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Abstract

We presenttechniquesfor constructingrealistic canvasand papermodelsand for enablinginteractive dynamic
carvas motion. Dynamic carvas motion meansthat there is a correspondencéetweenthe motion of carvas
featues and the motion of the modelsin the scene Our arti cial paperis createdby simulatingthe physical
processof creating paperwith manyindividual bers. To enablecarvasmotion, bers are associatedvith each
of the modelsin the scene At runtime the bers associatedvith visible portionsof the modelsand badkground
bers are usedto constructa 2D carvas.Becausebers are “tied” to the modelsithe motionof carvasfeatues
correspondgo the motionof eadh model.This allows us to matd the motion eld of our dynamic2D carvasto

thatof thethe 3D sceneaxactly

Catgyoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.3[ComputerGraphics]:Non-Photorealisti®Ren-
dering,CarvasSynthesispynamicCarvasMotion, Artistic Rendering

1. Intr oduction

Non-photorealisticenderinghas expandedthe boundsof
traditionalmediaby providing the ability to animatemedia
thatweretraditionallystatic,suchaspenandink andpencil.
This hasintroduceda numberof artifacts peculiarto ani-
matedmedia,especiallythosepertainingto tempoal coher
ence Temporalcoherencartifactstypically occurbecause
marksthataremeanto appeatwo dimensionalndstatic(as
on atypical at drawing surface)arebeingmatchedo ob-
jectsbeinganimatedn threedimensionsDif culties often
appeawhenattemptingo ensurghatthemotion,shapeand
relevant mediapropertiesof marksappearconsistentrom
frameto frame.As pointedoutin [CTP 03], therearetwo
solutionsthat aretypically applied,neitherone of which is
ideal.First, marksaremadein thetwo dimensionakpaceof
theimageandwarpedto the 3D motion of the objects.This
oftenresultsin the “shower door” effect whereobjectsslide
over the backgroundSecondmarksmay be appliedto the
surfaceof the 3D objectandmoved with the surfaceof the
object.In this casethe markscanappearmplasterecntothe
surfaceof the objectandoften seemunrealisticin motion.

While much attentionis paidto xing the temporalco-
herenceof foreground strokes, temporalcoherenceof the
backgrounccarvas hasbeenlargely overlooked (exceptby
[CTP 03]). Whenmotion cuesbetweenthe carvasandthe
foregroundmodelsis disjoint the senseof immersionin the
ervironmentis broken andthe foregroundand background
seemnto lie in separat@lanesasobjects'slide” overthecan-
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vas.Motion in a 3D environmentresultsin a comple op-

tical ow thatthe at quality of the 2D backgroundcannot
match.A motion eld representshe time derivative of the
2D projectionof a 3D point. This hasbeenshown to be a

critical motion cuefor obsenrers.Figure 1 shavs examples
of motion elds of aspherdn front of aplaneunderransla-
tion androtation.This problemof attemptingto matcha 3D

motion eld with a 2D transformatioris dif cult becaus®f

the severediscontinuitiesat silhouetteedgesof objectsand
becausebjectsunderanimationmay have opposingdirec-
tions.Thenon-uniformquality of the o wscannotbesimply
expressedas a 2D transformation Becauseof this motion
parallax,afundamentatensionexistsbetweerary mapping
from a 2D surfaceto a 3D environment.

Two speci ¢ goalsmotivatedthis work whenconsidering
the carvasin sucha contet. First,we would like to beable
to producerealistic paperand carvas models.Second we
would like to be ableto achiee accuratedynamicmotion
thatestablishes correspondencdeetweerthe carvasmodel
andtheforegroundobjects.

Typically, suchbackgroundarvasesarecreateddy either
scanningexisting paperor carvasmodelsor by usingPerlin
noisefunctions [Per85 CAS 97] to createvarying height

elds. While thesemethodswork well, it would be optimal
for the userto be ableto obtainarbitrary carvaseswith ap-
propriatelevel of detailin grain,tooth,roughness;olor, etc..
To this end we proposea simple modelthat simulatesthe



| A Geneative Model For DynamicCarnvasMotion

Figure1: a)Motion eld of aforward translationof a sphee
in front of a plane b)Motion eld of the samesceneunder
rotation.

way paperand carvas are constructecand gives a realistic
approximatiorof carvasandpaper

When animatingsceneswith both a carvas background
andforegroundobjectswewouldlikethemotionof thecan-
vasto correspondvith theall visible objectsso asto main-
taintheimmersve illusion of our NPRenvironment.Sucha
dynamiccarvasshouldhave the following propertiesFirst,
snapshotef the carvasmodelshouldappeato be a plausi-
ble carvassimulationacrosghe entirevisual eld. Second,
featuresof the carvas model shouldfollow the objectsto
which they appearto correspondon the image. Third, the
modelshouldbe variablein resolutionsince,aspointedout
by [CTP 03], we may needto zoomin nitely . Fourth,the
carvastexture in ary position shouldbe reproducible(i.e.
if we rotateaway from a view point and thenrotateback,
an identical carvas model shouldappear) Finally, the dis-
tortion of carvaselementsshouldbe keptto a minimumso
asto avoid distractingthe viewer. We proposeaninteractve
solutionthatattemptgo meetthese ve criteriaby generat-
ing anew carvasimagefrom ary givenviewpoint basecon
the positionof paper bers which aretied to the modelsin
thescene.

Our paperoffersthefollowing contrikutions:

RealisticCarvasSynthesis We demonstrata technique
for producingrealisticcarvasandpapermodelshasedn

simulationsof carvasandpaperconstructiorusinglayers
of bers.

Dynamic Carvas Motion - We shav a methodfor map-
ping bers to modelsin the scene At runtime we con-
structa plausiblecarvasfrom all the bers in all visible

polygons.Becausebers are“tied” to the polygons,the
movemenf carvasfeaturesorrespondo themovement
of the objectsin the sceneFinally, we give a methodfor

enablinganin nite zoom.

2. RelatedWork

Most carvas modelsin computergraphicswork have been
createdby oneof two methodsMost commonly a scanned
imageof a carvasis readin anda height eld is created
basedon the intensity of eachpixel [SB99. Alternatively,
Perlin noise is often usedto build random height elds
[Per85 CAS 97, CTP 03]. Both of thesemodelscanwork
well butbothhave problemsThe rst modelis limited to im-
ageghattheuserhasscannedThesecondallowstheuserto
obtaincarvasesof arbitaryresolutionand quality but it re-
ally only workswell onthelimited subsebf paperandcan-
vasmodelsthatPerlinnoiserepresentsvell. Furthermoreit
hasnot beenshovn how to embedstructuredelementsn a
carvas generatedvith Perlin noise.We proposea solution
to the carvas generatiornproblemby simulatingthe physi-
cal procesf carvasconstructiorto allow multiple carvas
andpapermodelsto be generatedn a singleframevork as
afunctionof severaluserde ned parametersA goodrefer
enceonthesubjectof papermakinganbefoundin [Toa83.

There has been signi cant work in the areaof map-
ping the motion of strokes of various traditional me-
dia such as paint, pen and ink, pencil and char
coal. [Mei96, Dan99 SB99 KGCO00, PHWFO0]. Themeth-
odspresentedh this papercanbeviewedasaprojectioninto
2D from 3D elementghatareattachedo the surfaceof ob-
jectsthusobtainingtemporalcoherencén a mannersimilar
to [Mei96, KGCO(Q. However, our bers areusedin com-
binationto form a cohesve structureratherthanrepresent
individual stroles.

We have foundonly onesigni cant pieceof work dealing
with dynamiccarvasmotion[CTP 03]. They demonstrata
variety of techniquedor mappingthe 2D motion of a back-
groundcarvasascloselyaspossibleto the 3D motionof the
animatedscene Unfortunately thesemappingsare limited
by the fundamentatensionbetween2D and 3D motion. In
translationthedifferentialin motionbetweerobjectsat dif-
ferentdistancesrom the camerais signi cant andthe map-
ping doesnot hold. In rotation, their sphericalwarp doesa
reasonablgob when objectsare at a distancebut approxi-
mately1/2 of eachobjectin the foregroundhasan opposite
motion eld to that of the backgroundA static2D model
simply cannotaccuratelymatchthe motionof a 3D erviron-
ment.For thisreasonwe proposea modelthatmovescarvas
elementsn 3D andreconstructshecarvasin 2D. Thismaps
themotion eld from 3D to 2D exactly for ary cameramo-
tion. In addition,theseauthorsgive a modelfor anin nite
zoomof the carvasbackgroundn orderto approximatdor-
wardtranslationsTheir methodworkswell but suffersfrom
signi cant blendingartifactsbetweerdifferentlevelsof res-
olution. Our modelfor enablingin nite zoomactuallyhasa
differentfunctionandis entirely differentin methodology
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3. Realistic Canvas Synthesis
3.1. Generating CanvasModels

Whendescribingbackgroundnodels thewordscarvasand
paperare generallyusedinterchangeablyin NPR. While
their purposeand appearanceare often similar, the physi-
cal processesisedto createthem are very different. Paper
is a surface createdby pressingpaper bers in a binding
medium.The bers aregenerallymadefrom cellulosewhich
isfoundin plant bers. Theplant bers aregroundinto wood
pulp anddumpedin acid to generatehe cellulose.We ig-
noreissuesof whatkind of bindingmediumand/orsizingis
used.Thoseelementausually affect absorptionrateswhich
thismodeldoesnotconsiderTheorientationof theresultant
cellulose bers is usuallyrandomandit is thesizeandqual-
ity of the bers that gives eachpaperits own tooth, grain
andfeel. Carvasis a surface createdof vertical and hori-
zontal interwoven threads While someweaving processes
arevery consistentmostinterestingwoven carvassurfaces
containmary variationsin theprominencendcolor of indi-
vidual elementsThe prominenceof eachthreadis local be-
causeof theinteractionwith otherthreadsMoreover, mary
of the patternsare too small to be viewed as a consistent
threadrunningthe entirecourseof the carvas. This leadsto
the obsenationthat mary interestingcarvasmodelscanbe
simulatedwith small,local threads.

Wede ne a ber asthebaseslemenif ourcarvasmodel.
A paper ber is typically arandomlyorientedsmall,rectan-
gularor oblongpieceof woodpulp. Paperis built upthrough
the compositionof mary bers. In our system,a ber is
modeledasa small, randomlypositionedand orientedrect-
angularshape Sincewe typically use ber lengthsbetween
20-40pixels andwidths betweenl and 3 pixels this shape
canalsobeviewedasalline of variablethicknessTo build a
papermodel,eachrectangulashapeis drawvn into a height

eld whichrepresentshecarvas.Theheightis incremented
for every locationwithin the ber shapeA color texturefor
the carvasis computedafterthe height eld is createdwith
theminimumheightbeingmappedo black (or somemuted
dark color) and maximum height being mappedto white.
Mutiplying the color texture by a userde ned scalein rgb
allows us to producedifferently coloredcarvases A basic
algorithmto createa carvasis shavn in Algorithm 1.

Here, the height is the height eld of the carvas and
color is the color map for the carvas. k is the userde-
ned basecolor of the carvas.MaxFibers is the total num-
ber of bers in our carvas simulation,which we typically
set between200,000and 400,000for a 512x512 carvas.
GeneateRanemHRber() is a function which producesa
random position and direction for the ber, as shavn in
Algorithm 2. Here, unitRand) is a function that returns
a randomnumberbetween0 and 1 and maleUnitVedor()
is a function that normalizesa vector FibetWidth and
FiberLengh arevaluessetby the user Altering theseval-
uesallows the userto vary the tooth andgrain of the paper
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Algorithm 1: CreateCanas()

for court = 0to court < MaxFibersdo
GenerateRandomFiber()
endfor
fori= 0toi < Canvadwidth do
for j = 0to j < CarvasHeigh do
color[i][j] = (height[i][j] - HeightMin)/(HeightMax-
HeightMin)
color[iJ[j] *= k
endfor
endfor

Algorithm 2: GenenteRandomiber()

ber.position.x= unitRand()* CarvadVidth
ber.position.y= unitRand()* CarvasHeigh
ber.direction.x= unitRand()
ber.direction.y= unitRand()
ber.direction.makUnit\Vector()
ber.direction*= FiberLengh

ber.width = FiberWidth
DrawFiberIintoHeightField( ber)

with wide bers beingusefulfor producingsimulationsof
heary paperssuchasthoseusedin watercolorandcharcoal
andnarrav bers beingusefulfor moredelicate,even, ne

grainedpapersAfter the ber is generatedthe height eld

is incrementedn the areaoccupiedby the new ber with
the DrawFiberl ntoHeightField() function. Resultsof this
algorithmareshawn in Figure2.

We cansimulatecarvaswith this modelaswell, usingthe
obsenation madeabove thatlocal elementsaresufcient to
emulatdongthreadslueto theartifactsinherentn weaving
andthesmallquality of thecharacteristicarvastexturepat-
terns.The only changein Algorithm 2 is thatwe orientthe
directionof the bers manually Becausearvasmodelsare
typically woven in only horizontaland vertical directions,
this simpli es our directionchoiceto the four cardinaldi-
rectionswhich we canchoosefrom randomlyat runtimeor
allow the userto choosevariousoptionsfor weightingver
tical versushorizontalthreads As shavn in Figure 2, these
producéairly realisticresultsfor avarietyof carvasmodels.

The carvasis displayedas a texture mappedquadrilat-
eral. Carvasandpapermodelsproducedn this fashionare
suitablefor mostmediasimulationtechniqueor simply for
backgroundextures.

3.2. Canvasimpurities and additions

Often, artifactswill occuron carvas or papermodelsdue
eitherto impuritiesin the paperproductionor to the inclu-
sion of additionalmaterialsthe papermaker may usedur
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(a) Paper- FineGrain (b) Paper- RoughGrain

(c) Carvas- Horizontal- Fine (d) Carvas- Horizontal- Rough

(e) Carvas- Vertical- Fine (f) Carvas- Vertical- Rough

(g) Carvas- Interwoven- Fine (h) Carvas- Interwoven- Rough

Figure 2: Canvasexamples:(color scale= 1,1,.7)Various
carvas modelsproducedwith our systemLine widths for
ne grainsare 1 andfor roughgrainsare 3.

Figure 3: An exampleof impurities addedinto our paper
model

(a) Pencil (b) Paint

Figure 4: Example®f mediasimulationausingcanvasmod-
elsgeneatedwith our systema) showspencilon paperand
b) showspaint on paper Notethe patternsproducedby the
grain of the carvas,especiallyon the pencilsimulation.

ing papercreationsuchasglitter, leaves,nutmey, cinammon,
grass, o wer petals,metal ak es,essentiabils, food color

ing and coffee grounds.The motion of theseartifactsmay
provide strongvisualcuessincethey aredistinctin thevisual
eld. Oftenartistswill addmaterialsto createsuchartifacts
in orderto personalizeéheir materials.To simulatethis, we

allow theuserto specifyartifactsto usewith eachpaperand
the artifact density We storea canonicalsetof artifactsas
tiny images At eachpixel in theseimagess storeda height
andcolor value.We generatea randomsetof artifact posi-
tions anddrav themduring the papercreationprocessnto

theheightandcolor eld. SeeFigure3for anexample.

4. Dynamic CanvasMotion
4.1. Interacti ve Canvas Construction

Thereare two problemsassociatedvith the carvasespre-
sentedn section3.1 First,themodelis mappedo a at sur

faceandsecondit is not generatedn realtime. Becausef

thesereasonsit isn't suitablefor solvingthedynamiccarvas
motionproblem.ldeally, we would like a carvasmodelthat
isn't at, butthatmapsto a at surfaceuniformly. Also, we
would like to beableto performwalkthroughsatinteractve
rates.While interactvity isn't vital in presentinga general
solutionto the dynamiccarvas problemit is usefulin pro-
ducingatool thatis useabldor interactve andreal-timeren-
derings.To achieve this, we associaténdividual bers with

eachobjectin the scene(including a backgroundmodel).
Eachobjectin oursystemis apiecaviselineartrianglemesh.
At runtime,a carvasis constructedrom bers placedonthe
surfaceof every visible object.
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The major costof constructinghe carvasmodelis com-
puting positionsanddirectionvectorsfor each ber andcal-
culating the height eld. We can computean approximate
versionof this constructionby pre-computingber values
and thenrenderingeach ber as an alpha-blendedine in
OpenGL.By precomputinghe averagecontritution of each

ber in the original carvas, we derive a reasonablelpha
valueto draw the bers with. The color of each ber is just
thek colorvaluede nedin Section3.1

In theoriginal carvasmodel, bers wereplacedrandomly
within the carvas.Whenthe carvasis in motion, however,
staticplacemenbf bers in abackgroundeld maybeprob-
lematic. For our interactve model,the systemplaces bers
randomly on the surface of eachtriangular face of each
modelin the system.Ratherthan store an actual position
in world coordinatesye represeneach ber positionusing
barycentriccoordinatesThe barycentriccoordinateof any

ber allow its positionto bereconstructedisingthe coordi-

natesof the faceit lies on. Therefore aseachfaceis trans-
formedin world space,its bers will occupy a consistent
positionwithin the spatialdomainof its 2D projection.

Our initial distributions of random barycentric coef-
cientswere quite bad leadingto obvious clumpsof bers
near the centerof triangles. It is clear that achieving a
uniform distribution of randombarycentriccoefcients is
very important. See [Tur9( for a methodof uniformly
generatingobarycentriccoefcents. At runtime we compute
ber positionsusing the precomputedarycentriccoordi-
natesand the currentposition of the face. The other end-
pointthatde nesthe ber is computedby representinghe
ber is given by newpostion+ (diredion FiberLengh)
where (diredion FiberLengh) is the (precomputedyi-
rection vector multiplied by the userde ned ber length.
Barycentriccoordinateslsoallow usto handlemodeldefor
mation,whichis usefulfor animation Evenhaving obtained
anevendistributionof bers in objectspacewe cannoguar
anteethat our distribution will be evenin screenspacedue
to perspectie projection.As trianglesapproachgrazingan-
glesthey may distort and overly weight the end closestto
the viewpoint. In practicehowever, this effect was rarely
seenand seemedo have little impact, possiblydueto the
quantityof trianglesusedandtherelatively smallamountof
screerspacesachoneoccupiedon average.

We scalethe numberof bers that eachtriangle dravs
basedon its area,measuredn screenspaceWe obtainthis
measuremertty projectingeachvertex ontothescreerplane
andsolvingfor theareaof eachvisible triangle.Thenumber
of bers to draw for eachtriangleto matchthetarmgetcarvas
tone is FibersToDraw = FibersRerPixel TriangleArea
where FibersRerPixel = MaxFibers=(CarvadVidth
CarvasHeigtt). Here, FibersRerPixel is the averagenum-
berof bers drawvn perunit areaof screerspace(de ned to
be 1 pixel in our system)andFibersToDraw is the number
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of bers to draw for thetriangle.This letsus matchthetone
of thecarvasmodelwe wantto reproduce.

Our systemgenerates list of N setsof randombarycen-
tric coefcients, whereN is usuallybetweens,000-10,000.
We generatea randomindex into the list for eachtriangle
whichis usedasthe rst ber todraw. Thisensureshateach
triangledraws a differentsetof bers in orderto minimize
repeatecpatternsin the carvas. Otherwise eachtrianglein
the modeldraws similar setsof bers, leadingto visibly re-
peatedpatternsover eachfacewhich canbe visually disori-
enting.

Thoughwe have calculatedthe correctnumberof bers
to drav for eachtriangle, we will end up with tonesthat
aretoo light whereonefaceoccludesanotherif both drav
all of their bers. Becauseof this problem,we only display
bers thatsit onavisible portionof atriangle.An ID image
(alsoknown asan item buffer) is renderedthat determines
which triangularfaceis visible in eachpixel of the screen.
To control the tone of the carvas, we comparethe starting
positionof each ber to bedravn with theID image.Fibers
areonly dravn in pixels that shav their parentface.The
effectof thisis thatonly visible geometrywill producebers
to bedrawn. Since bers aredrawn in 2D, each ber takes
up a constanamountof imagespace.

Handling bers at the silhouettesof objectsis problem-
atic and we presenttwo methodsfor doing so, eachwith
adwantagesnddisadwantagesln the rst methodthe bers
areallowedto overlapthe edgesof objectboundariesThis
hasthe effect of blendingadjacentshapesand maintaining
carvascontinuity with the tradeof thata discontinuitymay
appeaiat theboundaryduringanimationdueto the contrary
motion of overlapping bers. Thesediscontinuitiesareless-
enedwith smaller ber lengths.Thesecondnethoduseshe
stencilbuffer to restrictdraving of bers to the objectthat
owns them. This methodsacri ces carvascontinuity at sil-
houetteedgesn orderto getrid of the contrarymotiondis-
continuitiesapprarenin the rst method.Also, by drawing
our ID imagedirectly into the stencil buffer, we get a sig-
ni cant speedupsincewe don't have to readthe ID image
buffer duringevery render

At runtime,we dothefollowing: 1) Updateall cameraand
modeltransformations?) CreateanID image,3) Rendeour
nal imagebeginningwith thedynamiccarvasbackground,
4) Renderthe models.In our animationswe have rendered
themodelsandsilhouetteswith analphavalueof .4 to sim-
ulate the semi-transparentatureof actualmedia(suchas
coloredpencil or pastel).The light is positionedat a con-
stantdistancefrom the viewpoint. The accompanping ani-
mationsshov several paperandcarvasmodelsundertrans-
formations,usingboth stencilbuffer andID buffer methods
for drawing silhouette bers.

The resultof thesetechniquess a carvas modelwhose
constituentlementsnotion matchesexactly the motion of
the various surfacesin the scene.The signi cant features
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Figure 5: Trianglesthat take up too mud of thevisual eld
are subdividedandnew bers are addedusingthe barycen-
tric coodinatesbasedon theverticesof thechild triangles.

“stick” to the modelsunderary type of carvasmotion. Ex-
amplesof this areshavn in Figure 6. Becausaheseresults
aredesignedo work in ananimatedervironment,we refer
the readerto the accompaning videosfor a moreaccurate
demonstratiomf theresultsof this paper Notethatthe can-
vasseenwhenary of theanimationsarepausedtary point
is completelyplausible.

4.2. In nite Zoom

To give the userfreedomto performarbitrarycamerarans-
formations,the ability to handlean in nite zoom mustbe

provided. Becauseall of the ber valuesare precomputed,
afterthemaximumnumberof bers, N, have beendisplayed
onary face,therearenonew bers to display If thattrian-

gle takesup too muchof thevisual eld therewill startto

appeaiarge gapsin the carvaswheretherearenot enough
bers. Notethatwhile [CTP 03] performzoomsto approx-
imatetranslation,our modelapproximategranslationauto-

maticallysinceit existsin 3D. In nite zoomsenableaccurate
level of detailatary scale.

To handlethe in nite zoom, ary triangle that requires
morethanN bers is subdvided into four sub-trianglesas
seenin Figure5. Notethatthe positionsof the trianglever-
ticesarenot changedasin mary subdvision schemesNew
verticesare addedat the midpoint of existing edges.Then,
new bers are addedbasedon the barycentriccoordinates
of the sub-trianglesThis allows the continuousgeneration
of new bers in ary areaof the screenrwheremoredetailis
neededThe bers generatedvith thistechniqueareconsis-
tentandreproducibleFurthermorethis methodis fastsince
generallyonly a very smallnumberof trianglesneedso be
subdvided.

4.3. A Background Model

The carvasmodelpresentedn Section3.1 mappedhetex-

tureto a quadrilaterathat lled thevisual eld completely
[CTP 03 shaved that rotationsof a backgroundeld are
matchedby warpingcarvasmotionto a cylinder or sphere;
thecarvasis esentiallymappedntothesphereof directions
aroundthe viewpoint. As the viewpoint rotates the spheri-
cal mappingmatcheghe motion elds onewould expectto

@)

(b)

©

(d)
Figure 6: Sceenshotsfrom several of our dynamiccarvas
animations Eac image hasdifferentuserde ned optionds
applied to the paper/caras model. While the animations
needto be viewedfor the full effect, noticethat the carvas

modelis completelyplausiblefor ead snapshot.
¢ TheEurographic#ssociation2005.
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seeof a backgroundeld. For this reasonwe load a spher
ical triangularmeshandmapthe carvasdirectly ontoit. In
our model,thespherealwayssitsata constantlistancerom
the viewpoint (i.e. the centerof the sphereis alwaystrans-
latedto theviewpoint) emulatingabackgroundatanin nite
distancefrom the viewer. The carvassphereis rotatedwith
the viewpoint, giving the impressiorof correctbackground
motion elds underrotation. An error occurswhen trans-
lating left/right/up/davn sincethe backgroundstays x ed.
This may be acceptablesincewe're approximatinga back-
groundatin nity which won't move muchrelative to usin
ary caseThiscanbe x edby usingavery large spherehat
doesmove undertranslationswith thetradeof thatthecam-
eramay move outsidethe backgroundmodel dueto some
transformations.

5. Results

In this paperwe have shavn avarietyof techniquegor con-
structingandanimatingrealisticcarvasmodels.

In Section 3 we presenteda model for realistic can-
vas/papesynthesis Our carvas model gives visually real-
istic resultsfor a variety of paperandcarvastypessuchas
linen, watercolompaper charcoalpaper draving paper can-
vas,variousformsof cottonduckandhasthepotentialto ac-
curatelysimulatemary othertypesof carvas/papeaswell.
Thoughwe did not model ary surfaceswith large repeat-
ablestructuregsuchasthelinesof asheebf writing paper),
thereis no reasonthat thesecould not be includedin this
model. Expandingthis static modelto includelarger struc-
turesandmoretypesof comple ber patternsvould prob-
ably bethe mostrelevantareafor futurework here.Because
our dynamiccarvas modelrelies on mary local elements,
very large structuregsuchasthe graphlines on graphpa-
per)maybedif cult to achieve usingthis model.

The2D generatedarvasegake aboutl-3secondso gen-
erateon a 2 Ghzmobile Pentium4 usingunoptimizedcode.
Wetypically generatethetweer200,000-500,00®ers with

ber lengthssetbetweenl5-45pixels. Our modelis physi-
cally motivatedratherthanafull physical simulationof pa-
per and carvas creation.Therefore we feel thereis future
work to bedonein creatingcompletephyical simulationsof
carvasandpapercreationproceses.

Thedynamiccarvasmodelpresentedh Sectiord andus-
ing thelD buffer runsatabout3-5 framesa secondnamo-
bile Pentium4 2 Ghzusinga ATl RadeonlGP 345M with
64 megabytesof sharedgraphicsmemoryandunoptimized
code. The stencil buffer versionrunsroughly 2-3 times as
fastsincethereare no screenbuffer readsinvolved in the
rendering We believe therearesigni cant speedumainsto
be madeby combiningour techniqueswith graphicshard-
wareaccelerationthoughwe hase madeno teststo support
this claim.
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6. Discussion

Becauseheresultsin NPRaresooftensubjectve, we eval-

uatethe succes®f our techniguesn relationto the criteria
laid outin Sectionl. First,arny snapshopositionof thecan-
vasappearso beaplausiblecarvassimulation.Thedistribu-

tion of bers andthetoneacrosghevisual eld areconsis-
tentin both foregroundmodelsand backgroundWhile the
dynamiccarvasesdid tendto be visually corvincing, their
quality wastypically not quite asgoodasthe static2D ver

sion.Secondmotion elds of the carvasandthe objectsin

the sceneare matchedexactly. The featuresof the carvas
appeato “stick” to the surfaceof themodels.This provides
importantvisualcuesto theviewer anddoesnot suffer from

the shawver door effect previously describedThird, we have
shavn how to view suchcarvasesat ary resolutionby de-
scribingafastrobusttechniquefor anin nite zoom.Fourth,
every canvasis reproducible.Becausethe constituentele-
mentsof our carvas modelmove with sceneobjects,then
a sceneviewed from the samepositiontwice will berepro-
ducedno matterwhat cameramotionshave previously oc-
cured.This error happenedn previous researchwhenthe
carvaswasstoredseparatelyrom thescene becausenove-
mentof the backgroundlid not alwaysmatchmovementof

theforegroundor camerapackgroundtarvasesvould bein

differentpositionsfor identicalscenes.

The nal metric,thedistortionof carvaselementsis the
hardesto judge.Distortion occurswhenthe motion of the
backgroundcarvas doesnot matchthe motion of the fore-
groundobjects.Thereforewe canmeasurdhe distortionas
the differencebetweenmotion elds of the carvasandthe
scenebetweenary two frames.Our motion elds match
matchnearlyidentically whichis asigni cantimprovement
over previous researchbut thereareproblemswhere bers
overlap silhouetteboundariesBecauseof the the contrary
motionof bers lying oneithersideof thesilhouettehemo-
tion elds of theopposingbers may appeato canceleach
other out thus leaving a halo of distortion aroundobjects.
This effect increasesith longer ber lengths.Someusers
reportedthat this effect wasnt noticeablewhereassome
statedthatthey couldnt concentrat®n arnything elseduring
the animationsThis effect is obvious whena single model
is on the screenbut seemsto be diminishedgreatly when
viewed in the context of several objects.Using the stencil
buffer solutionatsihouettesolvedthis problem.Since bers
no longeroverlapat silhouettestherewasno disturbancen
thevisual eld at objectboundariesThe tradeof with this
techniqueis that the continuity of the carvasat the silhou-
ettesis broken. This may be acceptablespeciallyif silhou-
ettesaredravn assolid lines (asis commonin penandink
andpencilrenderingstyles).

Having createda novel dynamiccarvasit is relevant to
ask:In whatsituationsshouldit beusedds it superiorto pre-
vioustechniquesWhile theanimationshaw thatthecarvas
featuresmove with the modelsiit is preciselythis emphasis
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on the 3D quality of the modelsthat may not be desireable
in somesituations While thesemotion cuesmay beimpor-
tant for complex scenesmary NPR techniqueghatincor
poratebackgrounctarvasesareessentially2 1/2D or make
useof simplistic 'toon models.In suchcasesemphasizing
the 3D natureof the systemmay be undesireablend dis-
tracting.In thoseinstancesthe work of [CTP 03] maybe
moreappropriatesincethe carvasitself never changesOur
dynamiccarvasseemgo be moreappropriatefor complex
NPR walkthroughsthat are fully 3D in nature.The depth
cuesthatit providesareimportantin suchervironmentsand
do notbreaktheimmersie sensatiorasmuchasthe shover
door effect of previous methods.This implies that thereis
a tradeof betweenthe shaver door effect andthe 3D em-
phasisof our method,either of which may be appropriate
dependingntheapplication.

Overall, theresultsof this paperseento satisfyourinitial
goalsandcriteria, allowing usto generataealisticcarvases
simulatingthe way carvas/papers actuallyconstructedand
to generatesuchcarvasesdynamicallyin orderto matchthe
motion elds of scenesexactly. We believe this will be a
usefultool for mediasimulationsandin developingNPRan-
imationsandwalkthroughghatdo not breaktheimmersie
sensatiomlueto opposingmotion elds of modelsandback-
groundelements.
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