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Abstract

Thispapempresentapproachesfincorporatingsubdvisiontechniquesn therendering
processor computergeneratedine dravings. A nev methodfor acceleratingsilhou-
ette detectionis introduced.This “silhouette propagation’'methodgainsits strength
from beingintertwinedwith the 3D subdvision processAnothertechniquereduces
thenumberof 3D subdvision stepsnecessaryor high-qualityrenditionsof line draw-
ings. It is shavn how, by using2D subdvision on curves,the sameline quality canbe
achievedthatthe computationallynuchmoreexpensve 3D subdvision yields.

1 Introduction

Thegraphicscommunityhasalwaysbeenlooking for improvedrepresentationsf geomet-
ric models Recentlysubdvisionsurfacesarebecomingherepresentationf choicein alot
of applicationareasOneof thoseareads non-photorealisticenderingwhich alsogained
attentionin recentyears.This presentatiorinvestigateshe useof subdvision techniques
for the purposeof generatingion-photorealistiomagesn thestyleof line-artillustrations.

Theminimalistappearancef line drawingsis composedf strokesalongthe mainfeatures
of the depictedobject:its silhouette andcrease®n the surface.The silhouettemarksthe
outer boundaryof an objectas seenfrom the view point. Creasdines are placedwhere
facetsof the surfacearejoined at an angle,creatinga sharpedge.By emphasizingrisual
discontinuitiesandleaving outunnecessargetail,theimages comprehensibilitys largely
improved,whichis thereasorwhy alot of illustratorsusealline draving style.

Subdvision surfaceshave severalfeatureghatmake themespeciallyaptfor renderindine
drawings.For example thisrepresentatioaxplicitly containssmoothnessformation,that
is, whetheran edgein the modelis a creaseor not. Specialrulesare usedfor subdviding
theseedges For anotherexample,subdvision surfacessupportmulti-resolutionmethods
by design.Operationsanbe carriedout at coarsdevels andpropagatedo finer levels of
detail.

Amazingly, thesdeaturesionotseento have gotexploitedin non-photorealisticendering
to date.Eithersubdvision surfacesaretreatedaspolygonalmodelsafter performinga few

subdiision steps]MKT +97, KGCO0Q], or they areonly usedasa genericsmoothsurface
representatiofHZ00Q].
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This work utilizes subdvision asatool for renderingline drawingsin two ways. Firstly,
subdvision surfaces areusedasthegeometrionodelrepresentatiobecaus®f thereasons
mentionedabove. An algorithmfor silhouettedetectionusing this representatioiis pre-
sentedn Section3. Secondlysubdvision curves areemployedfor draving smoothshapes
in coarsersubdiision levels. This techniques describedn detailin Section4. Somere-
sultsarepresentedn Section5, while Section6 givessomeconcludingremarksandshavs
possibilitiesfor futurework.

2 Subdivision

In this work the Modified Butterfly subdiision schemeis used[ZSS94. It was chosen
mainly becausdt is aninterpolatingschemeAlthough approximatingschemesn general
achieve abettersurfacequality, thisis irrelevantin the context of non-photorealisticender

ing. Much moreimportantis thatthe coarsersubdvision levels—indeedeventhe control

mesh—roughlyesemblahelimit surface whichis approachedfterfew subdiisionsteps
(seeFigurel).
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Figure1l: Subdvision of somesimpleobjects.Theinitial meshis shovn on theleft, then
threestepsof subdiisionwereperformed.

The rule usedfor subdviding creaseedgess differentfrom the normaledgesubdvision

rule. The surfacesubdvision only usesverticeson onesideof a creasesosharpedgesare
preseredin eachrefinemenstep.Thatmeanghatto make aline drawing, the sharpedges
“only” needto bedrawn alongwith the silhouettegFigure?2).
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Figure2: Silhouettesandcreasesfter0, 1, 2, and3 subdvision steps.



3 Silhouette propagation

In afully refinedsubdvision mesh,thereis a hugenumberof triangles,borderedby an
evenmoreimpressve numberof edgesSilhouettedeterminations usedto selectheedges
attheperimeterof anobject,asseenfrom theviewer. Only asmallportionof all edgesare
silhouettesthe majority is contributedby inneredgesA numberof approacheweretaken
to rapidly determinesilhouetteedgesjncluding recentdevelopmentdik e probabilisticse-
lection[MKT *97] or duality maps[HZ00].

The approachesurrentlyusedin the field of non-photorealisticenderingoperateon the
fully refinedmesh.But aninterestingpropertyof subdvision is that a silhouetteedgein

subdvision level 1+1 mustbe the resultof subdviding a triangle containinga silhouette
edgein level I. Expressedhe otherway around,to determineall silhouetteedgesn level

[+1it is suflicientto consideredgesn thosetrianglesthatwereadjacento a silhouettein

level l.

Thisinsightleadsto anew methodfor fastsilhouettedeterminatiorthatis intertwinedwith
the subdvision processTheideais to find silhouetteedgesin onesubdvision level, and
propagatehis informationto the next level. Thatway, mostedgesn thefiner subdvision
levelsdo not have to be processedt all (seeFigure 3). Additionally, only smoothsilhou-
ettesneedto betested sincesharpedgesaredravn anyway.
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Figure3: Silhouettepropagatiorexample: Trianglesadjacento the silhouettein onelevel

(left) aresubdividedandbecomehesilhouettebandfor thenext subdiisionlevel (middle).
The propagatiorprocesss repeatedright).

In the set-upphase the silhouetteedgesin the controlling meshare gatheredHere, ary
deterministicalgorithmcanbe used.In the moststraight-forward case the orientationfor
all facess determinedandthe edgessharingbotha front-facinganda back-fcingtriangle
aremarkedassilhouetteedgesasillustratedin Figure4 (left).

Then,in thesubdvision step,eachedgeis subdvided,creatinga new vertex for eachedge.
Thereis a narrav bandof trianglesalongthe previous-level silhouetteshat containsthe
edgeof thenew silhouette This bandconsistof thetrianglesthatemegefrom subdvid-

ing thetrianglesthat sharedat leastonevertex with the silhouette(seeFigure4, middle).
Trianglesoutsidethis banddo not needto be consideredbecaus¢heseareknown to have
the sameorientationasthetrianglesadjacento themin theband.
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Figure4: SilhouettepropagatiorschemeBeforesubdvision(left), silhouetteband(center),
refinedsilhouette(right). Differentshade®of grey depictfront/backfaces.

To determinethe silhouettefor this subdiision level, thetrianglesin the bandare categyo-
rizedasfront-facingor back-facing.Thenall edgessharingafront facinganda backfacing
trianglearefinally marked assilhouetteqFigure 4, right). The whole processs repeated
until thedesiredevel of subdvisionis reached.

4 Drawing by subdivision

While it is certainlypossibleto keepon subdiiding until thereareno visual artifactsary-
more, this createsan excessive numberof triangles.Usually, to overcomethis problem,
adaptve subdvisiontechniquesreintroduced Theseadaptie schemesvill generatenore
detailin visually importantregions,for example,in areasof highercurvature.

Considerindine drawings,“visually mostimportant”arethecreasesndsilhouettesSo,an
adaptve schemecanbeappliedthatsubdividesareascontainingcreasesr silhouettesvith
higherresolutionthanotherregionsof the mesh.However, why shouldwe spendsomuch
effort on subdviding faces whenall we wantto draw in theendarethe edges? Insteadwe
canusecurve subdivision to refine creasesand silhouetteswithout the needto subdvide
surfacesary morethannecessary

For creaseghis approachs obviouslyjustified. Creaseedgesarea special-casé thesub-

division processarnyway. They getsubdvidedusingthe 4-pointcurve-subdvision scheme
[DLG87]. For silhouetteshowever, we have to ensurethe surfaceis subdvidedwith suf-

ficient precision,so that the deviation of the actualsilhouettefrom the curve subdvision

silhouetteis neglectable.

Thisisillustratedin Figure5. Thesilhouettesandcreasesredravn with onelevel of subdi-
vision. Theactualmeshgeometryis shovn for comparisonOn theleft, no 3D subdvision
wasperformedHere,therim of the cylinder deviatesnoticeablyfrom the objects silhou-
ette. After performingone (middle) or two (right) surfacesubdvision steps however, the
interpolatedcurve is sufficiently closeto theactualsilhouette.

The curve subdvision processs asfollows: First, chainsof creaseedgesare assembled.
For this, an arbitrary creaseedgeis chosenandedgessharingonevertex of the edgeare
connecteduntil a corneris found or the chainis closed.A vertex is a cornerif at least
threesharpedgeameet[HDD ™ 94]. Thenthe samechaininghappengor smoothsilhouette
edgesstoppingat cornersand,additionally at creasevertices(verticeson acrease)Sharp
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Figure5: Drawing by subdvision: Curvesweresubdvidedonce.

silhouettescould be handledaswell if a distinguisheddrawing style for silhouetteswvas
desired.

Then the actual curve subdvision is performedon the chains.The 4-point subdvision
schemds used(seeFigure6). For closedchains theregular stencilcanbe appliedevery-
where.For openchains thefirst andlastvertex areweightedwith 1/2.
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Figure 6: Stencil of 4-point curve subdvision scheme:Regular (left) and end of chain
(right).

Note that we can drop the depthcomponeniof the curve points altogetherand use 2D
curve subdvision asa drawing primitive. The curve-subdvision only considershe vertex
positionsof the curve itself andthusis completelyunrelatedo the surfacetessellationSo
exceptfor perspectie foreshorteningthe interpolationof projected2D verticesproduces
the samedrawingsasthe projectionof thethree-dimensionallgubdvidedcurve.

Onelevel of curve subdvision is of coursenot quite sufiicient. But with threelevels, the
curvesbecomesmooth,asshavn in Figure?. In fact, they areevensmoothemow thanin
thelastimageof Figure2, whichhasonemorelevel of 3D surfacesubdvision. Thisis only
noticeabldn magnificationthough.

Figure7: Drawing by subdvision: Curvesweresubdvidedthreetimes.



5 Realts

The presentednethodswvereexperimentallyimplementedisingthe SqueakSmalltalken-
vironment[Squ0]. Being an purely interpretedsystem,no absolutetimings comparable
with, for example,[MKT T97] canbe given.However, usingcurve subdiision refinement
ratherthana full surfacesubdvision stepgave arelative speed-uy thefactor10.

A problemwith usingthe Modified Butterfly subdisision schemes thatit is not widely
supported/etin modelingprogramsOur approachwasto modelthe polygonmeshwhile
imaginingthe resultingsurface,andthento evaluatethe resultof subdvision in our test
application. A modelcreatedhis way is shavn in Figures8 and9.
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Figure8: Sampleobjectwithout curve subdvisionin threerefinementevels.
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Figure9: Sampleobjectwith curve subdvision, samethreerefinementevels.



6 Conclusion

In this work, the useof subdvision techniquedor non-photorealisticenderingwas ex-
plored.In particular novel approachesor renderingline drawings that explicitly exploit
subdvision techniquespoth for surfacesand curves,and both in two andthreedimen-
sions,wereintroduced.

The silhouettepropagatiortechniqueis bestemployedin one-frame(off-line) rendering,
or for dynamicsubdvision. In aninteractive ervironmentwith a static control meshthe
subdvision itself would be not be performedfor eachframe. Still, silhouettepropagation
couldbeappliedif the subdvisionlevelsareretained.

An interestingextensionto this methodwould be to integrateit with hiddenline removal.
This “visibility propagation’would determinevisibility for the controlmeshandonly up-
datevisibility in silhouetteregionswhensubdviding.

Consideringthat the subdvision of curvesis muchcheapetthan subdviding surfacesin
3D, we now have atool thatenablesa userto make a speedvs. quality tradeof. Evenin
theroughestsurfacesubdvision levels,the smoothingof creasesndsilhouettesy curve
subdvisionyieldsresultsundisturbedy polygonaloutlines.

The quality of thedrawing could beimprovedby usinga curve subdvision schemehatis
sensitve to the chordallengthof eachsegment.This would suppresshe over-shootingof
theinterpolatingcurve whenlong andshortsegmentsarechained.

Hopefully, thiswork is encouragindor othersto investigatesubdvisiontechniquesn non-
photorealisticenderingandnot to treatsubdvision meshesasjust anothersurfacerepre-
sentation.
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