
Planet-Sized Batched Dynamic Adaptive Meshes (P-BD AM)

PaoloCignoni
ISTI - CNR �

FabioGanovelli
ISTI - CNR

EnricoGobbetti
CRS4†

FabioMarton
CRS4

FedericoPonchio
ISTI - CNR

RobertoScopigno
ISTI - CNR

(a)screentolerance= 1 pixel, 128texturetiles,286
patches(253K triangles)

(b) screentolerance= 1 pixel, 128texturetiles,286
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Figure1: View of Mariner Valley and the Tharsis Volcanos,Mars. Snapshotsfrom an interactive inspectionsessionof a global recon-
structionof planetMarscreatedfrom MarsOrbiterLaserAltimeter128samples/degreedata[Smithetal. 2002].

Abstract

We describean ef�cient techniquefor out-of-coremanagement
andinteractive renderingof planetsizedtexturedterrainsurfaces.
The technique,called P-BatchedDynamic Adaptive Meshes(P-
BDAM), extendsthe BDAM approachby usingasbasicprimitive
a generaltriangulationof pointson a displacedtriangle. Thepro-
posedframework introducesseveral advanceswith respectto the
stateof the art: thanksto a batchedhost-to-graphicscommunica-
tion model,we outperformcurrentadaptive tessellationsolutions
in termsof renderingspeed;we guaranteeoverall geometriccon-
tinuity, exploiting programmablegraphicshardware to copewith
the accuracy issuesintroducedby singleprecision�oating points;
we exploit a compressedoutof corerepresentationandspeculative
prefetchingfor hiding disk latency duringrenderingof out-of-core
data;weef�ciently constructhighqualitysimpli�ed representations
with a novel distributedout of coresimpli�cation algorithmwork-
ing onastandardPCnetwork.

CR Categories: K.6.1 [ComputerGraphics]:PictureandImage
Generation—;K.7.m [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—.

Keywords: Multiresolution,terrains,hugedataset

1 Intro duction

Interactive visualization of huge planet-sizedtextured terrain
datasetsis a complex andchallengingproblem: the sizeof a high

� ISTI-CNR, Via Moruzzi 1, 56124 Pisa Italy
www:http://vcg.isti.cnr.it/ e-mail:first.last@isti.cnr.it

†CRS4, POLARIS Edi�cio 1, 09010 Pula, Italy
www:http://www.crs4.it/ e-mail:first.last@crs4.it

accuracy geometryand texture representationof an entire planet
sits in thescaleof giga-triangleandgiga-texel datasets.This kind
of datasetsexceedsthecapabilitiesof currenthardwareandexisting
multiresolutionalgorithms.

Variousdynamicmultiresolutionmodelshave beenproposedto
facetheproblemof ef�cient visualizationof terrains,usuallybased
ontheideaof constructing,onthe�y , acoarseradaptively approxi-
matedrepresentationto berenderedin placeof thecompleteterrain
model. Unfortunately, currentdynamicmultiresolutionsolutions
arenot suitableto handlingplanet-sizeddatafor variousreasons.
Most of the existing techniquesarevery processorintensive: the
extractionof anadequateterrainrepresentationfrom amultiresolu-
tion modelandits transmissionto thegraphicshardwareis usually
themainbottleneckin terrainvisualization.Nowadays,consumer
graphicshardwareis ableto sustainrenderingrateof tensof mil-
lions of trianglesper second,but mostof currentmultiresolution
solutionsfall shortof reachingsuchperformance.Moreover, ac-
curacy problems,due to the limited representationrangeof stan-
dard �oats, arisewhen the size of the datasetbecomeshugeand
noneof the existing solutionscorrectlyhandlesthis issuewithout
introducingdiscontinuitiesor largeperformancepenalties.Lastly,
for planetsizeddatasetalsothe preprocessingstepsfor construct-
ing therequiredmultiresolutionstructurecaneasilybecometotally
overwhelming,soaparallelscalablesolutionshouldbeintroduced.

The original contribution of this paperis to introducea novel
solutionfor interactive andaccuratevisualizationof hugetextured
terrainsthatimprovesovercurrentmethodsin thefollowing areas:

� it managesandrendersnon�at hugedatasetsnearlyoneorder
of magnitudefasterthanexistingsolutionsthanksto abatched
host-to-graphicscommunicationmodel;

� it guaranteesoverall geometriccontinuity, exploiting pro-
grammablegraphicshardware to copewith the accuracy is-
suesintroducedby singleprecision�oating pointnumbers;

� it successfullyexploits a compressedout of corerepresenta-
tion andspeculativeprefetchingfor ef�cient rendering;

� it ef�ciently handlesthe constructionof high quality simpli-
�ed representationsby usinga novel distributedout of core
simpli�cation algorithm.

As highlightedin theshortoverview of thecurrentsolutionsfor
interactive visualizationof large terrains(Sec.2), the techniques
basedon thehierarchy of right trianglesaretheoneswhich ensure



maximumthroughput,while TIN basedmultiresolutionsolutions
reachmaximalaccuracy for a given trianglecount. In this paper
we introducea new datastructurethat takesthe bestof the above
approaches.Moreover, our approachef�ciently supportsthecom-
binationof high resolutionelevation andtexture datain the same
framework. Our approachadoptsthe philosophy of the BDAM
technique(Sec.3), an ef�cient approachfor the renderingof �at
largetexturedterrains.Thenew structurehereproposed,calledP-
BDAM, to succeedin ef�ciently renderingplanetsizeddatasetsis
describedin Sec.4. A distributedout-of-coretechniquehasbeen
designedandtestedfor constructingP-BDAMs usingagenerichigh
quality simpli�cation algorithm(Sec.5). The ef�ciency of the P-
BDAM approachhasbeensuccessfullyevaluatedby showing the
accurateinteractive visualizationof thewholeplanetMarscreated
from MarsOrbiterLaserAltimeterdata(Sec.6).

2 Related Work

Adaptive triangulations. Adaptive renderingof huge terrain
datasetshasa long history, anda comprehensive overview of this
subjectis beyondthescopeof this paper. In thefollowing, we will
discusstheapproachesthataremostcloselyrelatedwith our work.
Readersmayreferto recentsurveys[LindstromandPascucci2002;
Pajarola2002]for furtherdetails.

Two mainclassesof techniqueshave beenproposedto manage
andrendercontinuousadaptive terrainrepresentations:a) regular
hierarchicalstructures,b) more generalunconstrainedtriangula-
tions. The �rst classis generallybasedon a particularregular re-
�nement schemecalledhierarchiesof right triangles(HRT) [Evans
et al. 2001] or longestedgebisection[Lindstrom and Pascucci
2002], triangle bintree[Lindstrom et al. 1996; Duchaineauet al.
1997], restricted quadtreetriangulation [Pajarola 1998; Samet
1990]. Thesecondclassof algorithmsis basedon lessconstrained
triangulationsof the terrain (TINs) and includesmultiresolution
data structureslike multi-triangulations[Puppo 1996] adaptive
mergetrees[Xia andVarshney 1996],hypertriangulations[Cignoni
etal. 1997],andtheextensionof progressivemeshes[Hoppe1997]
to the view-dependentmanagementof terrains[Hoppe1998]. As
pointedout andnumericallyevaluatedin [Evanset al. 2001],TIN
outperformright triangleshierarchiesin termsof numberof trian-
gles / error counts,but aremorecomplicatedandhardly manage
largedatasetsin real-time. The two classesof methodsalsodiffer
in how they interactwith texturemanagement.Veryfew techniques
exist thatfull decoupletextureandgeometryLOD management.To
our knowledge,theonly generalapproachis theSGI-speci�cclip-
mappingextension[Tanneret al. 1998] and3DLabsVirtual Tex-
tures,which requires,however, specialhardware. In general,large
scaletexturesarehandledby explicitly partitioningtheminto tiles
andpossiblyarrangingthemin apyramidalstructure[Döllneretal.
2000].Clippingrenderedgeometryto texturetile domainsimposes
severelimitationson thegeometryre�nementsubsystemandTIN
approachesaremoredif�cult to adaptto thiscontext thanHRTs.

Our work aimsat combiningthe bene�ts of TINS andHRT in
a singledatastructurefor the ef�cient managementof multireso-
lution textured terrain data, that is hereextendedto planet-sized
datasets.A �rst attempttoward this aim is the work of [Pajarola
et al. 2002],wherea techniqueto build a HRT startingfrom a TIN
terrain is presented.The main idea is to adaptively build a HRT
following the TIN datadistribution. Among the many other dif-
ferences,in our proposalthe advantagesof TINS aremuchbetter
exploited,becauseeachpatchis a completelygeneraltriangulation
of thecorrespondingdomain.

Out-of-co re simpli�cation and rendering. Varioustechniques
have beenpresentedto facetheproblemof hugemeshsimpli�ca-

tion: with the exceptionof the clusteringsolutionsbasedon the
Lindstromapproach[Lindstrom 2000; Lindstrom2003], most of
thesetechniques,suchasHoppe's hierarchicalmethodfor digital
terrainmanagement[Hoppe1998] and the octreebasedstructure
OEMM [Cignonietal.2003a],arebasedonsomekind of meshpar-
titioning andsubsequentindependentsimpli�cation. Hoppehierar-
chically dividesthemeshin blocks,simpli�es eachblock by edge-
collapse(bordersareconstrained)andthentraversesbottom-upthe
hierarchicalstructureby merging sibling cellsandagain simplify-
ing. In thisapproachsomeof thebordersremainsnotsimpli�ed un-
til thewholemeshcanbeloadedentirely in memory. TheOEMM
avoidsthis kind of problem,but it doesnot build a multiresolution
structure.On theotherhand,theBDAM approach[Cignoni et al.
2003b] allows both the correct independentprocessingof small
sub-portionsof thewholemeshandtheconstructionof amultireso-
lution structure;in thiswork,weexploit thisindependenceproperty
to ef�ciently parallelizethesimpli�cation processin orderto build
amultiresolutionstructurefor arbitrarily largemeshes.

With respectto thecompressedstorageof ourgeometricdata,we
wantto remarkthatourapproachis aimedto obtainthehighestde-
compressionperformance,ratherthanattaininghigh compression
ratioslike for example[Isenburg andGumhold2003]. Moreover,
theuncompressedin-corerepresentation,usingbaricentriccoordi-
nates,implicit texture coordinates,interpolatednormals,triangles
stripsandshort16 bit datatypesis alreadyquitecompact.For this
reasonwe have chosena rathersimpleapproachfor codingthege-
ometryon the disk but that canbe decompressedwithout slowing
down therenderingprocess.

Accuracy of the representation. Numericalaccuracy issues
areoneof the mostneglectedaspectsin the managementof huge
datasets.Sendingpositionsto thegraphicshardwarepipelineneeds
particular care, given that the highestprecisiondata-typeis the
IEEE �oating point,whose23 bit mantissaleadsto noticeablever-
tex coalescingproblemfor metricdatasetsontheEarthandto cam-
erajitter problemsin thegeneralcase[Reddyet al. 1999]. Typical
solutions(e.g. [Lindstrom et al. 1997; Reddyet al. 1999]) are to
partitionthedatasetinto multiple tiles, eachof themwith anasso-
ciatedlocal,possiblyhierarchical,coordinatesystem,andthenuse
singleprecision�oating pointsfor representingvertex positionsin
thelocal reference.At renderingtime, tiles areseparatelyrendered
in their local renderingsystems,performingmatrix transformations
onthehostin doubleprecisionto reduceroundoff errors.Thissolu-
tion, however, leadsto discontinuityproblemsat tile borders.Our
solutionsolvestheaccuracy problemusingpatchparametriccoor-
dinates,exploiting the programmabilityfeaturesof modernGPUs
to ensureoverall continuity.

E�cient host-to-graphics communication. A commonpoint
of all adaptivemeshgenerationtechniquesis thatthey spendagreat
deal of the renderingtime to computethe view-dependenttrian-
gulation. For this reason,many authorshave proposedtechniques
to alleviate poppingeffects due to small triangle counts[Cohen-
Or andLevanoni1996; Hoppe1998] or to amortizeconstruction
costsovermultipleframes[Lindstrometal.1996;Duchaineauetal.
1997;Hoppe1997].We have recentlyproposed,instead,to reduce
theper-triangleworkloadby composingat run-timepre-assembled
surfacepatches[Cignoni et al. 2003b]. The ideaof groupingto-
gethersetsof trianglesin order to alleviate the CPU/GPUbottle-
neckwaspresentedalsoin theRUSTIC[Pomeranz2000]andin the
CABTT [Levenberg 2002] datastructures.The RUSTIC method
is a extensionof the ROAM algorithm in which subtreesof the
ROAM bintreeare,in a preprocessingphase,staticallyfrozenand
saved. TheCABTT approachis very similar to RUSTIC,but clus-
tersaredynamicallycreated,cachedandreusedduring rendering.
With respectto bothmethods,our BDAM structure[Cignoni et al.



2003b],amongotherdifferences,explicitatesthe simpleedgeer-
ror propertyneededfor clusterconsistency, exploits high quality,
fully adaptive triangulationof clusters,cachecoherenttri-stripping
of clustersfor ef�cient rendering,andmultiresolutiontexturing; �-
nally, it supportsout-of-corerenderingand constructionof huge
datasets.In this work, we extendthis approachto theef�cient ren-
deringof curvilinearpatches.

3 Batched Dynamic Adaptive Meshes

As explainedin the previous section,most of currentmultireso-
lution algorithmsare designedto usethe triangle as the smallest
primitiveentity. ThemainideabehindtheBatchedDynamicAdap-
tive Meshes(BDAM) approachis to adopta morecomplex primi-
tive: smallsurfacepatchescomposedof a batchof a few hundreds
of triangles.Thebene�ts of this approacharethat theper-triangle
workloadto extracta multiresolutionmodelis highly reducedand
the small patchescanbe preprocessedandoptimizedoff-line for
a moreef�cient rendering.We summarizeherethemainconcepts
behindBDAM. Pleaserefer to the original paperfor further de-
tails [Cignonietal. 2003b].

In BDAM, thesmallpatchesform a hierarchy of right triangles
(HRT) that is codedasa binary tree. This representationcanbe
usedto easilyextractaconsistentsetof contiguoustriangleswhich
cover a particularregion with givenerror thresholds.Thesesmall
triangularpatchescanbebatched(hencethename)to thegraphics
hardware in the mostef�cient way. Therefore,eachbintreenode
containsa small chunkof contiguouswell packed tri-strippedtri-
angles.To ensurethecorrectmatchingbetweentriangularpatches,
BDAM exploits the right trianglehierarchy propertythat eachtri-
anglecancorrectlyconnectto: trianglesof its samelevel; triangles
of thenext coarserlevel throughthelongestedge;andtrianglesof
thenext �ner level throughthetwo shortestedges.

Figure2: An exampleof a BDAM : eachtrianglerepresentsa ter-
rain patchcomposedby many triangles.Colorscorrespondto dif-
ferenterrors;the blendingof the color insideeachtrianglecorre-
spondsto thesmootherrorvariationinsideeachpatch.

To guaranteethecorrectconnectivity alongbordersof different
simpli�cation levels,triangularpatchesarebuilt sothattheerroris
distributedasshown in �gure 2: eachtriangleof the bintreerep-
resentsa smallmeshpatchwith errorek insideanderrorek+ 1 (the
error correspondingto the next more re�ned level in the bintree)
alongthetwo shortestedges.In this way, eachmeshcomposedby
a collectionof smallpatchesarrangedasa correctbintreetriangu-
lation still generatesa globally correcttriangulation. This simple
edgeerror propertyis exploited, asexplainedin section5, to de-
signa distributedout-of-corehigh quality simpli�cation algorithm

thatconcurrentlybuildsall patches.Figure2 illustratestheseprop-
erties. In the upperpart of the �gure we show the variouslevels
of a HRT andeachtrianglerepresentsa terrainpatchcomposedby
many graphicsprimitives. Colors correspondto different errors;
theblendingof thecolorsinsideeachtriangularpatchcorresponds
to thesmootherror variationinsideeachpatch. Whencomposing
thesetriangularpatchesusingtheHRT consistency rules,thecolor
variation is always smooth: the triangulationof adjacentpatches
correctlymatches.

Texture and geometry trees. To ef�ciently managelargetex-
tures,theBDAM approachpartitionstheminto tiles beforerender-
ing andarrangesthemin a multiresolutionstructureasa tiled tex-
turequadtree.Eachtexturequadtreeelementcorrespondsto a pair
of adjacentgeometrybintreeelements.Therootsof thetreescover
the entiredataset,andboth treesaremaintainedoff-core usinga
pointerlessstructurethat is mappedat run time to a virtual mem-
ory addressrange. During rendering,the two treesareprocessed
together. Descendingonelevel in thetexturequadtreecorresponds
to descendingtwo levels in the associatedpair of geometrybin-
trees. This correspondencecanbe exploited in the preprocessing
stepto associateobject-spacerepresentationerrorsto thequadtree
levels,andin therenderingstepto implementview-dependentmul-
tiresolutiontexture andgeometryextraction in a single top-down
re�nementstrategy.

Errors and bounding volumes. To easily maintainthe trian-
gulationcoherenceBDAM exploits theconceptof nested/saturated
errors,introducedby [Pajarola1998], that supportsthe extraction
of a correctsetof triangularpatcheswith a simplestatelessre�ne-
mentvisit of thehierarchy, thatstartsat thetop-level of thetexture
andgeometrytreesandrecursively visits thenodesuntil thescreen
spacetexture error becomesacceptable.The object-spaceerrors
of thepatchesarecomputeddirectly duringthepreprocessingcon-
structionof the BDAM. Oncetheseerrorshave beencomputed,a
hierarchy of errors that respectnestingconditionsis constructed
bottomup. Textureerrorsarecomputedfrom texturefeatures,and,
similarly, areembeddedin a correspondinghierarchy. For theren-
deringpurpose,BDAM adoptsa treeof nestedvolumesthatis also
built during the preprocessing,with propertiesvery similar to the
two error rules: 1) boundingvolume of a patchinclude all chil-
drenboundingvolumes;2) two patchesadjacentalonghypotenuse
mustsharethesameboundingvolumewhich enclosesboth. These
boundingvolumesareusedto computescreenspaceerrorsandalso
for view frustumculling.

4 Planet Sized Batched Dynamic Adaptive
Meshes (P-BD AM)

The P-BDAM approachexploits many the of ideasintroducedin
BDAM, andimprovesthegeneralframework in anumberof ways,
allowing thecorrectmanagementof non-�at planet-sizeddatasets,
handling�oating point precisionissues,andexploiting speculative
prefetchingandacompressedon-diskrepresentation.

4.1 Planet Partitioning

In orderto handlethesizeandaccuracy problemsrelatedto planet-
sizedterrainmanagement,we partitionthesurfaceof theplanetin
anumberof squaretiles, thereforemanaginga forestof BDAM hi-
erarchiesinsteadof asingletree.Thetileshaveanassociated(u;v)
parameterization,which is usedfor texturecoordinatesandto con-
structthegeometrysubdivision hierarchy (see�gure 3). Thenum-
berandsizeof thetiles is arbitraryanddependsonly on thesizeof
theoriginal dataset.In particular, we make surethat thefollowing



constraintsaremet: (a)asingleprecision�oating point representa-
tion is accurateenoughfor representinglocalcoordinates(i.e. there
are lessthan223 texels/positionsalongeachcoordinateaxis); (b)
thesizeof thegeneratedmultiresolutionstructureis within thedata
sizelimitationsimposedby theoperatingsystem(i.e. lessthanthe
largestpossiblememorymappedsegment,typically lessthan3GB
becauseof memorysegmentation). This effectively decomposes
the original datasetinto terraintiles. It shouldbe noted,however,
that the tiles areonly usedto circumvent addressspaceand�oat-
ing point accuracy limitations anddo not affect otherpartsof the
system.In particular, errorsandboundingvolumesarepropagated
to neighboringtiles throughthe commonedgesin orderto ensure
continuityfor theentiredataset.

Figure3: Data Tiling. To copewith accuracy andaddressspace
limitations, large datasetsare decomposedinto tiles with a local
parameterization.

4.2 Parametric Patch Representation

Our solutionto handlingthe global accuracy problemis basedon
theapproximationof eachP-BDAM patchby a displacedtriangle
andtheuseof thevertex programmingcapabilitiesof modernGPUs
to ef�ciently renderthe patcheswith the requiredaccuracy, while
unconditionallymaintaininggeometriccontinuity.

We representP-BDAM patchesas arbitrary triangulationsof
pointson a displacedtriangle. EachP-BDAM basecornervertex
containsa pair of texturecoordinatesT i , thatcorrespondto thepo-
sition of thevertex in (u;v) coordinates,aswell asa planetocentric
positionPi anda normalvectorNi , that arecomputedfrom T i at
patchconstructiontime as a function of the particularprojection
used. The verticesQ j of the internal triangulationare storedby
specifyingabarycentriccoordinateandanoffsetalongtheinterpo-
latednormaldirection,andall theinformationrequiredatrendering
time is linearly interpolatedfrom the basecornervertex data(see
�gure 4 left). As for BDAM, theinteriorof thepatchis anarbitrary
triangulationof thevertices,thatis representedby acache-coherent
generalizedtrianglestrip storedas a singleorderedlist of vertex
indices(see�gure 4 right).

Theonly aspectthat requiresparticularcareis thecomputation
of planetocentricpositions,sinceall other information is local to
the patch. We thereforestore Pi in double precision. At each
frame, we renderall patchesin cameracoordinates,simply sub-
tractingthecamerapositionO fromPi onthehostbeforeconverting
themto singleprecisionfor communicatingit to thegraphicshard-
ware. This way a single referenceframe is usedfor eachframe,
andpositionalaccuracy decreaseswith thedistancefrom thecam-
era, which is exactly what we want. In contrastto commonlin-
eartransformationapproaches[Lindstromet al. 1997;Reddyet al.
1999], neighboringpatchesremainunconditionallyconnectedbe-
causedisplacedvertex valuesonly dependon the commonbase
cornervertices(along the edges,the weight for the oppositever-
tex is null). Theconversioncost(9 subtractionsand9 �oating point
conversion)is negligible, sinceit is amortizedover all the internal
triangles.Moreover, thetransformationfrom barycentricto Carte-
sian/texture coordinatescan be ef�ciently computedfrom corner

Figure4: P-BDAM patch. Left: P-BDAM patchesarerepresented
asarbitrarytriangulationsof pointson a displacedtriangle. Right:
thememorylayoutis optimizedfor renderingusingOpenGLvertex
arrayextensions.

dataon the GPU, using a simple vertex program(see�gure 5).
This hasthe importantadvantagethat,sincethetheverticesof the
internaltriangulationareinvariantin barycentriccoordinates,they
canbe storedin a staticvertex arraydirectly in graphicsmemory,
and the renderingroutinecan fully bene�t of the post-transform-
and-lightingcacheof currentgraphicsarchitectures,which is fully
exploitedwhendrawing from theindexedrepresentation.In partic-
ular, sincethevertex programis executedonly at cachemisses,its
cost is amortizedover multiple vertices. Figure4 right illustrates
thememorylayoutemployed,thatis optimizedfor renderingusing
OpenGLvertex arrayextensions.It is importanttonotethatapprox-

struct a2v f
float4 uvh: POSITION; // barycentric position and displacement

g;

struct v2f f
float4 hpos: HPOS;// view normalized position
float4 tex0: TEX0; // texture coord. for mapping
float4 tex1: TEX1; // texture coord. for bottom/left clipping
float4 tex2: TEX2; // texture coord. for top/right clipping

g;

v2f vpl_displaced_tripatch(
a2v vertex,
uniform float4x4 pvm,
uniform float4 texture_border_width,
uniform float4 one_minus_two_texture_border_width,
uniform float4 P0, uniform float4 T0, uniform float4 N0,
uniform float4 P0P1, uniform float4 T0T1, uniform float4 N0N1,
uniform float4 P0P2, uniform float4 T0T2, uniform float4 N0N2) f

v2f result;

// Uncompress displacement (two shorts to a float)
float h = vertex.uvh[2]*327.67 + vertex.uvh[3]*0.01;

// Interpolate using barycentric coordinates
float4 N = N0 + vertex.uvh[0]*N0N1 + vertex.uvh[1]*N0N2;
float4 P = P0 + vertex.uvh[0]*P0P1 + vertex.uvh[1]*P0P2 + h*N;
float4 T = T0 + vertex.uvh[0]*T0T1 + vertex.uvh[1]*T0T2;

// Compute output position and texture coordinates
result.hpos = mul(pvm,P);
result.tex0 = texture_border_width +

T*one_minus_two_texture_border_width;
result.tex1 = T;
result.tex2 = float4(1,1,1,1)-T;
return result;

g

Figure5: Vertex program for rendering a P-BDAM patch. The
programperformsbothvertex unpackingandinterpolation.

imating arbitrarymapprojectionswith displacementsalonginter-
polatednormaldirectionsintroducesa representationerror. How-
ever, this error canbe fully taken into accountby incorporatingit



in the object-spacerepresentationerror computedduring simpli�-
cation. Moreover, this errorrapidly convergesto zerofor arbitrary
mapprojectionsasgeodeticlinesconvergeto straightlines.

4.3 Adaptive rendering

Renderinga P-BDAM structureis similar to renderinga sequence
of BDAM trees.Beforerendering,the vertex programof �gure 5
is installedin thegraphicshardware.For eachof thepartitionsthat
composetheplanet,we mapits datastructureinto theprocessad-
dressspace,renderthestructureusinga statelesstop-down re�ne-
mentprocedure,thendeletethemappingfor thespeci�ed address
range.At theend,thevertex programis disabledandOpenGLren-
deringcanproceedasusualfor non-terraindata. The re�nement
procedurestartsat the top level of the texture andgeometrytrees
of a given tile and recursively visits their nodesuntil the screen
spacetextureerrorbecomesacceptableor thevisitednodebound-
ing sphereis proved off the viewing frustum. While descending
the texture quadtree,correspondingdisplacedtriangle patchesin
thetwo geometrybintreeareidenti�ed andselectedfor processing.
Oncethetexture is considereddetailedenough,texturere�nement
stops. At this point, the texture is boundand the algorithmcon-
tinuesby re�ning thetwo geometrybintreesuntil thescreenspace
geometryerrorbecomesacceptableor thevisitednodeis culledout.
Patchrenderingis doneby convertingthecornerverticesto camera
coordinatesandbinding themalongwith associatednormalsand
texturecoordinatesto theappropriateuniform parameters,prior to
bindingvaryingvertex dataanddrawing an indexed trianglestrip.
Theinstalledvertex programperformsdataunpackingandconver-
sionfrom barycentricto Cartesian/texturecoordinated.

4.4 Memory management

Time-critical rendering large terrain datasetsrequires real-time
managementof hugeamountsof data.Moving datafrom thestor-
ageunit to main memoryand to the graphicsboardis often the
majorbottleneck.As in BDAM, weusebothadatalayoutaimedat
optimizingmemorycoherenceanda cachemanagedusinga LRU
strategy for cachingthemostrecenttexturesandpatchesdirectly in
graphicsmemory(see[Cignonietal. 2003b]for details).Sincethe
disk is, by far, theslowestcomponentof thesystem,we have fur-
theroptimizedtheexternalmemorymanagementcomponentwith
meshcompressionandspeculativeprefetching.

Patch Compression. Several clever schemeshave beendevel-
opedto conciselyencodetrianglestrip connectivity, in as few as
1-2 bits per triangle (e.g. [Isenburg 2001]). As a result, the ma-
jor portion of a compressedBDAM patchgoesto storinginternal
meshvertex barycentricpositionsandoffsets.Standardmeshcom-
pressionsolutionstypically combinequantization,localprediction,
andvariable-lengthdeltaencoding[Alliez andDesbrun2001;Bajaj
etal. 1999;Chow 1997;Deering1995]. In thiswork, wehavecho-
sena simplesolutionthat favors meshdecompressionspeedover
compressionratio. We quantizethe barycentriccoordinatesto 12
bits (suf�cient to encodeover 16M positionsin a triangularpatch),
reorderverticesin strip occurrenceorder, deltaencodethem,and
compressthe resultusingtheLZO losslesscompressionmethod1.
This typically achievescompressesdatato lessthan50%of origi-
nal size,while supportinga decompressionrateof over 15M trian-
gles/secondon typicalPChardware(seeresultssection).

1LZO is adatacompressionlibrary basedonaLempelZiv variantwhich
is suitablefor datadecompressionin real-time.Thelibrary sourceis avail-
ablefrom http://www.oberhumer.com/opensource/lzo/

Speculative prefetching. The externalmemorycomponentof
P-BDAM, asfor BDAM [Cignoni et al. 2003b]andSOAR [Lind-
stromandPascucci2002], is basedon associatingto eachterrain
partitiona �le dynamicallymappedto a read-onlylogical address
space,andonrearrangingterraindatasothatit canbeaccessedin a
memorycoherentmanner. Sincein typical terrainexplorationtasks
theviewer'sexpectednearfuturepositionscanbeextrapolatedwith
goodaccuracy basedon thelast few positions,we canfurtherhide
thedisk latency by prefetchinggeometryandtexturedatathatwill
soonbe accessed.The prefetchingroutine, that may be executed
in parallel to the renderingthreador sequentiallyasan idle task,
executesthe samere�nementalgorithmasthe adaptive rendering
code,taking asinput the predictedcamerapositioninsteadof the
currentone. Whenthere�nementterminates,insteadof rendering
thepatchesor bindingthetextures,it simplycheckswhetherthere-
quiredgraphicsobjectsarein thecache.If not,it advisestheoperat-
ing systemkernelthatthepagescontainingtheir representationwill
likely beaccessedin thenearfuture.OnLinux, this is doneby exe-
cutingthemadvise systemcall, to instructthekernelthatit would
beadvantageousto asynchronouslyreadtheindicatedpagesahead
if they arenot alreadyin core.This techniqueblendswell with the
virtual memorybasedexternalmemorymanagementsubsystem.In
particular, themainrenderingcodedoesn't needto beawareof the
prefetchingcomponent,andwe exploit theextensive performance
optimizationsof the operatingsystem's virtual memorymanager,
suchasreorderingof requeststo reduceseekaccesstime andover-
lappingof computationanddiskaccess[Gorman2003].

5 Building a P-BD AM

A P-BDAM structureis constructedstartingfrom a genericheight
�eld representingthesurfaceof a planet.Therearetwo maintasks
thathave to beaccomplished:preparingthe input datain orderto
build thelowestlevel of theP-BDAM hierarchy andperformingthe
bottom-upsimpli�cation thatbuilds thepatchesof theupperlevels.

Data preparation and resampling. Size and accuracy con-
straintsimposeapartitioningof thedata,thatmustbedonein away
thatno trianglecrossespartition/textureborders.No resamplingis
strictly necessary, sincefor all mapprojectionsit is possibleto re-
arrangethe original datasamplesin orderto meetthe constraints.
The most commonlyusedmaps,however, do not evenly sample
the planetsurface,andareoften discontinuousat the poles. As a
�rst step,we thusin generalpreferto resampledatausinga cubi-
calmapprojection.Startingfrom thecubemaptile structureshown
in Fig. 3, we recursively subdivide eachface. The new vertices
areplacedonto thesurfaceof theplanetandrecursive subdivision
stopswheneachpatchis smallenoughto sampletheoriginal data
with therequiredprecision.The�nal trianglesarethengroupedin
batchesto form theleavesof thegeometrybintrees.

Out-of-co re Geometric Simpli�cation. Onceall theleavesof
all thebintreeshave beengenerated,we performa bottom-upsim-
pli�cation to build thepatchesof thehigherlevels. Theconstruc-
tion of our multiresolutionmodel is carriedout asan iteratedse-
quenceof mark,distribute, independentsimplify andpatchmerg-
ing steps. During the mark phases,we constrainthe verticeson
the longestedgesof the patchesto remainunmodi�ed during the
subsequentsimpli�cation step.In orderto maintaingeometriccon-
tinuity, planetpartitionsare consideredas a single surface. This
marking subdivides the surface in independentblocks, eachone
formedby four triangularpatches,possiblyfrom differentplanet
partitions,joined by their shortedges.This allows to simplify all
the blocks in parallel. The simpli�cation is targetedto halve the



Figure6: Constructionof aBDAM throughasequenceof simpli�cation andmarkingsteps.Eachtrianglerepresentsaterrainpatchcomposed
by many triangles.Colorscorrespondto differenterrorsasin Fig 2.

numberof verticesinsidetheblock, so,oncesimpli�ed, the trian-
glesof a block canbepartitionedin two patcheswhich respectthe
patchsizeconstraint.Thesimpli�cation processtakesinto account
that the two resultingpatchesmust have no trianglecrossingthe
borders,so theverticeson thediagonalareforcedto remainon it.
Figure6 illustratesthis process:eachtrianglecolor correspondsto
an increasingapproximationerror. With bold gray lines we show
themeshportionmarkedasun-modi�able(thatis a localportionof
themeshthat remainsunaffectedby thesubsequentsimpli�cation
step).Notethateachtriangularpatchhasthelongestedgeof theer-
ror (color)of thepreviouslevel, hencetheerrordistributionof each
patch,shown in �gure 2, is respected.Thewholesimpli�cation pro-
cessis inherentlyparallel,becausethegrainof theindividual tasks
is very �ne andsynchronizationis requiredonly at thecompletion
of eachbintreelevel. This is very important,becausethehighqual-
ity simpli�cation of gigatrianglesmeshesis avery timeconsuming
task,thatwould requiredaysto becompletedon a singlemachine.
Individual patchpairsareseimpli�ed usinggreedyedgecollapse
driven by the quadricerror metric [Garlandand Heckbert1997].
Then, the error of the simpli�ed meshis taken as the maximum
differencewith theoriginal onein planetocentricreferencesystem
(normalto theplanetsurface).To performthiscomputationquickly
by exploiting graphicshardware,we renderthe original andsim-
pli�ed meshesundera perspective projectionoriginatingfrom the
centerof theplanetandweevaluatethedifferenceamongthecorre-
spondingdepthbuffers. In thepreprocessingstep,texturesarealso
sampledandconvertedinto a hierarchicalstructureby a bottom-up
�ltering processfollowed by a compressionto the DXT1 format.
As for geometry, errornestingis ensuredby a �nal bottom-uppass
that combinesall object spaceerrorsof neighboringanddescen-
danttiles. Furtherdetailson theconstructionprocesscanbefound
in [Cignonietal. 2003b].

6 Results

An experimentalsoftware library anda planetrenderingapplica-
tion supportingtheP-BDAM techniquehasbeenimplementedand
testedonLinux andWindowsNT machines.

Thetestcasediscussedin thispaperis theinteractiveexploration
of anear-globaltopographicmapof planetMarscreatedfrom Mars
OrbiterLaserAltimeter data.Thedatasetcoverslatitudesfrom 88
North to 88 Southandthe full longituderangeat 128samplesper
degree[Smith et al. 2002]. Theoriginal mapsareprovidedin sim-

ple cylindrical projection. To avoid discontinuityproblemsat the
Poles,we reprojectedthe mapsusinga cubicalprojection,main-
taining roughly the samenumberof points. The resultingdataset
is composedof 6 tiles of 133132 samplepoints,for a total of over
1G verticesand2G triangles. The terrainwas texturedusingsix
163842 shadedrelief textures,for a total of over1.5GRGBtexels.

6.1 Preprocessing

Thedatasetwaspartitionedinto six partitions(correspondingto the
six facesof thecubicalprojectionmap).Theresamplingsteptook
aboutonehour for the texture and36 min for the geometry. The
preprocessingtime for geometryis largely dominatedby the sim-
pli�cation task,thatwasfor this reasonparallelized.Thanksto the
asynchronousnatureof ourparallelsimpli�cation algorithmweare
ableto successfullyrun theprocesswith no constrainton theper-
formanceof PC and/ornetwork connection.The equipmentused
for the experimentswasjust a standardPC network composedby
theauthor's workstations:� ve 1.6GHzPCsconnectedby a 10Mb
Ethernetnetwork.

For geometry, wegenerated12bintrees,with leafnodescontain-
ing triangularpatchesof 26x26vertex sideat full resolutionandin-
teriornodeswith aconstantvertex countof 512.Thesimpli�cation
processbuilt the multiresolutionstructurestartingfrom the leaves
of thebintreesin 6h10min(wall clocktime). Eachbintreeoccupied
at theendof theprocess737Mb for atotal8.63GB neededto store
thewholegeometryon disk beforepatchcompression.Fromsome
experimentson smallersizeddatasetswe can estimatethe speed
up obtainedby our parallelpre-processingto be about3.9 on the
� ve PC network. The compressionof the geometrybintreestook
only 20 minutes(executedin parallel)andreduceddatasetsizeto
roughly4.5GB. For textures,weusedatile sizeof 256x256texels,
which producedsix 7 level quadtreesandcompressedcolorsusing
theDXT1 format. Texturepreprocessing,includingerrorpropaga-
tion, took roughlyonehourper tile on a singleprocessorandpro-
duceda structureoccupying 1.2 GB on disk for theentiredataset.
Processingtime is largelydominatedby texturecompression.

6.2 View-dependent Re�nement

Weevaluatedtherenderingperformanceof theP-BDAM technique
on a numberof �ythrough sequences.Thequantitative resultspre-
sentedherewerecollectedduring a 58 secondshigh speed�y se-



(a)Frame100: ApproachingMars (b) Frame1240:InsideMarinerValley (c) Frame2780:Arriving at theOlympusMons

Figure7: Selected�ythr ough frames. Screenspaceerrortolerancesetto 3 pixels.

(a)Renderingratesperframe (b) Renderedcomplexity perframe (c) P-BDAM re�nementoverheadperframe

Figure8: PerformanceEvaluation. To fully testour out-of-coredatamanagementcomponents,all benchmarkswerestartedwith all data
off coreanddiskbuffers�ushed.

quencethat includedanapproachto theplanet,a low-altitude�y-
over of the Mariner Valley and the Tharsisvolcanoregion and a
simulatedlandingon top of OlympusMons. Theaveragespeedof
the�ight exceedsMach700.The�ight, performedusingawindow
sizeof 640x480pixelsanda screentoleranceof 3 pixels,wasde-
signedto heavily stressthe system,asit includesabruptrotations
andchangesfrom overall views to close-ups.Theresultswerecol-
lectedonaLinux 2.4PCwith two AMD Athlon MP 1600MHzpro-
cessors,2GB RAM, a NVIDIA GeForce4Ti4600 graphicsboard,
anda MAXT OR 6L060J360GBIDE disk. Thequalitative perfor-
manceof ouradaptiverendereris furtherillustratedin anaccompa-
nying video,thatshows live recordingsof theanalyzed�ythrough
sequence(Fig. 7). To fully testour out-of-coredatamanagement
components,thebenchmarkswerestartedwith all dataoff coreand
disk buffers �ushed. During the entirewalkthrough,the resident
setsizeof theapplicationis maintainedat roughly98 MB, i.e. less
than 2% of datasize (5.7 GB), demostratingthe effectivenessof
out-of-coredatamanagement.

Figure 8(a) illustratesthe renderingperformanceof the appli-
cation,both with andwithout speculative prefetching. The spec-
ulative prefetchingversionexecutedan additionalre�nementstep
per frame to prefetchpagesthat are likely to be accessedin the
nearfuture,usinga linearpredictionof camerapositionwith ahalf
a secondlook-ahead.The prefetchingversionis muchsmoother,
dueto thesuccessof prefetchingin hiding the latency dueto page
faults.Theonly noticeablejitterswith theprefetchingversion(vis-
ible in thegraphnearsecond12) correspondto rapidrotationsand
accelerationsof thepath. By contrast,thenonprefetchingversion
hasa much lower averageperformanceandfrequentlystallsdur-
ing renderingdueto paginglatency. In theprefetchingversion,we
wereableto sustainan averagerenderingrateof roughly 16 mil-

lions of texturedtrianglesper second,with peaksexceeding18.5
millions. By comparison,on the samemachine,SOAR [Lind-
strom and Pascucci2002] peak performancefor a 4Kx4K sub-
set of datasetwas measuredat roughly 3.3 millions of triangles
persecond,even thoughSOAR wasusinga smallersingleresolu-
tion textureof 2Kx2K texelsanddid not handlesurfacecurvature.
Theincreasedperformanceof theP-BDAM approachis dueto the
larger granularityof the structure,that amortizesstructuretraver-
sal costsover many graphicsprimitives, reducesAGP datatrans-
fers throughon-boardmemorymanagementandfully exploits the
post-transform-and-lightingcachewith optimizedindexedtriangle
strips,reducingtheoverheaddueto thevertex program.

Thetime overheadof P-BDAM structuretraversal,measuredby
repeatingthe testwithout executingOpenGLcalls, is only about
22%of total frametime(Fig. 8(c)),demonstratingthatweareGPU
boundevenfor handlingextremelylargeout-of-coredatasets.Ren-
deredscenegranularityis illustratedin �gure 8(b): eventhoughthe
peakcomplexity of therenderedscenesexceeds240Ktrianglesand
8.5M texelsperframe,thenumberof renderedgraphicsprimitives
per frame remainsrelatively small, never exceeding280 patches
and130textureblocksperframe.Sincewe areableto rendersuch
complex scenesat high framerates,it is possibleto usevery small
pixel thresholds,virtually eliminatingpoppingartifacts,withoutthe
needto resortto costlygeomorphingfeatures.

7 Conclusions

We have presentedan ef�cient techniquefor out-of-coremanage-
mentandinteractive renderingof planetsizedtexturedterrainsur-
faces.The proposedframework introducesseveral advanceswith



respectto thestateof theart: thanksto a batchedhost-to-graphics
communicationmodel,weoutperformcurrentadaptive tessellation
solutionsin termsof renderingspeed;we guaranteeoverall geo-
metric continuity, exploiting programmablegraphicshardware to
copewith theaccuracy issuesintroducedby singleprecision�oat-
ing point representations;wesuccessfullyexploit acompressedout
of corerepresentationandspeculative prefetchingfor hiding disk
latency duringrenderingof out-of-coredata;we ef�ciently handle
theconstructionof highqualitysimpli�ed representationsby using
a novel distributedout of coresimpli�cation algorithmworking on
astandardPCnetwork.

Acknowledgments

This researchis partiallysupportedby theV-PLANET project(Eu-
ropeanRTD contract IST-2000-28095). We are grateful to the
NASA MOLA ScienceTeamfor makingtheirdataavailable.

References

ALLIEZ, P., AND DESBRUN, M. 2001. Progressive compressionfor loss-
lesstransmissionof trianglemeshes.In SIGGRAPH'2001 Conference
Proceedings, 198–205.

BAJAJ, C. L., PASCUCCI , V., AND ZHUANG, G. 1999. Progressive com-
pressionandtransmissionof arbitrarytriangularmeshes.In Proceedings
of the 1999 IEEE Conferenceon Visualization(VIS-99), ACM Press,
D. Ebert,M. Gross,andB. Hamann,Eds.,307–316.

CHOW, M. M. 1997. Optimizedgeometrycompressionfor real-timeren-
dering(colorplateS.559). In Proceedingsof the8thAnnualIEEECon-
ferenceon Visualization(VISU-97), IEEE ComputerSocietyPress,Los
Alamitos,R. YagelandH. Hagen,Eds.,347–354.

CIGNONI , P., PUPPO, E., AND SCOPIGNO, R. 1997. Representationand
visualizationof terrainsurfacesat variableresolution.TheVisual Com-
puter13, 5, 199–217.

CIGNONI , P., MONTANI , C., ROCCHINI , C., AND SCOPIGNO, R. 2003.
Externalmemorymanagementandsimpli�cation of hugemeshes.IEEE
TransactionsonVisualizationandComputerGraphics9, (in press).

CIGNONI , P., GANOVELLI , F., GOBBETTI , E., MARTON, F., PONCHIO,
F., AND SCOPIGNO, R. 2003. BDAM – batcheddynamicadaptive
meshesfor high performanceterrainvisualization.ComputerGraphics
Forum22, 3 (Sept.).To appear.

COHEN-OR, D., AND LEVANONI , Y. 1996. Temporalcontinuityof levels
of detail in delaunaytriangulatedterrain. In IEEE Visualization '96,
IEEE. ISBN 0-89791-864-9.

DEERING, M. 1995. Geometrycompression. In Comp.Graph. Proc.,
AnnualConf. Series(SIGGRAPH95),ACM Press, 13–20.
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