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Abstract

Thispaperintroducedeature-basedextures,a new image representatiorthat combinedeatuesand sampledor
high-quality texture mapping Featuesidentify boundarieswithin an image whele sampleschange discontinu-
ously They canbeextractedfromvectorgraphicsrepresentationsor explicitly addedto rasterimagesto improve
sharpnessTexture lookupsare theninterpolatedfrom samplesvhile respectingheseboundaries\We presentre-
sultsfroma softwaeimplementatiomf thistechniguedemonstating quality, ef ciency andlow memoryoverhead.

Catagoriesand SubjectDescriptors(accordingto ACM CCS} 1.3.7 [Three-DimensionaGraphicsand Realism]:

Color, shadingshadaving, andtexture

1. Intr oduction

Texture mappingis a popularandinexpensve techniquefor
corveying the illusion of scenecompleity andincreasing
perceved image quality in graphicsapplications.Texture
mapsarefast,simpleto use,andremarkablygeneral How-
ever, they have limited resolution,andthusthereis an opti-
malviewing distanceatwhichtextureshave the bestquality.
Viewing texturesfrom distancedartherthanoptimalcreates
aliasingartifacts;MIP-maps[Wil83] areoftenusedto solve
this problem.However, whentexturesare viewed at closer
than the optimal distance artifactsstill arisedueto inad-
equatesamplingof the original scene Interpolationallevi-
atesthis problemsomavhat but causesexcessve blurring.
Increasingthe original texture resolutionalsoremovesarti-
factsbut atthe costof increasedexturememoryusage.

This paperpresentdeature-basedextures(FBT) — anal-
ternatve imagerepresentatiothat explicitly combinesfea-
turesandsamplesFeaturesreresolution-independemep-
resentationof high-contrastchangesin the texture map.
They enablesharp,high-quality texturing at closeviewing
distanceswhile samplesmaintainthe e xibility of tradi-
tional texturemaps.

Figure 1 illustrateshow FBTs arecreatedandused.The
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top row shawvs how aninputimageandits featuresarecom-
binedto form the FBT. Unusablesampledrom theinputare
automaticallydiscardedEachFBT texel storesfeaturesand
samplesFeaturesarerepresentedsline sgmentsand, for
higherquality, curves.Themiddlerow shovs how FBTsare
renderedAs in standardexture mapping,the texture value
at a paint p is reconstructedising bilinear interpolationof
nearbytexture samplesHowever, in FBTs, only reacdable
samplesareused- thatis, thoseon the samesideof all fea-
turesasp.

Thebottomrow of Figurel compare$BT renderingwith
standardtexture mappingusing bilinear interpolation.The
FBT capturessharpfeaturesof the text and subtle shad-
ing gradationsThe outputfrom standardexture mappingis
blurry by comparisonFor this example,an FBT of resolu-
tion 230 256 (416KB) is contrastedigainsta texture map
of resolution460 512 (690KB). To achieve image qual-
ity comparableo this FBT, the texture mapwould require
41MB of memory

The restof the paperis organizedasfollows. Section2
discusseselatedwork, and Section3 givesan overvien of
FBTs.Sectionst and5 describén detailhow theFBT is cre-
atedandusedin rendering Section6 presentsesultswhich
arediscussedn Section?. Finally, we make someconclud-
ing remarksin Section8.
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Figure 1. Featue-basedextures. Top row: FBT combines
featuesandtexture samplesMiddle row: Samples recon-
structedby interpolating reahable samplesrom adjacent
FBT texels.Bottomrow: FBT captuessharpfeatuiesunlike

standad texture mapping

2. RelatedWork

The idea of using arbitrary resolutionfunctionsto model
graphicsis not new. Vectorbasedimage representations
such as ScalableVector Graphics[SVG] and PostScript
are resolution-independengnd thereforethey are heavily
usedfor printing and illustrations. However, they are not
amenableao point samplingandcannotbe usedin arbitrary
rendering contexts. Additionally, pure vectorbasedtech-
niguesare someavhat limited in the visual compleity they
canproduce While theseformatscanincluderasterimages,
in doing so they areagpin subjectto the resolutiondepen-
denceof therasterepresentation.

Procedural textures [EMP 94] completely specify a
resolution-independenéxture function thatcanbe directly
sampledandmanipulatedthesetexturesareoftengenerated
usingmathematicasimulationsor randomnoise While use-
ful for naturalphonemenadyaditionalproceduratechniques
areunableto enhanceexisting imageswith plausiblehigh-
resolutioninformation, making them unsuitablefor image-
basedexture mapping.

ImagesuperresolutiofiHT84, EF97, BS9§ aimsto gen-
eratea high resolutionimagefrom a seriesof low resolution
inputs that capturethe samescenefrom different viewing
locations.FBTsintroducesharpnesdy annotatinga single

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

Featurending andanalysigDH72, Can87 MBLSO01] is
oftenusedin computervision for a variety of applications,
including stereopsisshaperecognition,and object track-
ing. This hasbeenextendedto 3D point-basedmodelsas
well [PKGO0J3. Our goalis different; we explicitly usefea-
turesto improve thequality of therenderedesult. Thetech-
niguewe presentis relatedto anisotropiadiffusion[PM9(Q,
which blurs grairy partsof animagebut maintainssharp-
nessin discontinuousegions. Thereis alsosimilar work in
imagereconstructiofCGG91, Car88 HCO0(Q, but thefocus
thereis on compressiorandfundamentalmagerepresenta-
tions,nota mechanisnfor samplingin arenderingcontext.

AutotraceandPotracq Sel areexcellenttoolsfor tracing
featuresn imagesandextractingvectorrepresentations\e
have usedPotraceo nd featuresn sometextures.

Thereis a substantiabody of work in computergraph-
ics on the explicit use of discontinuitiesin high qual-
ity reconstruction,such as radiosity discontinuity mesh-
ing [Hec92 LTG92, illumination functions[SLD92, and
silhouetteclipping [SGHS0Q. Recently therehasbeenin-
terestin new image representationshat capture discon-
tinuities for interactve global illumination [BWG03 and
hardware-basedhadaving techniques[SCHO3J.

Our work is mostcloselyrelatedto that of Salishury et.
al. [SALS94, who usea hybrid imagerepresentationvith
piecavise linear discontinuitiesfor resolution-independent
pen-and-inkrendering. The FBT representatiorcaptures
both lines and curves, and is demonstratedor both vec-
tor graphicsandrasterimages Becauseour focusis texture
mapping ,we demonstratsupportfastpoint queriesandbi-
linear interpolation.Also, our techniquedoesnot useNPR
renderingstylesto maskartifacts.

3. FBT Overview

Like a standardexture map,an FBT is a two-dimensional
arrayof texels.However, FBT texelsstorebothfeatuesand
samplesFeaturesrediscontinuityboundarieshatintersect
the texel; samplesare valuesof the function being repre-
sentedby the texture. Figure 2 shavs someof the waysa
texel canbe intersectedy featuresIn the FBTs shown in
this paper mosttexelsareempty lik e Figure2-(a). Sampling
from emptytexelsis no moreexpensve thana standardex-
turelookup.

3.1. Featuresand regions

Featurecharacterizdnigh-contrasthangesn theinputim-
age;they arerepresentethy connectedhainsof splines.In
ourimplementationye supportBeziercurves,rangingfrom
linesto cubics.We referto individual splinesin afeatureas
sub-featues

¢ TheEurographicsAssociation2004.
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Figure 2: Exampletexels,featues,and regions(labeledas
f Rig). Whenfeatuescometo a T junction (c), or intersect
completely(d), the texel is split (dashedines) at the inter-
sectionpoints,forming horizontalbandsthat containnoin-
tersections.

Let us assuméeor now that the featuresand FBT reso-
lution are both speci ed (as describedn Section4.1). As
shawn in Figure 2, texels are divided into variousdisjoint
regions by their intersectingfeaturesFor compactnessyv-
ery region containsexactly onesamplewhich we assumes
locatedat the bottomleft of theregion. To sampleproperly
we needto correctlyidentify the regionsdifferentpointsare
containedin. Usually this is very easy(Figure 2-(ab)) but
when featuresintersectthe problemis a little harder(Fig-
ure2-(cd)). We will revisit thisissueshortly.

3.2. Renderingan FBT

Texture mapscanbe queriedin variousways.The mostac-
curateand expensve techniqueis to mapthe input pixel's
areainto texture spaceand lIter the areato returnan an-
tialiasedtexture value.We usean alternatve, cheapetech-
nigue: map a point visible from the pixel into the texture,
anddo alookupusingbilinearinterpolation.Supersampling
is usedto handleantialiasing ThusFBT texture lookupsin-
volve thefollowing operations:

1. Transformthe pointinto texture spacepoint p.

2. Findthe FBT texel T thatincludesp.

3. FindtheregionRin T thatincludesp.

4. Look upthesamplein R andsampledrom reachablee-
gionsin adjacentexels.

5. Returnthebilinearly interpolatedexturevalue.

Stepsl, 2 and5 are straightforvard and similar to stan-
dardtexture mapoperationswhereasteps3 and4 arespe-
cic to FBTs. Therefore,the FBT must storejust enough
informationto do steps3 and4 efciently. Section4 fully
describeshe FBT preprocesshataccomplisheshis.

Locating the regioncontaining a point

Step3 involves quickly locatingthe region that containsa
given point p. A simple test accomplishingthis is to see
which sideof eachfeaturep lies on. This will work for ary
texel that hasno intersectionsput it may fail in the case
where featuresintersecteachother For example,in Fig-
ure 2-(d), R, andRg aredistinct, but they are on the same
sideof bothfeaturesTo handlesuchsituations the texel is

¢ TheEurographic#ssociation2004.

split horizontally at eachfeature-featureéntersection(indi-
catedby the dashedines). This formsa seriesof bandsthat
do not containary intersectionsBand subdvision is com-
binedwith the sidednessestabove to determinep's region.
SeeSection4.5for details.

Finding samplesfor inter polation

Step4 involvesidentifying sampleghatcanbeusedto 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

the usualfashionusingthe singlesampleof thattexel, along
with sampledrom threeadjacentexels. Becausehe sam-
pleis takenfrom thelower left corner thethreetexelsto the
right, above, anddiagonallyabove to the right mustcontain
usablesamplegseeFigure6-(a)).

For pointsthat lie in nonemptytexels, bilinear interpo-
lation is performedusing samplesfrom the currenttexel
and possiblyalso from regionsin adjacenttexels. A sam-
ple from an adjacenttexel is usedonly if it is reachable
from the currentpoint; otherwise possiblyerroneousnter
polationwould occuracrossa blocking feature.Section4.6
explainshow reachablesamplesareidenti ed andinterpo-
lated.

4. CreatingFBTs

Some preprocessings requiredto preparethe FBT data
structurefor usein renderingTheexactnatureof theprepro-
cessingdependon thekind of input beingusedto generate
the FBT.

4.1. Input Speci cation

Theinputto the FBT preprocessonsistof animage,a set
of featuresanda userselected=BT resolution.This infor-
mationis thencombinedo createa nished FBT.

Finding features: Differenttypesof input areamenabldo
differenttypesof featureextraction. Featuresareidenti ed
eitherthroughautomateaxtractionor manualspeci cation,
asdiscussedbelow.

Automatic extraction. Vectorbasedrepresentationsan
be queried directly to return all features.Rasterim-

age featurescan be obtained either by using tracing
programs[Sel, or by applying feature detectionalgo-
rithms[Can87.

Manual speci cation. A usercanmanuallydrav features
to matchthe high contrastchangesn theimage.Theout-

putof automateaxtractiontechniqueganalsobeusedio

assistin this processThis userinteractionis needednly

onceperimage,anda library of FBTs canbe reusedby

applications.

Selecting FBT resolution: BecauseFBTs representfea-
turesexplicitly, thereis some e xibility in choosingtexel
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resolution.A naturaltradeof exists betweentexture qual-
ity/ef ciency and compactnesgiifferentapplicationshave
different demands.For example, an input with gradients
shoulduse moretexels to accuratelycaptureshadingvari-
ations,while a simple solid-color SVG input only needsa
few texels.

4.2. Feature processing

Oneof our goalsis to have a representatiogeneralenough
to reproducdextureswith ary con guration of featuresFor
thisreasonwe computeall feature-teel andfeature-feature
intersectionspecausehey all affect the region determina-
tion processLine intersections trivial; line-cune intersec-
tion is alsorelatively straightforvard, requiringthe useof a
cubicsolver. Rolustcurve-cune intersectionis possibleus-
ing techniquesuchasinterval-basedntersectior Tup07] or
Bezierclipping[SN9Q.

To accelerateomputatiorinvolving featuresa kd-treeis
constructedover texture space.lt canbe queriedto return
all sub-feature#n a given boundingbox, which accelerates
intersectiortests.

4.3. Invalidating pre Iter ed samples

bilinear interpolation prefiltered samples FBT

Figure 3: Effectof pre IlteredsamplesLeft:image produced
by bilinearly interpolating texture samplesfrom a raster
texture map. Middle: using pre Itered samplesin the FBT
causesrtifacts.Right: eliminatingpre Iteredsamplesn the
FBT producesaccumte output.

Whenconstructingan FBT from animage,we treatmost
samplesas plausible point samplesbecausethey are in
smoothregions.However, sampleghatlie closeto features
are often “pre ltered' by the device usedto capturethem.
For example,mostcamerafiave sometransferfunctionthat
Iters all incominglight througha pixel (andnearbypixels).
Thesepre Itered samplescannotact as point samplesso

they may causaenderingartifacts(asin Figure3, middle).

If the propertiesof the imagingdevice areknown, sam-
ple invalidation can be decidedusing a metric similar to
thatof [IBGO03]. Often, however, the imagingdevice is not
known, so the user can explicitly specify an invalidation
distancefrom featuresTypically a (1 -norm)distanceof 1
pixel unit in the original imagesufces; this alsoappliesto
artist-dravn imageswhereantialiasingypically happensn

a pixel level. Eliminating Itered samplesmprovesrecon-
structionduringrendering(Figure3, right)

4.4. Filling holes

Theinvalidationprocessescribedabove cancreateholes-
regionsin the texture with no sample Theseholesare lled
usinginformationfrom nearbyreachablesamples.

In general,since featuresare composedof chains of
splines,texel regions can have complicatedboundariesTo
Il holeswe needaway to partitiontexture spaceThecon-
strainedDelaung triangulationusedin [SALS94 is lim-
ited to line sggments;to handlecurves,we usea trapezoid
decompositionvariant[O'R93]. For eachtexel, we record
the y-coordinatesf all feature-teel intersectionsfeature-
featureintersections and sub-featuremaximum and min-
imum y-values.Thesecoordinatescorrespondo horizon-
tal linesthat split the texel into simple 4-sidedsub-egions
Eachsub-rgion hasa at upperandlower boundary and
its right andleft boundarieareeithersplinesor sidesof the
texel. Somecaremustbe taken to handlesub-featureghat
are horizontallines. Figure 4 shaws the sub-rgionsfL;g
computedor thetexel ontheright.

ey

Figure 4: Intermediaterepresentatiorfor reatability and
hole lling . To form the sub-iegionsf L;g, a horizontalline
is drawnat thecurve's maximuny valueandits intersection
with the middletexel boundary splitting the right texel into
threebands.Thesamplein theleft texelis copiedto thesub-
regionsin Ry, butit cannotread anythingin R;.

Oncethe sub-rgionsareconstructedye build areacha-
bility graphwherethe sub-r@ionsarevertices andadjacent
sub-r@ions are connectecby an edgeif the boundarybe-
tweenthemis notblocked by afeature Holesarethen lled
by searchingor and copying the closestreachablesample.
We will needthereachabilitygraphlater, sowe will saveit;
however, atthis point,we caneliminatesub-regjionsfrom the
FBT representationAll sub-rgionsare collapsedandtheir
samplesnegedthrougharea-weightedveraging Bandsre-
mainto handlefeatureintersectionsall othertexel divisions
alongthey-axisareeliminated For example,in Figure4, we
memgel; andlL, into Ry, andLy, L3, Ls, andLg into Ry.

4.5. Regiontesting

To performef cient texture lookup duringrenderinga fast
testis neededo determinewhich texel region a point p lies

¢ TheEurographicsAssociation2004.



G.RamanaayananK. Bala, & B.\Walter / Featule-Basedlextures

in. We have handledfeatureintersectiondy forming hori-

zontalbandswhich leavesuswith rectangulaboundingar

easdivided by multiple nonintersectindeaturesDe ne the
termsimplefeatureto referto aportionof afeaturethatsplits
arectangulaboundingareainto two disjointregions,which

we arbitrarily term “inside' and “outside'. A simplefeature
is thereforeeithera closedoop, or aportionof afeaturethat
entersandexits the boundingareaexactly once.

With closedloops, the traditional methodto distinguish
‘inside’ and “outside' is to usean intersectionparity test:
casta ray from p, and checkthe parity of the numberof
intersectionswith the loop. Odd parity means'inside’, and
even parity means’outside'. It is naturalto shoota ray in
oneof thefourdirections(X; X;y; V) becausef computa-
tional corvenienceTo make a region determinatiortestfor
asimplefeature we couldimagine’completing'thefeature
by outlining one of the two regionsit delimits, forming a
closedloop (boldedin Figure5), but we would needto keep
trackof the extra boundaryedges.

It is possibleto pick aray directionsuchthatthetestresult
of thefeaturealoneis thesameasthetestresultof thisclosed
loop. Figure5-(ab)illustratesthisprinciple.In eachdiagram,
applyingthe given testto pointsin shaded/unshadesteas
returnsodd/even parity, respecttely. In (a), noticehow the
closedloop sharesa portion of theleft boundary Therefore,
if oneconsiderghe parity testagainstonly the simplefea-
ture in the direction X, the areain the middle will have
reversedparity becausehe ray-boundaryintersectionwas
ignored((a)-top). However, if we pick a directionthat can
neverintersecthatboundarytheparity testresultagainstthe
simplefeaturewill besufcient; thusX produceghe correct
result((a)-bottom).Theexamplein (b) is similar. In general,
theray cannotbe casttowardsa boundarythatintersectshe
simplefeature;ary otherdirectioncanbechosen.

We cannow createa testto distinguishthen+ 1 regions
createdby n simplefeaturesThe semanticof this testwill
correspondo alinearsearchof a sortedarray We examine
the simplefeatured f;g in order;if the pointis inside (less
than) fj, it is in region R;, andif it is outside(greaterthan)
all n featuresit is in region Ry+ 1. Figure 5-(c) shavs how
thisworks.

We areassuminghatall featuresin thetexel or bandare
simple.Any partial featurethatdoesnot cut the whole area
into two regionseitherterminatesatanintersectiorpoint(in
which casebandshandleit) or * oats' insidethe bounding
area,in which caseit is ignored.

4.6. Texture lookup with interpolation

As describedn 3.2, we would like to usebilinearinterpola-
tion to capturesmoothtexture shadingln a standardexture
lookup,we bilinearly interpolatethe four samplesiearesto
the point. Let the texture sampleat p be denotedby sp, and

¢ TheEurographic#Association2004.
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Figure 5: Region determinationwith simplefeatues. The
ray casting direction for eac featue is indicated by the
arrows. (ab) Top: Testing intersectionparity (odd/even =
shaded/unshadedypainstthe featue aloneis not sufcient
if the ray pointstowards a boundarythat the feature inter-
sects Bottom:Any of the otherdirectionsis correct.(c) The
completeregion determinationtestwith sortedsimplefea-
turearrayf fig.
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Figure 6: Bilinear interpolation using neighboringreac-
able samplesTexel representativessamplesare in the lower
left corners of the texels. If all 4 samplesare not available
existingsamplesre usedinstead.(a) Standad texture map-
ping. (b) Theright sidesamplesare blocked, sothe oneson
theleft are copied,preservingthe gradient.(c) Only the up-
perright samplecanbereaded.

let the four nearbysamplesef s;g, with bilinearinterpola-
tion weightsf wig. Then,sp = &; wis.

Standardilinearinterpolationis ne for smoothregions,
but giventhe complicationsof variablenumbersandshapes
of regions,it is unclearhow to explicitly de ne a general
reconstructiorfunction thatis quickly computablepothin
termsof picking appropriateeachablesamplesndcalculat-
ing accuraténterpolatiorweights.We couldstorefour sam-
plesat the cornersof eachregion of a texel, but this would
causeroughly a four-fold increasein memory usage.Our
goal is to interpolatetexture valueswhile still storingone
sampleperregion, like standardexture maps.

We have adopteda practicalsolutionto this problemthat
is adequatén mary situationsAn FBT storesonly onesam-
ple per texel region; this sampleis associatedvith the re-
gion's lower left corner(f ¢ig in Figure6). The samplethat
is in thelower left cornerregion of thetexel is therepresen-
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tativesample(co, €1, Cp, C3 in Figure6). To performbilinear
interpolationwe usethe singlesamplen theregion p maps
to, andall reachableepresentatie samplefrom neighbor
ing texels, for a total of 4 possiblesamplesThesesamples
are placedat the cornersof an imaginarytexel andinter
polatedusingthe resultingweightsf w;g. If we don't have
all 4 sampleswe Il the emptyspotsby reusingthe closest
(distance-wisepf the oneswe have. SeeFigure 6 for ex-
amples.In the nal FBT, reachabilityinformationfor each
region is computedusing the previously computedreacha-
bility graphandstoredin a 1 byte sampleavailability mask
(2 bits to encodewhich of the 4 possiblesamplego usein
eachcorner).

4.7. FBT Memory usage

To storefeatures,eachFBT maintainsa global list of 2D
points. Eachfeatureis de ned by an array of indicesinto
this pointlist, with anindex for eachsub-featureeachindex
use? bytes.Splinesarerepresentedly 2 to 4 controlpoints
each.

Eachtexel storesanarrayof horizontalbandswhicheach
store an orderedlist of simple features.Each simple fea-
turestoreghefollowing: featurenumbern(2 bytes) startsub-
featureindex (2 bytes),endsub-featuréndex (2 bytes),start
parameteralue(1 oat) andendparameteralue(l oat).
The startandendparameteraluesarethe splineparameter
valuesindicatingwhenthe start/endsub-featuregnter/eit
the texel. Togetherthis informationis sufcient to nd the
chainof sub-featuregomprisingthe simple feature.Addi-
tionally, eachsimple featureuses2 bits to indicate which
ray directionto usewith thefeatureduringintersectiorpar
ity tests.In total, eachsimple featureuses15 bytes.Addi-
tionally, eachsampleassociateavith aregion stores4 bytes
(3 bytesfor color, and1 byteencodingheneighboringsam-
ple availability). Givenk texel featuredn a horizontalband,
k 15+ (k+ 1) 4 bytesof dataarestored.

5. Rendering FBTs

We now discusshow FBTs supportef cient rendering,fo-
cusingon the two stepsfrom Section3.2 that differ from
standardexturemaps.The rst stepis to identify theregion
p falls in, andthe secondstepis to nd sampleseachable
from p without crossingary 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).

Intersectingaray with sub-featuress fast.For aline seg-
ment,thetestis straightforvard. For curves,theintersection
can be directly computedby solving a cubic, which could
beslow. To eliminateunnecessargubicsolvingwe rst test

theintersectiorof the ray with the curve corvex hull. If the

pointisinside,thecubicsolveris invoked.If thepointis out-

side,theintersectiorparity testfor thecurve canbededuced
from the corvex hull test.

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

6. Results

In this sectionwe presentresultscomparingFBTs to stan-
dard texture mapping,focusingon image quality, memory
usage,and performancessues.The FBT systemis imple-
mentedn Java, andall resultswereobtainedon adual 3.06
GHz PentiumXeon machinewith 2 GB RAM. Construct-
ing an FBT from featuresand samplesas a preprocessing
steprunsin time proportionalmainly to the numberof FBT
texels; for the exampleswe shaow, this is typically under30
secondsand at worst one minute. Unlessindicatedother
wise,all imagesaregeneratedn araytracingcontet, using
4 pointsamplegerpixel. During renderinghe useof FBTs
imposeso noticeableperformanceoverheadover standard
texturemaps.

Two typesof inputswereusedfor this evaluation:SVGs
and rasterimages.Figure 7 shavs some example inputs
alongwith their associatedeatures.For the stop sign and
yin yang SVGs, the Batik open-sourceSVG framework
(http://xml.apache.grbatik/) wasusedto acquirethe input
samplesand extract features.For the o wer, stained-glass,
andwizardskin, we manuallyannotatedheimagewith line
segments.The bananaexamplewas annotatedvith splines
obtainedusingPotrace.

Thewizardskinexampleisincludedprimarily toillustrate
potential applicationsin games;it hasonly beenpartially
annotatedso its potentallyskewed memory/ performance
resultsarenotincludedin thetables.

6.1. Memory Comparisons

As mentionedearlier the usercan choosethe appropriate
FBT resolutionfor eachtexture map.To make comparisons
fair, we usestandardexturemapsthatconsumestrictly more
memory than the corresponding=BT. Table 1 shaws the
memoryusagédor thetwo SVG examples.

As apointof comparisonatexturemapthatcouldachieve
the samequality asthe FBT for the zoomed-inviewpoint
showvn in Figure8-(a) would requireapproximately41 MB.
Similarly, thezoomed-instopsignin Figure9 couldberen-
deredat the samequality asthe FBT outputif the stopsign
texturemapused3MB.

In the rasterimage examples,our goal was to annotate

¢ TheEurographicsAssociation2004.
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(d) (e) ®

Figure 7: Exampleinputsandtheir correspondindeatuses.
(a) and(b) are SVGs;(c), (e), and (f) are rasterimagesan-
notatedby handusingline segments;(d) is a rasterimage
annotatecby Potraceusingsplines.

Example FBTRes. FBTSize RasteRes. RasterSize
Stopsign 16 16 9KB 64 64 12KB
Yinyang 230 256 416KB 460 512 690KB

Table 1. Comparisorof resolutionand storage sizeof FBT
vs.standad texture map(storedaspaded RGB).

anexistingimagewith extra sharpnesanddetail, providing
higherquality during magni cation. To retainall of the in-
formationin thesourcemageswe constructe@nFBT with
the samedimensionsin our experience the overall size of
anannotated-BT constructedn this way is abouttwice the
sizeof theoriginal rasterimage.

6.2. Quality Comparisons

Figure 8 comparesseveral image reconstructiormethods.
The highest-qualityrendering shavn in Figure8-(a), is the
SVG renderingof theimage.Figure8-(b) shavs resultspro-
ducedusingthe FBT. It canbe seenthatthe FBT correctly

¢ TheEurographic#Association2004.

capturegthe sharpdetail and subtle gradientsof the SVG,
whereasstandardexture mapping(bottom) generate®ut-
putof lower quality. Giventhe pooroutputof nearestheigh-
bor sampling(c), for therestof theresultswe only compare
FBTswith bilinearinterpolation(d).

Figure9 shaws the stopsigncomparisonAt high magni-
cation, theFBT faithfully reconstructsheimage while the
standardexture mapexhibits signi cant artifacts.

() (b)

(c) (d)

Figure 8: Reconstructioof lowerleft cornerof yin yangex-
ampleusing(a) vectorbasedSVGrendering;(b) 230 256
FBT, (c) 460 512texture mapwith neaestneighborsam-
pling; (d) 460 512texture mapwith bilinear interpolation.

Figure 9: Stopsign quality comparisonLeft: FBT, Right:
standad texture map.

Figurel0comparesesultsof FBT renderingversusbilin-
earinterpolationfrom standardexture maps While our sys-
temsupportscunesfully (asshavn by thebananandSVG
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examples)pnecanseefrom the o werandstainedylassex-
amplesthatconsiderablesharpnessanbe addedsimply by
usingline sggmentsalone whichis advantageousvhencon-
sideringa GPUimplementatiorof this technique.

Texture mapping a 3D model: In orderto demonstratee-

sultson an actual3D model, we acquireda skinned,low-

polygon-counwizard from the gameWarcraft Il r: Reign
of ChaosM (Figurell). Thisis aparticularlyappropriatesx-

amplebecausealthoughthe gameusually views the model
from afar, the usercanzoomin if he choosesrevealingthe
quality limitations of the texture. Comparethe sharpnessf

therunesonthebackof thecloakandhood,wherewe added
featuresto the blurrinessof the hemof thehood,cloak,and
sleeve, wherewe did not. Also comparethe zoomed-inren-
deringsof therunes.

Figure 10: Comparisonsof the stainedglass, ower, and
bananaleft: FBT, Right: standad texture map.Thestained
glassand ower were annotatedoy handstrictly usingline
se@gmentsthebananawasannotatedy higherorder splines
obtainedfrom Potrace

6.3. Performance

TheFBT representatiors designedo mimic a standardex-
ture map wheneer possible,andto fall back on more ex-
pensve computation®nly nearfeaturesThus,thework re-
quiredfor a single FBT queryis proportionalto the com-

Figure 11: Comparison®f wizad model.Left: Antialiased
renderingof modelusing an FBT skin. Right: zoomed-in
comparison(Top: FBT, Bottom: original rasterskin). Art-

work fromWarcraft Ill r : Reignof Chaos™ providedcour-

tesyof Blizzad Entertainment.

plexity of thetargettexel. Table 2 shows the breakdavn of
texel typesin eachof the FBT texturespresentedibove, il-

lustratingthetradeof betweerFBT sizeandtexel comple-
ity (andtherefordookupspeed)We seethatmorethan99%
of texels have at most 2 regions (exceptfor the arti cially

low-resolutionstopsigntexture).

Image FBTRes. Empty 2regions 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 occupancyEmptytexelshave
no texel featuesand samplelookupsrequire no extra work
compaedto standad texture maps.

To analyzecost,we areinterestedn the numberof ray-
curwe intersectiortestswe have to do, becausehey areex-
pensive comparedto texel lookups and even corvex hull
tests(both of which canbe codedvery ef ciently andare
amenableto GPU implementation) Let ¢oorp b€ the av-
eragecostto mapa given point into the correctbandfor a
region search/et ¢y be the costto testagainsta curwe's
corvex hull, andlet coypic bethe costof a cubicintersection
test. The averagecostcq of queryq is approximately

Cq = Clookup + Savg(Chunl + fted Ceubic)

¢ TheEurographicsAssociation2004.
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wheresayg is the averagenumberof curves consideredn
eachquery and fteq is thefractionof curvesactuallytested
usingthecubicsolver, onaverageln generalthemajority of
texelsin anFBT have eitheroneor two regions,sowe expect
thatsavg and freg Will besmall;additionally our corvex hull
testwill reducetheseevenfurther Table3 consolidateshis
informationfor our setof inputs. The small valuesof savg
andespeciallyftes demonstrat¢hatperformancds reason-
ableevenif cgypic is high.

FBTsareeasilyincorporatednto theedge-and-pointen-
derer(EPR)[BWG03, which wasusedto make Figure11.
The EPR createshigh-qualityrenderingdrom sparsesam-
plesby treatingdiscontinuitiesas rst-class display primi-
tivesandusingthemto controlinterpolation.FBTs did not
impactthe EPRS interactive performancé8-14fps).

Image Savg ftes 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 exampleimagesandzoomedn imagesshown
in Figures 8, 9, and 10. The stainedglassand ower are
notincludedbecauséhey only containline segmentsZoom-
ing in on complicatedregionsincreaseghe numberof cubic
testsper query but notsigni cantly.

7. Discussionand Futur e Work

There are someimportantissuesthat arise in the use of
FBTs,whichwediscusdelown. Oneissueis thatnotall types
of image discontinuitiescan be modeledaccuratelyusing
sharpfeaturesWith vectorgraphicdnputsthisis notaprob-
lem, butwith rasteimageinputs,sharpboundariesnaylook
at or cut-out.Thiscanpotentiallybealleviatedby introduc-
ing differentfunctionsfor discontinuityreconstruction.

FBTscurrentlyusepointqueriesasa basicmechanisnfor
texture lookup; to antialias,we mustsupersampl¢he FBT
or usea discontinuity-basea@ntialiasingrenderingsystem
suchas[BWGO03. Exploring more sophisticatedantialias-
ing mechanismsvould be interesting A relatedproblemis
that of texture quality whenzoomingout. MIP-mappingof
texturesusingfeaturesis an openquestionthat requiresin-
vestigation of multi-resolutionfeaturerepresentation#As a
temporarysolution,onecouldsimply revertto normalMIP-
mapsat asuitabledistancerom the FBT.

¢ TheEurographic#Association2004.

EachFBT texel region storesonerepresentagie sample.
Thereforejt is not possibleto respectwo 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 more gen-
eralreconstructiorframework.

Someartifactscanalsoarisebecauséiolesare lled by
copying nearbysamplesEven usinga local reconstruction
Iter, somesmearingmay be visible under magni cation
sincewe are using distanceas a primary criteriain recon-
structing data. Pixel-basedtexel synthesiscan potentially

solve this problem.

A GPU implementatiorof FBTSs raisesinterestingchal-
lengesin termsof its representatiof featuresbecausef
our supportfor curvesandvariablenumbersof featuresper
texel. We areexperimentingvith aGPUimplementationthat
focusesonly on line sggmentsand restrictsthe numberof
featuresper texel to a small number Table 2 suggestghat
thisis possiblebecausatreasonableesolutionsmostFBTs
texels are eitheremptyor only have a few featuresWe are
alsooptimisticaboutFBTs on the latestarchitecturegsuch
asthe NV40) which supportbranchingin the pixel shader
Concurrenwith ourwork, [TC04, Sen04 presentx ed-size
imagerepresentationthatincludediscontinuitieshowever,
the goalof maintaining x edsizesis achiezedby sacri cing
somereconstructiorguality.

Usersof our systemcommentedhat the presenceof a
few sharpfeaturessigni cantly improvedtheoveralllook of
atexture.We believethisis becausélurrinesss mostobjec-
tionablewhenjarringartifactsof bilinearinterpolation(stair
casing featheringlareobsened.If theseareeliminatedthe
overallblurrinessof thetextureis lessnoticeableUserspec-
i cation of featuresworks particularlywell in this regard.
Detailedstudiesto evaluatethe perceved improvementof
texture quality would be useful.

8. Conclusions

This paperintroducedeature-basetextures,animagerep-
resentationthat combinesfeaturesand samplesfor high-
quality texture mapping.The FBT is a compactrepresen-
tationthatpermitsef cient texturelookupswhile accurately
preservingeaturesWe have demonstratethe useof FBTs
for renderinga rangeof imageswith high quality andarel-
atively low impact on renderingperformanceFBTs have
the potentialto substantiallyimprove imagequality bothin
of ine renderingapplicationsand interactve applications,
suchas games.The point-samplinginterface supportedby
FBTsmakesthemdirectly applicableto ray tracersandsoft-
ware scanlinerenderers.To further broadenthe scopeof
FBTs,wewouldlike to investicatea GPU-basedmplemen-
tationanda moregenerakeconstructiorframevork.
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