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Abstract

Approximating detailed models with coarse, texture-mapped
meshegesultsin polygonalsilhouettes.To eliminatethis artifact,
we introducesilhouetteclipping, a framework for efficiently clip-
ping the renderingof coarsegeometryto the exact silhouetteof
the original model. The coarsemeshis obtainedusingprogressie
hulls, a novel representatiomvith the nestingpropertyrequiredfor
properclipping. We describeanimproved techniquefor construct-
ing texture and normal mapsover this coarsemesh. Given a per
spectve view, silhouettesareefficiently extractedfrom the original
meshusinga precomputedearchree. Within thetree,hierarchical
culling is achieved using pairs of anchoredcones. The extracted
silhouetteedgesare usedto setthe hardware stencilbuffer andal-
phabuffer, whichin turn clip andantialiasthe renderectoarsege-
ometry Resultsdemonstratehat silhouetteclipping can produce
renderingsof similar quality to high-resolutiormeshesn lessren-
deringtime.

Keywords: Level of Detail Algorithms, RenderingAlgorithms,
Texture Mapping, Triangle Decimation.

1 Introduction

Renderingdetailedsurfacemodelsrequiresmary triangles,result-
ing in ageometryprocessindottleneck.Previouswork shavs that
suchmodelscanbereplacedwith muchcoarsemeshesy captur
ing the color andnormalfields of the surfaceastexture mapsand
normalmapsrespectiely [2, 3, 20, 26]. Althoughthesetechniques
offer a good approximation the coarsegeometrybetraysitself in
the polygonalsilhouetteof therendering.This is unfortunatesince
the silhouetteis oneof the strongesvisual cuesof the shapeof an
object[14], andmorewer the compleity of the silhouetteis often
only O(y/n) onthenumbem of facesin the original mesh.

In this paper we introducesilhouetteclipping, a framework for
efficiently clipping the renderingof coarsegeometryto the exact
silhouetteof the original model. As shavn in Figure 1, our system
performsthefollowing steps.

Preprocess Givenadenseoriginal mesh:

o Build a progressivehull representationf the original meshand
extract from it a coarsemesh,which hasthe propertythat it
enclosesheoriginal, allowing properclipping (Section3).

e Constructa texture map and/ornormalmap over eachfaceof
the coarsemeshby samplingthe color and/ornormalfield of
theoriginal mesh(Section4).

e Enterthe edgesof the original meshinto a searchtreefor effi-
cientruntimeextractionof silhouetteedgeqSection5s).

http://cs.harard.edut{pvs,xgu,sjg
http://research.microsoft.com{ hoppejohnsry }

Steven J. Gortler

Hugues Hoppe John Snyder
Microsoft Research

orlglna}I mesh
/
U) P
0
Q
o
o
o
o
ﬁl E
i,
coarse huII normal map edge hlerarchy
q) P
E rendered
c
S
x
silhouette clipped
Figurel: Overview of stepsin silhouetteclipping.
Runtime Then,for agivenviewpoint:

e Extractthesilhouetteedgesrom the searchtree(Section5s).

e Createa maskin the stencil buffer by drawing the silhouette
edgesastrianglefans. Optionally drav the edgesagainasan-
tialiasedlinesto setthe alphabuffer (Section6).

e Rendethecoarsameshwith its associatetexture/normamaps,
but clippedandantialiasedisingthe stencilandalphabuffers.

Contrib utions  This paperdescribes:

e Theframework of silhouetteclipping, wherebylow-resolution
geometryis renderedvith a high-resolutiorsilhouette.

e A progressie hull datastructurefor representing nestedse-
guenceof approximatinggeometriesWithin the sequenceary
coarsemeshcompletelyenclosesary finer mesh.

e A nev methodfor associatingexel coordinateson the coarse
model with positionson the original model. The association
is basedon the simple idea of shootingalong an interpolated
surfacenormal.

e A schemefor efficiently extracting the silhouetteedgesof a
modelunderanarbitraryperspectie view. It is inspiredby pre-
viouswork on backfceculling [13, 15], but usesa convenient
“anchoredcone” primitive and a flexible n-ary tree to reduce
extractiontime.



e An efficienttechniquéfor settingthe stencilbuffer giventhesil-
houetteedges. Specialcareis taken to overcomerasterization
bottlenecksdy reducingtriangleeccentricities.

e An improvementfor efficiently antialiasingthe silhouettewith
little additionalcost.

e Demonstrationshat silhouetteclipping producesenderingsof
similar quality to high-resolutiormeshesn lesstime.

Limitations

e Onlytheexteriorsilhouetteis usedfor clipping andantialiasing.
Internalsilhouettegetaintheir polygonalizedappearancérom
thecoarsemodel.

e As in othertexture mappingschemessomeminor texture slip-
ping canoccut dependingontheaccurag of thecoarsemodel.

e Efficiency dependson a relative sparsity of silhouettes,and
thereforebreaksdown for extremelyroughgeometrylike trees
or fractalmountains.

e The approachonly works for static models representecby
closed oriented 2-dimensionamanifolds.

e Thestencilsettingmethodassumethattheviewpointis outside
the corvex hull of the original model.

2 Previous Work

Level of Detail/Simplification Level-of-detail (LOD) tech-
niguesadaptmeshcompleity to a changingview. The simplest
approachprecomputes setof view-independenimeshesat differ-
entresolutiondrom whichanappropriatepproximatioris selected
basednviewer distancgseesurney in [10]). A moreelaborateap-
proach,termedview-dependentOD [12, 18, 27], locally adapts
theapproximatingnesh.Areasof the surfacecanbekeptcoarseif
they are outsidethe view frustum, facing away from the viewer,
or sufiiciently far away. In particular the view-dependenterror
metric of Hoppe[12] automaticallyrefinesnearmeshsilhouettes.
However, acascadef dependencigsetweenrefinemenbperations
causesefinementn areasadjacento thesilhouettejncreasingen-
deringload. Also, the efficiengy of thesesystemsrelies on time-
coherenc®f theviewing parameters.

With silhouetteclipping, fewer polygonsneedto be processed
sincesilhouettesareobtainedasa 2D post-processAntialiasingis
achieved by processingnly the silhouetteedgesatherthansuper
samplingthe entireframebuffer.

Texturing  Maruya[20] andSoug etal. [26] definetexturesover
a coarsedomainby following invertible mappingsthrougha sim-
plification process.The shapeof the final parametrizations influ-
encedby thefairly arbitrarysequencef simplificationsteps.
Cignoni et al. [2] describea simple method for defining a
parametrizatiorusing only the geometryof the coarseand fine
models. Eachpositionon the coarsemodelis associatedvith its
closestpoint on the fine model. This methodoften createsmap-
ping discontinuitiesin concae regions (Figure 4). In Section4
we presena methodthatinsteadshootsraysalongtheinterpolated
surfacenormal. Although not guaranteedo producea one-to-one
mapping our parametrizatiomasfar fewer discontinuities.

Silhouette Extraction  Silhouettenformationhasbeenusedto
enhancartisticrenderingof 3D objectg6, 7, 19]. Blytheetal. [1]
describea multipassrenderingalgorithmto draw silhouettesn the
screen. Otherwork highlightsthe visible silhouetteby rendering
thickenededgeq24] or backbces[23] translatedslightly towards
the viewpoint. Theseworksrequirethe traversalof the entiregeo-
metricobject.

A numberof algorithmsexist for extracting silhouetteedges
from polyhedralmodels. Markosianet al. [19] describea proba-
bilistic algorithm that testsrandomsubsetsof edgesand exploits

view coherenceo track contours. Their methodis not guaranteed
to find all of the silhouettecomponentsandis too slow for models
of high geometriccompleity. Goochet al. [7] extract silhouette
edgesefficiently usinga hierarchicalGaussmap. Their schemds
applicableonly to orthographicviews, whereasoursworks for ar
bitrary perspectie views.

Backface Culling Our methodfor fastsilhouetteextractionis
inspired by previous schemedor fast backfce culling. Kumar
et al. [15] describean exact testto verify that all facesare back-
facing. They reduceits large costby creatinga memory-intensie
auxiliary datastructurethatexploits frame-to-framecoherenceJo-
hannserandCarter[13] improve onthisby introducingaconsera-
tive, constant-timeébackficingtest. The testis basedon bounding
the “backfacing viewpoint region” with a constaninumberof half
spaces.In our systemwe usean even simpleranchoredconetest
primitive.

Johannserand Carter do not addresshierarchy construction,
while Kumaretal. build their hierarchyusinga dualspacegridding
thatdoesnotexplicitly take into accountheextractioncost.We de-
scribea generalbottom-upclusteringstratagy, similar to Huffman
treeconstructionthatis greedywith respecto predictedextraction
cost. In the resultssectionwe report the adwvantageof using our
methodover thatof JohannseandCarter

Silhouette Mapping Ourearliersysteni8] performssilhouette
clipping usinganapproximatesilhouette pbtainedusinginterpola-
tion from afixednumberof precomputedilhouettes.

3 Progressive Hull

In orderto be properly clipped by the high-resolutionsilhouette,
the coarsemeshshouldcompletelyenclosethe original meshM".
In this sectionwe shawv how sucha coarsemeshcanbe obtained
by representindVl” asa progressivehull — a sequencef nested
approximatingneshed® . .. M", suchthat

V(M%) D y(MY)... D y(M")

whereV(M) denoteghe setof pointsinteriorto M. A relatedcon-
structionfor the specialcaseof convex setswasexploredin [4].

Interior volume To defineinterior volume,we assumahatM"
is orientedandclosed(i.e. it hasno boundaries)In mostcasesit is
relatively clearwhich pointslie in V(M). The definition of interior
is lessobvious in the presenceof self-intersectionspr when sur
facesarenested(e.g.concentricspheres).To determineif a point
p € R%liesin V(M), selectaray from p off to infinity, andfind all
intersection®f theray with M. Assumewithout lossof generality
thatthe ray intersectghe meshonly within interiors of faces(i.e.
notonary edges)Eachintersectiorpointis assignecnumber+1
or —1, equalto the sign of the dot productbetweerthe ray direc-
tion andthe normalof theintersectedace. Let the winding num-
ber wwv(p) be the sumof thesenumbers[22]. Becausehe mesh
is closed,it canbe shavn thatww (p) is independenbf the chosen
ray. To properlyinteractwith the stencilalgorithmdescribedater
in Section6, we defineinterior volumeusingthe positivewinding
rule asV(M) = {p € R®: wu(p) > 0}. Notethatthis description
only definesinterior volume;it is not usedin actualprocessing.

Review of progressive mesh The progressie hull sequence
is an adaptationof the earlier progressivemesh(PM) representa-
tion [11] developedfor level-of-detailcontrolandprogressie trans-
missionof geometry The PM representatioof a meshM" is ob-
tainedby simplifying the meshthrougha sequencef n edge col-
lapsetransformationgFigure 3), thus defining a densefamily of
approximatingneshedv®. .. M".

For the purposeof level-of-detailcontrol, edgecollapsesrese-
lectedsoasto bestpresere theappearancef themeshduringsim-
plification (e.g.[3, 10, 11,17]). We shaw thatproperconstrainton
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Figure3: Theedgecollapsetransformation.

the selectionof edgecollapsetransformationsllow the creationof
PM sequencethatareprogressie hulls.

Progressive hull construction  For the PM sequenceo be
a progressie hull, eachedgecollapsetransformatiorM'** — M’
mustsatisfythe propertyV(M") D V(M™Y). A suficient condition
isto guarante¢hat,atall pointsin spacethewindingnumbereither
remainsconstanor increases:

Vp € R, Wy (p) > Wy (p) -

Intuitively, the surface must either remain unchangedor locally
move outwardseverywhere.

Let F** andF' denotethe setsof facesin the neighborhoodf
the edgecollapseasshavn in Figure3, andlet v bethe positionof
theunifiedvertexin M'. Foreachfacef € F'*!, we constrainv to lie
outsidethe planecontainingfacef. Notethatthe outsidedirection
from afaceis meaningfulsincethe meshis oriented.Theresulting
setof linearinequalityconstraintslefinesa feasiblevolumefor the
locationof v. The feasiblevolume may be empty in which case
theedgecollapsetransformationis disalloved. Thetransformation
is alsodisallovedif eitherF' or F™*! containself-intersection’s If
v lies within the feasiblevolume, it can be shavn that the faces
F' cannotintersectary of thefacesF'**. ThereforeF' U flip(F™*")
formsasimply connectednon-intersectingglosedmeshenclosing
the differencevolumebetweerM' andM™*. Thewinding number
w(p) is increasedby 1 within this differencevolume and remains
constaneverywhereelse.Therefore Y(M') D V(M™Y).

Thepositionv is foundwith alinearprogrammingalgorithm,us-
ing the above linearinequality constraintsaandthe goal function of
minimizing vqume.Meshvolume,definedﬂereasfpeR3 wwm (p)dp,

. 1We currently hypothesizethat preventing self-intersectionsn F' and
F*1 maybeunnecessary

is alinear function on v thatinvolvesthe ring of verticesadjacent
tov (referto [9, 17]).

As in earlier simplification schemesgcandidateedgecollapses
are enteredinto a priority queueaccordingto a cost metric. At
eachiteration, the edgewith the lowestcostis collapsed.andthe
costsof affectededgesare recomputed.Variouscostmetricsare
possible We obtaingoodresultssimply by minimizingtheincrease
in volume,which matcheghe goalfunctionusedin positioningthe
vertex.

Inner and outer hulls The algorithm describedso far con-

structsa progressiveouter hull sequenceh_/l0 >...DOM". By
simply reversingthe orientationof the initial mesh,the samecon-
structiongives rise to an progressiveinner hull sequencev® C

... C M“'. Combiningtheseproducesa singlesequencef hulls

McC..cM" =M"c...c™M®

that boundsthe original meshfrom both sides,as shavn in Fig-
ure2. (Althoughthe surfacesometimeself-intersectsinterior vol-
umedefinedusingthewinding numberruleis still correct.)

We expectthatthis representatiomvill alsofind usefulapplica-
tionsin theareaof occlusiondetectiorandcollision detectionpar
ticularly usinga selectve refinemenframenork [12, 27].

4 Texture Creation

Asin [2, 20, 26], we createatexturetile over eachfaceof the sim-
plified mesh,andpackthesetiles into a rectangulatexture image.
As illustratedin Figure 1, all tiles areright trianglesof uniform
size. Theproblemof texturecreationis tofill thesetiles usingtexel
values(colors or normals)sampledfrom the original mesh. In-
spiredby Cignonietal. [2], our approactconstructsa parametriza-
tion from the simplified meshto the original meshbasedsolely on
their geometrieqi.e. independenbf the simplificationalgorithm).
WhereaCignonietal. useaclosest-poinparametrizationye base
our parametrizatioron a normal-shootingapproachwhich signifi-
cantlyreduceghe numberof discontinuitiesn the parametrization
(seeFigures4 and>5).

Giventheoriginal meshandatriangleT of the simplified mesh,
we must determinehow to calculatethe valuesassignedo each
texel. Our normal-shootinglgorithmperformsthefollowing steps
to computethecolor or normalateachtexel t of T:
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Figure4: Closest-poinparametrizatiomften producesliscontinu-
ities not presenwith normal-shooting.

(c) normal-shooting
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Figure 5: Comparison of texturing the coarse mesh us-
ing the closest-pointparametrizationand our normal-shooting
parametrizationNotethe parametriadiscontinuitiesn theconcae
regionsfor closest-point.

e Calculatethe barycentriccoordinate®f t within thetriangleT.

e Calculatethe positionp andnormalf by interpolatingthe posi-
tionsandnormalsof theverticesof T.

e Shootaray from p in the —i direction. This ray will intersect
the original meshat a particularpoint g. In the extremelyrare
eventof a ray failing to hit the original model, we insteaduse
theclosestpointto p.

e Giventhetriangleandbarycentriccoordinate®f q in theorigi-
nal model,interpolatethe prelit color or normalof its threever-
tices,andstoretheresultin t.

We adjustthe samplingresolutionon the texturetiles depending
on the complgities of the original andsimplified meshes For the
modelsin Section7, we sampledb12texels per coarsefaceon the
bunry andholes,but only 128texels on the dragon,parasaurand
knot sincethesehave mary more coarsefaces. Theseresolutions
are enoughto capturethe desiredlevel of detail. To allow bilin-
earinterpolationon the resultingtexture, we appropriatelypadthe
triangletexturetiles.

5 Fast Silhouette Extraction

We consideteachgeometricedgein themeshto consistof a pair of
opposite-pointinglirectededges For a given meshandviewpoint
p, the 3D silhouetteis the subsebf directededgesvhoseleft adja-
centfaceis frontfacingandwhoseright adjacenfaceis backfcing.
More formally, a directededgee is on the silhouetteif andonly if

p € frontfacinge.f;) and p ¢ frontfacinge. f.),
wheretheregion
frontfacingf) = {p e R* | (p — f.v) - f.A > 0}

in whichf.v is ary vertex of f, andf .fi is its outwardfacingnormal.

Runtime Algorithm  Applying this testto all edgesin a brute-
force mannerprovesto be too slow. Instead,our approachis to
enterthe edgesinto a hierarchicalsearchtree, or more properly
a forest. Eachnodein the forestcontainsa (possiblyempty) list
of edgedto test. Let the face cluster F(n) for a noden be the set
of facesattachedo edgescontainedin thatnodeandin all of its
descendantslf for a given viewpoint we can determinethat the
facesin F(n) are entirely frontfacing or entirely backgcing, then

noneof theedgesontainedn thenodes subtreecanbesilhouettes,
and thus the depth-firsttraversalskips the subtreebelov n. The
basicstructureof thealgorithmis asfollows:

procedur e findSilhouetteEdges(noden, viewpoint p)

if (p € frontfacingE(n)) or p € backbcingE(n)) )
return; // skipthis subtee

for edgesin n.E
if (p € frontfacinge. f;) and p ¢ frontfacinge.fz) )

output(€);

for childrencin n.C

findSilhouetteEdges(C,p);

The frontfacing and back&cing regions of a faceclusterF are
definedas

frontfacingF) = m frontfacingf) and

fer

ﬂ frontfacindf) .

feF

backacingF) =

To malke hierarchicalculling efficient, we needa fast,constant-
time algorithmto conseratively testp € frontfacingf) andp €
backfcingf). We do this by approximatingtheseregionsusing
two open-endedndored cones as anday, satisfying

& C frontfacingF) and &, C backacingF)

asshavn in Figure 6. Eachanchoredconea is specifiedby an

anchororigin a.o, normala.ii, andconeanglea.f. Theconstruction

of theseconeswill be presenteghortly.
Eachregiontestthenreducedo

p—ao

—1
pea & cos | —r
(Ilp—a-oll

. a.ﬁ’) <aéd.

For efficiengy andto reducestorage we storein our datastruc-
turethe scalednormala.fis = a.fi/ coga.§). With carefulprecom-
putation theabove testcanbethenimplementedvith two dotprod-
uctsandno squareootsor trigonometricoperationsyia

pea & (p—ao)-afs > 0 and

((p—a0)-afs)’ > [jp—ao|?.

Becausewe constructa; anday, to have the sameconeangleand
oppositeconenormals,we cantestfor inclusionin both anchored
coneswith justtwo dot products.Thisis madepossibleby precom-
puting andstoringthe “anchorseparationd = (a.0 — a,0) - ar.fi.
For referencethefinal nodedatastructureis:

struct node
vectorscaledNormal /IR
pointffAnchor; /l a.0
pointbfAndor; Il ap.0
float AnchorSepaation;, //d
edgeListE;

childPointerListC;

Anchored Cone Construction  We first find the conehaving
the largestangled insidethe frontfacingregion. It canbe shawvn
thatthe centralaxis i of sucha conehasthefollowing property:if
oneassociates point on the unit spherewith eachfacenormalin
thecluster andcomputeshe3D cornvex hull of this pointsetji must
passthroughthe closestpoint from the origin to that corvex hull.
We thereforeuse Gilbert's algorithm [5] which directly finds this
closestpointin lineartime. (Note thatan open-endedoneexists
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Figure 6: Anchored conesprovide conserative boundson the
frontfacingandbackfcingregionsof a setof facesijllustratedhere
in 2D for the 4 orientediine segmentsin blue.
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parent(a,b) adopt(a,b) merge(a,b)
Figure7: Thethreejoin operations.

if andonly if the corvex hull doesnot containthe origin.) The
largestconeangled is theneasilycomputedasthe complemenof
the maximumanglefrom i to the setof facenormals.In fact, 8 is
alsothe complemenbf the angulardistanceof i to ary vertex in
theclosessimplex found by Gilbert's algorithm.

For agivennode,we assign

—ap.fA
ap.0

a.i
ar.0

Inn
Inn
ST

We thenfind the bestconeorigins, a;.0 and a,.0, by solving the
linearprograms

&.0= amgmin fd-o0 and a.0=
o€ frontfacingF)

agmin —f-o.
o€ backfacingF)

Tree Construction  We constructour treesin a bottom-up
greedyfashionmuchlike the constructionof Huffman trees. We
begin with a forestwhereeachedgeis in its own node. Givenary
two nodes(a,b), we allow the following threejoin operationgsee
Figure7).

e parent@,b): createsanew nodewith two childrena andb.
e adopth,b): givesnodeb to nodea asanadditionalchild node.

e memge@b): createsa nev nodewhoseedgeandchild lists are
theunionof thosefrom a andb.

Giventhesepossiblgoin operationsthe algorithmis asfollows:

ForestbuildOptimalForest(Forestfores)
candidates= buildJoinCandidates(fores?;
candidateseapify();
while (joinOp = candidatesemoveTop())

if (joinOp.cost> 0) break;

forestapplyJoin(joinOp);

candidatesipdateCosts(joinOp);
return forest

Candidatgoin operationsare orderedin the heapby their pre-
dicteddecreasén silhouetteextractioncost. The silhouetteextrac-
tion costis computedasfollows.

The costof aforestis simply the sumof the costsof its roots:

forestCost Z rootCosfr) .
r

The costof aroot nodeis someconstantk, for the anchoreccone
tests plusthe possiblecostof testingits edgesandits children:

rootCosfr) = ka + P(r) (ke Ir.E| + Z nodeCodgt, {r})) ,

cer.C

whereke is the costfor testingan edge,andP(r) is the probability
of thenoder notbeingcullecf. To computeP(r), onemustassume
someprobability distribution over the viewpoints. We assumea
uniform distribution over alargesphered, in which case

vollU —r.a —r.ay)
vol(U)

The costof a non-rootnoden with ancestoisetA is computed
recursvely as:

P(r) =

nodeCogn, A) = ka+P(n| A) (ke |n. E| +Z nodeCodr, {n}UA))

cenC

whereP(n| A) is theprobabilityof thenoden notbeingculledgiven
thatits ancestor#\ werealsonot culled. If oneassumeshatboth
anchorectonesof a child arecontainedn its parents, then

vollU — n.as — n.ap)
vol(U — p.ar — p. ap)

wherep is n's immediateparent. While this containmenimustbe
true of a nodes respectie frontfacing and backfcing regions, it
is not necessarilytrue for their approximatinganchorecdcones. In
practice,numericalexperimentshave shavn this approximatiorto
bereasonable.

In principle one might considerall n? pairs of forestroots for
candidatgoin operations.For computationakfficiengy duringthe
preprocessye limit the candidatesetin the following way. A can-
didategraphis initialized with a graphvertex for eachroot in the
initial forest, eachrepresenting single meshedge. Two vertices
in thegrapharelinkedif their correspondingneshedgessharethe
samemeshvertex, or if adjacentmeshfaceshave normalswithin
an angularthreshold. Then during tree construction,when two
rootsarejoined,their verticesandlinks aremeigedin thecandidate
graph.

6 Stencil Setting

The 3D silhouetteextractedin the previous sectionis a setof di-
rectededges. Sincethe meshis closedand the silhouetteedges
separatdrontfacingtrianglesfrom backfacingones the numberof
silhouetteedgesadjacento ary vertex mustbeeven. Thereforethe
edgesanbeorganizednon-uniquely)nto a setof closedcontours.
Eachsuchcontourprojectsinto theimageplaneasan oriented2D
polygon,possiblywith mary loops,andpossiblyself-intersecting.
The winding numberof this polygonat a 2D imagelocation cor
respondgo the numberof frontfacing surfacelayersthat are seen
alongtheray from the viewpoint throughthatimagelocation[19].
Our approachs to accumulatehesewinding numbersn the hard-
warestencilbuffer for all contoursin the 3D silhouette. Then,we
clip thecoarsegeometryto theexternalsilhouetteof theoriginal ge-
ometryby only renderinghe coarsemodelwherethe stencilbuffer
valuesarepositive.

P(n|A) =

2We have foundthatsettingka/ke = 4/3 givesusthebestresults.

3In practicewe have foundthatignoringsimilarity of normals(i.e., only
consideringmeshproximity) still provides searchtreesthat are almostas
good,with farlesspreprocessingme.
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Figure 8: Comparisorof renderingthe bunry ear usingthe orig-
inal mesh(69,674facemodel),and usinga coarsehull (500 face
model)whosesilhouetteis (b) clippedto the stencilbuffer and(c)
antialiasedusingthealphabuffer.

(a) original mesh

(b) binary stencil (c) alphamatte

Basic Algorithm  The directedsilhouetteedgesare organized
into closedcontoursusing a hashtable. (For eachdirectededge,
the hashkey is the vertex index of the sourcevertex.) In orderto

renderthe winding numberof eachcontourinto the stencil buffer,

we usea variationof the standardstencilalgorithmfor filling con-
cavepolygong21]. Eachedgecontouris dravn asafanof triangles
aboutanarbitrarycenterpoint, which we chooseto bethe 3D cen-
troid of thecontourvertices.The orientationof eachtriangledeter

mineswhetherits renderecpixelsincrementor decrementhe sten-
cil buffer values.To avoid testingtriangleorientationsn the CPU,
weinsteadendetthetrianglestwice, first with backfceculling and
stencilmodesetto increment,andthenwith frontfaceculling and
stencilmodesetto decrementasshavn in the pseudocodéelaw.

Thetrianglesaredravn astrianglefansfor efficiency.

procedur e setstencil(contoursC, viewpoint p)
setStencilToZero(boundingBox(C));
cullFace(BACKFACE);
for contourscin C

pointq = centroid(C. E);
for edgesin c.E
trianglet = makeTriangle(q, V1, €.V2);
rasterizeToStencil(t, INCREMENT);
cullFace(FRONTFACE);
for contourscin C
pointq = centroid(C. E);
for edgesin c.E
trianglet = makeTriangle(q, €.V1, €.V2);
rasterizeToStencil(t, DECREMENT);

setDrawingToPositiveStencil();

Although the graphicshardware clips triangle fansto the view
frustum,thesetStenciblgorithmremainscorrectevenif partsof the
modellie behindthe viewer, aslong asthe viewer remainsoutside
thecorvex hull of the object. This canbetracked efficiently by the
testusedin [25].

Loop Decomposition  The basic algorithm describedso far
tendsto drav mary long, thin triangles.On mary rasterizingchips
(e.g-NVIDIA’'s TNT2), thereis a large penaltyfor renderingsuch
eccentrictriangles. It is easyto shav thatthe setstencil algorithm
behaesbestwhenthe screen-spacprojectionof g hasay coordi-
nateat the medianof the contourvertices. Choosingq asthe 3D
centroidof the contourverticessenesasafastapproximation.

To furtherreducethe eccentricityof the fantriangles,we break
up eachlarge contourinto a setof smallerloops. More precisely
we pick two verticeson the contour addto the datastructuretwo
opposingdirectededgedetweerthesevertices,andproceedasbe-
fore onthe smallerloopsthusformed.

Whentestedwith theNVIDIA’sTNT2, loopdecompositiomave
speedupsf upto afactorof 2.3onmodelsthatarerasterboundon
the stencilsettingstage.

[ Model Bunry [ Dragon| Parasauf Knot [ Holes3
Model compleities (numberof faces)
Original mesh 69,674 400,000 43,886|185,856| 188,416
Coarsehull 500| 4,000 1,020 928 500
Systemtimings (milliseconds)
Original rendering 34.7| 204.7| 20.63] 81.12 90.3

Silhouetteextraction 4.5 24.2 4.0 6.5 4.0
Stencilsetting 2.7 215 2.0 2.8 1.0
Coarsaendering 4.8 5.2 4.9 49 4.4
Totaf 7.8 50.3 6.9 10.3 5.5
Speedupactor 4.4 4.1 3.0 7.9 16.4

(Antialiasing) +3.0| +22.5 +2.9 +3.4 +1.5

Table 1: Timings of stepsin our silhouetteclipping schemeand
comparisorwith renderingthe original mesh. *Total frametimes
arelessthanthe sumdueto parallelismbetweerCPUandgraphics.

Model Bunry | Dragon| Parasaur Knot | Holes3
Totalfaces 69,674( 400,000 43,866| 185,856/ 188,416
Total edges 104,511 600,000 65,799 278,784 282,624
Silhouetteextractionstatistics
Silhouetteedgey  3,461| 23,493 3,227 3,291 1,737
Testededges 10,256 67,934/ 10,938 13,134 5,976
Testednodes 4,282| 26,291 3,538/ 7,926| 4,594
Silhouetteextractiontimes(milliseconds)

Oursearchree 4.1 28.2 4.3 6.4 3.3
Brute-force 20.4| 1173 12.5 50.6 51.4
Speedupactor 5.0 4.2 2.9 7.9 15.6

Table2: Statisticsof our silhouetteextractionalgorithm.
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Figure9: Comparisorof theaveragesilhouettesxtractiontime with
our algorithmandthe brute-forcealgorithm,usingbunry approxi-
mationswith 500,4,000,20,000,50,000,and69,674faces.

Antialiasing  Althoughmary graphicssystemsanantialiasline
se@gments triangleantialiasingrequiresframehuffer supersampling
which slows renderingexcepton high-endworkstations.As are-
sult, the silhouettetypically suffers from aliasing artifacts (Fig-
ure8a). The stencilbuffer algorithmdescribedn the previous sec-
tion createsa binary pixel mask,thereforethe coarsemeshclipped
to this maskexhibits the samestaircasairtifacts(Figure8b).

We can antialias the silhouetteby applying line antialiasing
on the silhouettecontour First, the silhouette edgesare ren-
dered as antialiasedline segmentsinto the alpha buffer (using
glBlend(GL_ONE,GL_ZERO)). Second,the stencil buffer is computed
asin the previous section. This binary stencilis thentransferred
to the alphabuffer, i.e. pixels interior to the silhouetteare as-
signedalphavaluesof 1. Finally, the low-resolutiongeometry
is renderedwith thesealphabuffer valuesusing the over opera-
tion (giBlend(GL_DST_ALPHA,GL_ONE_MINUS_DST_ALPHA)). The result
is shavn in Figure8c. As thetimingsin Tablel reveal, silhouette
antialiasingaddslittle to the overall time. Notethatantialiasedsil-
houetteclipping on multiple modelsinvolvesthe non-commutatie
over operation andthusrequiresvisibility sorting[25].



(a) original mesh

(b) simplified mesh(not hull)

(c) silhouette-clippeaoarsehull

Figure 10: Comparisorof renderingthe original mesh,a normal-mappedimplified meshwithout the progressie hull constraintsanda

coarsehull with the samenumberof facesbut with silhouetteclipping.

7 Results

We testedour framework on thefive modelsof Tablel. Thebunry

anddragonarefrom 3D scansat StanfordUniversity (Thedragon
was simplified to 400,000faces;the four boundariesn the base
of the bunry were closed.) The parasauiis from the Viewpoint
library. The 3-holedtorusandknotaresubdvision surfacestessel-
latedfinely to obtainan accuratesilhouette.We usednormalmaps
for all of ourexamples.

Preprocessingmodelconsistof building acoarsehull, thenor
mal and/ortexture map,andthe edgesearchstructures.This takes
betweer80 minutesand5 hoursdependingon modelcomplexity.

We have focusedour effort on optimizingthe runtimealgorithm.
Timesfor the substep®f our schemeareshavn in Tablel. These
are obtainedon a PC with a 550MHz Pentiumlll anda Creatve
LabsAnnihilator 256 graphicscardbasedntheNVIDIA GeForce
256 GPU. The executiontimesrepresentveragesover mary ran-
domviews of the models. Note that the expenseof extractingsil-
houetteedgesis significantly reduceddueto parallelismbetween
the CPUandGPU.For instancesilhouetteextractionis nearlyfree
for the bunry. We compareour approachof silhouette-clippinga
coarsehull with renderingthe original mesh,andfind speedup®f
approximately3 to 16. For renderingboththe coarsehulls andthe
original mesheswe useprecomputedrianglestrips.

Figure 10 comparedhe imagequality of the silhouette-clipped
coarsehull with a simplified meshof the samecompleity andthe
original mesh. Figure 11 indicatesthat given a fixed amountof
resourcespur systemcanrendera modelwith asilhouetteof much
higherresolutionthanthe brute-forcemethod.

As shavn in Table 2, our hierarchicalculling schemeresultsin
explicit silhouettetestingof only asmallfractionof theedgespar
ticularly on the smoothmodels. In all casesour extractiontime
is much lower than the brute-forceapproachof explicitly testing
all edges.It works muchlike a quadtreesearchalgorithm,which
canfind all cellsthattoucha line in O(y/n) time. Figure9 shavs
this comparisorasa function of silhouettecomplexity for several
simplified bunry meshesThegraphindicatesthatthetime for our
algorithmincreasedinearly onthe numbem of silhouetteedgesn
the model, whereashe brute-forcetime increasedinearly on the
total numbem of edgeswhichin this caseis quadraticon m.

We implementedlohannserandCarters backfceculling algo-
rithm and modifiedit to extractsilhouettesjn orderto compareit
with our silhouetteextractionschemeFor thiscomparisorwe mea-
suredcomputationbasedon the numberof edgesexplicitly tested
andnodestraversed. We did not usewall-clock time becauseur
implementatiorof JohannseandCarterwasnot overly optimized.
For bunnieswith 500,4000,20,000,50,000,and69,674faces our
speedupgactorswerel1.1,1.3,1.5,2.0,and2.1,respectiely.

8 Summary and Future Work

We have shawn thatsilhouetteclippingis a practicalframework for
renderingsimplified geometrywhile preservinghe original model
silhouette The operation®f extractingsilhouetteedgesandsetting
the stencilbuffer canbe implementecefficiently at runtime. With
little addedcost,silhouetteclipping alsopermitsantialiasingof the
silhouette,a featurepreviously available only through expensve
supersamplingSeveralareador futurework remain.
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Figurell: Comparisorbetweersilhouetteclipping andbrute-force
rendering. The x-axis representshe resolutionof the modelused
for silhouetteextraction. Theresolutionof thecoarsehull wasfixed
at500faces.Thecurnesrepresentonfigurationghattake thesame
amountf timeto render Thestarrepresenttheconfiguratiorused
in thebunrny earexampleshavn above.

The complity of the extractedsilhouetteshouldbe adaptedo
the view, sinceit is obviously unnecessaryo extractthousand®of
edgesfrom an objectcovering a few pixels. Given a setof LOD
meshespur framevork canusethesefor silhouetteextraction by
creatingfor eachonea correspondingoarsetull. Alternatively,
all of the silhouettemeshesandtheir associate@¢oarsehulls could
be extractedfrom a single progressie hull. A relatedideais to
performhigherorderinterpolationonthesilhouetteusingprojected
derivativesor cunvaturesin additionto 2D points. Thiswould result
in smoothessilhouettesvithout extractingmoresilhouetteedges.

Currently silhouetteclipping only improves the appearancef
exterior silhouettes. We have consideredsereral approachegor
dealingwith interior silhouettes.One possibility is to exploit the
winding numbercomputedn the stencilbuffer. Anotherapproach
partitionsthe meshandappliessilhouetteclipping to eachpiecein-
dependently We have performedinitial experimentsalongthese
lines, but have notyet obtaineda satisactorysolution.

Sincetheexteriorsilhouetteof ashapés determinedy its visual
hull [16], silhouetteextractionis unafectedby ary simplification
of the original meshthat preseresits visualhull. As anexample,
theinterior concaity of abowl canbe simplifieduntil it spanghe
bowl's rim. Suchsimplification offers an opportunityfor further
reducingsilhouetteextractioncost.
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