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Abstract: Thispaperintroducesaproceduralapproachto non-photorealisticline drawing from 3D
models.Theapproachis inspiredbothby proceduralshadersin classicalrenderingandby thepower
of proceduralmodeling.Weproposeanew imagecreationmodelwhereall operationsarecontrolled
procedurally. A view mapdescribingall relevantsupportlinesin thedrawing is �rst createdfrom the
3d model;a numberof stylemodulesoperateon this map,by procedurallyselectingandchaining
linesbeforecreatingstrokesandassigningdrawingattributes.Two differentlevelsof usercontrolare
provided,rangingfrom a low-level programmingAPI to a parameterizedbuilding-blockassembly
mechanism.The resultingdrawing systemallows very �e xible control of all elementsof drawing
style: �rst, different style modulescan be appliedto different typesof lines in a view; second,
stroke attributesareassignedprocedurallyandcanbecorrelatedat will with varioussceneor view
properties.We illustratethecomponentsof oursystemandshow resultsof its application.
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Modélisation et application procéduralede stylespour le rendu
expressif

R�sum� : Cedocumentintroduit uneapprocheproc�duralepourle rendudedessinsautrait àpartir
demodèles3D. Cetteapproches'inspireà la fois desshaders proc�durauxutilis�s en rendutradi-
tionneletdela mod�lisationproc�durale.Nousproposonsunnouveaumodèledecr�ation d'images
danslequeltouteslesop�rationssontcontrôl�esdemanièreproc�durale.Dansunpremiertemps,un
graphedevued�cri vanttouslessupportsdeslignespertinentesdudessinestcr�� àpartirdumodèle
3D. Desmodulesde styles'appuientalorssur cegraphepour s�lectionneret chaînerles lignesde
manièreproc�durale,avantdecr�er lestraitsetdeleuraffecterdesattributsdedessin.Deuxniveaux
decontrôlediff�rents sontfournisà l'utilisateur, allantde l'interf acedeprogrammationbas-niveau
à un m�canismed'assemblagedecomposantsparam�tr�s. Le systèmer�sultant permetun contrôle
trèssoupledetousles�l�ments constitutifsdustylededessin:premièrement,diff�rents modulesde
stylepeuvents'appliquerà diff�rents typesdelignes;deuxièmement,lesattributsdestraitssontaf-
fect�s demanièreproc�duraleetpeuventd�pendreàvolont� desdiff�rentespropri�t�s dela scèneou
dela vue.Nousillustronslescomposantsdecesystèmeetmontronslesr�sultatsdesonapplication.

Mots-cl�s : Rendunonphotor�aliste,renduproc�dural,style,dessin
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Figure1: Two line drawingsgeneratedfrom a3D modelusingour system.

1 Intr oduction

The �eld of Non-PhotorealisticRendering[GG01, SS02, Dur02] hasproposeda variety of tech-
niquesto createcompellingline drawingsfrom 3D models.Unfortunately, thesemethodsaregen-
erally hard-codedin monolithic softwareand lack a �e xible and formal speci�cation framework.
In contrast,the shadinglanguagesavailable in photorealisticrendererssuchasPixar Renderman
[Coo84, HL90, Ups89, AG99] permit thedesignof an in�nite varietyof rich andcomplex appear-
ances.In this paper, we introducea �e xible proceduralapproachto NPR line drawing. We focus
on pureline drawing andleave hatchingandtonalmodelingasfuturework. Stylecanbespeci�ed
by implementingproceduresthatdescribehow thesilhouettesandotherfeaturelines from the3D
modelshouldbeturnedinto strokes.Thisallowsfor agreatvarietyof styles,includinglocalstylistic
variationswithin thedrawing.

The appealof line drawing lies in its expressivenessandabstraction.It is widely usedin con-
texts asdifferentastechnicalandscienti�c illustration,appliancemanuals,maps,signs,andart. In
additionto its pleasingaestheticqualities,line drawing canprevent clutter, focusthe attentionon
relevantpartandomit super�uousdetails.Despiteits simplicity, line drawing permitsa broadvari-
etyof styles.Stylecanbevariedby changingthemedium(e.g.chalk,pencil,penandink), but also
by varyingtheattributesof thestrokes.This includesthickness,tone,transparency, or texture. The
art andcraft of drawing carefullychoosestheseattributesto revealshape,texture,ambiance,or to
placeemphasis.Equallyimportant,theomissionof strokessuchaspartsof thesilhouettesallowsthe
artistto preventclutter, to choosefocalpoint,andto call to theimaginationof thebeholderin order
to producea morelively drawing. It is thereforecrucialto providea �ne controlandthepossibility
to varystyleacrossthepicture.
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4 Grabli & Durand& Turquin & Sillion

In this paper, we presentanapproachto stylein line drawing inspiredby photorealisticproduc-
tion renderingsoftwaresuchasRenderman[Coo84, HL90, Ups89, AG99]. QuotingUpstill: “The
key ideain theRenderManShadingLanguageis to controlshading,not only by adjustingparame-
ters,but by telling theshaderwhat youwant it to do directly in the form of a procedure”[Ups89]
p. 275. Similarly, the style of a line drawing canbe speci�ed in our approachby implementing
proceduresthat describehow the silhouettesandotherfeaturelines from the 3D modelshouldbe
turnedinto strokes.Historically, thedevelopmentof shadinglanguageshasdramaticallyfacilitated
theexplorationanddevelopmentof realisticshading,andit hascontributedto a dramaticimprove-
mentin thequality of productionrendering.We hopethatNPRcansimilarly bene�t from a �e xible
proceduralapproach.

We seetwo major applicationdomainsfor our approach.First, the approachis ideally suited
for situationswheredrawings have to be producedautomaticallyin a given style, suchas repair
or assemblymanuals,CAD-CAM, etc., wheredifferent featuresneedto be renderedin different
styles,or wheresomepartsneedto be emphasized,e.g. [SF91]. For example,the new �eld of
featuremodelingencodessemanticandhigh-level geometricinformationaboutpartsof objects.At
renderingtime, thesefeaturesneedsto bevisualizedin a differentstyle [BBN02]. Our approachis
ideally suitedfor this, sinceit canusethis high-level informationandrenderobjectsin a �e xible
variety of styles. Which leadsto our secondapplicationdomain. The �e xibility of our approach
greatlyfacilitatestheexplorationof styleanddepictionissuesfor line drawing. A new effect canbe
implementedveryeasilyandinteractively explored,encouragingcreativity.

Figure2: Systemarchitecture.

1.1 Relatedwork

Non-photorealisticrenderinghasproposeda wealthof techniquesto generateline drawings from
3D models,e.g. [MKT

�

97, HZ00, RC99,BS00, Elb98, SB99,GSG
�

99, KMM
�

02]. We build
uponthesetechniquesandextendthemto proposea �e xible proceduralcontrol of the drawing's
appearance.

Style hasreceived muchattentionin Non-PhotorealisticRenderingandcomputervision. Ma-
chine learning is the most popular approach,e.g. [TF97, FTP99, BH00, HJO

�

01, JEGPO02,
KMM

�

02]. However, thesework focus on the low-level and statisticalaspectsof styles. Most
Non-photorealistictechniquesoffer a controlof style througha setof parameters, e.g. [Her98], or

INRIA



A Procedural Approach to Style... 5

throughdirectuserinteraction,e.g. [Hae90, Sch96, KMM
�

02]. HamelandStrothotte[HS99] cap-
tureandre-usestyleusingtemplatesthatcontrol theparametersof a line renderer. In addition,the
subtlevariationof stylewithin animagehasbeenshown to becrucialto maketheimagemorelively
andfocusattention,e.g.[WS94, DOM

�

01, Her01, SD02,DS02].
The work closestto oursis the OpenNPAR system[HSS02, Ope02]. They developedan API

for thedevelopmentof real-timeNPRsoftware.They provideanimpressivegraphicaluserinterface
for the explorationof simplestyles. Our approachfocuseson line drawing andon morecomplex
styledevelopment.Webelievethatideally, a line drawing stylecouldbeexplored�rst in oursystem
beforeportinga moreoptimizedreal-timeimplementationin OpenNPAR.

Wealsoborrow from proceduralmodeling,whichis agreattechniqueto augmentthecomplexity
of graphicsmodels[EMP

�

94, LDG01, CDM
�

02]. Similarly, in our system,therichnessof a style
canbegeneratedby proceduresspeci�edby thedeveloper.

Our approachis also inspiredby the style sheetspresentin word processingsystemssuchas
LATEX. They separatestylefrom content,andthewriter needsonly providesomehigh-level semantic
informationsuchaswhatis asectionheader. Thedeveloperof astylewritesasetof proceduresthat
describetheappearanceof thedocument,basedon thestructureinformationprovidedby thewriter.
Thestructureof 3D scenesandpicturesisnotassimpletospecify, andwewill relymoreongeometry
andsemanticinformationprovidedby theusersuchastheimportanceof objects.

Productionsoftware has recentlybeenaugmentedwith toon shaders,and non-photorealistic
stylescanbeobtainedwith PixarRenderman,e.g.[AG99], p330andp477.Impressiveresultscanbe
obtained,but thestylesareusuallylimited to plainor wiggly lines,becausenorealone-dimensional
strokedatastructureis available.

While we draw someof our inspirationfrom theexisting proceduralrenderingsystemssuchas
Renderman,we observe that theapplicationto line drawing entailsmajordifferences:mostimpor-
tantly, theuseof linesasatomicdrawing elements,on which a numberof proceduresareapplied,
meansthatwe operateonobjectsthathavesigni�cant extentin theimage,asopposedto e.g.pixels
for Renderman.Two additionalpropertiesof line drawing also contribute to this non-localityof
rendering.First, propertiesof thedrawing at a certainscale,suchasits overall density, mayaffect
individual linesandstrokes.Second,stroke primitivescarrya visualmeaningthatextendswell be-
yond their actualshape,asthey typically depictsomeregion in 2d or 3d. Anotherdifferencewith
existing proceduralshadersis that, due in part to the non-locality just mentioned,the drawing is
createdby theaccumulationof marksin theimageandthereforeis producedin asequentialmanner:
theorderof operations,andtheactualsequenceof strokesdrawn, mattersin the�nal result.

1.2 Overview of contributions

We introducea proceduralapproachto line drawing from 3D models,andproposea consistentar-
chitecturefor a drawing system. The novelty of the proposedmodel lies in its representationof
drawing asaprocess, its explicit realizationof thesequentialnatureof drawing, andits exploitation
andsupportof thenon-localityof line drawing primitives. We presenta consistentdecomposition
of the drawing processinto individual operatorsfor the selection,chainingandorderingof lines
andstrokes. We show how the resultingstrokescanbe further processedandmodi�ed to obtain
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6 Grabli & Durand& Turquin & Sillion

interestinggraphicalstyles.Finally we managetheinformationnecessaryat all stagesof thedraw-
ing process. The resultingsystemallows both high-level descriptionsand control and low-level
control througha programminginterface,and providesa highly customizableand versatilenon-
photorealisticline drawing environment.

2 Ar chitecture

Thearchitectureof our Drawing creationsystemis shown in Fig. 2. It takesasinput a 3D model,
possiblyaugmentedwith informationsuchascolor or thesubjective importanceof eachobject,for
instance,accordingto theapplicationathand.

The �rst stepis the computationof the view: well-known algorithmsare appliedto perform
perspectiveprojection,silhouetteextraction,andvisibility computations,e.g.[HZ00, IFH

�

03]. The
outputis a view map, which is theplanargraphdescribingtheview. It is composedof ViewEdges
andViewVertices(Fig.3). A ViewEdgecanbeasilhouette,acrease,or aborderedge.A ViewVertex
cancorrespondto an actualvertex of the scene,to thevisual intersectionof two edges(T-vertex),
or to anendjunction(cusp).A referenceimage is alsocomputedat this stage,to provideanimage
spacemapof objectID anddepthusingimagebuffers.

Figure 3: View map datastructure. The ViewEdgesare representedwith a color gradientand
ViewVerticesarethereddots.

Thesecondstepis theproceduralline drawing itself, whichconstitutesthemajorcontributionof
thisarticle. It takesasinput theview mapandthereferenceimage,andcreatesthestroke primitives
that constitutethe drawing. Strokes are describedby a one-dimensionalbackboneand a set of
attributesthatvaryalongits length(thickness,color, transparency, texture,etc.),e.g.[HL94, SS02].
Thisis illustratedin Fig.4. Multiple strokescanbecreatedto depictasingleViewEdge(for example
in a sketchystyle),anda stroke canspanmultiple ViewEdges(for example,a singlestroke canbe
usedto depicttheexternaloutlineof a givenobject.)

Finally, the mark systemis responsiblefor the actualrenderingof the stroke primitiveswith
their attributes. The samestroke with giventhicknessandcolor canfor examplebe renderedwith

INRIA



A Procedural Approach to Style... 7

Figure4: Stroke representation.

differentmarkstylessuchascrayonoroil painting.However, theprecisemarkstyleisoftenspeci�ed
in the proceduraldrawing. Although we describethemasseparateprocesses,stroke renderingis
interleavedwith stroke creation,that is, thedrawing is refreshedeachtime a new stroke is created.
This is crucial to allow the currentstateof the drawing to in�uence subsequentdecisions. For
example,if thelocal densityof strokesis too high,a potentialnew stroke canbeomittedto prevent
clutter.

We call thesetof proceduresthat implementa givenpictorial stylea procedural line style. It is
usuallydecomposedinto a seriesof stylemodulesthatareresponsiblefor sub-parts(or “layers”) of
thedrawing. Stylemodulesarea naturalway to vary thestylewithin thedrawing (but it is not the
only one). For example,themainobjectcanbedrawn usinga differentstylemodulefrom therest
of thescene,or hiddenlinescanbedrawn with a differentstylemodulefrom thevisible ones.

A style moduleis basedon a pipelineof four classesof operators that areappliediteratively
at theprogrammer'swill. Theseoperateon ViewEdgesto build andalterstrokes. Theseoperators
permittheselectionof asetof ViewEdges,whichis thewaythey restricttheiractionto asubsetof the
drawing. Then,startingfrom a givenedgein theselection,a one-dimensionalchain of ViewEdges
is built. Thesechainsaresplit atappropriatelocations(e.g.pointsof highcurvature)andstrokesare
createdto depictthe chain,which includesthe decisionof how many separatestrokesareusedto
depictagivenViewEdge,andwherestrokesstartandend.Finally, anAttributeassignmentoperator
speci�es,e.g.,thecolor, width, texture,transparency for eachpoint alongthestroke.

RR n° 4724



8 Grabli & Durand& Turquin & Sillion

2.1 A simpleexample

To maketheseoperatorsmoreconcrete,let usconsiderasanexampleasimpleproceduralline style,
illustratedin Figure5. In this exampleweusethreestylemodules:

Figure5: Simpleproceduralline styleusingthreestylemodules.

The�rst module
selectsedgeson theexternalcontourof thedrawing
chainsall edgeson theexternalcontour
smoothesthestroke
assignsvaryingcolor/widthto thestroke

Thesecondmodule
selectsall visibleedges(excludingtheexternalcontour)
chainsedgesalongsilhouettesandcreaselines
assignsconstantwidth to thestrokes

Thethird module
selectsall edgesthatarehidden
chainsalongsilhouettesandcreaselines
assigns�ne width to thestrokes

INRIA



A Procedural Approach to Style... 9

2.2 Interface

The speci�cation of a proceduralline style is performedat two levels. The lower level is a C++
API whereoperatorsareimplemented.We provideanumberof standardoperators,but theusercan
alwaysimplementnew operatorsandbene�t from theinfrastructureweprovide. This taskis similar
to thatof technicaldirectorswho implementrealisticshadersin productioncompanies.

Thehigher-level interfacehandlesthespeci�cationof stylemoduleswhereparametersarecon-
trolled,andsomeexpressionssuchasselectionpredicatesor orderingcriteriacanbeset.This level
requireslessfamiliarity with the underlyingtechnicalspeci�cs andallows for a rapid exploration
of style, sinceit canbe performedat runtime. In our implementation,we useeitheran XML rep-
resentationor a speciallydesigneddescriptionlanguage(which is easierto readfor humans!).The
descriptionof thestylemodulefor externalcontoursfrom Section2.1 is listedbelow:

module ExternalContour {

operators:

Select<ViewEdge>(QuantitativeInvisibi lity<V iewEd ge>(0 ) &&
ExternalContour<ViewEdge>())

BidirectionalChain<ViewEdge>(ChainPre dicate Itera tor(a ll),
QuantitativeInvisibility<ViewEdge>(0) &&
ExternalContour<ViewEdge>()),

Null<ViewEdge>() ||
EqualToTimeStamp<ViewEdge>() ||
QuantitativeInvisibility<ViewEdge>(0),

Increment(TimeStamp))
Create<Chain>()

shaders:

Thickness("thickness01.bmp")
IncreasingColor(0.5, 0.5, 0.8, 1)

}

Table1: Descriptionof astylemodule.

Finally, agraphicaluserinterfaceallows theuserto loadstylemodulesandorganizethevarious
layerscomposingthedrawing.

2.3 Data Structure

As discussedabove,thespeci�city of line drawing is thatit requiresthehandlingof one-dimensional
objectssuchasview edgesandstrokesin additionalto simplerzero-dimensionalpoints.

RR n° 4724



10 Grabli & Durand& Turquin & Sillion

TheViewMapisencodedasagraphdatastructure,composedof ViewVertices andViewEdges
(Table 2). The traditional adjacenciesbetweenthem are stored. In addition, ViewVerticesand
ViewEdgescontaininformation aboutthe 3D scene(Table 2). In particular, ViewEdgescontain
thedescriptionof their3D embeddingasa list of 3D points,aswell astheir type(silhouette,crease,
or border).Similarly ViewVerticesstoretheir image-spacecoordinates(aswell asthedistanceto the
camera),andtheir type(cusp,T-vertex, scenevertex.)

ViewVertex:
Point3D WorldCoordinates
Point3D CameraCoordinates
List of adjacent ViewEdges
Type <enum: T-vertex, Scene Vertex, Cusp>

ViewEdge
ViewVertex *V1, *V2
Type <enum: Silhouette, Crease, Border>
Object ID
List of sample points from embedding
Int quantitative invisibility
List of Occluders
Occluded object // for silhouettes

Table2: Viewmapdatastructures.

Thecentralobjectsmanipulatedby ouroperatorsareone-dimensionalchainsthatwill eventually
leadto thecreationof strokes.Chains describea pathin theViewMap graph(Table3). They are
connectedsetsof ViewEdges . Notehoweverthatthey donotnecessarilystartataViewVertex ,
which is why they alsostoreaninitial and�nal point. Chainscanimplicitly accesspointsby gener-
atingsamplesalongtheirViewEdges . Notehowever thatfor memoryef�ciency andfor sampling
�e xibility , thesesamplepointsarenot stored.Samplepointsarecharacterizedby their arclength.

TheChains are�nally derivedinto Strokes thatcontainadditionalinformationfor thedraw-
ing creation.In contrastto Chains , Strokes storeanexplicit setof samplepointsfor theirback-
bone(seeFig. 4). A setof attributesis storedfor eachof thesesamplepoints(thickness,color, and
transparency.)

Theappropriatesamplingof strokescanbeimportantto captureattributevariation.We provide
a stroke resamplingmechanismthat takesa maximumlengthbetweensamplesandgeneratesnew
pointswhenneeded.Attributesareinterpolated,currentlyusinglinear interpolation,but smoother
interpolationcouldalsobeused.Thenotionof attributesamplingrateis closelyrelatedto Render-
man'sshadingrate[Ups89, AG99].

2.4 Inf ormation access

As pointedout by HanrahanandLawsonHanrahan:1990:ALF,de�ning the possibleexchangeof
informationat the interfacebetweenthe renderingprogramandthe shadingmodulesis a crucial

INRIA



A Procedural Approach to Style... 11

Chain
List of ViewEdges
Sample point initial and final
Double length

Stroke : derives from Chain
List of ViewEdges
Sample point initial and final
Double length
Array of sample 2D vertices [nb_samples]
Array of attributes [nb_samples]

Thickness [left, right]
Color
Transparency

Mark Rendering style

Table3: Chainandstrokedatastructures.

decision.As discussedabove,non-photorealisticrenderingrequiresevenmoreinformation,partially
becausetheprocesstendsto be lesslocal. We decidedto make renderinginformationavailableto
all operators,sothatit canin�uence all of theirdecisions.

Informationis alwaysqueriedin thecontext of a one-dimensionalsupportelement(which can
be a ViewEdge,a Chain,or a Stroke dependingon the operatorwe arein). It canbe queriedat a
given point, or globally for the supportelement,in which casesimplestatisticsaboutthe queried
quantityaremadeavailable(i.e. average,minimumandmaximumvalue,or variance).

Informationcancomefrom four differentsources:the3D scene,areferenceview, theview map,
andthecurrentdrawing, assummarizedin Table4. Typesof availableinformationincludescalars,
vectors(normaldirection),colors,andimagemaps.

The information afforded by the 3D sceneis similar to that provided by traditional shading
languages,andalsoincludesobjectidenti�ers (to treatdifferentobjectsdifferently),andanoptional
subjectiveobjectimportancethatis importantto separatestylefrom content.For example,a repair-
manualdrawing servercanuseanimportancetagto draw thefailing partmoreemphasized.

The informationencodedin the view mapdatastructuresdescribedabove aremadeavailable.
In addition,differentialinformationsuchas2D normaland2D curvaturescanbe computed.The
formulaefor the discreteevaluationof thesepropertiesis given in the appendix. Note that these
differentialpropertiesareprovidedin thecontext of a 1D element,andthatthey might not bewell-
de�ned outsideof this context. In particular, thecurvatureat a ViewVertex dependson thecontext
chain.

We alsouseareferenceview computedusingstandardz-buffering. It providesinformationsuch
as the averagelocal depthor the color obtainedusingclassicalshading. In addition, the current
drawing is refreshedasthedrawing creationproceeds,andthe local stroke densitycanbequeried.
Densityinformationis computeduponrequest,usinga parameterizedGaussiansmoothingoperator
to allow queriesat differentscales.This useof densityis relatedto thework of Winkenbachet al.

RR n° 4724



12 Grabli & Durand& Turquin & Sillion

Location Data
3D Scene 3D coordinates

normal
color
objectID
objectimportance

Referenceview local averagedepth
item buffer
local depthvariance
shadedcolor

ViewMap 2D coordinates
ViewEdgetype
Quantitative invisibility
Occludedobject(for silhouettes)
Occludingobjects(for hiddenedges)
depthdiscontinuity(for silhouettes)
ViewEdgelength
2D orientation
2D curvature

Currentdrawing Local strokedensity

Table4: Informationprovidedby oursystem.

[WS94] andSalisbury etal. [SABS94, SWHS97], However in oursystem,densityis usedto control
thecreationof featurestrokesratherthanfor thetonalmodelingin texturedareas.

3 View computation

Similar to thephilosophyof shadinglanguages,our approachassumesnothingabouthow theview
mapis computed,aslongasit providestheadjacency datastructuredescribedin Section2.3. In our
implementation,theview mapis computedin threesteps.

We �rst extractall relevantlinesfrom themodel,with respectto thechosenview parameters.In
practice,wehavechosento usethetechniqueby HertzmanandZorin [HZ00] for its robustness.The
view mapcontainssilhouettes,creases(de�ned by edgeswhoseverticessharea locationbut not a
normal)andboundaryedges(edgeswith only oneadjacentpolygon).

The 2D intersectionsof thesesilhouettes,creasesandboundaryedgesarethencomputedand
de�ne ViewVertices . A ViewEdge is an arc of the view maplinking two ViewVertices
(seeFig. 3), and is representedas a connectedset of line segmentsasdescribedin the previous
section.

Finally, wecomputethequantitativeinvisibility of eachViewEdge[App67, MKT
�

97]. Hidden-
linesarenoteliminatedat thispointbecausesomestylescanelectto displaythem.Wealsostorethe

INRIA



A Procedural Approach to Style... 13

list of occludersfor eachViewEdge . This informationcanlaterbeused,e.g.,to treatdifferently
edgeshiddenby someimportantobject.

Theadditionof otherfeaturesin theview mapis apromisingavenuefor futureextensionsof our
system,asit wouldallow differenttypesof linesto beusedasabasisfor thedrawing. Possiblesuch
featuresincludeparaboliccurvesor skeletalcurves[HBK02, Kø84].

4 Procedural line drawing

We now discussthe differentoperatorsinvolved in the applicationof a style module. Recall that
suchmodulesareappliedsequentiallyto obtainsuccessive layersin theproceduraldrawing.

We emphasizeagainthat therearetwo levelsof programmabilityin our system:eachoperator
is a procedure,thatcaneitherbechosenin a library of prede�nedoperatorsusingour XML or text
input at runtime, or overloadedby a programmerusing the C++ API. In addition, the particular
choiceandorderingof operatorsin astylemoduleprovidesanotherlevel of control.

A stylemoduleworkson theview mapandproducesa setof strokesthrougha pipelineorgani-
zationillustratedin Fig. 6. In this Sectionwe describethe �rst stepsof thepipelinethatdealwith
thetopologicalcreationof strokesfrom theview map.Thedescriptionof thelastclassof operator,
attributeassignment,is deferredto thenext Section.

Figure6: Organizationof a style moduleas a pipeline of four typesof operators,plus ordering
operations.

4.1 Selection

The �rst classof operatorswe employ is a selectionoperator. Its role is to extracta subsetof the
ViewEdgesfrom theview mapandplacethemin thelist of activeViewEdgesfor furtherprocessing.
Selectionis the main mechanismto layer the drawing andrestrict the effect of a style moduleto
particularViewEdges.Selectionis speci�ed with unarypredicates.Basicpredicatesareprovided
thatpermit the testof thevalueof any type of informationdescribedin Section2.4; For example,
selectioncanbebasedonthequantitativeinvisibility value,ontheobjectID, ontheViewEdgenature
(crease,silhouette,or border),etc. In addition,thesepredicatescanbecombinedwith classicallogic
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14 Grabli & Durand& Turquin & Sillion

operatorsusingtheXML/languageinterface.Developerscanalsoimplementnew predicatesbased
onmorecomplex functionsof thescene.

4.2 Chaining

Chainingoperatorsareresponsiblefor creatingconnectedlistsof ViewEdges,whichwecall chains.
A chainthereforerepresentsa one-dimensionalgraphicalelementin imagespace[Wil97, Dur02],
whichwill beusedto controlstrokecreation.Chainingis responsiblefor convertingfrom thegraph
natureof theViewMap to theone-dimensionalnatureof strokes.Howeverwe notethatthereis not
necessarilyasimplecorrespondencebetweenchainsandstrokes:in particularwhile chainingis very
usefulto build consistentgraphicalelements,it is oftennecessaryto split theobtainchainsin various
waysto bettercontrolthecreationof strokes,aswill bediscussedshortly.

A chainingoperatoris invokedsuccessively onall ViewEdgesin theselection,andbuildsachain
originatingfrom each.A chainingoperatorinvolvestwo kind of decisions:whento stop,andwhere
to turn at a ViewVertex. It is implementedasa C++ iteratorin thespirit of theSTL [SLM00]. The
iteratorincrementationdecideswhichis thenext ViewEdgeamongthoseadjacentto theViewVertex.
Theiteratorstoppingcriteriondecideswhetherthechainshouldbestopped.For example,it canstop
whena certainlengthis reached,if anocclusionis encountered,or whenthecurvatureis toohigh.

Thestandardchainingoperatorsofferedbyoursystemcanfollow asilhouette,follow theexternal
contour, or attemptto alwaysfollow theViewEdgethatyieldsthestraightestchain.Their stopping
criterionis speci�edby apredicatesimilar to thosediscussedabove.

We provideanoptionaltaggingmechanismto preventmultiplechainingof thesameViewEdge.
We also offer the following chainingoptions,independentlyfrom the actualchainingalgorithm.
Chainingcanbe eitherbidirectionalor unidirectional,the former meaningthat a chainextendsin
bothdirectionsfrom the�rst ViewEdge.Second,chainingcaneitherbeconstrainedto remaininside
theselection,or canbeunconstrained.In thelattercase,eachchainstartson a ViewEdgefrom the
selectionbut they cancontainarbitraryViewEdges.This canbe usefulfor exampleto selectonly
edgeson theexternalsilhouetteof anobject,but to allow chainingto extendto (unselected)internal
silhouetteasshown in Figure7.

4.3 Chain splitting and stroke creation

As discussedabove, a givenchainmight bedepictedwith multiple strokesof smallersize. This is
theroleof thechainsplittingoperator. It takesachainasinput,andcreatesanumberof strokesthat
depictit. Themainroleof theoperatoris to decidewherethechainshouldbesplit.

We proposetwo standardmechanismsto do this: a sequentialsplit that traversesthechainand
decidesto split basedona predicate,anda recursivesplit thatrecursively splitsalongtheminimum
of auser-speci�edfunction.Beforediscussingthem,it is importantto notethatwemaywantto split
thechainin placesotherthanViewVerticesor verticesfrom the input model. Our systempermits
thetraversalof a sampledversionof thecurveby specifyinga samplingrate.Temporaryverticesat
thissamplingrateareiteratively createdasthechainis traversed.

The sequentialsplit theniterateson thesesamplepointsandevaluatesa predicate.Whenit is
true, thechainis split at this point, andtheprocessstartsagainfrom there.Note thatby usingthe
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(a) (b)

(c) (d)

Figure7: Examplesof simplechainingpredicates,appliedto thesetof ViewEdgeson theexternal
contourof thedrawing: (a) shadedview (b) follow externalcontour(c) follow silhouetteson same
object (d) follow contourof sameobject. Note how in cases(c) and (d) the chainingoperation
includesedgesthatdid notbelongto theoriginal selection.

curvilineardistanceon thechainin thesplitting predicate,it is very easyto enforcea minimumor
maximumstroke length.

Therecursivesplit actsin amoreglobalway. It evaluatesafunctionfor eachsamplepoint,andit
splitsalongtheminimumof this function.It is thenappliedrecursively to thetwo sub-chains,until a
recursionpredicateis no longertrue.Therecursivesplit is for exampleidealto split alongthepoints
of highestcurvature.

4.4 Ordering

In our approach,thesequencein which ViewEdges,Chainsor Strokesaretreatedcanin�uence the
drawing: in thechainingoperatorfor instance,thetimestampmechanismpreventsfrom re-usinga
ViewEdge. In addition, the stroke densityinformationevolveswith the currentdrawing. For in-
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stance,whenthedensityinformationis usedto avoid clutter, it is importantto treatViewEdgesthat
arevisually more important�rst, so that they are lesslikely to be omitted. Thuswe provide an
ordering operator, which permitsthe sortingof ViewEdgesor Strokes. It is basedon a compari-
sonpredicateor any user-de�ned procedure,for instanceusingcomparisonsof length,importance,
depth,localdepthvariations,2D spatiallocationsetc.

5 Attrib ute assignment

Now thatwehavecreatedstrokes,weneedto assigntheir attributessuchascolor, varyingthickness,
transparency, but alsospatiallocation. This stepis themostsimilar to traditionalshadingsystems,
exceptthatwe operateon1-dimensionalstrokesratherthanon0-dimensionalfragments.

In contrastto theprevioustopologicaloperatorswhereoneinstanceonly maybeusedpermod-
ule, multiple attributeassignmentoperatorscanbe appliedto a stroke sequentially. This is useful
to controldifferentattributes.Oneoperatorcanassigncolor while a secondoneassignsthickness.
In addition,attributescanbeassignedin anabsolutemanner(thepreviousvalueis replaced),or in
a relative manner(the previous value is modulated.)This is for exampleuseful to apply a small
amountof relativenoiseafterothershadershaveseta meanvaluefor anattribute.

As aspecialcase,weallow attributeoperatorsto deleteastroke. This is usefulto discardstrokes
in orderto avoid clutter.

As describedin Section2.3, strokescanberesampledto accountfor thevarioussamplingrate
requirementsof speci�c styles.This canbedoneat theAPI level by theprogrammerof anattribute
operator. For example,our noiseoperatoradaptsthe samplingof the stroke to the frequency of
the noisespeci�ed by the user. Resamplingcan also be called as a stand-aloneoperatorin the
XML/languageinterface.

Simpleoperatorssuchastheassignmentof constantattributesareprovided. A specialattribute
operatorassignsthemarkstyleusedfor therenderingof thestroke,asdescribedin Section6. Other
simpleshadersincludea “Tip Remover” that trims the �nal andinitial portion of thestroke. This
permitsfor exampletheclassical“line haloing” for betterdepthperception.

In the restof this section,we describesomeof the standardattribute operatorsofferedby our
system.Morecomplex operatorscanbeimplementedby developersat theAPI level.

5.1 Functors

Oneof thesimplestyet powerful way to specifyattributeoperatorsis throughtheuseof functors,
similar to theSTL concept[SLM00]. A functoris a functionthatis appliedto eachsamplevertex of
thestroke. It canbeany functionthattakestheinformationde�ned in Section2.4asinput andthat
outputsa thickness,color, or transparency. Functorscanbespeci�edat theXML/languagelevel and
provide a quick way to vary attributes. For example,we useda functoron z to vary thicknessand
color in Fig. 12(b)and13(a).
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5.2 Spatial modi�cation of strokes

Attributeoperatorscanmodify thespatiallocationof thebackbonepoints.This is in asensesimilar
to thetechniqueof displacementmapping.Spatialdisplacementis idealto generatesketchystyles.

We provide a spatialnoiseoperatorthat movespointsalongthenormalto the polyline. A 1D
Perlin turbulenceis used,with eithera simplelinear interpolationfor sharpcorners,or a smoother
Lanczos-Windowedsincinterpolationfor smoothervariation[Tur90]. Theusercontrolstheamount
of noise,its scale,thenumberof octavesin theturbulence,andtheinterpolationused.

We alsoprovidea “backbonestretcher”thatextendsstrokesbeyondtheir initial and�nal points.
We useit for sketchystylesandto addconstructionlines,asin Fig. 1.

We developedan operatorto smooththe stroke (Fig. 8). It usesnormalor curvature�o w and
convergestowardseitherastraightline or acurveof constantcurvature(circle). In orderto preserve
sharpcorners,we introduceananisotropicedge-stoppingfunctionthatpreventsthediffusionacross
corners(Fig. 8, right). Thedetailsaredescribedin theappendix.We alsoprovidetheoptionto keep
featureverticessuchasViewVertices�x ed, in orderto preserve the topologyof thedrawing. This
canbeeasilyenforcedin thediffusionframework. Otherapproachessuchassplineapproximation
couldalsobestudied.

Smoothingis idealto makedrawingsmoreabstractandminimalist. In addition,it canbeusedto
remove theartifactsof thetessellationof smoothobjects.Smoothingis mademuchmoreeffective
by theuseof appropriatechaining.Thetopologicalinformationgeneratedduringchainingmakesit
possibleto performdiffusionbetweenadjacentsamples.

Figure8: Useof thesmoothingoperatorto produceaminimaliststyle. In therightmostimage,sharp
cornersarepreservedusinganedge-stoppingfunction.
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18 Grabli & Durand& Turquin & Sillion

5.3 Useof density

As describedin Section2.4,our systemprovidesaccessto thecurrentdensityof strokesin a given
part of the drawing. This can be usedby an attribute operatorto omit strokes wheredensityis
too high. The systemincludesa standardoperatorthat usesa thresholdto discardstrokeswhen
thedrawing becomestoo cluttered.Theusercontrolsthe threshold,but alsotheradiusof thearea
aroundthestrokewheredensityis queried.

Fig. 9 illustratestheuseof thedensityoperator. Combinedwith depthor stroke-lengthordering,
it is idealto simplify distantobjects.

(a) (b)

Figure9: Useof thedensitymapto limit clutter.(a)drawing with all visibleedges(b) Strokecreation
preventedin denseareas.

6 Mark back end

Our markrenderingsystemusesthestandardOpenGLAPI. Strokesarerenderedastrianglestrips,
determinedby thebackboneandthicknesssamples.Standardtechniquesareusedto preventsingu-
laritiesof theoffsetcurveat highcurvature,e.g.[SS02] chapter3.

We usereal stroke texturesasalphamapsto increasevisual quality, The useof transparency
aloneallows us to control thecolor of eachstroke, asspeci�ed by its attributes. We useOpenGL
blendingmodesto emulatevariousphysicalmediumtypes.In practice,werendertheinverseof the
image,so thata blank canvascorrespondsto

�

0 � 0 � 0� . This facilitatestheuseof blendingandthe
simulationof thesubtractivenatureof mostmedia.
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We usea simple replacemodefor thick mediasuchas oil paint. Additive blending(which
becomessubtractive in our inversedcontext) is well-suitedfor wet materialssuchasink. Finally,
theminimumblendingmodeprovidedby OpenGL1.2 [W

�

99] canimitategraphiteandotherdry
media.

A backgroundtexturecanbeapplied.It is howeverrenderedonly for the�nal drawing anddoes
notaffect thedensitycomputation.

7 Implementation and results

Figure1 at the start of the papershows the applicationof differentproceduraldrawing stylesto
a 3d modelof a plane. The sketchystyle is obtainedby indicating“constructionlines“ usingthe
backbonestretchoperation,usinga paintedstroke for visible linesandindicatedsomehiddenlines
usingfaint strokes.

Figure11-(a)showshow quantitative(in)visibility informationcanbeusedfor a simplecontrol
of styleattributes.Figure11-(b)showsanothersketchystyle,usingthechainsplit operatorto break
chainsinto multiple strokes. In this caseit is apparentthat the size of the strokes is decoupled
both from the edgelength in the 3d modelandfrom the chain lengthin the drawing. Figure11-
(c) employs a varying stroke width as a function of depthto emphasizethe 3d perception,and
differentiatesshadingattributesbasedon thenatureof edges(silhouettesor creaselines).

8 Discussion

We havedescribeda new formulationof theimagecreationprocessfor thegenerationof line draw-
ingsfrom 3D models.Ourapproachis basedon proceduraloperatorsthatcanbearrangedto create
style modules. We presenteda completesystemfor line drawing generation,which orchestrates
theactionof all stylemodulesandoperators,providestherelevant informationfor all stagesof the
calculation,andcreatesimages.

While we havepresentedrenderingsin a varietyof drawing styles,our contribution is not in the
recipefor the visual effectsachieved,but ratherin the de�nition andorganizationof the drawing
system.In particular, the �e xible andmodularnatureof our stylemodulesmakesexperimentation
with stylesespeciallyeasy.

Oneof themajor bene�ts of our approachis its naturalredundancy, implying great�e xibility:
most effectscan be obtainedeither (a) by modifying individual operators(using a programming
interface),(b) by changingthesetof operatorsin a stylemoduleor controllingtheirbehavior (using
a speci�c moduledescriptionlanguage),or by addingand schedulingspecializedstyle modules
(usingagraphicaluserinterface).Furthermorethestylemoduledescriptionscanbemodi�ed online
beforebeing interpretedby the system,making the stylized renderingsessiona truly interactive
experience.

The introductionof procedural“shaders”for non-photorealisticrenderingopensmany interest-
ing avenuesfor graphicaldesignandstyles,all the moreso sinceby de�nition non-photorealistic
stylesallow the greatestfreedomfor geometricandvisual modi�cations of the underlyingmodel.
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(a) (b) (c)

Figure10: Effectof differentchainorderingpredicatesondensitycontrol.Thesamedensitylimiting
parameterswereusedonall threeimagesto limit thenumberof strokes,thereforetheorderin which
chainsaredrawn mattersgreatly. (a)noordering(b) chainlengthsort(b) depthdiscontinuitysort.

(a) (b)

Figure11: Galleryof stylesobtainedusingour approach.

(a) (b)

Figure12: Galleryof stylesobtainedusingour approach.
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(a) (b)

Figure13: a) An ink-style drawing usingtwo style modules. The externalsilhouetteis rendered
with a calligraphicthicknessthatprovidesa shadingeffect, while othersilhouettesandcreasesare
renderedwith a thicknessandcolor that vary subtly with depth. b) Houserenderedusingdensity
limitation.

Theline smoothingoperatordescribedin thepaperis a goodexample,aswell asthegenerationof
“constructionlines” from therenderingstrokes.

Oursystemis currentlylimited to line drawingscomposedfrom thesetof edgesin ourview map.
Naturalextensionswould include(a)anextendedsetof line primitivesin theview map,by including
moregeneralfeaturelines,and(b) a consistenttreatmentof tonalandhatchinglines. Futurework
alsoincludessimilarproceduraltreatmentsfor shadingandall otherNPRcomponents.
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A Anisotropic line curvature �o w

We presenta 2D equivalentto curvature�o w [DMSB99], wherewe diffusethesignedcurvatureon
a polyline. Considera sequenceof pointsA, B, C on a polyline. We computetheorienteddirection
using

�

AB
�

�

BC. We deducean orientedunit normal
�

n. We thencomputethe curvaturenormal
�

nC
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using 1
� �

BA
� �

�

� �

BC
� �

���

BA
� �

BA
� �

�

�

BC
� �

BC
� ��� . We �nally obtainthe signedcurvaturegB �

�

nC �

�

n. If thesigned
curvatureis positive,thecurve is “turning left”.

In orderto smooththepolyline,we iteratively diffusethecurvature.A pointPi triesto obtainthe
samediscretecurvaturesgasits neighborPi � 1 andPi

�

1by moving alongits normal.
Pt

�

1
i �

Pt �

l
�

n å
k	 i � 1 
 k	 i

�

1
gk �

gi ,

wherel is the diffusion rate. The amountof smoothingdependson both l and the numberof
iterations.Thelimit curve is acircle (constantcurvature.)

We canpreserve sharpcornersusinganisotropiccurvature�o w, similar to Desbrunet al. on
height�eld [DMSB00] We addan edge-stoppingfunctiong, e.g. [PM90], thatpreventscurvature
�o w whentheneighboringcurvatureis toodifferent:Pt

�

1
i �

Pt �

l
�

n å
k	 i � 1 
 k	 i

�

1
g

�

gk �

gi �

�
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We cansimilarly diffusethenormals,in whichcasethelimit curveis astraightline.
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