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provided, rangingfrom a low-level programmingAPI to a parameterizeduilding-block assembly
mechanism.The resultingdrawing systemallows very e xible control of all elementsof draving
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stroke attributesareassignegrocedurallyandcanbe correlatedat will with varioussceneor view
propertiesWe illustratethe component®f our systemandshow resultsof its application.
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Modélisation et application procéduralede stylespour le rendu
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dela vue.Nousillustronslescomposantsle ce systemeet montrondesr sultats desonapplication.
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A Procedunl Approach to Style.. 3

Figurel: Two line drawingsgeneratedrom a 3D modelusingour system.

1 Intr oduction

The eld of Non-PhotorealistidcRenderingfGG01, SS02 Dur0Z hasproposeda variety of tech-
niguesto createcompellingline drawingsfrom 3D models.Unfortunately thesemethodsaregen-
erally hard-codedn monolithic software andlack a e xible andformal speci cation framework.
In contrast,the shadinglanguagesvailablein photorealisticrendererssuchas Pixar Renderman
[Co084 HL90, Ups89 AG9Y9 permitthe designof anin nite variety of rich andcomplex appear
ances.In this paper we introducea e xible procedurabpproacho NPR line draving. We focus
on pureline drawing andleave hatchingandtonal modelingasfuture work. Style canbe speci ed
by implementingprocedureshat describehow the silhouettesand otherfeaturelines from the 3D
modelshouldbeturnedinto strokes. This allowsfor agreatvarietyof styles,includinglocal stylistic
variationswithin thedrawing.

The appealof line drawing lies in its expressvenessandabstraction.It is widely usedin con-
texts asdifferentastechnicalandscienti c illustration, appliancemanualsmaps,signs,andart. In
additionto its pleasingaesthetiqqualities,line drawing can prevent clutter, focusthe attentionon
relevantpartandomit super uousdetails. Despiteits simplicity, line drawing permitsa broadvari-
ety of styles.Stylecanbevariedby changinghe medium(e.g.chalk, pencil,penandink), but also
by varyingthe attributesof the strokes. This includesthicknesstone,transpareng or texture. The
artandcraft of drawing carefully choosegheseattributesto reveal shapetexture,ambiancepr to
placeemphasisEquallyimportant.theomissionof strokessuchaspartsof thesilhouettesllowsthe
artistto preventclutter, to chooseocal point, andto call to theimaginationof the beholdetin order
to producea morelively drawing. It is thereforecrucialto provide a ne controlandthe possibility
to vary styleacrosshepicture.

RR n°4724



4 Grabli & Durand& Turquin & Sillion

In this paper we presentanapproactio stylein line drawing inspiredby photorealistiqgproduc-
tion renderingsoftwaresuchasRendermarfCoo84 HL90, Ups89 AG99. QuotingUpstill: “The
key ideain the RenderMarShadingLanguagses to controlshadingnot only by adjustingparame-
ters, but by telling the shaderwhat youwantit to do directlyin the form of a procedure’TUps89
p. 275. Similarly, the style of a line drawing canbe speci ed in our approachby implementing
procedureshat describehow the silhouettesand otherfeaturelines from the 3D modelshouldbe
turnedinto strokes. Historically, the developmentof shadinganguagefiasdramaticallyfacilitated
the explorationanddevelopmenif realisticshadingandit hascontritutedto a dramaticimprove-
mentin the quality of productionrendering.We hopethatNPR cansimilarly bene t from a e xible
procedurabpproach.

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., wheredifferentfeaturesneedto be renderedn different
styles,or wheresomepartsneedto be emphasizede.g. [SF9]. For example,the new eld of
featuremodelingencodesemantiandhigh-level geometridnformationaboutpartsof objects.At
renderingtime, thesefeaturesneedso bevisualizedin a differentstyle [BBNO2]. Our approachis
ideally suitedfor this, sinceit canusethis high-level informationand renderobjectsin a e xible
variety of styles. Which leadsto our secondapplicationdomain. The e xibility of our approach
greatlyfacilitatesthe explorationof styleanddepictionissuedor line drawing. A new effectcanbe
implemented/ery easilyandinteractively explored,encouragingreatvity.

Information Procedural line drawing
>
— > Style module
View computation Selection Set of strokes
3D model Projecti gmﬂﬁlgg with attributes
i ; rojection ) : -
optional annotation Silﬁlouette extraction Viewmap Attribute assignment Mark implementation

(importance)
viewpoint

——> | Feature line extraction | ==—>>| Style module
Visibility Selection -] "

Chaining
Splitting Current
. Attribute assignment picture
Reference image 3|

Figure2: Systemarchitecture.

1.1 Relatedwork

Non-photorealistiadenderinghasproposeda wealth of techniquedo generatdine drawings from
3D models,e.g. [MKT 97, HZ00, RC99,BS0Q EIb98 SB99,GSG 99, KMM 02]. We build
uponthesetechniquesand extendthemto proposea e xible proceduralcontrol of the drawing's
appearance.

Style hasreceived muchattentionin Non-PhotorealistidRenderingand computervision. Ma-
chine learning is the most popularapproach,e.g. [TF97, FTP99 BHO00, HJO 01, JEGPOO02
KMM 02]. However, thesework focus on the low-level and statisticalaspectsf styles. Most
Non-photorealistidcechniqueoffer a control of stylethrougha setof parametes, e.g. [Her9§, or
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A Procedunl Approach to Style.. 5

throughdirectuserinteraction,e.g. [Hae9Q Sch9 KMM 02]. HamelandStrothottefHS99 cap-
ture andre-usestyle usingtemplateghat control the parametersf a line renderer In addition,the
subtlevariationof stylewithin animagehasbeenshowvn to becrucialto make theimagemorelively
andfocusattentione.g.[WS94, DOM 01, Her01, SD02,DS03.

The work closestto oursis the OpenNRAR system[HSS02 Ope03. They developedan API
for thedevelopmenbf real-timeNPRsoftware. They provide animpressve graphicaluserinterface
for the explorationof simple styles. Our approachfocuseson line draving and on more comple
styledevelopmentWe believe thatideally, aline drawing stylecouldbe explored rst in our system
beforeportinga moreoptimizedreal-timeimplementatiorin OpenNRAR.

We alsoborraw from proceduramodeling,whichis agreattechniqueto augmenthecomplexity
of graphicsmodels[EMP 94, LDG01, CDM 02]. Similarly, in our systemtherichnessof a style
canbegeneratedby procedurespeci ed by the developer

Our approachis alsoinspiredby the style sheetgresentin word processingsystemssuchas
IATEX. They separatstylefrom contentandthewriter needonly provide somehigh-level semantic
informationsuchaswhatis asectionheader The developerof a stylewritesa setof procedureshat
describehe appearancef thedocumentpasedon the structureinformationprovidedby the writer.
Thestructureof 3D scenesindpicturess notassimpleto specify andwewill rely moreongeometry
andsemantidnformationprovidedby the usersuchastheimportanceof objects.

Productionsoftware hasrecently beenaugmentedvith toon shadersand non-photorealistic
stylescanbeobtainedwith PixarRendermane.g.[AG99, p330andp477.Impressveresultscanbe
obtainedput the stylesareusuallylimited to plain or wiggly lines,becaus&o realone-dimensional
stroke datastructureis available.

While we draw someof our inspirationfrom the existing procedurakenderingsystemssuchas
Rendermanwe obsene thatthe applicationto line drawing entailsmajor differencesmostimpor-
tantly, the useof lines asatomicdrawing elementspn which a numberof proceduresreapplied,
meanghatwe operateon objectsthathave signi cant extentin theimage,asopposedo e.g. pixels
for Renderman.Two additional propertiesof line drawing also contrikute to this non-locality of
rendering.First, propertiesof the drawing at a certainscale,suchasits overall density may affect
individual linesandstrokes. Secondstroke primitivescarry a visualmeaningthatextendswell be-
yondtheir actualshape asthey typically depictsomeregion in 2d or 3d. Anotherdifferencewith
existing proceduralshaderss that, duein partto the non-locality just mentioned the drawing is
createcby theaccumulatiorof marksin theimageandtherefores producedn asequentiamanner:
theorderof operationsandthe actualsequencef strokesdrawvn, mattersin the nal result.

1.2 Overview of contributions

We introducea procedurabpproacho line drawing from 3D models,and proposea consistentr-
chitecturefor a drawing system. The novelty of the proposedmodellies in its representatiomf
drawing asa processits explicit realizationof the sequentiahatureof draving, andits exploitation
andsupportof the non-locality of line drawing primitives. We presenta consistendecomposition
of the drawing processinto individual operatordor the selection,chainingand orderingof lines
andstrokes. We showv how the resultingstrokes can be further processednd modi ed to obtain
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6 Grabli & Durand& Turquin & Sillion

interestinggraphicalstyles. Finally we manageheinformationnecessarpt all stagesf thedraw-
ing process. The resultingsystemallows both high-level descriptionsand control and low-level
control througha programminginterface,and provides a highly customizableand versatilenon-
photorealistidine drawing ervironment.

2 Architecture

The architectureof our Drawing creationsystemis shovn in Fig. 2. It takesasinputa 3D model,
possiblyaugmentedvith informationsuchascolor or the subjectve importanceof eachobject,for
instanceaccordingo theapplicationat hand.

The rst stepis the computationof the view: well-known algorithmsare appliedto perform
perspectie projection,silhouetteextraction,andvisibility computations,e.dHZ00, IFH 03]. The
outputis aview map whichis the planargraphdescribingthe view. It is composedf ViewEdges
andViewVerticeg(Fig. 3). A ViewEdgecanbeasilhouetteacreasepr aborderedge. A ViewVertex
cancorrespondo an actualvertex of the sceneto the visualintersectionof two edgey(T-vertex),
or to anendjunction (cusp).A refelenceimage is alsocomputedat this stage to provide animage
spacamapof objectID anddepthusingimagebuffers.

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

Thesecondstepis theproceduraline drawing itself, which constituteghe majorcontribution of
thisarticle. It takesasinput theview mapandthereferencamage,andcreateshe stroke primitives
that constitutethe drawving. Strokes are describedby a one-dimensionabackboneand a set of
attributesthatvary alongits length(thicknessgolor, transpareny, texture, etc.),e.g.[HL94, SS03.
Thisisillustratedin Fig. 4. Multiple strokescanbecreatedo depictasingleViewEdge(for example
in a sketchystyle), anda stroke canspanmultiple ViewEdges(for example,a singlestroke canbe
usedto depictthe externaloutline of a givenobject.)

Finally, the mark systemis responsiblefor the actualrenderingof the stroke primitiveswith
their attributes. The samestroke with giventhicknessandcolor canfor examplebe renderedwith
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A Procedunl Approach to Style.. 7

sample
point

Figure4: Stroke representation.

differentmarkstylessuchascrayonor oil painting. However, theprecisemarkstyleis oftenspeci ed

in the proceduraldraving. Although we describethem as separatgrocessesstroke renderingis

interleavedwith stroke creation thatis, the drawing is refreshedeachtime a new stroke is created.
This is crucial to allow the currentstateof the drawing to in uence subsequentlecisions. For

example,if thelocal densityof strokesis too high, a potentialnew stroke canbe omittedto prevent
clutter

We call the setof procedureshatimplementa given pictorial style a procedual line style It is
usuallydecomposethto a seriesof stylemoduleghatareresponsibldor sub-partgor “layers”) of
thedrawing. Style modulesarea naturalway to vary the style within the drawing (but it is notthe
only one). For example,the main objectcanbe drawvn usinga differentstyle modulefrom the rest
of thescenepr hiddenlines canbe dravn with a differentstyle modulefrom thevisible ones.

A style moduleis basedon a pipeline of four classesof opemtors that are appliediteratively
atthe programmeis will. Theseoperateon ViewEdgesto build andalter strokes. Theseoperators
permittheselectiorof asetof ViewEdgeswhichis thewaythey restricttheiractionto asubsebf the
drawing. Then,startingfrom a givenedgein the selectiona one-dimensionathain of ViewEdges
is built. Thesechainsaresplit atappropriatdocations(e.g. pointsof high curvature)andstrokesare
createdto depictthe chain,which includesthe decisionof how mary separatestrokesare usedto
depictagivenViewEdge,andwherestrolesstartandend. Finally, an Attribute assignmentperator
speci es,e.g.,thecolor, width, texture, transparengfor eachpoint alongthestroke.

RR n°4724



8 Grabli & Durand& Turquin & Sillion

2.1 A simpleexample

To make theseoperatorgnoreconcretelet usconsiderasanexamplea simpleproceduraline style,
illustratedin Figure5. In this examplewe usethreestyle modules:

Figure5: Simpleproceduraline style usingthreestyle modules.

The rst module
selectsedgeson the externalcontourof thedrawing
chainsall edgeson the externalcontour
smoothesthestroke
assignsvaryingcolor/widthto the stroke
Thesecondnodule
selectsall visible edgegqexcludingthe externalcontour)
chainsedgesalongsilhouettesandcreasdines
assignsconstantwidth to the strokes
Thethird module
selectsall edgeghatarehidden
chainsalongsilhouettesandcreasdines
assignsne width to the strokes

INRIA



A Procedunl Approach to Style.. 9

2.2 Interface

The speci cation of a proceduraline style is performedat two levels. The lower level is a C++
APl whereoperatorsareimplementedWe provide anumberof standardperatorsbut the usercan
alwaysimplementnew operatorandbene t from theinfrastructureve provide. Thistaskis similar
to thatof technicaldirectorswho implementrealisticshadersn productioncompanies.

Thehigherlevel interfacehandleghe speci cationof style moduleswhereparametergrecon-
trolled, andsomeexpressionsuchasselectionpredicater orderingcriteriacanbe set. This level
requireslessfamiliarity with the underlyingtechnicalspeci cs andallows for a rapid exploration
of style, sinceit canbe performedat runtime. In our implementationwe useeitheran XML rep-
resentatioror a speciallydesignediescriptionlanguaggwhich is easierto readfor humans!).The
descriptionof the stylemodulefor externalcontoursfrom Section2.1is listedbelow:

module ExternalContour {
operators:
Select<ViewEdge>(Quantitativelnvisibi lity<V iewEd ge>(0 ) &&
ExternalContour<ViewEdge>())
BidirectionalChain<ViewEdge>(ChainPre dicate Itera tor(a |II),
Quantitativelnvisibility<ViewEdge>(0) &&
ExternalContour<ViewEdge>()),
Null<ViewEdge>() Il
EqualToTimeStamp<ViewEdge>() Il
Quantitativelnvisibility<ViewEdge>(0),
Increment(TimeStamp))
Create<Chain>()
shaders:

Thickness("thickness01.bmp")
IncreasingColor(0.5, 0.5 08, 1)

}

Tablel: Descriptionof a stylemodule.

Finally, agraphicaluserinterfaceallows the userto load stylemodulesandorganizethe various
layerscomposinghedrawing.

2.3 Data Structure

As discusse@bove,thespeci city of line drawing is thatit requireghe handlingof one-dimensional
objectssuchasview edgesandstrokesin additionalto simplerzero-dimensiongboints.

RR n°4724



10 Grabli & Durand& Turquin & Sillion

TheViewMapis encodedsagraphdatastructurecomposeaf ViewVertices  andViewEdges
(Table 2). The traditional adjacenciedbetweenthem are stored. In addition, ViewVerticesand
ViewEdgescontaininformation aboutthe 3D scene(Table 2). In particular ViewEdgescontain
thedescriptionof their 3D embeddingasalist of 3D points,aswell astheir type (silhouette crease,
or border).Similarly ViewVerticesstoretheirimage-spaceoordinategaswell asthedistanceo the
camera)andtheirtype (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.

Thecentralobjectsmanipulatedy our operatorareone-dimensionathainsthatwill eventually
leadto the creationof strokes. Chains describea pathin the ViewMap graph(Table3). They are
connectedetsof ViewEdges . Notehoweverthatthey do notnecessarilptartata ViewVertex
whichis why they alsostoreaninitial and nal point. Chainscanimplicitly accesgointsby gener
atingsamplesalongtheir ViewEdges . Note howeverthatfor memoryef ciency andfor sampling

e xibility , thesesamplepointsarenot stored.Samplepointsarecharacterizedy their arclength.

TheChains are nally derivedinto Strokes thatcontainadditionalinformationfor thedraw-
ing creation.In contrasto Chains , Strokes storeanexplicit setof samplepointsfor their back-
bone(seeFig. 4). A setof attributesis storedfor eachof thesesamplepoints(thicknessgcolor, and
transpareng)

Theappropriatesamplingof strokescanbeimportantto captureattribute variation. We provide
a stroke resamplingmechanisnthat takesa maximumlengthbetweensamplesand generatesien
pointswhenneeded Attributesareinterpolated currently usinglinear interpolation,but smoother
interpolationcould alsobe used. The notion of attribute samplingrateis closelyrelatedto Render
man's shadingrate[Ups89 AG99.

2.4 Information access

As pointedout by Hanrahanand LawsonHanrahan:1990:ALFde ning the possibleexchangeof
information at the interface betweenthe renderingprogramand the shadingmodulesis a crucial

INRIA



A Procedunl 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: Chainandstroke datastructures.

decision.As discussedbove, non-photorealisticenderingequiresevenmoreinformation,partially
becausdhe procesdendsto be lesslocal. We decidedto make renderinginformationavailableto
all operatorssothatit canin uence all of theirdecisions.

Informationis alwaysqueriedin the contect of a one-dimensionasupportelement(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 casesimple statisticsaboutthe queried
quantityaremadeavailable(i.e. average minimumandmaximumvalue,or variance).

Informationcancomefrom four differentsourcesthe 3D sceneareferenceview, theview map,
andthe currentdrawing, assummarizedn Table4. Typesof availableinformationincludescalars,
vectors(normaldirection),colors,andimagemaps.

The information afforded by the 3D sceneis similar to that provided by traditional shading
languagesandalsoincludesobjectidenti ers (to treatdifferentobjectsdifferently),andanoptional
subjectve objectimportancehatis importantto separatestyle from content.For example,arepair
manualdrawing sener canuseanimportanceagto draw thefailing partmoreemphasized.

The informationencodedn the view map datastructuresdescribedabore are madeavailable.
In addition, differentialinformation suchas 2D normaland 2D curvaturescanbe computed.The
formulaefor the discreteevaluationof thesepropertiesis givenin the appendix. Note that these
differentialpropertiesareprovidedin the context of a 1D elementandthatthey might not be well-
de ned outsideof this contet. In particular the curvatureat a ViewVertex dependn the context
chain.

We alsousea referenceview computedusingstandardz-buffering. It providesinformationsuch
asthe averagelocal depthor the color obtainedusing classicalshading. In addition, the current
drawing is refreshedasthe drawing creationproceedsandthe local stroke densitycanbe queried.
Densityinformationis computeduponrequestusinga parameterizeaussiarsmoothingoperator
to allow queriesat differentscales.This useof densityis relatedto the work 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

shadedtolor

ViewMap 2D coordinates

ViewEdgetype

Quantitatie invisibility
Occludedobject(for silhouettes)
Occludingobjects(for hiddenedges)
depthdiscontinuity(for silhouettes)
ViewEdgelength

2D orientation

2D curvature

Currentdrawing | Local stroke density

Table4: Informationprovidedby our system.

[WS94 andSalishury etal. [SABS94 SWHS97, Howeverin our systemdensityis usedto control
thecreationof featurestrokesratherthanfor thetonalmodelingin texturedareas.

3 View computation

Similar to the philosophyof shadinglanguagesour approactassumesothingabouthow the view
mapis computedaslong asit providestheadjacenyg datastructuredescribedn Section2.3. In our
implementationthe view mapis computedn threesteps.

We rst extractall relevantlinesfrom the model,with respecto the choserview parametersin
practice we have choserto usethetechniqueby HertzmarnandZorin [HZ0Q] for its robustnessThe
view map containssilhouettescreasegde ned by edgeswhoseverticessharea locationbut not a
normal)andboundaryedgegedgeswith only oneadjacenpolygon).

The 2D intersectionsof thesesilhouettescreasesand boundaryedgesare then computedand
de ne ViewVertices . A ViewEdge is anarc of the view maplinking two ViewVertices
(seeFig. 3), andis representes a connectedset of line sgmentsas describedn the previous
section.

Finally, we computethe quantitative invisibility of eachViewEdge[App67, MKT 97]. Hidden-
linesarenoteliminatedatthis pointbecaussomestylescanelectto displaythem.We alsostorethe

INRIA



A Procedunl Approach to Style.. 13

list of occluderdfor eachViewEdge . This informationcanlaterbe used,e.g.,to treatdifferently
edgeshiddenby someimportantobject.

Theadditionof otherfeaturedn theview mapis a promisingavenuefor future extensionsof our
systemasit would allow differenttypesof linesto be usedasa basisfor thedrawing. Possiblesuch
featuresncludeparaboliccurvesor skeletalcurves[HBK02, Ka84.

4 Proceduralline drawing

We now discussthe differentoperatorsnvolved in the applicationof a style module. Recallthat
suchmodulesareappliedsequentiallyto obtainsuccessie layersin the procedurabrawing.

We emphasizeagainthattherearetwo levels of programmabilityin our system:eachoperator
is a procedurethatcaneitherbe chosenin alibrary of prede nedoperatorsisingour XML or text
input at runtime, or overloadedby a programmetrusing the C++ API. In addition, the particular
choiceandorderingof operatorsn a style moduleprovidesanotherevel of control.

A style moduleworks on the view mapandproducesa setof strokesthrougha pipelineorgani-
zationillustratedin Fig. 6. In this Sectionwe describethe rst stepsof the pipelinethat dealwith
thetopologicalcreationof strokesfrom theview map. The descriptionof the last classof operatoy
attributeassignmentis deferredto the next Section.

Selection selecied Chaining chains Splitting strokes Attl:lbute Attl:lbute
Specification viewedges  [Specification [Specification: Assignment| |Assignment
viewmap | boolean predicate - X;)";X‘g‘:;"'m&‘x" gflimng predicate _
L i ()rdermg L L Fusiction o minii Ordering §
ﬁ compansnn+ e e oo i cnmpansonT t ’
predicate Recursion predicate predicate

=2t ) S —= /QZ?_ s R
5 E = 3 e
/ ANV \Y V) ) oy
/ 2 [ % !
() ) \

v

select visible chain silhouettes split long chains i s
a?lal‘gcs%curvature calligraphic shading thickness 1ol drawing

Figure 6: Organizationof a style moduleas a pipeline of four typesof operatorsplus ordering
operations.

4.1 Selection

The rst classof operatorave employ is a selectionoperator Its role is to extracta subsewf the
ViewEdgedrom theview mapandplacethemin thelist of active ViewEdgedor furtherprocessing.
Selectionis the main mechanismnto layer the drawing andrestrictthe effect of a style moduleto
particularViewEdges. Selectionis speci ed with unarypredicates.Basic predicatesare provided
that permitthe testof the valueof ary type of informationdescribedn Section2.4; For example,
selectiorcanbebasednthequantitative invisibility value,ontheobjectID, ontheViewEdgenature
(creasesilhouette pr border),etc. In addition,thesepredicateganbecombinedwith classicalogic
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14 Grabli & Durand& Turquin & Sillion

operatoraisingthe XML/languageinterface. Developerscanalsoimplementnew predicate$ased
on morecomple functionsof thescene.

4.2 Chaining

Chainingoperatorsareresponsibldor creatingconnectedists of ViewEdgeswhichwe call chains
A chainthereforerepresents one-dimensionajraphicalelementin imagespacgWil97, Dur02,
whichwill beusedto controlstroke creation.Chainingis responsibldor corvertingfrom thegraph
natureof the ViewMap to the one-dimensionahatureof strokes. However we notethatthereis not
necessarily simplecorrespondendeetweerchainsandstrokes:in particularwhile chainingis very
usefulto build consistengraphicalkelementsit is oftennecessarto split theobtainchainsin various
waysto bettercontrolthe creationof strokes,aswill bediscussedhortly.

A chainingoperatoiis invokedsuccessiely onall ViewEdgesn the selectionandbuildsachain
originatingfrom each.A chainingoperatorinvolvestwo kind of decisionswhento stop,andwhere
toturn ata ViewVertex. It is implementedasa C++ iteratorin the spirit of the STL [SLMO0O]. The
iteratorincrementatiomecidesvhichis thenext ViewEdgeamongthoseadjacento the ViewVertex.
Theiteratorstoppingcriteriondecidesvhetherthechainshouldbestopped For example,it canstop
whena certainlengthis reachedif anocclusionis encounteredor whenthe curvatureis too high.

Thestandardhainingoperator®fferedby our systentanfollow asilhouettefollow theexternal
contour or attemptto alwaysfollow the ViewEdgethatyields the straightesthain. Their stopping
criterionis speci ed by a predicatesimilar to thosediscussedbove.

We provide anoptionaltaggingmechanismo preventmultiple chainingof the sameViewEdge.
We also offer the following chainingoptions,independentlyfrom the actualchainingalgorithm.
Chainingcanbe eitherbidirectionalor unidirectional,the former meaningthat a chain extendsin
bothdirectionsfrom the rst ViewEdge.Secondgchainingcaneitherbeconstrainedo remaininside
theselection,or canbe unconstrainedin the latter case geachchainstartson a ViewEdgefrom the
selectionbut they cancontainarbitrary ViewEdges. This canbe usefulfor exampleto selectonly
edgesntheexternalsilhouetteof anobject,but to allow chainingto extendto (unselectedinternal
silhouetteasshavn in Figure?.

4.3 Chain splitting and stroke creation

As discussedbore, a givenchainmight be depictedwith multiple strokesof smallersize. Thisis
therole of thechain splitting operator It takesa chainasinput, andcreatesa numberof strokesthat
depictit. Themainrole of the operatotis to decidewherethe chainshouldbe split.

We proposetwo standardmechanismso do this: a sequentiabplit thattraverseghe chainand
decidedo split basedon a predicateanda recursve split thatrecursvely splitsalongthe minimum
of auserspeci edfunction. Beforediscussinghem,it is importantto notethatwe maywantto split
the chainin placesotherthanViewVerticesor verticesfrom the input model. Our systempermits
thetraversalof a sampledversionof the curve by specifyinga samplingrate. Temporaryerticesat
this samplingrateareiteratively createdasthe chainis traversed.

The sequentiakplit theniterateson thesesamplepoints and evaluatesa predicate.Whenit is
true, the chainis split at this point, andthe processstartsagainfrom there. Note thatby usingthe
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(@) (b)

(© (d)

Figure7: Examplesof simplechainingpredicatesappliedto the setof ViewEdgeson the external
contourof thedrawing: (a) shadedsiew (b) follow externalcontour(c) follow silhouetteson same
object (d) follow contourof sameobject. Note how in cases(c) and (d) the chainingoperation
includesedgeghatdid notbelongto the original selection.

curvilineardistanceon the chainin the splitting predicatejt is very easyto enforcea minimumor
maximumstroke length.

Therecursve splitactsin amoreglobalway. It evaluatesafunctionfor eachsamplepoint, andit
splitsalongthe minimumof this function. It is thenappliedrecursiely to thetwo sub-chainsyntil a
recursiorpredicatds nolongertrue. Therecursve splitis for exampleidealto split alongthe points
of highestcurvature.

4.4 Ordering

In our approachthe sequencén which ViewEdges Chainsor Strokesaretreatedcanin uence the
drawing: in the chainingoperatorfor instancethe timestampmechanisnpreventsfrom re-usinga
ViewEdge. In addition, the stroke densityinformation evolveswith the currentdrawing. For in-
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stancewhenthe densityinformationis usedto avoid clutter, it is importantto treatViewEdgesthat
arevisually moreimportant rst, so thatthey arelesslikely to be omitted. Thuswe provide an
ordering operatoy which permitsthe sorting of ViewEdgesor Strokes. It is basedon a compari-
sonpredicateor ary userde ned procedurefor instanceusingcomparison®f length,importance,
depth,local depthvariations,2D spatiallocationsetc.

5 Attrib ute assignment

Now thatwe have createdstrokes,we neecdto assigntheir attributessuchascolor, varyingthickness,
transpareny but alsospatiallocation. This stepis the mostsimilar to traditionalshadingsystems,
exceptthatwe operateon 1-dimensionaktrokesratherthanon O-dimensionafragments.

In contrasto the previoustopologicaloperatorsvhereoneinstanceonly may be usedper mod-
ule, multiple attribute assignmenbperatorscanbe appliedto a stroke sequentially This is useful
to control differentattributes. Oneoperatorcanassigncolor while a secondoneassignghickness.
In addition, attributescanbe assignedn anabsolutemanner(the previousvalueis replaced)pr in
a relatve manner(the previous valueis modulated.) This is for exampleusefulto apply a small
amountof relative noiseafterothershaderhave seta meanvaluefor anattribute.

As aspecialcasewe allow attributeoperatorgo deleteastroke. Thisis usefulto discardstrokes
in orderto avoid clutter.

As describedn Section2.3, strokescanbe resampledo accountfor the varioussamplingrate
requirement®f speci c styles.This canbe doneatthe API level by the programmepf anattribute
operator For example,our noise operatoradaptsthe samplingof the stroke to the frequeny of
the noise speci ed by the user Resamplingcan also be called as a stand-aloneoperatorin the
XML/languageinterface.

Simpleoperatorsuchasthe assignmenbtf constantattributesareprovided. A specialattribute
operatorassignghe mark style usedfor therenderingof the stroke, asdescribedn Section6. Other
simpleshadersncludea “Tip Remover” thattrims the nal andinitial portion of the stroke. This
permitsfor examplethe classicalline haloing” for betterdepthperception.

In the restof this section,we describesomeof the standardattribute operatorsofferedby our
system.More comple operatorsanbeimplementedy developersatthe API level.

5.1 Functors

Oneof the simplestyet powerful way to specifyattribute operatords throughthe useof functors,
similarto the STL concep{SLMOQ]. A functoris afunctionthatis appliedto eachsamplevertex of
thestroke. It canbeary functionthattakestheinformationde nedin Section2.4 asinput andthat
outputsathicknessgolor, or transpareng Functorscanbespeci edatthe XML/languagelevel and
provide a quick way to vary attributes. For example,we useda functor on z to vary thicknessand
colorin Fig. 12(b)and13(a).
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5.2 Spatial modi cation of strokes

Attribute operatorcanmodify the spatiallocationof the backbongoints. Thisis in a sensesimilar
to thetechniqueof displacemenmapping.Spatialdisplacemenis idealto generatesketchystyles.

We provide a spatialnoiseoperatorthat movespointsalongthe normalto the polyline. A 1D
Perlinturbulenceis used,with eithera simplelinearinterpolationfor sharpcorners,or a smoother
Lanczos-Wihdowedsincinterpolationfor smoothewariation[Tur9(. Theusercontrolstheamount
of noise,its scale thenumberof octavesin theturbulence andtheinterpolationused.

We alsoprovide a “backbonestretcher'thatextendsstrokesbeyondtheir initial and nal points.
We useit for sketchystylesandto addconstructiorines,asin Fig. 1.

We developedan operatorto smooththe stroke (Fig. 8). It usesnormalor curvature o w and
convergestowardseithera straightline or a curve of constanturvature(circle). In orderto presere
sharpcornerswe introduceananisotropicedge-stoppindunctionthat preventsthe diffusionacross
cornerg(Fig. 8, right). Thedetailsaredescribedn theappendixWe alsoprovide theoptionto keep
featureverticessuchasViewVertices x ed,in orderto presere the topologyof the drawing. This
canbe easilyenforcedin the diffusionframewnork. Otherapproachesuchassplineapproximation
couldalsobestudied.

Smoothings idealto make drawvingsmoreabstracendminimalist. In addition,it canbeusedto
remove the artifactsof the tessellatiorof smoothobjects. Smoothingis mademuchmoreeffective
by the useof appropriatechaining. The topologicalinformationgeneratediuring chainingmalesit
possibleto performdiffusionbetweeradjacensamples.

Figure8: Useof thesmoothingoperatotto produceaminimaliststyle. In therightmostimage sharp
cornersarepreseredusinganedge-stoppingunction.
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5.3 Useof density

As describedn Section2.4, our systemprovidesaccesgo the currentdensityof strokesin a given
part of the drawing. This canbe usedby an attribute operatorto omit strokes where densityis
too high. The systemincludesa standardoperatorthat usesa thresholdto discardstrokes when
the drawing becomegoo cluttered. The usercontrolsthe threshold but alsothe radiusof the area
aroundthe stroke wheredensityis queried.

Fig. 9 illustratesthe useof the densityoperator Combinedwith depthor stroke-lengthordering,
it is idealto simplify distantobjects.

z

o

&

L 3
/ )

7,

)

3

b)

)

Figure9: Useof thedensitymapto limit clutter.(a)draving with all visible edgegb) Stroke creation
preventedin denseareas.

6 Mark backend

Our markrenderingsystemusesthe standarddpenGLAPI. Strokesarerenderedastrianglestrips,
determinedy the backboneandthicknesssamples Standardechniquesreusedto preventsingu-
larities of the offsetcurve at high curvature,e.g.[SS03 chapter3.

We usereal stroke texturesas alphamapsto increasevisual quality, The useof transpareng
aloneallows usto control the color of eachstroke, asspeci ed by its attributes. We useOpenGL
blendingmodesto emulatevariousphysicalmediumtypes.In practice we rendertheinverseof the
image,sothata blank carvascorrespondso 0 0 O . This facilitatesthe useof blendingandthe
simulationof the subtractve natureof mostmedia.
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We usea simple replacemodefor thick mediasuchas oil paint. Additive blending (which
becomessubtractve in our inversedcontet) is well-suitedfor wet materialssuchasink. Finally,
the minimum blendingmodeprovidedby OpenGL1.2[W 99 canimitate graphiteandotherdry
media.

A backgroundexturecanbeapplied.It is howeverrenderednly for the nal drawving anddoes
not affectthe densitycomputation.

7 Implementation and results

Figure 1 at the startof the papershaws the applicationof differentproceduraldrawing stylesto
a 3d modelof a plane. The sketchystyle is obtainedby indicating “constructionlines” usingthe
backbonestretchoperationusinga paintedstroke for visible linesandindicatedsomehiddenlines
usingfaintstrokes.

Figure11-(a)shavs how quantitatve (in)visibility informationcanbe usedfor a simplecontrol
of styleattributes.Figure11-(b)showns anothersketchystyle,usingthe chainsplit operatorto break
chainsinto multiple strokes. In this caseit is apparenthat the size of the strokesis decoupled
both from the edgelengthin the 3d modelandfrom the chainlengthin the drawing. Figurel11l-
(c) employs a varying stroke width as a function of depthto emphasizehe 3d perception,and
differentiateshadingattributesbasedon the natureof edgegsilhouettesor creasdines).

8 Discussion

We have describecdh new formulationof theimagecreationprocesdor thegeneratiorof line draw-
ingsfrom 3D models.Our approachis basedon procedurabperatorghatcanbe arrangedo create
style modules. We presentedh completesystemfor line drawing generationwhich orchestrates
theactionof all style modulesandoperatorsprovidesthe relevantinformationfor all stagesf the
calculation,andcreatesmages.

While we have presentedenderingsn avariety of drawing styles,our contributionis notin the
recipefor the visual effectsachieved, but ratherin the de nition and organizationof the drawing
system.In particular the e xible andmodularnatureof our style modulesmakesexperimentation
with stylesespeciallyeasy

Oneof the major bene ts of our approachs its naturalredundany, implying great e xibility:
most effects can be obtainedeither (a) by modifying individual operatorg(using a programming
interface),(b) by changinghe setof operatorsn a stylemoduleor controllingtheir behaior (using
a speci ¢ moduledescriptionlanguage),or by addingand schedulingspecializedstyle modules
(usingagraphicaluserinterface).Furthermorehe stylemoduledescriptioncanbemodi ed online
beforebeing interpretedby the system,making the stylized renderingsessiona truly interactve
experience.

The introductionof procedural'shaders™or non-photorealisticenderingopensmary interest-
ing avenuesfor graphicaldesignandstyles,all the more so sinceby de nition non-photorealistic
stylesallow the greatesfreedomfor geometricandvisual modi cations of the underlyingmodel.
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(@) (b) ()

FigurelO: Effectof differentchainorderingpredicate®n densitycontrol. The samedensitylimiting
parametersvereusedon all threeimagedo limit thenumberof strokes,thereforetheorderin which
chainsaredravn mattersgreatly (a) no ordering(b) chainlengthsort(b) depthdiscontinuitysort.

(@) (b)

Figurell: Galleryof stylesobtainedusingour approach.

(@) (b)

Figure12: Galleryof stylesobtainedusingour approach.
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() (b)

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

Theline smoothingoperatordescribedn the paperis a goodexample,aswell asthe generatiorof
“constructionlines” from therenderingstrokes.

Oursystenis currentlylimited to line drawingscomposedrom thesetof edgesn ourview map.
Naturalextensionsvould include(a) anextendedsetof line primitivesin theview map,by including
moregeneralfeaturelines, and(b) a consistentreatmenif tonal andhatchinglines. Futurework
alsoincludessimilar proceduratreatmentg$or shadingandall otherNPR components.
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A Anisotropic line curvature ow

We presenta 2D equivalentto curvature o w [DMSB99], wherewe diffusethe signedcurvatureon
apolyline. Considera sequencef pointsA, B, C ona polyline. We computethe orienteddirection

usingAB

BC. We deducean orientedunit normaln. We thencomputethe curvaturenormalngc
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usinggr 5= &~ o= . We nally obtainthesignedcurvaturegs nc n. If thesigned

curvatureis positive, thecurveis “turning left”.
In orderto smooththe polyline, we iteratively diffusethecurvature.A pointP; triesto obtainthe
samediscretecurvaturesgasits neighborP 1 andP, 1by moving alongits normal.
PY P In & o« g
ki 1ki 1
wherel is the diffusion rate. The amountof smoothingdependson both | and the numberof
iterations.Thelimit curveis acircle (constanturvature.)

We can presere sharpcornersusing anisotropiccurvature o w, similar to Desbrunet al. on
height eld [DMSBO0Q] We addan edge-stoppindgunctiong, e.g. [PM90] that preventscurvature
o w whentheneighboringcurvatureis too different: Pt Pt on a g%k 9 & G,

kilki1

We cansimilarly diffusethenormals,in which casethelimit curveis astraightline.
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