
EurographicsSymposiumonRendering(2004)
H. W. Jensen,A. Keller (Editors)

Feature-BasedTextures

G. Ramanarayanan,K. Bala,1y andB. Walter2z

1 Departmentof ComputerScience2 Programof ComputerGraphics
CornellUniversity, Ithaca,NY, USA

Abstract

Thispaperintroducesfeature-basedtextures,a new image representationthat combinesfeaturesandsamplesfor
high-quality texture mapping. Features identify boundarieswithin an image where sampleschange discontinu-
ously. They canbeextractedfromvectorgraphicsrepresentations,or explicitly addedto rasterimagesto improve
sharpness.Texture lookupsare theninterpolatedfromsampleswhile respectingtheseboundaries.We presentre-
sultsfroma softwareimplementationof thistechniquedemonstratingquality, ef�ciency andlow memoryoverhead.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [Three-DimensionalGraphicsandRealism]:
Color, shading,shadowing, andtexture

1. Intr oduction

Texturemappingis a popularandinexpensive techniquefor
conveying the illusion of scenecomplexity and increasing
perceived image quality in graphicsapplications.Texture
mapsarefast,simpleto use,andremarkablygeneral.How-
ever, they have limited resolution,andthusthereis anopti-
malviewing distanceatwhichtextureshavethebestquality.
Viewing texturesfrom distancesfartherthanoptimalcreates
aliasingartifacts;MIP-maps[Wil83] areoftenusedto solve
this problem.However, whentexturesareviewed at closer
than the optimal distance,artifactsstill arisedue to inad-
equatesamplingof the original scene.Interpolationallevi-
atesthis problemsomewhat but causesexcessive blurring.
Increasingtheoriginal texture resolutionalsoremovesarti-
factsbut at thecostof increasedtexturememoryusage.

Thispaperpresentsfeature-basedtextures(FBT) — anal-
ternative imagerepresentationthatexplicitly combinesfea-
turesandsamples.Featuresareresolution-independentrep-
resentationsof high-contrastchangesin the texture map.
They enablesharp,high-quality texturing at closeviewing
distances,while samplesmaintain the �e xibility of tradi-
tional texturemaps.

Figure1 illustrateshow FBTs arecreatedandused.The
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top row showshow aninput imageandits featuresarecom-
binedto form theFBT. Unusablesamplesfrom theinputare
automaticallydiscarded.EachFBT texel storesfeaturesand
samples.Featuresarerepresentedasline segmentsand,for
higherquality, curves.Themiddlerow showshow FBTsare
rendered.As in standardtexturemapping,the texturevalue
at a point p is reconstructedusingbilinear interpolationof
nearbytexture samples.However, in FBTs,only reachable
samplesareused- that is, thoseon thesamesideof all fea-
turesasp.

Thebottomrow of Figure1 comparesFBT renderingwith
standardtexture mappingusing bilinear interpolation.The
FBT capturessharpfeaturesof the text and subtle shad-
ing gradations.Theoutputfrom standardtexturemappingis
blurry by comparison.For this example,an FBT of resolu-
tion 230� 256(416KB) is contrastedagainsta texturemap
of resolution460� 512 (690KB). To achieve imagequal-
ity comparableto this FBT, the texture mapwould require
41MB of memory.

The restof the paperis organizedas follows. Section2
discussesrelatedwork, andSection3 givesan overview of
FBTs.Sections4 and5 describein detailhow theFBT is cre-
atedandusedin rendering.Section6 presentsresults,which
arediscussedin Section7. Finally, we make someconclud-
ing remarksin Section8.
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Figure 1: Feature-basedtextures.Top row: FBT combines
featuresandtexture samples.Middle row: Sampleis recon-
structedby interpolating reachablesamplesfrom adjacent
FBTtexels.Bottomrow: FBTcapturessharpfeaturesunlike
standard texturemapping.

2. RelatedWork

The idea of using arbitrary resolutionfunctions to model
graphics is not new. Vector-basedimage representations
such as ScalableVector Graphics[SVG] and PostScript
are resolution-independent,and thereforethey are heavily
usedfor printing and illustrations.However, they are not
amenableto point samplingandcannotbeusedin arbitrary
renderingcontexts. Additionally, pure vector-basedtech-
niquesaresomewhat limited in the visual complexity they
canproduce.While theseformatscanincluderasterimages,
in doing so they areagain subjectto the resolutiondepen-
denceof therasterrepresentation.

Procedural textures [EMP� 94] completely specify a
resolution-independenttexture function thatcanbedirectly
sampledandmanipulated;thesetexturesareoftengenerated
usingmathematicalsimulationsor randomnoise.While use-
ful for naturalphonemena,traditionalproceduraltechniques
areunableto enhanceexisting imageswith plausiblehigh-
resolutioninformation,makingthemunsuitablefor image-
basedtexturemapping.

Imagesuperresolution[HT84, EF97, BS98] aimsto gen-
erateahigh resolutionimagefrom aseriesof low resolution
inputs that capturethe samescenefrom different viewing
locations.FBTs introducesharpnessby annotatinga single

image,but it would be interestingto look at annotationof
multiple imagesto createahigherquality result.

Feature�nding andanalysis[DH72, Can87, MBLS01] is
often usedin computervision for a variety of applications,
including stereopsis,shaperecognition,and object track-
ing. This hasbeenextendedto 3D point-basedmodelsas
well [PKG03]. Our goal is different;we explicitly usefea-
turesto improve thequalityof therenderedresult.Thetech-
niquewe presentis relatedto anisotropicdiffusion[PM90],
which blurs grainy partsof an imagebut maintainssharp-
nessin discontinuousregions.Thereis alsosimilar work in
imagereconstruction[CGG91, Car88, HC00], but thefocus
thereis on compressionandfundamentalimagerepresenta-
tions,notamechanismfor samplingin a renderingcontext.

AutotraceandPotrace[Sel] areexcellenttoolsfor tracing
featuresin imagesandextractingvectorrepresentations.We
haveusedPotraceto �nd featuresin sometextures.

Thereis a substantialbody of work in computergraph-
ics on the explicit use of discontinuities in high qual-
ity reconstruction,such as radiosity discontinuity mesh-
ing [Hec92, LTG92], illumination functions[SLD92], and
silhouetteclipping [SGHS00]. Recently, therehasbeenin-
terest in new image representationsthat capturediscon-
tinuities for interactive global illumination [BWG03] and
hardware-basedshadowing techniques[SCH03].

Our work is mostcloselyrelatedto that of Salisbury et.
al. [SALS96], who usea hybrid imagerepresentationwith
piecewise linear discontinuitiesfor resolution-independent
pen-and-inkrendering.The FBT representationcaptures
both lines and curves, and is demonstratedfor both vec-
tor graphicsandrasterimages.Becauseour focusis texture
mapping,we demonstratesupportfastpoint queriesandbi-
linear interpolation.Also, our techniquedoesnot useNPR
renderingstylesto maskartifacts.

3. FBT Overview

Like a standardtexture map,an FBT is a two-dimensional
arrayof texels.However, FBT texelsstorebothfeaturesand
samples. Featuresarediscontinuityboundariesthatintersect
the texel; samplesare valuesof the function being repre-
sentedby the texture. Figure 2 shows someof the waysa
texel canbe intersectedby features.In the FBTs shown in
thispaper, mosttexelsareempty, likeFigure2-(a).Sampling
from emptytexelsis nomoreexpensive thanastandardtex-
turelookup.

3.1. Featuresand regions

Featurescharacterizehigh-contrastchangesin theinput im-
age;they arerepresentedby connectedchainsof splines.In
our implementation,wesupportBeziercurves,rangingfrom
linesto cubics.We referto individual splinesin a featureas
sub-features.
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Figure 2: Exampletexels,features,andregions(labeledas
f Rig). Whenfeaturescometo a T junction (c), or intersect
completely(d), the texel is split (dashedlines) at the inter-
sectionpoints,forminghorizontalbandsthat containno in-
tersections.

Let us assumefor now that the featuresand FBT reso-
lution are both speci�ed (as describedin Section4.1). As
shown in Figure 2, texels are divided into variousdisjoint
regionsby their intersectingfeatures.For compactness,ev-
ery regioncontainsexactlyonesample,whichweassumeis
locatedat thebottomleft of theregion.To sampleproperly,
weneedto correctlyidentify theregionsdifferentpointsare
containedin. Usually this is very easy(Figure 2-(ab)) but
when featuresintersectthe problemis a little harder(Fig-
ure2-(cd)).Wewill revisit this issueshortly.

3.2. Renderingan FBT

Texturemapscanbequeriedin variousways.Themostac-
curateandexpensive techniqueis to mapthe input pixel's
areainto texture spaceand �lter the areato return an an-
tialiasedtexturevalue.We useanalternative, cheapertech-
nique: map a point visible from the pixel into the texture,
anddoa lookupusingbilinearinterpolation.Supersampling
is usedto handleantialiasing.ThusFBT texturelookupsin-
volve thefollowing operations:

1. Transformthepoint into texturespacepoint p.
2. Find theFBT texel T thatincludesp.
3. Find theregionR in T thatincludesp.
4. Look up thesamplein R andsamplesfrom reachablere-

gionsin adjacenttexels.
5. Returnthebilinearly interpolatedtexturevalue.

Steps1, 2 and5 arestraightforward andsimilar to stan-
dardtexturemapoperations,whereassteps3 and4 arespe-
ci�c to FBTs. Therefore,the FBT must store just enough
informationto do steps3 and4 ef�ciently . Section4 fully
describestheFBT preprocessthataccomplishesthis.

Locating the regioncontaining a point

Step3 involvesquickly locating the region that containsa
given point p. A simple test accomplishingthis is to see
which sideof eachfeaturep lies on.This will work for any
texel that hasno intersections,but it may fail in the case
where featuresintersecteachother. For example, in Fig-
ure 2-(d), R2 andR8 aredistinct, but they areon the same
sideof both features.To handlesuchsituations,the texel is

split horizontallyat eachfeature-featureintersection(indi-
catedby thedashedlines).This formsa seriesof bandsthat
do not containany intersections.Bandsubdivision is com-
binedwith thesidednesstestabove to determinep's region.
SeeSection4.5for details.

Finding samplesfor interpolation

Step4 involvesidentifyingsamplesthatcanbeusedto com-
pute texture valuesfor a given point in the texture, using
bilinear interpolation.For an empty texel (which contains
exactly one region), bilinear interpolationis performedin
theusualfashionusingthesinglesampleof thattexel, along
with samplesfrom threeadjacenttexels.Becausethe sam-
ple is takenfrom thelower left corner, thethreetexelsto the
right, above,anddiagonallyabove to theright mustcontain
usablesamples(seeFigure6-(a)).

For points that lie in nonemptytexels, bilinear interpo-
lation is performedusing samplesfrom the current texel
and possiblyalso from regions in adjacenttexels. A sam-
ple from an adjacenttexel is usedonly if it is reachable
from thecurrentpoint; otherwise,possiblyerroneousinter-
polationwould occuracrossa blockingfeature.Section4.6
explainshow reachablesamplesare identi�ed andinterpo-
lated.

4. CreatingFBTs

Somepreprocessingis required to preparethe FBT data
structurefor usein rendering.Theexactnatureof theprepro-
cessingdependson thekind of input beingusedto generate
theFBT.

4.1. Input Speci�cation

Theinput to theFBT preprocessconsistsof an image,a set
of features,anda user-selectedFBT resolution.This infor-
mationis thencombinedto createa �nished FBT.

Finding features:Differenttypesof input areamenableto
differenttypesof featureextraction.Featuresareidenti�ed
eitherthroughautomatedextractionor manualspeci�cation,
asdiscussedbelow.

� Automatic extraction. Vector-basedrepresentationscan
be queried directly to return all features.Raster im-
age featurescan be obtained either by using tracing
programs[Sel], or by applying featuredetectionalgo-
rithms[Can87].

� Manual speci�cation. A usercanmanuallydraw features
to matchthehighcontrastchangesin theimage.Theout-
putof automatedextractiontechniquescanalsobeusedto
assistin this process.This userinteractionis neededonly
onceper image,anda library of FBTs canbe reusedby
applications.

Selecting FBT resolution: BecauseFBTs representfea-
turesexplicitly, there is some�e xibility in choosingtexel
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resolution.A natural tradeoff exists betweentexture qual-
ity/ef�ciency and compactness;differentapplicationshave
different demands.For example, an input with gradients
shouldusemore texels to accuratelycaptureshadingvari-
ations,while a simplesolid-colorSVG input only needsa
few texels.

4.2. Featureprocessing

Oneof our goalsis to have a representationgeneralenough
to reproducetextureswith any con�gurationof features.For
this reason,wecomputeall feature-texel andfeature-feature
intersections,becausethey all affect the region determina-
tion process.Line intersectionis trivial; line-curve intersec-
tion is alsorelatively straightforward,requiringtheuseof a
cubicsolver. Robustcurve-curve intersectionis possibleus-
ing techniquessuchasinterval-basedintersection[Tup01] or
Bezierclipping [SN90].

To acceleratecomputationinvolving features,a kd-treeis
constructedover texture space.It can be queriedto return
all sub-featuresin a givenboundingbox, which accelerates
intersectiontests.

4.3. Invalidating pre�lter edsamples

bilinear interpolation prefiltered samples FBT

Figure3: Effectof pre�lteredsamples.Left: imageproduced
by bilinearly interpolating texture samplesfrom a raster
texture map.Middle: usingpre�ltered samplesin the FBT
causesartifacts.Right:eliminatingpre�lteredsamplesin the
FBTproducesaccurateoutput.

WhenconstructinganFBT from animage,we treatmost
samplesas plausible point samplesbecausethey are in
smoothregions.However, samplesthat lie closeto features
are often `pre�ltered' by the device usedto capturethem.
For example,mostcamerashavesometransferfunctionthat
�lters all incominglight throughapixel (andnearbypixels).
Thesepre�ltered samplescannotact as point samples,so
they maycauserenderingartifacts(asin Figure3, middle).

If the propertiesof the imagingdevice areknown, sam-
ple invalidation can be decidedusing a metric similar to
that of [IBG03]. Often,however, the imagingdevice is not
known, so the user can explicitly specify an invalidation
distancefrom features.Typically a (1 -norm)distanceof 1
pixel unit in theoriginal imagesuf�ces; this alsoappliesto
artist-drawn images,whereantialiasingtypically happenson

a pixel level. Eliminating �ltered samplesimprovesrecon-
structionduringrendering(Figure3, right)

4.4. Filling holes

The invalidationprocessdescribedabove cancreateholes-
regionsin thetexturewith no sample.Theseholesare�lled
usinginformationfrom nearbyreachablesamples.

In general,since featuresare composedof chains of
splines,texel regionscanhave complicatedboundaries.To
�ll holeswe needa way to partitiontexturespace.Thecon-
strainedDelauney triangulationusedin [SALS96] is lim-
ited to line segments;to handlecurves,we usea trapezoid
decompositionvariant [O'R93]. For eachtexel, we record
the y-coordinatesof all feature-texel intersections,feature-
featureintersections,and sub-featuremaximum and min-
imum y-values.Thesecoordinatescorrespondto horizon-
tal lines thatsplit the texel into simple4-sidedsub-regions.
Eachsub-region hasa �at upperand lower boundary, and
its right andleft boundariesareeithersplinesor sidesof the
texel. Somecaremustbe taken to handlesub-featuresthat
are horizontal lines. Figure 4 shows the sub-regions f Lig
computedfor thetexel on theright.

L1

L4

L2

L3

R1

R2
L6

L5

Figure 4: Intermediaterepresentationfor reachability and
hole �lling . To form thesub-regionsf Lig, a horizontalline
is drawnat thecurve'smaximumy valueandits intersection
with themiddletexel boundary, splitting theright texel into
threebands.Thesamplein theleft texel is copiedto thesub-
regionsin R2, but it cannotreach anythingin R1.

Oncethesub-regionsareconstructed,we build a reacha-
bility graphwherethesub-regionsarevertices,andadjacent
sub-regions are connectedby an edgeif the boundarybe-
tweenthemis notblockedby a feature.Holesarethen�lled
by searchingfor andcopying the closestreachablesample.
We will needthereachabilitygraphlater, sowe will save it;
however, atthispoint,wecaneliminatesub-regionsfrom the
FBT representation.All sub-regionsarecollapsedandtheir
samplesmergedthrougharea-weightedaveraging.Bandsre-
mainto handlefeatureintersections;all othertexel divisions
alongthey-axisareeliminated.For example,in Figure4, we
mergeL1 andL4 into R1, andL2, L3, L5, andL6 into R2.

4.5. Regiontesting

To performef�cient texture lookupduring rendering,a fast
testis neededto determinewhich texel region a point p lies
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in. We have handledfeatureintersectionsby forming hori-
zontalbands,which leavesuswith rectangularboundingar-
easdividedby multiple nonintersectingfeatures.De�ne the
termsimplefeatureto refertoaportionof afeaturethatsplits
a rectangularboundingareainto two disjoint regions,which
we arbitrarily term `inside' and`outside'.A simplefeature
is thereforeeitheraclosedloop,or aportionof afeaturethat
entersandexits theboundingareaexactlyonce.

With closedloops, the traditionalmethodto distinguish
`inside' and `outside' is to usean intersectionparity test:
casta ray from p, and checkthe parity of the numberof
intersectionswith the loop. Odd parity means̀ inside', and
even parity means̀ outside'. It is naturalto shoota ray in
oneof thefour directions(x̂; � x̂; ŷ; � ŷ) becauseof computa-
tional convenience.To make a region determinationtestfor
a simplefeature,we couldimagine`completing'thefeature
by outlining one of the two regions it delimits, forming a
closedloop(boldedin Figure5), but wewouldneedto keep
trackof theextraboundaryedges.

It is possibleto pick araydirectionsuchthatthetestresult
of thefeaturealoneis thesameasthetestresultof thisclosed
loop.Figure5-(ab)illustratesthisprinciple.In eachdiagram,
applying the given test to points in shaded/unshadedareas
returnsodd/even parity, respectively. In (a), noticehow the
closedloop sharesa portionof theleft boundary. Therefore,
if oneconsidersthe parity testagainstonly the simplefea-
ture in the direction � x̂, the areain the middle will have
reversedparity becausethe ray-boundaryintersectionwas
ignored((a)-top).However, if we pick a direction that can
neverintersectthatboundary, theparitytestresultagainstthe
simplefeaturewill besuf�cient; thusx̂ producesthecorrect
result((a)-bottom).Theexamplein (b) is similar. In general,
theraycannotbecasttowardsaboundarythatintersectsthe
simplefeature;any otherdirectioncanbechosen.

We cannow createa testto distinguishthen+ 1 regions
createdby n simplefeatures.Thesemanticsof this testwill
correspondto a linearsearchof a sortedarray. We examine
thesimplefeaturesf fig in order;if thepoint is inside(less
than) f j , it is in region Rj , andif it is outside(greaterthan)
all n features,it is in region Rn+ 1. Figure5-(c) shows how
thisworks.

We areassumingthatall featuresin thetexel or bandare
simple.Any partial featurethatdoesnot cut thewholearea
into two regionseitherterminatesatanintersectionpoint (in
which casebandshandleit) or `�oats' insidethe bounding
area,in whichcaseit is ignored.

4.6. Texture lookup with interpolation

As describedin 3.2, we would like to usebilinearinterpola-
tion to capturesmoothtextureshading.In astandardtexture
lookup,webilinearly interpolatethefour samplesnearestto
thepoint. Let thetexturesampleat p bedenotedby sp, and

(b)(a)

(c)

R1 f1

R2
R3

R4

f2

f3

x̂

• x̂

• ŷ

x̂

Figure 5: Region determinationwith simplefeatures.The
ray casting direction for each feature is indicated by the
arrows. (ab) Top: Testing intersectionparity (odd/even =
shaded/unshaded)againstthe feature aloneis not suf�cient
if the ray pointstowards a boundarythat the feature inter-
sects.Bottom:Anyof theotherdirectionsis correct.(c) The
completeregion determinationtestwith sortedsimplefea-
turearray f fig.
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Figure 6: Bilinear interpolation using neighboringreach-
ablesamples.Texel representativesamplesare in the lower
left corners of the texels.If all 4 samplesare not available,
existingsamplesareusedinstead.(a) Standard texturemap-
ping. (b) Theright sidesamplesare blocked,sotheoneson
theleft are copied,preservingthegradient.(c) Only theup-
per right samplecanbereached.

let thefour nearbysamplesbef sig, with bilinear interpola-
tion weightsf wig. Then,sp = å i wisi .

Standardbilinearinterpolationis �ne for smoothregions,
but giventhecomplicationsof variablenumbersandshapes
of regions, it is unclearhow to explicitly de�ne a general
reconstructionfunction that is quickly computable,both in
termsof pickingappropriatereachablesamplesandcalculat-
ing accurateinterpolationweights.Wecouldstorefour sam-
plesat thecornersof eachregion of a texel, but this would
causeroughly a four-fold increasein memoryusage.Our
goal is to interpolatetexture valueswhile still storing one
sampleperregion, likestandardtexturemaps.

We have adopteda practicalsolutionto this problemthat
is adequatein many situations.An FBT storesonly onesam-
ple per texel region; this sampleis associatedwith the re-
gion's lower left corner(f cig in Figure6). Thesamplethat
is in thelower left cornerregionof thetexel is therepresen-
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tativesample(c0, c1, c2, c3 in Figure6). To performbilinear
interpolation,weusethesinglesamplein theregion p maps
to, andall reachablerepresentative samplesfrom neighbor-
ing texels, for a total of 4 possiblesamples.Thesesamples
are placedat the cornersof an imaginarytexel and inter-
polatedusingthe resultingweightsf wig. If we don't have
all 4 samples,we �ll theemptyspotsby reusingtheclosest
(distance-wise)of the oneswe have. SeeFigure 6 for ex-
amples.In the �nal FBT, reachabilityinformationfor each
region is computedusingthe previously computedreacha-
bility graphandstoredin a 1 bytesampleavailability mask
(2 bits to encodewhich of the 4 possiblesamplesto usein
eachcorner).

4.7. FBT Memory usage

To storefeatures,eachFBT maintainsa global list of 2D
points.Eachfeatureis de�ned by an array of indicesinto
thispoint list, with anindex for eachsub-feature;eachindex
uses2 bytes.Splinesarerepresentedby 2 to 4 controlpoints
each.

Eachtexel storesanarrayof horizontalbands,whicheach
storean orderedlist of simple features.Eachsimple fea-
turestoresthefollowing: featurenumber(2 bytes),startsub-
featureindex (2 bytes),endsub-featureindex (2 bytes),start
parametervalue(1 �oat) andendparametervalue(1 �oat).
Thestartandendparametervaluesarethesplineparameter
valuesindicatingwhenthe start/endsub-featuresenter/exit
the texel. Together, this informationis suf�cient to �nd the
chainof sub-featurescomprisingthe simplefeature.Addi-
tionally, eachsimple featureuses2 bits to indicatewhich
ray directionto usewith thefeatureduringintersectionpar-
ity tests.In total, eachsimplefeatureuses15 bytes.Addi-
tionally, eachsampleassociatedwith a regionstores4 bytes
(3 bytesfor color, and1 byteencodingtheneighboringsam-
ple availability). Givenk texel featuresin a horizontalband,
k� 15+ (k+ 1) � 4 bytesof dataarestored.

5. RenderingFBTs

We now discusshow FBTs supportef�cient rendering,fo-
cusingon the two stepsfrom Section3.2 that differ from
standardtexturemaps.The�rst stepis to identify theregion
p falls in, andthe secondstepis to �nd samplesreachable
from p withoutcrossingany features.

Finding the FBT regionfor a point (Step3): To �nd which
region p is in, we examineits y-coordinateto identify the
horizontalbandto search.As describedearlier, eachband
storesan orderedlist of simplefeaturesagainstwhich p is
testedsequentially(Figure5-c).

Intersectinga ray with sub-featuresis fast.For a line seg-
ment,thetestis straightforward.For curves,theintersection
canbe directly computedby solving a cubic, which could
beslow. To eliminateunnecessarycubicsolvingwe�rst test

the intersectionof theray with thecurve convex hull. If the
point is inside,thecubicsolver is invoked.If thepoint is out-
side,theintersectionparity testfor thecurvecanbededuced
from theconvex hull test.

Finding reachablesamples(Step4): Oncetheregion con-
taining p hasbeenidenti�ed, its sampleavailability mask
encodeswhich neighboringsamplesto usefor bilinear in-
terpolation.Thesefour samplesaretheninterpolatedasde-
scribedin Section4.6.

6. Results

In this sectionwe presentresultscomparingFBTs to stan-
dard texture mapping,focusingon imagequality, memory
usage,andperformanceissues.The FBT systemis imple-
mentedin Java,andall resultswereobtainedon a dual3.06
GHz PentiumXeon machinewith 2 GB RAM. Construct-
ing an FBT from featuresand samplesas a preprocessing
steprunsin time proportionalmainly to thenumberof FBT
texels; for theexampleswe show, this is typically under30
seconds,and at worst one minute.Unlessindicatedother-
wise,all imagesaregeneratedin a raytracingcontext, using
4 pointsamplesperpixel. During renderingtheuseof FBTs
imposesno noticeableperformanceoverheadover standard
texturemaps.

Two typesof inputswereusedfor this evaluation:SVGs
and raster images.Figure 7 shows someexample inputs
alongwith their associatedfeatures.For the stopsign and
yin yang SVGs, the Batik open-sourceSVG framework
(http://xml.apache.org/batik/) wasusedto acquirethe input
samplesandextract features.For the �o wer, stained-glass,
andwizardskin,wemanuallyannotatedtheimagewith line
segments.The bananaexamplewasannotatedwith splines
obtainedusingPotrace.

Thewizardskinexampleis includedprimarily to illustrate
potentialapplicationsin games;it hasonly beenpartially
annotated,so its potentallyskewed memory/ performance
resultsarenot includedin thetables.

6.1. Memory Comparisons

As mentionedearlier, the usercan choosethe appropriate
FBT resolutionfor eachtexturemap.To make comparisons
fair, weusestandardtexturemapsthatconsumestrictlymore
memory than the correspondingFBT. Table 1 shows the
memoryusagefor thetwo SVG examples.

Asapointof comparison,atexturemapthatcouldachieve
the samequality as the FBT for the zoomed-inviewpoint
shown in Figure8-(a) would requireapproximately41 MB.
Similarly, thezoomed-instopsignin Figure9 couldberen-
deredat thesamequality astheFBT outputif thestopsign
texturemapused3MB.

In the rasterimageexamples,our goal was to annotate

c
 TheEurographicsAssociation2004.



G. Ramanarayanan,K. Bala,& B. Walter / Feature-BasedTextures

(a) (b)

(f)(e)(d)

(c)

Figure 7: Exampleinputsandtheir correspondingfeatures.
(a) and(b) are SVGs;(c), (e), and(f) are rasterimagesan-
notatedby handusingline segments;(d) is a raster image
annotatedbyPotraceusingsplines.

Example FBT Res. FBT Size RasterRes. RasterSize

Stopsign 16� 16 9KB 64� 64 12KB

Yin yang 230� 256 416KB 460� 512 690KB

Table 1: Comparisonof resolutionandstorage sizeof FBT
vs.standard texturemap(storedaspackedRGB).

anexisting imagewith extrasharpnessanddetail,providing
higherquality during magni�cation.To retainall of the in-
formationin thesourceimages,weconstructedanFBT with
the samedimensions.In our experience,the overall sizeof
anannotatedFBT constructedin this way is abouttwice the
sizeof theoriginal rasterimage.

6.2. Quality Comparisons

Figure 8 comparesseveral imagereconstructionmethods.
Thehighest-qualityrendering,shown in Figure8-(a), is the
SVG renderingof theimage.Figure8-(b) showsresultspro-
ducedusingtheFBT. It canbeseenthat theFBT correctly

capturesthe sharpdetail andsubtlegradientsof the SVG,
whereasstandardtexture mapping(bottom)generatesout-
putof lowerquality. Giventhepooroutputof nearestneigh-
borsampling(c), for therestof theresultsweonly compare
FBTswith bilinearinterpolation(d).

Figure9 shows thestopsigncomparison.At high magni-
�cation, theFBT faithfully reconstructstheimage,while the
standardtexturemapexhibits signi�cant artifacts.

(a) (b)

(d)(c)

Figure8: Reconstructionof lower left cornerof yin yangex-
ampleusing(a) vector-basedSVGrendering;(b) 230� 256
FBT; (c) 460� 512 texture mapwith nearestneighborsam-
pling; (d) 460� 512texturemapwith bilinear interpolation.

Figure 9: Stopsign quality comparison.Left: FBT; Right:
standard texturemap.

Figure10comparesresultsof FBT renderingversusbilin-
earinterpolationfrom standardtexturemaps.While oursys-
temsupportscurvesfully (asshown by thebananaandSVG
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examples),onecanseefrom the�o werandstainedglassex-
amplesthatconsiderablesharpnesscanbeaddedsimply by
usingline segmentsalone,whichis advantageouswhencon-
sideringaGPUimplementationof this technique.

Texture mapping a 3D model: In orderto demonstratere-
sults on an actual3D model,we acquireda skinned,low-
polygon-countwizard from thegameWarcraft III R
 : Reign
of ChaosTM (Figure11). Thisis aparticularlyappropriateex-
amplebecausealthoughthe gameusuallyviews the model
from afar, theusercanzoomin if hechooses,revealingthe
quality limitationsof thetexture.Comparethesharpnessof
therunesonthebackof thecloakandhood,whereweadded
features,to theblurrinessof thehemof thehood,cloak,and
sleeve,wherewe did not.Also comparethezoomed-inren-
deringsof therunes.

Figure 10: Comparisonsof the stainedglass,�ower, and
banana.Left: FBT; Right:standard texturemap.Thestained
glassand �ower were annotatedby handstrictly usingline
segments;thebananawasannotatedbyhigherordersplines
obtainedfromPotrace.

6.3. Performance

TheFBT representationis designedto mimic astandardtex-
ture mapwhenever possible,and to fall backon moreex-
pensive computationsonly nearfeatures.Thus,thework re-
quired for a single FBT query is proportionalto the com-

Figure 11: Comparisonsof wizard model.Left: Antialiased
renderingof model using an FBT skin. Right: zoomed-in
comparison(Top: FBT; Bottom:original rasterskin). Art-
work fromWarcraft III R
 : Reignof ChaosTM providedcour-
tesyof Blizzard Entertainment.

plexity of the target texel. Table2 shows the breakdown of
texel typesin eachof theFBT texturespresentedabove, il-
lustratingthetradeoff betweenFBT sizeandtexel complex-
ity (andthereforelookupspeed).Weseethatmorethan99%
of texels have at most2 regions(except for the arti�cially
low-resolutionstopsigntexture).

Image FBT Res. Empty 2 regions 3+ regions

Stopsign 16� 16 50.0% 24.6% 25.4%

Yinyang 230� 256 92.9% 6.4% 0.7%

Stainedglass 256� 256 93.7% 6.3% 0.0%

Flower 128� 128 97.1% 2.8% 0.1%

Banana 300� 175 98.2% 1.8% 0.0%

Table 2: Breakdownof texel occupancy. Emptytexelshave
no texel featuresandsamplelookupsrequire no extra work
comparedto standard texturemaps.

To analyzecost,we areinterestedin the numberof ray-
curve intersectiontestswe have to do, becausethey areex-
pensive comparedto texel lookups and even convex hull
tests(both of which can be codedvery ef�ciently and are
amenableto GPU implementation).Let clookup be the av-
eragecost to mapa given point into the correctbandfor a
region search,let chull be the cost to testagainsta curve's
convex hull, andlet ccubic bethecostof a cubicintersection
test.Theaveragecostcq of queryq is approximately

cq = clookup + savg(chull + ftestccubic)
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wheresavg is the averagenumberof curves consideredin
eachquery, and ftest is thefractionof curvesactuallytested
usingthecubicsolver, onaverage.In general,themajorityof
texelsin anFBT haveeitheroneor two regions,soweexpect
thatsavg and ftest will besmall;additionally, ourconvex hull
testwill reducetheseevenfurther. Table3 consolidatesthis
information for our setof inputs.The small valuesof savg
andespeciallyftest demonstratethatperformanceis reason-
ableevenif ccubic is high.

FBTsareeasilyincorporatedinto theedge-and-pointren-
derer(EPR)[BWG03], which wasusedto make Figure11.
The EPRcreateshigh-qualityrenderingsfrom sparsesam-
plesby treatingdiscontinuitiesas �rst-class displayprimi-
tivesandusingthemto control interpolation.FBTs did not
impacttheEPR's interactiveperformance(8-14fps).

Image savg ftest cubictests/ query

Stopsign 1.051511 0.0051 0.0054

Stopsignzoom 1.571101 0.0078 0.0124

Yinyang 0.092352 0.0041 0.0004

Yinyangzoom 0.268469 0.0009 0.0024

Banana 0.018809 0.0028 < 0.0001

Bananazoom 0.023328 0.0066 0.0001

Table 3: Higher order curvetestdatafor 500� 500render-
ingsof thefull exampleimagesandzoomedin imagesshown
in Figures 8, 9, and 10. The stainedglassand �ower are
not includedbecausethey onlycontainline segments.Zoom-
ing in oncomplicatedregionsincreasesthenumberof cubic
testsperquery, but not signi�cantly.

7. Discussionand Futur eWork

There are someimportant issuesthat arise in the use of
FBTs,whichwediscussbelow. Oneissueis thatnotall types
of imagediscontinuitiescan be modeledaccuratelyusing
sharpfeatures.With vectorgraphicsinputsthis is notaprob-
lem,but with rasterimageinputs,sharpboundariesmaylook
�at or cut-out.Thiscanpotentiallybealleviatedby introduc-
ing differentfunctionsfor discontinuityreconstruction.

FBTscurrentlyusepointqueriesasabasicmechanismfor
texture lookup; to antialias,we mustsupersamplethe FBT
or usea discontinuity-basedantialiasingrenderingsystem
suchas [BWG03]. Exploring moresophisticatedantialias-
ing mechanismswould be interesting.A relatedproblemis
that of texture quality whenzoomingout. MIP-mappingof
texturesusingfeaturesis anopenquestionthat requiresin-
vestigationof multi-resolutionfeaturerepresentations.As a
temporarysolution,onecouldsimply revert to normalMIP-
mapsatasuitabledistancefrom theFBT.

EachFBT texel region storesonerepresentative sample.
Therefore,it is not possibleto respecttwo smoothgradients
acrossa texel boundary. This could createsmall blocky ar-
tifacts,but they are typically not noticeablewhen using a
large enoughFBT. Solving this problemrobustly is related
to issueswith antialiasing,MIP-mapping,anda moregen-
eralreconstructionframework.

Someartifactscanalsoarisebecauseholesare �lled by
copying nearbysamples.Even usinga local reconstruction
�lter , somesmearingmay be visible under magni�cation
sincewe areusingdistanceasa primary criteria in recon-
structing data.Pixel-basedtexel synthesiscan potentially
solve thisproblem.

A GPU implementationof FBTs raisesinterestingchal-
lengesin termsof its representationof featuresbecauseof
our supportfor curvesandvariablenumbersof featuresper
texel.Weareexperimentingwith aGPUimplementationthat
focusesonly on line segmentsand restrictsthe numberof
featuresper texel to a small number. Table2 suggeststhat
thisis possiblebecauseatreasonableresolutions,mostFBTs
texels areeitheremptyor only have a few features.We are
alsooptimisticaboutFBTson the latestarchitectures(such
asthe NV40) which supportbranchingin the pixel shader.
Concurrentwith ourwork, [TC04, Sen04] present�x ed-size
imagerepresentationsthat includediscontinuities;however,
thegoalof maintaining�x edsizesis achievedby sacri�cing
somereconstructionquality.

Usersof our systemcommentedthat the presenceof a
few sharpfeaturessigni�cantly improvedtheoverall look of
atexture.Webelievethisis becauseblurrinessis mostobjec-
tionablewhenjarringartifactsof bilinearinterpolation(stair-
casing/ feathering)areobserved.If theseareeliminated,the
overallblurrinessof thetextureis lessnoticeable.Userspec-
i�cation of featuresworks particularly well in this regard.
Detailedstudiesto evaluatethe perceived improvementof
texturequalitywouldbeuseful.

8. Conclusions

This paperintroducesfeature-basedtextures,an imagerep-
resentationthat combinesfeaturesand samplesfor high-
quality texture mapping.The FBT is a compactrepresen-
tationthatpermitsef�cient texturelookupswhile accurately
preservingfeatures.We have demonstratedtheuseof FBTs
for renderinga rangeof imageswith high quality anda rel-
atively low impact on renderingperformance.FBTs have
thepotentialto substantiallyimprove imagequality both in
of�ine renderingapplicationsand interactive applications,
suchasgames.The point-samplinginterfacesupportedby
FBTsmakesthemdirectlyapplicableto ray tracersandsoft-
ware scanlinerenderers.To further broadenthe scopeof
FBTs,wewould like to investigateaGPU-basedimplemen-
tationandamoregeneralreconstructionframework.
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