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Abstract

Thispaperpresents novelapproacd to multiresolutionediting of a triangular mesh.Thebasicideais to embed
an editingareaof a meshontoa 2D rectangleandinterpolatethe userspecifieceditinginformationoverthe 2D
rectangle Theresultof the interpolationis mappedad to the editing areaand thenusedto updatethe mesh.
We adoptharmonicmapsfor the embeddingnd multilevel B-splinesfor the interpolation. The proposedmesh
editingtechniquecan handlean arbitrary meshwithoutany preprocesingsud asremeshinglt runsfastenough
to supportinteractiveeditingand producesntuitive editingresults.

1. Intr oduction

In computergraphics triangularmeshesarewidely usedin

representingshapesMesh editing allows a userto control

the shapeof a meshby adjustingthe vertex positionsof the
mesh.lt is a powerful tool for generatinga desiredshape
from a given mesh.However, if a usercan edit only one
vertex at a time, it would be tediousand time consuming
to modify the shapeof a meshwith severalthousandaces.
Hencethereis anecessityor aneffective mesheditingtech-
niquethatcanhandlemultiple verticesat a time in anintu-

itive way.

In this paper we presenta novel approachto triangular
mesheditingthatsatisfieghefollowing requirements.

¢ Direct manipulation A usercan edit a triangularmesh
by picking anddraggingpartsof the mesh:specifically a
setof vertices.This contrastsvith corventionaldeforma-
tion techniquessuchas free-form deformation, which
modify object shapesby manipulatinga control lattice.
Variousediting primitivesareprovided suchasa chainof
vertices,aclosedsequencef vertices,anda scatteredet
of vertices Theresultof editingreflectsall theeditingin-
formationspecifiedattheverticesin theeditingprimitive.

¢ Multiresolutionediting Whenaverteis edited,its neigh-
boring verticesmay be influencedto variousdegrees.In
principle, this is the sameas the multiresolutionediting
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thatcanbeprovidedby wavelet$ or subdvisionmeshes
Thescaleof theinfluenceis controlledby anintuitive and
continuougparameter

¢ Editing areacontml: A usercanexactly specifythe edit-
ing areaof the mesh,whereonly the verticesin the area
may be adjustedby an editing operation.Editing area
controlis differentfrom the multiresolutioneditingmen-
tionedabove. A smallscaleeditingonly hasinfluenceon
the verticesthat are nearbyto the editing primitive, not
all theverticesin aneditingarea.Onthelargestscale,an
editingoperatiorwill modify the positionsof all thever
ticesin aneditingarea.

¢ Arbitrarymesthandling Mesheswith arbitrarystructures
canbe handledwithout ary preprocessingrhis contrasts
with an editing techniquebasedon subdvision?, which
requiresa givenmeshto have subdvision connectvity.

¢ IntuitiveresponseTheresultof aneditingoperatiorsatis-
fieswhata userintendedoy moving anediting primitive.
In the updatedmesh,the new positionsof the verticesin
the editing primitive areinterpolatedand smoothlyprop-
agatedo theothervertices.

¢ Interactive editing An editing operation is efficient
enoughto provide auserwith aninteractve responseThe
meshis updatedseveraltimesa secondwvhen an editing
primitive is dragged.

The basicideaof mesheditingin this paperis to embed
a specifiedediting areaonto a 2D rectangleandinterpolate
the userspecifiedediting information over the 2D rectan-
gle. We adopta harmonicmap* to obtainanembeddinghat
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minimizesmetricdistortion.If severaleditingoperationsre
appliedto anediting area,the harmonicmapis constructed
only oncewhen a userspecifiesthe editing area.Whenan
editing primitive is selectedand modified, the information
is mappedo the correspondingerticesin the 2D rectangle.
Multilevel B-splineinterpolation is thenusedto propagate
the mappednformationto the otherverticesin the 2D rect-
angle Theinterpolateceditinginformationis finally mapped
backto theverticesin 3D to generateanupdatednesh.

Among the above requirementsediting areacontrol and
arbitrarymeshhandlingaremadepossibleby theembedding
of aneditingareaontoa 2D rectangleWe caneasilyimple-
mentand strictly enforceediting areacontrol by consider
ing only the verticesof an editing areain the embedding.
Oncethe specifiedediting areais homeomorphid¢o a 2D
disk,whichis notasevererestriction,our mesheditingtech-
nique canbe appliedto a meshwith an arbitrary structure.
Multilevel B-spline interpolationis a key componentthat
providesdirect manipulationand multiresolutionediting. It
interpolatesuserspecifiedediting information over the 2D
embeddingof an editing areaby constructingsurfaceghat
passthroughscatterediatapoints. By changingthe size of
the coarsestontrol lattice in multilevel B-splines,we can
controltheinfluenceareeaof aneditingprimitive. Intuitive re-
sponseomedsrom thefavorablepropertief harmonicem-
bedding,which minimizesmetric distortion,and multilevel
B-splines,which smoothlyinterpolatescatteredlatapoints.
Interactve editingis possibledueto thefastspeedf multi-
level B-splineinterpolation.Harmonicembeddingmay not
be doneat aninteractve ratefor anediting areawith mary
triangles.However, it doesnot prohibit interactve editing
because harmonicmapis constructednly oncewhenthe
editingareais specified.

Theremaindeof this paperis organizedasfollows. Sec-
tion 2 reviews therelatedwork. In Section3, we outlinethe
meshediting techniqueproposedn this paper Sections4
and5 coverthekey stepsin the proposednesheditingtech-
nigue,which are2D embeddingndeditinginformationin-
terpolation,respectrely. Section6 shovs meshediting ex-
amples Section7 concludeghis paper

2. RelatedWork
2.1. 3D Deformations

Deformationis a powerful modelingtool that changeghe
shapeof an existing objectto createa complicatedobject.
Mesh editing can be consideredas a kind of deformation
becausét changeshe shapeof amesh.

There has been much researchon deformation tech-
niques, including Barr’s global and local deformation§,
free-form deformationt and its extensiong 8 9. 10, axial
deformation&!, andwires!2. Thesetechniquegslefinetrans-
formationfunctionsin 3D spaceby manipulatingdeforma-
tion primitivessuchascontrollatticesandcurves.Theshape

of anobjectis changedy applyingthetransformatioriunc-
tion to the verticesof the object.

In contrast,the meshediting techniqueproposedn this
paperallows a userto directly manipulatethe verticesof
a mesh,which enablesfine control of the editedvertices.
Also, the editinginformationis propagatedo the otherver-
tices over the surfaceof the mesh,not through3D space.
This propertyprovideseasycontrol of the modifiedareaof
a mesh.For example,whenwe wantto edit a front part of
amesh,ary partin the backshouldnot be influencedeven
thoughboth partsarenearbyin 3D space.

2.2. Multir esolution editing

Therehave beenseveralapproacheso multiresolutionedit-

ing of anobject.Forsey andBartelspresented hierarchical
editingtechniqudor B-splinesurfacedasednlocalrefine-
mentsof controllattice$2. Waveletsprovide hierarchicaba-
sisfunctionsthatenablemultiresolutioneditingif anobject
canberepresentedly the basisfunctiong 14. Whenagiven
meshhasbeenconstructedby applyingrecursve subdvision

to a simplemesh the subdvision hierarchycanbe usedfor

multiresolutionediting of the givenmesk¥ 4 15, Theresolu-
tion modelingsystemproposedy Cignonietal. includesa
simplemultiresolutionmesheditingfeaturé®.

Although thesetechniquessupportmultiresolutionedit-
ing, they have limitations on the representatiolr structure
of the editedobjects.Forsey and Bartels’ methodcanonly
handleB-spline surfaces.To apply a wavelet-basedech-
nique,an objectrepresentatiomustbe corvertedto a hier-
archicalrepresentatiomvith waveletbasesThis corversion
may not be simplewhenan objecthasa comple structure.
Multiresolutionediting basedon subdvision hierarchycan
be usedonly whena given meshhassubdvision connectv-
ity. Thereareremeshingechniqueshatcorvertanarbitrary
meshto a meshwith subdiision connectvity* 15. However,
remeshingchangeshe connectvity and positionsof ver
tices, which resultsin an approximationof a given mesh.
Mesh editing supportedby the resolutionmodelingsystem
alsorequiresapreprocessinthatconvertsa givenmeshinto
amultiresolutionrepresentation.

In contrastthe approactproposedn this papercanhan-
dle an arbitrary meshwithout ary preprocessinguch as
wavelet analysisor remeshing.The only constraintof the
approachis that the editing areashouldbe homeomorphic
to a 2D disk, which is not of greatconsequencin practical
application.

2.3. Directmanipulation

Hsuetal. presente@directmanipulatiortechniquéor free-
form deformation&’. Welch and Witkin proposeda vari-
ational approachto directly manipulateB-spline surfaces
with scatteredpoints or curvest®. To provide a userwith
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direct manipulation thesetechniquegsespectiely compute
the pseudoinerseof a possiblylarge matrix or a numerical
solutionof enegy minimization. Whena large numberof

verticesare picked and dragged thesetechniquesnay not

produceupdatesat aninteractve rate.Also, aneditingarea
with an arbitrary boundarycannotbe specifiedwith these
techniques.

In multiresolutionediting basedon waveletsor subdii-
sion,large scaleeditingis doneby manipulatingupperlevel

coeficientsor polygonsin the hierarchicalrepresentation.

Editing of thesescalecoeficientsor polygonshasinfluence
onall thefinestlevel verticeghatinherittheir positionsfrom
the coeficientsor polygons.Thisapproactdoesnotallow a
userto work with the verticesat thefinestlevel whenlarge
scaleediting is desired Also, a usercannotspecifyan edit-
ing areawith anarbitraryboundaryfor example thatcrosses
theinfluenceareaof anupperlevel polygon.

Kobbelt et al.1® proposeda novel approachto interac-
tive editingthatovercomeghe dravbacksof the techniques
basedon waveletsand subdvision. The approachallows a
userto specifyanarbitraryeditingareain ameshandto use
ary verticesin theareafor editingatalarge scale.To obtain
theresultof anediting operationthe thin plateenegy min-
imizationis performedby usingmultilevel discretefairing.

In terms of userinterface,our mesh editing technique
is similar to that of Kobbeltet al. However, our technique
is basedon harmonicembeddingand multilevel B-splines,
which are simplerand easierto implementthan multilevel
discretefairing. Also, in ourtechniquemultiresolutionedit-
ing is supportedn a moreintuitive way by providing a con-
tinuousscaleparameter

3. 3D Multir esolution Editing
3.1. Editing process

Whenameshis given,theeditingprocesss asfollows. Fig.
1 summarizeshe process.

1. Theuserselectsaclosededitingareaby specifyinga se-
qguenceof verticeson the boundaryof the area(Section
3.2).

2. Theverticesin the editingareaareembeddedntoa 2D
rectanglevhile minimizing metricdistortion(Sectior4).

3. If desiredtheusercanchangehelocalcoordinatdrames
attheverticesin theeditingarea(Section3.4).

4. If desiredthe usercanchangethe scaleparametethat
controlsthe influenceareaof an editing primitive (Sec-
tion 3.6).

5. Theuserselectsanediting primitive thatconsistf a set
of verticesin theeditingarea(Section3.3).

6. Theusemodifiesthe positionsof theverticesin theedit-
ing primitive (Section3.3).

7. For theverticesin the editingprimitive, the modifiedpo-
sitions are corvertedto 3D offset vectorsby using lo-
cal frames(Section3.5). The 3D offset vectorsarethen
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Figure 1: Theeditingprocess.

mappedo thecorrespondingointsin the2D embedding
of theeditingarea.

8. The mapped3D offset vectorsare interpolatedover the
2D embeddindy generatinghreesmoothsurfacegSec-
tion 5).

9. At all verticesin the editing area,3D offsetvectorsare
obtainedfrom the surfacesand new positionsare com-
putedby usinglocal frames(Section3.5).

10. Theupdatedmeshis displayedwith the new positionsof
verticesin theeditingarea.

The usercaninteractvely edit a meshwith a selectecedit-
ing primitive by iteratingsteps6 through10. Also, the user
canapply severaleditingoperationgo anediting areaby it-

eratingsteps3 through 10. In this case,2D embeddingof

the editing areais doneonly oncewhenit is specified.If

the userwantsto work with a differentediting area,a new
editingprocesss requiredthatstartsfrom stepl.

3.2. Editing area

An editing areais a closedregion on a meshthatis homeo-
morphicto a 2D disk. The usercanspecifyan editing area
by picking a sequencef verticesonthemesh.To determine
the boundaryof the editingarea,we computethe geodesics
betweeradjacentverticesin the sequencehat passthrough
the edgeof the mesh.Theinterior of the editingareais de-
fined by usingthe orderingof verticesin the boundaryloop
andobtainedby a graphsearchThe usercanalsoextendan
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editing areaby picking severalfacesthatareadjacento the
editingarea.

3.3. Editing operation

An editingprimitive consistof a setof verticesn anediting
area.Thereis no requiremenbn the structureof the vertex
set.This freedomenablesa variety of editing primitives,in-
cluding a singlevertex, an openor closedsequencef ver
tices,anda connectedr scatteredsetof vertices.

To edita mesh the usercanmanipulatean editing prim-
itive in two modes.In the first mode,the usercandragan
editingprimitive, which changeshe positionsof all vertices
in the primitive simultaneouslyin this casethe meshis up-
datedwhile draggingandthe usercaninteractvely edit the
mesh.The secondnodeallows the userto changethe posi-
tions of verticesin anediting primitive independentlyhan-
dling the verticesone by one. This modeis usefulfor fine
controlof ameshshapeFor example, somepartsof anedit-
ing primitive canbefixedwhile the otherpartsarechanged.
In the secondmode, the meshupdatehappenswhen the
usercompleteghe manipulationof anediting primitive and
pushesanapplybutton.

3.4. Local frames

A localcoordinatdrameis attachedo eachvertex in anedit-
ing area At theverticesin anediting primitive, local frames
areusedo obtain3D offsetvectordrom positionchange®y
aneditingoperation After the offsetvectorsareinterpolated
over all verticesin theeditingarea,local framesareusedto
updatethevertex positionswith theinterpolatedffsets.

Therearemary waysto definealocalframeatavertex. In
this paperwe provide theuserwith two simpleoptions.One
optionis to usetheglobal coordinatdrameof a givenmesh
asthe samelocal frameat all vertices.The otheroption al-
lows verticesto have differentlocal framesbasedn normal
vectors.In this case,eachvertex becomeshe origin of its
local frame.Althoughtheremaybe a moreelegantmethod,
we simply computethe normalvector at a vertex by aver
agingthe planenormalsof the adjacentriangles However,
thenormalvectoratavertex determine®nly oneaxisof the
local frame. The othertwo axes of local framesshouldbe
consisteneamongadjacentvertices.To defineconsistento-
cal framesbasedn normalvectors,we first pick avertex v
andassignalocal framethatconsistof the normalvectorsi
andtwo orthonormakectorsz and in theplaneperpendic-
ularto 7. Thelocal frameat a vertex v’ is thenobtainedby
applyinga singlerotationto vectors#, g, andfi. Therota-
tion is determinedsothatii is transformedo align with the
normalvectors’ ato’.

3.5. 3D offsetvectors

In aneditingoperationthe positionsof verticesin anediting
primitive are changedby the user Theseposition changes

arecorvertedto 3D offsetvectorsby usingthelocal frames
of the vertices.Let Z, ¢, and#i be threeaxis vectorsof the
local frame at a vertex v. Let AF be the displacemenbf
vertex v by aneditingoperationThe 3D offsetvectorAd at
v is derived by projectingthe displacemeni\p to thethree
axesof thelocalframeat v. Thatis,

Ad = (Az,Ay,An) = (Z-AF,§-AFR-AF). (1)

The offsetvectorscomputedoy Eq. (1) at the verticesin
aneditingprimitive areinterpolatedover the editingareaas
will beexplainedin Section5. Theinterpolationsuppliesan
offsetvectorfor eachvertex in theeditingarea. Theupdated
positionpney Of avertex v isthendeterminedy theinterpo-
latedoffsetvector Ad with the currentpositionjis andthe
localframeof v. Thatis,

ﬁnew = ﬁold + Azd + Ayﬁ—l— And.

3.6. Scaleparameter

In anediting operation the scaleparameteallows the user
to intuitively control the influenceareaof an editing prim-
itive. It hasa value betweenzero and one. With the value
zero,only the verticesin the editing primitive may change
positionsin the updatednesh.Whenthe scaleparameters
one,all verticesin theeditingareaareinfluencecy anedit-
ing operationln this casetheeditingeffectsarediminished
basedn thedistancgrom the editing primitive. For ascale
parametewalue otherthanzeroand one,an editing primi-
tive hasinfluenceon nearbypartsin the editingarea,where
theinfluenceareais proportionalto thevalue.Regardlesf
thescaleparametertheboundaryof theeditingarearemains
fixedin the updatedmesh.As will be explainedin Section
5,thescaleparameteis implementedy controllingthesize
of the coarsestontrollattice usedin multilevel B-splinein-
terpolation.

4. 2D Embedding of Editing Area

Oncethe userselectsaneditingareaiit is embeddedntoa
2D plane.Thereare several techniqueghat canbe usedto
embeda region of a meshonto a 2D plane.The 3D mor-
phing techniqueby Kent et al. includesa physically-based
methodto projecta polyhedrorontoits convex hull20. Mail-
lot et al. have proposedan enegy minimization approach
to embeda triangularmeshonto a 2D texture spacél. To
obtaina parameterizatioon an arbitrary mesh,Eck et al.
have usedharmonianapso embedegionsof themeshonto
2D polygong. Duchampet al. have presentedan efficient
techniqueto computeharmonicmapsby usinghierarchical
preconditioning®. Lee et al. have proposedVIAPS, which
smoothly projectsthe verticesof a meshonto a simplified
mesHh?>,

Eck et al. have mentionedthat the methodof Kent et
al. producesonsiderablenetricdistortiort. The methodof
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Maillot et al. may requireheary computationto obtainthe
solution of enegy minimization. MAPS is basedon mesh
simplificationandprojectsaregion of ameshonto3D poly-

gons,not a 2D plane.Hence,in this paper we choosehar

monic mapsasthe tool to embedan editing areaontoa 2D

plane.Recentlyharmonicmapshave alsobeenusedfor 3D

morphingamongtwo polyhedr&3 24,

4.1. Harmonic maps

Toimplemen2D embeddingf aneditingareawe adopthe

piecaviselinearapproximatiorof aharmonicmapproposed
by Ecketal.® Leth : A — P beamappingfrom thevertices
in aregion A of ameshontoa 2D polygonP. Theenepgy of

mappingh is definedby

E(h) = % >

(vi,vj)Eedges(A)

kijlIh(vi) = h(v;)I|*:

An interior edge (v;,v;) in A is incident to two faces,
(vs,v5,vg, ) and (v;,v;,v,). The spring constantss;; is
thengivenby

2 2 2 2 2 2
by H 0k, =5 G, 5k, — 1
Kij = + )

Aijky Aijhko
wherel; ; isthelengthof anedge(v;, v;) anda; ;, isthearea
of aface(v;,v;,v;). Thelengthsandareasaremeasuredn
A.

When the mappingfrom the boundaryverticesof A to
the boundaryof P is fixed,thereexistsa uniquemappingh
that minimizesthe enegy £(h). We canobtainthe unique
mappingby solving a sparsdinear systemfor its valuesat
theinterior verticesof A. The uniquemappingis calledthe
harmonicmapfrom A to P thoughstrictly speakingit is
only a pieceviselinearapproximatiof. The harmonicmap
tendsto produceanembeddingf A onto P thatminimizes
metricdistortionsof theedgesn A.

Eck et al. mentionedthat self-intersectionsnay occurin
the 2D meshthatis generatedy a harmonicmapfrom A
to P 4. In this case the 2D meshcontainsfoldovers,where
partsof the meshfold uponanothemarts.Thesefoldovers
may introducean unexpectedresultwhen editing informa-
tion is interpolatedover the 2D meshand mappedbackto
3D. However, the self-intersectioneccurextremelyrarely*
and even when they really happenthe foldovers are usu-
ally confinedto small regions so that the editing resultis
still intuitive. Hence in this paperwe do not checkthe self-
intersectionsn the2D mesh.

4.2. Boundary mapping

In this paper an editingareaA is embeddeanto a rectan-
gle R by a harmonicmap. This relateswith the multilevel
B-splineinterpolationusedin Section5 thatrequiresarect-
angulardomain.Let 9A andd R betheboundarie®f A and
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R, respectiely. To obtaina harmonicmapfrom A to R, we
needto determinghe mappingfrom 9 A to 9 R.

If the userhaspickedfour verticeson a meshto specify
theeditingareaA, thoseverticesaremappedo thecorners
of 3R. The remainingverticeson 3A betweenthe picked
verticesare then positionedon the correspondingedgesof
OR, wherethe distancesetweenthemon 6 A are propor
tionalto thoseon 8 R. Whenthreeor morethanfour vertices
have beenpickedto specify A, we simply chooseoneof the
pickedverticesandmapit to a cornerof 9R. The vertices
on A arethenpositionedon 9 R sothattheir distancesn
oA from the chosenpicked vertex are proportionalto the
correspondinglistance®n dR.

Fig. 2 shavs an exampleof the 2D embeddingin Fig.
2(a),theshadedegionis aneditingareaselectedbn amesh.
Fig. 2(b) shovstheembeddingf the editingareaontoa 2D
rectangle.

e §
i
A,
\\W b

Wi

S '——'....--' S
A
N, o

7

N

5

(b) theembeddingf (a)

Figure 2: Aneditingareaandits embeddindo a rectangle

5. Interpolation of Editing Information

Supposehat an editingareaA hasbeenspecifiedandem-
beddedntoarectangleR. In aneditingoperationthe user
changesthe positionsof verticesv; in an editing primi-
tive. At eachvertex v;, the positionchangeis convertedto
a 3D offsetvector Ad; = (Az;, Ay;, An;), by usingthe
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local frame. The 3D offset vectors Ad; are then mapped
to the points p; in R that correspondto verticesv;. To
propagatehe 3D offsetsAd; to the otherpointsin R, we
constructhreesmoothsurfacesghatrespectiely interpolate
Az;, Ay;, and An;. In this section,we only considerthe
interpolationof Axz;. Ay; and An; canbe handledin the
sameway.

Given offsets Axz; at scatterechointsp; in R, we need
to derive a real value function f definedon R suchthat
f(p;) = Az;. Thisis thewell known scatteredlatainterpo-
lationproblem.Thereareseveralapproache® theproblem:
Shepards method radial basisfunctions,thin platesplines,
andfinite elemenmethodsFor moreinformation thereader
is referredto the suney by FrankeandNielsor?®.

In this paperwe usemultilevel B-splineinterpolatiol to
obtainthe function f from scatteredffsetsAx;. Thereare
severalreasondor this choice First, thetechniquerunsfast
enoughto supportinteractve editing. Second,it provides
a simple way to implementmultiresolutionediting. Third,
with this technique we can easily fix the boundaryof an
editingarea.

5.1. Multile vel B-splineinterpolation

TheoffsetsAz; atscattereghointsp; = (u;,v;) in arectan-
gle R canbe consideredsa setof 3D points(u;, v;, Az;)

over R. Multilevel B-spline interpolationgenerates C2-

continuoussurfacethat passesthrough the scattered3D

point$. The techniqueis basedon the B-spline approxi-
mationthat efficiently determinesa control lattice by min-

imizing alocal approximationerror for eachcontrol point.

It makesuseof a coarse-to-findaierarchyof controllattices
to generatea sequencef B-splinesurfacesvhosesumap-
proacheshedesirednterpolationsurface Thesumof these
surfaceds reducednto oneequivalentB-splinesurfaceby

usingB-splinerefinement.

Theshapeof theresultingsurfacds affectedby thesizeof
the coarsestontrollatticein the hierarchy Fig. 3 shovs an
exampleLet(m1 +3) x (1 + 3) bethesizeof thecoarsest
control lattice. For the datapointsgivenin Fig. 3(a), Figs.
3(b), (c), and(d) showv thechangesn the surfaceshapewith
differentvaluesof m. Whenm is small,theeffectsof data
pointsareblendedogethetto yield a smoothsurfaceshape.
With alargem, theinfluencesf datapointsarelimited to
smallneighborhoods.

5.2. Influenceareacontrol

Whenwe usemultilevel B-splinesto generatean interpola-
tion function f over arectangleR, the influenceareaof an
offset Az; is determineddy the sizeof the coarsestontrol
lattice. Theinfluenceareadirectly relateswith theinfluence
areaof aneditingprimitive in aneditingoperationAlthough
thelatticesizecanbeusedo intuitively controltheinfluence

[IW H —

(a) givendata

=

(C)m1 =8

(d) m1 = 16

Figure 3: Surfaceshapechangesausedy differentsizeof
thecoarsestontmol lattice

areajt is anintegeranddoesnot supporta continuousscale
parametebetweerzeroandone.To provide theuserwith a
continuousscaleparameterwe usethe linear interpolation
of functionsf thataregenerateavith two consecutre sizes
of the coarsestontrollattice.

Let! bethe numberof levelsin a control lattice hierar
chy, where ®; and ®; are the coarsestand finest control
lattices,respectiely. Let (my + 3) x (my, + 3) bethe size
of a control lattice ®. In this paper we usem; = 1 and
my41 = 2my, for thesizesof controllatticesin the hierar
chy. Let f;, betheinterpolationfunctionthatis generatedy
usingmultilevel B-splineswith asubsebf thecontrollattice
hierarchyfrom @, to ®;. Wealsodefineafunction f;; that
hasvaluesAz; at scatteregointswhereoffset vectorsare
assignedndis zeroelsavhere.

Now we divide the intenal [0,1] into ! uniform subin-
tenals. Then, a function f; is matchedto the value s, =
l_’“%l of the scaleparameterfor &k = 1,2,...1+ 1. For
the parametewvaluesother than s, functions f;, arelin-
earlyinterpolated Thatis, for aparameteralues suchthat
sp < s < sp41,

fs = (1=t) - fu+t- frt1,

S—3k

Wheret = m .

Fig. 4 shovs examplesWe have useda controllattice hi-
erarchywith six levels to generatethe surfacesin Fig. 3.
Then,thesurfacesn Figs.3(b),(c),and(d) correspondo the
scaleparametenaluess = 2, £, £, respectiely. Fig. 4(a)
shawsthesurfacef; for s = {5, whichis the averageof the
surfacesn Figs.3(b) and(c). In Fig. 4(b), thescaleparame-
ters is 3.

5.3. Boundary fixing

In an editing operation the boundaryof an editingareaA
is requiredto remainfixed.Let R betherectangleon which
theareaA hasbeenembeddedL.et f bethefunctionthatin-
terpolatescattereaffsetsAx; over R. To supporthefixed

© TheEurographic#\ssociatiorandBlackwell Publishers1999.



S.Lee/ InteractiveMultiresolutionEditing of Arbitrary Meshes

(b)s= 75

@s= 15

Figure 4: Surfacesvith differentscaleparameters.

boundaryof area A, the value of f shouldbe zero at the
boundaryof R.

The function f obtainedby multilevel B-splineinterpo-
lation is a uniform cubic B-spline function definedwith
the finestcontrol lattice ®; 5. Let (m; + 3) x (m; 4+ 3) be
the size of ®,;. Let ¢;; be the value of the 73-th control
pointfor ¢, = —1,0,...,m; + 1. Detailsof the control lat-
tice placementcan be found in referencé. We cansimply
makethe valuesof f be zeroat the boundaryof R by as-
signing zero to boundaryrows and columnsof lattice @;.
Thatis, ¢;; =0 for ¢ = —1,0,1,m; — 1,m;,m; + 1 or
7=-1,0,1,m; — 1,m;,m; + 1. Theresulting f may not
interpolatean offset Az; nearthe boundaryof R, but it is
still C2-continuousFig. 5 shavs the modified versionsof
the surfacesn Figs. 3(b) and(c), which have fixed bound-
aries.

(a)m1 =4 (b)m1 =8

Figure 5: Surfaceswith fixedboundaries.

6. Examples

Fig. 6 illustratestheeditingprocesghathasbeenperformed
to generatethe meshediting examplesin Fig. 7. In Fig.
6(a), the gray region is the selectedediting area.Fig. 6(b)
shaws the verticesselectedas an editing primitive, where
they arecoloredin black.Figs. 6(c) and(d) show theinitial
andmoved positionsof the editing primitive, respectiely.

Fig. 7 showvstheresultsof the mesheditingprocesgyiven
in Fig. 6. Theseresultsdemonstrat¢he effectsof the scale
parameterandlocal frameson the updatedmesh.Fig. 7(a)
shaws the original mesh.In Fig. 7(b), the noseof the mesh
hasbeenchangedwherethe scaleparameter is 0.75and
the samelocal frameis usedfor all vertices Whenthescale
parametes is decreasetb 0.25,we obtaintheupdatednesh
in Fig. 7(c),which hasa narraver nosethanthatof Fig. 7(b).
Fig. 7(d) shovstheresultwhens is 0.5andthelocal frames
basedon normalvectorsare used.In this case the editing
operationhas moved the verticesin the editing areaalong
differentdirections.

© TheEurographic#\ssociatiorandBlackwell Publishers1999.

Fig. 8 shavsanothemesheditingexamplesgeneratedby
usingthe original meshin Fig. 7(a).In Figs.8(a) and (b),
meshediting hasbeenusedto pull out the left eye andto
openthe mouthof theface,respectiely.

Tablel summarizethesizesof theeditingareasandedit-
ing primitives usedfor generatinghe examplesin Figs. 7
and8. It alsocontaingheprocessingime for harmonicem-
beddingandeditingoperationwhich hasbeenmeasurean
aPC (Pentiumll 400MHz).Theprocessingime for editing
operationincludesall the stepsthatarerequiredto obtaina
updatedmeshwhena usermoves an editing primitive: 3D
offset computationat an editing primitive, offset interpola-
tion, and vertex position updateswith interpolatedoffsets.
The performancevaluesin Table1 shaw thatthe technique
proposedn this paperunsfastenougho supportinteractve
meshediting.

7. Conclusions

In this paper we have presentech novel approactto mesh
editing that supportsdirect manipulation,multiresolution
editing, editing areacontrol, arbitrarymeshhandling,intu-
itive responseandinteractive editing. Theapproachs based
on harmonicmapsandmultilevel B-splineinterpolation.A
harmonicmapis usedto embedan editing areaonto a 2D
rectangleUserspecifiedediting informationat several ver
ticesis propagateall overtheeditingareaby applyingmul-
tilevel B-splineinterpolation.

Futurework mainly relateswith the 2D embeddingf an
editingareaTheintuitivenesof aneditingresultcanbeen-
hancedby anembeddingechniquethat preserestheratios
of edgelengthsin theinterior of aneditingarea A harmonic
mapis guaranteedb have this propertyonly attheboundary
of aneditingarea.
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(a) editingarea

(d) moved positionof editing primitive

(c) initial positionof editing primitive

Figure 6: Theeditingareaandeditingprimitive usedto geneatethe mesheditingexamplesn Figs. 7.

processingime for

# of vertices
in editing primitive

# of faces

in editingarea

# of vertices

processingime for

editingoperation

harmonicembedding

in editingarea

31 millisecs

266millisecs

530
294
358

92
5

9
5

nose

30millisecs

125millisecs

0

eye

32 millisecs

139millisecs

663

mouth

Table 1: Performancevaluesfor the mesheditingexamplesn Figs.7 and8.
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(a) originalmesh

(b) scaleparameter = 0.75

(c) scaleparametes = 0. 5 (d) localframesbasedn normalvectors

Figure 7: Mesheditingexamplesywherethe nosehasbeeneditedwith differentscaleparametersandlocal frames.

(a) (b)
Figure 8: Meshediting(a) to pull outtheleft eyeand (b) to openthe mouth.
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