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Figure 1: A programmableapproach uni�es the speci�cationof line drawing styles,allowing for variouscomplex stylesde-
scriptions.Left: Useof occlusioninformationto emphasizesomepartsin thescene. Right: A sketchy stylebasedon theuseof
“constructionlines”.

Abstract
Thispaperintroducesa programmableapproach to non-photorealistic line drawingfrom3D models,inspiredby
programmableshaders in traditional rendering. Weproposea new imagecreationmodelwhereall operationsare
controlled throughuser-de�nedprocedures.A view mapdescribingall relevantsupportlinesin thedrawingand
their topological arrangementis �r st createdfromthe3D model;a numberof stylemodulesoperateon this map,
byprocedurally selecting, chainingor splittinglines,beforecreatingstrokesandassigningdrawingattributes.The
resultingdrawingsystempermits�exiblecontrol of all elementsof drawingstyle:�r st,differentstylemodulescan
beappliedto differenttypesof linesin a view; second,thetopologyandgeometryof strokesareentirelycontrolled
fromtheprogrammablemodules;andthird, stroke attributesare assignedprocedurally andcanbecorrelatedat
will with varioussceneor view properties.Finally, weproposenew densitycontrol strategieswherestrokescanbe
adaptedor omittedto avoidvisualclutter. Weillustratethecomponentsof our systemandshowhowstylemodules
successfullycapturestylizedvisualcharacteristicsthat canbeappliedacrossa widerangeof models.

1. Intr oduction

Theappealof line drawing lies in its expressivenessandab-
straction.It is widely usedin contexts asdifferentastechni-
calandscienti�c illustration,appliancemanuals,maps,signs
and art. In addition to its pleasingaestheticqualities,line
drawing canpreventclutter, focusattentiononrelevantparts
andomit super�uousdetails.The�eld of Non-Photorealistic
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Rendering[GG01, SS02, Dur02] hasproposeda variety of
techniquesto createcompellingline drawingsfrom 3D mod-
els.Unfortunately, thesemethodsaregenerallyhard-coded
in monolithic software,and while a variety of parameters
usuallyallowstheuserto varythestyleof thedrawing, there
is a needfor more�e xibility andpower in thespeci�cation
of pictorial style.

In contrast, the shading languages available in
photorealistic renderers such as Pixar Renderman
[Coo84, HL90, Ups89, AG99] permit the design of an
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in�nite variety of rich and complex appearances.Quoting
Upstill: “The key ideain theRenderManShadingLanguage
is to control shading,not only by adjustingparameters,but
by telling the shaderwhat you want it to do directly in the
form of aprocedure”[Ups89] p. 275.

In this paper, we introducea �e xible programmableap-
proachto NPR line drawing. Similar to traditionalshaders,
thestyleof a line drawing canbespeci�edby implementing
proceduresthat describehow the silhouettesandotherfea-
ture lines from the3D modelshouldbeturnedinto strokes.
We focus on pure line drawing of static scenes,leaving
hatching,tonal modelingandtemporalcoherenceasfuture
work. Historically, the developmentof shadinglanguages
hasdramaticallyfacilitatedtheexplorationanddevelopment
of realisticshading.We hopethat NPR cansimilarly bene-
�t from a �e xible programmableapproach.Our systemhas
beendistributed to a few researchinstitutionsand will be
madebroadlyavailableon theInternetduringfall 2004.

1.1. Relatedwork

Style has received much attention in Non-Photorealistic
Renderingandcomputervision.MostNPRtechniquesoffer
a controlof style througha setof parameters, e.g.[Her98],
or throughdirect user interaction,e.g. [KaM� 02]. In par-
ticular, the WYSIWYG NPR approach[KaM� 02] presents
an approachfor interactively "painting" strokesdirectly 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 Director in productionrendering,but it providesmore
controlon style.This includestheuseof sceneinformation,
full controloverstroketopologyandplacementandit allows
style to beindependentfrom the3D model.In termsof tra-
ditionalappearancemodeling,this is thedifferencebetween
3D paintingof texture mapsandproceduralshaders.Both
approachesarenow usedin conjunction,andwebelievethat
our work is a similar complementto interactive data-driven
techniquessuchasWYSIWYG NPR.

Machine learning is a popularapproachto capturestyle
from examples, e.g. [TF97, FTP99, HJO� 01, KaM� 02].
Machine-learningapproachesusuallyfocusonthelow-level
andstatisticalaspectsof styles.HamelandStrothotte[HS99]
captureandre-usestyleusingtemplatesthatcontrol thepa-
rametersof a line renderer. In addition, the subtle varia-
tion of style within an image has beenshown to be cru-
cial to make the imagemorelively andfocusattention,e.g.
[WS94, DOM� 01, Her01, DS02]. In contrastto theseap-
proaches,the userof our systemspeci�es style with a set
of rulesthatgovernthedrawing process.

Our line-drawing approach builds upon the
wealth of techniques developed in NPR, e.g.
[MKT � 97, HZ00, DFRS03].

Little attentionhasbeengiven to the potentialof a pro-

grammableapproachto NPR.In [KMN � 99], Kowalskietal.
useproceduralstroke-basedtexturesto render3D complex-
ity usingindications[WS94]. Althoughtheirsystemis dedi-
catedto severalspeci�c typesof objects,it introducesmany
of the conceptsour more generalapproachbuilds upon.
Theresearchwork closestto oursis theOpenNPAR system
[HSS02, Ope02], an API for the developmentof real-time
NPRsoftware.Theauthorsalsousedtheirsystemto develop
animpressive graphicaluserinterfacefor theexplorationof
simplestyles[HSS02]. Ourapproachfocuseson line draw-
ing andon morecomplex style development.In summary,
theirsystemis aprogrammingtoolboxin thespirit of Open-
Inventor[SC92] while our approachis inspiredby Render-
manshaders.

Recently, a major company has releasedinformation
abouttheir in-houseNPRsystem[Tee03]. It allows for very
�e xible ink renderingof 3D model and usesa philosophy
of “shaders”similar to our system.Their techniqueis not
as�e xible asour approachandfocusesmostlyon ink lines,
but this restrictionallowsthemto betterhandletemporalco-
herence.Productionsoftwarehasrecentlybeenaugmented
with “toon” shaders,andnon-photorealisticstylescanbeob-
tainedwith PixarRenderMan,e.g.[AG99], p330andp477.

While we draw inspirationfrom existing programmable
renderingsystemssuchasRenderman,we observe that the
applicationto line drawing entailsmajor differences:most
importantly, the useof lines as atomic drawing elements,
to which a numberof proceduresare applied,meansthat
we operateon objectsthathave signi�cant extent in theim-
age,asopposedto e.g.pixelsfor Renderman.Two additional
propertiesof line drawing alsocontributeto thisnon-locality
of rendering.First, propertiesof the drawing at a certain
scale,suchasits overall density, mayaffect individual lines
andstrokes.Second,stroke primitivescarrya visualmean-
ing thatextendswell beyondtheir actualshape,asthey typ-
ically depictsomeregion in 2D or 3D. Anotherdifference
with existing proceduralshadersis that, due in part to the
non-locality just mentioned,the drawing is createdby the
accumulationof marks in the imageand thereforeis pro-
ducedin a sequentialmanner:the orderof operationsand
the resultingsequenceof strokesdrawn matterin the �nal
result.

1.2. Overview of contributions

We introduce a programmableapproachto line drawing
from 3D models,andproposea consistentarchitecturefor
adrawing system.Thenovelty of theproposedmodellies in
its representationof drawing asa process, its explicit real-
izationof thesequentialnatureof drawing, andits exploita-
tion andsupportof the non-localityof line drawing primi-
tives.We presenta consistentdecompositionof thedrawing
processinto individual operatorsfor theselection,chaining,
splittingandorderingof linesandstrokes.Weshow how the
resultingstrokescanbe further processedandmodi�ed to
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Figure2: Systemarchitecture.

obtain interestinggraphicalstyles.Finally we managethe
informationnecessaryatall stagesof thedrawing process.

2. Designdecisionsand architecture

Our work is basedon theassumptionthat line drawing is a
sequentialprocesswheredecisionsarebasedoninformation
afforded by the sceneand the currentdrawing. Thesede-
cisionsareoften explicit, suchas in technicalillustrations,
whereprecisethicknessor colorattributesareappliedto the
differentnaturesof featurelines[GSG� 99]. They canalsobe
implicit, anda goalof our researchis to make themexplicit
andembedtheminto software.Weaddresstwo key elements
in line drawing: how strokesaredrawn, andwhich onesare
drawn. Theappearanceof strokesis determinedby their at-
tributessuchasthickness,color, or wiggliness.Equally im-
portantis thechoiceof whatstrokesto draw, andwhatpath
they shouldfollow. In addition,style variationsin different
partsof thedrawing have a largeimpacton theresultingvi-
sualaspect.This motivatesthemain featuresof our system
architecture:
- Layeringandselectionmechanismspermittheapplication
of theappropriatestyleto sub-partsof thepicture
- Informationfrom the3D inputsceneandthecurrentdraw-
ing is availableatall stages
- The topology and path of the strokes can be �nely con-
trolled
- Programmableoperatorsprovide controlof thestroke ge-
ometryandattributes.

2.1. Ar chitecture

Theoverallarchitectureis summarizedin Fig.2. Theinputis
apolygonal3Dmodel,possiblyaugmentedwith information
suchascoloror thesubjective importanceof eachobject.

The �rst stageis the computationof a view: an arrange-
ment of curves in the imageplane,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 usingestablishedtechniques.Our currentimplementa-
tion usessilhouettesand featurelines such as creasesor
suggestive contours[HZ00, IFH� 03, DFRS03]. Theselines
are projectedin the imageplane,using a standardvisibil-
ity computationalgorithm,andthey arearrangedin aplanar
graph.An importantobjective is to retainmaximum�e xibil-
ity in the de�nition of drawing marks,thusthe graphmust

(a) (b)

Figure 3: (a) View mapdata structure. TheViewEdgesare
representedwith a color gradientand ViewVerticesare the
reddots.(b) Stroke representation.

encodecompletetopologicaldatasuchasline intersections
andneighboringinformation.This leadsto aslightly simpli-
�ed, thusmorecompact,graphwhich we call a view map:
our atomic unit is a set of connectedline segmentsin the
projectedview that sharethe samenature(i.e. silhouette,
crease,or contour)andthesamevisibility status(occluders
andoccludees).SuchsetsarecalledViewEdges, andconnect
ViewVerticesrepresentingpointsof interest.A ViewVertex
caneithercorrespondto anactualvertex of thescene,to the
visualintersectionof two edges(T-vertex), or to anendjunc-
tion (cusp).With theview mapwealsocomputeanumberof
auxiliary imagessuchasa depthbuffer or line densitymaps
asexplainedlater.

The secondstageis the heartof our approach,the pro-
grammableline drawing process.It takesasinput the view
mapand the auxiliary images,andcreatesthe strokes that
composethe drawing. Strokes are describedby a one-
dimensionalbackboneanda setof attributesthatvaryalong
its length(thickness,color, transparency, texture,etc.),e.g.
[HL94, SS02]. This is illustrated in Fig. 3(b). Our choice
of ViewEdgesas the atomicelementin the viewmapreal-
izesanexcellentcompromisebetweengenerality(although
a ViewEdgehasconsistentvisibility statusandnaturealong
its entirelengthwe shallseethat is is still possibleto create
multiple strokesto depicta singleViewEdge)andcompact-
ness(whenpossibleor necessarya stroke canspanmultiple
ViewEdges,for exampleasinglestrokecandepicttheexter-
naloutlineof anobject).

Finally, themarksystemis responsiblefor theactualren-
deringof thestroke primitiveswith their attributes.For ex-
ample,the samestroke with given thicknessandcolor can
berenderedwith differentmarkstylessuchascrayonor oil
painting.

We call thesetof proceduresthat implementa givenpic-
torial stylea stylesheet. It is usuallydecomposedinto a se-
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Figure4: Operatorsusedwithin threestylemodulesconstituinga simplestylesheet.SeealsoFigure 5.

ries of style modulesthat are responsiblefor sub-parts(or
“layers”) of thedrawing. Stylemodulesareanaturalway to
vary thestylewithin thedrawing. For example,themainob-
jectcanbedrawn usingadifferentstylemodulefrom therest
of the scene,or hiddenlines canbe drawn with a different
stylemodulefrom thevisibleones.

The operationof a style moduleconsistsmainly in con-
trolling the topologicalcharacteristicsof strokesaswell as
their visual attributes.Extensive experimentationwith styl-
ized drawings led us to de�ne the following set of topo-
logical operators,which we have found to be suf�cient to
createall the stylistic effects we have attemptedto real-
ize. First, the selectionof a setof ViewEdges,which is the
mechanismusedto restrict actionsto a subsetof a draw-
ing. Thenchainingoperatorslet usbuild a one-dimensional
sequenceof ViewEdges,startingfrom a given edgein the
selection.Next, splitting operatorslet us re�ne thedrawing
elementsby breakingchainsat appropriatelocations(e.g.
pointsof highcurvature); Strokesdirectlycorrespondto the
chainsresulting from this topology-de�nition process.Fi-
nally, alastclassof operatorsassignsattributesto thestrokes
(e.g.color, width, texture,transparency. . . ). Theseoperators
areentirely programmable,andareappliediteratively in a
pipelinedmanner.

2.2. A simpleexample

Figure5: Resultsobtainedwith thestylesheetof Figure 4.

Considerasanexamplethestylesheetillustratedin Fig-
ure4. It usesthreestylemodules:

1. The �rst moduleselectsedgeson the external contour
of thedrawing, chainsall edgeson theexternalcontour,
assignsacalligraphic(direction-dependent)thickness.

2. The secondmodule selects all visible edges,chains
edgesalongsilhouettes,splits chainsof edgesatpointsof
high curvature,alters thestroke geometrymakingthem
tangentto theircenter, assignsasketchy textureandstan-
dardthickness.

3. Thethird moduleselectsall visibleedgesthatarenotex-
ternalcontour, chainsalongsilhouettesandcreaselines,
assignssmoothlyvaryingwidth to thestrokes.

Eachstyle modulecreatesa layer of the �nal imageas
seenon the right of Figure4. Figure5 shows the drawings
obtainedwith this style sheeton different models.Notice
how aconsistentvisualaspectis obtained.

2.3. Language

Wechoseto useaninterpretedlanguage,Python,ratherthan
a C++ API for our style descriptionlanguage.This allows
for interactivedevelopmentandexplorationof stylemodules
without recompilation.More importantly, it clearly draws
the line betweenthe programmablestyle interfaceand the
low-level technicalaspectsof thesystem.WeextendPython
with our subsetof style de�nition instructionsandclasses,
e.g.operators(section3) anddatastructures(section2.4),
augmentedwith all information accessmechanisms(sec-
tion 2.6). Theuser'scodingtaskmainlyconsistsin overload-
ing functions,predicatesor shadersand in usingoperators
andbuilt-in helpers.

2.4. Data Structur e

As discussedabove, the uniquenessof line drawing is
that it requireshandling one-dimensionalobjectssuch as
ViewEdges and Strokes in addition to simpler zero-
dimensionalpoints.

TheViewMap is encodedasa graphdatastructure,com-
posedof ViewVertices and ViewEdges . The tradi-
tionaladjacenciesbetweenthemarestored.

Thecentralobjectsmanipulatedby ouroperatorsareone-
dimensionalchainsthat will eventuallyleadto the creation
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of strokes.A Chain describesapathin theViewMapgraph
(Table1). It is a connectedsetof ViewEdges . It doesnot
necessarilystart at a ViewVertex , which is why it also
storesaninitial and�nal point.A Chain canimplicitly ac-
cesspoints by generatingsamplesalong its ViewEdges .
For memory ef�ciency and for sampling�e xibility , these
samplepointsarenot stored.Samplepointsareparameter-
izedby theirarclength.

TheChains are�nally derivedinto Strokes thatcon-
tain additionalinformationfor thedrawing creation.In con-
trastto Chains , Strokes storean explicit setof sample
pointsfor theirbackbone(seeFig. 3 b). A setof attributesis
storedfor eachof thesesamplepoints(thickness,color, and
transparency.)

Chain
List of ViewEdges
Sample point

initial and final
Double length

Stroke : derives from Chain
Array of sample

2D vertices [nb_ samples]
Array of attributes [nb_samples]

Thickness [left, right]
Color
Transparency

Mark Rendering style

Table1: Chainandstrokedatastructures.

The appropriatesamplingof strokesis necessaryto cap-
ture attribute variation. We provide a stroke resampling
mechanismthat takesasinput a maximumlengthbetween
samplesandgeneratesnew pointswhenneeded.Attributes
thatwerepreviously assignedareinterpolatedat thenewly-
createdsamples.We currentlyuselinear interpolation,but
smootherinterpolationcouldalsobeused.Thenotionof at-
tributesamplingrateis closelyrelatedto Renderman'sshad-
ing rate[Ups89, AG99].

2.5. View computation

Similar to the philosophy of shadinglanguages,our ap-
proachassumesnothing abouthow the view map is com-
puted,aslongasit providestheadjacency datastructurede-
scribedin Section2.4. In our implementation,theview map
is computedin threesteps.

We �rst extractall relevantlinesfrom themodel,with re-
spectto the view. We computesilhouettesusing the tech-
niqueby HertzmanandZorin [HZ00]. Suggestive contours
follow themethodproposedbyDeCarloetal. [DFRS03]. We
alsoincludecreases(de�ned by edgeswhoseverticesshare
a locationbut notanormal)andboundaryedges(edgeswith
only oneadjacentpolygon).

The2D intersectionsof thesefeaturelinesarethencom-
putedand de�ne TVertices . The ViewVertices in-
cludetheseTVertices , theverticesof themeshthatform
cornersandthe cusps.A ViewEdge is an arc of the view
maplinking two ViewVertices (seeFig. 3 a),andis rep-
resentedasa connectedsetof line segmentsasdescribedin
theprevioussection.

Location Data

3D Scene 3D coordinates
normal,3D curvature
color, materialID
objectID, objectimportance

Auxiliary maps localaveragedepth
itembuffer
localdepthvariance
local view density

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

Currentdrawing Local strokedensity

Table2: Informationprovidedbyour system.

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

2.6. Inf ormation access

As pointedout by HanrahanandLawson[HL90], de�ning
the possibleexchangeof information at the interface be-
tweenthe renderingprogramandthe shadingmodulesis a
crucialdecision.As discussedabove,non-photorealisticren-
deringrequiresevenmoreinformation,partiallybecausethe
processtendsto belesslocal.Wedecidedto makerendering
informationavailableto all operators,sothatit canin�uence
all of their decisions.

Information is always queriedin the context of a one-
dimensionalsupportelement(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
quantity are madeavailable (i.e. average,extremal values,
andvariance).Theone-dimensionalcontext is oftenneeded
whenevaluatingsomeinformationatapoint. Indeed,evalu-
atingthe3D normal,for example,at a T-vertex is unde�ned
unlessthe1D context allows usto remove theambiguity. In
our technique,0D informationis alwaysqueriedin thecon-
text of a1D chainor stroke.

Informationcancomefrom four differentsources:the3D
scene,auxiliary maps,the viewmap,andthe currentdraw-
ing, assummarizedin Table2. Typesof availableinforma-
tion includescalars,vectors(normaldirection),colors,and
imagemaps.
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Theinformationaffordedby the3Dsceneis similarto that
providedby traditionalshadinglanguages,andalsoincludes
objectidenti�ers (to treatdifferentobjectsdifferently),and
anoptionalsubjectiveobjectimportancethatis importantto
separatestyle from content.For example,a repair-manual
drawing servercanuseanimportancetagto draw thefailing
partwith moreemphasis.

Differentialinformationsuchas2D normaland2D curva-
turearecomputedfrom theviewmap. Notethatthesediffer-
entialpropertiesareprovidedin thecontext of a1D element,
andthat they might not bewell-de�ned outsideof this con-
text. In particular, thecurvatureat a ViewVertex dependson
thecontext chain.

We alsousea setof auxiliary maps:an item buffer pro-
videsinformationsuchasaveragelocaldepthor objectiden-
ti�cation at any point.Multiresolutionline densitymapsare
createdby renderingthe viewmap,countingthe numberof
edgesdrawn at eachpixel, andbuilding imagepyramids.In
addition,thecurrentdrawing is refreshedasthedrawing cre-
ationproceeds,andthe local stroke densitycanbequeried.
This currentdensityinformationis computeduponrequest,
usingaparameterizedGaussiansmoothingoperatorto allow
queriesatdifferentscales.

3. Programmableline drawing

The heartof our approachis the programmablestyle mod-
ules.They permit theexplicit speci�cationof the rulesthat
govern the drawing processfor both stroke topology and
stroke attributes.Recall that suchmodulesare appliedse-
quentiallyto obtainsuccessive layersin thedrawing.A style
moduleworksontheview mapandproducesasetof strokes
throughapipelineorganizationasillustratedin Fig. 4. Some
of theoperators(e.g.selection)applyto any 1D elementand
canbeusedatany stageof thepipeline,whereasothers(e.g.
chaining)only applyto aspeci�c typeandmustthereforebe
calledatspeci�c locationsin thepipeline.In thissectionwe
�rst describetheoperatorsthatdealwith thetopologicalcre-
ationof strokes.Then,we detail the last classof operators,
attribute assignment.A style moduleis built asa sequence
of callsto thesevariousoperators.

The systemmust provide the usera convenientway to
specifythe rulesthat apply to eachoperator. In our imple-
mentationwe heavily usefunctors[Ale01], working either
on0D or 1D elements,asrulesspeci�ers.Althoughwepro-
vide numerousbasicrulesfor thedifferentoperators,all of
themcanbe user-de�ned in Python.The different typesof
rulesapplyingto the differentoperatorsaresummarizedin
Fig. 6.

3.1. Strokecreationoperators

Selection Selectionis fundamentalto layerthedrawing,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 the fields of stroke

Figure6: Speci�cationof our operators.

linesthatareunnecessary. Weprovideselectionmechanisms
throughaselectionoperator. Thisoperatorworksonany 1D
element(ViewEdge,Chain,or Stroke). In practice,a selec-
tion operatorextractsa subsetof the active set of 1D ele-
mentsto de�ne thenew activeset.Theselectionrule is spec-
i�ed as a unary predicateon a 1D element.Built-in pred-
icatesare provided that permit the test of information de-
scribedin Section2.6; For example,selectioncanbebased
on quantitative invisibility, on the object ID, on the nature
(crease,silhouette,or border).Thesepredicatescanbecom-
binedwith classicallogic operators.Developerscanalsoim-
plementnew predicatesbasedonmorecomplex functionsof
thescene.Theselectionoperatoris mostof thetime usedat
the beginning of our programmablepipeline,directly after
theviewmapcomputation.However, asmentionedearlier, it
is availableat any stageof thepipeline,andcanbeusefulto
re�ne selectionafter chaining,wheninformationaboutthe
thepotentialtopologyof astroke is accessible.

Chaining The view of an object, as encoded in the
viewmap,providesgraphinformation,while line drawings
consistof 1D paths.The choiceof the path and length of
strokeshasimportantrepercussionsontheappearanceof the
drawing [Wil97, Dur02]. We notethattherecanbemultiple
strokes to representthe samefeatureline, and that strokes
canspanmultiple featurelines (seethe externalcontourin
Fig.4). Whencreatingastroke,wehaveidenti�ed two kinds
of decisions:First, we must decidefor eachvertex of the
graphwhich pathto follow. Second,we mustdecidewhere
to startor stopstrokes,or whereto split themin orderto gen-
erateshorterstrokes.In our approach,theformeris handled
by chainingoperators,andthelatterby splittingoperators.

Chainingoperatorscreateconnectedlists of ViewEdges,
whichwecall chains. A chainingoperatoris invokedsucces-
sively on all ViewEdgesin theselection,andbuilds a chain
originating from each,optionally tagging eachViewEdge
as it is processed.A chainingrule mustanswertwo ques-
tions: whento stop,andwhereto turn at a ViewVertex. In
our implementation,we choseto embedthis rule asaniter-
ator [GHJV95]. The incrementationmethodof 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 reached,if anocclusionis en-
countered,or whenthecurvatureis toohigh.

Drawingstylecanallow multiplestrokestooverlapornot.
Strokesoverlappingcanbeusefulto producesketchy looks
as illustratedin Figure 7 (c). We provide a taggingmech-
anismto control or prevent multiple chainingof the same
ViewEdge.In addition,chainingcanbeeitherbi-directional
or unidirectional,the former meaningthat a chainextends
in both directionsfrom the �rst ViewEdge.Second,chain-
ing caneitherbeconstrainedto remaininsidetheselection,
or canbeunconstrained.In thelattercase,eachchainstarts
onaViewEdgefrom theselectionbut they cancontainarbi-
trary ViewEdges.This canbe useful for exampleto select
only edgeson the external silhouetteof an object, but to
allow chainingto extendto (unselected)internalsilhouette
asshown in Figure7. Our systemprovidesseveralstandard
chainingstrategies,suchaschainingViewEdgesof samena-
ture,following contoursor externalcontours,chainingsev-
eraltimesthesameViewEdges(sketchy look), asbuilt-in.

(a) (b) (c)

Figure 7: Examplesof simplechaining predicates,applied
to thesetof ViewEdgeson theexternalcontourof thedraw-
ing: (a) follow external contour (b) follow silhouetteson
sameobject(c) follow silhouettesonsameobjectandallows
multiplechainingof sameViewEdges.Notehowin cases(b)
and (c) the chaining operation includesedgesthat did not
belongto theoriginal selection.

Chain splitting As discussedabove,agivenchainmightbe
depictedwith multiple strokes of smallersize.This is the
role of thechain splitting operator. It takesa chainasinput,
andcreatesanumberof strokesthatdepictit. Therulegiven
to this operatormainly decideswherethe chainshouldbe
split.

Wedevelopedtwo differentstrategiesto choosethelength
of strokes and split points. In the sequentialsplit, we tra-
versethe chainsequentiallyanddecideto split basedon a
predicatesuchasmaximumlength,natureof vertex, or lo-
caldensity. Thismechanismis easyto specifybut only takes
its decisionin agreedywayandbasedon local information.
In contrast,therecursive split takesa globaldecisionon the
whole chainandrecursively splits alongthe minimum of a
user-speci�edfunction.

Before discussingthem, it is important to note that we
may want to split the chain in placesother thanViewVer-
ticesor verticesfrom the input model.This is why our sys-

temoperateson a sampledversionof thecurve with a user-
controlledsamplingrate. Temporaryverticesat this sam-
pling rate are iteratively createdas the chain is traversed,
but they arenotstoredpermanently.

Figure 8: Useof multiplestrokesper chain for renderinga
building in a sketchystyle.

Thebasicsequentialsplit traversesthechainandevaluates
a splitting predicateto decidewhereto split. A new chainis
startedat eachsplit. In orderto handlesketchy styleswith
multiple strokes per chain (Fig 8), we re�ne this strategy
by decouplingthestartingandstoppingcriteriaandperform
two traversalsin parallel.Thisprocesscanleadto apartition
of the original chain,whenthe startingandstoppingpred-
icatesare the same,to a set of overlappingchainsor to a
setof isolatedchains.Notethatby usingthecurvilineardis-
tanceonthechainin thesplittingpredicate,it is veryeasyto
enforceaminimumor maximumstroke length.

Therecursivesplit actsin aglobalway. It evaluatesafunc-
tion for eachsamplepoint, andit splitsalongtheminimum
of this function.In addition,theusercanpreventsplitting at
somepointsspeci�edby a predicate.Thesplit is appliedre-
cursively to thetwo sub-chains,until a recursionpredicateis
no longertrue.As anexample,therecursive split is ideal to
split at thepointsof highestcurvature.

In our experience,often the sameeffect canbe obtained
by �rst creating long strokes and later splitting them, or
by specifyinga more aggressive stoppingcriterion during
chaining.Differentusersenvisionthedrawingprocessin dif-
ferentwaysandmayfavor oneor theotheroption.

Ordering In our approach, the sequence in which
ViewEdges,Chainsor Strokesaretreatedcanin�uence the
drawing: In thechainingoperatorfor instance,a timestamp
mechanismpreventsthe reuseof a ViewEdge.In addition,
thestrokedensityinformationevolveswith thecurrentdraw-
ing. For instance,when the densityinformation is usedto
avoid clutter, it is importantto treatViewEdgesthatarevi-
sually more important �rst, so that they are less likely to
be omitted,asdescribedin the next Section.Thuswe pro-
vide anorderingoperator, which permitsthesortingof any
1D element.The orderingrule is expressedas a compari-
sonpredicatebasedonlength,importance,depth,localdepth
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variations,2D spatiallocations,etc.Thede�nition of a rel-
evantorderingof ViewEdgesor Strokescanbevery tedious
andrequiretheevaluationandintegrationof many different
kindsof informationthatcanonly bespeci�edusinga pro-
grammableapproach.

3.2. Attrib ute assignment

Now thatwehavecreatedstrokes,weneedto assigntheir at-
tributessuchascolor, varying thickness,transparency, and
spatiallocation.This stepis the mostsimilar to traditional
shadingsystems,except that we operateon 1-dimensional
strokesratherthanon0-dimensionalfragments.Wenotethat
thestrokesof a drawing oftendo not exactly follow theun-
derlyinggeometry. This is why our shaderscanmodify the
spatial location of the backbonepoints.This is in a sense
similar to thetechniqueof displacementmapping.

In oursystem,attributeassignersareimplementedaspro-
ceduresworking on strokes.As discussedearlier, any infor-
mationcanbequeriedon thestroke for properstylistic de-
cisionswithin the procedure.As a specialcase,we allow
attributeoperatorsto deletestrokesin orderto avoid clutter.

Multiple attributeassignmentoperatorscanbeappliedto
a stroke sequentially. This is useful to control differentat-
tributes.Oneoperatorassignscolor while a secondoneas-
signsthickness.In addition,attributesmaybeassignedin an
absolutemanner(thepreviousvalueis replaced),or in a rel-
ative manner(thepreviousvalueis modulated).This canbe
usefulto apply a small amountof relative noiseafter other
shadershavesetameanvaluefor anattribute.

As describedin Section2.4, strokescanberesampledto
accountfor the varioussamplingraterequirementsof spe-
ci�c styles.Theattributesthatwerepreviously assignedare
interpolatedat thenew locations.A numberof atomicoper-
ationson strokes(suchasremoving a StrokeVertex, resam-
pling usinga given numberof desiredpoints)areavailable
andcanbe usedin the context of strokesgeometrymodi�-
cation.

Simpleoperatorssuchas the assignmentof constantat-
tributes are provided. A specialattribute operatorassigns
the mark style usedfor the renderingof the stroke, asde-
scribedin Section5. Other simple shadersinclude a “Tip
Remover” thattrimsthe�nal andinitial portionof thestroke.
Thispermitsfor exampletheclassical“line haloing”for bet-
ter depthperception.Furthermore,several useful standard
techniquesthat have long beenusedin NPR for sketchy
effects,suchas Noise,stroke displacement,or smoothing,
e.g. [MKT � 97, KaM� 02, SP03] areprovided asbasecom-
ponentsin oursystem.

4. Densityand omission

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

is to conditionallycreatestrokesonly whenthelocaldensity
in theaffectedregionof thedrawing is suf�ciently low. Thus
strokesarelesslikely to becreatedin crowdedpartsof the
image.

Theproperomissionof strokesrelieson two majorcom-
ponents:One must estimatethe visual density in regions
of the drawing, andonemustproperlyprioritize strokesto
make surethat “important” strokesaredrawn �rst to avoid
their omissiondueto excessive density. Winkenbach,Salis-
bury et al. solved the latter problemin the specialcaseof
texturedareas[WS94], in our systemwe caninsertany or-
deringoperatorto controltheprocess.

As describedin Section2.6 thesystemallows queriesfor
the densityof the currentdrawing densityat a given point
andscale.This function canbe used,for instancewithin a
simplethresholdpredicateto discardcandidatestrokeswhen
thedrawing is alreadyclutteredin their neighborhood.

Themechanismjust describedis causal, in thesensethat
the densityis evaluatedbasedon what hasbeendrawn so
far. In many casesit is necessaryto have an ideaof thepo-
tential densityof the drawing, if all lines weredrawn. This
is obtainedfrom theprecomputedview densitymaps.Note
that thecombinationof densityestimatesat differentscales
providesvery rich informationaboutthe local complexity.
Densityinformationcanalsobeusedto modulatestroke at-
tributessuchasthicknessandcolor.

Fig. 9 illustratestheuseof a complex chainingoperation
as well as causaldensity to build a simpli�ed representa-
tion of adensestructurewith occlusion.For thegrid achain
is createdfor eachbarby connectingall viewedgesinclud-
ing shortoccludedones.Thesechainsaresortedby length
andsubjectedto thecausaldensityoperatorwith a variable
gaussiankernelsizedependingon depth.This allows us to
keeponly asinglestroke for eachbarandto removeexactly
half of the bars.The compressorbehindthe grid alsouses
anadvancedchainingiteratorto avoid thedashedline effect
shown in thebottom-rightimage.

Figure14 shows how to usenon-causaldensityinforma-
tion to put the focus on certainregions; in this case,they
correspondto the facesof the charactersand the handsof
Maria, which aretheareasof highestdensity(seesection6
for moredetails).

5. Mark back end

The mark systemis orthogonalto our programmableline
drawing approach.The developmentof a programmable
markbackendis anexciting avenueof futurework.

Our mark renderingsystemusesthe standardOpenGL
API. Strokesarerenderedastrianglestrips,determinedby
the backboneand thicknesssamples.Standardtechniques
areusedto prevent singularitiesof the offset curve at high
curvature,e.g.[SS02] chapter3.
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Figure 9: Top: Simpli�ed drawing of a complex view.
Bottom-left: close-upview with all visible lines showing
theunwantedvisualcomplexity. Thegrid is simpli�ed using
causaldensityin such a way that half of thebars are omit-
tedandeach bar is drawnwith a singlestroke. Notehowthe
grid simpli�cation allowsa much clearer view of theengine
behind it. However this simpli�cation alone would create
problemsasshownat thebottom-right. Weuseanadvanced
chaining operator that follows object silhouetteor crease
linesincludingshortoccludedsections,to createcontinuous
strokes.

We userealstroke texturesasalphamapsto increasevi-
sualquality, Theuseof transparency aloneallowsusto 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 canvascorrespondsto (0;0;0). This
facilitatestheuseof blendingandthesimulationof thesub-
tractivenatureof mostmedia.

We usea simplereplacemodefor thick mediasuchasoil
paint.Additive blending(which becomessubtractive in our
inversecontext) is well-suitedfor wet materialssuchasink.
Finally, theminimumblendingmodeprovidedby OpenGL
1.2[W� 99] canimitategraphiteandotherdry media.

A backgroundtexture canbe applied.It is however ren-
deredonly for the�nal drawing anddoesnotaffect theden-
sity computation.

6. Implementation and results

We have implemented our system in C++, using
SWIG [Bea96] to generatethe Python binding needed
for communicationbetweenthe core systemand the style
description.Thesystemis distributedundertheGPLlicense
(seehttp://artis.imag.fr/Projects/Style ).

It takesbetweenafew secondsandafew minutesto com-
putetheViewMap for a modelof approximately50K poly-
gons,using ray castingfor visibility computations.Stroke
creationtakes a similar amountof time, dependingon the
numberof strokesandon thestylemodulecomplexity. The
use of density inducesa signi�cant performancehit be-
causeof the readbackcost. Thusthesystemis not interac-
tive, mainly dueto the poor performanceof the interpreted
Pythonlanguage.

A morerelevantmeasureof our system's performanceis
the time neededto develop a style module.As an exam-
ple, we spenta total of 3 hoursproducingthe imagesin
Figure14 (includingstylemodulescoding,experimentation
andaestheticevaluation).Thestylemodulescompriseabout
500 lines of code, half of which are straightforward use
of built-in mechanisms.Indeedthe systemincludesmany
standardfunctions,predicates,shadersand chainingitera-
tors that facilitatetheelaborationof new styles.The devel-
opmentof any new baseobject can bene�t from standard
sampling,noising,smoothing,1D integrationcomponents.
Similarly, all informationis affordedthroughstandardcon-
textualquerymechanisms.

def edgeStop (x, sigma):  #for anisottropy
  return exp(-x*x/(2*sigma*sigma))  #Gaussian 

class pyDiffusion2Shader(StrokeShader):
 def __init__(self, lambda1, sigma, nbIter): #constructor
  StrokeShader.__init__(self)   #from parent
  self._lambda = lambda1                    #diffusion rate
  self._nbIter = nbIter                     #nb of iteration
  self._sigma = sigma #anisotropy scale

 def shade (self, stroke):                    #shader itself
  for k in range (1, self._nbIter):         #diffusion loop  
   it = stroke.strokeVerticesBegin()   #create iterator    
   while it.isEnd() == 0:                #loop on vertices
     v=it.getObject()  #get vertex
     c=curvatureInfo(it)  #local curvature
     n=normalInfo(it)
     dV=self.lambda*c*edgeSTop(c,self.sigma) #[Desbrun, Perona]
     v.SetPoint(v.getPoint()+n*dV)  #update coordinates
     it.increment()                      #increment vertex

Figure 10: Left: Pythoncodefor a user-de�nedanisotropic
smoothingoperator. Right: Theshaderis appliedon theex-
ternal contourof a gear. Top: without smoothing. Bottom:
with smoothing.

Figure 10 shows the code of a shader that per-
forms feature-preservingsmoothing using anisotropic
diffusion inspired by mesh smoothing techniques
[DMSB99, DMSB00]. It usescurvature �o w and moves
vertices in the direction normal to the stroke at a rate
proportionalto local curvature.An edge-stoppingfunction
preventssmoothingat sharpcurvaturepoints.The param-
etersof the shaderare declaredin the constructorinit .
Normalandcurvaturearepartof theavailableinformation,
as describedin Section2.6. We usean iterator to traverse
the vertices of the strokes. Stroke geometryis modi�ed
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usingthemethodsetPoint() . More codeexamplescan
befoundin thesupplementalmaterial.

Figure1 at thestartof thepapershows theapplicationof
proceduraldrawing stylesto 3D models.Thevintageengine
(left) is drawn using� vedifferentstylemodulesthatempha-
sizea subsetof objects.Standardtechnicalillustrationcon-
ventionsareusedto draw creasesin white andsilhouettes
in black.In additionto thevisible lines,we alsodraw lines
that are hiddenby other objectsthrougha selectionusing
thevisibility informationaboutoccluders.Linesdelineating
self-occludedpartsof theseobjectsaredrawn with dashed
lines.Finally, theremainderof thesceneis simpli�ed, draw-
ing only the longeststrokes in a lighter tone.The sketchy
styleusedfor theplane(right) involves“constructionlines”
basedon the backbone-stretchoperation.We usea painted
stroke for visible lines,and�nally addsmall setof hidden
lineswith faint strokes.

Figure 11: Japanesedrawing usingshortenedstrokesand
densityevaluation.The3D modelis shownin thelower-left.

Figure11 shows anattemptto imitate the Japaneseline-
drawing style usingtwo style modulessimulatingdifferent
brushes.Both useline shorteningandstring tapering.The
largebrushlayeralsousesdensityevaluationtoavoidclutter.

Fig. 12 illustrateshow programmablechainingoperators
cangeneratemultiple parameterizationsof a givenelement.
This control over stroke topology, demonstratedherewith
simpleattribute-changingshaders,is a key contribution of
oursystem.

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

Figure 14 shows a complex style madeof eight styles
modulesapplied to a virgin statuemodel. Threeof these
modulesare responsiblefor drawing a blueprint: the �rst
two generateboundingboxesout of strokes,giving a coarse
approximationof theshapeof themodel,andtheotherone
drawstemporarypencilstrokes,trying to mimic hand-drawn
styleby makinguseof smoothingandnoisingshaders.The
next two modulesmarkthebeginningof whatis supposedto

Figure 12: In this image different shaders usetwo distinct
parameterizationsto control attributes:onethat covers the
entire lengthof the silhouetteline, includingoccludedpor-
tions; and anotherone that separatesand covers the visi-
blesegmentsof thesilhouette. Left: color anddetail geome-
try arevariedaccording to thefull-lengthparameterization,
whereasstroke thicknessvaries along the visible-segment-
basedparameterization.Right: Close-upon the bottom-
right part of thescene, in which weaddedtheoccludedparts
of thesilhouette. Comparingthis image with the left image,
noticethatthewavydetailpatterncontinuouslytraversesin-
visibleparts.

Figure 13: Left: Chaining basedon depthinformation to
draw strokes around foreground,middleand far distance
groups.Right (top): The3D scenefromthesameviewpoint.
Right (bottom):Thescenefroma topviewpointemphasizing
thedistancebetweenobjects.

bethede�niti vedrawing, by selectingsmallstrokes(among
silhouettesand suggestive contours)in high densityareas
anddisplayingthemin a darktone.Theremainingmodules
display longerstrokes in a lighter tone,alsousingdensity
informationanda fadealong the Y axis. The combination
of all thesemodulesresultsin an“unachievedRenaissance-
like” style: if we compareit to a straightforwarddrawing of
all the visible lines, apartfrom purely aestheticcriteria, it
is obvious thatcontrolledline omissionreally playsits role
anddraws the viewer's attentionto the areasof the picture
wehavedecidedto emphasize.
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Figure 14: A complex stylesheetcomposedby several style
modules.Left: Final rendering. Right: The style modules
separated in three groups:one that generatesa blueprint,
anotheronethat drawsshort strokes,anda last onetaking
care of longer strokes.Asa comparison,a simplerendering
of all thevisiblelinesis shownat thebottom-rightcorner.

7. Discussion

We have describeda new formulationof theimagecreation
processfor thegenerationof line drawingsfrom 3D models.
Our approachis basedon programmableoperatorsthatcan
bearrangedto createstylemodules.

We would like to point out that our main contribution is
not in new visualeffectsbut ratheron a uni�ed and�e xible
approachfor stylizedline drawing.However, thecontroland
�e xibility affordedby theapproachmake many new effects
possiblethrough:

� AdvancedLayering(Fig. 1 right, Fig. 14andFig. 1 left).
� Control over stroke topology(Fig. 7 a, Fig. 13, Fig. 7 c,

Fig. 9, Fig. 12, Fig. 4).
� Strokegeometrydisplacement(Blueprintof Fig. 14, guid-

ing linesof Fig. 4).
� DensityControl(Fig. 9, Fig. 14).

Oneof the major bene�ts of our approachis its natural
redundancy, implying great�e xibility: mosteffectscanbe
obtained(a)by modifying individualoperators(usingapro-
gramminginterface),(b) by changingthesetof operatorsin
a style moduleor controlling their behavior, or by adding
andschedulingspecializedstylemodules(usinga graphical
userinterface).Furthermore,the style moduledescriptions
canbemodi�ed onlinebeforebeinginterpretedby thesys-
tem,makingthestylizedrenderingsessionatruly interactive
experience.

The introduction of programmable“shaders” for non-
photorealisticrenderingopensmany interestingavenuesfor
graphicaldesignandstyles,all themoresosinceby de�ni-
tion non-photorealisticstylesallow thegreatestfreedomfor
geometricandvisualmodi�cationsof theunderlyingmodel.
Theline smoothingoperatordescribedin thepaperis agood
example,as well as the generationof “constructionlines”
from therenderingstrokes.

In ourexperience,thedevelopmentof astylesheetis com-
parableto thatof proceduralshadersin traditionalrendering.
The mostchallengingstepis often to formulatethe goal in
termsthat canbe translatedinto programs.After this step,
experimentationandre�nementproceedsmoothly.

Oursystemiscurrentlylimited to linedrawingscomposed
of the set of edgesin our view map. Natural extensions
would includea consistenttreatmentof tonal andhatching
lines. Future work also includessimilar proceduraltreat-
mentsfor shadingandall otherNPRcomponents.

Temporal coherence Our systemdoesnot yet addressthe
issueof temporalcoherence.Its very �e xibility could in
some casesmake temporal coherenceissuesmore pro-
nounced.We believe that this canbe addressedusingspe-
ci�c style modulesand some extensionsto the system,
in particularconsistentstroke parameterization[KDMF03].
Nevertheless,topologicaloperationssuchaschainsplitting
canexhibit temporaldiscontinuities,thusrequiringexplicit
considerationof time. Recentwork in NPR for animation
[KDMF03, KSC� 01, CTP� 03], however, reinforcesour be-
lief thataprogrammableapproachis importantto controlthe
varietyof tradeoffs andstylistic choicesrelatedto temporal
depiction.
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