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Abstract
We presenttechniquesfor constructingrealistic canvasand papermodelsand for enablinginteractivedynamic
canvas motion. Dynamiccanvas motion meansthat there is a correspondencebetweenthe motion of canvas
features and the motion of the modelsin the scene. Our arti�cial paper is createdby simulatingthe physical
processof creatingpaperwith manyindividual �bers. To enablecanvasmotion,�bers are associatedwith each
of themodelsin thescene. At runtime, the �bers associatedwith visibleportionsof themodelsandbackground
�bers are usedto constructa 2D canvas.Because�bers are “tied” to themodels,themotionof canvasfeatures
correspondsto themotionof each model.Thisallowsus to match themotion�eld of our dynamic2D canvasto
thatof thethe3D sceneexactly.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Non-PhotorealisticRen-
dering,CanvasSynthesis,DynamicCanvasMotion, Artistic Rendering

1. Intr oduction

Non-photorealisticrenderinghas expandedthe boundsof
traditionalmediaby providing theability to animatemedia
thatweretraditionallystatic,suchaspenandink andpencil.
This has introduceda numberof artifactspeculiar to ani-
matedmedia,especiallythosepertainingto temporal coher-
ence. Temporalcoherenceartifactstypically occurbecause
marksthataremeantto appeartwo dimensionalandstatic(as
on a typical �at drawing surface)arebeingmatchedto ob-
jectsbeinganimatedin threedimensions.Dif�culties often
appearwhenattemptingto ensurethatthemotion,shapeand
relevant mediapropertiesof marksappearconsistentfrom
frameto frame.As pointedout in [CTP� 03], therearetwo
solutionsthat aretypically applied,neitheroneof which is
ideal.First,marksaremadein thetwo dimensionalspaceof
theimageandwarpedto the3D motionof theobjects.This
oftenresultsin the“shower door” effect whereobjectsslide
over the background.Second,marksmay be appliedto the
surfaceof the3D objectandmovedwith thesurfaceof the
object.In this casethemarkscanappearplasteredonto the
surfaceof theobjectandoftenseemunrealisticin motion.

While muchattentionis paid to �xing the temporalco-
herenceof foregroundstrokes, temporalcoherenceof the
backgroundcanvashasbeenlargely overlooked (exceptby
[CTP� 03]). Whenmotion cuesbetweenthe canvasandthe
foregroundmodelsis disjoint thesenseof immersionin the
environmentis broken andthe foregroundandbackground
seemto lie in separateplanesasobjects“slide” over thecan-

vas.Motion in a 3D environmentresultsin a complex op-
tical �o w that the �at quality of the2D backgroundcannot
match.A motion �eld representsthe time derivative of the
2D projectionof a 3D point. This hasbeenshown to be a
critical motioncuefor observers.Figure1 shows examples
of motion�elds of aspherein front of aplaneundertransla-
tion androtation.This problemof attemptingto matcha 3D
motion�eld with a2D transformationis dif�cult becauseof
theseverediscontinuitiesat silhouetteedgesof objectsand
becauseobjectsunderanimationmayhave opposingdirec-
tions.Thenon-uniformqualityof the�o wscannotbesimply
expressedas a 2D transformation.Becauseof this motion
parallax,a fundamentaltensionexistsbetweenany mapping
from a2D surfaceto a3D environment.

Two speci�c goalsmotivatedthis work whenconsidering
thecanvasin sucha context. First,we would like to beable
to producerealistic paperand canvas models.Second,we
would like to be able to achieve accuratedynamicmotion
thatestablishesacorrespondencebetweenthecanvasmodel
andtheforegroundobjects.

Typically, suchbackgroundcanvasesarecreatedby either
scanningexisting paperor canvasmodelsor by usingPerlin
noisefunctions [Per85, CAS� 97] to createvarying height
�elds. While thesemethodswork well, it would beoptimal
for theuserto beableto obtainarbitrarycanvaseswith ap-
propriatelevel of detailin grain,tooth,roughness,color, etc..
To this endwe proposea simplemodel that simulatesthe
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(a) (b)

Figure1: a)Motion�eld of a forward translationof a sphere
in front of a plane. b)Motion �eld of the samesceneunder
rotation.

way paperandcanvasareconstructedandgivesa realistic
approximationof canvasandpaper.

When animatingsceneswith both a canvas background
andforegroundobjects,wewouldlikethemotionof thecan-
vasto correspondwith theall visible objectssoasto main-
tain theimmersive illusion of ourNPRenvironment.Sucha
dynamiccanvasshouldhave thefollowing properties:First,
snapshotsof thecanvasmodelshouldappearto bea plausi-
ble canvassimulationacrosstheentirevisual �eld. Second,
featuresof the canvas model shouldfollow the objectsto
which they appearto correspondon the image.Third, the
modelshouldbevariablein resolutionsince,aspointedout
by [CTP� 03], we mayneedto zoomin�nitely . Fourth, the
canvas texture in any position shouldbe reproducible(i.e.
if we rotateaway from a view point and thenrotateback,
an identicalcanvasmodelshouldappear).Finally, the dis-
tortion of canvaselementsshouldbekept to a minimumso
asto avoid distractingtheviewer. We proposeaninteractive
solutionthatattemptsto meetthese� ve criteriaby generat-
ing a new canvasimagefrom any givenviewpoint basedon
the positionof paper�bers which aretied to the modelsin
thescene.

Ourpaperoffersthefollowing contributions:

� RealisticCanvasSynthesis- We demonstratea technique
for producingrealisticcanvasandpapermodelsbasedon
simulationsof canvasandpaperconstructionusinglayers
of �bers.

� DynamicCanvasMotion - We show a methodfor map-
ping �bers to modelsin the scene.At runtime we con-
structa plausiblecanvasfrom all the �bers in all visible
polygons.Because�bers are“tied” to the polygons,the
movementof canvasfeaturescorrespondto themovement
of theobjectsin thescene.Finally, we give a methodfor
enablinganin�nite zoom.

2. RelatedWork

Most canvasmodelsin computergraphicswork have been
createdby oneof two methods.Most commonly, a scanned
imageof a canvas is readin and a height �eld is created
basedon the intensityof eachpixel [SB99]. Alternatively,
Perlin noise is often used to build random height �elds
[Per85, CAS� 97, CTP� 03]. Both of thesemodelscanwork
well butbothhaveproblems.The�rst modelis limited to im-
agesthattheuserhasscanned.Thesecondallowstheuserto
obtaincanvasesof arbitaryresolutionandquality but it re-
ally only workswell on thelimited subsetof paperandcan-
vasmodelsthatPerlinnoiserepresentswell. Furthermore,it
hasnot beenshown how to embedstructuredelementsin a
canvasgeneratedwith Perlin noise.We proposea solution
to the canvasgenerationproblemby simulatingthe physi-
cal processof canvasconstructionto allow multiple canvas
andpapermodelsto begeneratedin a singleframework as
a functionof severaluser-de�ned parameters.A goodrefer-
enceonthesubjectof papermakingcanbefoundin [Toa83].

There has been signi�cant work in the area of map-
ping the motion of strokes of various traditional me-
dia such as paint, pen and ink, pencil and char-
coal. [Mei96, Dan99, SB99, KGC00, PHWF01]. Themeth-
odspresentedin thispapercanbeviewedasaprojectioninto
2D from 3D elementsthatareattachedto thesurfaceof ob-
jectsthusobtainingtemporalcoherencein a mannersimilar
to [Mei96, KGC00]. However, our �bers areusedin com-
bination to form a cohesive structureratherthan represent
individual strokes.

Wehave foundonly onesigni�cant pieceof work dealing
with dynamiccanvasmotion[CTP� 03]. They demonstratea
varietyof techniquesfor mappingthe2D motionof a back-
groundcanvasascloselyaspossibleto the3D motionof the
animatedscene.Unfortunately, thesemappingsare limited
by the fundamentaltensionbetween2D and3D motion. In
translation,thedifferentialin motionbetweenobjectsatdif-
ferentdistancesfrom thecamerais signi�cant andthemap-
ping doesnot hold. In rotation,their sphericalwarp doesa
reasonablejob whenobjectsareat a distancebut approxi-
mately1/2 of eachobjectin theforegroundhasanopposite
motion �eld to that of the background.A static2D model
simplycannotaccuratelymatchthemotionof a3D environ-
ment.For thisreason,weproposeamodelthatmovescanvas
elementsin 3D andreconstructsthecanvasin 2D.Thismaps
themotion�eld from 3D to 2D exactly for any cameramo-
tion. In addition,theseauthorsgive a modelfor an in�nite
zoomof thecanvasbackgroundin orderto approximatefor-
wardtranslations.Theirmethodworkswell but suffersfrom
signi�cant blendingartifactsbetweendifferentlevelsof res-
olution.Ourmodelfor enablingin�nite zoomactuallyhasa
differentfunctionandis entirelydifferentin methodology.
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3. RealisticCanvasSynthesis

3.1. GeneratingCanvasModels

Whendescribingbackgroundmodels,thewordscanvasand
paperare generallyused interchangeablyin NPR. While
their purposeand appearanceare often similar, the physi-
cal processesusedto createthemarevery different.Paper
is a surfacecreatedby pressingpaper�bers in a binding
medium.The�bers aregenerallymadefrom cellulosewhich
is foundin plant�bers. Theplant�bers aregroundintowood
pulp anddumpedin acid to generatethe cellulose.We ig-
noreissuesof whatkind of bindingmediumand/orsizingis
used.Thoseelementsusuallyaffect absorptionrateswhich
thismodeldoesnotconsider. Theorientationof theresultant
cellulose�bers is usuallyrandomandit is thesizeandqual-
ity of the �bers that gives eachpaperits own tooth, grain
and feel. Canvas is a surfacecreatedof vertical and hori-
zontal interwoven threads.While someweaving processes
arevery consistent,mostinterestingwovencanvassurfaces
containmany variationsin theprominenceandcolorof indi-
vidual elements.Theprominenceof eachthreadis local be-
causeof theinteractionwith otherthreads.Moreover, many
of the patternsare too small to be viewed as a consistent
threadrunningtheentirecourseof thecanvas.This leadsto
theobservation thatmany interestingcanvasmodelscanbe
simulatedwith small,local threads.

Wede�ne a�ber asthebaseelementof ourcanvasmodel.
A paper�ber is typically a randomlyorientedsmall,rectan-
gularor oblongpieceof woodpulp.Paperis built upthrough
the compositionof many �bers. In our system,a �ber is
modeledasa small,randomlypositionedandorientedrect-
angularshape.Sincewe typically use�ber lengthsbetween
20-40pixels andwidths between1 and3 pixels this shape
canalsobeviewedasa line of variablethickness.To build a
papermodel,eachrectangularshapeis drawn into a height
�eld which representsthecanvas.Theheightis incremented
for every locationwithin the�ber shape.A color texturefor
thecanvasis computedafter theheight�eld is createdwith
theminimumheightbeingmappedto black(or somemuted
dark color) and maximumheight being mappedto white.
Mutiplying the color texture by a userde�ned scalein rgb
allows us to producedifferently coloredcanvases.A basic
algorithmto createacanvasis shown in Algorithm 1.

Here, the height is the height �eld of the canvas and
color is the color map for the canvas. k is the user de-
�ned basecolor of thecanvas.MaxFibers is the total num-
ber of �bers in our canvas simulation,which we typically
set between200,000and 400,000for a 512x512canvas.
GenerateRandomFiber() is a function which producesa
randomposition and direction for the �ber, as shown in
Algorithm 2. Here, unitRand() is a function that returns
a randomnumberbetween0 and1 andmakeUnitVector()
is a function that normalizesa vector. FiberWidth and
FiberLength arevaluessetby the user. Altering theseval-
uesallows theuserto vary thetoothandgrainof thepaper,

Algorithm 1: CreateCanvas()

for count = 0 to count < MaxFibers do
GenerateRandomFiber()

end for
for i = 0 to i < CanvasWidth do

for j = 0 to j < CanvasHeight do
color[i][j] = (height[i][j] - HeightMin)/(HeightMax-
HeightMin)
color[i][j] *= k

end for
end for

Algorithm 2: GenerateRandomFiber()

�ber.position.x= unitRand()* CanvasWidth
�ber.position.y= unitRand()* CanvasHeight
�ber.direction.x= unitRand()
�ber.direction.y= unitRand()
�ber.direction.makeUnitVector()
�ber.direction*= FiberLength
�ber.width = FiberWidth
DrawFiberIntoHeightField(�ber)

with wide �bers beinguseful for producingsimulationsof
heavy paperssuchasthoseusedin watercolorandcharcoal
andnarrow �bers beingusefulfor moredelicate,even, �ne
grainedpapers.After the �ber is generated,theheight�eld
is incrementedin the areaoccupiedby the new �ber with
the DrawFiberIntoHeightField() function. Resultsof this
algorithmareshown in Figure2.

Wecansimulatecanvaswith thismodelaswell, usingthe
observationmadeabove that local elementsaresuf�cient to
emulatelongthreadsdueto theartifactsinherentin weaving
andthesmallqualityof thecharacteristiccanvastexturepat-
terns.Theonly changein Algorithm 2 is thatwe orient the
directionof the�bers manually. Becausecanvasmodelsare
typically woven in only horizontaland vertical directions,
this simpli�es our directionchoiceto the four cardinaldi-
rectionswhich we canchoosefrom randomlyat runtimeor
allow theuserto choosevariousoptionsfor weightingver-
tical versushorizontalthreads.As shown in Figure2, these
producefairly realisticresultsfor avarietyof canvasmodels.

The canvas is displayedas a texture mappedquadrilat-
eral.Canvasandpapermodelsproducedin this fashionare
suitablefor mostmediasimulationtechniquesor simply for
backgroundtextures.

3.2. Canvasimpurities and additions

Often, artifactswill occur on canvas 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) Canvas- Horizontal- Fine (d) Canvas- Horizontal- Rough

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

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

Figure 2: Canvasexamples:(color scale= 1,1,.7)Various
canvas modelsproducedwith our system.Line widths for
�ne grainsare1 andfor roughgrainsare3.

Figure 3: An exampleof impurities addedinto our paper
model

(a)Pencil (b) Paint

Figure4: Examplesof mediasimulationsusingcanvasmod-
elsgeneratedwith our system.a) showspencilonpaperand
b) showspaint on paper. Notethepatternsproducedby the
grain of thecanvas,especiallyon thepencilsimulation.

ing papercreationsuchasglitter, leaves,nutmeg,cinammon,
grass,�o wer petals,metal�ak es,essentialoils, food color-
ing andcoffee grounds.The motion of theseartifactsmay
providestrongvisualcuessincethey aredistinctin thevisual
�eld. Oftenartistswill addmaterialsto createsuchartifacts
in orderto personalizetheir materials.To simulatethis, we
allow theuserto specifyartifactsto usewith eachpaperand
the artifact density. We storea canonicalsetof artifactsas
tiny images.At eachpixel in theseimagesis storeda height
andcolor value.We generatea randomsetof artifact posi-
tions anddraw themduring the papercreationprocessinto
theheightandcolor �eld. SeeFigure3 for anexample.

4. Dynamic CanvasMotion

4.1. Interacti veCanvasConstruction

Thereare two problemsassociatedwith the canvasespre-
sentedin section3.1. First,themodelis mappedto a�at sur-
faceandsecond,it is not generatedin real time.Becauseof
thesereasons,it isn't suitablefor solvingthedynamiccanvas
motionproblem.Ideally, we would like a canvasmodelthat
isn't �at, but thatmapsto a �at surfaceuniformly. Also, we
would like to beableto performwalkthroughsat interactive
rates.While interactivity isn't vital in presentinga general
solutionto the dynamiccanvasproblemit is useful in pro-
ducingatool thatis useablefor interactiveandreal-timeren-
derings.To achieve this, we associateindividual �bers with
eachobject in the scene(including a backgroundmodel).
Eachobjectin oursystemisapiecewiselineartrianglemesh.
At runtime,acanvasis constructedfrom �bers placedonthe
surfaceof everyvisibleobject.
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Themajorcostof constructingthecanvasmodelis com-
putingpositionsanddirectionvectorsfor each�ber andcal-
culating the height �eld. We can computean approximate
versionof this constructionby pre-computing�ber values
and then renderingeach�ber as an alpha-blendedline in
OpenGL.By precomputingtheaveragecontributionof each
�ber in the original canvas, we derive a reasonablealpha
valueto draw the�bers with. Thecolor of each�ber is just
thek color valuede�ned in Section3.1.

In theoriginalcanvasmodel,�bers wereplacedrandomly
within the canvas.Whenthe canvasis in motion,however,
staticplacementof �bers in abackground�eld maybeprob-
lematic.For our interactive model,thesystemplaces�bers
randomly on the surface of each triangular face of each
model in the system.Ratherthan storean actualposition
in world coordinates,we representeach�ber positionusing
barycentriccoordinates.Thebarycentriccoordinatesof any
�ber allow its positionto bereconstructedusingthecoordi-
natesof the faceit lies on. Therefore,aseachfaceis trans-
formed in world space,its �bers will occupy a consistent
positionwithin thespatialdomainof its 2D projection.

Our initial distributions of random barycentriccoef�-
cientswere quite bad leadingto obvious clumpsof �bers
near the center of triangles. It is clear that achieving a
uniform distribution of randombarycentriccoef�cients is
very important. See [Tur90] for a methodof uniformly
generatingbarycentriccoef�cents. At runtimewe compute
�ber positionsusing the precomputedbarycentriccoordi-
natesand the currentposition of the face.The other end-
point that de�nes the �ber is computedby representingthe
�ber is given by newposition + (direction � FiberLength)
where (direction � FiberLength) is the (precomputed)di-
rection vector multiplied by the userde�ned �ber length.
Barycentriccoordinatesalsoallow usto handlemodeldefor-
mation,which is usefulfor animation.Evenhaving obtained
anevendistributionof �bers in objectspace,wecannotguar-
anteethat our distribution will be even in screenspacedue
to perspective projection.As trianglesapproachgrazingan-
gles they may distort andoverly weight the endclosestto
the viewpoint. In practicehowever, this effect was rarely
seenandseemedto have little impact,possiblydue to the
quantityof trianglesusedandtherelatively smallamountof
screenspaceeachoneoccupiedonaverage.

We scalethe numberof �bers that eachtriangle draws
basedon its area,measuredin screenspace.We obtainthis
measurementby projectingeachvertex ontothescreenplane
andsolvingfor theareaof eachvisible triangle.Thenumber
of �bers to draw for eachtriangleto matchthetargetcanvas
tone is FibersToDraw = FibersPerPixel � TriangleArea
where FibersPerPixel = MaxFibers=(CanvasWidth �
CanvasHeight). Here,FibersPerPixel is the averagenum-
berof �bers drawn perunit areaof screenspace(de�ned to
be1 pixel in our system)andFibersToDraw is thenumber

of �bers to draw for thetriangle.This letsusmatchthetone
of thecanvasmodelwewantto reproduce.

Our systemgeneratesa list of N setsof randombarycen-
tric coef�cients, whereN is usuallybetween5,000-10,000.
We generatea randomindex into the list for eachtriangle
whichis usedasthe�rst �ber to draw. Thisensuresthateach
triangledraws a differentsetof �bers in orderto minimize
repeatedpatternsin the canvas.Otherwise,eachtrianglein
themodeldraws similar setsof �bers, leadingto visibly re-
peatedpatternsover eachfacewhich canbevisually disori-
enting.

Thoughwe have calculatedthe correctnumberof �bers
to draw for eachtriangle, we will end up with tonesthat
aretoo light whereonefaceoccludesanotherif both draw
all of their �bers. Becauseof this problem,we only display
�bers thatsit ona visibleportionof a triangle.An ID image
(alsoknown asan item buffer) is renderedthat determines
which triangularfaceis visible in eachpixel of the screen.
To control the toneof the canvas,we comparethe starting
positionof each�ber to bedrawn with theID image.Fibers
are only drawn in pixels that show their parentface.The
effectof this is thatonly visiblegeometrywill produce�bers
to be drawn. Since�bers aredrawn in 2D, each�ber takes
upaconstantamountof imagespace.

Handling �bers at the silhouettesof objectsis problem-
atic and we presenttwo methodsfor doing so, eachwith
advantagesanddisadvantages.In the�rst method,the�bers
areallowed to overlaptheedgesof objectboundaries.This
hasthe effect of blendingadjacentshapesandmaintaining
canvascontinuitywith thetradeoff thata discontinuitymay
appearat theboundaryduringanimationdueto thecontrary
motionof overlapping�bers. Thesediscontinuitiesareless-
enedwith smaller�ber lengths.Thesecondmethodusesthe
stencilbuffer to restrictdrawing of �bers to the objectthat
owns them.This methodsacri�cescanvascontinuityat sil-
houetteedgesin orderto getrid of thecontrarymotiondis-
continuitiesapprarentin the �rst method.Also, by drawing
our ID imagedirectly into the stencilbuffer, we get a sig-
ni�cant speedupsincewe don't have to readthe ID image
buffer duringevery render.

At runtime,wedothefollowing: 1) Updateall cameraand
modeltransformations,2) CreateanID image,3) Renderour
�nal imagebeginningwith thedynamiccanvasbackground,
4) Renderthemodels.In our animations,we have rendered
themodelsandsilhouetteswith analphavalueof .4 to sim-
ulate the semi-transparentnatureof actualmedia(suchas
coloredpencil or pastel).The light is positionedat a con-
stantdistancefrom the viewpoint. The accompanying ani-
mationsshow severalpaperandcanvasmodelsundertrans-
formations,usingbothstencilbuffer andID buffer methods
for drawing silhouette�bers.

The resultof thesetechniquesis a canvasmodelwhose
constituentelementsmotion matchesexactly the motion of
the varioussurfacesin the scene.The signi�cant features
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Figure 5: Trianglesthat take up too much of thevisual�eld
are subdividedandnew �bers are addedusingthebarycen-
tric coordinatesbasedon theverticesof thechild triangles.

“stick” to themodelsunderany typeof canvasmotion.Ex-
amplesof this areshown in Figure6. Becausetheseresults
aredesignedto work in ananimatedenvironment,we refer
the readerto the accompanying videosfor a moreaccurate
demonstrationof theresultsof this paper. Notethatthecan-
vasseenwhenany of theanimationsarepausedatany point
is completelyplausible.

4.2. In�nite Zoom

To give theuserfreedomto performarbitrarycameratrans-
formations,the ability to handlean in�nite zoom must be
provided. Becauseall of the �ber valuesareprecomputed,
afterthemaximumnumberof �bers, N, havebeendisplayed
on any face,thereareno new �bers to display. If that trian-
gle takesup too muchof the visual �eld therewill start to
appearlargegapsin thecanvaswheretherearenot enough
�bers. Notethatwhile [CTP� 03] performzoomsto approx-
imatetranslation,our modelapproximatestranslationauto-
maticallysinceit existsin 3D.In�nite zoomsenableaccurate
level of detailat any scale.

To handlethe in�nite zoom, any triangle that requires
morethanN �bers is subdivided into four sub-triangles,as
seenin Figure5. Notethat thepositionsof thetrianglever-
ticesarenot changedasin many subdivision schemes.New
verticesareaddedat the midpoint of existing edges.Then,
new �bers are addedbasedon the barycentriccoordinates
of the sub-triangles.This allows the continuousgeneration
of new �bers in any areaof thescreenwheremoredetail is
needed.The�bers generatedwith this techniqueareconsis-
tentandreproducible.Furthermore,thismethodis fastsince
generallyonly a very smallnumberof trianglesneedsto be
subdivided.

4.3. A Background Model

Thecanvasmodelpresentedin Section3.1mappedthetex-
ture to a quadrilateralthat �lled thevisual �eld completely.
[CTP� 03] showed that rotationsof a background�eld are
matchedby warpingcanvasmotion to a cylinder or sphere;
thecanvasis esentiallymappedontothesphereof directions
aroundthe viewpoint. As the viewpoint rotates,the spheri-
cal mappingmatchesthemotion�elds onewould expectto

(a)

(b)

(c)

(d)

Figure 6: Screenshotsfromseveral of our dynamiccanvas
animations.Each image hasdifferentuser-de�ned optionds
applied to the paper/canvas model.While the animations
needto be viewedfor the full effect,noticethat the canvas
modelis completelyplausiblefor each snapshot.
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seeof a background�eld. For this reason,we loada spher-
ical triangularmeshandmapthecanvasdirectly onto it. In
ourmodel,thespherealwayssitsataconstantdistancefrom
the viewpoint (i.e. the centerof the sphereis alwaystrans-
latedto theviewpoint)emulatingabackgroundatanin�nite
distancefrom theviewer. Thecanvassphereis rotatedwith
theviewpoint, giving the impressionof correctbackground
motion �elds underrotation.An error occurswhen trans-
lating left/right/up/down sincethe backgroundstays�x ed.
This may be acceptablesincewe're approximatinga back-
groundat in�nity which won't move muchrelative to us in
any case.This canbe�x edby usinga very largespherethat
doesmoveundertranslations,with thetradeoff thatthecam-
eramay move outsidethe backgroundmodeldue to some
transformations.

5. Results

In thispaper, wehaveshown avarietyof techniquesfor con-
structingandanimatingrealisticcanvasmodels.

In Section 3 we presenteda model for realistic can-
vas/papersynthesis.Our canvasmodelgivesvisually real-
istic resultsfor a variety of paperandcanvastypessuchas
linen,watercolorpaper, charcoalpaper, drawing paper, can-
vas,variousformsof cottonduckandhasthepotentialto ac-
curatelysimulatemany othertypesof canvas/paperaswell.
Thoughwe did not model any surfaceswith large repeat-
ablestructures(suchasthelinesof asheetof writing paper),
thereis no reasonthat thesecould not be includedin this
model.Expandingthis staticmodelto includelarger struc-
turesandmoretypesof complex �ber patternswould prob-
ablybethemostrelevantareafor futurework here.Because
our dynamiccanvas model relies on many local elements,
very large structures(suchasthe graphlines on graphpa-
per)maybedif�cult to achieveusingthismodel.

The2D generatedcanvasestakeabout1-3secondsto gen-
erateona 2 GhzmobilePentium4 usingunoptimizedcode.
Wetypicallygeneratedbetween200,000-500,000�bers with
�ber lengthssetbetween15-45pixels.Our modelis physi-
cally motivatedratherthana full physicalsimulationof pa-
per andcanvascreation.Therefore,we feel thereis future
work to bedonein creatingcompletephyical simulationsof
canvasandpapercreationproceses.

Thedynamiccanvasmodelpresentedin Section4 andus-
ing theID buffer runsatabout3-5 framesasecondonamo-
bile Pentium4 2 Ghz usinga ATI RadeonIGP 345M with
64 megabytesof sharedgraphicsmemoryandunoptimized
code.The stencil buffer versionruns roughly 2-3 timesas
fast sincethereare no screenbuffer readsinvolved in the
rendering.We believe therearesigni�cant speedupgainsto
be madeby combiningour techniqueswith graphicshard-
wareacceleration,thoughwe have madeno teststo support
this claim.

6. Discussion

Becausetheresultsin NPRaresooftensubjective,we eval-
uatethesuccessof our techniquesin relationto thecriteria
laid out in Section1. First,any snapshotpositionof thecan-
vasappearsto beaplausiblecanvassimulation.Thedistribu-
tion of �bers andthetoneacrossthevisual �eld areconsis-
tent in both foregroundmodelsandbackground.While the
dynamiccanvasesdid tendto be visually convincing, their
quality wastypically not quiteasgoodasthestatic2D ver-
sion.Second,motion �elds of thecanvasandtheobjectsin
the sceneare matchedexactly. The featuresof the canvas
appearto “stick” to thesurfaceof themodels.Thisprovides
importantvisualcuesto thevieweranddoesnotsuffer from
theshower dooreffect previously described.Third, we have
shown how to view suchcanvasesat any resolutionby de-
scribinga fastrobusttechniquefor anin�nite zoom.Fourth,
every canvas is reproducible.Becausethe constituentele-
mentsof our canvas model move with sceneobjects,then
a sceneviewedfrom thesamepositiontwice will be repro-
ducedno matterwhat cameramotionshave previously oc-
cured.This error happenedin previous researchwhen the
canvaswasstoredseparatelyfrom thescene- becausemove-
mentof thebackgrounddid not alwaysmatchmovementof
theforegroundor camera,backgroundcanvaseswouldbein
differentpositionsfor identicalscenes.

The�nal metric,thedistortionof canvaselements,is the
hardestto judge.Distortion occurswhenthe motion of the
backgroundcanvasdoesnot matchthe motion of the fore-
groundobjects.Thereforewe canmeasurethedistortionas
the differencebetweenmotion �elds of the canvasandthe
scenebetweenany two frames.Our motion �elds match
matchnearlyidentically, which is asigni�cant improvement
over previous research,but thereareproblemswhere�bers
overlap silhouetteboundaries.Becauseof the the contrary
motionof �bers lying oneithersideof thesilhouettethemo-
tion �elds of theopposing�bers mayappearto canceleach
other out thus leaving a halo of distortion aroundobjects.
This effect increaseswith longer �ber lengths.Someusers
reportedthat this effect wasn't noticeablewhereassome
statedthatthey couldn't concentrateonanythingelseduring
the animations.This effect is obvious whena singlemodel
is on the screenbut seemsto be diminishedgreatly when
viewed in the context of several objects.Using the stencil
buffer solutionatsihouettessolvedthisproblem.Since�bers
no longeroverlapat silhouettes,therewasno disturbancein
the visual �eld at objectboundaries.The tradeoff with this
techniqueis that the continuity of the canvasat the silhou-
ettesis broken.This maybeacceptableespeciallyif silhou-
ettesaredrawn assolid lines (asis commonin penandink
andpencilrenderingstyles).

Having createda novel dynamiccanvas it is relevant to
ask:In whatsituationsshouldit beused?Is it superiorto pre-
vioustechniques?While theanimationsshow thatthecanvas
featuresmove with themodels,it is preciselythis emphasis
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on the3D quality of themodelsthatmaynot bedesireable
in somesituations.While thesemotioncuesmaybeimpor-
tant for complex scenes,many NPR techniquesthat incor-
poratebackgroundcanvasesareessentially2 1/2D or make
useof simplistic ' toon models.In suchcases,emphasizing
the 3D natureof the systemmay be undesireableanddis-
tracting.In thoseinstances,thework of [CTP� 03] maybe
moreappropriatesincethecanvasitself never changes.Our
dynamiccanvasseemsto be moreappropriatefor complex
NPR walkthroughsthat are fully 3D in nature.The depth
cuesthatit providesareimportantin suchenvironmentsand
donotbreaktheimmersivesensationasmuchastheshower
door effect of previous methods.This implies that thereis
a tradeoff betweenthe shower door effect andthe 3D em-
phasisof our method,either of which may be appropriate
dependingon theapplication.

Overall, theresultsof thispaperseemto satisfyour initial
goalsandcriteria,allowing usto generaterealisticcanvases
simulatingtheway canvas/paperis actuallyconstructedand
to generatesuchcanvasesdynamicallyin orderto matchthe
motion �elds of scenesexactly. We believe this will be a
usefultool for mediasimulationsandin developingNPRan-
imationsandwalkthroughsthatdo not breakthe immersive
sensationdueto opposingmotion�elds of modelsandback-
groundelements.
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