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Figure1: Seamlessatlaspipeline

Abstract
Textureatlasparameterizationprovidesaneffectivewayto mapa varietyof color anddataattributesfrom2D tex-
turedomainsontopolygonalsurfacemeshes.However, theindividualchartsof such atlasesare typicallyplagued
by noticeableseams.We describea new type of atlas which is seamlessby construction.Our seamlessatlas
comprisesall quadrilateral charts, and permitsseamlesstexturing, as well as per-fragmentdown-samplingon
renderinghardware and polygonsimpli�cation. We demonstrate the useof this atlas for capturingappearance
attributesandproducingseamlessrenderings.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.5 [ComputerGraphics]:Curve,Surface,Solidand
ObjectRepresentations, I.3.7 [ComputerGraphics]:Color, Shading,Shadowing andTexture

1. Intr oduction

The applicationof color imagemapsto 3D geometryvia
texturemappinghasbeenusedto enhancetheappearanceof
renderedimagesfor threedecades.Overthattimeperiod,the
importanceandubiquity of texturemappinghascontinually
increased.Fast texture mappinghasbecomea mainstayof
graphicshardware,andtextureimagesnow convey avariety
of datato proceduralshadersexecutingon fragmentproces-
sors.

Unfortunately, establishinga parameterizationof a gen-

eral3D surfaceinto a2D texturedomainremainsachalleng-
ing problem.An increasinglypopulartechniqueis to create
anatlas.This atlascomprisesa setof charts,eachof which
mapsa connectedpart of the 3D surface(a patch)onto a
pieceof the2D texturedomain.Thispiecewiseapproachal-
lowsa reasonabledegreeof local controlin constructingthe
mappings.However, thereareseveralopportunitiesherefor
the introductionof seams(0-orderdiscontinuities)between
theneighboringpatches.

We take the position that the bestway to eliminatethe
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appearanceof seamson textured surfacesis to designthe
atlasstructurewith seamavoidancein mind from the very
start.To achievethisend,weintroducethenotionof aseam-
lessatlas.The seamlessatlas is inspiredby OpenGLtex-
ture borders[WNDS99] and the seamlessbricking tech-
niquesusedby applicationsperforming3D texturingof large
data[LHJ99]. Theatlascomprisesanumberof quadrilateral
patches,mappedto square(or rectangular)chartsin texture
space.Thesechartsmaybetrivially packedinto asingletex-
turemapin avarietyof ways.

In this paperwe demonstratethat this relatively simple
structureof ourseamlessatlaspermitsall of thefollowing:

� Seamlesstexturing: Renderingusingour new atlaspro-
ducesnoseamartifacts.

� Downsampling: Seamlessatlas textures may be easily
downsampled,producinglower resolutiontexture that is
still seamlessaswell asstationary.

� Mip-mapping: Texture resolutionsmay be selectedor
blendedonaper-fragmentbasis.

� Geometry simpli�cation: The simple structureof the
seamlessatlas makes it straightforward to downsample
thegeometrywhile still retainingtheseamlessproperty.

In thispaper, wedescribealgorithmsfor creatingandren-
dering using a seamlessatlas.We demonstratethe useof
seamlessatlasesfor resamplingvertex colors, vertex nor-
mals,and per-triangle texturesand producingproperly �l-
teredrenderings.Figure1 showsoursystempipeline.

2. RelatedWork

One way to generatean atlas is to make a simple chart
for each triangle. Often, the mesh is �rst simpli�ed,
and then these base triangles are used to construct the
charts[CMR� 99,LSS� 98, SGR96]. Thesimpli�ed triangles
arethenpacked into texturespaceandsampledto generate
texturemaps.Whensuchtexturemapsarerendered,seams
may appearbetweentrianglesdueto bilinear interpolation
betweenadjacentlypackedtrianglechartsanddo not easily
allow per-fragmentmip-mapping.

Alternatively, triangles may be clustered
into patches which are then parameterized as
charts [EDD� 95,SSGH01, SWG� 03]. By parameteriz-
ing into convex polygonswith smallnumbersof sides,it is
possibleto simplify the patcheswithout disturbingthe pa-
rameterizationsalong the boundaries[COM98,SSGH01].
However, if the matchingboundaryedgesdiffer in length
or orientationin the texture domain, it is still dif�cult to
eliminatesubtleseamsalongthe boundaries(even if a one
texel paddingis appliedjustoutsidethecharts).

We�nd thateliminatingseamsis straightforwardif theat-
lascomprisesquadrilateralpatchesmappedtosquareor rect-
angularcharts.Suchatlaseshave beendesignedusingman-
ual interventionfor decoratingimplicit surfaces[Ped95]and

for convertingmeshesto splinepatches[KL96]. A quadrilat-
eralatlascanbecreatedautomaticallyby merging adjacent
triangularcharts[EH96].

Recognizingthatseamsareanimportantproblemwith at-
lases,variousapproacheshave beendevelopedto minimize
their effect. For example,the seamsmay be forcedinto re-
gionsof high negative curvature[LPRM02, SH02]andthus
madelessapparent.As analternative,animage�delity met-
ric [ZMT04] can be usedto minimize the visual effect of
seams,alongwith othererrorsources.

Atlases used for geometry images, either single-
chart [GGH02] or multi-chart [SWG� 03] are interesting
cases,becausethesegeometryimagesare water tight (i.e.
seamless)by design.However, although it is possibleto
downsampletheseimagesto lower resolutions,specialbor-
der treatmentsat eachresolutionmake the mappingsbe-
tween boundarytexels at various resolutionschallenging.
Hence,it is dif�cult to mip-mapthesestructures.The ele-
gantboundarystructureof themorespecializedspherically
parameterizedgeometryimages[PH03] may be morecon-
ducive to per-fragmentmip-mapping.

Recentwork in the domainof proceduralsolid texturing
hasproducedamulti-resolutiontextureatlas[CH02], which
usesstandardmip-mappingon graphicshardware.This tex-
ture atlashasseveral desirableproperties,including excel-
lent control of the samplingrateacrossthe surfaceandef-
�cient useof the entire texture space.However, the pack-
ing andmip-mappingschemeusedstill generatesseamsbe-
tweenchartsexceptat thehighest-resolutionmip-maplevel.

Thustheappearanceof seamsin generalatlasparameter-
izationshasremainedapersistent,openproblemthataffects
both model representationsandrendering.We addressthis
problemin the sectionsthat follow, beginning with the de-
signof theseamlessatlas.

3. SeamlessAtlas

The seamlessatlascomprisesa setof quadrilateralpatches
that aremappedto rectanglesin texture space.We want to
sampledatainto thesetexturerectanglesandalsodownsam-
ple thedatainto mip-mapsin suchaway thateachmip-map
level mayberenderedseamlesslyon thepolygonalsurface.
Textureseamshave two sources:

� interpolationbetweenboundarytexels of two unrelated
patches

� discontinuity in the texel colors betweentwo adjacent
patcheson thesurface

In additionto beingseamless,the texture shouldremain
stationaryon thesurfaceacrossmip-maplevels.Thismeans
that we must ensurethat a given texture coordinaterefers
to preciselythe samepoint on the chart at all resolutions.
As it turnsout, OpenGL(and the hardware it abstracts)is
designedto accomplishjust this, sowe begin with a look at
theapproachprobablyintendedby theOpenGLarchitects.
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Figure 2: Two charts representedasOpenGLtexture maps
with borders (depictedfor 1D textures).

3.1. OpenGL SeamlessTexturing - SeparateStyle

In OpenGL,thedatavaluestoredatatexel is associatedwith
thecenterof thattexel.Considertheexampleof a1D texture
in Figure2. Whenusinglinear texture �ltering (bilinear for
2D), the redcolor at level 0 of chartA is thesampleat the
texture coordinate1/8, the centerof the leftmost texel. To
eliminatea seambetweenchart A and chart B (which lie
next to eachotheron somesurface),thevalueat textureco-
ordinate1.0 on chartA mustexactly matchthat at texture
coordinate0.0 on chartB. But thesevaluesmustbe recon-
structedon eachchart.For example,on chartB, thevalueis
constructedby interpolatingbetweenthe�rst texel andsome
othervaluedeemedto beatsampledat coordinate-1/8.

Thiscanbeaccomplishedin OpenGLby bindingadiffer-
enttexturefor eachchartof ourseamlessatlasandusingthe
texturebordermechanismto provide thecorrecttexel value
at -1/8. The textureborderprovidesstoragefor exactly one
additionaltexel justoutsidethe[0,1] rangeof thetexturedo-
main at every mip-maplevel. The bordertexel controlsthe
interpolationat all fragmentswith texture coordinatescon-
tainedin theextremalhalf texel of the[0,1] range(e.g.from
0 to 1/8 andfrom 7/8 to 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 dashedlines).Thus,the boundary
betweenchart A and chart B at level 0 will interpolateto
theaverageof greenandcyanonbothcharts.Eachmip-map
level in this exampleis generatedfrom theprevioususinga
2-texel-widebox �lter andbordertexelsareagain replicated
from theneighboringchartateachlevel.

A seamlessatlascreatedusingour algorithms(seeSec-
tion 4) maybestoredin this form andrenderedin this fash-
ion, a stylewe call separate(becausethepatchtexturesare

Figure3: Separateseamlessatlas.Each chart is shownwith
its mip-map.

Figure4: Twochartsnaivelyarrangedinto a singletexture.
Wastedtexelsaremarkedwith 'x'.

storedandloadedseparately).In additionto beingthesim-
plest seamlessatlasstyle (seeFigure 3), it also easily ac-
commodatesusinga differentmaximumresolutionfor each
texture and provides accessto any advanced�lters (e.g.
anisotropic�ltering on eachmip-maplevel, trilinear �lter -
ing acrossmip-maplevels,etc.)supportedby thehardware
anddriver. Thiscanbeusefulif chartshaveverydifferentar-
easonthesurfaceor if theiractualdatahavedifferentspatial
frequencies.

However, separatestyle can have negative performance
implications.Bindinga new texturegenerallycausesa �ush
of thefragmentpipeline,andeachpatchmustbeissuedasa
separatedraw call.Managingmultiple texturesis alsosome-
timesanunnecessaryburdenfor theapplicationprogrammer
andmaycausefragmentationof texturememory. In addition,
somedriversmaynot beoptimizedfor textureborders,and
theuseof separatetexturestypically restrictsthetexturesize
to apowerof two.

3.2. Combining Charts - StackedStyle

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

As before,both chartsstill requirepaddingby "border"
texels to guaranteeseamlessinterpolationwith their neigh-
boringchartson thesurface.However, to leaveachart's tex-
ture coordinatesstationaryacrosslevels,we may never re-
usethe texture spaceoccupiedby any bordertexel (i.e., at
any level). At the lowestresolutionof 1x1, a texel occupies
spaceequalto thewholechart(shown at level 2 in Figure4).
In 2D, this correspondsto wastageof about75%of thetex-
els including all levels of the texture map (shown with X
throughthemin the �gure). Herewe do not have the ben-
e�t of theconvenient,single-texel paddingprovidedby the
hardwarearoundtheborderof entiretexturemap.

Instead,we suggesta different sampling and �ltering
scheme,inspiredby strategies usedfor "bricking" and �l-
tering of large 3D texture data[LHJ99, LCCK02]. Rather
thankeepingperfectalignmentin texture spaceacrosstex-
turelevels,wewill condensethedatamoreandmorein suc-
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Figure 5: (a) Two charts arranged in a singletexture. Red
and yellow texels are replicatedfrom appropriated chart
neighbors.A chart's texture coordinatesnowdependon the
mip-maplevel. (b) Two chartspackedwith only 1/2 texel of
border.

cessive levels (seeFigure5a). In this casewe will keepthe
texturestationaryon thesurfaceby automaticallyadjusting
the texture coordinatesaccordingto the mip-maplevel. In
this �gure, wehaveonly onebordertexel (of theappropriate
resolution)next to eachchartatevery level.So,for example,
the texture coordinatesfor level 0 of chartD arescaledto
lie in [1/8, 7/8], whereaslevel 1 lies in [1/4, 3/4]. Justlike
theseparatestyle,thiswasteshalf of eachbordertexel (with
theotherhalf usedfor bilinearinterpolation).We canelimi-
nateeventhatwasteby effectively usingonly half a texel of
borderoneachsideasshown in Figure5b.

This arrangementimplies a somewhat simplersampling
schemeaswell, in whichwegeneratetheboundarytexel by
samplinga patchexactly on its boundary. (Notice that the
modi�ed samplingpatternhaschangedthe outermosttexel
valuesin chartD to the averageof red andgreen,and the
valuesin chartE to theaverageof yellow andpurple.)Chart
D's rangeon level 0 usingthis alternative samplingscheme
is [1/16, 15/16]andon level 1 is [1/8, 7/8]. An exampleof
stackedseamlessatlasis shown in Figure6.

To usethisstyle,we�rst parameterizeapatchonthe[0,1]
domain,as in the separatestyle, but at rasterizationtime
transformthe texture coordinatesof eachfragmentappro-
priatelyfor thedesiredmip-maplevel. However, it is essen-
tial thatthehardware's texturelookupthenusethemip-map
level expectedafterthetexturecoordinateadjustment.Fortu-
nately, this apparentlyrecursive equationhasa closedform
solution,whichwepresentin Section6.

Ideally, thegraphicshardwarewouldnativelycomputethe
mip-maptexture valuebasedon our equation,makingthis

Figure6: Stackedseamlessatlasfor Isismodel.

Figure7: Flat seamlessatlasfor Igeamodel.

style appropriate.Meanwhile,we can implementthis in a
fragmentprogramif we know the vendor's mip-maplevel
computationformula.In orderto avoid thatrequirement,we
proposethenext style.

3.3. Combining Levels- Flat Style

The texture sampling in �at style is identical to that in
stacked style. The primary differencehereis that we our-
selvesarrangeall theresolutionsof all thechartsin a single
textureimage,avoiding theambiguitiesinherentin guessing
thedetailsof a particularhardwarevendor's mip-maplevel
computation.

We lay out all the2D chartsinto thetexturein a standard
mip-mappattern,with the lower-resolutionimagespacked
in the bottomquadrantof the image.Given texture coordi-
natesfor the level 0 image,it is straightforwardto compute
in the fragmentprogramthe propertexture coordinatesfor
thehighermip-maplevels.Figure7 shows anexampleof a
�at seamlessatlas.

3.4. Varying Chart Resolution- PackedStyle

Onelimitation of thestackedand�at stylesis thatthey both
make useof thefactthatall chartshave thesamemaximum
resolutionto computethetexturecoordinatesfor aparticular
level giventhetexturecoordinatesat level 0. However, there
aremany circumstanceswhenwe might like to keepsome
chartsat higher resolutionsthan others.For example,de-
pendingonthechartcreationprocessused,somechartsmay
mapto a signi�cantly largerareathanothercharts.It' s also
possiblethatcertainchartsmapto regionswith moredetail
asmeasuredby somemetric.Thepackedstyle tradessome
simplicity for thespacesavingsof amoreadaptivesampling
rate.It alsoallows rectangularcharts.

To arrangethe chartsinto a texture, we can usea sim-
ple packingalgorithm[SGR96].A texture width is chosen
to bea power of 2. We �ll this texturefrom left to right, in-
sertingthe chartsin orderof decreasingsize.Whenall the
chartshave beenplaced,we choosethetextureheightto be
just large enoughto containthesetextures.Becausewe do
notrequirehardwaremip-mappingfor this layout,theheight
doesnot have to bea power of 2. Figure8 shows anexam-
pleof sucha layout.In this example,wekeptonly onethird
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Figure8: Packedseamlessatlasfor Igeamodel.

Separate Stacked Flat Packed

Texturebinds Many 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 Fragment Fragment Fragment

program program program
Texturespace Optimal Possible Possible Ef�cient

(tex border) wastage wastage (recttex)

Table 1: Summarizingthe different layout stylesof usinga
seamlessatlas.

of the texturesat the highestresolution,reducingthe tex-
turerequirementsto onehalf thatfor astackedor �at texture
with thesamemaximumresolution.Thelocationsof thevar-
iousresolutionchartsarestoredin alookuptable,indexedby
chartnumberandmip-maplevel. Dependingon thenumber
of charts,this tablemaybestoredin eithertheuniform pa-
rametersto thefragmentprogramor asanothertexturemap.
To matchthecolorsalongboundariesbetweenchartsof dif-
ferentmaximumresolutions,thehigher-resolutionboundary
is effectively downsampledto matchtheinterpolatedcolors
of the lower-resolutionboundary. Table 1 summarizesthe
differenttrade-offs in thefour layoutstylesof usingaseam-
lessatlas.

4. Creatinga SeamlessAtlas

Wecreatetheatlasby �rst clusteringpolygonsintoarbitrary-
sidedpatches.Next, wesubdivideeachsuchpatchinto aset
of quadrilateral,asillustratedin Figure9. Suchquadrilateral
patchesusuallyhave low distortionwhenparameterizedon
a [0,1]x[0,1] domain.Oncethe patchesaredetermined,we
sampleits attributesinto a texture,andperform�ltering to
produceseveralmip-maplevels.

4.1. CreatingPolygonalPatches

Clusteringtrianglesinto patchesis a well-known problem.
We usea techniquewhich ensuresthat the patchesdo not
deviatemuchfrom a plane[GWH01]. We follow a bottom-
up construction,by startingwith eachtriangle as a patch.
The patchesaremergedgreedilyminimizing the following
metrick1Q+ k2P, whereQ is thequadricerror, P is theratio
of theareaandtheperimeterof apatch.

Figure9: Teethmodelshowingthepatchcreation.(a)Creat-
ing patches(Section4.1).(b) Straighteningpolygonalpatch
boundaries.(c) Patch quadrangulation(Section4.2).(d) The
resultingquadrilateral patches.

Figure10: Mergingclusters.Thefollowingpair mergesare
disallowed:A-B,A-D, andB-D. Anyotherpair couldmerge
withoutviolatingour topological rules.

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

1. Everypatchis homeomorphicto adisc.
2. Any pair of patchesis adjacentat a singlevertex, along

a singlecommonboundary(homeomorphicto a line), or
notatall.

Theeffectof theserulesonapplicablemergesis shown in
Figure10.

At theendof patchformationprocess,westraightenpatch
boundaries[SSGH01]by choosinglocally shorterpaths(of
triangleedges)betweenpatchcornersusingDjikstra'sshort-
est path algorithm. The edges'weightsare equal to their
geometriclengthsscaledby their distancefrom the closest
point on theoriginal patchboundaries.This ensuresthatthe
boundariesdonotmovetoofar from theiroriginalpositions.

4.2. Patch Quadrangulation

We employ a Catmull-Clark-inspired subdivision
scheme[CC78] to partition n-sided patchesinto quadri-
lateral ones (Figure 11). The algorithm consistsof two
steps.First, we computea centerpoint, c, in the polygonal
patch.Then,this point is connectedby a pathto themedian
of each edge of the polygonal patches.Although this
subdivision may be performed on the domain after the

Figure11: Simpleplanarpolygonquadrangulation.
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Figure 12: Quadrangulatinga polygonalpatch. (a) Find-
ing the centerpoint. The blue polygonlines representthe
newpolygonalpatchafteroneiterationof thealgorithm.The
numberof polygonalsidesreducesbytwo.(b) Thecomputed
centerpoint is connectedto medianof each boundarycurve.

polygonal patch is parameterized,we chooseto directly
subdivide the patchandthenparameterizeeach.This turns
out to be moreef�cient andresultsin somewhat smoother
parameterizations.

Center point computation: We �nd the centerpoint by
successivebisection.Considerthepatchin Figure12.Let us
chooseoneof thepatchboundaries,sayE0 = p0p1. We �rst
�nd its medianm0. We locateit by summingthe lengthsof
triangle edgeson E0 and choosingthe medianvertex. We
next �nd the shortestsurfacepath from m0 to eachcorner
pi of thepatch,i > 1. We again useDijkstra's shortestpath
algorithm on the surfacegraph,with the restrictionthat a
pathmaynot exit thepatch.We startby assigninga weight
of in�nity to eachedgeexceptthosethatareincidenton the
sourcevertex but arenot alongthepatchboundary. During
the pathconstruction,eachedgeincidentto the pathfound
sofar is releasedby assigningto it aweightequalto its edge
length.Edgesincidentonaboundaryvertex arenotreleased,
thusthepathsmaynotmerge.

We performthe following iterationuntil only oneor two
verticesremainandhenceno morepatchescanbe formed
(seeFigure12a):

� Find theshortestpathsPi from m0 to eachpi
� Find themedianvertex m1

i alongeachpathPi
� Connecteachpair (circularly) m1

i � m1
i+ 1 by theshortest

path
� Generateanew patchwith two fewervertices.

If at the end of the iterationstwo verticesremain,we
choosetheirmedian(alongtheshortestpath)asc0, otherwise
we choosethe remainingvertex. This procedureconverges
to the actualcentroidfor planarpolygons,but is geometri-
cally nearthecenterfor non-planarpatches.In practice,we
choosec from theneighborhoodof c0. We choosethehigh-
estdegreevertex in theneighborhood.High degreevertices
areusuallynearsurfacefeaturesandaid thefollowing quad-
rangulationprocedure,thusthey form goodpatchcorners.

Subdivision: Oncewe have foundthecenterc, we join it
to themedianof eachboundarycurveof thepolygonalpatch
in themannershown in Figure12b. Theconnectingcurve is

Figure 13: Igea model partitioned into quadrilateral
patches.

againtheshortestpath,with amodi�cation. Wedonotallow
thesepathsto intersect,or even be near. Closepathsresult
in narrow regionson theresultingquadrilateralsresultingin
parameterizationartifacts.We again useDijkstra's shortest
pathalgorithmto �nd thesepathsin a greedyfashion.We
startby �nding theshortestpath,P0, fromthemedianof edge
E0 to thecenterpointc asdescribedbefore.Wenext �nd the
shortestpath,Pn=2, from the medianof the next edgeEn=2
to c, with theweightsof edgesscaledby their distancefrom
path P0. This resultsin a path that staysfar from P0. We
similarly usebinary subdivision on eachside to determine
the order in which to �nd all paths,Pi . Eachpathstaysfar
from thosefoundbeforeit. It is possiblein somecasesfor no
pathsto exist from thecenterto oneof theedgesastwo paths
mayhaveonly oneroutethroughavertex v andpathsarenot
allowedto intersect.We subdivide thetriangleadjacentto v
to createnew paths.

PathsPi subdivide theoriginal n-sidedpatchinto n quads
asshown in Figure12b, with the propertythat eachquad-
patchedgehasexactly two quadsadjacentto it and each
quad-patchcornerhasa ring homeomorphicto a disk. Fig-
ure 13 shows the resulting quadrilateralpatcheson Igea
model.

4.3. Parameterization

Sinceour patchesarerathersimple,we usean inexpensive
parameterizationscheme[SSGH01] for eachquadrilateral
patch.We �rst distribute the verticeson the four bound-
ary curves of the patch on the u = 0, u = 1, v = 0 and
v = 1 texture boundaries.Eachboundaryvertex is placed
at a texture coordinateproportionalto the ratio of its path
lengthfrom thecornerandthetotal boundarycurve length.
Thisisanarc-lengthparameterizationof theboundarycurve.
For the internal points, we perform uniform edge-spring
parameterizationfollowed by geometricstretchminimiza-
tion [SSGH01].Otherparameterizationalgorithmsmayalso
be employed here[DMA02, Flo97,ZMT04], andconsider-
ing multiple patchesat a time canpermitparameterizations
whicharesmoothacrosspatchboundaries[KLS03].

4.4. Chart Generation

Recall that we generatethe "border" texture samplesfrom
patchboundaries.We usegraphicshardwareto createthese
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Figure14:Samplingbyrendering:Thegrid showsthepixels
and the colored polygonis beingsampled.(a) Trianglesat
theboundaryof two adjacentpatches.(b) Thedesiredsam-
ples at the centers of pixels. (c) Obtainedsamplesdue to
rasterizationrules.(d) All samplesgeneratedbyusinglines.

sampleswhenneeded.We draw eachtriangleusingits tex-
turecoordinateasgeometry. Figure14 shows the rasteriza-
tion of a patch.At level 0, theboundarytexelsaresampled
preciselyfromthepatchboundaries.Becausepixelsaresam-
pled at their centers(Figure 14b), we renderthe triangles
with thecoordinatesscaledhalf a pixel in. This ensuresthat
thecornerpixel sampleliespreciselyat thepatchboundary.

Dueto therasterizationrules[FvDFH90], thiscausestwo
window boundariesto not be drawn (Figure 14c). We re-
draw theseboundariesby drawing thetriangleedgeson the
patchboundaryalsoas lines, again shiftedhalf a pixel in.
Thisensuresthattheboundarypixelsonthewindow contain
samplespreciselyat thepatchboundaries.

4.5. Filtering

Oncethehighestresolutiontexture is computed,we �lter it
down to generateall levelsof themip-map.Sincea change
of texturecoordinatesis requiredfor eachmip-maplevel, the
�ltering hasto beperformedcarefullyaswell.

We mustensurethat theboundarytexelsat eachlevel of
a patchagreeswith the correspondinglevel of the adjacent
patchand representsthe colorspreciselyon the boundary.
Wealsomustensurethatthesamplesaretakenfrom thecor-
rect placeon the trianglewith the modi�ed locationof the
patchboundary. It is possibleto simplyre-renderthepatches
in the parametricspaceusinga smallerwindow. However,
any �lter betterthan"sub-sampling"requiresa carefulcon-

Figure 15: Texture Filtering: Grid showsthe texels; color
comesfromrenderedsamples.(a) Theoriginal 8x8samples.
(b) From8x8samplesto 4x4samples.Thedotrepresentsthe
old 8x8samples.Thecrossrepresentsthenew 4x4samples.

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

struction.If we wish to generatea 4x4 texture from an8x8
texture (Figure15), aftermoving thepatchboundaryhalf a
texel inside, the sameboundaryneedsto be sampledfour
times insteadof eight (marked by crossesin Figure 15b).
The new locationsarenot a subsetof the old locations.In
generalthelocationsof thesampleareat1=(2l � 1) distance
apartfor texturelevel l . In orderto avoid seamsatall levels,
the valuesmustbe the sameon both patchesadjacentto a
boundary. Hence,thesesamplesmustbegeneratedby using
a �lter thatis symmetricaboutthetextureboundary.

We usea two-step�lter: �rst convolve each3x3 set of
samplesat level l with a Gaussian�lter to obtainsamples
at the texel centersfor level l . Then linearly interpolate
thesesamplesto obtain the samplesat the texels for level
l + 1.WhentheGaussiankernelis appliedataboundary, we
gather the missingsamples(e.g. the blue samplesin Fig-
ure 16) from the adjacentpatch.Specialcare is required
at the corners,which may connectan arbitrary numberof
patches.In this case,all neighboringsamplesaregathered
andarrangeduniformly aroundthecornersamplefor �lter -
ing,asshown in Figure16.Thisensuresthatthecorrespond-
ing boundarytexels contain the samevaluesfor adjacent
patchesand their valuesare generatedfrom valuesacross
theboundaryfor asmooth�ltering.

5. GeometricSimpli�cation

Given our regular atlasstructure,performing the geomet-
ric simpli�cation is straightforward.Weuseapriority queue
driven,half-edge-collapsebasedscheme.We imposea few
restrictionsto maintain the seamlessparameterization.In-
terior verticesmay collapseto chartboundaryvertices,but
not vice versa.Similarly, boundaryverticesmaycollapseto
cornervertices,but not viceversa.Cornerverticesarenever
moved.Finally, edgecollapsesalongchartboundariesmust
beappliedto bothsidesof theboundary. Theserestrictions
aresimilar to thoseemployedby theappearance-preserving
simpli�cation algorithm [COM98], which operatedon at-
laseshaving similarpropertiesto ours.

6. RenderingWith a SeamlessAtlas

The renderingrequirementsfor a seamlessatlasdependon
the chosenstyle (Section3). In the separatestyle, for ex-
ample,the patchesarerenderedindividually, with eachre-
quiringa texturebindanddraw call to issueits vertices.The
texturecoordinatesof eachpatch's verticeslie in [0,1], and
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no specialfragmentprogramis required(exceptto perform
standardnormalmapping,etc.).

In contrast,the�at stylerequiresasingletexturebindand
a singledraw call to issueall theverticesof all thepatches.
In principle,the texturecoordinatesof eachpatchcould �ll
the[0,1] range,solongasapatchnumberis alsoissuedwith
eachvertex. In practice,at theexpenseof a few bits of tex-
turecoordinateprecision,weencodethepatchnumberin the
texturecoordinate,extractingit usingdiv/modoperationsin
the fragmentprogram.The texture coordinatesissuedwith
eachvertex arethusthecoordinatesappropriatefor mapping
theparticularpatchat mip-maplevel 0, sothepatchbound-
ary coordinateslie in the centerof its outermosttexels at
thathighestresolution.Thefragmentprogramthendoesthe
following:

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

2. Computetheappropriatemip-maplevel, i, for this frag-
ment

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

4. Biasthetexturecoordinatesto lie in theappropriatepatch
of theappropriateresolutionin thefull [0,1] texturespace

Thescaleandbiasoperationsthemselvesareall straight-
forward. The challenge,then,lies in computingthe appro-
priatemip-maplevel.

Givenapatchwith its texturecoordinates(u, v) between0
and1, theformulafor computingthedefault mip-maplevel
l is

l = logMAX

2

4

s �
¶u

¶x

� 2

+
�

¶v

¶x

� 2

;

s �
¶u

¶y

� 2

+
�

¶v

¶y

� 2
3

5 (1)

where(x, y) is thescreencoordinates.

If N is theoriginal texture resolution,the texel sizeni at
mip-maplevel i is 2i=N. For level i, the modi�ed texture
coordinates(s, t) shouldlie in the range(ni=2, 1� ni=2) to
avoid a seam.In generals = (1� ni )u+ ni=2 andt = (1�
ni)v+ ni=2. This meansthederivative (¶s=¶x) for themod-
i�ed coordinateis (¶u=¶x) � (¶s=¶u) = (¶u=¶x) � (1 � ni).
All four partial derivativesaresimilarly scaledby (1� ni).
Hence,thenew desiredmip-maplevel i for themodi�ed co-
ordinatesis

i = logMAX
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i.e., i = l + log(1 � ni) = l + log(1 � 2i=N). Solving this
equation,weget

i = l + log
�

1+
2l

N

�
(2)

Thus, the scaledtexture coordinates,basedon the new
mip-maplevel i, canbedirectly computedfrom thedefault

mip-maplevel l (basedonthevertices'original texturecoor-
dinates).Trilinear �ltering is appliedmanuallyif desiredby
usingthe integer mip-maplevels surroundingi, computing
two setsof texture coordinates,doing two bilinear texture
lookups,andinterpolating.

Althoughthestackedstylemaybeimplementedin afrag-
mentprogram,it is really bestsuitedfor a customtexture
lookup modesupportedby the driver and texture unit. To
implementin a fragmentprogramon currenthardware,we
modify step4 to accountfor the fact that we �ll the entire
texturedomainwith only thehighestresolutiontexture,us-
ing the hardwaremip-mapstoragefor the other levels.We
give thetextureunit themodi�ed texturecoordinatesaswell
asa setof derivatives to attemptto force it to usethe de-
siredmip-maplevel. As mentionedpreviously, this canbe
dif�cult, becausethehardwareimplementationmaynot im-
plementequation1 exactly. For examplethesquarerootmay
bemissing.Equation2 canusuallybemodi�ed accordingly,
allowing us to determineappropriatederivatives to passto
thetexturelookup.Ideally, in a driver-supportedsetting,the
stackedstylecouldallow a singletexturelookupto perform
�lters suchastrilinear, anisotropic,etc.

7. Results

We have implementedthe algorithmsdescribedin this pa-
per and testedthem on several models.We generatedsur-
face patchesand parameterizedthem. We capturedper-
vertex colors,per-vertex normalsand per-triangle textures
into seamlessatlases.

Table 2 provides the experimentalresults for separate
(ColumnA-D) and�at (ColumnE-G) atlases.Theseresults
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
fragmentshaderpro�le. Theseresultsarerenderedwith per-
pixel lighting and normal map textures.We usethe VBO
(Vertex Buffer Object)extensionfor fasttrianglerendering.
ColumnA andE show resultswithout mip-mapping.Col-
umn B shows result for both bilinear �ltering andtrilinear
�ltering. We performrenderingwith anisotropic4x and8x
in ColumnC andD. ColumnF shows resultwith bilinear
�ltering for �at atlas.Resultwith trilinear �ltering for �at
styleis shown in ColumnG. ColumnsA-E use12 fragment
instructions.ColumnsF andG use57 and67 fragmentin-
structions,respectively. Theseresultsshow thatwe candis-
playcomplex modelsin interactive rates.

It is informative to compareColumnA with ColumnE. It
seemsthat for our currentsetof tests,the per-charttexture
binds and draw calls do not causemuch penalty for Col-
umn A ascomparedto ColumnE, which hasa singlebind
anddraw call. In othertests,wherewe usecoarsergeomet-
ric levels of detail of thesemodels,we have seenColumn
E performasmuchas20% fasterthanColumnA. Thus it
seemsworthwhileto packchartsinto asingletextureoncur-
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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 97 85 110 32 21
Bunny 76 93 113 88 74 83 30 19
Club 105 77 90 72 63 80 24 16
Teeth 234 40 44 38 34 41 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

Table2: Timing resultsfor seamlessrendering

rent hardwareonly whenthe numberof trianglesper chart
is quitesmall.Whenthis is bene�cial, it is alsopossiblein
somescenesto packthe geometryandtexturesof multiple
objectstogether, furtherreducingbind anddraw overheads.
The texturecomponentof this processis straightforward in
thecontext of ouratlases.

It is alsoinformative to compareColumnA to ColumnB.
We �nd thatstandardtrilinear mip-mappingandanisotropic
�ltering achievessimilar performance,andbothoutperform
non-mip-mappedrendering(presumablydue to improved
texel caching).With hardwaresupportfor ouratlaslookups,
we should expect a similar speedupfrom Column E to
ColumnsF andG. However, thenumberof instructionsre-
quired to implementtheselookupsin a fragmentprogram
apparentlyoutweighsthegain in cacheperformance.

Figure17 demonstratestheeffectivenessof correctsam-
pling at the patchboundariesof all mip-maplevels. Naïve
approachesmayinterpolatebetweencorrecttexelsandthose
of adjacentlypackedcharts,resultingin thevisible seamar-
tifactsshown here.

Figure18shows thenormal-mappedtoothat varyinglev-
els of geometricdetail. Figure19 shows a texture-mapped
Bunny modelgeneratedfromamodelwhichhadper-triangle
textures.A close-upatapartof Bunny veri�es thatwedonot
introduceseamson thepatchboundaries.

Figure 17: Rendering normal-mapped Igea model.
(a) Seams introduced becauseof interpolation across
adjacently-packed chart boundaries. (b) Our correct
boundary�ltering andlookupeliminatestheseseams.

Figure 18: Normal-mappedTeethmodelwith varying level
of detail. (a) Seamlessrenderingwith LOD. (b) Rendering
thecorrespondingmeshwithoutnormalmap.

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

Figure20 (seecolor platesin printedproceedings)shows
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-mappedClubmodelis shown in Figure21.There-
sult of applyingvarioustexture �ltering modesto the Club
modelis shown in Figure22.

8. Conclusion

We have presentedan algorithmfor constructingseamless
atlases,which seamlesslytexturepolygonalmeshesandal-
low mip-mappingaswell asgeometricsimpli�cation. These
new texture atlasestake advantageof fragmentprocessor
programmability. Our approachadaptsmethodsof seamless
texturing availablein OpenGLto therequirementsfor large
batchsizesof geometryto providemaximalperformanceon
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 seamlessatlascould thus
becomeanew andusefulcustumtextureformat.

There remain several important avenuesfor future re-
search.Metricsfor constructionof variableprecisioncharts
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for the packed style bearfurther investigation.We alsobe-
lievethatcombiningpatchquadrangulationdirectlywith pa-
rameterizationwould yield betterpatches.In addition,out
of coreparameterizationandtexturecachingwould beuse-
ful for largermodels.
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Figure 20: One-million-triangleCuneiformtabletmodel,renderedat several of its individual mip-maplevelsto illustrate the
seamless�ltering .

Figure 21: Club modelwith seamlessrenderingwith mip-
mappednormal.(a) Patchesshown.(b) Color indicatesmip-
maplevel. (c) Seamlessmip-mappedrendering.

Figure 22: Club modelwith various advancedtexture �l-
tering modes.(a) Trilinear �ltering . (b) Anisotropic 4x. (c)
Anisotropic8x.
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