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Abstract

Texture atlasparameterizatiorprovidesan effectivewayto mapa variety of color anddataattributesfrom2D tex-
ture domainsonto polygonalsurfacemeshestHowever, theindividual charts of sut atlasesare typically plagued
by noticeableseamsWe describea new type of atlas which is seamlesdy construction.Our seamlesstlas
comprisesall quadrilateral charts, and permitsseamlesgexturing, as well as perfragmentdown-samplingpn
renderinghardware and polygonsimpli cation. We demonstate the useof this atlas for capturingappeaance

attributesand producingseamlessenderings.

CatagoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.5[ComputerGraphics]:Curve, Surface,Solidand
ObjectRepresentationd.3.7 [ComputerGraphics]:Color, Shading Shadeving and Texture

Figure 1: Seamlesatlaspipeline

1. Intr oduction

The applicationof color image mapsto 3D geometryvia

texturemappinghasbeenusedto enhancehe appearancef

renderedmagesdor threedecadesOverthattime period,the
importanceandubiquity of texture mappinghascontinually
increasedFasttexture mappinghasbecomea mainstayof

graphicshardware,andtextureimagesnow corvey avariety
of datato procedurakhadersxecutingon fragmentproces-
sors.

Unfortunately establishinga parameterizatiof a gen-
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eral3D surfaceinto a 2D texturedomainremainsachalleng-
ing problem.An increasinglypopulartechniques to create
anatlas.This atlascomprisesa setof charts,eachof which

mapsa connectedpart of the 3D surface (a patch)onto a
pieceof the 2D texture domain.This piecaviseapproactal-

lows areasonablelegreeof local controlin constructinghe
mappingsHowever, thereareseveral opportunitiesherefor

the introductionof seamg0-orderdiscontinuities)etween
theneighboringpatches.

We take the position that the bestway to eliminatethe
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appearancef seamson textured surfacesis to designthe
atlasstructurewith seamavoidancein mind from the very
start.To achieve this end,we introducethenotionof aseam-
lessatlas. The seamlesstlasis inspired by OpenGLtex-

ture borders[WNDS99] and the seamlessoricking tech-
niquesusedby applicationgerforming3D texturing of large
data[LHJ99]. Theatlascomprisesa numberof quadrilateral
patchesmappedo square(or rectangularchartsin texture
spaceThesechartsmaybetrivially pacledinto asingletex-

turemapin avariety of ways.

In this paperwe demonstratehat this relatively simple
structureof our seamlessatlaspermitsall of thefollowing:

Seamlesgexturing: Renderingusingour new atlaspro-

ducesno seamartifacts.

Downsampling: Seamlessatlas textures may be easily
downsampledproducinglower resolutiontexture thatis

still seamlesaswell asstationary

Mip-mapping: Texture resolutionsmay be selectedor

blendedon a perfragmentbasis.

Geometry simpli cation: The simple structureof the
seamlessatlas males it straightforvard to downsample
the geometrywhile still retainingthe seamlesproperty

In this paperwe describealgorithmsfor creatingandren-
dering using a seamlessatlas. We demonstratehe use of
seamlessatlasesfor resamplingvertex colors, vertex nor
mals, and pertriangle texturesand producingproperly |-
teredrenderingsFigure 1l shavs our systenpipeline.

2. RelatedWork

One way to generatean atlasis to make a simple chart
for each triangle. Often, the mesh is rst simplied,
and then these basetriangles are used to constructthe
chartfCMR 99,LSS 98, SGR96] Thesimpli ed triangles
arethenpacledinto texture spaceand sampledto generate
texture maps.Whensuchtexture mapsarerenderedseams
may appearbetweentrianglesdueto bilinear interpolation
betweenadjacentlypacledtrianglechartsanddo not easily
allow perfragmentmip-mapping.

Alternatively, triangles may be  clustered
into patches which are then parameterized as
charts [EDD 95,SSGH01SWG 03]. By parameteriz-
ing into corvex polygonswith smallnumbersof sides,it is
possibleto simplify the patcheswithout disturbingthe pa-
rameterizationsalong the boundarieCOM98, SSGHO0].
However, if the matchingboundaryedgesdiffer in length
or orientationin the texture domain, it is still dif cult to
eliminatesubtleseamsalongthe boundariegevenif a one
texel paddingis appliedjust outsidethe charts).

We nd thateliminatingseamss straightforvardif theat-
lascomprisegjuadrilaterapatchesnappedo squareor rect-
angularcharts.Suchatlasehave beendesignedisingman-
ualinterventionfor decoratingmplicit surfacegPed95Jand

for corvertingmesheso splinepatchegKL96]. A quadrilat-
eral atlascanbe createdautomaticallyby meging adjacent
triangularcharts|EH96].

Recognizinghatseamsareanimportantproblemwith at-
lasesyvariousapproachebave beendevelopedto minimize
their effect. For example,the seamsmay be forcedinto re-
gionsof high negative curvature[LPRM02, SHO2] andthus
madelessapparentAs analternatve, animage delity met-
ric [ZMT04] can be usedto minimize the visual effect of
seamsalongwith othererrorsources.

Atlases used for geometry images, either single-
chart [GGHO0Z or multi-chart [SWG 03] are interesting
casespecausahesegeometryimagesare water tight (i.e.
seamlesspy design.However, althoughit is possibleto
downsampleheseimagesto lower resolutionsspecialbor
der treatmentsat eachresolutionmake the mappingsbe-
tween boundarytexels at various resolutionschallenging.
Hence,it is dif cult to mip-mapthesestructuresThe ele-
gantboundarystructureof the morespecializedspherically
parameterizedeometryimages[PHO3 may be morecon-
ducive to perfragmentmip-mapping.

Recentwork in the domainof procedurakolid texturing
hasproduceda multi-resolutiontexture atlas|CHO02], which
usesstandardnip-mappingon graphicshardware. This tex-
ture atlashasseveral desirableproperties,ncluding excel-
lent control of the samplingrate acrossthe surfaceand ef-

cient useof the entire texture space However, the pack-
ing andmip-mappingschemeusedstill generateseamde-
tweenchartsexceptatthe highest-resolutiomip-maplevel.

Thusthe appearancef seamsn generalatlasparameter
izationshasremaineda persistentppenproblemthataffects
both modelrepresentationand rendering.We addresshis
problemin the sectionsthat follow, beginning with the de-
signof theseamlesstlas.

3. Seamles#tlas

The seamlesstlascomprisesa setof quadrilateralpatches
that are mappedto rectanglesn texture space We wantto
sampledatainto thesetexturerectanglesndalsodovnsam-
ple the datainto mip-mapsn suchaway thateachmip-map
level may berenderedseamlesslyn the polygonalsurface.
Texture seamshave two sources:

interpolationbetweenboundarytexels of two unrelated
patches

discontinuity in the texel colors betweentwo adjacent
patchesonthesurface

In additionto beingseamlessthe texture shouldremain
stationaryonthe surfaceacrossmip-maplevels. This means
that we must ensurethat a given texture coordinaterefers
to preciselythe samepoint on the chartat all resolutions.
As it turnsout, OpenGL (andthe hardwareit abstracts)s
designedo accomplishust this, sowe begin with a look at
the approactprobablyintendedby the OpenGLarchitects.

¢ TheEurographicsAssociation2004.
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Figure 2: Two chartsrepresentedas OpenGLtexture maps
with borders (depictedfor 1D textures).

3.1. OpenGL Seamles§exturing - SeparateStyle

In OpenGL thedatavaluestoredatatexel is associategvith

thecenterof thattexel. Considettheexampleof a 1D texture
in Figure2. Whenusinglineartexture ltering (bilinearfor

2D), thered color at level O of chartA is the sampleat the
texture coordinatel/8, the centerof the leftmosttexel. To

eliminatea seambetweenchart A and chartB (which lie

next to eachotheron somesurface),the valueat texture co-

ordinate1.0 on chart A mustexactly matchthat at texture
coordinate0.0 on chartB. But thesevaluesmustbe recon-
structedon eachchart.For example,on chartB, thevalueis

constructedy interpolatingbetweerthe rst texelandsome
othervaluedeemedo beat sampledat coordinate-1/8.

Thiscanbeaccomplished OpenGLby bindingadiffer-
enttexturefor eachchartof our seamlesatlasandusingthe
texture bordermechanisnto provide the correcttexel value
at-1/8. Thetexture borderprovidesstoragefor exactly one
additionaltexel justoutsidethe[0,1] rangeof thetexturedo-
main at every mip-maplevel. The bordertexel controlsthe
interpolationat all fragmentswith texture coordinateson-
tainedin the extremalhalf texel of the[0,1] range(e.g.from
0to 1/8 andfrom 7/81to 1 in our 4-texel image).In our ex-
ample,a cyan texel would be placedat the right borderof
chartA anda greentexel will be placedat the left border
of chartB (marked with dashedines). Thus,the boundary
betweenchart A andchartB at level 0 will interpolateto
theaverageof greenandcyanon bothcharts Eachmip-map
level in this exampleis generatedrom the previous usinga
2-texel-widebox lter andbordertexelsareagainreplicated
from theneighboringchartat eachlevel.

A seamlesstlascreatedusing our algorithms(seeSec-
tion 4) may be storedin this form andrenderedn this fash-
ion, a stylewe call sepaate (becausehe patchtexturesare

Figure 3: Sepaateseamlesatlas.Eadc chartis shownwith
its mip-map.
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Figure 4: Two chartsnaivelyarrangedinto a singletexture.
Wastedtexelsare markedwith 'x'.

storedandloadedseparately)In additionto beingthe sim-
plestseamlesatlasstyle (seeFigure 3), it also easily ac-
commodatesisinga differentmaximumresolutionfor each
texture and provides accessto ary adwanced lters (e.g.
anisotropic ltering on eachmip-maplevel, trilinear lter -

ing acrossmip-maplevels, etc.) supportedoy the hardware
anddriver. Thiscanbeusefulif chartshave very differentar

easonthesurfaceor if theiractualdatahave differentspatial
frequencies.

However, separatestyle can have neggative performance
implications.Binding a new texturegenerallycauses ush
of thefragmentpipeline,andeachpatchmustbeissuedasa
separate@raw call. Managingmultiple texturesis alsosome-
timesanunnecessargurdenfor theapplicationprogrammer
andmaycausdragmentatiorof texturememory In addition,
somedriversmay not be optimizedfor texture borders,and
theuseof separateéexturestypically restrictsthetexturesize
to a power of two.

3.2. Combining Charts - Stacked Style

Although it is often desirableto combineall levels of all
chartsinto asinglemasteitexture, it is non-trivial if wewish
to maintainboththeseamlesandstationarypropertiesCon-
siderarrangingchartA next to somechartC in the texture
andassumehat patchA doesnot neighborpatchC on the
surface.

As before,both chartsstill require paddingby "border"
texelsto guaranteeseamlesénterpolationwith their neigh-
boringchartsonthesurface.However, to leave acharts tex-
ture coordinatesstationaryacrossevels, we may never re-
usethe texture spaceoccupiedby ary bordertexel (i.e., at
ary level). At the lowestresolutionof 1x1, a texel occupies
spaceequalto thewholechart(shavn atlevel 2 in Figure4).
In 2D, this correspondso wastageof about75% of the tex-
els including all levels of the texture map (shavn with X
throughthemin the gure). Herewe do not have the ben-
et of the convenient,single-texel paddingprovided by the
hardwarearoundthe borderof entiretexture map.

Instead,we suggesta different samplingand ltering
schemejnspiredby stratgies usedfor "bricking" and |-
tering of large 3D texture data[LHJ99, LCCKO02]. Rather
thankeepingperfectalignmentin texture spaceacrosstex-
turelevels,wewill condens¢hedatamoreandmorein suc-
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Figure 5: (a) Two chartsarrangedin a singletexture. Red
and yellow texels are replicatedfrom appropriated chart
neighbos. A chart's texture coodinatesnow dependon the
mip-maplevel. (b) Two charts padced with only 1/2 texel of
border.

cessve levels (seeFigure5a). In this casewe will keepthe
texture stationaryon the surfaceby automaticallyadjusting
the texture coordinatesaccordingto the mip-maplevel. In
this gure, we have only onebordertexel (of theappropriate
resolution)next to eachchartateverylevel. So,for example,
the texture coordinatedor level O of chartD are scaledto
lie in [1/8, 7/8], whereadevel 1 liesin [1/4, 3/4]. Justlike
theseparatetyle,this wasteshalf of eachbordertexel (with
the otherhalf usedfor bilinearinterpolation).We canelimi-
nateeventhatwasteby effectively usingonly half a texel of
borderon eachsideasshavn in Figure5h.

This arrangemenimplies a someavhat simpler sampling
schemeaaswell, in which we generatehe boundarytexel by
samplinga patchexactly on its boundary (Notice that the
modi ed samplingpatternhaschangedhe outermostexel
valuesin chartD to the averageof red and green,andthe
valuesin chartE to theaverageof yellow andpurple.)Chart
D's rangeon level 0 usingthis alternatve samplingscheme
is [1/16, 15/16]andon level 1 is [1/8, 7/8]. An exampleof
stacledseamlesatlasis shavn in Figure6.

To usethisstyle,we rst parameterizapatchonthe[0,1]
domain, asin the separatestyle, but at rasterizationtime
transformthe texture coordinatesof eachfragmentappro-
priatelyfor the desiredmip-maplevel. However, it is essen-
tial thatthe hardware's texturelookupthenusethe mip-map
level expectedafterthetexturecoordinateadjustmentfortu-
nately this apparentlyrecursve equationhasa closedform
solution,which we presenin Section6.

Ideally, thegraphicshardwarewould natively computethe
mip-maptexture value basedon our equation,makingthis

Figure 6: Stakedseamlesstlasfor Isis model.

Figure 7: Flat seamlesatlasfor Igeamodel.

style appropriate Meanwhile,we canimplementthis in a
fragmentprogramif we know the vendors mip-maplevel
computatiorformula.In orderto avoid thatrequirementye
proposehenext style.

3.3. Combining Levels- Flat Style

The texture samplingin at style is identical to that in
stacled style. The primary differencehereis that we our-
selvesarrangeall theresolutionof all the chartsin a single
textureimage,avoiding theambiguitiesnherentin guessing
the detailsof a particularhardwarevendors mip-maplevel
computation.

We lay outall the 2D chartsinto the texturein a standard
mip-map pattern,with the lowerresolutionimagespacled
in the bottomquadrantof the image.Given texture coordi-
natesfor thelevel 0 image,it is straightforvardto compute
in the fragmentprogramthe propertexture coordinatedor
the highermip-maplevels. Figure 7 shavs an exampleof a

at seamlessitlas.

3.4. Varying Chart Resolution- Packed Style

Onelimitation of thestacledand at stylesis thatthey both
male useof thefactthatall chartshave the samemaximum
resolutionto computethetexture coordinategor a particular
level giventhetexturecoordinatestlevel 0. However, there
aremary circumstancesvhenwe might like to keepsome
chartsat higher resolutionsthan others.For example, de-
pendingonthechartcreationprocesaised somechartsmay
mapto asigni cantly largerareathanothercharts.It's also
possiblethat certainchartsmapto regionswith moredetail
asmeasuredy somemetric. The pacled style tradessome
simplicity for thespacesarzingsof amoreadaptve sampling
rate.lt alsoallows rectangulacharts.

To arrangethe chartsinto a texture, we canusea sim-
ple packingalgorithm [SGR96].A texture width is chosen
to beapowerof 2. We Il this texturefrom left to right, in-
sertingthe chartsin orderof decreasingize.Whenall the
chartshave beenplaced,we choosethe texture heightto be
just large enoughto containthesetextures.Becauseve do
notrequirehardwaremip-mappingor thislayout,theheight
doesnot have to be a power of 2. Figure8 shavs anexam-
ple of suchalayout.In this example,we keptonly onethird

¢ TheEurographicsAssociation2004.
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Figure 8: Padkedseamlessatlasfor Igeamodel.

Separate | Stacked Flat Packed

Texturebinds Mary Single | Single Single
Draw calls Many Single | Single Single
Chartlocations|  None Implicit | Implicit | Lookuptbl
Advanced Built-in Built-in | Fragment Fragment
texture ltering program| program
Mip-maplevel | Built-in | FragmentFragment Fragment
program| program| program

Texturespace | Optimal | Possible| Possible| Efcient
(tex border), wastage| wastage| (recttex)

Table 1: Summarizinghe different layout stylesof usinga
seamlessatlas.

of the texturesat the highestresolution,reducingthe tex-
turerequirements$o onehalf thatfor astacledor at texture
with thesamemaximumresolution.Thelocationsof thevar
iousresolutionchartsarestoredn alookuptable,indexedby
chartnumberandmip-maplevel. Dependingon the number
of charts this tablemay be storedin eitherthe uniform pa-
rametergo thefragmentprogramor asanotheitexture map.
To matchthe colorsalongboundariebetweerchartsof dif-
ferentmaximumresolutionsthehigherresolutionboundary
is effectively downnsampledo matchthe interpolatedcolors
of the lowerresolutionboundary Table 1 summarizeghe
differenttrade-ofs in thefour layoutstylesof usingaseam-
lessatlas.

4. Creatinga Seamles#tlas

We createheatlasby rst clusteringpolygonsinto arbitrary-
sidedpatchesNext, we subdvide eachsuchpatchinto a set
of quadrilateralasillustratedin Figure9. Suchquadrilateral
patcheausuallyhave low distortionwhenparameterizedn

a [0,1]x[0,1] domain.Oncethe patchesaredeterminedwe

sampleits attributesinto a texture, and perform ltering to

produceseveralmip-maplevels.

4.1. Creating Polygonal Patches

Clusteringtrianglesinto patchess a well-known problem.
We usea techniquewhich ensureghat the patchesdo not
deviate muchfrom a plane[GWHO01]. We follow a bottom-
up construction by startingwith eachtriangle as a patch.
The patchesare meiged greedily minimizing the following
metrick;Q+ koP, whereQ is thequadricerror, P is theratio
of theareaandthe perimeterof a patch.

¢ TheEurographic#Association2004.

Figure9: Teethmodelshowingthepatc creation.(a) Creat-
ing patches(Sectiord.1). (b) Straighteningpolygonalpatch
boundaries(c) Patch quadrangulation(Sectiord.2).(d) The
resultingquadrilateral patches.

Figure 10: Merging clustes. Thefollowing pair meigesare
disallowed:A-B, A-D, andB-D. Anyotherpair couldmeige
withoutviolating our topolagical rules.

We extendthis work to follow two topologicalrulesdur-
ing all clusteringstages:

1. Every patchis homeomorphito adisc.

2. Any pair of patcheds adjacentat a singlevertex, along
asinglecommonboundary(thomeomorphido aline), or
notatall.

Theeffectof theseruleson applicablemegesis shavn in
Figure10.

At theendof patchformationprocessye straighterpatch
boundarie§SSGHO1]by choosinglocally shorterpaths(of
triangleedgeshetweerpatchcornersusingDjikstra's short-
est path algorithm. The edges'weights are equalto their
geometriclengthsscaledby their distancefrom the closest
pointon the original patchboundariesThis ensureghatthe
boundariesio notmovetoofarfrom their original positions.

4.2. Patch Quadrangulation

We emply a Catmull-Clark-inspired subdvision
scheme[CC78§ to partition n-sided patchesinto quadri-
lateral ones (Figure 11). The algorithm consistsof two
steps.First, we computea centerpoint, ¢, in the polygonal
patch.Then,this pointis connectedy a pathto the median
of each edge of the polygonal patches.Although this
subdvision may be performedon the domain after the

Figure 11: Simpleplanar polygonquadmngulation.
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Figure 12: Quadmangulatinga polygonalpatd. (a) Find-
ing the center point. The blue polygonlines representthe
new polygonalpatd afteroneiteration of thealgorithm.The
numberof polygonalsidesreducesytwo. (b) Thecomputed
centerpointis connectedo medianof each boundarycurve

polygonal patch is parameterizedwe chooseto directly
subdvide the patchandthenparameterizeeach.This turns
out to be moreef cient andresultsin somavhat smoother
parameterizations.

Center point computation: We nd the centerpoint by
successie bisection Considerthe patchin Figurel2.Letus
chooseoneof the patchboundariessayEg = pop;. We rst

nd its medianmy. We locateit by summingthe lengthsof

triangle edgeson Ep and choosingthe medianvertex. We

next nd the shortestsurface pathfrom mg to eachcorner
p; of thepatch,i > 1. We again useDijkstra's shortesipath

algorithm on the surface graph, with the restrictionthat a

pathmay not exit the patch.We startby assigninga weight

of in nity to eachedgeexceptthosethatareincidentonthe

sourcevertex but arenot alongthe patchboundary During

the path constructioneachedgeincidentto the pathfound

sofaris releasedy assigningo it aweightequalto its edge
length.Edgedncidentonaboundaryertex arenotreleased,
thusthe pathsmaynotmemge.

We performthe following iterationuntil only oneor two
verticesremainand henceno more patchescan be formed
(seeFigurel2a):

Find theshortespathsP, from my to eachp;

Find themedianvertex mil alongeachpathP,
Connecteachpair (circularly) mil m1+ 1 by the shortest
path

Generatea hew patchwith two fewer vertices.

If at the end of the iterationstwo verticesremain, we
choosetheirmediar‘(alongtheshortespath)asco, otherwise
we choosethe remainingvertex. This procedurecorverges
to the actualcentroidfor planarpolygons,but is geometri-
cally nearthe centerfor non-planaipatcheslin practice,we
choosec from the neighborhoodf c®. We choosethe high-
estdegreeverte in the neighborhoodHigh degreevertices
areusuallynearsurfacefeaturesandaid thefollowing quad-
rangulationprocedurethusthey form goodpatchcorners.

Subdivision: Oncewe have foundthe centerc, we join it
to themedianof eachboundarycurve of the polygonalpatch
in themannershavn in Figure12h The connectingcuneis

Figure 13: Igea model partitioned into quadrilaterl
patches.

agnintheshortespath,with amodi cation. We do notallow
thesepathsto intersect,or even be near Closepathsresult
in narrav regionson theresultingquadrilateralsesultingin
parameterizatiomrtifacts.We again useDijkstra's shortest
pathalgorithmto nd thesepathsin a greedyfashion.We
startby nding theshortespath,Py, from themedianof edge
Ep to thecentempointc asdescribedefore Wenext nd the
shortestpath, P, from the medianof the next edgeE, -,
to ¢, with theweightsof edgesscaledby their distancerom
path Py. This resultsin a path that staysfar from Py. We
similarly usebinary subdvision on eachsideto determine
the orderin whichto nd all paths,R,. Eachpathstaysfar
from thosefoundbeforeit. It is possiblan somecasegor no
pathsto exist from thecenterto oneof theedgesastwo paths
mayhave only oneroutethroughavertex v andpathsarenot
allowedto intersectWe subdvide thetriangleadjacento v
to createnew paths.

PathsP, subdvide the original n-sidedpatchinto n quads
asshavn in Figure 12b, with the propertythat eachquad-
patchedgehasexactly two quadsadjacentto it and each
guad-patctcornerhasa ring homeomorphido a disk. Fig-
ure 13 shaws the resulting quadrilateralpatcheson Igea
model.

4.3. Parameterization

Sinceour patchesarerathersimple,we usean inexpensve
parameterizatiorscheme[SSGHO0] for eachquadrilateral
patch.We rst distribute the verticeson the four bound-
ary curwes of the patchontheu= 0,u= 1,v= 0 and
v = 1 texture boundariesEachboundaryvertex is placed
at a texture coordinateproportionalto the ratio of its path
lengthfrom the cornerandthe total boundarycurve length.
Thisis anarc-lengthparameterizationf theboundarycurve.
For the internal points, we perform uniform edge-spring
parameterizatioriollowed by geometricstretchminimiza-
tion [SSGHO01].Otherparameterizatioalgorithmsmayalso
be employed here[DMAO02, Flo97,ZMT04], and consider
ing multiple patchesat a time canpermitparameterizations
which aresmoothacrosgpatchboundarie$KLSO03].

4.4. Chart Generation

Recallthat we generatethe "border" texture samplesfrom
patchboundariesWe usegraphicshardwareto createthese

¢ TheEurographicsAssociation2004.



B. PurnomoJ. CohenandS.Kumar/ Seamles3exture Atlases

Figure 14: Samplingoyrendering:Thegrid showghepixels
and the colored polygonis beingsampled(a) Trianglesat
the boundaryof two adjacentpatces.(b) Thedesied sam-
ples at the centes of pixels. (c) Obtainedsamplesdue to
rasterizatiorrules.(d) All samplegeneatedby usinglines.

samplesvhenneededWe drawv eachtriangle usingits tex-

ture coordinateasgeometry Figure 14 shows the rasteriza-
tion of a patch.At level 0, the boundarytexels aresampled
preciselyfrom thepatchboundariesBecaus@ixelsaresam-
pled at their centers(Figure 14b), we renderthe triangles
with the coordinatescaledhalf a pixel in. This ensureghat
thecornerpixel sampléies preciselyat the patchboundary

Dueto therasterizatiorrules[FvDFH9(Q, this causeswo
window boundariego not be drawvn (Figure 14c). We re-
draw theseboundariedy drawing thetriangleedgeson the
patchboundaryalso aslines, again shifted half a pixel in.
Thisensureshattheboundarypixelsonthewindow contain
samplegpreciselyatthe patchboundaries.

4.5. Filtering

Oncethe highestresolutiontexture is computedwe lter it
down to generateall levels of the mip-map.Sincea change
of texturecoordinatess requiredfor eachmip-maplevel, the
Itering hasto be performedcarefullyaswell.

We mustensurethatthe boundarytexels at eachlevel of
a patchagreeswith the correspondingdevel of the adjacent
patchand representshe colors preciselyon the boundary
We alsomustensurehatthesamplesaretakenfrom thecor-
rect placeon the trianglewith the modi ed locationof the
patchboundarylt is possibleto simply re-rendethepatches
in the parametricspaceusing a smallerwindow. However,
ary lter betterthan"sub-sampling'tequiresa carefulcon-

Figure 15: Texture Filtering: Grid showsthe texels; color
comedromrendeedsamples(a) Theoriginal 8x8samples.
(b) From8x8samplego 4x4samplesThedotrepresentshe
old 8x8samplesThecrossrepresentshe new 4x4 samples.

¢ TheEurographic#Association2004.

Figure 16: Convolving on the corner and the boundaryof
thecharts.

struction.If we wish to generatea 4x4 texture from an 8x8
texture (Figure 15), aftermoving the patchboundaryhalf a
texel inside, the sameboundaryneedsto be sampledfour
times insteadof eight (marked by crossedn Figure 15b).
The new locationsare not a subsetof the old locations.In
generathelocationsofthesampleareatlz(ZI 1) distance
apartfor texturelevel . In orderto avoid seamsatall levels,
the valuesmustbe the sameon both patchesadjacentto a
boundaryHence thesesamplesnustbe generatedby using
a lter thatis symmetricaboutthetexture boundary

We usea two-step lter: rst cornvolve each3x3 set of
samplesat level | with a Gaussianlter to obtainsamples
at the texel centersfor level |. Then linearly interpolate
thesesamplesto obtainthe samplesat the texels for level
| + 1. Whenthe Gaussiarkernelis appliedataboundarywe
gatherthe missingsamples(e.g. the blue samplesin Fig-
ure 16) from the adjacentpatch. Specialcareis required
at the corners,which may connectan arbitrary numberof
patchesln this case,all neighboringsamplesare gathered
andarrangeduniformly aroundthe cornersamplefor Iter -
ing, asshowvnin Figure16. Thisensureshatthecorrespond-
ing boundarytexels containthe samevaluesfor adjacent
patchesand their valuesare generatedrom valuesacross
theboundaryfor asmooth Itering.

5. Geometric Simpli cation

Given our regular atlas structure,performing the geomet-
ric simpli cation is straightforvard.We usea priority queue
driven, half-edge-collapsbasedschemeWe imposea few

restrictionsto maintainthe seamlesgparameterizationin-

terior verticesmay collapseto chartboundaryvertices,but

notvice versa.Similarly, boundaryerticesmay collapseto

cornervertices but notvice versa.Cornerverticesarenever

moved. Finally, edgecollapsesalongchartboundariesnust
be appliedto both sidesof the boundary Theserestrictions
aresimilar to thoseemployed by the appearance-preserving
simpli cation algorithm [COM98], which operatedon at-
laseshaving similar propertiego ours.

6. Rendering With a Seamlesdtlas

Therenderingrequirementgor a seamlesstlasdependon
the chosenstyle (Section3). In the separatestyle, for ex-
ample,the patchesare renderedndividually, with eachre-
quiring atexturebind anddraw call to issueits vertices.The
texture coordinateof eachpatchs verticeslie in [0,1], and
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no specialfragmentprogramis required(exceptto perform
standarchormalmappingetc.).

In contrastthe at stylerequiresasingletexturebind and
asingledraw call to issueall the verticesof all the patches.
In principle,the texture coordinatef eachpatchcould |l
the[0,1] range solong asapatchnumberis alsoissuedwith
eachvertex. In practice at the expenseof a few bits of tex-
turecoordinaterecisionwe encodghepatchnumberin the
texture coordinategxtractingit usingdiv/imodoperationsn
the fragmentprogram.The texture coordinatesssuedwith
eachvertex arethusthecoordinatesippropriatéor mapping
the particularpatchat mip-maplevel 0, sothe patchbound-
ary coordinatedie in the centerof its outermosttexels at
thathighestresolution.Thefragmentprogramthendoesthe
following:

1. Scaleand bias the texture coordinatesso the particular
patch lls theentire[0,1] domain

2. Computethe appropriatemip-maplevel, i, for this frag-
ment

3. Scale and bias the texture coordinatesto shrink the
boundariedy half a texel in eachdirectionat this mip-
mapresolution

4. Biasthetexturecoordinateso lie in theappropriatgpatch
of theappropriateesolutionin thefull [0,1] texturespace

The scaleandbiasoperationghemselesareall straight-
forward. The challengethen,lies in computingthe appro-
priatemip-maplevel.

Givenapatchwith its texturecoordinategu, v) betweerD
and1, theformulafor computingthe default mip-maplevel
l'is

2s s 3
2 2 2 2
fus, Wo ur v

fix % Ty iy

| = logMAX4 (1)

where(x, y) is the screercoordinates.

If N is the original texture resolution,the texel sizen; at
mip-maplevel i is 2'=N. For level i, the modi ed texture
coordinateqgs, t) shouldlie in therange(nj=2,1 n;=2) to
avoid aseam.n generals= (1 nj)u+ nji=2 andt = (1
ni)v+ nj=2. This meanghe derivative (1s=1Tx) for the mod-
ied coordinateis (Tu=Tx) (Ts=Tu) = (Tu=Tx) (1 ;).
All four partial derivativesare similarly scaledby (1 ;).
Hence thenew desiredmip-maplevel i for themodi ed co-
ordinateds

s 2 2 S 2 23
i = logMAX4 Ts + Tt : fis + s
X Tx Ty iy
ie,i=1+1log(l n)=1+log(l 2i=N). Solving this

equationwe get

2I
i=l+log 1+ )

Thus, the scaledtexture coordinatespasedon the new
mip-maplevel i, canbe directly computedirom the default

mip-maplevel | (basednthevertices'originaltexturecoor
dinates) Trilinear ltering is appliedmanuallyif desiredoy
usingthe integer mip-maplevels surroundingi, computing
two setsof texture coordinatesdoing two bilinear texture
lookups,andinterpolating.

Althoughthestacledstylemaybeimplementedn afrag-
mentprogram,it is really bestsuitedfor a customtexture
lookup mode supportedby the driver and texture unit. To
implementin a fragmentprogramon currenthardware,we
modify step4 to accountfor the factthatwe Il the entire
texture domainwith only the highestresolutiontexture, us-
ing the hardware mip-mapstoragefor the otherlevels. We
give thetextureunitthemodi ed texturecoordinatesiswell
asa setof derivativesto attemptto force it to usethe de-
siredmip-maplevel. As mentionedpreviously, this canbe
dif cult, becausehe hardwareimplementatiormay notim-
plementequationl exactly. For examplethesquaraootmay
bemissing.Equation2 canusuallybe modi ed accordingly
allowing usto determineappropriatederivativesto passto
thetexturelookup.Ideally, in adriver-supportedsetting,the
stacled style couldallow a singletexturelookupto perform
Iters suchastrilinear, anisotropicetc.

7. Results

We have implementedhe algorithmsdescribedn this pa-
per and testedthem on several models.We generatedsur
face patchesand parameterizedhem. We capturedper
vertex colors, pervertex normalsand pertriangle textures
into seamlesatlases.

Table 2 provides the experimentalresults for separate
(ColumnA-D) and at (ColumnE-G) atlasesTheseresults
are performedwith a Pentium42.8 GHz PC,1 GB RAM
andan NVIDIA QuadroFX 3000graphicscard. It is run-
ning Windows XP with NVIDIA Cg 1.2 compilerandfp30
fragmentshadempro le. Theseresultsarerenderedvith per
pixel lighting and normal map textures.\We usethe VBO
(Vertex Buffer Object)extensionfor fasttrianglerendering.
ColumnA andE shav resultswithout mip-mapping.Col-
umn B shaws resultfor both bilinear ltering andtrilinear
Itering. We performrenderingwith anisotropic4x and8x
in ColumnC andD. ColumnF shows resultwith bilinear
Itering for at atlas.Resultwith trilinear Itering for at
styleis shavn in ColumnG. ColumnsA-E usel2 fragment
instructions.ColumnsF and G use57 and 67 fragmentin-
structionsrespectiely. Theseresultsshav thatwe candis-
play complex modelsin interactve rates.

It is informative to compareColumnA with ColumnE. It
seemghat for our currentsetof tests,the percharttexture
binds and drav calls do not causemuch penalty for Col-
umnA ascomparedo ColumnE, which hasa single bind
anddraw call. In othertests wherewe usecoarsemgeomet-
ric levels of detail of thesemodels,we have seenColumn
E performasmuchas20% fasterthan ColumnA. Thusit
seemsvorthwhileto packchartsinto asingletextureon cur

¢ TheEurographicsAssociation2004.
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Model Tris| A| B|C|/D|E|F|G

K| fps| fps|fps|fps| fps |fps| fps
Knee 76|108/121| 9785|110/ 32|21
Bunry 76| 93 113|88|74| 83 |30|19
Club 105 77 |90 | 72|63| 80 | 24|16
Teeth 234| 40 | 4438|3441 |12| 8
Igea 269| 35|39|33|30(35|10| 7
Isis 377| 26| 29|27|23[(26| 8|6
Cuneiform 1079| 11| 11 (11|10 11| 3 | 2

Table 2: Timing resultsfor seamlessendering

rent hardware only whenthe numberof trianglesper chart
is quite small. Whenthis is bene cial, it is alsopossiblein
somescenego packthe geometryandtexturesof multiple

objectstogetherfurtherreducingbind anddrav overheads.

The texture componenbdf this processs straightforvardin
the context of our atlases.

It is alsoinformative to compareColumnA to ColumnB.
We nd thatstandardrilinear mip-mappingandanisotropic
Itering achievzessimilar performanceandboth outperform
non-mip-mappedendering(presumablydue to improved
texel caching) With hardwaresupportfor our atlaslookups,
we should expect a similar speedupfrom Column E to
ColumnsF and G. However, the numberof instructionsre-
quiredto implementtheselookupsin a fragmentprogram

apparenthoutweighsthe gainin cacheperformance.

Figure 17 demonstratethe effectivenessf correctsam-
pling at the patchboundariesf all mip-maplevels. Naive
approachemayinterpolatebetweercorrecttexelsandthose
of adjacentlypacled chartsresultingin thevisible seamar
tifactsshavn here.

Figure 18 shawvs the normal-mappedoothat varyinglev-
els of geometricdetail. Figure 19 shaws a texture-mapped
Bunry modelgeneratedrom amodelwhichhadpertriangle
textures A close-upatapartof Bunry veri es thatwe donot
introduceseamson the patchboundaries.

Figure 17: Rendering normal-mapped Igea model.
(@) Seamsintroduced because of interpolation across
adjacently-paked chart boundaries. (b) Our correct
boundary Itering andlookupeliminategheseseams.

¢ TheEurographic#ssociation2004.

Figure 18: Normal-mappedeethmodelwith varying level
of detail. (a) Seamlessenderingwith LOD. (b) Rendering
thecorrespondingneshwithoutnormalmap.

Figure 19: Texture-mappedunnymodelandits at seam-
lessatlas. (a) A close-upon a part of Bunnywith a patch
boundary(with the patchesshownnext to it). (b) Seamless
texture-mappedunny (c) The at atlas.

Figure20 (seecolor platesin printedproceedings$havs
a Cuneiformtabletmodel[KSD 03] with onemillion trian-
gles, renderedusing individual mip-maplevels of its color
texture. As we increasethe texture ltering, the rendering
remainsseamless.

A mip-mappedClub modelis shovn in Figure21.There-
sult of applyingvarioustexture ltering modesto the Club
modelis shavn in Figure22.

8. Conclusion

We have presentedan algorithm for constructingseamless
atlaseswhich seamlesslyexture polygonalmeshesaindal-
low mip-mappingaswell asgeometricsimpli cation. These
new texture atlasestake advantageof fragmentprocessor
programmability Our approachadaptsmethodsof seamless
texturing availablein OpenGLto the requirementsor large
batchsizesof geometryto provide maximalperformancen
moderngraphicshardware.While it is possibleto adjustthe
texture coordinatesat eachlevel of mip-mappingin a frag-
mentprogram,betterresultscould be achieved with a cus-
tom texture lookup function. The seamlesstlascould thus
becomea new andusefulcustumtexture format.

There remain several important avenuesfor future re-
searchMetricsfor constructiorof variableprecisioncharts
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for the pacled style bearfurther investication. We also be-
lieve thatcombiningpatchquadrangulatiodirectly with pa-
rameterizationwould yield betterpatchesln addition, out
of coreparameterizatiomndtexture cachingwould be use-
ful for largermodels.
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Figure 20: One-million-triangleCuneiformtabletmodel,rendeed at several of its individual mip-maplevelsto illustrate the
seamlesdtering .

Figure 21: Club modelwith seamlessenderingwith mip- Figure 22: Club modelwith various advancedtexture I-
mappechormal.(a) Patchesshown (b) Color indicatesmip- tering modes(a) Trilinear ltering . (b) Anisotopic 4x. (c)
maplevel. (c) Seamlesmip-mappedendering Anisotopic 8x.
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