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Figurel: View of Mariner Valley and the Tharsis Volcanos,Mars. Snapshot$rom aninteractve inspectionsessiorof a globalrecon-
structionof planetMars createdrom Mars Orbiter LaserAltimeter 128 samples/dgreedata[Smith etal. 2002].

Abstract

We describean efcient techniquefor out-of-core management
andinteractve renderingof planetsizedtexturedterrainsurfaces.
The technique,called P-BatchedDynamic Adaptive Meshes(P-
BDAM), extendsthe BDAM approactby usingasbasicprimitive
a generaltriangulationof pointson a displacedriangle. The pro-
posedframeavork introducesseveral advanceswith respectto the
stateof the art: thanksto a batchedhost-to-graphiceommunica-
tion model, we outperformcurrentadaptve tessellationsolutions
in termsof renderingspeed;we guaranteeverall geometriccon-
tinuity, exploiting programmablegraphicshardware to copewith
the accurag issuesintroducedby single precision oating points;
we exploit acompressedut of corerepresentatioandspeculatre
prefetchingfor hiding disk lateng during renderingof out-of-core
data;weef ciently construchighqualitysimpli ed representations
with a novel distributedout of coresimpli cation algorithmwork-
ing on a standard®C network.

CR Categories: K.6.1[ComputerGraphics]: PictureandImage
Generation—;K.7.m [Computer Graphics]: Three-Dimensional
GraphicsandRealism—.
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1 Intro duction

Interactve visualization of huge planet-sizedtextured terrain
datasetss a complex andchallengingproblem: the size of a high

ISTI-CNR, Via
www:http://iveg.isti.cnr.it/
TCRS4, POLARIS
www:http://www.crs4.it/

Moruzzi 1, 56124 Pisa ltaly
e-mailfirst.last@isti.cnr.it

Edi cio 1, 09010 Pula, Italy

e-mailfirst.last@crs4.it

accuray geometryand texture representatiorof an entire planet
sitsin the scaleof giga-triangleandgiga-texel datasetsThis kind
of datasetexceedghecapabilitiesof currenthardwareandexisting
multiresolutionalgorithms.
Variousdynamicmultiresolutionmodelshave beenproposedo
facethe problemof ef cient visualizationof terrains,usuallybased
ontheideaof constructingpnthe y , acoarsemadaptvely approxi-
matedrepresentatioto berenderedn placeof thecompleteterrain
model. Unfortunately currentdynamic multiresolutionsolutions
arenot suitableto handlingplanet-sizeddatafor variousreasons.
Most of the existing techniquesare very processointensve: the
extractionof anadequatéerrainrepresentatiofrom a multiresolu-
tion modelandits transmissiorto the graphicshardwareis usually
the main bottleneckin terrainvisualization. Nowadays,consumer
graphicshardwareis ableto sustainrenderingrate of tensof mil-
lions of trianglesper second,but mostof currentmultiresolution
solutionsfall shortof reachingsuchperformance.Moreover, ac-
curay problems,dueto the limited representatiomangeof stan-
dard oats, arisewhenthe size of the datasetbecomeshugeand
noneof the existing solutionscorrectly handlesthis issuewithout
introducingdiscontinuitiesor large performancepenalties.Lastly,
for planetsizeddataseflsothe preprocessingtepsfor construct-
ing therequiredmultiresolutionstructurecaneasilybecometotally
overwhelming soaparallelscalablesolutionshouldbeintroduced.
The original contritution of this paperis to introducea novel
solutionfor interactize andaccuratevisualizationof hugetextured
terrainsthatimprovesover currentmethodsn thefollowing areas:

it manageandrendersion at hugedatasetsiearlyoneorder
of magnituddasterthanexisting solutionsthanksto abatched
host-to-graphiceommunicatiormodel;

it guaranteesverall geometriccontinuity, exploiting pro-
grammablegraphicshardwareto copewith the accurag is-
suesintroducedby singleprecision oating pointnumbers;

it successfullyexploits a compresseaut of corerepresenta-
tion andspeculatie prefetchingfor ef cient rendering;

it efciently handlesthe constructionof high quality simpli-
ed representationby usinga novel distributed out of core
simpli cation algorithm.

As highlightedin the shortoverview of the currentsolutionsfor
interactive visualizationof large terrains(Sec.2), the techniques
basedon the hierarcly of right trianglesarethe oneswhich ensure



maximumthroughput,while TIN basedmultiresolutionsolutions
reachmaximalaccurag for a given triangle count. In this paper
we introducea new datastructurethat takesthe bestof the abore
approachesMoreover, our approachefciently supportshe com-
binationof high resolutionelevation andtexture datain the same
framavork. Our approachadoptsthe philosoply of the BDAM
technigue(Sec.3), an efcient approachfor the renderingof at
large texturedterrains. The new structurehereproposedcalledP-
BDAM, to succeedn efciently renderingplanetsizeddatasetss
describedn Sec.4. A distributed out-of-coretechniquehasbeen
designedndtestedor constructindg®-BDAMs usingagenerichigh
quality simpli cation algorithm (Sec.5). The efciency of the P-
BDAM approachhasbeensuccessfullyevaluatedby shaving the
accuratanteractve visualizationof the whole planetMars created
from Mars Orbiter LaserAltimeter data(Sec.6).

2 Related Work

Adaptive triangulations. Adaptive renderingof huge terrain
dataset$iasa long history, anda comprehensk overview of this
subjectis beyondthe scopeof this paper In the following, we will
discusgheapproachethataremostcloselyrelatedwith our work.
Readersnayreferto recentsuneys [LindstromandPascucc002;
Pajarola2002]for furtherdetails.

Two main classef techniquesave beenproposedo manage
andrendercontinuousadaptve terrain representationsa) regular
hierarchicalstructures,b) more generalunconstrainedriangula-
tions. The rst classis generallybasedon a particularregular re-
nement schemecalledhierarchief right triangles(HRT) [Evans
et al. 2001] or longestedge bisection[Lindstrom and Pascucci
2002], triangle bintree[Lindstrom et al. 1996; Duchaineatet al.
1997], restricted quadtreetriangulation [Pajarola 1998; Samet
1990]. The secondclassof algorithmsis basedon lessconstrained
triangulationsof the terrain (TINs) and includes multiresolution
data structureslike multi-triangulations[Puppo 1996] adaptie
megetreegXia andVarshng 1996], hypertriangulation§Cignoni
etal. 1997],andtheextensionof progressie meshegHoppe1997]
to the view-dependentmanagementf terrains[Hoppe 1998]. As
pointedout and numericallyevaluatedin [Evansetal. 2001], TIN
outperformright triangleshierarchiesn termsof numberof trian-
gles/ error counts,but are more complicatedand hardly manage
large datasetsn real-time. The two classef methodsalsodiffer
in how they interactwith texturemanagemend/ery few techniques
existthatfull decouplaextureandgeometryl OD managemenflo
our knowledge,the only generalapproactis the SGl-speci cclip-
mappingextension[Tanneret al. 1998] and 3DLabsVirtual Tex-
tures,which requires however, specialhardware. In generallarge
scaletexturesarehandledby explicitly partitioningtheminto tiles
andpossiblyarranginghemin a pyramidalstructure[D 6liner et al.
2000]. Clipping renderedyeometryto texturetile domainsmposes
severelimitations on the geometryre nementsubsystenand TIN
approachearemoredif cult to adaptto this contet thanHRTSs.

Our work aimsat combiningthe bene ts of TINS andHRT in
a single datastructurefor the ef cient managemenof multireso-
lution textured terrain data, that is here extendedto planet-sized
datasets.A rst attempttoward this aim is the work of [Pajarola
etal. 2002],whereatechniqueto build a HRT startingfrom a TIN
terrainis presented.The mainideais to adaptvely build a HRT
following the TIN datadistribution. Among the mary other dif-
ferencesjn our proposalthe advantageof TINS are muchbetter
exploited, becauseachpatchis a completelygeneratriangulation
of thecorrespondinglomain.

Out-of-co re simpli cation and rendering. Varioustechniques
have beenpresentedo facethe problemof hugemeshsimpli ca-

tion: with the exceptionof the clusteringsolutionsbasedon the
Lindstrom approachLindstrom 2000; Lindstrom 2003], most of

thesetechniquessuchasHoppes hierarchicalmethodfor digital

terrainmanagemenfHoppe 1998] and the octreebasedstructure
OEMM [Cignonietal. 2003a],arebasednsomekind of meshpar

titioning andsubsequerindependensimpli cation. Hoppehierar

chically dividesthe meshin blocks,simpli es eachblock by edge-
collapse(bordersareconstrainedandthentraversesottom-upthe
hierarchicalstructureby meiging sibling cells and again simplify-

ing. In thisapproactsomeof thebordersemainsotsimpli ed un-

til the whole meshcanbe loadedentirelyin memory The OEMM

avoidsthis kind of problem,but it doesnot build a multiresolution
structure.On the otherhand,the BDAM approacHCignoni et al.

2003b] allows both the correctindependenprocessingof small
sub-portion®f thewholemeshandtheconstructiorof amultireso-
lution structurejn thiswork, we exploit thisindependencproperty
to ef ciently parallelizethe simpli cation processn orderto build

amultiresolutionstructurefor arbitrarily large meshes.

With respecto thecompressedtorageof ourgeometricdata,we
wantto remarkthatour approachs aimedto obtainthe highestde-
compressiorperformanceratherthanattaininghigh compression
ratioslike for example[lsenturg and Gumhold2003]. Moreover,
the uncompresseih-corerepresentationjsingbaricentriccoordi-
nates,implicit texture coordinatesinterpolatednormals,triangles
stripsandshort16 bit datatypesis alreadyquite compact.For this
reasonwe have choserarathersimpleapproacHor codingthe ge-
ometryon the disk but that canbe decompressedithout slowing
down therenderingprocess.

Accuracy of the representation. Numericalaccuray issues
are oneof the mostneglectedaspectsn the managemendf huge
datasetsSendingpositionsto thegraphicshardwarepipelineneeds
particular care, given that the highestprecisiondata-typeis the
IEEE oating point,whose23 bit mantissdeadsto noticeablever-
tex coalescingroblemfor metricdataset®nthe Earthandto cam-
erajitter problemsin the generalcase[Reddyet al. 1999]. Typical
solutions(e.g.[Lindstrom et al. 1997; Reddyet al. 1999]) areto
partitionthe dataseinto multiple tiles, eachof themwith anasso-
ciatedlocal, possiblyhierarchical coordinatesystemandthenuse
singleprecision oating pointsfor representingertex positionsin
thelocal reference At renderingtime, tiles areseparatelyendered
in theirlocal renderingsystemsperformingmatrix transformations
onthehostin doubleprecisionto reduceroundof errors.Thissolu-
tion, however, leadsto discontinuityproblemsat tile borders.Our
solutionsolvesthe accurag problemusingpatchparametriccoor
dinates,exploiting the programmabilityfeaturesof modernGPUs
to ensureoverall continuity.

E cient host-to-graphics communication. A commonpoint
of all adaptve meshgeneratiortechniquess thatthey spendagreat
deal of the renderingtime to computethe view-dependentrian-
gulation. For this reasonmary authorshave proposedechniques
to alleviate poppingeffects due to small triangle counts[Cohen-
Or and Levanoni1996; Hoppe 1998] or to amortizeconstruction
costsovermultipleframegLindstrometal. 1996;Duchaineawtal.
1997;Hoppel1997]. We have recentlyproposedinsteadto reduce
the pertriangleworkloadby composingat run-timepre-assembled
surfacepatcheqCignoni et al. 2003b]. The ideaof groupingto-
gethersetsof trianglesin orderto alleviate the CPU/GPUbottle-
neckwaspresentedlsoin theRUSTIC[Pomeran2000]andin the
CABTT [Levenbeg 2002] datastructures. The RUSTIC method
is a extensionof the ROAM algorithmin which subtreesof the
ROAM bintreeare,in a preprocessinghase staticallyfrozenand
saved. The CABTT approachs very similarto RUSTIC, but clus-
tersaredynamicallycreated cachedandreusedduring rendering.
With respecto bothmethodspur BDAM structure[Cignoni etal.



2003b], amongother differences gxplicitatesthe simple edgeer
ror propertyneededor clusterconsisteng, exploits high quality,
fully adaptve triangulationof clusterscachecoherentri-stripping
of clustersfor ef cient renderingandmultiresolutiontexturing; -
nally, it supportsout-of-corerenderingand constructionof huge
datasetslIn this work, we extendthis approactto the ef cient ren-
deringof curvilinearpatches.

3 Batched Dynamic Adaptive Meshes

As explainedin the previous section,mostof currentmultireso-
lution algorithmsare designedio usethe triangle asthe smallest
primitive entity. Themainideabehindthe BatchedDynamicAdap-
tive Mesheg(BDAM) approachis to adopta morecomplex primi-
tive: smallsurfacepatchescomposeaf a batchof a few hundreds
of triangles. The bene ts of this approacharethatthe pertriangle
workloadto extracta multiresolutionmodelis highly reducedand
the small patchescan be preprocessednd optimized off-line for
amoreefcient rendering.We summarizeherethe main concepts
behindBDAM. Pleaserefer to the original paperfor further de-
tails[Cignonietal. 2003b].

In BDAM, the small patchesorm a hierarcly of right triangles
(HRT) thatis codedas a binary tree. This representatiorcan be
usedto easilyextracta consistensetof contiguoudriangleswhich
cover a particularregion with given error thresholds.Thesesmall
triangularpatchexanbe batched (hencethe name)to thegraphics
hardwarein the mostefcient way. Therefore,eachbintreenode
containsa small chunkof contiguouswell pacled tri-strippedytri-
angles.To ensurethe correctmatchingbetweertriangularpatches,
BDAM exploits the right triangle hierarcly propertythat eachtri-
anglecancorrectlyconnecto: trianglesof its sameevel; triangles
of the next coarseievel throughthe longestedge;andtrianglesof
thenext ner level throughthetwo shortesedges.

Figure2: An exampleof a BDAM : eachtrianglerepresents ter-
rain patchcomposedy mary triangles. Colorscorrespondo dif-
ferenterrors;the blendingof the color inside eachtriangle corre-
spondgo thesmootherrorvariationinsideeachpatch.

To guaranteehe correctconnectvity alongbordersof different
simpli cation levels, triangularpatchesarebuilt sothattheerroris
distributedasshavn in gure 2: eachtriangle of the bintreerep-
resentsa small meshpatchwith errore, insideanderrore,, ; (the
error correspondindo the next more re ned level in the bintree)
alongthetwo shortesedges.In this way, eachmeshcomposedy
a collectionof small patchesarrangedasa correctbintreetriangu-
lation still generates globally correcttriangulation. This simple
edgeerror propertyis exploited, as explainedin section5, to de-
signa distributed out-of-corehigh quality simpli cation algorithm

thatconcurrentlybuilds all patchesFigure?2 illustratestheseprop-
erties. In the upperpart of the gure we shav the variouslevels
of aHRT andeachtrianglerepresentsa terrainpatchcomposedy
mary graphicsprimitives. Colors correspondo differenterrors;
the blendingof the colorsinsideeachtriangularpatchcorresponds
to the smootherror variationinside eachpatch. Whencomposing
thesetriangularpatchesusingthe HRT consisteng rules,the color
variationis always smooth: the triangulationof adjacentpatches
correctlymatches.

Texture and geometry trees. To efciently managdargetex-
tures,the BDAM approactpartitionstheminto tiles beforerender
ing andarrangeshemin a multiresolutionstructureasa tiled tex-
ture quadtree Eachtexture quadtreeelementcorrespondso a pair
of adjacengeometnybintreeelementsTherootsof thetreescover
the entire datasetand both treesare maintainedoff-core using a
pointerlessstructurethatis mappedat run time to a virtual mem-
ory addresgange. During rendering,the two treesare processed
together Descendingnelevel in thetexture quadtreecorresponds
to descendingwo levels in the associatedair of geometrybin-
trees. This correspondencean be exploited in the preprocessing
stepto associat@bject-spaceepresentatioerrorsto the quadtree
levels,andin therenderingstepto implementview-dependeninul-
tiresolutiontexture and geometryextractionin a single top-davn
re nementstratay.

Errors and bounding volumes. To easily maintainthe trian-
gulationcoherenc®DAM exploits the concepbf nested/saturated
errors,introducedby [Pajarola1998], that supportsthe extraction
of a correctsetof triangularpatcheswith a simplestatelesse ne-
mentvisit of the hierarcly, thatstartsat thetop-level of thetexture
andgeometrytreesandrecursvely visits the nodesuntil the screen
spacetexture error becomesacceptable. The object-spacerrors
of the patchesaarecomputedlirectly duringthe preprocessingon-
structionof the BDAM. Oncetheseerrorshave beencomputeda
hierarcly of errorsthat respectnestingconditionsis constructed
bottomup. Texture errorsarecomputedrom texture featuresand,
similarly, areembeddedn a correspondindpierarcly. For theren-
deringpurposeBDAM adoptsatreeof nestedvolumesthatis also
built during the preprocessingwith propertiesvery similar to the
two error rules: 1) boundingvolume of a patchinclude all chil-
drenboundingvolumes;2) two patchesadjacentlonghypotenuse
mustsharethe sameboundingvolumewhich enclosedoth. These
boundingvolumesareusedto computescreerspaceerrorsandalso
for view frustumculling.

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

The P-BDAM approachexploits mary the of ideasintroducedin
BDAM, andimprovesthegeneraframenork in anumberof ways,
allowing the correctmanagemenf non- at planet-sizediatasets,
handling oating point precisionissuesandexploiting speculatie
prefetchinganda compressedn-diskrepresentation.

4.1 Planet Partitioning

In orderto handlethe sizeandaccurag problemsrelatedto planet-
sizedterrainmanagementye partitionthe surfaceof the planetin
anumberof squardiles, thereforemanaginga forestof BDAM hi-
erarchiesnsteadof asingletree. Thetiles have anassociatedu; v)
parameterizationyhichis usedfor texture coordinatesandto con-
structthe geometrysubdvision hierarcly (see gure 3). Thenum-
berandsizeof thetilesis arbitraryanddepend®nly on the sizeof
the original dataset.In particular we make surethatthefollowing



constraintaremet: (a) asingleprecision oating pointrepresenta-
tion is accuratenoughfor representindgpcal coordinategi.e. there
arelessthan 222 texels/positionsalong eachcoordinateaxis); (b)
thesizeof thegeneratednultiresolutionstructures within thedata
sizelimitationsimposedby the operatingsystenyi.e. lessthanthe
largestpossiblememorymappedseggment,typically lessthan3GB
becauseof memory segmentation). This effectively decomposes
the original dataseinto terraintiles. It shouldbe noted,however,
thatthe tiles areonly usedto circumwentaddresspaceand oat-
ing point accurag limitations and do not affect otherpartsof the
system.In particular errorsandboundingvolumesarepropagited
to neighboringtiles throughthe commonedgesin orderto ensure
continuityfor theentiredataset.

Figure3: Data Tiling. To copewith accurag andaddresspace
limitations, large datasetsare decomposednto tiles with a local
parameterization.

4.2 Parametric Patch Representation

Our solutionto handlingthe global accurag problemis basedon
the approximationof eachP-BDAM patchby a displacedriangle
andtheuseof thevertex programmingcapabilitiesof modernGPUs
to ef ciently renderthe patcheswith the requiredaccurag, while
unconditionallymaintaininggeometriccontinuity.

We representP-BDAM patchesas arbitrary triangulationsof
pointson a displacedtriangle. EachP-BDAM basecornervertex
containsa pair of texture coordinated ;, thatcorrespondo the po-
sition of thevertex in (u; V) coordinatesaswell asa planetocentric
positionP; anda normalvector N;, that are computedfrom T; at
patchconstructiontime as a function of the particularprojection
used. The verticest of the internaltriangulationare storedby
specifyinga barycentriccoordinateandan offsetalongtheinterpo-
latednormaldirection,andall theinformationrequiredatrendering
time is linearly interpolatedfrom the basecornervertex data(see
gure 4 left). Asfor BDAM, theinterior of the patchis anarbitrary
triangulationof thevertices thatis representetly acache-coherent
generalizedriangle strip storedas a single orderedlist of vertex
indices(see gure 4 right).

The only aspecthatrequiresparticularcareis the computation
of planetocentrigositions,sinceall otherinformationis local to
the patch. We thereforestore P; in double precision. At each
frame, we renderall patchesin cameracoordinatessimply sub-
tractingthecamergpositionO from P; onthehostbeforecorverting
themto singleprecisionfor communicatingt to the graphicshard-
ware. This way a single referenceframeis usedfor eachframe,
andpositionalaccurag decreasewith the distancefrom the cam-
era, which is exactly what we want. In contrastto commonlin-
eartransformatiorapproacheflindstrometal. 1997;Reddyetal.
1999], neighboringpatchesemainunconditionallyconnectede-
causedisplacedvertex valuesonly dependon the commonbase
cornervertices(alongthe edges the weight for the oppositever
tex is null). Theconversioncost(9 subtraction&nd9 oating point
corversion)is nggligible, sinceit is amortizedover all the internal
triangles.Moreover, the transformatiorfrom barycentricto Carte-
sian/texture coordinatescan be ef ciently computedfrom corner

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

dataon the GPU, using a simple vertex program(see gure 5).
This hastheimportantadwantagethat, sincethe the verticesof the
internaltriangulationareinvariantin barycentriccoordinatesthey
canbe storedin a staticvertex arraydirectly in graphicsmemory
andthe renderingroutine canfully bene t of the post-transform-
and-lightingcacheof currentgraphicsarchitectureswhichis fully
exploitedwhendrawing from theindexedrepresentationin partic-
ular, sincethevertex programis executedonly at cachemissesijts
costis amortizedover multiple vertices. Figure 4 right illustrates
thememorylayoutemployed,thatis optimizedfor renderingusing
OpenGLvertex arrayextensionslt isimportantto notethatapprox-

struct a2v f
float4 uvh: POSITION;// barycentric
g;

position and displacement

struct  v2f f

float4 hpos: HPOS;// view normalized position
float4 tex0: TEXO; // texture coord. for mapping
float4 texl: TEX1;// texture coord. for bottom/left
float4 tex2: TEX2;// texture coord. for top/right
g

clipping
clipping

v2f vpl_displaced_tripatch(
a2v vertex,
uniform floatdx4 pvm,
uniform float4 texture_border_width,
uniform float4 one_minus_two_texture_border_width,
uniform float4 PO, uniform float4  TO, uniform float4  NO,
uniform float4 POP1, uniform float4 TOT1, uniform float4 NON1,
uniform float4 POP2, uniform float4 TOT2, uniform float4 NON2) f
v2f result;

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

coordinates
+ vertex.uvh[1]*NON2;
+ vertex.uvh[1]*POP2  + h*N;
+ vertex.uvh[1]*TOT2;

/I Interpolate  using barycentric

float4 N = NO + vertex.uvh[0O]*NON1
float4 P = PO + vertex.uvh[0]*POP1
float4 T = TO + vertex.uvh[0]*TOT1
coordinates

/I Compute output position and texture

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 arbitrary map projectionswith displacementslonginter-
polatednormaldirectionsintroducesa representatioerror. How-
ever, this error canbe fully takeninto accountby incorporatingit



in the object-spaceepresentatiomrror computedduring simpli -
cation. Moreover, this errorrapidly corvergesto zerofor arbitrary
mapprojectionsasgeodetidinescorvergeto straightlines.

4.3 Adaptive rendering

Renderinga P-BDAM structureis similar to renderinga sequence
of BDAM trees. Beforerendering the vertex programof gure 5
is installedin the graphicshardware. For eachof the partitionsthat
composehe planet,we mapits datastructureinto the processad-
dressspacerenderthe structureusinga statelessop-dovn re ne-
mentprocedurethendeletethe mappingfor the speci ed address
range.At theend,thevertex programis disabledandOpenGLren-
dering can proceedas usualfor non-terraindata. The re nement
procedurestartsat the top level of the texture andgeometrytrees
of a given tile and recursvely visits their nodesuntil the screen
spacetexture error becomesacceptabler the visited nodebound-
ing sphereis proved off the viewing frustum. While descending
the texture quadtree correspondinglisplacedtriangle patchesin
thetwo geometrybintreeareidenti ed andselectedor processing.
Oncethetextureis consideredietailedenough texture re nement
stops. At this point, the texture is boundand the algorithm con-
tinuesby re ning thetwo geometrybintreesuntil the screerspace
geometryerrorbecomescceptabler thevisitednodeis culledout.
Patchrenderings doneby corvertingthe cornerverticesto camera
coordinatesand binding them along with associatedchormalsand
texture coordinatego the appropriateuniform parametersprior to
binding varying vertex dataanddrawing anindexed trianglestrip.
Theinstalledvertex programperformsdataunpackingandcorver
sionfrom barycentricto Cartesian/teture coordinated.

4.4 Memory management

Time-critical rendering large terrain datasetsrequiresreal-time
managemenf hugeamountsof data. Moving datafrom the stor
age unit to main memoryandto the graphicsboardis often the
majorbottleneck As in BDAM, we usebothadatalayoutaimedat
optimizing memorycoherencenda cachemanagedisinga LRU
stratgy for cachingthe mostrecenttexturesandpatchedlirectly in
graphicsmemory(see[Cignonietal. 2003b]for details).Sincethe
disk is, by far, the slowestcomponenbf the system,we have fur-
ther optimizedthe externalmemorymanagementomponentvith
meshcompressiormndspeculatie prefetching.

Patch Compression. Several clever schemesave beendevel-
opedto conciselyencodetriangle strip connectvity, in asfew as
1-2 bits per triangle (e.g. [Isenturg 2001]). As a result, the ma-
jor portion of a compresse®DAM patchgoesto storinginternal
meshvertex barycentrigpositionsandoffsets.Standardneshcom-
pressiorsolutionstypically combinequantization]ocal prediction,
andvariable-lengttdeltaencodindAlliez andDesbrur2001;Bajaj
etal. 1999;Chow 1997;Deering1995]. In thiswork, we have cho-
sena simple solutionthat favors meshdecompressiospeedover
compressiomratio. We quantizethe barycentriccoordinateso 12
bits (sufcient to encodeover 16M positionsin atriangularpatch),
reorderverticesin strip occurrenceorder deltaencodethem,and
compresghe resultusingthe LZO losslesssompressiommethod.
This typically achievescompressedatato lessthan50% of origi-
nal size,while supportinga decompressiorateof over 15M trian-
gles/seconan typical PChardware(seeresultssection).

170 is adatacompressiofibrary basecnalempelZiv variantwhich
is suitablefor datadecompressioin real-time. Thelibrary sourceis avail-
ablefrom http://www.oberhumer.com/opensource/lzo/

Speculative prefetching. The externalmemorycomponenbf
P-BDAM, asfor BDAM [Cignoni et al. 2003b]Jand SQAR [Lind-
stromand Pascucci2002], is basedon associatingo eachterrain
partitiona le dynamicallymappedo a read-onlylogical address
spaceandonrearrangingerraindatasothatit canbeaccessedh a
memorycoherentmanner Sincein typical terrainexplorationtasks
theviewer's expectechearfuturepositionscanbeextrapolatedvith
goodaccurag basedon thelastfew positions,we canfurtherhide
thedisk lateng by prefetchinggeometryandtexture datathatwill
soonbe accessed The prefetchingroutine, that may be executed
in parallelto the renderingthreador sequentiallyas an idle task,
executesthe samere nementalgorithmasthe adaptve rendering
code,taking asinput the predictedcamerapositioninsteadof the
currentone. Whenthe re nementterminatesjnsteadof rendering
thepatcheor bindingthetextures,it simply checksvhetherthere-
quiredgraphicsobjectsarein thecache If not, it advisegheoperat-
ing systemkernelthatthepagesontainingtheir representatiowill
likely beaccesseth thenearfuture. On Linux, thisis doneby exe-
cutingthe madvise systemcall, to instructthe kernelthatit would
be advantageou$o asynchronouslyeadtheindicatedpagesahead
if they arenotalreadyin core. This techniqueblendswell with the
virtual memorybasedxternalmemorymanagemergubsystemln
particular themainrenderingcodedoesnt needto be awareof the
prefetchingcomponentandwe exploit the extensve performance
optimizationsof the operatingsystems virtual memorymanager
suchasreorderingof requestdo reduceseekaccesdime andover
lappingof computatioranddisk acces§Gorman2003].

5 Building a P-BDAM

A P-BDAM structureis constructedstartingfrom a genericheight
eld representinghe surfaceof a planet. Therearetwo maintasks
thathave to be accomplishedpreparingthe input datain orderto
build thelowestlevel of theP-BDAM hierarcly andperformingthe
bottom-upsimpli cation thatbuilds the patcheof theupperlevels.

Data preparation and resampling. Size and accurag con-

straintsmposea partitioningof thedata thatmustbedonein away

thatno trianglecrossegatrtition/texture borders.No resamplings

strictly necessarysincefor all mapprojectionsit is possibleto re-

arrangethe original datasamplesn orderto meetthe constraints.
The mostcommonly usedmaps, however, do not evenly sample
the planetsurface,and are often discontinuousat the poles. As a

rst step,we thusin generalpreferto resampledatausinga cubi-

cal mapprojection.Startingfrom the cubemagile structureshavn

in Fig. 3, we recursvely subdiide eachface. The new vertices
areplacedontothe surfaceof the planetandrecursve subdvision

stopswheneachpatchis smallenoughto samplethe original data
with therequiredprecision.The nal trianglesarethengroupedn

batchego form theleavesof thegeometrybintrees.

Out-of-co re Geometric Simpli cation.  Onceall theleasesof
all the bintreeshave beengeneratedye performa bottom-upsim-
pli cation to build the patcheof the higherlevels. The construc-
tion of our multiresolutionmodelis carriedout as an iteratedse-
quenceof mark, distribute, independensimplify and patchmeig-
ing steps. During the mark phaseswe constrainthe verticeson
the longestedgesof the patchesto remainunmodi ed during the
subsequergimpli cation step.In orderto maintaingeometriccon-
tinuity, planetpartitionsare consideredas a single surface. This
marking subdvides the surfacein independenblocks, eachone
formed by four triangularpatchespossiblyfrom different planet
partitions,joined by their shortedges.This allows to simplify all
the blocksin parallel. The simpli cation is taigetedto halve the



Figure6: Constructiorof aBDAM throughasequencef simpli cation andmarkingsteps.Eachtrianglerepresentaterrainpatchcomposed

by mary triangles.Colorscorrespondo differenterrorsasin Fig 2.

numberof verticesinsidethe block, so,oncesimpli ed, the trian-
glesof ablock canbe partitionedin two patchesvhich respecthe
patchsizeconstraint.The simpli cation procesdakesinto account
that the two resulting patchesmusthave no triangle crossingthe
borders sothe verticeson the diagonalareforcedto remainon it.
Figureé illustratesthis processeachtrianglecolor correspondso
anincreasingapproximationerror. With bold gray lines we shav
themeshportionmarkedasun-modi able (thatis alocal portionof
the meshthat remainsunafectedby the subsequengimpli cation
step).Notethateachtriangularpatchhasthelongestedgeof theer
ror (color) of thepreviouslevel, hencetheerrordistribution of each
patchshavnin gure 2,isrespectedThewholesimpli cation pro-
cessis inherentlyparallel,becausehe grain of theindividual tasks
is very ne andsynchronizations requiredonly atthe completion
of eachbintreelevel. Thisis veryimportant,becauséhehigh qual-
ity simpli cation of gigatrianglesmeshess avery time consuming
task,thatwould requiredaysto be completedbn a singlemachine.
Individual patchpairs are seimpli ed using greedyedgecollapse
driven by the quadricerror metric [Garlandand Heckbert1997].
Then, the error of the simpli ed meshis taken as the maximum
differencewith the original onein planetocentriceferencesystem
(normalto theplanetsurface).To performthis computatiorquickly
by exploiting graphicshardware, we renderthe original and sim-
plied meshesindera perspectie projectionoriginatingfrom the
centerof theplanetandwe evaluatethedifferenceamongthecorre-
spondingdepthbuffers. In the preprocessingtep,texturesarealso
sampledandcornvertedinto a hierarchicaltructureby a bottom-up
Itering procesdollowed by a compressiorto the DXT1 format.
As for geometryerrornestingis ensuredy a nal bottom-uppass
that combinesall objectspaceerrorsof neighboringand descen-
danttiles. Furtherdetailson the constructiorprocessanbe found
in [Cignonietal. 2003b].

6 Results

An experimentalsoftware library and a planetrenderingapplica-
tion supportingthe P-BDAM techniquehasbeenimplementedand
testedon Linux andWindows NT machines.
Thetestcasediscussedh this papelis theinteractve exploration
of anearglobaltopographianapof planetMarscreatedrom Mars
Orbiter LaserAltimeter data. The datasetoverslatitudesfrom 88
North to 88 Southandthe full longituderangeat 128 sampleger
degree[Smith et al. 2002]. The original mapsareprovidedin sim-

ple cylindrical projection. To avoid discontinuityproblemsat the
Poles,we reprojectedthe mapsusing a cubical projection, main-
taining roughly the samenumberof points. The resultingdataset
is composedf 6 tiles of 1331F samplepoints, for a total of over
1G verticesand 2G triangles. The terrain was textured using six
16384 shadedelief textures for atotal of over 1.5GRGB texels.

6.1 Preprocessing

Thedatasetvaspartitionedinto six partitions(correspondingo the
six facesof the cubicalprojectionmap). The resamplingsteptook
aboutone hour for the texture and 36 min for the geometry The
preprocessingime for geometryis largely dominatedby the sim-
pli cation task,thatwasfor this reasorparallelized.Thanksto the
asynchronousatureof our parallelsimpli cation algorithmwe are
ableto successfullyrun the processwith no constrainton the per

formanceof PC and/ornetwork connection. The equipmentused
for the experimentswasjust a standard®C network composedy
the authors workstations: ve 1.6GHzPCsconnectedy a 10Mb
Ethernetnetwork.

For geometrywe generated 2 bintreeswith leafnodescontain-
ing triangularpatcheof 26x26vertex sideatfull resolutionandin-
teriornodeswith aconstanvertex countof 512. Thesimpli cation
procesduuilt the multiresolutionstructurestartingfrom the leaves
of thebintreesn 6h10min(wall clocktime). Eachbintreeoccupied
attheendof theprocess37Mb for atotal 8.63GB neededo store
thewholegeometryon disk beforepatchcompressionFromsome
experimentson smallersizeddatasetsve can estimatethe speed
up obtainedby our parallel pre-processingo be about3.9 on the

ve PC network. The compressiorof the geometrybintreestook
only 20 minutes(executedin parallel)andreduceddatasesizeto
roughly4.5GB. For textures,we usedatile sizeof 256x256texels,
which producedsix 7 level quadtreesindcompressedolorsusing
the DXT1 format. Texture preprocessingncluding error propa@-
tion, took roughly onehour pertile on a single processoandpro-
duceda structureoccupying 1.2 GB on disk for the entiredataset.
Processingimeis largely dominatedby texture compression.

6.2 View-dependent Re nement

We evaluatedtherenderingperformancef the P-BDAM technique
onanumberof ythrough sequencesThe quantitatve resultspre-
sentecherewere collectedduring a 58 secondshigh speedy se-



(a) Frame100: ApproachingMars

(b) Frame1240: InsideMarinerValley

(c) Frame2780: Arriving atthe OlympusMons

Figure7: Selectedythr oughframes. Screerspacesrrortolerancesetto 3 pixels.
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Figure8: Performance Evaluation. To fully testour out-of-coredatamanagementomponentsall benchmarksverestartedwith all data

off coreanddisk buffers ushed.

guencethatincludedan approacho the planet,a low-altitude y-
over of the Mariner Valley andthe Tharsisvolcanoregion and a
simulatedandingon top of OlympusMons. The averagespeedof
the ight exceeddMach700. The ight, performedusingawindow
sizeof 640x480pixels anda screentoleranceof 3 pixels, wasde-
signedto heaily stressthe system,asit includesabruptrotations
andchangesrom overall views to close-upsTheresultswerecol-
lectedonalinux 2.4PCwith two AMD Athlon MP 1600MHzpro-
cessors2GB RAM, a NVIDIA GeForce4Ti4600 graphicsboard,
anda MAXT OR 6L060J360GB IDE disk. The qualitative perfor
manceof our adaptve rendereis furtherillustratedin anaccompa-
nying video, thatshaws live recordingsof the analyzedythrough
sequencéFig. 7). To fully testour out-of-coredatamanagement
componentshebenchmarksverestartedwith all dataoff coreand
disk buffers ushed. During the entire walkthrough,the resident
setsizeof theapplicationis maintainedat roughly98 MB, i.e. less
than 2% of datasize (5.7 GB), demostratinghe effectivenessof
out-of-coredatamanagement.

Figure 8(a) illustratesthe renderingperformanceof the appli-
cation, both with and without speculatre prefetching. The spec-
ulative prefetchingversionexecutedan additionalre nementstep
per frameto prefetchpagesthat are likely to be accessedn the
nearfuture,usingalinearpredictionof camergpositionwith a half
a secondook-ahead.The prefetchingversionis much smoother
dueto the succes®f prefetchingin hiding thelateny dueto page
faults. The only noticeablgitters with the prefetchingversion(vis-
ible in thegraphnearsecondl2) correspondo rapidrotationsand
accelerationsf the path. By contrastthe non prefetchingversion
hasa muchlower averageperformanceand frequentlystalls dur-
ing renderingdueto paginglateng. In the prefetchingversion,we
were ableto sustainan averagerenderingrate of roughly 16 mil-

lions of texturedtrianglesper second with peaksexceedingl8.5
millions. By comparison,on the samemachine, SQAR [Lind-

strom and Pascucci2002] peak performancefor a 4Kx4K sub-
set of datasetwas measuredat roughly 3.3 millions of triangles
persecondgventhoughSCQAR wasusinga smallersingleresolu-
tion texture of 2Kx2K texelsanddid not handlesurfacecurvature.
Theincreasegerformancef the P-BDAM approachs dueto the
larger granularityof the structure that amortizesstructuretraver-

sal costsover mary graphicsprimitives, reducesAGP datatrans-
fersthroughon-boardmemorymanagemenandfully exploits the
post-transform-and-lightingachewith optimizedindexedtriangle
strips,reducingthe overheaddueto the vertex program.

Thetime overheadf P-BDAM structuretraversal,measuredby
repeatingthe testwithout executingOpenGLcalls, is only about
22%of total frametime (Fig. 8(c)), demonstratinghatwe areGPU
boundevenfor handlingextremelylargeout-of-coredatasets.Ren-
deredscengyranularityis illustratedin gure 8(b): eventhoughthe
peakcompleity of therenderedscenesxceed240K trianglesand
8.5M texels perframe,the numberof renderedyraphicsprimitives
per frame remainsrelatively small, never exceeding280 patches
and130texture blocksperframe. Sincewe areableto rendersuch
comple scenest high frameratesiit is possibleto usevery small
pixel thresholdsyirtually eliminatingpoppingartifacts withoutthe
needto resortto costlygeomorphindgeatures.

7 Conclusions

We have presentedan ef cient techniquefor out-of-coremanage-
mentandinteractie renderingof planetsizedtexturedterrainsur
faces. The proposedramework introducesseveral advanceswith



respecto the stateof the art: thanksto a batchechost-to-graphics
communicatiormodel,we outperformcurrentadaptve tessellation
solutionsin termsof renderingspeed;we guaranteeoverall geo-
metric continuity, exploiting programmablegraphicshardware to
copewith the accurag issuesntroducedby singleprecision oat-
ing pointrepresentationsye successfullyexploit acompressedut
of corerepresentatiomnd speculatie prefetchingfor hiding disk
latengy during renderingof out-of-coredata;we ef ciently handle
the constructiorof high quality simpli ed representationsy using
anovel distributedout of coresimpli cation algorithmworking on
astandard®Cnetwork.
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