
determineghe rangeof influenceof the new surfacesso
thatthenaew primitiveswill only have contributionsto the
localarea.Themaximalvalueof theradiusof anew point
primitive, for instancewill betheradiusof influencefor
thelocal areaor theminimaldistancebetweertheselected
surfacepointto theboundaryof thelocal volume.

3.5.2 Level of the Hierar chy

Since the object is representedn a hierarchy level
informationi.e. thelevelin the hierarchy canbe usedfor
localrefinementiswell. With thelevel constrainbnly the
specifiedevel andits relatedfinerlevel of surfaceswill be
influencedby the newly introduceddetails.

3.6 Global Deformation

This sectiondescribeghe global deformationbasedon
the hierarchyof surfaces.Global deformationhererefers
to thedeformationof ary surfacecontainedn aninternal
nodeof the hierarchy Its main purposeis to changethe
overall shapeof the surfaceat somespecifiedayerwhile
maintaining the consisteng and integrity of the local
details.Two commonlyusedtypesof globaldeformations
are defined, which are the affine transformationsand
spacewarping operations. The major issueinvolved in
global deformationis to automaticallyadjust the sub-
surfaceswithout having to re-editor re-definethe details.
We use a simple and commonstratgy to achiese this.
After the deformationof the global surface , we adjustthe
local coordinatesystemof the sub-hierarchieto keepthe
consisteng of the surfaces.In thefollowing sectionswe
assumehat:

C, theoriginal coordinatesystem,

X, Y, Z, thenormalvectorsof themajoraxisesof C,

O, theworld coordinateof the origin of C

e (', thedeformedcoordinatesystem,



o X' V' Z' the new normal vectorsof the major
axisesof ',

e (', theworld coordinateof the origin of O'.

whereX’ is anormalizedtangentvectorof the surface
at®, Y isthenormalof thesurfaceat O.

3.6.1 Affine Transformations

Affine transformationsare the most commonly used
globaldeformationsThey changeheoverallshapeof the
objectthroughtranslation,rotation, scaling,or shearing.
A 4 x 4 matrix 7 is madeto represenan affine transfor
mationor a compositionof thesetransformationsGiven
asurfacein the hierarchyandan expectedtransformation
T, thenew coordinatesystenfor ary sub-hierarchyf the
surfacecanbe obtainedasfollows:

OI
(XY, 2

OxT
(X, V,2)xT
(2)

Figure6: Local refinementaindglobal deformationof the
surface

3.6.2 SpaceWarping

Spacewarping operationshave proved very useful for
implicit modeling[26, 27]. After the warpingis applied

on the surface,the warpedlayersarethendefinedin the
following coordinatesystem:

o' warp(O)

X' = 0f(0"))ox

Y = (0f/02,0f/y,01/92)
zZ = X'x)

®3)

wherewarp() couldbe ary warpingfunctionsuchas
bend taper twist, or userdefinedfunctionsasin [26, 27].

3.6.3 CSG Operations

One of the important advantagesof BlobTree is the
ability to do CSGoperationsandlocal and global space
warps, particularly basedon Barr deformations. We
incorporate CSG operationsand warps into our local
surfacerefinemensoasto build CSGimplicit objects.

Figure 6 shows a sequencef local refinementsand
global deformations. Given an initial plane,two local
hornsarefirst introduced.Thenspikesareaddedaslocal
detailsfor eachhorn. In Figure6b, two hornsareglobally
bentforward. Thena spike is addedto eachhornanda
longspikeis addedntheplanesurface(c,d). Theplaneis
thendeformedwith aglobalbendalongthe X axisandY
axisin thesubsequenefinemente,f). Finally, thecentral
spike is deformedocally with aninwardbend.

4 Implementation

We have choserthe BlobTreeto implementour proposed
methodbecauset provides hierarchicalcompositionof
surfaces,CSG and warping operations. Eachsurfacein
the hierarchyis representetty a BlobTree. During local
refinementand global deformation, the nev BlobTree
is automaticallygeneratedfor visualization. The four
refinemenbperationsare corvertedto the corresponding
BlobTree node respectiely. For interactve modeling,
a polygon meshis usedto showv the object and direct
implicit surfaceinteractionis appliedto obtainthe precise
interactionpointon thesurface.



5 Resultsand Discussion

The method presentechas beenusedin modeling sea
anemonesin [16] and animating the escapebehaior
of seaanemonefrom starfish. It provided flexibility
for modeling layeredsoft objects. In this section,we
demonstrat¢he applicationsmodelingandanimation of
the proposedmethod. We first describean interactve
building modelandthenshov how to modela complex
soft object, seaanemone. The animationof the shape
deformationof the seaanemonecan be easily achieved
usingthe hierarchicalrepresentationf the surfaces. By
simply doinglocal refinementor global deformation,we
cansimulatethe deformationof the object.

5.1 Interactive Dragon Head Modeling

Figure 6 shows an interactive sessionwherea modelis
underconstructiorusinghierarchicarefinementStarting
with a simpleroot layer surface,an implicit plane,a se-
guenceof surfacedetailsaregraduallyadded.Themethod
describedin section3.3 is usedfor surfaceinteraction.
First, two symmetricalhornswith taperedine areadded
asthesecondayer. Thenwith interactively specifiedocal
constraintsfwo small spikesareintroducedto eachhorn
asthethird layer6a. In 6b, we applyaglobaldeformation
on two horns,bendingboth toward the +Z axis. Notice
thatthetwo spikeson eachof thehornareproperlyrotated
andorientedaswell. In 6¢c and6d, we addanothersmall
spike on eachof the horn and a long spike on the root
surface. Then the root layer is globally deformedby
bendingthe planealongthe X axis6eandZ axis6f. As
shavn in b,e,f,local detailsareautomaticallyadjustedo
maintain the integrity of the whole surface after global
deformation. In addition, local refinementallows us to
adddetailsat any layerduringthe modelingprocess.

5.2 Modeling SeaAnemones

The Seaanemoneor the flower animalasthey are often
called,have asinglebody cavity thatsenesasa stomach,
intestineand circulatory system.They fastenthemseles
to somethingfirm with their baseand have one body
opening(the mouth),throughwhich everythingpassesn
or out. The mouthis surroundedy fingerlik e tentacles,
studdedwith nematogsts (stinging cells). Nematogsts
are active in capturingfood and transferringit to the
mouthfor defense.

Therearefive main component®f the seaanemone.
The column which is cylindrical and not divided into
regions. The basewhich is adherentslightly irregular
and much wider than the column is usedto attachthe
anemonedo the substrate.The upperdisk is circularand
transparentvith orangepatchesscatterednit. Thereis
alargecentralareawhichis free of tentacleswherethere
is a slit for the mouth. The surfaceof the disk is often
irregular. The tentacleswvhich surroundthe mouth may
be up to 1.5 cm long, conical, and fully coveredwhen
retracted.The numberof tentaclesareusually72 andcan
be 64, althoughindividuals with as mary as 86 can be
found. They aregenerallyarrangedn four or five cycles
with thoseof the inner cycles beingslightly longerthan
thoseof the outerones. The six tentaclesof the first or
innercycle areusuallyheldpointinginwardoverthedisk,
whereaghoseof the outertwo or threecyclesbenddown
over the mamin. The color of the tentaclesare white or
transparentvith two orangerings encirclingthemanda
smallwhite spotatthe baseof each.

Using hierarchicalimplicit surface refinement,the
anemoneis modeledin 4 layers. The root hierarchy
representghe bottom disk, which is modeledusing a
torus. Thecolumncomposesheseconcdhierarchyandthe
upperdiskis atthe third layer. All tentaclesaremodeled
at the samelayer on top of the upperdisk. The first two
layers are characterizedas a blend hierarchy the third
controlled blending, and all tentaclesare createdat the
fourth layer built asblendinghierarchies.The controlled
blendingthird layeris usedto avoid unnecessarylending
amongall tentaclesandthe body. The anemonemouth
is modeledusinga CSG hierarchy which is alsoa local
surfaceof theupperdisk. Figure7 shavsthe hierarchyof
surfacesusedfor modelingtheanemone.

Figure8 shavs an anemonethe StomphiaCoccinea
Two tori areusedto modelthe bottomandupperdisks,a
cylinder for the column. Taperedandbentcylindersare
usedfor modelingtentacles. The tentaclesare initially
placedon the upperdisk plane and then shifted to the
implicit surfaceof the mainbody moving from the outer
cycleto innercycles. Variousnoisefunctionsareapplied
to controlthetentacleshapeandorientation.A collision-
basedmodel is usedto accuratelyplace the tentacles
on the implicit surface following the spiral phyllotaxis
patternasmentionedn [16].
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5.3 Animating the SeaAnemonewith Local
Refinementand Global Deformation

Thehierarchicarepresentationf implicit surfacesmakes
animationof the surfacemucheasier Animation canbe
createdat ary level or surface. Local refinementcreates
a sequencef new objectswith differentlevel of details,
while globaldeformationchangesheoverallobjectshape
atary level. Thisapproactwasusedto build ananimation
of the escaperesponseof the seaanemone,Stomphia
Coccinea from the starfish, Dermasterias Imbricata
For instance,by simply applying globally bendingand
rotatingdeformationson eachlayer, we cansimulatethe

Figure9: An anemoneStomphiaCoccineamodel

movementof the anemoneFigure9 shavs ananimation
framewith the secondayerbentto theleft.

6 Conclusion

We have presentedour work on hierarchical implicit

surfacerefinementUsinga hierarchicakepresentationf

implicit surfaces,implicit objectis modeledasa layered
surfaces. The hierarchy provides both layered local

refinementand global deformation. Local refinement
allows the introductionof higherlevel detailedsurfaces.
Global deformation changesthe overall shapeof the
surfacewhile maintainingthe integrity of surfacedetails.
Due to the innate blending and constraintpropertiesof

implicit surfaces,local constraintsand hierarchicallevel

of surfacescanbeusedto finely controlthelocality of the
refinement.

Althoughthe BlobTreehasbeenusedto representhe
surfaces,this methodis not limited to the BlobTree. It
canbeappliedto otherimplicit surfacerepresentationas
well. As mentionedn section3.4,amoregenerakurface
splitting schemeis expectedto find an optimal group
of primitives approximatinglocal details. To improve
theinteractvity of thelocal refinementwe arecurrently
working on afasterimplicit surfacevisualizationmethod.
[14], [10], [24] have presentedmethodsfor interactive
implicit modeling. For local refinementthe incremental
techniqueg10] seemgo be a promisingmethodbecause
we are basically restricting our refinementwithin local
areas. We are also consideringthe inclusion of the
Blobby constraints[15] to the hierarchy With each
Blobbyconstraintwe canmodeltheimplicit surfacewith
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somemagneticeffect. In this case,insteadof blending
the Blobby constraintswith other primitives, its field
contribution will only be usedas a displacemento the
surface point of the model. This will provide more
flexibility for local refinementandglobal deformationas
shavnin [15].
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