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Abstract

Many recentpublicationshaveshownthat a large variety of computationinvolvedin computergraphicscanbe
moved from the CPU to the GPU, by a clever useof vertex or fragmentshades. Nonethelesshere is still one
kind of algorithmsthat is hard to translatefrom CPU to GPU: meshre nementtechniquesThe main reason
for this, is that vertex shades availableon currentgraphicshardware do not allow the generation of additional
verticeson a meshstored in graphicshardwatre. In this paper we proposea genegl solutionto geneiate mesh
re nementon GPU. Themainideais to de ne a genericre nementpatternthat will be usedto virtually create
additional inner verticesfor a givenpolygon.Theseverticesare thentranslatedaccoding to someprocedual

displacementapde ning theunderlyinggeometry(similarly, the normalvectos maybetransformecdaccoding

to someprocedurl normalmap).For illustration purposewe usea tesselatedriangular pattern,but manyother
re nementpatternsmay be employedTo showits exibility, the techniquehasbeenappliedon a large variety
of re nementtechniques:procedual displacemenmapping aswell as more comple techniquessud as curved
PN-trianglesor STmeshes.

CategoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.3[ComputerGraphics]Line andcurve generation

1.3.3[ComputerGraphics]:Displayalgorithms

1. Intr oduction

One ubiquitoustechniqueto generatecomplex geometric
modelsin computergraphicsjs to startfrom a coarsemodel
and apply somere nementtechniquesto getthe nal en-
riched model. The mary re nement techniquesthat have
beenproposedn theliteratureovertheyearscanbedivided
in two mainfamilies:displacemeniappingthatareusually
employedto addsomegeometricdetailsto a coarsemodel,
and subdivisionsurfacesthat are usedto generatesmooth
surfacesfrom a small numberof polygons.Trying to geta
full GPUimplementatiorof displacementappingor sub-
division surfacess challengingoecaus®f onemajorlimita-
tion of currentgraphicshardware:thelack of geometrygen-
eration.Indeed,the renderingpipeline of currentGPU has
beendesignedo efciently rasterizea hugelist of indexed
polygons,but it is not ableto generatamore polygonsthan
thosesentthroughthe graphicsbus, by the applicationrun-
ning on the CPU. Onemajor consequences thatin current
high-endapplicationsthe whole meshre nement process
is doneon the CPU, andthe hugesetof re ned trianglesis
thensentto theGPU.To avoid abandwidthbottleneclonthe
graphicsbus,atrade-of hasto befound,betweeruploading
detailedgeometryor uploadingdetailedtextures.This issue
explainswhy subdvision surfacesor displacementnapping
aremainly usedin applicationswheretherenderingis done
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(a) CPU (b) GPU (c) Display

Figure 1: Startingfrom a coarse mesh(a) providedby the
CPU, the GPU usesa genericre nementpattern(b) to cre-
atean enrichedmesh(c) in a standalongrocessthuskeep-
ing the CPU resoucestotally freeto performother tasks,

sud asdeformingor animatingthe coarsemodel.

off-line (e.g.movie industry) and are seldomimplemented
in realtime 3D engines.Note that somespeci ¢ tessella-
tion units (that were ableto split somehigh-level geomet-
ric patchinto a setof tris or quads)have sometimesheen
includedin specializechardware (e.g. B-SplineandBezier
tessellatioron SGI hardware, Curved PN-Triangletessella-
tion [VPBMO1] on the ATI Radeon8500), but no current
standarchardware doesinclude a generictessellationunit,

thatwould enablea GPU implementatiorof multi-purpose
re nementtechniques.

In this paper we proposea generalprinciple to generate
meshre nement on existing GPUs that only requiresan
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easy-to-implementertex shaderThe mainideais to de ne
ageneriae nementpatternthatwill beusedo virtually cre-
ateadditionalinner verticesfor a given polygon.As a con-
sequencethe footprint of the re ned meshis dramatically
reduced both on the CPU andthe GPU memory andthe
amountof datathatis transmitteadthroughthe graphicsbus
becomegotally independenbdf the re nement depthused
for therendering(seeFigurel).

2. Previous Works

In the eld of fastmeshre nementfor real-timeapplica-
tions,alargeamongof work hasbeendoneto optimizeeval-

uationof varioussubdvision surfaceschemegsee[Z2S0(Q

for a sunwey). But, despitethe popularity of subdvision

surfacesin high-endsoftware ervironments,relatively few

work hasbeenpublishedabouthardwareassistedmplemen-
tation of subdvision schemesBishof et al. [BKS0Q have

proposedo usethe forward differenciationto computethe

limit positionof verticesfor the Loop schemgLoo87]. Re-
cently, Bolz et Schrodef{BS0J [BS03 have proposedan

hardware evaluationof the Loop schemejncluding the ad-

ditional "shapefactor” rulesintroducedby Biermannet al.

[BLZ00]. Themainproblemwith subdvision schemesuch
as Loop or Catmull-Clark, is that the re nement process
by subdvision schemess heasily basedon dynamicadja-
ceng information.Suchinformationcanbe easilyprovided

in softwareimplementatiorby usingclever multi-linkeddy-

namic data structures,but is extremely dif cult to trans-
late into hardware-friendlyterms.As an alternatve to high

quality subdvision methods Vlachoset al. have proposed
a fast meshre nement method called Curved PN Trian-

gles[VPBMO1]. Thismethods basedntheconstructiorof

atriangularBezierpatcheqFar01] for eachtriangle,driven

by its 3 verticesandassociatedormals As shavn by Chung
andKim [CKO03], thisre nementschemas well adaptedo

hardwareimplementationput it requiressomespeci c tes-
sellationunit (notethat sucha speci c tessellatiorunit has
actuallybeenincludedin the ATI Radeor8500hardwarein

2001).In contrastwith our pure vertex shadingapproach,
and for the caseof subdvision surfaces,fragmentshad-
ing techniqueshasbeenintensively usedto renderre ned

meshesusingfor instancegeometryimages [LHSWO03 or

spiral-enumerateftagmentmeshe$SJPO%

3. Meshre nement on GPUs
3.1. Overview

While GPU-friendlyprimitives,suchasdisplaylists or ver-

tex buffer objects,dramaticallyreducethe CPU memory
footprintandthetrafc jam on the graphicsbus (the model
is loadedoncefor all onthe GPU memoryandis thencan-
celedfrom the CPU memory),it alsoinvolvessomestrong
limitations:

Thewholemeshhasto t intothe GPUmemory(thismay
bedif cult for very detailedmeshes).

Whenreal-timeconstraintsequiresomeLOD rendering,
the meshhasto be storedn times,for n differentlevels of
detail.

Whenthe meshincludesa dynamicbehaior thatcannot
be expressedy vertex shadersit hasto be updatedrom
theCPUateachframe.

Whenconsideringhesdimitations, it appearsjuite obvious
thata desirablesolutionwould beto useonly acoarsemesh
atthe CPUlevel (sucha coarsemeshcanbe ef ciently up-

datedandtransmittecon a frameby framebasis,in thecase
of complex dynamicbehaiors) andto addsomeon-the- y

meshre nementprocessatthe GPU level (which only gen-
erateghe appropriatdevel-of-detail,accordingto the view-

ing parameters)This sectionpresentghe solutionthat we

proposefor this meshre nementprocess.

3.2. Re nement Pattern

(a) Coarse Mesh (b) RPin GPUMemory (c) Re ned Mesh
in CPUMemory on Display

Figure 2: Our re nementmethodonly requires one single
re nementpattern RP stored at full resolutionas a vertex
buffer on the GPU memoryIn our example RPis a tessel-
lated triangle that is splittedinto 8 differenttriangle strips
(eadh strip hasa differentcolor)

The mainideaof our approachs to useonesingle Re ne-
mentPattern(RP)for eachpolygonalshapehatexistsin the
mesh.In the remainderof the paper we only considerthe
usualcaseof triangularmeshegandthusthe caseof atrian-
gularre nementpattern),but the approactis still valid for
otherpolygonalshapesThis re nementpatternis transmit-
tedoncefor all, from the CPUto the GPU,asavertex buffer
containinga few strips(seeFigure2). Let At bethe setof
attributesof a coarsetriangle T. Typically At containsthe
3 vertex position, 3 vertex normals,3 vertex colors,and 3
texture coordinatesWe proposeto renderthe re ned mesh
with thefollowing algorithm:

render (MeshM)
for eachcoarsdriangleT of M do
placeAt asuniformvariablesfor thevertex shader;
drav RP;

Actually, embeddedvithin thedraw function,thereis aver
tex shademwhich transformsthe verticesof RP toward the
position,rotationandscaleof T (seeat the endof this sub-
sectionfor details).Onemajor adwvantageof this algorithm,
is thatthe amountof datatransmittedon the graphicbusis

¢ TheEurographic#ssociation2005.



TamyBoubeleur & ChristopheSdlick / GenericMeshRe nemenbn GPU

independenof the resolutionof the re ned mesh.The task
of the CPU is thusreducedto the uploadingof the coarse
triangle attributes and eventually some additional proper

ties that characterizehe behaior of the re ned mesh(for

instance,a randomvaluefor a fractal noise). The uniform

variablesplacedonto the GPU stay constantduring all the

drawing processof RP. Let now supposethat a functional
fa, 2 [0;1]2 ! R® canbe constructedover Ar. To evalu-

ate fa, at eachvertex V of RP, we have to recover its

parametrizatiorf u;vg onto T. Since RP is only usedfor

the topologicalstoragepurpose we proposeto encodethe

parametrizatioratV asits positionvector:Vyy, := fw;u;vg

wherew= 1 u v. Now, duringthe vertex shadingpass,
the GPU canclearly identify the parametrizatior u; vg for

eachvertex V of RP, andthusevaluateits functionalvalue
fa; (U;v). Of coursegachattributein thesetAr mayeventu-
ally beinterpolatedoy a differentfunctional. The mostsim-

ple applicationof our principleis atessellatiorof the mesh,
combinedwith someheight eld texture.Let usconsidetthe
positionattributesf Py; Py; Pg of the currentcoarsetriangle
dravn andthe parametrizatiod 1 u v,u;vg (encodecas
the position of inner vertices)of eachvertex V of RP. To

performasimpletessellationyve justhave to interpolatebe-
tweenf Py; P; P>g to obtainthe outputpositionVyy, of V:

nyZ = WFb+ UH_"' VFb = pr0+ VyP1+ VzF)Z

Figure 2 shaws the principle of this schemeNow, sincewe
have a regular parametrizatiorof RP, it is straightforvard
to useit to interpolatebetweenthe texture coordinatesof
T. For instancejf a heightmapis storedon the GPU asa
texture,by queryinga heightvalueat eachinnervertex V, a
displacemenmappinggeneratedt the resolutionof the RP
is straightforvardly obtained.

3.3. Levels-Of-Detailon GPU

(a) CPU (b) GPU (c) Display

Figure 3: DifferentLODsof a coarsemodelcanberendeed
by simplyselectingthe appropriate RP vertex buffer on the
GPU. Here, the vertex shadersmootheshe meshwhile pre-

servingthesharpcreasespeci edat coarselevel.

A basicLOD schemddependingon the distanceof the ob-
jectto the currentpoint of view) canbe generatedy storing
on the GPU a setof patternsRRy; RR:::;; RRy computedat
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differentresolutionsandby selectingthe desiredresolution
atrendering-timegseeFigure3).

4. Examples

We have shavn that the displacementmappingby height
eld texture was straightforvard to integrate with our
method. But a large variety of other local mesh en-
hancementscan be integrated in the vertex shader and
consistentlyapplied on the re ned coarsemeshes.This
sectionillustratessomeof the resultsthatwe have obtained
with our genericon-the- y re nementprocess.

(a) 1x1 (b) 16x16 (c) 256x256

Figure 4: Procedunl displacementvith high frequencies.
Thesmoothnessfthefunctionappeasat a veryhightessel-
lation rate Our appoad limits the GPU memoryfootprint
to only onetesselatedriangle, with an equivalenframeate
to thecompletdesselatedbjectstoredasa vertex buffer.

Procedural Displacement Mapping: The ShaderModel

3 [NVi] hasintroducedthe accesgo the texture memory
from the vertex shadingstage.One direct consequencef

this extensionis to allow GPUimplementatiorof displace-
ment mapping. Unfortunately several strong limitations

occurwith suchan implementation:First, texture look-up

with randomaccesss very expensve whenwriting vertex

or fragment shaders,which meansthat the performance
is dramaticallyreducedin that case.The only solution to

get reasonablgerformanceis to achiere coherentcache-
friendly texture access,which is far from being always
possible.Second,aliasing artefacts are quite commonas
texturesarenot Itered whenaccessetly thevertex shader
Third, this approachis not suitablefor dynamiceffects,like

wavesontheoceanfor instance.

Following the work of Perlin, it is widely admitted that
mary kinds of visual enrichmentgespeciallydynamicvi-

sualenrichmentskanbe ef ciently replacedby a continu-
ous proceduralfunction, ratherthan storing and interpolat-
ing adiscretetexture. Thisis of specialinterestfor displace-
mentmappingswhich oftenhave dynamicbehaiors. In our
frameawork, implementingoroceduratiisplacementapping
simply meanghatthe uploadedttributesat eachcoarsetri-

angleshouldembedall the mandatorydatafor the construc-
tion of the proceduraldisplacemenimap on that triangle,
which usuallymeansafew numberof oating pointvalues.

The nice property of this approachis that the re nement
patterncan be adaptedto the level of re nement needed
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to get correct antialiasedeffects. Figure 4 shaws that,
even with pathological examplesthat exhibit very high
frequenciesthe displacemenprocessanbe adaptedo get
a nice aliasing free rendering.The displacementprocess
usedin Figure 4 simply consistsin an elevation of each
inner vertex P along its normal vector N accordingto a
sinusoidafunction: asin( fjj Pjj), sotheonly additionaldata
to be transmittedto the GPU are the amplitudea andthe
frequeny f. The sameprinciple is obviously applicable
to more comple functions such as the ubiquitousPerlin
Noise.

(a) original (b) 16x16

Figure5: Our re nementmethodadaptedto PN-Triangles.

Curved PN Triangles: The work of Vlachos et al. on
Curved PN-Triangles [VPBMO01] has demonstratecthat
a purely local interpolating re nement schemecan be
usedto obtain a fast meshsmoothing,providing a visual
smoothness despite the lack of high order geometric
continuity of the underlying patches.The principle of the
Curved PN-Triangleis quite simple:for eachtriangle of a
meshacubicBeziersurfaceis constructedvith the 3 points
B¢ andtheir 3 associatechormal vectorsNg. With sucha
loosede nition, it is not possibleto generatea continuous
surfaceacrossedgeboundarie®f theinitial mesh.Soto get
aestheticresultsthat offer somekind of visual continuity,
Vlachoset al. have proposedto independentlygeneratea
smoothnormal eld over the mesh,by using a linear or
a quadraticinterpolation of normal vectors (the general
procesf PN-Trianglesis brie y recalledin AppendixA).

Practically Curved PN-Trianglesoffer a visual quality sim-
ilar to the Modifed Butter y subdvision schemgDLG9(],
butaremuchmoreGPUfriendly: they arelocal,requireonly
aconstanamountof data,andcanbedirectly appliedon an
indexedfacesetrepresentationyithoutany additionaltopo-
logical structure.

Unfortunately even if Curved PN-Triangles have been
integrated in the previous generationof ATl hardware
(8500 family [ATI]), they have never beenspeci ed as a

standardfor all graphicscards. So, anothercontrikution
of the presentpaperis to provide a genericsolutionto the
hardwareimplementatiorof the Curved PN-Trianglesonall

programmabl&PUs.With our method the CPUhasjustto

precomputehe 10 PN-Triangle coefcients (seeAppendix
A) associatedo eachcoarsetriangle, and transmitthem
with the set of color attributes, before the renderingcall

of the re nement patternRP. The evaluationof the Bezier
patchb(u;v) is then performedon the GPU by the vertex

shaderaccordingo this bunchof uniform coefcients. Note
that thesecoefcients arethe only information transmitted
throughthe graphicsbus, whatever the level of re nement
generatedy the RP, thesecoefcients mayalsobeupdated
at a very low cost,in the caseof dynamicmodels.Figure
5 presentsan example of our hardware PN-Triangles
re nementon a coarsemesh.

(a) original (b) 16x16

Figure 6: Outre nementmethodappliedto SFMeshesThe
pervertex tensionand sharpnesshapeparametes express
sharpcreaseshat are propagatedto there ned mesh.

Scalar Tagged mesh: With the machinery proposed
by Vlachosetal., it becomegpossibleto proposea complete
surfacecontrol systemduring the re nement. In particular
a setof additional pervertex scalarattributes can help to
manageother local differential geometrybehaiors, such
as sharp edgesor cone-like vertices. We have recently
introduceda generalizatiorof PN-Triangles,called Scalar
Tagged Meshes(ST-Meshes,for short, also called Scalar
Tagged PN Triangles in [BRS03), that allows the user
to manipulatedsome additional scalar shapeparameters,
classi edin two families:

vertex parameters for instanceatensionparametecon-
trolsthelocal curvatureof there ned surface ateachver-
tex;

edge parameters for instance,a sharpnesgparameter
controlstheamountof tangenplanediscontinuityateach
edge andabiasparametecontrolsthe orientationof this
discontinuity

Theseshapegparameterarethensimply combinedo modify
theBeziercoefcients usedn thePN-Trianglemodelto gen-
eratethere ned geometryandthe normalvector eld. The
reademrmay nd the formulationsfor thesemodi ed coef-
cientsandnormalin AppendixB. Hereagain, thecoefcient
aretransmittedasuniformvariablego thevertex shaderand
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theremaindeiof the processs totally similar asabove. Fig-
ure 6 presentsan exampleof our hardwarere nementpro-
cessappliedonanST-Mesh,wherethescalatagshave been
setto de ne two sharpcreases.

5. Performance

We have analyzedhe whole performancef our systemby
comparingthe renderingframerateand the memory foot-
print (numberof storedtriangles)of agivenmeshstoredata
givenresolution eitherby usinga staticvertex buffer object
(VBO) storingthewholemeshastrianglestrips,or by using
our genericre nementtechniquewherejust onetessellated
re nementpatternis actuallystored.Our con gurationis an
Intel P4at3.0GHz, 1GBRAM, with aNVIDIA QuadroFX
4400 (PCle).All the testshave beenperformedunderMS
Windows usingOpenGLShadingLanguagg KBR04]. The
resultsaresummarizedn Figure7.

CoarseTriangles 10 100 1000
Static VBO
64x64- FPS 97310 | 107:46 11:94
64x64- Vertices 42250 | 422500 | 4225000
128x128- FPS 27185 29.87 3:.97
128x128- Vertices || 166410 | 1664100| 16641000
Our approach
64x64- FPS 96512 | 10711 11:72
64x64- Vertices 4225 4225 4225
128x128- FPS 26935 29.05 3:81
128x128- Vertices || 16641 16641 16641

Figure 7: Renderingrameite and GPU footprint (in num-
ber of vertices)for the renderingof sometesselatednodels
(withoutculling).

The main result of our on-the-y re nement techniqueis
clearly visible: the framerateobtainedis equivalentto the
one obtainedby storing the full re nement mesh,but the
footprintis dramaticallyreducesasexpected Globally, our
approachdivides the GPU footprint by aboutthe number
of input coarsetriangles.Note that we have just given the
numberof vertices,but the GPU memoryalso handlesthe
topology After a strippi cation step,the staticvertex buffer
topologyrepresentsabout50%of additionaldatato manage
in GPUmemory while thetopologycostis totally negligible
with our approachln termsof frameratethe slight perfor
mancedrop of our systemis essentiallydueto the barycen-
tric interpolationbetweerthe 3 original vertices wheneval-
uating the position and normal at eachinner vertex of the
RP. Actually, a simpletessellatioris never usedin practice
andis usuallycombinedwith moreadwancedsurfacere ne-
ment procedureslike the onespresentedn Section4. In
that case the computationof the proceduralfunction usu-
ally representshe mostexpensve partof the vertex shader
andtheframerate®btainedwith staticvertex-buffer objects
andwith our approacharetotally equivalent. For instance,

¢ TheEurographic#ssociation2005.

the ST-Meshpresentedn Figure6 is madeof 162triangles.
We obtainthe sameframerateof 61 fps whenit is re ned to
331938triangleseitherstatically (with a full vertex buffer
object) or dynamically (with a RP at 64x64,which corre-
spondsto a recursve subdvision at level 6, a quite usual
re nementratefor CG models).

Limitations: The simple LOD schemedescribedin Sec-
tion 3.3 is not adaptatre, and producespopping effects
[Hop9q. Oneof our currentworks is to try to resohe this
constraintocally, atthe RPlevel.

6. Conclusion

We have proposedan easy-to-implementnethodto obtain
avirtual meshgeneratioron the GPU. The contritutions of
ourapproackhare:

A very simplemethodto obtaina low costtessellatiorof
meshes.

A genericandeconomichardwareimplementatiorof the
Curved PN-Triangleon standargrogrammablé&PU.

A virtual “on-the- y GPU tesselatounit, for the costof a
linearinterpolationbetweerB verticesby re ned vertex.

The possibility to renderre ned and enrichedmeshes
without neither storing nor transmitting through the
graphicsbus, the high resolutionready-to-endermesh,
that would virtually not t in GPU memoryfor a very
deepre nement.

Ourmethodalwaysinvolvesaconstanamountof datatrans-
missionto the GPU, independentlyof the target resolution.
This approachis clearly interestingin the caseof dynamic
objects for completelylocalre nementschemeandfor pro-
ceduralsurfacesgeneratedn simple shapesOur approach
is particularyfruitfully for very deepre nementandwhen
thebottleneckof anapplicationusingintensiely tesselation
is identi ed onthe CPU-GPUbus (AGP or PCI expressfor
instance).

Oneof ourmainfuturework will beto proposeabetterLOD

schemeadaptve and geomorphicWe investicate also the
renderingof truesubdvision surfacesandhigh quality para-
metric surfaces,by reducingto a x e sizethe pertriangle
informationrequired.
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Appendix A: CurvedPN Triangles

Theprincipleof PN-Triangless to replacesachtriangleof theinitial
meshby anenricheddescriptionthatcombinesa displacementeld
anda normal eld. The displacementeld is usedto improve the
geometryandis de ned asacubictriangularBezierpatch.Thenor
mal eld isusedio improvetheshadingandis de ned asaquadratic
triangularBezierpatch.

Displacement Field: For a triangle de ned by 3 verticesV, =
(R;N), with B beingthepositionandN; beingthe normal,thedis-
placementeld b(u;V) of a PN-Triangleis de ned asfollows:
buv)= & bijuvink (1)
i+j+k=3
wherew= 1 u vandu;vyw 0. Notethat(u;v,w) arethethree
barycentriccoordinateselative to thevertices.

By deningsj = (P, R):N; where: representshe scalarproduct,
thecontrolpointshb;jk of the Bezierpatcharegivenby:

b3o0= P1, bo30= P2, booz = Ps,

b210= (2P1+ P2 s1oN1)=3,b120= 2R+ P1 $1N;)=3,
bo21= (2P2+ P3 53Np)=3,b012= (2P3+ P> s32N3)=3,

bro2= (2P3+ P1 s31N3)=3,b210= (2P + P53 s13N1)=3,
bi11 = F(bzao+ broo+ boz1+ bor2+ broz+ boo))  £(bsoo+
boso+ boo3):

So, for eachpoint on the initial triangle,de ned by its barycentric

coordinatequ; v;w), one simply hasto computethe displacement
vectorb(u; V) to getits positiononthe nal re ned surface.

Normal Field: Similarly, thenormal eld n(u;v) of a PN-Triangle
is de ned asfollows:

nuv)= 3

i+j+k=2

nijkui VjV\Ik )

where (u;v;w) are the barycentriccoordinatesas previously. By
de ning tjj = 4%, the control pointsn;j of the Bezier
patcharegiven by: N200 = N1, No2o = No, Ngo2 = N3, N110= Np +
N2 ti2(P> P1),noia= No+ N3 to3(Ps P2), mo1= N+ N;
t31(PL  Ps). Notethatin the original paperon PN-trianglesthere
was a confusionbetweenthe control points ny10, Np11 and nio1,
and the correspondinghormal vector computedby n(1=2; 1=2;0),
n(0;1=2; 1=2) andn(1=2;0;1=2). Theformulationgivenhereis the
correctone.Remembeto normalizethe vectorto unit lengthto get
the nal normalvector:Ny, = n(u;v)=kn(u;Vv)k

Appendix B: ScalarTaggedviesh

Scalar Tagged Mesh have beendesignedto model local surfaces
featuressuchas sharpcreaseswith a setof pervertex shapepa-
rametersplacedon a coarsemesh.The meshcanthenbe re ned
with a modi cation of the original Curved PN-Trianglemodelthat
handlesheseadditionalshapeparametersEachvertex V; of a ST
Meshis de ned by a positionR, anormalN;, a deviation vectorD;
thatindicateshedirectionof the creasepassinghroughv; (null for
smoothareas)and 3 scalartagsthat expressthe shapeparameters:
g for thetension,s; for the sharpnessitV; if D; nonnull, and b;
for the biasof this hypotheticsharpcreaseAll theseintuitive tags
caneasilybe setinteractvely. Whenanon-nullvectorD; is set,this
meanghatV; has2 normals,onefor eachsideof the sharpcrease.
In this case,we considerthe normal “sharp” Ni0 usedfor a given
triangleadjacento V; accordingto the side wherethis triangleis.
This sharpnormalis soeitherNiO* = (Ni + siD)=k(N; + siD)k or
NO = (Ni siD)=k(Ni siD)k. Thisnormalis usedfor theshad-
ing stage(procedurahormalmap)describedn AppendixA.

Now, to expresshesdocal shapgparameterfor there nement,we
incorporatetheir scalartagsto the Beziercoefcients of Appendix
A. So,wesimplyassociateachtangentoefcient (bz10, b2o1, b120,
b102, bo12, bo21) to its nearesvertex. Let considerthetangentcoef-
cient bj associatedo the vertex V;, onthe edgef V;; Vig. We con-
structthe coefcient in thefollowing way:

b = d+e

Lo

¢ = P+2P@A P

& = (1 d)PP;X;d)X+ dP(P;Nj;d)Y;
where P(p;n;o) = ni(q p) ®)

o (1 spNj+N?

KOS R NENK

v _ Nj+ b;jDj

i T NFBDK

Note that somerestrictionsare appliedon the scalartagsto avoid
ambiguousasesat most1 creasemay passthrougha givenvertex
andat most2 verticeswith non-nullvectorD may be de ned for a
giventriangle.
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