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Abstract

Thehighlightline modelis a powerful tool in assessinthe quality of a surface.lts presence
increaseshe e xibility of aninteractive designervironment.In this paperamethodto generate
a highlight line modelon anarbitrarytriangularmeshis presentedBasedon the highlight line
model,afairing techniqueto remove local irregularitiesof a triangularmeshis thenpresented.
Thefairing is doneby solving a minimization problemand performingan iterative procedure.
Thenew techniquamprovesnotonly theshapequality of themeshsurface but thehighlightline
modelaswell. It providesanintuitive andyet suitablemethodfor locally repairinga triangular
mesh.
Keywords: highlight lines, meshfairing, shapemodi cation, modelrepair

1 Intr oduction

The highlight line model[1] is a powerful tool in assessinghe quality of free-form
surfaces,becausehe discontinuityon a surfaceis magni ed by an order of onein
the highlight line model[1]. And it hasbecomeincreasinglypopularin engineering
design,especiallyin the designof automotve-bodysurfaces. Actually it hasalready
beenincludedas a designtool in several commercialgeometricmodeling systems,
suchas EDS' Unigraphicsand TsinghuaUniversity's TiGems. Recentlythereis a
strongdemandor ef cient, dynamichighlightlinesgeneratiorfrom thegraphicsside
and video entertainmentndustry as well [2], becauséhighlight lines can aid depth
perceptiorand,consequentlyrealismof ascene.
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While non-uniformrational B-spline (NURBS) surfacescontinueto be a major
representatioschemen 3D modeling,triangularmeshesave gainedmuchpopular
ity in graphicsandgeometricmodelingrecently Triangularmeshedave advantages
over traditional parametricsurfacesin several aspects.Unlike traditional parametric
surfacesthede nition of atriangularmeshdoesnot requirea rectangulaparametric
domain. Thereis no restrictionon the shapeandtopology of a triangularmesh. A
triangularmeshis all thatis neededo representiry solid objector surface. Besides,
moderngraphicshardwareis optimizedto rendertriangles,makingtriangularmeshes
importantin the graphicsprocessingipeline. Triangularmeshesave alreadybeen
a primary surface/solidrepresentatiorschemein mary areas,suchas reverseengi-
neering rapid prototyping,conceptuatesign,andsimulation,with three-dimensional
scannersas a standardsourcefor geometricdataacquisition. Thereare otherways
to producea triangularmeshaswell. Triangulationof free-form surfacesis usually
necessaryor renderingor manufcturingpurpose.Subdvision schemeswhich pro-
vide a new way to generatesurfaces,may leadto triangularmeshesswell, andhave
beenusedin somegamesandthree-dimensionatartoons.Our goal hereis to malke
thehighlightline modelavailablefor triangularmeshesothatit is possibleto visually
assesthequality of atriangularmesh,andto developtechniqueo optimizethemesh
faceswherequality of the meshis not satiskctory

Due to the increasingimportanceof triangularmeshesyariousmeshsmoothing
techniquesiave beendevelopedduringthe pastdecadeo improve meshsurfacequal-
ity. Thesetechniquegperformtheir tasksby changingthe positionsof meshvertices
without affectingtheir connectvity. Meshsmoothinghastwo differentgoals.The rst
oneis to eliminatenoisesin meshdata. For example,meshescquiredby rangescan-
nersusuallyhave high frequeng noisesin the vertex positions.And meshsmoothing
methodsareappliedto smoothout thesenoiseswhile preservinghe overall shapeof
the meshmodel. Suchmeshsmoothingmethodsare referredto as meshdenoising
Amongthem, Itering techniquesiteratively applylocal Iters to meshverticesto ob-
tain their new positions. Taubin[3] de nes the Laplacianoperatoron meshvertices,
and alternatelyappliestwo Laplacian lters with differentscalefactorsto attenuate
meshshrinkage Variantsof Laplaciansmoothing(e.g.,[4][5]) have beenproposedor
improved performancesuchas automaticanti-shrinkingeffects. Other lItering tech-
niguessuchasWiener Iters [6][7] andbilateral lters [8][9] have alsobeendeveloped.
Anotherclassof denoisingtechniquesthe geometric ow methodsevolve a meshby
determiningthe velocity of eachmeshvertex as a function of the currentgeometry
Examplesncludethediffusion o w andmeancunature o w proposedyy Desbrunet
al. [10], andotherworkswith differentchoicesthe velocity function[11][12][13]. To
presere the geometricfeaturessuchasedgesandcornerswhile denoisingthe mesh,
anisotiopic diffusionmethodsaredeveloped[14][15][16]. Thebasicideais to smooth
themeshsurfacein a certaindirectionandretainor enhancesharpfeaturesn another
direction. The above techniquesmodify vertex positionsdirectly. Normal Itering
techniquesinstead smoothmeshnormals andthenevolve themeshto t themodi ed
normals[17][18][19].

The othergoal of meshsmoothingis to producehigh quality surfacethatsatis es
certainaesthetigequirements(i.eg fair mesh).Suchmethodsareusuallycalledmesh
fairing. Amongthesetechniquessometriesto improve the shapequality of thewhole
meshsurface.For this purposegnegy minimizationhasbeenadaptedrom traditional
computeraided geometricdesign(CASD) techniquego perform meshfairing. The
ideais to minimize an enegy functional that penalizesunaesthetibehaiors of the
meshshapg20][21][22]. Othermeshfairing technique®nly modify partof themesh



surface,which is usuallyinside a region speci ed by the user We will referto such
fairing techniguesas local fairing. Local fairing techniquesusually determinenewv
vertex positionsinside modi cation region by high-ordersolving partial differential
equationgPDESs),which characterize¢hepropertienf meshesvith high quality shape
andensuregeometriccontinuitiesof the meshalongthe region boundariesSchneider
and Kobbelt[23] presentan algorithmto createfair meshsurfaceswith subdvision
connectity satisfyingG! boundaryconditions,by solving a fourth-ordernon-linear
PDE.Laterthey extendthework ontoirregularmeshes[2l Xu etal. [25] discusghe
discretizationand solutionof several high-ordermnon-linearPDEsfor discretesurface
modelingmethodssuchasfree-formmeshsurface tting with givenboundarycondi-
tions. Thesurfacediffusion o w methodby Xu etal. in [25] essentiallysolvesthesame
fourth-orderPDE asthe onesolved by SchneideandKobbeltin [23][24]. Therefore,
the nal surfacesobtainedoy thesemethodd23][24][25] have similar shape For these
PDE-basednethodsthe solutionis affectedby the boundaryconditionsof the PDE.
Therefore to acquirethe desiredshapeof the modi ed surfacewith suchPDE-based
approachesyusemeeddo becarefulin specifyingthemodi cation region, in orderto
obtainappropriateboundaryconditions. And the effect of the boundaryspeci cation
onthe nal shapewill notbeknown until thePDEis solved. Besidesasthe examples
in this paperindicate,on the new surfaceobtainedfrom theselocal fairing techniques
the highlight line modelmay not be of desiredshapewhich makesthesetechniques
notsuitablefor applicationsvherethe shapeof the highlight line modelis critical.

In this paperwe proposeo improve the quality of a triangularmeshwith the help
of a highlight line model. We startwith de ning a highlightline modelfor triangular
meshesandproposingan ef cient methodfor the constructiornof sucha model. With
thehighlightline model,it is easyto identify shapdrregularitiesof atriangularmesh.
We thenproposea methodto remove local irregularitiesidenti ed with the highlight
line model, and producea nev meshwith better surface quality and highlight line
model. Our method rst constructsa setof smoothcurvesasthe target shapeof the
highlight lines inside the modi cation region. Thenwe iteratively movesthe mesh
verticesby minimizing a targetfunctionwhich measureshe shapequality of the new
meshsurfaceaswell asthe differencebetweernthe new highlight lines andthe target
highlightlines. Note thatfor triangularmeshesirregularity canalsoreferto irregular
distributionsof verticesover the meshsurface. In this paperwe do not considersuch
irregularities,andwe only remove irregularitiesof meshsurfaceshape.

Our methodassumeghe meshto be noise-freeand seeksto improve the mesh
surfacequality inside userspeci ed regions. It falls into the category of local fairing
techniques.In our method,the shapeof the highlight line model magni es the dis-
continuitieson the meshsurface,which helpsthe userto locatethe region with shape
irregularitiesfor subsequeraptimization.Theconstructedargethighlightlinesreveal
the shapeof the new surfaceandnew highlight lines without actually performingthe
optimization,andenableshe userto decidewhetherthe speci cationof modi cation
region is appropriate The targethighlight linesareconstructedisingOptimizedGeo-
metric Hermite(OGH)interpolation[26], which is ableto generatesmoothinterpolat-
ing curveswithout undesiredoops,cuspsor folds. By optimizinga fairnessunction
that considerghe quality of the new surfaceaswell asthe new highlight line model,
we obtainamodi ed surfacewith desiredshapeof highlightline model.Ourapproach
leadsto a moreintuitive and e xible procesof local fairing, especiallywhena high
quality highlightline modelis required.

Apartfromthehighlightline model,there ection line model[27] canalsomagnify
the discontinuitieson a surfaceandhasbeenusedin meshquality assessmentiow-



ever, there ection line modelis dependenbn boththeviewpointandthelight sources.
Thehighlightline modelis a simpli cation of there ection line model,which decou-
plestheviewing operationfrom the manipulationof highlightlines[1]. Thisresultsin
moreeffective interactionduring the inspectionof the surface. Therefore we choose
the highlight line modelasthe quality assessmeribol. The optimizationtechnique
proposedn this papercanalsobe extendedo work with there ection line model.

Therestof thepapetis organizedasfollows. Section2 introduceghehighlightline
modelfor NURBS surfacesandits generalizatiorio triangularmeshesandproposes
methodto computeit. A methodfor improving the quality of a triangularmeshusing
thehighlightline modelis presenteéh Section3. Implementatiordetailsandexamples
areprovidedin Section4. Concludingremarksandpossiblefutureresearchtirections
arediscussedn Section5.

2 Highlight line modelfor triangular meshes

2.1 Highlight line modelon NURBS surfacesand triangular meshes

GivenaNURBS ssurfaceP (u; v), ahighlightline is theimprint of alinearlight source
positionedaborethesurface.LetL (t) bethe parametricgepresentatioof alinearlight
source

Lt)=A+tH; t2R;

whereA is a pointon L(t), andH is a vectorde ning the directionof L(t). The

imprint of L (t) on P(u; V) is a setof pointsof P (u; v), for which the perpendicular
distancebetweenthe surfacenormalandL (t) is zero. More precisely for ary point

B onP(u; V), denoteby N g thesurfacenormalat B. Thentheline throughB along

directionN g is givenby

E(s) = B+ sNg; s2R:

B is in theimprint of L (t) if E(S) intersectd_(t). Thisimprint is calleda highlight
line correspondindo L (t) (seeFigurel(a)). If a setof coplanarparallellinear light
sourcess used,the family of highlight lines correspondingo theselight sourcess
called a highlight line model(seeFigure 1(b)). A highlight line modelis sensitve
to the changesof surface normal directions,and thus can be usedto detectsurface
normal/curatureirregularities[1].

We de ne a highlight line modelfor triangularmeshesn a similar way. Givena
linearlight sourcel (t), the highlightline correspondingo L (t) is the setof pointson
themeshsurfacewheretheperpendiculadistancebetweerthesurfacenormalandL (t)
is zero.A highlightline modelonthemeshis afamily of highlightlinescorresponding
to a setof coplanarparallellinearlight sourceswherethe distancebetweenadjacent
light sourcess constant. We computea highlight line modelfor a triangularmesh
with the following steps. First for eachmeshvertex, the intersectionpoint between
its normaldirectionandthe light sourceplaneis located. Then on eachmeshedge,
we uselinear interpolationto nd the points whosenormal direction intersectsthe
light sources.We call suchpointshighlight nodes They arethe intersectionpoints
of the highlight lines with the meshedges.Finally, on eachtriangle, highlight nodes
correspondingdo the samelight sourceare connectedwith line segments. Details of
thesestepsarepresentedbelon.



E(s)= B+ sNg

Lt)=A+tH
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Figurel: lllustrationof ahighlightline (a) anda highlightline model(b) onaNURBS
surface((b) is reproducedrom [28] ).

2.2 Intersection point calculation

Let S bethelight sourceplane,Z theunit normalvectorof S, andH theunit direction
vectorof the light sources.For a point P on the meshsurfacewith the unit normal
vectorN p, theline throughP alongdirectionNp iSEp(S) = P + sNp;s2 R. Our
taskhereis to locatethe pointwhereE p (s) intersectsS. Insteadof the exactposition
of the intersectionpoint, we only needits signeddistancevalue de ned asfollows.
Chooseoneof thelight sourced. o asthe baselight source andlet A ; bea pointon
Lo. ForapointY onplaneS, the signeddistancevalueof Y to the baselight source
Lo isde ned as
Dy = (Y | Ag) ¢(Z £ H):

For two pointsY ; andY , on differentsidesof Lo, Dy, andDy, areof different
signs. Denoteby dp the signeddistancevalue of the intersectionpoint betweenline
Ep (s) andplaneS. Thenasshavnin [2],

_Pi A EHIeNp

d
P Z¢Np
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We call dp thehighlight distancevalueof point P. It hasthefollowing property Let
s bethedistanceébetweeradjacentight sourcesn S. If

dp = SEm @)

wherem is aninteger, thentheintersectionpointis on the mth light sourcecounting
from L alongdirectionZ £ H.

2.3 Highlight node calculation

We next computeandstorethe highlight nodes.Fromthe above propertyof highlight
distancevalues,the highlight nodesare thosepoints on meshedgeswhosehighlight
distancevaluessatisfyEquation(2). We rst calculatethe highlight distancevaluefor
eachmeshvertex, andthenuselinearinterpolationto obtainthe highlightdistanceval-
uesfor interior pointsof a meshedge. For eachmeshvertex V , we calculateits unit



Figure2: Possiblecase®f highlight nodeconnection

normalvectorasthe normalizedsumof the unit normalvectorof all its adjacentrian-
gles,weightedby their areas.This unit normalvectoris usedto obtainthe highlight
distancevaluedy of V from Equation(1). For aninterior point P of a meshedge
E;, thehighlight distancevalueof P is obtainedby performinglinearinterpolationon
highlight distancevaluesdy ,, anddy , of thetwo verticesVj; andV i, of Ej, i.e.,

_ kP Vixkdy,, + kVi1i Pkdy,, .

KViti Vizk '
Now we have highlight distancevaluesfor all pointson meshedgeswe can nd out
andstorethe pointssatisfyingEquation(2) ashighlight nodes.Let Q be a highlight
nodewheredg = s£ mgq for someintegermg. We call mg theindex of Q. The
index of a highlight nodeindicatesthe light sourceit correspondgo. For a mesh
edgeE;, if its two verticesV j; andV j, arehighlight nodeswith the sameindex m
, thenEquation(3) indicatesthatall pointson E; are highlight nodeswith the index
m. We call suchedgea highlight edge, and only storeits two verticesas highlight
nodes.Otherwisetherearealimited numberof highlightnodesonE;. More precisely
for an edgeE; thatis not a highlight edge,thereare highlight nodeson E; only if
dmin(dy,,;dy,,)=se - bmax(dy,,;dyv,,)=sc, whered¢eandbc¢carethe ceiling and
oor functions,respectrely. In this case,the index of ary highlight nodeon E; is
betweendmin(dy , ; dv,,)=se andbmax(dy ,,; dv,,)=sc. Accordingto Equation(3),
for eachintegerm in this range thereis exactly onehighlight nodewith theindex m
ontheedgeE;, andits positioncanbe computedas

(mi dViz)Vi1+ (dvili m)ViZ.
dVili dViZ .

dp (3)

Q= 4

For an edgethatis not a highlight edge,we computeand storeeachof the highlight
nodesonit with Equation(4).

2.4 Highlight nodeconnection

After locatingandstoringthe highlight nodes,we connectthemto form segmentsof
the highlight lines. Inside eachtriangle, we connectthe highlight nodeswith same
index(seeFigures?2 for examples).Note thatin this way, any highlight edgewill be-
comeonesgment(sed-igure2(c)), andthe highlight segmentsdo notintersectinside
atriangle.

Thestepsto computea highlightline modelfor atriangularmeshis givenin Algo-
rithm 1. Figure3 illustratesa highlight line anda highlight line modelgeneratedvith
this algorithm.



Algorithm 1: Calculatethe highlightline modelof atriangularmesh
Input: A triangularmeshM , andanarrayof coplanamparallellinearlight source
Output: Thehighlightline modelof M correspondingo thelight sources

1 AssignthesetSy of highlightnodesanemptyset;

2 for eahvertex V; of M do

3 Calculatethe highlight distancevaluewith Equation(1);

4 end

5 for eadh edge E; of M do

6 if thetwo verticesof E; are highlight nodeswith the sameindex then
7 Add bothverticesof E; to Sy ;

8 else

9 Calculatethe highlightnodeson E; with Equation(4);

10 Add eachhighlightnodeonE; to Sy ;

11 end

12 end

13 for each triangle T; of M do

14 Connectary nodesin Sy thatlie ontheedgesf T; andhave thesame
index;

15 end

3 Meshfairing usinghighlight lines

With the highlight line modelintroducedin the previous section,we canidentify re-
gionsof atriangularmeshwith irregular normal/curatureby assessinghe quality of
the highlight lines. This is doneby translatingandrotatingthe meshor the array of
linearlight sourcesjn aninteracte ervironment,to sweepthe highlight line model
over the given mesh.We proposen this sectiona methodto remove shaperregulari-
tiesfrom atriangularmesh.The rst stepis to identify anirregular region. Thesecond
stepis to move verticesin this region sothat desiredshapeof the highlight lines can
beconstructedThedisplacementsf themeshverticesarecalculatedby minimizinga
tamgetfunctionthatmeasureghefairnesof the new meshsuriaceaswell asthe shape
quality of the new highlight lines. Moving the verticesaccordingto the computed
displacementsye obtaina new meshwith improved surfaceshapeandhighlight line
model. The above stepsare iteratively repeateduntil the displacementgornverge to
zero. If thereareseveralirregularregions,we performthe above procedurdo remove
them,oneatatime. Thedetailsof this methodarepresentedelow.

3.1 Irr egular regionidenti cation

We identify an irregular region by assessinghe quality of the highlight line model
andinteractiely specifyingthe region thatrequiresmodi cation. SeeFigure4 for an
example.With thisregionwe candeterminghemeshverticesto bemaved. Denotethe
regionby R. Ourgoalis to improve the surfacequality insideR , without affectingthe
surfaceor the highlight line modeloutsideR . Denoteby Syertex andSpggethe sets
of meshverticesandhighlight nodesoutsideR , respectrely. To keepthe surfaceand
highlightlinesoutsideR unchangedthe movementof the verticesshouldnot change
ary of thefollowing properties:

2 normalvectorsandpositionsof verticesin Syertex;
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Figure3: lllustrationof a highlightline (a) anda highlightline model(b) ontriangular
meshes.

Figure4: An irregularregion of ameshspeci ed by theuser

2 positionsof highlightnodesin Sj54e

Herewe introducethe conceptof supportvertices Givena meshvertex or highlight
nodeX, the supportverticesof X arethe meshverticesthatwould affect the abore
propertiesof X whenary of thesemeshverticesis moved. If X is a meshverte,

the supportverticesinclude itself andthe verticesadjacentto it, dueto the way we
computevertex normals.If X is ahighlightnodeonanedgeE; but notameshverte,

its supportverticesincludethe verticesV j; andV, of E;, andthe supportvertices
of Vi1 andV ., accordingto Equation(4). We canonly move verticesof R thatdo
notbelongto the supportverticesof Syertex andSoge Thoseverticeswill becalled
movableverticesof R.

3.2 Desired highlight lines

To constructhighlight lineswith desiredshapefor the speci edregion R, we replace
the undesiredportion of a highlight line with aninterpolatingcurve of desiredshape.
We assuméhe meshsurfaceoutsideR is of goodquality, andwill take interpolation
conditionsfrom this partof thesurface.

For eachhighlight line crossingthe speci ed region R, nd the highlight nodes
on the highlight line that are outsidebut closestto R. Therearetwo of them, one
on eachside. Denotethesetwo nodesby Qo andQ; (seeFigure5), andthe tangent



Figure5: An OGH curve constructedor the speci edregion.

vectorsof the highlight line atthemby T ¢ and T 1, respectiely. The interpolating
cune shouldconnectQq andQ;, andhave To and T ; astangentvectorsat these
points. The traditional Hermite interpolationmethodis ableto constructa Hermite
cune satisfyingtheserequirementsHowever, aspointedoutin [26], a Hermitecurve
couldhave undesiredoop, cusp,or fold. We will useanoptimizedgeometricHermite
(OGH) curve[26] insteadto designthe interpolatingcurve segment. In contrastto a
traditionalHermitecurve,an OGH curwe is notonly mathematicallysmooth,.e., with

minimum strainenegy, but alsogeometricallysmoothi.e., loop-, cusp-andfold-free
[26]. The OGH curve sggmentsatisfyingthe above interpolationconditionsis of the
following form

H(t) = (t+1(ti 1°Qo+ (i 2+ 3°Q, )
+(1 i t)?tagTo+ (ti DtPaTa; t2[0;1];
where 38
3 a0 = 6l(Q1i Qo)¢TolAT $)i 3[(Q1i Qo)T 11T o¢T4).
[4T3(TH)i (ToeT1)?] '
3 SUQ1i Qo) olAT ofT 1)i 6L(Q1i Qo)TIIATE).

a = [(ToeT 1)2; 4T3(T2)]

Figure5 shavs anexampleof an OGH curve sgmentconstructedn this way.

3.3 Vertex displacementcalculation

With the desiredhighlight lines constructedye now adjustsomeof theverticesof R
sothat,afterward, the highlight line patternof the region would be closeto thatof the
constructedighlightlinesand,consequentiythe newv shapeof theregion would have
abetterquality. LetfVji 2 |y gbethesetof movableverticesof R. A vertex V(i 2
Im ) will beadjustedalongthe directionof its unit normalvectorN ;, which hasbeen
obtainedduring calculationof the highlight line model. Thenwe have its new position
ViasV; = V;+ xiNj, wherex; is thedisplacementfV;. Let X beadisplacement
vectorwhosecomponentarevaluesf x;ji 2 1y g. We will considerthe new surface
quality, aftertheadjustmenbf thevertices asafunctionof thedisplacementectorX ,
andobtainX by optimizationof thefunctionvalue.We designthefunctionas

F(X) = 1V afgqie(X) + 1 of gise(X);

wheref ¢4, is a function that measureshe fairnessof the nev meshsurfaceinside
R, andf yifs is a function that measureghe differencebetweenthe highlight lines
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of the new meshand the constructeddesiredhighlight lines, with ! ; and! , being
the weights. The detailsof constructionand optimizationof this target function are
presentedbelow.

3.4 Fairnessfunction

We choosethe fairnesgunctionto be the Willmore enegy [29] of the new meshsur
face.For aparametricsurfacewith x edboundaryand x edsurfacenormalsalongthe
boundarythe Willmore enepy is

z

E= HZ2A;

whereH denoteghe meancurvature,anddA is the surfaceareaelement.For a con-
nectedregion R onatriangularmesh letfV ji 2 | g g bethesetof verticesinsideR .
Thenthe Willmore enegy for themeshsurfaceinsideR canbediscretizedas

X
E = H2A; (6)
i2lr

whereH; is the discretemeancurvatureat vertex Vi, and A; is the meshsurface
areaassociatedvith V. HereA; is computedas% of the total areasof the triangles
adjacento V. Hi2 canbeobtainedas2-normof the discretemeancurvaturenormal
operatorK (V) = H;N; whereN; is theunit normalvectoratV; [30]. And K (V)
is calculatedwith the positionsof V; andits adjacentertices[30]:

X
K(Vi)= Ai (cot® + cot j)(Vii Vj): )

"j2Na()
whereA; is thesameasin Equation(6), fVjj 2 N1(i)gis thesetof verticesadjacent
toVi, and® and ; arethetwo anglesoppositeto theedgeV ;V, asillustratedin
Figure(6). Accordingto Equationg6) and(7), to derive the Willmore enegy for new
meshsurfacein region R, we needthe new positionsof the verticesin region R and
all their adjacentertices.For suchavertex V j , its new positionV; is
N Vi+ x;Nj; ifj 21y,

Vi = Vi; otherwise. ®

Now we have the expressiorof f s 5;, asafunctionof displacementx;ji 2 Iy g.
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3.5 Differencefunction

As describedn Section3.2, eachhighlightline crossingtheirregularregionis delim-

ited by two highlightnodessuchasQ andQ; in Figure5. Thesetwo highlightnodes
aretheendpointsof its correspondingdGH interpolationcurve. Their positionsdo not

changeaftertheadjustmenbf themovablevertices but anew highlightline shouldbe

generatedetweenthem. Let L(s);s 2 [0;1] andL(s);s 2 [0; 1] be the normalized
chord-lengthparameterizatioffiorms of the highlight line betweenthesetwo delimit-

ing nodesbeforeandafterthe vertex adjustmentrespectiely. Let B (s);s 2 [0; 1] be

thenormalizedarc-lengthparameterizatioform of the correspondingd GH curve. We

de ne thedifferencefunctionbetweerthe new highlightline L (s) andits targetshape
KR (s) as 7

1

fL=  KkL(s)i B(s)k®ds;
0

andthedifferencefunctionf ;¢ for theentireirregularregionis the sumof theabove
functionfor all highlightlinescrossingtheregion

X

faiff = fo:
L

Functionf | canbediscretizedn thefollowing way. Assumehatduringthegeneration
of highlightlineswith Algorithm 1, we have storedn highlightnodesonL (s) between
thetwo delimiting nodes.Denotethe two delimiting nodesby G o andG .1 , andthe
nodesbetweenthemby G; (i = 1;2;:::;n), with Go;G1;:::;Gn;Gnr+1 beingin
thesameorderasthey appeaonlL (s). FwsteachnodeG (i=1;2;:::;n) ismapped
toapoint&; onQ(s). We call §; thetamgetpositionof G;. After adjustmen'of the
vertices,the correspondingiew positionG; of G; canbe computedandf _ is given

by
A 2
fL = kGii Gikli;
i=1
wherel; is thelengthof the highlightline sggmentsassociateavith G;. To determine

thetamgetposition&;, we needthe normalizedchord-lengttparameteof G; onL (s),
whichis P,

kGj i Gj;1k
«(Gi) = J =1 ji jil

" 1
[‘*1 kG i Gj; 1k

And &; is determinedasthe pointon 8 (s) with parametes = ¢(G)), i.e.,
6 = R(c(Gi)):

The new position G; is computedas follows. Let E; be an edgethat G; lies on,
with V1, Vi, beingthe verticesof E;. SinceG; andG; correspondo the same
light source they shouldhave the sameindex. Accordingto Equation(4), G; canbe
obtainedwith the new positionsandnew highlight distancevaluesof V j; andV ., as
well astheindex m of Gj,

5 - (mesi dy )Vir+ (dy, i mes)Viz
I d\T i dv, '

il

HereV; andV ;, arethe new vertex positionsobtainedwith Equation(8). d— and
dy,, arethenew distancevaluescalculatedwith Equation(1). Finally, theassomated
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Algorithm 2: Remave local irregularitiesof a meshusinghighlightlines
Input: A triangularmeshM , a highlightline modelof M , anirregularregion
R, amaximumnumberof iterationsN max, andathresholdvalue™
Output: A new meshwith irregularitiesin R
Identify the setof movableverticesf V iji 2 Iy gof R;
Setthenumberof iterationsn = 0;
repeat
ConstructhetargetfunctionF of displacement§x;ji 2 Iy g;
Solve the minimizationproblem(9) to obtainthevaluesof f x;ji 2 Iy g;
for eachi 2 Iy do
Adjustthevertex V; accordingo Xx;;
end
Updatethe highlightline modelof the meshusingAlgorithm 1;
Sethn=n+1;
1 until n > NmaxORmaxiz,,, jxij=e<";

© 0O N O U~ W NP

=
S

highlightsegmentlengthl; of G; is calculatedashalf of thetotallengthof thehighlight
line sggmentsthatit lieson,

1
li = é(kGi i Gij1k+ kGij Gj+1K) :
Now we getf ;s asafunctionof thedisplacemenk .

3.6 Targetfunction minimization

ftair @andf yiff de ned in the previous sectionsareboth highly non-linearin f x;g. To

speedip theminimizationprocesswe usefunctionsof a simplerform to approximate
them. For f ¢, if we assuméhatA;, ® and ; in Equation(7) areconstantgluring

adjustmenibf the vertices,then Equation(6) becomesa quadraticfunction gy, of

fx;g. Forf 4iff, we performTaylor seriesexpansionof order2 aboutpointX = 0 to

obtainan approximatiorfunction dg;sf, Which is alsoquadraticin fx;g. In addition,

we putthefollowing constrainton the component®f thedisplacementector

iXij - =2; foralli 2 Iy ;

whereg; is the minimum length of the edgesadjacentto vertex Vi. This constraint
ensureshattherewill benotopologicalchangeonthe meshsuchastriangle ip-o vers
aftervertex adjustmentThe minimizationproblemnow becomes
Yoo oo
m|n|m|ze F.: _! 1qfa_ir_+.! 2qdiff ; )
subjectto jxjj - €=2; 12 ly;

whichis aboundconstrainedjuadratiqgorogrammingproblemandcanbe solvedusing
theactive setmethod.

3.7 lteration

We usean iterative procedureo graduallyimprove the quality of theirregularregion.
In eachiterationstep,the quadraticprogrammingproblem(9) is formedusingcurrent
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Figure7: Examplel: (a) ameshwith theirregularhighlightline model;(b) theselected
modi cation region with the desiredhighlightlines (in blue); (c) the at-shadedmod-
i cation region afterfairing, with its highlight line model; (d) the resultwith smooth
shade.

geometricinformation of the mesh. Thenwe solve the minimization problem,and

adjustthe verticesaccordingto the solutionto obtaina nev mesh. The processis

terminatedwhen the numberof iterationsexceedsa given bound, or the maximum

absolutevaluesof the displacementectorscorvemgeto zero,i.e.,
maxiz i, JjXij < -

= (10)

whereg is theaverageedgelengthinsideregion R, and" is a positive thresholdvalue
speci ed by theuser Theiterative procedurés summarizedn Algorithm 2.

4 Implementation and examples

Herewe shav implementatiorresultsof the presentednethodon somemeshmodels.
In theseexampleswe set! ; = ! , = 1 for thetargetfunction,andset" = 0:001for
the terminationconditionspeci ed in Formula(10). Figure7 shows thefairing of the
meshmodelof a VolkswagenBeetle(seeFigure3(b) aswell). In Figure7(a),anirreg-
ularity of the front right fenderis illustratedby the highlight line model. Figure 7(b)
shavstheregionspeci edfor faring,aswell asthedesirecdhighlightlines. Figures7(c)
and(d) provide a closerview of the resultingmodi cation region after fairing in at

andsmoothshaderespectrely. The new meshsurfacein the fairedregionis of high
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Figure8: Example2: (a) a meshwith irregular highlightline model; (b) the selected
modi cation region with the desiredhighlightlines(in blue); (c) theresultingmodi -
cationregion from Xu et al's method,with its highlight line model; (d) theresulting
modi cation region from our method with its highlightline model.

quality; the new highlight lines are closeto the desiredones. The smoothhighlight
linesindicateG* continuity of the resultingsurfaceat boundariesof the modi cation
region[1]. In Figure8, we fair anotheiirregularregion ontheroof of the Beetlemodel.
To compareour methodwith otherlocal fairingtechniqueswe needto reproducether
thesetechniquedor the testcase.Both the surfacediffusion o w techniqueby Xu et
al. [25] andthe geometricfairing techniqueby Schneiderand Kobbelt[23][24] are
ableto performfairing in a userspeci ed region while satisfyingG* boundarycon-
ditions. Essentially both methodsmove eachvertex insidethe region by solving the
fourth-orderPDE¢ g H = 0O, where¢ g is the Laplace-Beltrambperator andH is
the meancunatureat a vertex. Sincethey leadto similar results,we only reproduce
thesurfacediffusion o w techniqueby Xu etal. [25] for comparisonWe rst identify
theregion thatrequiresadjustmentandperformfairing in thatregion with our method
andXu et al's method,respectiely. Figures8(a) and8(b) shaw theirregularregion
and the selectedregion, respectiely. Figures8(c) and 8(d) are the resulting modi-
cation region from Xu et al's methodand our method,respectiely. On the mesh
producedby Xu et al's method,the new highlight lines are curved toward the middle
of the selectedregion. The highlight line shapehasabruptchangeson the left and
right boundaryof theregion. On the otherhand,our methodproducesa meshsurface
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with new highlight lines closeto the desiredones. The new highlight lines naturally
matchthe shapepatternof thehighlightlinesoutsidethe selectedegion. This example
shaws that althoughexisting local fairing techniquesan generatehigh quality mesh
surfacesthey do not guarante¢he generatiorof high quality highlightline models.In
our method,the fairnessfunction helpsto generatea fair surface,andthe difference
function makesthe new highlight lines cornverge to the desiredshape.Therefore our
methodcanimprove the shapequality of boththe meshsurfaceandthe highlight line
model.

5 Conclusions

A methodto generatehe highlight line modelfor a giventriangularmeshis provided
in this paper With a highlight line model, the irregularity of the meshsurfaceis vi-
sualizedby the irregularity of the highlight lines, which helpsthe userto identify the
modi cation region for surface optimization. Subsequentlya methodfor remaving
local irregularitiesof a given triangularmeshis presented.The modi cation process
is basedon optimizing a fairnessfunctionthatmeasureshe shapeguality of the mesh
surfaceaswell asthe highlight line model. A setof target highlight lines are con-
structedasthe target shapeof the highlight line model,basedon the geometryof the
meshsurfacealongthe boundaryof the modi cation region. This targethighlightline
modelenableghe userto preview the shapeof the new meshsurfaceaswell asthe
new highlight line model,which helpsthe userto specifyanappropriatenodi cation
regionandleadsto moreintuitive controlof thesurfaceoptimizationprocessThemin-
imization of the fairnessfunction guidesthe meshsurfacetowardsa new shapewith
a highlight line modelclosedto the target highlight line model, which is not always
availablewith previous local fairing techniques.The nev methodprovidesa whole
setof toolsfrom meshsurfacequality assessmend meshfairing, makingitself a use-
ful complemento geometricomodelingtechniquedasedon triangularmesheslt will
bring greatere xibility to aninteractive designervironmentfor meshes.
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