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Abstract

Thispaperpresentsapproachesof incorporatingsubdivisiontechniquesin therendering
processfor computer-generatedline drawings.A new methodfor acceleratingsilhou-
ettedetectionis introduced.This “silhouettepropagation”methodgainsits strength
from being intertwinedwith the 3D subdivision process.Another techniquereduces
thenumberof 3D subdivision stepsnecessaryfor high-qualityrenditionsof line draw-
ings.It is shown how, by using2D subdivision on curves,thesameline quality canbe
achievedthatthecomputationallymuchmoreexpensive 3D subdivision yields.

1 Introduction

Thegraphicscommunityhasalwaysbeenlookingfor improvedrepresentationsof geomet-
ric models.Recently, subdivisionsurfacesarebecomingtherepresentationof choicein alot
of applicationareas.Oneof thoseareasis non-photorealisticrendering,which alsogained
attentionin recentyears.This presentationinvestigatesthe useof subdivision techniques
for thepurposeof generatingnon-photorealisticimagesin thestyleof line-artillustrations.

Theminimalistappearanceof line drawingsis composedof strokesalongthemainfeatures
of thedepictedobject:its silhouette,andcreaseson thesurface.Thesilhouettemarksthe
outerboundaryof an objectasseenfrom the view point. Creaselines areplacedwhere
facetsof thesurfacearejoinedat anangle,creatinga sharpedge.By emphasizingvisual
discontinuitiesandleaving outunnecessarydetail,theimage’scomprehensibilityis largely
improved,which is thereasonwhy a lot of illustratorsusea line drawing style.

Subdivisionsurfaceshaveseveralfeaturesthatmakethemespeciallyaptfor renderingline
drawings.For example,thisrepresentationexplicitly containssmoothnessinformation,that
is, whetheranedgein themodelis a creaseor not. Specialrulesareusedfor subdividing
theseedges.For anotherexample,subdivision surfacessupportmulti-resolutionmethods
by design.Operationscanbecarriedout at coarselevelsandpropagatedto finer levelsof
detail.

Amazingly, thesefeaturesdonotseemto havegotexploitedin non-photorealisticrendering
to date.Eithersubdivisionsurfacesaretreatedaspolygonalmodelsafterperforminga few
subdivision steps[MKT
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97, KGC00], or they areonly usedasa genericsmoothsurface
representation[HZ00].
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This work utilizes subdivision asa tool for renderingline drawings in two ways.Firstly,
subdivisionsurfaces areusedasthegeometricmodelrepresentationbecauseof thereasons
mentionedabove. An algorithmfor silhouettedetectionusing this representationis pre-
sentedin Section3. Secondly, subdivisioncurves areemployedfor drawing smoothshapes
in coarsersubdivision levels.This techniqueis describedin detail in Section4. Somere-
sultsarepresentedin Section5, while Section6 givessomeconcludingremarksandshows
possibilitiesfor futurework.

2 Subdivision

In this work the Modified Butterfly subdivision schemeis used[ZSS96]. It was chosen
mainly becauseit is aninterpolatingscheme.Althoughapproximatingschemesin general
achieveabettersurfacequality, this is irrelevantin thecontext of non-photorealisticrender-
ing. Much moreimportantis that thecoarsersubdivision levels—indeed,eventhecontrol
mesh—roughlyresemblethelimit surface,whichis approachedafterfew subdivisionsteps
(seeFigure1).

Figure1: Subdivision of somesimpleobjects.The initial meshis shown on the left, then
threestepsof subdivisionwereperformed.

The rule usedfor subdividing creaseedgesis differentfrom the normaledgesubdivision
rule.Thesurfacesubdivisiononly usesverticeson onesideof a crease,sosharpedgesare
preservedin eachrefinementstep.Thatmeansthatto makea line drawing, thesharpedges
“only” needto bedrawn alongwith thesilhouettes(Figure2).

Figure2: Silhouettesandcreasesafter0, 1, 2, and3 subdivisionsteps.



3 Silhouette propagation

In a fully refinedsubdivision mesh,thereis a hugenumberof triangles,borderedby an
evenmoreimpressivenumberof edges.Silhouettedeterminationis usedto selecttheedges
at theperimeterof anobject,asseenfrom theviewer. Only asmallportionof all edgesare
silhouettes,themajority is contributedby inneredges.A numberof approachesweretaken
to rapidly determinesilhouetteedges,includingrecentdevelopmentslike probabilisticse-
lection[MKT
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97] or dualitymaps[HZ00].

The approachescurrentlyusedin the field of non-photorealisticrenderingoperateon the
fully refinedmesh.But an interestingpropertyof subdivision is that a silhouetteedgein
subdivision level l+1 mustbe the resultof subdividing a trianglecontaininga silhouette
edgein level l. Expressedtheotherway around,to determineall silhouetteedgesin level
l+1 it is sufficient to consideredgesin thosetrianglesthatwereadjacentto a silhouettein
level l.

This insightleadsto anew methodfor fastsilhouettedeterminationthatis intertwinedwith
the subdivision process.The ideais to find silhouetteedgesin onesubdivision level, and
propagatethis informationto thenext level. Thatway, mostedgesin thefiner subdivision
levelsdo not have to beprocessedat all (seeFigure3). Additionally, only smoothsilhou-
ettesneedto betested,sincesharpedgesaredrawn anyway.

Figure3: Silhouettepropagationexample:Trianglesadjacentto thesilhouettein onelevel
(left) aresubdividedandbecomethesilhouettebandfor thenext subdivisionlevel (middle).
Thepropagationprocessis repeated(right).

In the set-upphase,the silhouetteedgesin the controlling mesharegathered.Here,any
deterministicalgorithmcanbeused.In themoststraight-forwardcase,theorientationfor
all facesis determinedandtheedgessharingbotha front-facingandaback-facingtriangle
aremarkedassilhouetteedges,asillustratedin Figure4 (left).

Then,in thesubdivisionstep,eachedgeis subdivided,creatinganew vertex for eachedge.
Thereis a narrow bandof trianglesalongthe previous-level silhouettesthat containsthe
edgesof thenew silhouette.Thisbandconsistsof thetrianglesthatemergefrom subdivid-
ing the trianglesthatsharedat leastonevertex with thesilhouette(seeFigure4, middle).
Trianglesoutsidethis banddo not needto beconsidered,becausetheseareknown to have
thesameorientationasthetrianglesadjacentto themin theband.



Figure4: Silhouettepropagationscheme.Beforesubdivision(left), silhouetteband(center),
refinedsilhouette(right). Dif ferentshadesof grey depictfront/backfaces.

To determinethesilhouettefor this subdivision level, thetrianglesin thebandarecatego-
rizedasfront-facingor back-facing.Thenall edgessharingafront facingandabackfacing
trianglearefinally markedassilhouettes(Figure4, right). The wholeprocessis repeated
until thedesiredlevel of subdivision is reached.

4 Drawing by subdivision

While it is certainlypossibleto keepon subdividing until thereareno visualartifactsany-
more, this createsan excessive numberof triangles.Usually, to overcomethis problem,
adaptivesubdivisiontechniquesareintroduced.Theseadaptiveschemeswill generatemore
detail in visually importantregions,for example,in areasof highercurvature.

Consideringline drawings,“visually mostimportant”arethecreasesandsilhouettes.So,an
adaptiveschemecanbeappliedthatsubdividesareascontainingcreasesor silhouetteswith
higherresolutionthanotherregionsof themesh.However, why shouldwe spendsomuch
effort on subdividing faces whenall wewantto draw in theendaretheedges? Instead,we
canusecurve subdivision to refinecreasesandsilhouetteswithout the needto subdivide
surfacesany morethannecessary.

For creases,thisapproachis obviously justified.Creaseedgesareaspecial-casein thesub-
division processanyway. They getsubdividedusingthe4-pointcurve-subdivisionscheme
[DLG87]. For silhouettes,however, we have to ensurethesurfaceis subdividedwith suf-
ficient precision,so that the deviation of the actualsilhouettefrom the curve subdivision
silhouetteis neglectable.

Thisis illustratedin Figure5.Thesilhouettesandcreasesaredrawnwith onelevelof subdi-
vision.Theactualmeshgeometryis shown for comparison.On theleft, no 3D subdivision
wasperformed.Here,therim of thecylinder deviatesnoticeablyfrom theobject’s silhou-
ette.After performingone(middle)or two (right) surfacesubdivision steps,however, the
interpolatedcurve is sufficiently closeto theactualsilhouette.

The curve subdivision processis asfollows: First, chainsof creaseedgesareassembled.
For this, anarbitrarycreaseedgeis chosen,andedgessharingonevertex of the edgeare
connected,until a corneris found or the chain is closed.A vertex is a cornerif at least
threesharpedgesmeet[HDD

�

94]. Thenthesamechaininghappensfor smoothsilhouette
edges,stoppingatcorners,and,additionally, atcreasevertices(verticesonacrease).Sharp



Figure5: Drawing by subdivision:Curvesweresubdividedonce.

silhouettescould be handledaswell if a distinguisheddrawing style for silhouetteswas
desired.

Then the actualcurve subdivision is performedon the chains.The 4-point subdivision
schemeis used(seeFigure6). For closedchains,theregularstencilcanbeappliedevery-
where.For openchains,thefirst andlastvertex areweightedwith 1/2.
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Figure 6: Stencil of 4-point curve subdivision scheme:Regular (left) and end of chain
(right).

Note that we can drop the depthcomponentof the curve points altogetherand use2D
curve subdivision asa drawing primitive.Thecurve-subdivisiononly considersthevertex
positionsof thecurve itself andthusis completelyunrelatedto thesurfacetessellation.So
exceptfor perspective foreshortening,the interpolationof projected2D verticesproduces
thesamedrawingsastheprojectionof thethree-dimensionallysubdividedcurve.

Onelevel of curve subdivision is of coursenot quite sufficient. But with threelevels, the
curvesbecomesmooth,asshown in Figure7. In fact,they areevensmoothernow thanin
thelastimageof Figure2,whichhasonemorelevel of 3D surfacesubdivision.This is only
noticeablein magnification,though.

Figure7: Drawing by subdivision:Curvesweresubdividedthreetimes.



5 Results

ThepresentedmethodswereexperimentallyimplementedusingtheSqueakSmalltalken-
vironment[Squ01]. Being an purely interpretedsystem,no absolutetimings comparable
with, for example,[MKT
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97] canbegiven.However, usingcurvesubdivision refinement
ratherthana full surfacesubdivisionstepgavea relativespeed-upby thefactor10.

A problemwith usingthe Modified Butterfly subdivision schemeis that it is not widely
supportedyet in modelingprograms.Our approachwasto modelthepolygonmeshwhile
imaginingthe resultingsurface,andthento evaluatethe resultof subdivision in our test
application.A modelcreatedthis way is shown in Figures8 and9.

Figure8: Sampleobjectwithoutcurvesubdivision in threerefinementlevels.

Figure9: Sampleobjectwith curvesubdivision,samethreerefinementlevels.



6 Conclusion

In this work, the useof subdivision techniquesfor non-photorealisticrenderingwasex-
plored.In particular, novel approachesfor renderingline drawings that explicitly exploit
subdivision techniques,both for surfacesand curves,and both in two and threedimen-
sions,wereintroduced.

The silhouettepropagationtechniqueis bestemployed in one-frame(off-line) rendering,
or for dynamicsubdivision. In an interactive environmentwith a staticcontrol meshthe
subdivision itself would benot beperformedfor eachframe.Still, silhouettepropagation
couldbeappliedif thesubdivision levelsareretained.

An interestingextensionto this methodwould beto integrateit with hiddenline removal.
This “visibility propagation”would determinevisibility for thecontrolmeshandonly up-
datevisibility in silhouetteregionswhensubdividing.

Consideringthat the subdivision of curvesis muchcheaperthansubdividing surfacesin
3D, we now have a tool thatenablesa userto make a speedvs. quality tradeoff. Even in
theroughestsurfacesubdivision levels,thesmoothingof creasesandsilhouettesby curve
subdivisionyieldsresultsundisturbedby polygonaloutlines.

Thequality of thedrawing couldbeimprovedby usinga curvesubdivision schemethatis
sensitive to thechordallengthof eachsegment.This would suppresstheover-shootingof
theinterpolatingcurvewhenlongandshortsegmentsarechained.

Hopefully, thiswork is encouragingfor othersto investigatesubdivisiontechniquesin non-
photorealisticrenderingandnot to treatsubdivision meshesasjust anothersurfacerepre-
sentation.
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