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Abstract

We describea systemfor non-photorealisticendering(NPR) of

virtual ervironments. In real time, it synthesizesmagery of

architecturainteriorsusingstrolke-basedextures. We addresghe
four mainchallenge®f sucha system- interactvity, visual detail,
controlled strole size, and frame-to-framecoherence- through
imagebasedenderingIBR) methodsIn apreprocessingtagewe
capturephotosof arealor syntheticervironment,mapthephotosto

a coarsemodelof the ervironment,andrun a seriesof NPRffilters
to generatdextures. At runtime, the systemre-renderghe NPR
texturesover the geometryof the coarsemodel,andit addsdark
linesthatemphasize&reaseandsilhouettes We provide a method
for constructinghon-photorealisti¢exturesfrom photographshat
largely avoids seamsn theresultingimagery We alsooffer a new

construction,art-maps, to control stroke size acrossthe images.
Finally, we shav a working systemthat provides an immersve

experiencaenderedn avarietyof NPRstyles.

Keywords: Non-photorealisticenderingjmage-basedendering,
texture mapping,interactie virtual environments.

1 Introduction

Virtual environmentsallow usto explore anancienthistoricalsite,
visit a nev home with a real estateagent, or fly through the
twisting corridorsof a spacestationin pursuitof alienprey. They

simulatethe visual experienceof immersionin a 3D ervironment
by renderingmagesof acomputermodelasseenfrom anobserer

viewpoint maving underinteractve control by the user If the

renderedmagesare visually compelling,and they are refreshed
quickly enough,the userfeels a senseof presencen a virtual

world, enablingapplicationsn educationcomputeraideddesign,
electroniccommerceandentertainment.

While researchn virtual environmentshastraditionally striven
for photorealism for mary applicationsthere are advantagesto
non-photorealisticendering(NPR). Artistic expressioncan often
corvey aspecificmood(e.g.cheerfulor dreary)difficult toimbuein
asyntheticphotorealisticscene.Furthermorethroughabstraction
and carefulelision of detail, NPR imagerycanfocusthe viewer’s
attentionon importantinformationwhile downplaying extraneous
or unimportantfeatures An NPRscenecanalsosuggesadditional
semanticinformation, suchas a quality of “unfinishedness’that
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Figurel: A non-photorealisti@irtual environment.

may be desirablewhen, for example,an architectshavs a client
a partially-completediesign. Finally, an NPR look is often more
engagingthan the prototypical stark, pristine computergraphics
rendering.

The goal of our work is to develop a systemfor real-timeNPR
virtual ervironments(Figure1). The challengedor sucha system
are four-fold: interactvity, visual detail, controlled strole size,
andframe-to-framecoherenceFirst, virtual environmentsdemand
interactve frame rates, whereasNPR methodstypically require
secondsor minutesto generatea single frame. Second,visual
details and complec lighting effects (e.g. indirect illumination
and shadavs) provide helpful cuesfor comprehensiorf virtual
ervironments,and yet constructionof detailedgeometricmodels
andsimulationof globalillumination presenthallengedor alarge
virtual ervironment. Third, NPR strokes mustbe renderedwithin
anappropriateangeof sizes;strokesthataretoosmallareinvisible,
while strokesthataretoo large appeamunnatural Finally, frame-to-
frame coherencemongstrokesis crucial for an interactve NPR
systento avoid a noisy, flickery effectin theimagery

We addresshesechallengesvith image-basedendering(IBR).
In general, IBR yields visually complex sceneryand efficient
renderingratesby emplg/ing photographsr pre-renderedmages
of the sceneto provide visual detail. Not surprisingly by using
a hybrid NPR/IBR approachwe are ableto reapthe benefitsof
bothtechnologies:an aesthetiaenderingof the scene andvisual
compleity from a simple model. More subtly eachtechnology
addresseshe major dravbacksof the other IBR allows us to
renderartisticimagerywith comple lighting effectsandgeometric
detail at interactive framerateswhile maintainingframe-to-frame
coherence On the flipside, non-photorealisticenderingappeases
mary of theartifactsdueto undersamplingn IBR, bothby visually
maskingthemandby reducingthe viewer’s expectatiorof realism.



At a high level, our systemproceedsn threestepsasshawvn in
Figure2. First, duringoff-line preprocessingye constructanIBR
model of a scenefrom a setof photographr renderedmages.
Secondduringanotherpreprocessingtep,we filter sampleof the
IBR modelto give thema non-photorealistidook. The resultis
a non-photorealisti¢mage-basedepresentatiofNPIBR) for use
in interactve walkthroughs. Finally, during subsequenbn-line
sessionsthe NPIBR modelis resampledor novel viewpointsto
reconstrucNPRimagesfor display
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Figure2: Overview of ourapproach.

This approachaddressesnary of the challengesin rendering
NPR imagesof virtual ervironmentsin real-time. First, by ex-
ecutingthe most expensve computationsgduring off-line prepro-
cessing,our systemachie/es interactve frame ratesat run-time.
Second by capturingcomple lighting effects and geometricde-
tail in photographidmages,our systemproducesmageswith vi-
sual richnessnot attainableby previous NPR renderingsystems.
Third, with appropriateepresentatiorprefiltering,andresampling
methods|BR allows usto controlNPR stroke sizein theprojected
imagery Fourth, by utilizing thesameNPRimageryfor mary sim-
ilar cameraviewpointsratherthancreatingnewn setsof strokesfor
eachview, our systemacquiresframe-to-framecoherence More-
over, by abstracting\NPR processingnto a filtering operationon
animage-basedepresentatiomur architecturesupportsa number
of NPR styleswithin a commonframevork. This featuregivesus
aesthetidlexibility, asthe samelBR modelcanbe usedto produce
interactve walkthroughsn differentNPR styles.

In this paper we investigatessuesn implementingthis hybrid
NPR/IBR approacHor interactve NPRwalkthroughs Thespecific
technicalcontritutionsof ourwork are:(1) amethodfor construct-
ing non-photorealistitexturesfrom photographs¢hatlargelyavoids
seamsn imagegenderedrom arbitraryviewpoints,and(2) amul-
tiresolution representatiorfor non-photorealistidextures (called
art-maps) thatworks with conventionalmip-mappinghardvareto
renderimageswith controlledstroke size. Thesemethodsareincor
poratedinto a working prototypesystemthat supportsinteractie
walkthroughof visually comple virtual environmentsrenderedn
mary stroke-basedNPRstyles.

Theremaindeof this paperis organizedasfollows. In Section2
we review backgroundnformationandrelatedwork. Sections3-5
addresghe mainissuesin constructing filtering, and resampling
a hybrid NPR/IBR representation.Section6 presentgesultsof
experimentswith our working prototypesystem,while Section7
containsa brief conclusioranddiscussiorof areador futurework.

2 Related Work

The traditional stratgy for immersve virtual ervironmentsis to
rendemdetailedsetsof 3D polygonswith appropriatdighting effects
asthe cameramovesthroughthe model[21]. With this approach,
the primary challengeis constructinga digital representatiorfior
a comple, visually rich, real-world ervironment. Despiterecent
adwancesin interactve modelingtools, laserbasedrange-finders,
computevision techniguesandglobalillumination algorithms,it
remainsextremely difficult to constructcompelling modelswith
detailed3D geometryaccuratematerialreflectancepropertiesand

realistic global illumination effects. Even with tools to create
an attractve, crediblegeometricmodel, it muststill be rendered
at interactve frame rates, limiting the numberof polygonsand
shadingalgorithmsthat can be used. With suchconstraintsthe
resultingimageryusuallylooksvery plasticandpolygonal despite
settinguserexpectationdor photorealism.

In contrast,image-basednodelingandrenderingmethodsrep-
resentavirtual ervironmentby its radiancedistribution without re-
lying upona modelof geometrylighting, andreflectanceproper
ties[5]. An IBR systemusuallytakesimages(photographspf a
staticsceneasinput andconstructsa sample-basetkpresentation
of the plenopticfunction,which canberesampledo rendemphoto-
realisticimagesfor novel viewpoints. Theimportantadwantage of
this approacharethatphotorealistidmagescanbe generatedvith-
out constructinga detailed3D modelor simulatingglobal illumi-
nation,andtherenderingtime for novel imagess independensof a
scenes geometriccompleity. Theprimarydifficulty is storingand
resamplinga high-resolutiorrepresentationf the plenopticfunc-
tion for a comple virtual ervironment[23]. If the radiancedis-
tributionis undersampledimagesgeneratediuringawalkthrough
containnoticeablealiasingor blurring artifacts,which aredisturb-
ing whenthe userexpectsphotorealism.

In recentyears,a few researcherave turnedtheir attention
away from photorealismandtowardsdevelopingnon-photorealistic
renderingtechniquesn a variety of stylesand simulatedmedia,
suchasimpressionispainting[13, 15, 20, 24], penandink [28, 33],
technicalillustration[11, 27], ornamentatiorj34], engraing [25,
26], watercolor[4], andthe style of Dr. Seusq18]. Much of this
work hasfocusedon creatingstill imageseitherfrom photographs,
from computerenderedreferenceimages,or directly from 3D
models,with varying degreesof userdirection. One of our goals
is to make our systemwork in conjunctionwith ary of these
technologiegparticularlythosethat are more automated}o yield
virtual ervironmentsin mary differentstyles.

Severalstroke-basedNPR systemdave exploredtime-changing
imagery confronting the challengeof frame-to-framecoherence
with varying success. Winkenbachet al. [32] and later Cur
tis et al. [4] obsered that applying NPR techniquesdesigned
for still imagesto time-changingsequencegieldsflickery, jittery,
noisyanimationdecausstrokesappeaanddisappeatoo quickly.
Meier [24] adaptedHaeberlis “paint by numbers’schemg13] in
sucha way that paint strokestrack featuresn a 3D modelto pro-
vide frame-to-framecoherencen painterlyanimation. Litwinow-
icz [20] achieved a similar effect on video sequencesising op-
tical flow methodsto affix paint strokes to objectsin the scene.
Markosian[22] foundthatsilhouette®nrotating3D objectschange
slowly enoughto give frame-to-framecoherencéor strokesdravn
on the silhouetteedges. We exploit this propertywhendrawving
lines on creasesandsilhouettesat run-time. Kowalski et al. [18]
extendsthesemethoddy attachinghon-photorealisti€graftals” to
the 3D geometryof a scene while seekingto enforcecoherence
amongthe graftalsbetweenframes. The bulk of the coherencén
our systemcomesfrom reprojectionof non-photorealistiimagery
sothe strokesdrawn for neighboringframesare generallyslowly-
changing.

Several other researchersfor example Horry et al. [17],
Woodet al. [35], andBuck et al. [1], have built hybrid NPR/IBR
systemswherehand-dravn art is re-renderedor differentviews.
In this spirit our systemcould alsoincorporatehand-dravn art, al-
thoughthedrawing taskmightbearduousasasinglescenénvolves
mary referenceémages.

In this paper we presenta systemfor real-time, NPR virtual
ervironments Ratherthanattemptingo answeithe questiorfhow
would van Goghor Chagallpainta movie?” we proposesolutions
to sometechnicalissuesacinganartistwishingto useNPR styles
in a virtual environmentsystem. Two visual metaphorgepresent



the extremesin a spectrumof aestheticone could choosefor an
“artistic” immersie experience Ononeextreme we couldimagine
that an artist paintedover the walls of the model. In this case,
the visual effect is that asthe usernavigatesthe ervironmentthe
detailedstroke work is more or less apparentdependingon her
distancdrom thevarioussurfacesshecansee.ln theotherextreme,
we could imaginethat as the user navigatesthe environmentin

real-time,a photographof what is seenis captured,and an artist
instantaneouslypaintsa picture basedon the photograph.In this

casethevisualeffect suffersfrom eitherflickering strokes (lack of

frame-to-frameoherencedr the“shawer dooreffect” (theillusion

thatthepaintingsaresomeha embeddeéh asheebdf glassn front

of theviewer). Ourgoalis to find acompromiséetweerthesewo

visualmetaphorswe would lik e the stroke coherenceo be on the
surfacesof the sceneratherthanin the imageplane,but we would

like thestrole sizeto beroughlywhatwould have beenselectedor

theimageplaneratherthanwhat would have beenchosenfor the
walls. Thedifficult challengés to achieve this goalwhile rendering
imagesatinteractve rates.

We investigatea hybrid NPR/IBR approach Broadly speaking,
the two main issueswe addressare: 1) constructingan IBR
representatiosuitablefor NPRimagery and2) developinga IBR
prefilteringmethodto enablerenderingof novel NPRimageswith
controllablestrole-size and frame-to-framecoherencen a real-
time walkthrough system. Theseissuesare the topics of the
following two sections.

3 Image-Based Representation

The first issuein implementinga systembasedon our hybrid
NPR/IBR approachis to choosean image-basedepresentation
suitable for storing and resamplingnon-photorealistidmagery
Of course,numeroudBR representationeave beendescribedn
the literature (see [5] for a surwy); and, in principle, ary of
them could store NPR image samplesof a virtual environment.
However, not all IBR representationare equally well-suited for
NPR walkthroughs. Specifically an IBR methodfor interactve
walkthroughsshouldhave thefollowing properties:

Al) Arbitrary viewpoints: The image reconstructionmethod
shouldbe ableto generatémagesfor arbitrary novel view-
points within the interior of the virtual ervironment. This
propertyimpliesa5D representationf the plenopticfunction
capableof resolvinginter-objectocclusions. It alsoimplies
a prefilteredmultiresolutionrepresentatiofrom which novel
views can be renderecefficiently from ary distancewithout
aliasing.

A2) Practical storage: The image-basedepresentatiorshould
be small enoughto fit within the capacityof commonlong-
term storagedevices (e.g., CD-ROMs), and the working
setrequiredfor renderingary novel view shouldbe small
enoughto fit within the memoryof desktopcomputers.This
property suggestamethodsfor compressingmage samples
andmanagingnulti-level storagehierarchiesn real-time.

A3) Efficient rendering: The renderingalgorithm should be
very fast so that high-quality imagescan be generatedat
interactve frame rates. This property suggestsa hardvare
implementatiorfor resampling.

Additionally, the following propertiesare important for IBR
representationgsedto storenon-photorealistic imagery:

B1) Homeomorphic reprojection: The mappingof pixel sam-
plesonto ary imageplaneshouldbe homeomorphico that
strokesandtexturesin NPRimageryremainintactduringim-
agereconstructiorior novel views. This propertyensuresghat
our methodcanwork with awide rangeof NPRfilters.

B2) Predictablereprojection: Thereprojectegositionsof pixel
samplesshould be predictableso that the sizesand shapes
of stroles in reconstructedNPR imagescan be controlled.
This propertyallows the systento matchthe sizesandshapes
of strolkesin NPR imagesto the onesintendedby the scene
designer

B3) Filter Flexibility: Pixel samplesshouldbe storedin a form
thatmales NPR filters simpleandeasyto implementso that
supportfor multiple NPR stylesis practical. This property
provides scenedesignerswith the aesthetidlexibility of ex-
perimentingwith a variety of NPR stylesfor asinglescene.

Wehave consideredereralIBR representation®QuickTime VR
[2] is perhapghe mostcommoncommerciaform of IBR, andits
cylindrical panoramidmagescould easily be usedto createNPR
imagerywith our approach.For instance eachpanoramidmage
couldberun throughan off-the-shelfNPR imageprocessindilter,
andtheresultscould beinputto a QuickTime VR run-timeviewer
to produceanimmersive NPR experience While this methodmay
beappropriatdor someapplicationsijt cannotbe usedfor smooth,
interactve walkthroughs,since QuickTime VR supportsonly a
discretesetof viewpoints,andit would requirea lot of storageto
representheinterior of a complex environment,therebyviolating
propertiesAl’ and‘A2’ above.

OtherIBR methodsallow greaterfreedomof motion. However,
in doing so, they usuallyrely uponmore complicatedresampling
methodswhich malkesreconstructiorof NPR strolkes difficult for
arbitraryviewpoints. As a simpleexample,consideraddingcross-
hatch strokes to an image with color and depth valuesfor each
pixel. As novel imagesarereconstructedrom this representation,
individual pixels with differentdepthsget reprojecteddifferently
accordingto their flow fields; and, consequentlythe cross-hatch
strole patternpresentin the original depthimage disintegrates
for mostviews. This problemis dueto a violation of property
‘B1,” whichis typical of mostview-dependentBR representations,
including cylindrical panoramawith depth [23], layered depth
imageq29], light fields[19], Lumigraphg12], interpolatedviews
[3], etc.

Ourapproachbasedn textures,reliesupona hybrid geometry-
andimage-basedepresentationRadiancesamplesacquiredfrom
photographsreusedto createtexturesdescribingthe visual com-
plexity of the scenewhile a coarse3D polygonalmodelis usedto
reasonaboutthe coverage,resolution,discontinuities,coherence,
and projectionsof radiancesampledor ary givenview. This ap-
proachsatisfiesall of the propertiedistedabore. In particular sur
facetexturesareavery compactorm for the5D plenopticfunction,
asinter-objectocclusionsare implicit in the hiddensurfacerela-
tionshipsbetweenpolygonsof the coarse3D model(‘Al’). Also,
storageandrenderingcantake adwantageof the plethoraof previ-
ouswork in texturemapping14], includingmulti-scaleprefiltering
methodq'Al’), texturecompressiomndpagingalgorithms(‘A2’),
andtexture renderinghardwareimplementationg'A3’), which are
availablein mostcommaodityPCgraphicsacceleratorsoday

Texturesareespeciallywell-suitedfor NPRimagery asthemap-
ping from the texture samplespaceto the view planeis simply a
2D projective warp, which is both homeomorphi¢'B1’) andpre-
dictable(‘'B2’). As aconsequenc®ur systencancontrolthesizes
and shapesof renderedstroles in reconstructedmagesbhy pre-
filtering NPR texturesduring a preprocessingtepto compensate
for thepredictablalistortionsintroduceddy the projective mapping
(thedetailsof this methodappeain thefollowing section).Finally,
we notethat texturesprovide a simpleandcorvenientrepresenta-
tion for NPRfiltering, asany combinationof numerousommonly
availableimageprocessingoolscanbe usedto addNPR effectsto
textureimagery(‘B3’). Forinstancemostof theNPRstylesshavn
in this paperwerecreatedvith filtersin AdobePhotoshop.



(a) Build coarse3D model (b) Capturephotographs

(c) Map photographs (d) Computecoverage

(e) Grouptexture

(f) Generatart-maps

(9) Runtime walkthrough (h) Draw lines

Figure3: OurprocessStepda) through(f) happeraspre-processingsnablinginteractie frameratesat run-timein stepg(g) and(h).

Our specificmethodfor constructingexturesfrom imagespro-
ceedsas shawn in Figure 3a-d. First, we constructa coarsely-
detailedpolygonalmodelusinganinteractve modelingtool (Fig-
ure 3a). To ensurepropervisibility calculationsin later stages,
themodelshouldhave the propertythatocclusionrelationshipse-
tweenpolygonsin the modelmatchthe occlusionrelationshipse-
tweenthe correspondingbjectsin the environment. Secondwe
captureimagesof the ervironmentwith areal or syntheticcamera
andcalibratethemusingTsai's method[30] (Figure3b). Third, we
mapthe imagesonto the surfacesof the polygonalmodelusinga
beamtracingmethod[9] (Figure3c). The netresultis a coverage
mapin which eachpolygonis partitionedinto a setof corvex faces
correspondingo regionscoveredby differentcombinationof cap-
turedimages(Figure3d). Fourth,we selectarepresentate image
for eachfaceto form a view-independentexture map, primarily
favoring normalviews over obliqueviews, and secondarilyfavor-
ing imagestaken from camerasloserto the surface. Finally, we
fill facesnot coveredby ary imagewith atexture hole-filling algo-
rithm similarto theonedescribedy EfrosandLeung[8]. Notethat
view-dependentexture mapscould be supportedvith our method
by blendingimagesfrom camerasat multiple discreteviewpoints
(asin [6, 7]). However, we obsere thatNPRfiltering remosesmost
view-dependenvtisual cues,and blendingreducesexture clarity,
andthuswe chooseview-independencever blendingin our cur-
rentsystem.

4 Non-Photorealistic Filtering

The secondstepin our processs to apply NPR filters to texture
imagery Sections4.1 and 4.2 addressthe two major concerns
relatingto NPR filtering: avoiding visible seamsand controlling
thestrole sizein therenderedmages.

4.1 Seams

Ourgoalisto enablgorocessingf IBR textureswith mary different
NPR filters. SomeNPR filters might add artistic strokes (e.g.,
“pen andink”), othersmight blur or warp the imagery(e.g., “ink

blot”), andstill othersmight changethe averageluminance(e.g.,

“impressionist”) basedon the pixels in the input texture. In all

thesecases,seamsmay appearin novel imagesarywhere two

texturesprocessedby an NPR filter independentharereprojected
ontoadjacenareasf thenovelimageplane.As aconsequenceye

mustbe carefulabouthow to apply NPRfilters so asto minimize

noticeableresamplingartifactsin renderedmages.

The problemis bestillustratedwith an example. The simplest
way to procesdextureswould beto applyan NPRfilter to eachof
thecapturedohotographiémagesandthenmaptheresultingNPR
imagesonto the surfacesof the 3D model as projective textures
(asin [6, 7]). Unfortunately this photo-basedapproachcauses
noticeableartifactsin reconstructedNPR images. For instance,
Figured4ashavs a sampleimagereconstructedrom photographic
textures processedvith a “ink blot” filter in Photoshop. Since
eachphotographidextureis filteredindependentlandundegoesa
differentprojective warpontotheimageplane therearenoticeable
seamsalong boundariesof faceswhere the averageluminance
varies(‘A’) andwherethe sizesandshape®f NPR strokeschange
abruptly(‘B"). Also, sincethis particularNPR filter resampleshe
photographidmageswith a large convolution kernel, colorsfrom
occluding surfacesbleed acrosssilhouette edgesand map onto
occludedsurfaces,leaving streaksalong occlusionboundariesn
thereconstructe@mage(‘C’).

We can avoid mary of theseartifacts by executingthe NPR
filter on texturesconstructedor eachsurface,ratherthanfor each
photographiémage. This approactensureghatmostneighboring
pixels in reprojectedimagesare filtered at the samescale, and
it avoids spreadingcolors from one surface to anotheracross
silhouetteedges.deally, we would avoid all seamdy creatinga
singletextureimagewith ahomeomorphienapto theimageplane
for every potentialviewpoint. Unfortunatelythis idealapproachs
notgenerallypossible asit would requireunfoldingthe surfacesof
3D modelontoa 2D planewithout overlaps.Instead our approach
is to constructa single texture image for eachconnectedset of
coplanarfaces(Figure 3e), andthenwe executethe NPR filter on
thewholetextureasoneimage(Figure4b). This methodmovesall
potentialseamglueto NPRfiltering to the polyhedraledgeof the
3D model,a placewhereseamsarelessobjectionableandcanbe
masledby linesdravn over thetexturedimagery



a) NPRphototextures

Figure 4: Applying NPR filters to surface textures avoids seamsand warped

strokesin reconstructe@mages.

4.2 Art Maps

This section addresseshe problem of placing strokes into the
texturesin sucha way thatwe have controlover strole sizein the
finalimage.Ourchallengés afundamentatensionbetweerframe-
to-framecoherencandstrole sizeappropriatdor theimageplane.
Astheusermovestowardasurface thestrolesonthatsurfacemust
changen orderto maintainanappropriatesizein theimageplane.
Unfortunately this meansthat we musteither slowly blend from
onesetof strokesto anotherset,or suffer from a “pop” whenthey
all changeatonce.Preferringthe formereffect, our compromisas
to chooseslowly-changingstrokes, with someamountof blurring
asthey changeandto allow stroke sizeto vary somevhatwith a
range of sizesnearlyappropriatdor theviewing plane.

Our solutionrelieson the obseration thatthe strole size prob-
lem is analogougo choiceof filter for projectedimageryin pho-
torealisticenvironmentsusing conventionaltexture mapping. As
the usernavigatesa photorealisticervironment,the goal of texture
mappinghardvareis to selectfor every pixel p afilter f for the
texture suchthat the size of f varieswith the size of the texture
spacepre-imageof p. Likewise, our goalis to placeeachstrole s
in the texture suchthat asthe usernavigatesthe ervironment,the
relative sizesof s and f in texture spacestay constant. Thus,our
stratgy for managemenf strole sizeis to leveragethe greatdeal
of work on pre-filteringimageryfor texture mapping,mostnotably
mip-mapg31]).

/
..

Figure6: Art-mapswork with conventionalmip-mappindghardvare
to maintainconstanstrole sizeatinteractive framerates.

b) NPRsurfacetextures

Figure5: Scenerenderedwith art-maps.
Thestroke sizeremaingoughlyconstant
acrosgheimage.

We usea constructiorthatwe call “art-maps. Thekey ideais
to apply strolesto eachlevel of the mip-map,knowing thatit is
suitablefor projectionto the screenat a particular size. Figure6
shavs an example. To createthis mip-maphierarchy we simply
filter the photorealistiamagesasin normalmip-mappingput then
applyanNPRfilter to eachlevel independently

The strokes at eachlevel of the mip-maphierarchyvary in size
in powers of two relative to the whole image,just as pre-filtered
mip-maplevelsvarythefilter kernelsize. Thus,whencornventional
texture mappinghardvareselectsa level of the mip-maphierarchy
from which to samplea pixel, it will automaticallychoosea pixel
from a setof strokes of the appropriatesize. Furthermore asit
blendsbetweenlevels of the mip-maphierarchy it will likewise
blend betweenstrokes of appropriatesize. So the effect is that
strokes remain affixed to the surfacesin the scene,but as the
usernavigatesthroughthe ervironment,the strokes have roughly
constansizein theimageplane,asshavn for examplein Figure5.
Notethatatlocationsmarked ‘D’ and‘E’ thestroke sizeis roughly
the same. (In contrast,without art-maps,the strokes in these
locations varies with the distancebetweenthe surface and the
camera,as canbe seenin Figure4.) As the usermoves toward
a wall, the strokes shavn for that wall will slowvly blend from
the strokesin one mip-maplevel to the next to maintainroughly
constantmage-spacsize. As the viewer moves, thereis frame-
to-frame coherencein the mip-map level chosenfor the wall,
andthereforethereis visual coherencen the strokes. We suffer
someamountof blendingof strokes,becausé¢he mip-maplevel is
generallynon-intger; but we preferthis to eitherpoppingor lack
of control over stroke size. The benefitsof art-mapsarethatthey
arevery simpleto implement,andthatthey permitinteractvity by
relegatingexpensive NPRfiltering to apreprocesandby exploiting
texture mappinghardwarefor samplingat runtime.

A known problemfor conventional mip-mapsis that for very
obliquepolygonsthemip-mapis forcedto choosebetweeraliasing
andblurring for oneor both of the principle directions[14]. This
problemis dueto aroundfilter kernelin imagespaceprojectedo a
very oblongshapén texture spacewhichforcestheuseof akernel
thatis eithercorrectlysizedin its long direction(giving aliasingin
the shortdirection)or correctlysizedin its shortdirection (giving
blurring in the long direction). This filter problemmanifeststself
as stretchedstrokes when art-mapsare applied (Figure 7a). A
numberof solutionsto this problemhave beenproposed14] — art-
mapswill work with ary of themthat storesmultiple prefiltered



(a) art-mapsonly (b) with rip-maps (c) varyingstrolkes

Figure7: Art mapsusinggeneralizationsf mip-maps.

versionsof a texture (e.g., for different perspectie warps). We
have experimentedvith a generalizatiorof mip-maps called“rip-
maps”[16]. As shavn in Figure 8, rip-mapscontaina cascading
seriesof pre-filtered pff-angleimagesof thetexture. An obliquely-
projectedtexture may selectone of the off-axis imagesfrom the
rip-map; in the caseof rip-mapswith art-maps the stroke shape
will becorrectedasshavn in Figure7h. Ourprototyperenderghis
sceneby recursvely dividing textured polygons,selectingamong
rip-map texturesin the subdvided regions. This methodallows
interactve control over stroke sizesin differentareasof theimage
plane,asillustratedin Figure 7c; in this example,we usesmall
strokesin theuppemartof theimage ,andsmoothlyvary stroke size
down to large strokes at the bottom of the image. Unfortunately
our currentsoftwareimplementatiorof rip-mappingis too slow for
real-timerenderingof complex scenesandthuswe useart-maps
with corventional mip-mappingfor our interactve walkthrough
system.We notethatit might still be possibleto controlthe sizes
of renderedstrokes on a persurface basisusing various texture
mappingparameterge.g., LOD bias) that guide the selectionof
mip-maplevels.

5 Interactive Walkthrough System

During the run-time phase we simulatethe experienceof moving
througha non-photorealisti@nvironmentby draving surfacesof
the coarse3D model renderedwith their art-maptexturesas the
usermovesa simulatedviewpointinteractiely.

Our run-time systemloads all art-maplevels for all surfaces
into texture memoryat startup. Then, for every novel viewpoint,
it dravs surfacesof the 3D model with standardtexture mip-
mappinghardware usingthe pre-loadedart-maps(asdescribedn
Section4). The renderingprocesss fast,andit producesmages
with relatively high frame-to-framecoherencandnearlyconstant
sizeNPR strokes,asblendingbetweerart-maplevelsis performed
in texture mapping hardware on a perpixel basisaccordingto
estimategrojectedareas.

To facilitatemanagemendf texture memory we breakup large
texturesinto tiles beforeloadingtheminto texture memory andwe
executeview frustum culling and occlusionculling algorithmsto
computea potentiallyvisible setof surfacetilesto renderfor every
novel viewpoint[10]. Thesemethodshelpkeeptheworking setof
texturedatarelatively smallandcoherenfrom frame-to-frameand
thuswe canrely uponstandarddpenGLmethodso manageexture
swappingwhenthetotal texture sizeexceedgexturememory

= = e = |

Figure8: Art-mapscanbeappliedto other moregeneralizednip-
mappingtechniquesuchasRIP-maps.

Our hybrid geometry-andimage-basea@pproachallows us not
only to renderNPR textured surfaces,but alsoto augmenthe re-
sulting imageswith additionalvisual information. For example,
we sometimesapply photorealistictexturesto an objectin order
to differentiatethat objectfrom othersin the scene.We alsouse
run-time geometricrenderingto highlight interestingfeaturesof
theervironment. For instancewe drav wavy linesover silhouette
edgesand creasest the intersectionsof non-coplanapolygons,
which helpsmaskobjectionablartifactsdueto seamsandunnatu-
rally hardedgesat polygonboundariesin ourimplementationthe
linesaredravn asa 2D trianglestrip following a sinusoidaback-
bonealongthe 2D projectionof eachvisible edgein the 3D model.
Sincethe frequeny of the sinefunctionis basedon screenspace
distancesall of the lines dravn have a consistentwaviness, re-
gardlesof their orientationrelative to theviewer. Thelineshelpto
clarify the geometryof the ervironment,especiallywhenthe NPR
filter usedis very noisyor producedow contrastextures.SeeFig-
ure3hfor anexample.

6 Experimental Results

We have implementedthe methodsdescribedin the preceding
sectionsin C++ on Silicon Graphics/Irixand PC Windows/NT
computersand incorporatedthem into an interactve systemfor
walkthroughsf non-photorealistiwirtual ervironments.

To testthe viability of our methodswe have performedexper
imentswith several virtual ervironmentsrenderedwith different
NPR styles. Tables1l and2 shaw statisticsoggedduring our pro-
cessfor threeof theseernvironments,two of which are synthetic
(“Museum”and“Gallery”) andoneof whichis arealbuilding cap-
turedwith photographg‘Building”). All timesweremeasuredna
Silicon GraphicOnyx2 with a195MHzR10000CPUandInfinite-
Realitygraphics.

Examiningthe timing resultsin Table 2, we seethat the pre-
processingstepsof our methodcan require several hoursin all.
Yet, we reapgreatbenefitfrom this off-line computation.There-



Model Numberof Surfacearea Number Number Numberof TotalMBs TotalMBs

name polygons (incheg) of photos of faces textures  of textures of art-maps

Gallery 192 2,574,400 46 414 73 82 109

Museum 76 421,520 93 282 42 104 138

Building 201 931,681 18 815 114 118 157

Tablel: Quantitatve description®f testervironmentsandpreprocessingesults.
Preprocessing Run-time

Model | Capture Calibrate Map Create  Hole Create Run Total Draw Draw Total
name photos  photos photos textures filling art-maps NpPRfilter preprocessing images lines perframe
Gallery | 1m40s — 0.4s 3m30s 2h02m 10m 30m 2h47m 0.017s 0.025s 0.042s
Museum| 1m52s — 0.8s 2m53s 3h34m 8m 40m 4h26m 0.017s 0.014s 0.031s
Building 2h 2h 58s 4m22s 3h40m 14m 50m 8h48m 0.056s 0.037s  0.093s

Table2: Timing resultsfor eachstageof our process.

sult is visually compellingimageryrenderedat interactve frame
rateswith high frame-to-framecoherenceluring run-time. Aver
ageframerefreshtimesmeasurediuring interactve walkthroughs
of eachmodelareshavn in theright-mostcolumnof Table2. The
correspondindgrameratesrangefrom 11 to 32 framesper second,
which areadequaté¢o provide a corvincing illusion of presences
the usermovesinteractvely througha non-photorealistie@nviron-
ment.

Anotherresultis the demonstratiorof our systems flexibility
in supportinginteractve walkthroughsin mary NPR styles. Fig-
ures9a-cshav screenshotsof the walkthroughprogramwith the
“Museum”environmentafterprocessingvith differentNPRfilters.
Creatingeachnew setof NPR texturestook around40 minutesof
preprocessingime, as only the last step of the preprocesg“run
NPR filter”) hadto be re-donefor eachone. Then, the run-time
programcouldimmediatelyprovide interactve walkthroughsn the
new style. Figures9d-f shav imagesof the“Building” environment
renderedn awatercolorstyle from differentviewpoints. Eachim-
agetook lessthan1/10thof a secondo generate Notice how the
sizeof thestrokesin all theimagesemaingelatively constantgven
for surfacesat differentdistancegrom theviewer.

The primary limitation on the compleity of virtual erviron-
mentsandtheresolutionof imageryrenderedvith our systemis the
capacityof graphicshardvaretexturememory In orderto maintain
interactve framerates,all texture datafor every renderedmage
mustfit into thetexturecacheonthegraphicsaccelerato(64MB in
ourtests).As aresult,thenumberof surfacesn thevirtual erviron-
mentandthe resolutionof capturedtexturesmustbe chosenjudi-
ciously Sofar, we have generallyconstructedyrouptextureswith
eachtexel correspondindo a 2 by 2 inch region of a surface,and
we decompos@rouptexturesinto 512 by 512 pixel tiles thatcan
be loadedandremored in the texture cacheindependently With
theseresolutions,our test environmentsrequire between1l09MB
and157MB of texture datawith art-maps(seethe right-mostcol-
umn of Table 1), of which far lessthan64MB is requiredto ren-
deranimagefor ary singlenovel viewpoint (dueto view frustum
culling and occlusionculling). In our experiments,we find that
the standardOpenGLimplementatiorof texture memorymanage-
mentis ableto swaptheseexturesfastenoughfor interactve walk-
throughsatleaston a Silicon GraphicsOnyx2 with InfiniteReality
graphics.While the framerateis not perfectlyconstantthereare
occasionally‘hiccups” dueto texture cachefaults),the framerate
is usuallybetweerl0and30framespersecond-yieldinganinter
active experienceor the user More sophisticatedexture manage-
mentandcompressiomethodscould be usedto addresshis issue
in futurework.

7 Conclusion

This paperdescribes systemfor real-timewalkthroughsof non-
photorealisticvirtual environments. It tacklesthe four main chal-
lengesof sucha system- interactvity, visual detail, controlled
strole size, andframe-to-framecoherence- throughimage-based
renderingof non-photorealistidmagery The key ideais thatan
image-basedepresentatiortan be constructedff-line througha
sequenc®f imagecaptureandfiltering stepsthat enableefficient
reconstructionof visually detailedimagesfrom arbitrary view-
pointsin ary non-photorealististyle. The technicalcontrikutions
of this work include a methodfor constructingNPR texturesthat
avoids seamsn novel imagesanda multiscaletexture representa-
tion (art-maps) thatprovidescontroloverthe sizeof strokesduring
interactve rendering. This work suggests numberof areasfor
futureinvestigation:

Augmentingthe scenewith geometry-basedelements.Real-time
NPRrenderingof simplegeometricobjectsin the scene- perhaps
architecturahccentsuchasa plantor achairrenderedn theNPR

stylesof Goochet al. [11] or Kowalski et al. [18] —would enhance
thesenseof immersionwhile notgreatlyslowing our system.

View-dependentrendering. We have obsered that mary view-
dependengeometricand lighting effects are visually masled by
non-photorealisticendering(seeSection3). Nonethelessyiew-
dependentexture mapping(e.g. [6, 7]) offers an opportunityto
capturetheseeffectsfor evenbetterfidelity to theenvironment.

Better stroke coherence. As mentionedin Section4.2, runtime
blending betweenneighboringlevels of the mip-map hierarchy
causevisualblendingbetweenstrokesin the art-maps.It maybe
possibleto achieve bettercoherencéetweemeighboringevels of
themip-mapsmostlikely by designingcustomizedNPRfiltersthat
deliberatelyassigrstrokesin multiple levelsof theart-mapsatonce.
Thedesiredvisualeffect mightbethatstrokesgrow andeventually
split apartratherthanfadingin, asthe userapproachea surface.
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Figure9: Imagesof artisticvirtual ervironmentsrenderediuringaninteractive walkthrough.
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