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Figure 1: A programmableapptoad uni es the speci cation of line drawing styles,allowing for variouscomple stylesde-
scriptions.Left: Useof occlusioninformationto emphasizeomepartsin the sceneRight: A sketchy stylebasedon the useof

“constructionlines”.

Abstract

Thispaperintroducesa programmableapproac to non-photoealisticline drawingfrom 3D modelsjnspired by

programmableshades in traditional rendering We proposea new image creationmodelwhere all opefationsare

contolled throughuserde ned procedues.A view mapdescribingall relevantsupportlinesin the drawingand

their topolagical arrangements r stcreatedfromthe 3D model;a numberof stylemodulesoperate on this map,
byprocedually selectingchainingor splitting lines,before creatingstrokesandassigningdrawingattributes.The
resultingdrawingsystenpermits e xible contmol of all element®f drawingstyle: r st, differentstylemodulescan

beappliedto differenttypesof linesin a view; secondthetopolagy and geometryof strokesare entirely controlled

fromthe programmablemodules;andthird, stroke attributesare assignedrocedually and canbe correlatedat

will with varioussceneor view properties Finally, we proposenew densitycontmol strategieswhele strokescanbe

adaptedor omittedto avoidvisualclutter We illustratethe componentsf our systemandshowhowstylemodules
successfullgaptuse stylizedvisual characteristicsthat canbe appliedacrossa wide range of models.

1. Intr oduction

Theappeabf line draving liesin its expressvenessandab-
straction It is widely usedin contexts asdifferentastechni-
calandscienti c illustration,appliancenanualsmaps signs
and art. In additionto its pleasingaestheticqualities, line
drawing canpreventclutter, focusattentionon relevantparts
andomit super uousdetails.The eld of Non-Photorealistic

Y ARTIS is aresearctprojectin the GRAVIR/IMA G laboratory a
joint unit of CNRS,INPG, INRIA andUJF
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Rendering[ GGO01, SS02 Dur02 hasproposeda variety of
techniqueso createcompellingline drawingsfrom 3D mod-
els. Unfortunately thesemethodsare generallyhard-coded
in monolithic software, and while a variety of parameters
usuallyallowstheuserto vary the style of thedrawing, there
is a needfor more e xibility andpower in the speci cation
of pictorial style.

In contrast, the shading languages available in
photorealistic renderers such as Pixar Renderman
[Co084 HLOO, Ups89 AG99 permit the design of an
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in nite variety of rich and complex appearancegQuoting

Upstill: “The key ideain the RenderMarShadingLanguage
is to control shading hot only by adjustingparametershut

by telling the shaderwhatyouwantit to do directlyin the

form of aprocedureUps89 p. 275.

In this paper we introducea e xible programmableap-
proachto NPRline drawing. Similar to traditionalshaders,
thestyleof aline draving canbe speci ed by implementing
procedureghat describehow the silhouettesand otherfea-
turelinesfrom the 3D modelshouldbe turnedinto strokes.
We focus on pure line drawing of static scenesleaving
hatching,tonal modelingandtemporalcoherences future
work. Historically, the developmentof shadinglanguages
hasdramaticallyfacilitatedthe explorationanddevelopment
of realisticshading.We hopethat NPR cansimilarly bene-
t from a e xible programmabl@pproachOur systemhas
beendistributed to a few researchinstitutionsand will be
madebroadlyavailableon the Internetduringfall 2004.

1.1. Relatedwork

Style has receved much attentionin Non-Photorealistic
Renderingandcomputevision. Most NPRtechniqueoffer
a control of stylethrougha setof parametes, e.g.[Her99g,
or throughdirect userinteraction,e.g. [KaM 02]. In par
ticular, the WYSIWYG NPR approac{KaM 02] presents
an approactfor interactvely "painting" strokes directly on
the 3D model.In contrast,our approachis programmable
and the style of the drawing is controlledvia procedures.
This requiresprogrammingskills similar to that of a Tech-
nical Directorin productionrendering but it providesmore
controlon style. Thisincludesthe useof scenanformation,
full controlover stroke topologyandplacemenandit allows
styleto be independentrom the 3D model.In termsof tra-
ditional appearancemodeling,thisis thedifferencebetween
3D painting of texture mapsand proceduralshadersBoth
approachearenow usedin conjunction,andwe believe that
our work is a similar complemento interactve data-drven
techniqguesuchasWYSIWYG NPR.

Machine learning is a popularapproacho capturestyle
from examples, e.g. [TF97, FTP99 HJO 01, KaM 02].
Machine-learnin@pproachessuallyfocusonthelow-level
andstatisticalspect®f styles HamelandStrothottd HS99
captureandre-usestyle usingtemplateghatcontrol the pa-
rametersof a line renderer In addition, the subtle varia-
tion of style within an image hasbeenshown to be cru-
cial to make theimagemorelively andfocusattention.e.g.
[WS94 DOM 01, Her01, DS02. In contrastto theseap-
proachesthe userof our systemspeci es style with a set
of rulesthatgovernthedrawing process.

Our line-draving approach builds
wealth of techniques developed in
[MKT 97, HZ00, DFRS03.

upon the
NPR, e.g.

Little attentionhasbeengiven to the potentialof a pro-

grammablepproacho NPR.In [KMN 99, Kowalskietal.

useproceduraktroke-basedexturesto render3D complex-

ity usingindicationgf WS94. Althoughtheir systemis dedi-
catedto severalspeci ¢ typesof objects,t introducesmary

of the conceptsour more generalapproachbuilds upon.
Theresearclwork closesto oursis the OpenNRAR system
[HSS02 Ope02, an API for the developmentof real-time
NPRsoftware. Theauthorsalsousedtheir systento develop
animpressie graphicaluserinterfacefor the explorationof

simplestyles][HSS03. Ourapproactocusesonline draw-

ing and on more comple style development.In summary
their systemis a programmingoolboxin the spirit of Open-
Inventor[SC97 while our approactis inspiredby Render
manshaders.

Recently a major comparny has releasedinformation
abouttheirin-houseNPR system[ Tee03. It allows for very
exible ink renderingof 3D modeland usesa philosoply
of “shaders”similar to our system.Their techniqueis not
as e xible asour approachandfocuseanostly onink lines,
but this restrictionallows themto betterhandletemporalco-
herence Productionsoftware hasrecentlybeenaugmented
with “toon” shadersandnon-photorealististylescanbeob-
tainedwith PixarRenderMane.g.[AG99, p330andp477.

While we draw inspirationfrom existing programmable
renderingsystemssuchas Rendermanye obsenre thatthe
applicationto line drawing entailsmajor differencesmost
importantly the useof lines as atomic draving elements,
to which a numberof proceduresare applied, meansthat
we operateon objectsthathave signi cant extentin theim-
age,asopposedo e.g.pixelsfor RendermanTwo additional
propertiesf line drawing alsocontrituteto this non-locality
of rendering.First, propertiesof the draving at a certain
scale,suchasits overall density may affectindividual lines
andstrokes. Second stroke primitivescarry a visual mean-
ing thatextendswell beyondtheir actualshapeasthey typ-
ically depictsomeregion in 2D or 3D. Another difference
with existing proceduralshaderds that, duein partto the
non-locality just mentioned the drawing is createdby the
accumulationof marksin the image and thereforeis pro-
ducedin a sequentiaimanner:the order of operationsand
the resultingsequencef strokes dravn matterin the nal
result.

1.2. Overview of contributions

We introduce a programmableapproachto line draving
from 3D models,and proposea consistentarchitecturefor
adrawing systemThenovelty of theproposednodelliesin
its representationf draving asa processits explicit real-
ization of the sequentiahatureof draving, andits exploita-
tion and supportof the non-locality of line drawing primi-
tives.We presenta consistentlecompositiorof the draving
processnto individual operatordor the selectionchaining,
splitting andorderingof linesandstrokes.We shav how the
resultingstrokes can be further processecind modi ed to

¢ TheEurographicsAssociation2004.
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Figure 2: Systenarchitectue.

obtain interestinggraphicalstyles. Finally we managethe
informationnecessarat all stagef thedrawing process.

2. Designdecisionsand architecture

Our work is basedon the assumptiorthatline draving is a
sequentiaprocessvheredecisionsarebasedninformation
afforded by the sceneand the currentdrawing. Thesede-
cisionsare often explicit, suchasin technicalillustrations,
whereprecisethicknessor color attributesareappliedto the
differentnaturef featurdines[GSG 99]. They canalsobe
implicit, anda goal of our researchis to make themexplicit
andembedheminto software.We address$wo key elements
in line drawing: how strolkesaredravn, andwhich onesare
dravn. The appearancef strokesis determinedy their at-
tributessuchasthicknesscolor, or wiggliness.Equallyim-
portantis the choiceof whatstrokesto draw, andwhatpath
they shouldfollow. In addition, style variationsin different
partsof thedrawing have alargeimpacton theresultingvi-
sualaspectThis motivatesthe main featuresof our system
architecture:

- Layeringandselectionrmechanismgermitthe application
of theappropriatestyleto sub-partof the picture

- Informationfrom the 3D input sceneandthe currentdraw-
ing is availableatall stages

- The topology and path of the strokescanbe nely con-
trolled

- Programmabl@peratorgrovide control of the stroke ge-
ometryandattributes.

2.1. Architecture

Theoverallarchitecturés summarizedn Fig. 2. Theinputis
apolygonal3D model,possiblyaugmentedvith information
suchascolor or the subjective importanceof eachobject.

The rst stageis the computationof a view: an arrange-
mentof curvesin the image plane,which will supportall
the elementsof the drawing (Fig. 3 a). Following Willats
[Wil97], we assumethat the line drawing is basedon a
numberof featurelines of the model,which we rst iden-
tify using establishedechniquesOur currentimplementa-
tion usessilhouettesand featurelines such as creasesor
suggestie contours[HZ00, IFH 03, DFRS03. Theselines
are projectedin the image plane,using a standardvisibil-
ity computatioralgorithm,andthey arearrangedn a planar
graph.An importantobjective is to retainmaximum e xibil-
ity in the de nition of draving marks,thusthe graphmust

¢ TheEurographic#ssociation2004.
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Figure 3: (a) View mapdata structue. The ViewEdgesare
representedvith a color gradientand View\krticesare the
reddots.(b) Stoke representation.

encodecompletetopologicaldatasuchasline intersections
andneighboringnformation.This leadsto aslightly simpli-
ed, thusmore compact,graphwhich we call a view map
our atomic unit is a setof connectedine seggmentsin the
projectedview that sharethe samenature(i.e. silhouette,
creasepr contour)andthe samevisibility status(occluders
andoccludees)SuchsetsarecalledViewEdges andconnect
View\krticesrepresentingoints of interest.A ViewVertex
caneithercorrespondo anactualvertex of thesceneto the
visualintersectiorof two edgeqT-vertex), or to anendjunc-
tion (cusp).With theview mapwe alsocomputeanumberof
auxiliary imagessuchasa depthbuffer or line densitymaps
asexplainedlater.

The secondstageis the heartof our approachthe pro-
grammabldine drawing processlt takesasinput the view
map and the auxiliary images,and createsthe strokes that
composethe draving. Strokes are describedby a one-
dimensionabackboneanda setof attributesthatvary along
its length (thickness color, transpareng texture, etc.),e.g.
[HL94, SS02. This is illustratedin Fig. 3(b). Our choice
of ViewEdgesasthe atomic elementin the viewmapreal-
izesan excellentcompromisebetweengenerality(although
a ViewEdgehasconsistenvisibility statusandnaturealong
its entirelengthwe shallseethatis is still possibleto create
multiple strokesto depicta single ViewEdge)andcompact-
ness(whenpossibleor necessarga stroke canspanmultiple
ViewEdgesfor exampleasinglestroke candepictthe exter
nal outline of anobject).

Finally, the mark systemis responsibldor theactualren-
deringof the stroke primitiveswith their attributes.For ex-
ample,the samestroke with given thicknessand color can
berenderedwith differentmark stylessuchascrayonor oil
painting.

We call the setof procedureshatimplementa given pic-
torial style a stylesheet It is usuallydecomposeéhto a se-
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Figure 4: Operators usedwithin threestylemodulesconstituinga simplestylesheet SeealsoFigure 5.

ries of style modulesthat are responsibleor sub-partgor
“layers”) of thedrawing. Stylemodulesarea naturalway to
vary thestylewithin thedraving. For example themainob-
jectcanbedrawn usingadifferentstylemodulefrom therest
of the sceneor hiddenlines canbe dravn with a different
stylemodulefrom thevisible ones.

The operationof a style moduleconsistsmainly in con-
trolling the topologicalcharacteristic®f strokesaswell as
their visual attributes.Extensve experimentatiorwith styl-
ized drawings led us to de ne the following set of topo-
logical operatorswhich we have found to be sufcient to
createall the stylistic effects we have attemptedto real-
ize. First, the selectionof a setof ViewEdgeswhich is the
mechanismusedto restrict actionsto a subsetof a draw-
ing. Thenchaining operatordet usbuild a one-dimensional
sequencef ViewEdges,startingfrom a given edgein the
selection Next, splitting operatordet usre ne the drawing
elementsby breakingchainsat appropriatelocations(e.g.
pointsof high curvature); Strokesdirectly correspondo the
chainsresulting from this topology-de nition process Fi-
nally, alastclassof operatorassignattributesto thestrokes
(e.g.color, width, texture, transpareng . .). Theseoperators
are entirely programmableand are appliediteratively in a
pipelinedmanner

2.2. A simpleexample

Figure 5: Resultobtainedwith the stylesheetof Figure 4.

Considerasan examplethe style sheetillustratedin Fig-
ure4. It usesthreestylemodules:

1. The rst module selectsedgeson the external contour
of thedrawing, chainsall edgeson the externalcontour
assignsa calligraphic(direction-dependenthickness.

2. The secondmodule selectsall visible edges,chains
edgeslongsilhouettessplits chainsof edgesat pointsof
high curvature,alters the stroke geometrymakingthem
tangento their centerassignsasketchy textureandstan-
dardthickness.

3. Thethird moduleselectsall visible edgeghatarenotex-
ternalcontour chains alongsilhouettesandcreasdines,
assignssmoothlyvaryingwidth to the strolkes.

Eachstyle modulecreatesa layer of the nal imageas
seenon theright of Figure4. Figure5 shows the dravings
obtainedwith this style sheeton different models.Notice
how a consistentisualaspecis obtained.

2.3. Language

We choseo useaninterpretedanguagePython ratherthan
a C++ API for our style descriptionlanguage This allows
for interactve developmentandexplorationof stylemodules
without recompilation.More importantly it clearly dravs
the line betweenthe programmablestyle interfaceand the
low-level technicalaspect®f the systemWe extendPython
with our subsetof style de nition instructionsand classes,
e.g.operatorgsection3) and datastructuregsection2.4),
augmentedwith all information accessmechanismgsec-
tion 2.6). Theusers codingtaskmainly consistsn overload-
ing functions,predicatesor shadersandin using operators
andbuilt-in helpers.

2.4. Data Structure

As discussedabore, the uniquenessof line drawing is
that it requireshandling one-dimensionabbjectssuch as
ViewEdges and Strokes in additionto simpler zero-
dimensionapoints.

The ViewMap is encodedasa graphdatastructure com-
posedof ViewVertices and ViewEdges . The tradi-
tional adjacenciebetweerthemarestored.

Thecentralobjectsmanipulatedy our operatorsareone-
dimensionakhainsthatwill eventuallyleadto the creation

¢ TheEurographicsAssociation2004.
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of strokes.A Chain describes pathin theViewMap graph
(Tablel). It is a connectedsetof ViewEdges . It doesnot
necessarilystartat a ViewVertex , which is why it also
storesaninitial and nal point. A Chain canimplicitly ac-
cesspoints by generatingsamplesalongits ViewEdges .
For memory ef ciency and for sampling e xibility, these
samplepointsare not stored.Samplepointsare parameter
izedby theirarclength.

TheChains are nally derivedinto Strokes thatcon-
tain additionalinformationfor thedrawing creation.In con-
trastto Chains , Strokes storeanexplicit setof sample
pointsfor their backbongseeFig. 3 b). A setof attributesis
storedfor eachof thesesamplepoints(thicknessgolor, and
transpareng)

Stroke : derives from Chain
Chain Array of sgmple
. . 2D vertices [nb_  samples]
List of ViewEdges :
A Array of attributes [nb_samples]

Sample point . .

. Thickness  [left, right]

initial and final Color
Double length

Transparency
Mark Rendering style

Table 1: Chainandstroke datastructues.

The appropriatesamplingof strokesis necessaryo cap-
ture attribute variation. We provide a stroke resampling
mechanisnthat takes asinput a maximumlength between
samplesandgeneratesiev pointswhenneededAttributes
thatwerepreviously assignedareinterpolatecat the newly-
createdsamplesWe currently uselinear interpolation,but
smootheiinterpolationcould alsobe used.The notion of at-
tribute samplingrateis closelyrelatedto Rendermars shad-
ing rate[Ups89 AG9Y.

2.5. View computation

Similar to the philosoply of shadinglanguagespur ap-
proachassumesothing abouthow the view mapis com-
puted,aslong asit providestheadjaceng datastructurede-
scribedin Section2.4. In ourimplementationthe view map
is computedn threesteps.

We rst extractall relevantlinesfrom the model,with re-
spectto the view. We computesilhouettesusing the tech-
nigue by Hertzmanand Zorin [HZ0Q]. Suggestie contours
follow themethodproposedy DeCarloetal.[DFRS03. We
alsoincludecreasegde ned by edgeswvhoseverticesshare
alocationbut notanormal)andboundaryedgeqedgeswith
only oneadjacenpolygon).

The 2D intersection®f thesefeaturelinesarethencom-
putedand de ne TVertices . The ViewVertices in-
cludetheseT Vertices , theverticesof themeshthatform
cornersandthe cusps.A ViewEdge is anarc of the view
maplinking two ViewVertices  (seeFig. 3 a),andis rep-
resentedisa connectedsetof line sggmentsasdescribedn
theprevioussection.

¢ TheEurographic#ssociation2004.

Location Data

3D Scene 3D coordinates
normal,3D cunature
color, materiallD

objectID, objectimportance

Auxiliary maps  local averagedepth
item buffer
local depthvariance

local view density

ViewMap 2D coordinates,\¥éwEdgelength
ViewEdgetype,Adjaceng information
Quantitatve invisibility
Occludedobject(for silhouettes)
Occludingobjects(for hiddenedges)
depthdiscontinuity(for silhouettes)

2D orientation 2D curvature

Currentdrawing  Local stroke density

Table 2: Informationprovidedby our system.

Finally, we computethe quantitatve invisibility of each
ViewEdge [App67, MKT 97]. Hidden-linesare not elimi-
natedat this point becausesomestylescanelectto display
them.

2.6. Information access

As pointedout by Hanraharand Lawson[HL90], de ning

the possibleexchangeof information at the interface be-
tweenthe renderingprogramandthe shadingmodulesis a
crucialdecision As discusse@bove, non-photorealisticen-
deringrequiresavenmoreinformation,partially becaus¢he
procesgendsto belesslocal. We decidedo make rendering
informationavailableto all operatorssothatit canin uence

all of theirdecisions.

Information is always queriedin the contet of a one-
dimensionakupportelement(which canbe a ViewEdge,a
Chain,or a Stroke dependingon the operatorwe arein). It
canbe queriedat a given point, or globally for the support
element,in which casesimple statisticsaboutthe queried
gquantity are madeavailable (i.e. average,extremal values,
andvariance).The one-dimensionatontet is oftenneeded
whenevaluatingsomeinformationat a point. Indeed evalu-
atingthe 3D normal,for example,ata T-vertex is unde ned
unlessthe 1D context allows usto remove theambiguity In
ourtechnique0D informationis alwaysqueriedin the con-
text of a 1D chainor strole.

Informationcancomefrom four differentsourcesthe 3D
sceneauxiliary maps,the viewmap, andthe currentdraw-
ing, assummarizedn Table 2. Typesof availableinforma-
tion include scalarsyectors(normaldirection),colors,and
imagemaps.
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Theinformationaffordedby the3D scenes similarto that
providedby traditionalshadinganguagesandalsoincludes
objectidenti ers (to treatdifferentobjectsdifferently),and
anoptionalsubjectve objectimportancehatis importantto
separatestyle from content.For example,a repairmanual
drawing sener canuseanimportanceagto draw thefailing
partwith moreemphasis.

Differentialinformationsuchas2D normaland2D curva-
turearecomputedrom theviewmap. Notethatthesediffer-
entialpropertiesareprovidedin thecontet of a1D element,
andthatthey might not be well-de ned outsideof this con-
text. In particular the curvatureat a ViewVertex dependsn
the contet chain.

We alsousea setof auxiliary maps:anitem buffer pro-
videsinformationsuchasaveragdocal depthor objectiden-
ti cation atary point. Multiresolutionline densitymapsare
createdby renderingthe viewmap, countingthe numberof
edgedrawn at eachpixel, andbuilding imagepyramids.In
addition,thecurrentdraving is refreshedasthedraving cre-
ation proceedsandthe local stroke densitycanbe queried.
This currentdensityinformationis computeduponrequest,
usingaparameterize@aussiasmoothingoperatotto allow
queriesatdifferentscales.

3. Programmableline drawing

The heartof our approactis the programmablestyle mod-
ules.They permitthe explicit speci cationof the rulesthat
govern the draving processfor both stroke topology and
strole attributes. Recall that suchmodulesare applied se-
quentiallyto obtainsuccessie layersin thedrawing. A style
moduleworksontheview mapandproduces setof strokes
througha pipelineorganizationasillustratedin Fig. 4. Some
of theoperatorge.g.selectionjapplyto ary 1D elementand
canbeusedatary stageof the pipeline,whereaothers(e.g.
chaining)only applyto aspeci c typeandmustthereforebe
calledat speci c locationsin the pipeline.In this sectionwe
rst describeheoperatorghatdealwith thetopologicalcre-
ation of strokes.Then,we detail the last classof operators,
attribute assignmentA style moduleis built asa sequence
of callsto thesevariousoperators.

The systemmust provide the usera corvenientway to
specifythe rulesthat apply to eachoperator In our imple-
mentationwe heavily usefunctors[Ale01], working either
on 0D or 1D elementsasrulesspeci ers.Althoughwe pro-
vide numeroushasicrulesfor the differentoperatorsall of
themcanbe userde ned in Python.The differenttypesof
rulesapplyingto the differentoperatorsare summarizedn
Fig. 6.

3.1. Stroke creation operators

Selection Selectionis fundamentato layerthedrawving, ap-
ply a style to a sub-partof the featureslines or to omit

Selection
Selection predicate (1D element)
Ordering
Comparison  predicate (1D element, 1D element)
Chaining
Function  nextEdge (currentVertex)
Splitting
Sequential
End predicate, Start  predicate
Recursive
Function(sampleVertex) to maximize,
splitting interdiction predicate(sampleVertex)

recursion  predicate(1D chain),
Attribute assignment  (a.k.a. shader)
shade(stroke), method that modifies

Figure 6: Speci cationof our operators.

the fields of stroke

linesthatareunnecessaryVe provide selectiormechanisms
througha selectionoperator This operatomworksonary 1D
element(ViewEdge,Chain,or Stroke). In practice,a selec-
tion operatorextractsa subsetof the active setof 1D ele-
mentsto de ne thenew active set.Theselectiorruleis spec-
ied asa unarypredicateon a 1D element.Built-in pred-
icatesare provided that permit the test of information de-
scribedin Section2.6; For example,selectioncanbe based
on quantitatve invisibility, on the objectID, on the nature
(creasesilhouette pr border). Thesepredicatesanbe com-
binedwith classicalogic operatorsDeveloperscanalsoim-
plementew predicatebasedn morecomplex functionsof
thesceneTheselectionoperatolis mostof thetime usedat
the beginning of our programmablepipeline, directly after
theviewmapcomputationHowever, asmentioneckarliet it
is availableat ary stageof the pipeline,andcanbe usefulto
re ne selectionafter chaining,wheninformationaboutthe
the potentialtopologyof a stroke is accessible.

Chaining The view of an object, as encodedin the
viewmap, provides graphinformation, while line drawvings
consistof 1D paths.The choiceof the path and length of

strokeshasimportantrepercussionsntheappearancef the
drawing [Wil97, Dur0Z. We notethattherecanbe multiple
strokesto representhe samefeatureline, andthat strokes
canspanmultiple featurelines (seethe external contourin

Fig. 4). Whencreatinga stroke, we have identi ed two kinds
of decisions:First, we mustdecidefor eachvertex of the
graphwhich pathto follow. Secondwe mustdecidewhere
to startor stopstrokes,or whereto split themin orderto gen-
erateshorterstrokes.In our approachtheformeris handled
by chainingoperatorsandthe latter by splitting operators.

Chainingoperatorscreateconnectedists of ViewEdges,
whichwe call chains A chainingoperatoiis invokedsucces-
sively on all ViewEdgesin the selectionandbuilds a chain
originating from each,optionally tagging each ViewEdge
asit is processedA chainingrule mustanswertwo ques-
tions: whento stop,andwhereto turn at a ViewVertex. In
our implementationwe choseto embedthis rule asaniter-
ator [GHJV9Y. The incrementatiormethodof this iterator
decideswhich is the next ViewEdgeamongthoseadjacent
to the ViewVertex. The iterator stoppingcriterion decides
whetherthe chain shouldbe stopped.For example,it can
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stopwhena certainlengthis reachedif anocclusionis en-
counteredpr whenthe cunatureis too high.

Drawing stylecanallow multiple strokesto overlapor not.
Strokesoverlappingcanbe usefulto producesketchy looks
asillustratedin Figure 7 (c). We provide a taggingmech-
anismto control or prevent multiple chainingof the same
ViewEdge.In addition,chainingcanbe eitherbi-directional
or unidirectional,the former meaningthat a chain extends
in both directionsfrom the rst ViewEdge.Secondchain-
ing caneitherbe constrainedo remaininsidethe selection,
or canbe unconstrainedn the latter case gachchainstarts
onaViewEdgefrom the selectionbut they cancontainarbi-
trary ViewEdges.This canbe useful for exampleto select
only edgeson the external silhouetteof an object, but to
allow chainingto extendto (unselected)nternalsilhouette
asshown in Figure7. Our systemprovidesseveral standard
chainingstratgies,suchaschainingViewEdgesf samena-
ture, following contoursor externalcontours,chainingsev-
eraltimesthe sameViewEdgeg(sketcty look), asbuilt-in.

€Y (b) (c)

Figure 7: Examplesof simplechaining predicatesapplied
to the setof ViewEdgeson the external contourof the draw-
ing: (a) follow external contour (b) follow silhouetteson
sameobject(c) follow silhouetteon sameobjectandallows
multiple chainingof samevViewEdges.Notehowin casegb)
and (c) the chaining opemation includesedgesthat did not
belongto theoriginal selection.

Chain splitting As discussedbove,agivenchainmightbe
depictedwith multiple strokes of smallersize. This is the
role of the chain splitting operator|t takesa chainasinput,
andcreatesanumberof strokesthatdepictit. Therule given
to this operatormainly decideswherethe chainshouldbe
split.

We developedwo differentstratgiesto choosdahelength
of strokes and split points. In the sequentialsplit, we tra-
versethe chain sequentiallyand decideto split basedon a
predicatesuchas maximumlength, natureof verte, or lo-
caldensity This mechanisnis easyto specifybut only takes
its decisionin agreedyway andbasedn local information.
In contrasttherecursve split takesa global decisionon the
whole chainandrecursvely splits alongthe minimumof a
userspeci edfunction.

Before discussingthem, it is importantto note that we
may want to split the chainin placesotherthan ViewVer
ticesor verticesfrom theinput model. This is why our sys-
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temoperateon a sampledversionof the curve with a user
controlled samplingrate. Temporaryverticesat this sam-
pling rate are iteratively createdas the chainis traversed,
but they arenot storedpermanently

Figure 8: Useof multiple strokesper chain for renderinga
building in a sketdy style

Thebasicsequentiasplittraverseshechainandevaluates
asplitting predicateo decidewhereto split. A new chainis
startedat eachsplit. In orderto handlesketcty styleswith
multiple strokes per chain (Fig 8), we re ne this stratgy
by decouplingthe startingandstoppingcriteriaandperform
two traversaldn parallel.This processanleadto a partition
of the original chain,whenthe startingand stoppingpred-
icatesare the same,to a setof overlappingchainsor to a
setof isolatedchains Notethatby usingthe curvilineardis-
tanceonthechainin thesplitting predicateijt is very easyto
enforcea minimumor maximumstroke length.

Therecursve splitactsin aglobalway:. It evaluatesafunc-
tion for eachsamplepoint, andit splits alongthe minimum
of this function.In addition,the usercanpreventsplitting at
somepointsspeci ed by a predicateThe splitis appliedre-
cursiely to thetwo sub-chainsyntil arecursiorpredicatds
no longertrue.As anexample,therecursve splitis idealto
split atthe pointsof highestcurvature.

In our experience pften the sameeffect canbe obtained
by rst creatinglong strokes and later splitting them, or
by specifyinga more aggressie stoppingcriterion during
chaining Differentuserservisionthedraving processn dif-
ferentwaysandmayfavor oneor the otheroption.

Ordering In our approach, the sequencein which
ViewEdges,Chainsor Strokesaretreatedcanin uence the
drawing: In the chainingoperatorfor instancea timestamp
mechanisnpreventsthe reuseof a ViewEdge.In addition,
thestrolke densityinformationevolveswith thecurrentdraw-
ing. For instance whenthe densityinformationis usedto
avoid clutter, it is importantto treatViewEdgesthat are vi-
sually more important rst, so thatthey are lesslikely to
be omitted,asdescribedn the next Section.Thuswe pro-
vide an ordering operatoy which permitsthe sortingof ary
1D element.The orderingrule is expressedas a compatri-
sonpredicatébasecdnlength,importancedepthJocaldepth
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variations,2D spatiallocations,etc. The de nition of arel-
evantorderingof ViewEdgesor Strokescanbevery tedious
andrequirethe evaluationandintegrationof mary different
kinds of informationthatcanonly be speci ed usinga pro-
grammableapproach.

3.2. Attrib ute assignment

Now thatwe have createdstrokes,we needto assigrtheir at-

tributessuchascolor, varying thicknesstranspareng and

spatiallocation. This stepis the mostsimilar to traditional

shadingsystemsgxceptthat we operateon 1-dimensional
strokesratherthanon 0-dimensionafragmentsWe notethat

the strokesof a drawing oftendo not exactly follow the un-

derlying geometry This is why our shadersanmodify the

spatiallocation of the backbonepoints. This is in a sense
similar to thetechniqueof displacementapping.

In our systemattributeassignerareimplementedspro-
ceduresvorking on strokes.As discussecarliet ary infor-
mationcanbe queriedon the stroke for properstylistic de-
cisionswithin the procedure As a specialcase,we allow
attribute operatorgo deletestrokesin orderto avoid clutter.

Multiple attribute assignmenbperatorcanbe appliedto
a stroke sequentially This is usefulto control differentat-
tributes.Oneoperatorassignscolor while a secondoneas-
signsthicknessln addition,attributesmaybeassignedn an
absolutemanner(the previousvalueis replaced)prin arel-
ative manner(the previousvalueis modulated)This canbe
usefulto apply a small amountof relative noiseafter other
shaderdiave seta meanvaluefor anattribute.

As describedn Section2.4, strokescanberesampledo
accountfor the varioussamplingrate requirementf spe-
ci ¢ styles.Theattributesthatwerepreviously assignedare
interpolatedat the new locations. A numberof atomicoper
ationson strokes (suchasremoving a Stroke\ertex, resam-
pling usinga given numberof desiredpoints)areavailable
andcanbe usedin the context of strokesgeometrymodi -
cation.

Simple operatorssuchasthe assignmenbf constantat-
tributes are provided. A specialattribute operatorassigns
the mark style usedfor the renderingof the stroke, asde-
scribedin Section5. Other simple shadergnclude a “Tip
Remaver” thattrimsthe nal andinitial portionof thestroke.
This permitsfor exampletheclassicalline haloing”for bet-
ter depth perception.Furthermore several useful standard
techniquesthat have long beenusedin NPR for sketcty
effects, suchas Noise, stroke displacementpr smoothing,
e.g.[MKT 97, KaM 02, SP0O3 are provided asbasecom-
ponentsn our system.

4. Density and omission

Stroke omissionis a crucial pictorial tool to prevent visual
clutter or derive minimalist styles.Oneway to achieve this

is to conditionallycreatestrokesonly whenthelocal density
in theaffectedregion of thedrawing is sufciently low. Thus
strokesarelesslikely to be createdn crowvded partsof the
image.

The properomissionof strokesrelieson two majorcom-
ponents:One must estimatethe visual densityin regions
of the drawing, and one mustproperly prioritize strokesto
male surethat “important” strokesaredravn rst to avoid
their omissiondueto excessie density Winkenbach Salis-
bury et al. solved the latter problemin the specialcaseof
texturedareadWS94, in our systemwe caninsertary or-
deringoperatortto controlthe process.

As describedn Section2.6 the systemallows queriesfor
the densityof the currentdraving densityat a given point
andscale.This function canbe used,for instancewithin a
simplethresholdoredicateo discardcandidatestrokeswhen
thedrawing is alreadyclutteredin their neighborhood.

Themechanisnjust describeds causal in the sensehat
the densityis evaluatedbasedon what hasbeendravn so
far. In mary casest is necessaryo have anideaof the po-
tential densityof the drawing, if all linesweredrawn. This
is obtainedfrom the precomputediiew densitymaps.Note
thatthe combinationof densityestimatesat differentscales
providesvery rich information aboutthe local compleity.
Densityinformationcanalsobe usedto modulatestroke at-
tributessuchasthicknessandcolor.

Fig. 9 illustratesthe useof a comple chainingoperation
aswell as causaldensityto build a simplied representa-
tion of adensestructurewith occlusion.For the grid achain
is createdfor eachbar by connectingall viewedgesnclud-
ing shortoccludedones.Thesechainsare sortedby length
andsubjectedo the causaldensityoperatomwith a variable
gaussiarkernelsizedependingon depth.This allows usto
keeponly a singlestroke for eachbarandto remove exactly
half of the bars.The compressobehindthe grid alsouses
anadwancedchainingiteratorto avoid thedashedine effect
shavn in the bottom-rightimage.

Figure 14 shavs how to usenon-causatlensityinforma-
tion to put the focus on certainregions;in this case,they
correspondo the facesof the charactersand the handsof
Maria, which arethe areasof highestdensity(seesection6
for moredetails).

5. Mark backend

The mark systemis orthogonalto our programmabldine
draving approach.The developmentof a programmable
markbackendis anexciting avenueof futurework.

Our mark renderingsystemusesthe standardOpenGL
API. Strokesarerenderedastriangle strips, determinedby
the backboneand thicknesssamples.Standardtechniques
areusedto preventsingularitiesof the offset curve at high
cunature,e.g.[SS02 chapter3.

¢ TheEurographicsAssociation2004.
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Figure 9: Top: Simplied drawing of a complex view.

Bottom-left: close-upview with all visible lines showing
the unwantedvisual compleity. Thegrid is simpli ed using
causaldensityin sud a way that half of the bars are omit-

tedandead bar is drawnwith a singlestroke. Notehowthe

grid simpli cation allowsa mud clearer view of theengine
behindit. However this simpli cation alone would create
problemsasshownat the bottom-right We usean advanced
chaining operator that follows object silhouetteor crease
linesincludingshortoccludedsectionsto createcontinuous
strokes.

We usereal stroke texturesasalphamapsto increasevi-
sualquality, Theuseof transparencaloneallows usto con-
trol the color of eachstroke, as speci ed by its attributes.
We useOpenGLblendingmodesto emulatevariousphysi-
cal mediumtypes.In practice,we renderthe inverseof the
image,so that a blank carvas correspondso (0;0;0). This
facilitatesthe useof blendingandthe simulationof the sub-
tractive natureof mostmedia.

We usea simplereplacemodefor thick mediasuchasoil
paint. Additive blending(which becomessubtractve in our
inversecontet) is well-suitedfor wet materialssuchasink.
Finally, the minimum blendingmodeprovided by OpenGL
1.2[W 99| canimitategraphiteandotherdry media.

A backgroundexture canbe applied.It is however ren-
deredonly for the nal drawing anddoesnotaffecttheden-
sity computation.
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6. Implementation and results

We have implemented our system in C++, using
SWIG [Bea9§ to generatethe Python binding needed
for communicationbetweenthe core systemand the style
descriptionThesystemis distributedunderthe GPL license
(seenttp://artis.imag.fr/Projects/Style ).

It takesbetweerafew secondsnda few minutesto com-
putethe ViewMap for a modelof approximately50K poly-
gons,usingray castingfor visibility computationsStroke
creationtakes a similar amountof time, dependingon the
numberof strokesandon the style modulecompleity. The
use of density inducesa signi cant performancehit be-
causeof the readbackcost. Thusthe systemis notinterac-
tive, mainly dueto the poor performanceof the interpreted
Pythonlanguage.

A morerelevantmeasureof our systems performances
the time neededto develop a style module.As an exam-
ple, we spenta total of 3 hours producingthe imagesin
Figure 14 (including style modulescoding,experimentation
andaestheti@valuation).The stylemodulescompriseabout
500 lines of code, half of which are straightforvard use
of huilt-in mechanismsindeedthe systemincludesmary
standardfunctions, predicatesshadersand chainingitera-
torsthatfacilitatethe elaborationof new styles.The devel-
opmentof ary new baseobjectcanbene t from standard
sampling,noising, smoothing,1D integration components.
Similarly, all informationis affordedthroughstandarccon-
textual querymechanisms.

def edgeStop (x, sigma):
return exp(-x*x/(2*sigma*sigma))

class  pyDiffusion2Shader(StrokeShader):
def _init_(self, lambda, sigma, nbiter):
StrokeShader. _init_(self)
self._lambda = lambdal
self._nblter = nbiter
self._sigma = sigma

def  shade (self, stroke):

for kin range (1, self._nblter):

it = stroke.strokeVerticesBegin()

while  itisEnd() == 0

v=it.getObject()

c=curvaturelnfo(it)

n=normalinfo(it)

dv=self.lambda*credgeSTop(c,self.sigma)

#for anisottropy
#Gaussian

#constructor
#from parent
#diffusion rate
#nb of iteration
#anisotropy scale

#ishader itself
#diffusion loop
#create iterator
#loop on vertices
#get vertex
#local curvature

#[Desbrun, Peronal

v.SetPoint(v.getPoint()+n*dv)
itincrement()

#iupdate coordinates
#increment vertex

Figure 10: Left: Pythoncodefor a userde nedanisotopic
smoothingpemator. Right: Theshaderis appliedon the ex-
ternal contour of a gear Top: without smoothing Bottom:
with smoothing

Figure 10 shavs the code of a shader that per
forms feature-preservingsmoothing using anisotropic
diffusion inspired by mesh smoothing techniques
[DMSB99 DMSBO(Q. It usescurvature ow and moves
verticesin the direction normal to the strolke at a rate
proportionalto local curvature.An edge-stoppindunction
prevents smoothingat sharpcurvature points. The param-
etersof the shaderare declaredin the constructorinit
Normalandcurvaturearepart of the availableinformation,
asdescribedn Section2.6. We usean iterator to traverse
the vertices of the strolkes. Stroke geometryis modi ed
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usingthe methodsetPoint() . More codeexamplescan
befoundin the supplementainaterial.

Figurel atthe startof the papershavs the applicationof
procedurabrawing stylesto 3D models.Thevintageengine
(left) isdrawn using vedifferentstylemoduleghatempha-
sizea subsebf objects.Standardechnicalillustration con-
ventionsare usedto drav creasesn white and silhouettes
in black. In additionto thevisible lines,we alsodraw lines
that are hiddenby other objectsthrougha selectionusing
thevisibility informationaboutoccludersLinesdelineating
self-occludedpartsof theseobjectsare drawvn with dashed
lines.Finally, theremaindeof thescends simpli ed, drav-
ing only the longeststrokesin a lighter tone. The sketchy
style usedfor the plane(right) involves*“constructionlines”
basedon the backbone-stretcbperation We usea painted
stroke for visible lines,and nally addsmall setof hidden
lineswith faint strokes.

Figure 11: Japanese&drawing using shortenedstrokes and
densityevaluation. The3D modelis shownin thelowerleft.

Figure 11 shaws an attemptto imitate the Japaneséne-
drawing style usingtwo style modulessimulatingdifferent
brushesBoth useline shorteningand string tapering.The
largebrushlayeralsousesdensityevaluationto avoid clutter

Fig. 12 illustrateshow programmablehainingoperators
cangeneratenultiple parameterizationsf a givenelement.
This control over stroke topology demonstratedhere with
simple attribute-changingshadersjs a key contrikution of
our system.

Fig. 13 illustrateshow 3D Information can be usedto
drive advancedchaining,with a chainingrule using depth
information.

Figure 14 shavs a complex style madeof eight styles
modulesappliedto a virgin statuemodel. Three of these
modulesare responsiblefor draving a blueprint: the rst
two generatéoundingboxesout of strokes,giving a coarse
approximatiorof the shapeof the model,andthe otherone
dravstemporarypencilstrokes,trying to mimic hand-dravn
style by makinguseof smoothingandnoisingshadersThe
next two modulesmarkthebeginningof whatis supposedo

Figure 12: In this image different shades usetwo distinct
parameterizationgo contmol attributes: onethat covers the
entire lengthof the silhouetteline, including occludedpor-
tions; and anotherone that sepaatesand covers the visi-
ble sgmentof the silhouette Left: color anddetail geome-
try are variedaccoding to thefull-length parameterization,
wheeasstroke thicknessvaries along the visible-sgment-
based parameterization.Right: Close-upon the bottom-
right part of thescenein which weaddedtheoccludedparts
of the silhouette Comparingthis image with the left image,
noticethatthewavydetail patterncontinuouslytraversesin-
visible parts.

Figure 13: Left: Chainingbasedon depthinformationto
draw strokes around foreground,middleand far distance
groups.Right (top): The3D scendromthe sameviewpoint.
Right (bottom): Thescendroma top viewpointemphasizing
thedistancebetweerobjects.

bethede niti ve drawing, by selectingsmall strokes(among
silhouettesand suggestie contours)in high density areas
anddisplayingthemin adarktone.Theremainingmodules
display longer strokesin a lighter tone, also using density
informationand a fadealongthe Y axis. The combination
of all thesemodulesresultsin an“unachiezed Renaissance-
like” style:if we compareit to a straightforvard drawing of
all the visible lines, apartfrom purely aestheticcriteria, it
is obviousthat controlledline omissionreally playsits role
anddraws the viewer's attentionto the areasof the picture
we have decidedo emphasize.

¢ TheEurographicsAssociation2004.
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Figure 14: A comple stylesheetomposedy several style
modules.Left: Final rendering Right: The style modules
sepantedin three groups: one that geneatesa blueprint,
anotheronethat drawsshort strokes,and a last onetaking
care of longer strokes.Asa comparisona simplerendering
of all thevisiblelinesis shownat the bottom-rightcorner

7. Discussion

We have describedh new formulationof theimagecreation
procesdor thegeneratiorof line dravingsfrom 3D models.
Our approachis basedon programmabl@peratorghatcan
bearrangedo createstylemodules.

We would like to point out that our main contritution is
notin new visual effectsbut ratheron auni ed and e xible
approacHor stylizedline draving. However, thecontroland

e xibility affordedby the approachmake mary new effects
possiblethrough:

Advanced_ayering(Fig. 1 right, Fig. 14 andFig. 1 left).

Control over stroke topology (Fig. 7 a, Fig. 13, Fig. 7 c,
Fig. 9, Fig. 12, Fig. 4).

Stroke geometnydisplacemen{Blueprintof Fig. 14, guid-
ing linesof Fig. 4).

DensityControl (Fig. 9, Fig. 14).

One of the major bene ts of our approachis its natural
redundanyg, implying great e xibility: mosteffectscanbe
obtained(a) by modifying individual operatorgusinga pro-
gramminginterface),(b) by changingthe setof operatorsn
a style moduleor controlling their behaior, or by adding
andschedulingspecializedstyle modules(usinga graphical
userinterface).Furthermorethe style moduledescriptions
canbe modi ed online beforebeinginterpretedby the sys-
tem,makingthestylizedrenderingsessioratruly interactive
experience.

¢ TheEurographic#ssociation2004.

The introduction of programmable‘shaders”for non-
photorealistiacenderingopensmary interestingavenuesfor
graphicaldesignandstyles,all the moreso sinceby de ni-
tion non-photorealististylesallow the greatesfreedomfor
geometricandvisualmodi cationsof theunderlyingmodel.
Theline smoothingoperatordescribedn thepaperis agood
example,aswell asthe generationof “constructionlines”
from therenderingstroles.

In ourexperiencethedevelopmenbf astylesheeis com-
parableto thatof procedurashadersn traditionalrendering.
The mostchallengingstepis often to formulatethe goalin
termsthat canbe translatednto programsAfter this step,
experimentatiorandre nementproceedsmoothly

Oursystenis currentlylimited to line dravingscomposed
of the set of edgesin our view map. Natural extensions
would include a consistentreatmentof tonal and hatching
lines. Future work also includessimilar proceduraltreat-
mentsfor shadingandall otherNPR components.

Temporal coherence Our systemdoesnot yet addresghe
issue of temporalcoherencelts very exibility could in

some casesmake temporal coherenceissuesmore pro-
nouncedWe believe that this can be addressedising spe-
cic style modulesand some extensionsto the system,
in particularconsistenstroke parameterizatiofKDMFO03].

Neverthelesstopologicaloperationssuchaschainsplitting
canexhibit temporaldiscontinuitiesthusrequiring explicit

consideratiorof time. Recentwork in NPR for animation
[KDMFO03, KSC 01, CTP 03], however, reinforcesour be-
lief thataprogrammabl@pproachs importantto controlthe
variety of tradeofs andstylistic choicesrelatedto temporal
depiction.
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