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Abstract

In this paperwe presensimplerenderingtechniquesmplemented
usingtraditionalgraphicshardware to achieve the effectsof char
coaldrawing. Theeffectsincludecharacteristicef charcoaldraw-
ingslike broadgrairy strokesandsmoothtonal variationsthatare
achiered by smudgingthe charcoaby hand.Further we alsogen-
eratethe closuee effectthatis usedby artistsat timesto avoid hard
silhouetteedges.All theseeffectsareachieved usingcontrasten-
hancementpeiators on texturesand/orcolorsof the 3D model.
Our contrikution lies in unifying the methodsto achieve these
effectsunderthe commonframework of contrastenhancemertp-
erators Further sincethe effectshave beenimplementedisingtra-
ditional graphicshardware,a singlerenderingpassis sufficient to
createdifferenteffects. Hence we canrenderhighly complex mod-
els with large numberof trianglesat interactve rates. Thus, our
methodis especiallysuitedfor applicationslike scientific visual-
izationandpreliminarysketches/animations.

CR Categories: 1.3.5[Non PhotorealistidRendering]:Hardware
Acceleratedrendering—Charcod®endering

Keywords: Non PhotorealistilRenderingHardware Accelerated
RenderingRealtime renderingCharcoaRendering

1 Introduction

In mary applications— from medicaltexts to architecturaldesign
andmechanicalllustrations— non-photorealisticenderings often
moreeffective thanphotorealismSuchillustrationsperformanab-
stractionon theactualscenecontentandcorvey informationthatis
mostimportantto anobserer. Further recentresearcthasshavn
thatsuchillustrationscanbe easilyproducedconsumedessstorage
andthuscanbe a betterchoicethanphotorealisnin mary applica-
tions.

Researclin non-photorealisticenderingNPR) hasfoundmeth-
odsto simulatethe effectsof varioustraditionalmedialike penand
ink [4, 27, 28, 34, 35, 19], pencilsketcheq1], watercolor [3] and
engraing [21, 30]. Therehasbeenwork on renderingdifferent
styleslike impressionisni8, 10, 15, 18] andtechnicalillustrations
[6, 26, 25]. Therehasalsobeenwork on non-photorealisticender
ing of specificobjectslike fur andgrasq13, 14]

To the bestof our knowledge,exceptfor aninteractive 2D sys-
temdevelopedin 1988[2], we have not seenary work specifically
on computergenerate®D charcoakendering.However, therehas
beensomenice work on graphitepencil renderingand modeling
blendersand erasersn the past[32, 33, 31]. This work achieves
realistic graphiteeffects by using detailedmodelsof pencilsand
erasersAs aresult,thealgorithmis non-interactre andtakesmary
seconddo rendereven small modelscomposedf a few hundred
triangles. We can ervision situationsasin developing animation
moviesor visualizinglargescientificdata wheretheusermaywant
to getaquicklook atthedatafrom differentviewpointsevenbefore
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decidingon more detailedand elaboraterendering. Further there
is also a needfor interactive systemfor applicationslike artistic
virtual ervironments.Our techniquausesraditionalgraphicshard-
wareto implementall the techniquesandthus,is more suitedfor
suchpurposes.

Our methodis basedon the following interestingobseration
aboutthe charcoaldravings. Charcoalis extremelylimited in dy-
namicrangewhencomparedo the dynamicrangeof the physical
world, or even otherdigital andnon-digitalmedia. So, it is indeed
difficult to capturemary rich colors and texturesusing charcoal.
Yet, anartistdoesit with amazingease.Oneof the very common
techniqueghat artistsuseto overcomethis limitation is to exag-
geratethe contrastdifference. A relatedobsenation wasmadein
[6] while designinglighting modelfor non-photorealisticolored
renderingof mechanicalllustrations. This systemusedluminance
and hue shifts to createsuchlighting effects. We also use con-
trastenhancementvhile creatingcharcoalrenderingeffects. We
achieve this by usinga contrastmodifying function which we call
the contrast enhancement operator (CEO). Similar techniques
have alsobeenusedin [32, 31, 29, 27, 28, 34, 35] wherethe prob-
lemis viewed asa specialkind of half-toning. The contritution of
our techniqudiesin thefactthatwe achieze mary differenteffects
of charcoakenderingusingthe commonframenork of contrasten-
hancement.

Theenhancemertperatoloperate®nauniformnoisetextureto
generate contrast enhanced texture whichis texture mappedn
the modelto createthe grairy effect of charcoalrendering.Many
previous algorithmshave alsousedtexture mappingfor interactve
NPR.TheseincludeTonal Art Map describedyy Praunet. al [23],
prioritized stroke textures usedby Winkenback{34] and Saliskury
[27] andArt Mapsusedby Klein [12]. In the formertwo systems,
onetexture is usedto convey a singletone. Thus,mary suchtex-
tureshave to be blendedtogetherin varying proportionsto create
the varying tone of a polygon[23]. This may leadto renderings
thatneedmultiple passesWe achieve the tonal variationby using
only oneCET. Thuswe do not needmulti-texturing or blendingto
achieve theeffectof charcoakendering. Thoughartmapsuseasin-
gle texture, this texture is dependenbn the scenecontentwhereas
our textureis independenof the scenecontent.

The contrastenhancemertdperatoralsooperate®n the color of
the Phongshadedverticesof a modelto generatevhat we call a
contrast enhanced model. The color at verticesof the contrast
enhancednodelis usedto index into the contrastenhancedexture
for thefinal texture mapping.To createthe effect of smudgingthe
charcoalby hand,this texture mappedmodelis blendedwith the
contrastnhancednodel.

Finally, we createwhat artistscall the closue effect wherethe
silhouettesarenotexplicitly renderedandthe closureof theobject
is left to the interpretationof the viewer. There have beenser-
eralmethodghatusetraditionalgraphicshardwareto achieve real
time silhouetted5, 7, 9, 16, 20, 24] and artistic silhouetteg20].
However, renderinghetexture mappedmodelachievestheclosure
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Figure 1: ConventionalCharcoalDrawings(Fromtop to bottomandleft to right ): (a) The abstractFitting (b) The Musician(c) Lady on

Horse(d) SleepingDog (e) IndianWoman(f) TheGirl

effectwithoutanexplicit computatiorof silhouettes.

1.1 Main Contributions

In summarythefollowing arethe main contritutionsof this paper:

e Contrast Enhancement Framework: We achieze mary dif-
ferenteffects of charcoalrenderingusinga commonframe-
work of contrastenhancement.

e Hardware Assisted Contrast Enhancement: We presenta
new way of using the corventional graphicshardware that
is capableof doing Phongshading,to achiere a contrast-
enhancedmoothlyshadednodel.

e One Contrast Enhanced Texture: The contrastenhanced
texture captureshe informationof differenttonesin a single
textureandis obtainedby applyingtheenhancemerdperator
onanoisetexturethatconveys a uniformtone.

e Hardware Accelerated One Pass Real Time Rendering
System : We presenta single passrenderingalgorithmthat
usesseveral featuresof traditional graphicspipeline to im-
plementall thesetechniquedo generatea real-timecharcoal
renderingof 3D models.

In Section2, we describein detailssomeof the effectsof char
coal renderingthat we simulatein our system. In Section3, we
presenthe algorithmoverview. In Section4, we describeour im-
plementatiorusingthe traditionalgraphicshardware. Finally, we
presenthe resultsin Section5 and concludewith future work in
Section6.

2 Charcoal Rendering

It is impossibleto captureanartist’s creatvity, renderingstyle and
individuality usingcomputemgeneratedechniqguesHowever, there
aresomebasicrulesthatall artistsuseextensiely thatwe canstrive
to achieve. In this sectionwe describea few suchbasictechniques
thatartistsfollow while usingcharcoalsa medium.

2.1 Contrast Enhancement

As mentionedbefore,artistsextensiely usecontrastenhancement
to overcomethe limited dynamicrangeof the charcoalmedium.
This helpsthe artistto make the brightnesdifferencesmnore pro-
nouncedn orderto achieve asimilar perceptiorof brightnesssthe
realworld within the limited dynamicrangeof the medium. This
techniquehelpsto createvariouseffectslike shadws andalsoto
effectively hide detailsin non-illuminatedpartsof the scene.This
contrastenhancemeris illustratedin the drawing of Figure 1(a).
The speculahighlightis shavn asa sharpwhite contrastfrom the
darler sides.In thedrawing in Figure1(e), the shadavs below the
chinof thewomanhave beenaccentuatedsingthe sametechnique
andthe hair on both sidesof the headaredarkenedto hide details.
Thus, contrastexaggeratiorhashelpedthe artist to createa sense
of volumeor 3D onthe 2D carvas.

2.2 Closure

Artists may sometimedike to leave somepartsof the silhouette
unrenderedbr very soft. The obserer is allowed the freedomto
imagineandinterpretthe effect. This effectis termedby theartists
asthe closue. Closureis alsousedto renderthe effects of very
brightlight on the object. Noticethe closureon the left sideof the
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foreheadof the musicianin Figure1(b) andtheleft armandleg of
thelady on horsein Figurel(c). In the pictureof the sleepingdog
in Figure1(d), closureis usedon theright sideof thedog’s faceto
gettheeffectof bright sunlight.Also noticethatthistechniquedoes
nothamperour perceptiorof the shapeof the objectin ary way.

2.3 Smudging Effect

Artists usecharcoalin differentwaysto createdifferentrendering
styles. Sometimesharcoalis usedlightly on coarsepaper Thus,
grainsof charcoaleft on the papercreatesa grairy stroke appear
anceasin thedrawing of thegirl in Figure1(f). Onthe otherhand
charcoalmay be pressechard on paperto leave larger numberof

grainswhich arethensmudgedy handto createthe effect of vary-
ing tonesof grayasin thepictureof themusician thelndianwoman
andthe sleepingdog. Thetonescreatedik ewise canbe varied by

using differentkinds of charcoalor by varying the pressurewith

whichthecharcoals usedon the paper

3 Algorithm Overview

In this sectionwe describethe designof our algorithmfor charcoal
renderingof 3D modelsat interactve ratesthat createghe artistic
effectsexplainedin the previous section. This algorithmusescon-
trastenhancemertechniquego achiee theseeffects. Thesetech-
niquesareacceleratedisingseveralfeaturef traditionalgraphics
hardwarein ourimplementation.

The stepsin our algorithm are shawvn in Figure 2. We apply
a contrastenhancemenbperator(“operator”) on a noise texture
(corveying anuniform tone)to generatehe charcoalgraintexture,
which we referto ascontrastenhancedexture (“texture”). We use
the samecontrastenhancementperatorto modify the gray scale
Phongshadedmodel. The modelthusmodifiedis calledthe con-
trastenhancednodel (“enhancedmodel”). In Section4, we will
describehaw we usethe conventionalgraphicshardwareto render
contrastenhanceanodel.

We usethe enhancednodelfor two purposes.The contrasten-
hancedgray valueof the verticesof the enhanceanodelis usedto
index into thetexturefor themappingof thegrairy textureontothe
original 3D model. The secondpurposeof this contrastenhanced
modelis to createthe smudgingeffect thatis achieved by blending
thetexturedmodelwith theenhancednodel. Finally, we bumpmap
a papettexturein 2D on the renderedrameto impartthe coarse-
nessof thebackgroundpaper

3.1 Creation of Contrast Enhancement Operator,
Texture, and Model

In this section,we definecontrastenhancemerperatorscontrast
enhancedexturesandenhancednodels.

3.1.1 Contrast Enhancement Operators

A contrastenhancementperatorC works on a gray scaletexture
T or agrayshadednodel M andmodifiesthemin suchaway so
asto increasethe perceved contrast. Thus, C is a function that
mapsthe grayvaluez, 0.0 < z < 1.0, to anothergray valuey,
0.0 < y < 1.0. Forexample,y = z” is a contrastenhancement
functionfor v > 1.0. A setof suchcontrasenhancemeraperators
areshavn in Figure3 which varyin thevalueof ~.

3.1.2 Contrast Enhanced Texture

In thisstep,we applyacontrasenhancedperatorC onanoisetex-
ture which corveys the appearancef a uniform grairy tone. The

Figure3: Family of contrastenhancementurvesof the form ¢y =
z”. Herewe shav thecurveswith  equalto 1.5, 2.5 and3.5.

contrastenhancedexture thusgeneratedhelpsusto corvey thein-
formationof severaltonesin the sametexture.

A noisetexture is usually generatedy placingblack grainsat
randonmlocationsonasquarevhiteimage.Thedensityof thegrains
simulatesthe graininessof the charcoalwhich canvary depending
onthetypeof charcoabndthe pressuravith whichit is usedonthe
paper We canvary graindensityby changingthe numberof black
particleson the white image.

Contrasenhancedextureis generatethe sameway anoisetex-
tureis generatedexceptthatwe applythecontrasenhancemertp-
eratoron therandomy-coordinategeneratedor every blackgrain.
Finally, we blur thetextureto createthefinal contrasienhancedex-
ture. Figure4 shavs two contrastenhancemenperatorsandthe
correspondingnhancedexturesof varyinggraindensities.

3.1.3 Contrast Enhanced Model

We applythe contrastenhancementperatoron the gray valuesof
thePhongshadednodelto createhecontrasenhancednodel. The
Phongshadinggivesa perceptiorof the curvatureof the surfaceas
it is derived from the surfacenormalandthelight position. Apply-
ing theoperatoonthecolorsof thismodelpronouncesheshadavs
andcurnesandthusenhanceshe perceved senseof ‘volume’ and
3D shape.

Notice thatin Figure 4 the planartexturesimparta perception
of 3D. They look curved andthe perceved cunature varieswith
differentoperatorandgraindensities Thisis exactlythetechnique
artistsuseto createvhatthey call asensef ‘3D volume’. Applying
the operatorto the Phongshadedmodelimpartsa similar effect.
Figure2 shavs themodelbeforeandafterthe operatoris applied.

3.2 The Grainy Stroke Effect

The effect of grairy strokesare broughtaboutby texture mapping
the contrastenhancedyrairy texture on to the original 3D model.
Thegrayvaluesof thecontrasenhancednodelis usedto find these
texture coordinates. Figure 5 shaws the effect of usingthe gray
valuesof the Phongshadednodelastexture coordinatesnsteadof

thegrayvaluesof the contrastenhancednodel. Thisillustratesthe
importanceof the operatoiin renderingthe grairy stroles.

3.3 The Smudging Effect

The renderingat this point, with only the grairy texture on the
model,lackstheeffectof smudginghecharcoalvith handto create
smoothtonalvariations.Interestingly the blendingof this textured
modelwith the contrastenhancednodel brings aboutthis effect.
Referto Figure?2 to seethis effect.
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Figure4: CETsof varyinggraindensitygeneratedy applyingdifferentCEOs

3.4 The Paper-Texture Effect

Finally, to createthe effect of a coarsepapercarvas,we bumpmap
a papertexture on the renderedramein 2D. The papertexture is

createdby embossinga noiseimage. Notice that, this is different
from the 3D bumpmappingusedin [1] to createthe sameeffect. In

[1], the papertexture hasto be scaledappropriatelyif themodelis

scaledfo maintaincoherenceSincewe usea 2D bumpmaponthe
renderedrame, the papertexture remainsthe sameevenwhenthe
modelis zoomedin or out. Further a 2D bump mapsimulateshe
paper/cavas appropriatelysincethe coarsenesef the paperdoes
not changewith the changingcontentof therendering.

4 Real Time Rendering

In this section,we describeour single passrenderingtechniqueto

implementthe algorithm presentedn the previous sectionwhich

generatesharcoalrenderingof 3D modelson traditionalgraphics
pipeline at interactve rates. We usen to denotethe normalat a

vertex andL to denotethelight vectorfrom thelight positionto the

vertex. We usethe operatorf theform C(z) = 27, v > 1.0. We

canalsospecifya piecavise linearoperator

4.1 Contrast Enhanced Texture

We generate setof contrasenhancedexturesusingdifferentcon-
trastenhancementdperatorsandgraindensitiesasshovn in Figure
4, asapartof preprocessingAt run-time,we useoneresidenttex-
ture at a time to texture map the whole model. The texturesare
switchedin orderto changeaherenderingstyle. For example,if we
wantto renderthe effectsof a softercharcoal we useanenhanced
texture of agreatemgraindensity

4.2 Contrast Enhanced Model

The way we createa contrastenhancednodelis interestingsince
we usethe conventionalgraphicshardwarefor this purposeandwe
do not explicitly computethe contrastenhancementOneway to
enhancehe shadingof the modelis to calculatethe gray values
attheverticesof the polygonsusingthe Phongshadingmodel,and

thenapplytheoperatoonthesegrayvaluesto enhanceheshadeat

eachvertex. ThenGouroudshadingcanbeemplo/edto interpolate
the valuesof the enhancedshadingwithin the polygon. But the
Gouroudshadingintroducesbandingeffects dueto discretization
andrasterizatiorprocess But the sameresultwithout the banding
artifactscould be achieved using Phongshading.The following is

the equationof the color we would like to achieve in the interior

of thetriangle,but without muchof artifacts. This usesbarycentric
coordinatesy and 3, thevertex normalsNi, N2, and N3, andthe

light vector(atinfinity) L.

aC(Ny - L) + BC(Ns - L) + (1 —a— B)C(N3 - L) (1)

In our application,we useno speculafighting componentand
hencewe are concernednly aboutthe diffusedlighting. We as-
sumea white coloredmodelandwhite coloredlight with a coefi-
cientof diffusedlighting of 1.0. Thus,thediffusedlighting atary
pointis exactly equalto the dot productof the normalandthelight
vector

Let ustry to approximatethe effect of Equationl to somerea-
sonableaccurag usingPhongshadingsothatwe geta continuous
shading.We achieve this by scalingthe normalsin suchaway that
Equationl is satisfiedat the vertices. (At the verticesof the trian-
gle,oneof o, 8 andl — a — B is 1 andtheothersare0). Thescale

factorthuscomputeds ££) | Henceattheverticesof thetriangle

we getthefollowing shagir%gaxpressiorasrequiredby Equationl.

(70(7%' L)n) L= 76((7(: .LI)I) (n-L)=C(n-L),

ThenwerenderthismodelusingPhongshadingo achieve thegray
scaleenhancemenwithin the polygon. In theinterior of thetrian-
gle,weget

t x (aC(Ny - L) + BC(Nz - L) + (1 — o — B)C(Ns - L))

wheret is a varying scalefactorto normalizethe normal vector
Thus,we maintaintherequiredresultsattheverticesof thetriangle,
andthe Phongshadinggivesusresultsthataregoodin theinterior
of thetrianglealso.

In summarythismethodhelpsusin two ways. First, we areable
to usethe hardwareto achieve the contrastenhancedolors. Sec-
ond,we getrid of bandingartifactscausedy the Gouroudshading.
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Figure5: Left : The model,texture mappedusingthe Phongshadegray valuesasanindex to the CET Right: The model,texture mapped
usingthegrayvaluesof the contrastenhancednodelasanindex into CET.

4.3 Smudging Effect

To createthe smudging we againusethe graphicshardware capa-

bility of blendingcolorswith texture mappedyolygons.We modu-

latethetexturedmodelby theenhancedgrayvaluesof theenhanced
modelgeneratedy the methodmentionedabore. This produces
nicesmudgingeffectsasshavn in the Figures6 and?7.

4.4 Paper Texture

We generatgapertexturesof varying coarsenesby embossinga
noisetexture andthencompressingts rangenearthe white region
of the gray scale. After renderingthe textured model, we usethe
hardvareacceleratedlphablendingto bumpmapthepapertexture
ontherenderedrame.

With the abore systemimplementation,we can interactvely
changebetweendifferent operators,grain density factors, paper
coarsenesgndsmudgedr unsmudgedenderingstyles.

5 Results and Discussions

In Figures6 and7 we presenta few of our resultsusingdifferent
contrasenhancemeniperatorsdifferentgraindensityfactors and
smudgedindunsmudgedtyles.Thesearegeneratedisingunopti-
mizedcodeon SGI 02 R10000processarNoticetheclosureeffect
attainedon theleft teapot,the humpof theleft pig andthe missile.
The closureeffect is attainedwhenwe uselow grain densityfac-
tors, high contrastandhave the smudgingoff. Also noticethatwe
can producedifferentdrawing stylesfrom light sketchy drawings
(left teapot right plane)andlightly shadeddravings (missile,pig)
to highly silhouettedsmudgedirawings (bunry, venusandothers).
Further we can handlemodelswith complex curves and bends,
startingfrom 1600 polygons(teapot)to 65000 polygons(bunry)
atinteractve ratesof 30 framespersecond.

We have portedour algorithmon to regular PCshaving NVidia
Geforcegraphicscards. Figure 8 shavs our resultson PC when
usingour technique®n large scientificdataof thousand®f poly-
gons.Themodelsshavn herehave morethanonemillion triangles
each.

We have alsoinvestigatedusingdifferentcontrastenhancement
operatordor generatinghe enhancedexture andthe contrasten-
hancedmodel. We have useda gammafunction as mentionedin
Section3 to createheenhancedoisetexturewhile applyingauser
definedpiecaviselinearoperatorto generateéhe contrastenhanced
model.Oncethesetwo modelsareblendedtheresultcreatesa dif-
ferent style of charcoalrenderingasillustrated by the left Venus
modelof Figure6 andthe headin Figure?.

In theaccompaying videowe illustratetheinteractve rendering
of variousmodels. Sincewe usea single noisetexture, we do not
seeary temporalpoppingartifactswhile zoomingin andout. Since
our enhancedexturesareuniformin onedimensionandnotin the
other we seesomespatialdiscontinuitiesvhenwe zoomvery close
to the model. We areinvestigatingif we canuse‘lappedtexture’
[22, 23] to achieve betterspatialcohereng. We are alsoinvesti-
gatinggeograftal/particléechnique$ll, 17] to avoid any temporal
artifactswhatsoeer.

6 Summary and Future Work

In summarywe presentednalgorithmthatgenerateslifferentef-
fectsof charcoaldraving of 3D modelsusingthe commonframe-
work of contrasenhancemenf hecontrasenhancemerdperators
canbe appliedon texturesandcolorsto achieze non-photorealistic
effects. This alsohelpedusto achieve the closureeffect. Further
weimplementedhisalgorithmasasinglepassenderingechnique
to rendercharcoaleffects at interactive ratesusing available fea-
turesin thetraditionalgraphicspipeline. We hopeto continuethis
researclin thefollowing directions.

Different Contrast Enhancing Operators: We believe that con-
trastenhancemenvperatorsare powerful enoughto generatelif-
ferentNPR effects. For example,a stepfunctioncontrastenhance-
mentoperatorcan be usedto generatecartoonrenderingssimilar
to thosedescribedn [1]. It would be worth determiningif sev-
eral NPR effectscanbe unified underthe umbrellaof the contrast
enhancement.

More Sketch Strokes: Our charcoalrenderinglacksrich strokes
like the onesin the drawing of the girl in Figurel. It is interest-
ing to ponderhow we might usedifferenttextures(insteadof noise
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Figure6: Result§Row wisefrom topto bottom): (a) Theattic model(50,000triangles)renderedvith andwithoutsmudging.(b) The Teapot
(1600triangles)renderedusingtwo differentcontrastenhancememperators.(c) The VenusModel (6000 polygons)renderedusing two
differentcontrasienhancementperators(d) Babe,the pig (3000polygons)renderedisingtwo differentgraindensityfactors.
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Figure7: ResultyLeft to RightandTop to Bottom): (a) The StanfordBunry (65000polygons)(b) The Missile (3000polygons)(c) TheFace
(13000polygons)with smudgingoff (d) The Facewith smudgingon (e)ThePlane(9000 polygons)with smudgingon (f) The Planewith
smudgingoff
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Figure8: Visualizationof large complex scientificmodelusingcharcoakendering

texture)to createa stroke textureanduseit in additionto thegrain
textureto createricherstrolkes.

Temporal and Spatial Coherence: We would like to investigate
thetemporalandspatialcohereng of the interactve charcoalren-
deringin detail sothatthe algorithmcanbeusedfor animations.
Radiating Silhouettes: A renderingstyle quitecommonlyusedby
artistsis to draw radiating strokes maving away from the object
silhouettein the backgroundasin Figure 1(a). It requireshuman
creatvity andaestheticgo usethis style effectively. However, the
questions, canwe find awayto createthis effectusingcomputers?
Different styles in the same drawing: Artists alsousedifferent
stylesin the samedrawing. For example,in the drawing of the
IndianWomanin Figurele,somepartsof thedraving aresmudged
by handwhile othersarenot. Thoughan artist useshis creatvity
to decideon this, we would like to find anautomaticoway to switch
betweenstyleswithin the sameframeto createartistically vibrant
pictures.

Acknowledgements: We acknavledgeLaurenKroiz andMichael
Papkaof ArgonneNationalLaboratoriegor usingouralgorithmon
large scientificdataandsharingtheresultswith us.
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