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Abstract

Two prominentissuesin non-photorealisticrendering(NPR)areex-
tractingfeaturepointsfor placingstrokesandmaintainingframe-
to-framecoherenceanddensityof thesefeaturepoints.Mostof the
existing NPRsystemsaddressthesetwo issuesby directly operat-
ing onobjects,whichcannotonly beexpensive,but alsodependent
on representation.

We presentan interactive non-photorealisticrenderingsystem,
INSPIRE,which performsfeatureextractionin both imagespace,
on intermediatelyrenderedimages,and object space,on models
of various representations,e.g., point, polygon, or hybrid mod-
els,without needingconnectivity information. INSPIREperforms
a two-steprenderingprocess.The �rst stepresemblestraditional
renderingwith slight modi�cations, andis often moreef�cient to
renderaftertheextractionof featurepointsandtheir 3D properties
in imageand/orobjectspace.The secondsteprendersonly these
featurepointsby eitherdirectlydrawing simpleprimitives,or addi-
tionally performingtexturemappingto obtaindifferentNPRstyles.
In the secondstep,strategiesaredevelopedto promiseframe-to-
framecoherencein animation.Becauseof thesmallcomputational
overheadsandthesuccessof performingall theoperationsin vertex
andpixel shadersusingpopularlyavailableprogrammablegraphics
hardware, INSPIREobtainsinteractive NPR renderingwith most
stylesof existingNPRsystems,but offersmore�e xibility onmodel
representationsandcompromiseslittle on renderingspeed.

Keywords: non-photorealisticrendering,interactive 3D graphics,
programmablegraphicshardware,GPU.

1 Intr oduction

Recentadvancesin computergraphicshardware and algorithms
have introducedincreasinginterestsin Non-PhotorealisticRender-
ing (NPR).NPReffectssuchaspenandink [14], painting[5], stip-
pling [16] andcharcoaldrawing [8] have beenproduced.Thereare
two fundamentalisssuesto addressin producingNPRstyles:(1) to
extractfeaturepointsfor placingstrokes(of variousstyles);and(2)
to maintainframe-to-framecoherenceof thesefeaturepointsduring
acontinuousnavigation.Relatedto thesecondissueis theproblem
of maintainingstroke density. Cornishet al. [2] summarizeseveral
commonalitiesin NPRtechniquesfor generatingseveralhighlyvar-
iedartisticeffects.

Accordingto wheretheNPRfeaturesareextracted,NPRmeth-
odscanbecategorizedinto objectspaceandimagesspacemethods.
Object-spaceapproachesfor NPR are popularly usedin existing
NPRsystems.3D featuresaredirectly computedbasedon 3D ge-
ometry[6] andstrokesareplacedonsurfaces.This approachtends
to requirea well behaved geometricrepresentationof 3D models.
Raskarand Cohenemploy a methodwhich requiresno polygon
connectivity informationfor displayingsilhouetteedges[12]. How-

ever, inspite of using the currentgraphicshardware, many more
primitivesthanrequiredneedto berendered.Markosian[9] trades
accuracy anddetailsfor speedby only randomlyexaminingasmall
fraction of the edges.This randomizedmethodcannotguarantee
thatall silhouettesberetrieved.To maintaincoherence,Meier [10]
associatesstrokeswith particlesde�nedonthesurfaceof theobject.
View-dependentparticlescanbeselectedbasedonview-dependent
polygon simpli�cation [2]. Although effective NPR styles have
beenachievedusingobject-spaceapproaches,obtaininginteractive
speedsfor largemodelsis oftendif�cult, if not impossible.

Earlier NPR systemstake an image-basedapproachby post-
processingintermediateimages.Saitoetal. [13] employ G-buffers
(geometricbuffers)thatpreserve geometricpropertiesof objectsin
thescenein imagespace,suchasnormals,depths,or objectiden-
tities, for deriving image-spaceinformationsuchascontourlines,
whicharethencombinedwith theconventionallyrenderedimages.
Decaudin[3] enhancesSaito's methodwith an additionalnormal
map.Nienhausetal. [11] accelerateimagespaceedge�lters utiliz-
ing moderntexturehardwareandcombineedgefeatureswith other
conventional renderingthrough projective texture mapping[17].
However, their 3D modelshave to be renderedtwice. The image-
basedapproachis attractive becausethereare a wealthof image
processingtools,henceit is more�e xibleandrobust.However, sev-
eral issuesrelatedto the image-basedapproachareunsolved. The
�rst issueis the frame-to-framecoherence– aseachframeis pro-
cessedindependently, someweakfeatures(like valleys or ridges)
in objectspacemaynot beconsistentlydetectedin subsequentim-
ageframes. Thenthe detectedimagefeaturesarecombinedwith
conventionalor stylizedrenderings.Thestylesachievedin this ap-
proacharelimited, andtheimagefeatureslack3D continuity.

In this paper, we presentan NPR system,dubbedINSPIRE,
thatextendsthe image-basedapproachto achieve mostfeaturesof
object-basedNPRsystems,i.e.,thewiderangeof styles,theframe-
to-frame coherence,and the uniform density control of strokes.
Thisis achievedby anumberof novel strategies.Firstly, thecontent
of intermediateimages(or G-buffers) is speciallydesignedsothat
suf�cient geometricinformation is available for directing stroke
placement.The detectedfeaturepoints are classi�ed into strong
andweakedgepoints. This allows us to placedifferentstrokesto
illustratestrongandsubtlefeaturesseparately. Secondly, to ensure
frame-to-framecoherence,we employ a setof seedpointson the
initial objectandproject themto the imagespaceaswell. These
seedpointsserve ascandidatelocationsfor placingstrokesso that
strokescanappearsticking to objectsufaces. Thirdly, theseseed
pointscanbefurtherusedto illustratethetoneof thesurfacesbased
on interactive lighting changes.Finally, all major operationsare
directly implementedin graphicshardware,speci�cally, the latest
vertex andpixel shaders,sothatinteractive NPRis achieved.

INSPIRE hencerepresentsan extendedimage-basedapproach
that combinesobject spacecontrols (i.e., seedpoints) to deliver
variousNPR stylesandcoherentnavigation. INSPIRE promises



a numberof features:model independence,stylization �e xibility
andef�ciency.

1. Model independence:All the special features(silhouettes,
ridges, valleys) are detectedon the �y from the rendered
2D image. This makes our methodindependentof object
representations,e.g., polygons,points, or hybrids [1]. Be-
causeof the model independence,this methodcanbe easily
mergedwith almostany existing 3D renderingsystemwith
optimizationssuch as multi-resolutionand view-dependent
approaches.For the samereason,our methodis suitablefor
generatingNPRimagesof dynamicscenesandanimationob-
jectsasnoconnectivity informationneedsto bemaintained.

2. Stylization�exibility: Becauseof a rangeof waysof specify-
ing featurepointsandthe separationof featurepoint extrac-
tion andstylization,wecansupportvariousNPRstyleswithin
thesameframework.

3. Ef�ciency: Ourmethoddoesnotdependonthecomplexity of
a 3D scenefor featurepoint extraction. Our combinationof
imageandobjectspacetechniquesalsoprovidesanopportu-
nity to utilize hardwareacceleration.

Therestof thepaperis organizedasfollows. We�rst providean
overview of oursystem(section2), thendiscussaboutourrendering
pipelinesin details(section3), especiallyour implementationin
vertex andpixel shaders.We presentour results(section4), and
concludewith a discussionandplanfor futurework (section5).

2 System Overview

INSPIREcanillustrateboth view independentedgefeaturessuch
as ridgesand valleys, and view dependentedgessuchas silhou-
ettes.INSPIREcanalsoillustratetonesof surfacesunderdifferent
lighting conditions. We will �rst explain proceduresof illustrat-
ing only objectedgefeatures,in whichwe discusshow to maintain
stroke consistency anddensityuniformity duringanimation.Then,
we will explain theproceduresfor illustratingtonesof shading.

Thesystemcanbedividedinto threesteps,although3D models
are renderedonly once. The �rst stepof the systemis to render
3D models.In this step,seedpoints,which arepre-selectedpoints
on object,arealsooptionallyprojected.Thesecondstepis to per-
form imageprocessing(i.e., edge�ltering) to extractedgepoints.
Seedpointsandedgepointsarecombinedto form feature pointsin
the third stepin which strokesareplaced. The strokesaredrawn
eitherasline segments,or orientedrectanglesmappedwith stroke
textures.

All pixelswith non-zeroalphavalueafteredge�ltering arecan-
didateedgepoints, which can be excessive; drawing all of them
mayleadto a clutteredeffect. Therefore,in step2, we furthercate-
gorizecandidateedgepointsinto “strong” and“weak” edgepoints
by comparingthe �ltered alphavaluewith a thresholdvalue. This
classi�cation also helpsus to apply different strokes to different
groupsof edgepointsto emphasizedesirablefeaturesandachieve
differentstyles.For example,strongedgepointssuchassilhouettes
andsharpridgesandvalleysaredrawn usingthick andlongstrokes,
while weakedgepointsareeitherdiscardedor drawn usingthin and
shortstrokes,dependingon desiredstyles.Withoutexplicit notice,
hereafterwe will referto strongedgepointssimplyasedgepoints.

Thekey to theinteractivity of thissystemis acompacthardware
implementationof all the key operationsof the pipeline. The im-
age�ltering stepfor edgedetectionis directly performedin pixel
shaderssimilar to that of Nienhauset al. [11]. Using traditional
color imagesto detectobjectspaceedgefeaturesmayfail to detect
someedgefeaturesdueto the interferenceof lighting. Therefore,

herewe generateintermediateimagesthatencodesurfacenormals
for edgedetection.After image�ltering, only edgepointsarekept.
However, normalinformationis neededto directstroke orientation
for eachdetectededgepoint. To keepthenormalinformationand
avoid renderingtheobjectmultiple times,we carefullyencodedif-
ferentinformationin RGBA channelsof theframebuffer. TheAl-
phachannelstoresthedot-productsof thesurfacenormalsandthe
view vectors. Insteadof maintainingall threecomponentsof sur-
facenormals,we convert objectspacenormalsinto eye spaceand
thendiscardthe “z” component.We storethe other two compo-
nentsin RedandGreenchannelsrespectively. The seedpointsin
the�rst stepareprojectedandtheir intensitiesarestoredin theBlue
channel.

Figure1 illustratesthepipelineof generatingonerenderingstyle,
which canbegeneralizedto thegenerationof otherstyles. Figure
1(b), (c), and(d), illustrate the eye spacenormals(red andgreen
channels),intensitiesof seedpoints (blue channel)and the dot-
productsof normalandview vectors(alphachannel)respectively.
Figure1(e) is the imageof the alphachannelafter edge�ltering.
Figure1(f) shows the selected“strong” edgepoints. Strokes are
placedattheedgepointsin Figure1(f) andareorientedby theircor-
respondingnormalsin Figure1(b); Figure1(g) is theimageshow-
ing strongsilhouetteedges. For non-edgepoints in Figure 1(e),
their correspondingseedpoints in Figure1(c) areusedas the re-
mainingfeaturepoints;strokesof differentstylesaredrawn, again,
usingtheir correspondingnormalsin Figure1(b). The �nal image
is depictedin Figure1(i).

3 Implementation Details

3.1 Rendering of 3D Models

This stepperformsconventional3D renderingbut substitutesthe
generalcolor attributeswith geometricattributes.Theobjective of
this renderingis to obtainimagespacegeometrybuffersfor further
processing.This renderingis independentof modelrepresentation.
Polygon,point, or hybrid modelscanbeused. In our experiment,
we mostly usepoint-basedrenderingfor improving renderingef-
�ciency without compromisingon the �nal imagequality. We as-
sumerenderingprimitivesaspointsin thenext discussion.

Eachcolor componentencodesa differentgeometricattribute.
Onesuchattribute is thedot productof thenormalvectorandthe
view vectorat eachpoint. This scalarvalueis storedasthealpha
component.Thenormalat eachpoint is projectedto screenspace
andthe x andy componentsconstitutingthe screenspacenormal
arestoredasredandgreenvaluesrespectively, while the“z” com-
ponentis simply discarded. After rendering,the obtainedalpha
channelwill be usedfor edgedetection,while the red andgreen
channelcanbeusedto guidethestroke orientation.Becauseof this
compactrepresentation,thereis still a bluechannelleft, whichwill
beusedfor storingseedpoint projection,to bediscussednext. At
this3D renderingstep,thebluevalueof eachpoint is setto zero.

Thesegeometricattributesarecomputedin vertex shaders.The
pseudocode(VertexProgram1) canbefoundin AppendixA.

3.2 Rendering of Seed Points

In the �rst step, pre-selectedseedpoints are also projectedand
takenascandidatelocationsfor laying strokesfor illustrating inte-
riors of theobject,in orderto maintaincoherencebetweenframes
whenthe 3D model dynamicallychanges.The seedpointsarea
subsetof original object points; their numberdependson the re-
quireddensity. In fact, the numberof seedpointsneedsto bedy-
namicallychangedto maintaina constantscreendensity. Theseed
points' densitycorrelatesto featurepoints' density, andtherefore,a
constanton-screendensityof seedpointsleadsto uniform density
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Figure1: Thegeneral renderingpipelineincludesthreestepsof rendering. Step1: theobject(a) is renderedbyencodingdifferentinformation
in differentframebuffer channels:(b) redandgreenchannelsstore eyespacenormals;(c) bluechannelencodesprojectedseedpoints(and
optionallytheir shadingintensities);(d) alphachannelstoresthedot-productbetweensurfacenormalsandviewingdirections.Step2: image
�ltering is performedon alphachannel(d) to obtainedge points(e),which is further classi�ed into strong(f) andweakedge points.Step3:
renderingstrokesat edge points.Thestrongedge pointsare renderedusingstrokesof onestyle(g) while theweakedge pointsare rendered
usingstrokesof anotherstyle(h). All strokesare orientedbasedon their correspondingnormalsin (b). The�nal image (i) is a combination
of image (g) and(h).

of strokes,henceproducingaconstanttoneof thesurfaces[15]. To
achieve this, we take a randomizedapproachin which the initial
point set of an object is randomlyorderedandstoredin a linear
buffer. Thenat runtime,dependingon the numberof seedpoints
needed,a point set is fetchedfrom the linear buffer startingfrom
thebeginning.Thismethodis successfullyusedin [18].

Whenlighting is enabled,we canobtaindifferenttonesby con-
trolling thestrokedensity, andtherefore,thedensityof seedpoints.
We apply half-toning techniquesto this seedpoint selectionpro-
cess.Freudenberg et al. [4] achieve real-timehalftoningby com-
paringa pre-designedhalftonetexture with the target shadingin-
tensity. Inspiredby Freudenberg's hardwarethresholdmethod,we
assigneachinput primitive (herepoints)with anevenly distributed
randomvalue. The rangeof randomvaluesmatchesthat of the
shadingintensity. Hardwarethresholdoperationis madeby com-
paringthe randomvaluewith the illumination value. Thuslesser
seedpointswill be selectedfor highlight regionswhile moreseed
pointswill beselectedfor darkregions.Therefore,theshadingin-
tensityis conveyedby spatialpoint densitydistribution.

The seed points are rendered using OpenGL command

GL POINTSwith size1. Weutilize thedepthbuffer from theprevi-
ous3D modelingrenderingto do thedepthtestsothatonly visible
seedpointsremainin the framebuffer. For eachseedpoint, in a
vertex program,thelight intensitywith respectto thecurrentlight
sourceis computedand storedin the blue channelof the output
color if it is largerthanthepre-storedvalue,otherwisethevertex's
blue channelremainsunchanged.At the pixel level, the visible
seedpointsarecombinedwith the3D modelimageby asmallfrag-
mentprogram. Pseudocodesfor both the vertex program(vertex
program2) andfragmentprogramfor renderingof seedpointsare
providedin AppendixA

3.3 Feature Points Extraction and Classi�cation

This stepinvolves two operations.Firstly, edgedetectionis per-
formedon theabove obtainedalphachannelby applyingany edge
�lter andthen,the obtainedvaluesarefurther analyzedandcom-
bined with the information from other channelto form feature
points.
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Theedgedetectioncanbeef�ciently doneusingthemultitexture
andtexture rectanglefeaturesprovided by the currentcommodity
graphicshardware. The detailscan be found in [7] and [11]. A
wide rangeof edge�lters canbeimplemented.

Oncetheedgedetectionis done,theentireframebuffer is read
backinto the main memory. The alphabuffer is scannedthrough
andeachpixel is classi�edaseithera strongedgepoint or a weak
edgepoint basedon its alpha channelvalue and a pre-selected
thresholdvalue.If only strongsilhouetteedgesareof interest,weak
pointsarediscarded.Otherwise,weakedgepointsmayalsobede-
pictedbut usingadifferentstyle.Optionally, theirbluecomponents
arefurther testedso thatonly theweakedgepointswith non-zero
bluechannelvalueareregardedasfeaturepoints.For somestyles,
seedpointscanalsobeuseddirectly asfeaturepointsindependent
of their alphavalues.

3.4 Feature Points Stylization

Various NPR styles are achieved by applying different textures
(e.g.,strokes,furs,anddots)on featurepointsrenderedastextured
quads. Speci�cally, for eachfeaturepoint, we generatefour ver-
ticeson the view planerepresentingthe four cornersof the quad
centeredat thefeaturepoint. Texturecoordinates(0,0),(0,1),(1,0),
and(1,1) areassignedto the four verticesrespectively. The quad
is placedin sucha directionthatthetextureorientationfollows the
perpendiculardirection to the projectednormal vector (storedin
RedandGreenchannels).Figure2 shows variousstylesachieved
by INSPIREusingdifferenttextures.To fully utilize theef�ciency
of theGPUcomputation,wecalculatethevertex coordinatesof the
quadin vertex shaders,similar to [18].

4 Results

We have implementedour NPR pipelineon an 800MHz Pentium
III PC with OpenGLunderWindows 2000. The main memory
is 1GB. We usean nVidia GeForce4Ti4600 graphicscard with
128MB videomemory. All imagesarerenderedusing

�������������

resolution.
We are able to generatevarious NPR styles within a uni�ed

framework. Figure 2 demonstratesrepresentative styles that are
generatedby INSPIRE.For comparison,we usethe samemodel
for illustrating all the styles. For eachstyle image,the zoom-in
imageof apartof thecompleteimageindicatedby asquareis illus-
tratedat the top-left corner, underwhich thestroke texture is also
illustrated.

1. Cartoon style: Figure2(a)illustratesthisstyle,whichis done
by disablingseedpoints. Theoutline is createdby rendering
thestrongedgepointswith strongstroke texture.Theinterior
of themodelis paintedwith a solidcolor.

2. Pencil style: Figure2(b) illustratesthisstyle,whichis similar
to Figure2(a)with seedpoints.Thethresholdfor selectingthe
strongedgepointsis decreasedto asmallnumbersothatmore
strongedgepointsareselected.

3. One-Tone style: Figure2(c) illustratesthis style. Lighting
is enabledin this style. Eachseedpoint is drawn asa dot if
its light intensity is lessthana pre-assignedthreshold. The
outlines(strongedgepoints)of themodelis drawn with adot
texture.

4. Two-Tonestyle: Figure2(d) illustratesthis style. Insteadof
onethresholdasin theOne-Tonestyle, therearetwo thresh-
olds,high andlow thresholds.Theseedpointswith light in-
tensity larger than the high thresholdarecoloredwhite, the

Table1: Renderingperformance(image resolution:640x640).

Model # of Points FPS
Bunny 34,834 20.0
Elephant 155,688 15.1
Dragon 437,645 8.5
Armadillo 172,974 10.4
Hip 530,168 7.41

seedpointswith light intensitylessthn the low thresholdare
coloredblack, the remainingseedpointsareignored. All of
theseareplacedon topof a graybackground.

For Figure 2(c) and (d), the seedpoint distribution are in-
creasedto about50%to achieve theeffects.

5. Curly fur style: Figure2(e)illustratesthisstyle.Herea”ziz-
zag” textureis drawn at eachseedpoint. To make thetexture
morevisibleateachseedpoint, thebasicquad's sizedrawn at
eachseedpoint is increasedby a constantof 4.

6. Fur style: Figure2(f) illustratesthis style. A hairy textureis
placedon strongedgepointsandseedpoints. To control the
fur density, we canincreaseor decreasethe numberof seed
points.Alphablendingis enabledto achieve smoothness.

7. Sketchstyle: Figure2(g) illustratesthisstyle.Hereastraight
line textureis simplyusedwith alphablendingenabledateach
seedpoint.

8. Indian-ink style: Figure2(h) illustratesthis style, which is
verysimilar to One-Tonestyle,but seedpointsaredrawn with
a strongstroke texture if their light intensityis lessthanpre-
selectedthreshold.

We have alsodemonstratedanotherstyle for medicalobject il-
lustration(Figure 3). This style is createdby taking weak edge
pointsas featurepoints. However, to avoid excessive numberof
featurepoints, anotherthresholdis speci�ed to �lter away weak
edgepointsof extremelysmallvalues.No seedpointsaretakenas
featurepoints.

Finally, we demonstratethe renderingef�ciency of our system
in Table1. All objectsarepoint-basedmodels. The framerateis
averageperformanceof typical interactionwith themodels.Perfor-
mancedifferencebetweenrenderingof differentstylesis negligible
sinceall stylessharethesamerenderingpipeline.

5 Conc lusions and Future Work

We have presentedan NPR systemthat featuresstylized render-
ing and interactive navigation in a uni�ed framework. We have
achieved variousstyles. By designinga compacthardwareimple-
mentation,interactive renderingspeedcan be obtained. Speci�-
cally, to achieve commonfeaturesof non-photorealisticrendering,
wehavedevelopedproceduresto �rst extractfeaturepointsandand
thenemploying differentgeometricprimitives(or strokes)to illus-
tratethesefeaturepoints.By employing differentstrokesfor differ-
entfeaturepointsthroughtexturemapping,wecanobtainanumber
of artisticeffects.Wehavealsodevelopedmethodsfor maintaining
consistentanimationandscreenspacestroke densityduring navi-
gation. We have leveragedmoderncommoditygraphicshardware
by deferringalmostall operationsto theGPU.Theresultsobtained
have shown thatour NPRsystemis both �exible, in termsof vari-
ousstylizations,ef�cient, in termsof interactivity, andconsistentin
termsof animation.
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Theabove efforts have createda framework for developingad-
ditional artisticstylesin thefuture. Researchis alreadyunderway
in this direction. Currently, sincewe de�ne seedpointsasa sub-
setof polygonverticesor pointsof point-basedmodels,themaxi-
mumnumberof seedpointsis hence�x ed. Whenthecameragets
very closeto the object,no new pointscan be added,hence,the
stroke densitystartsto decrease.We wish to addressthis issuein
future. A potential solution is to either generatenew points, or
generatetexture patternswith more textured strokes. We are in-
vestigatingef�cient approachesfor hardwareimplementationof ei-
therapproaches.Onebottleneckof our systemis the frame-buffer
read-backoperationin steptwo of therenderingpipeline.For large
imageresolutionsthis will have a noticeableeffect on rendering
speed.We will investigatemethodsthatallow usto generatelarger
resolutionimageswhile keepingtheintermediateimageresolution
moderate. We will also analyzenew featuresof future graphics
hardwareto hopefullyavoid this bottleneck.
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A Vertex and Pixel Shader Pseudo-codes

VertexProgram1
1: INPUT:
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VertexProgram2
1: INPUT:
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Figure2: Renderingof theArmadilloobjectusingdifferentNPRstyles(thetop-leftcornersmallimagesare thezoom-ins
of theright images;underthezoom-insare thestroke texturesused):(a) Cartoonstyle(interior solidcolor; onlystrokes
on strong edge points), (b) Pencil style (similar to (a) without interior color, more strong edge points are selected),
(c) One-Tone style (strong edge points drawn using dots texture; lighting enabled;seedpoints with intensityabove
thresholddrawnasblack dots),(d) Two-Tonestyle(similar to (c), two thresholdsused;whiteandblack dotsare drawn
for seedpointsabovelarger thresholdandseedpointsbelowsmallerthreshold,respectively, againsta graybackground),
(e) Curly fur style(weakpointsdrawn using“zig-zag” textures in large sizes),(f) Fur style(edge pointsdrawn using
hair textures; blendingenabledfor smoothness),(g) Sketch style(seedpointsdrawnusingstraight line textures; alpha
blendingenabled),(h) Indian-ink style(similar to one-tonestyle; denseseedpointswith light intensitylessthan pre-
selectedthresholdare drawnusingthick stroke textures).
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Figure3: Anotherstylefor medicalillustration. Theimagesto theright depictpencildrawingsof thecorrespondingleft images,
which are generatedphotorealistically.
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