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Abstract
Wedescribea compressedmultiresolutionrepresentationfor supportinginteractiverenderingof verylargeplanar
andsphericalterrain surfaces.Thetechnique, calledCompressedBatchedDynamicAdaptiveMeshes(C-BDAM),
is anextensionof theBDAM andP-BDAM chunkedlevel-of-detailhierarchy. In theC-BDAM approach,all patches
share thesameregular triangulationconnectivityandincrementallyencodetheir vertex attributesusinga quan-
tizedrepresentationof thedifferencewith respectto valuespredictedfromthecoarserlevel.Thestructureprovides
a numberof bene�ts:simplicityof datastructures,overall geometriccontinuityfor planarandsphericaldomains,
supportfor variableresolutioninputdata,managementof multiplevertex attributes,ef�cient compressionandfast
constructiontimes,ability to supportmaximum-error metrics,real-timedecompressionandshadedrenderingwith
con�gurablevariable level-of-detailextraction,andruntimedetail synthesis.Theef�ciency of theapproach and
theachievedcompressionratesaredemonstratedona numberof testcases,includingtheinteractivevisualization
of a 29gigasamplereconstructionof thewholeplanetEarthcreatedfromhigh resolutionSRTMdata.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:PictureandImageGen-
eration;I.3.7 [ComputerGraphics]:Three-DimensionalGraphicsandRealism.

1. Intr oduction

Real-time3D explorationof digital elevationmodelsis one
of the most important componentsin a numberof prac-
tical applications.Nowadays,high accuracy datasetscon-
tain billions of samples,exceedingmemorysizeandgraph-
ics processingcapability of even the highest-endgraph-
ics platforms.To cope with this problem, there has been
extensive researchon output sensitive algorithmsfor ter-
rain rendering(seesection2). At presenttime, the most
successfultechniquesfor ef�ciently processingand ren-
dering very large datasetsare basedon two approaches:
adaptive coarsegrainedre�nement from out-of-coremul-
tiresolution data structures(e.g., BDAM [CGG� 03a], P-
BDAM [CGG� 03b], 4-8 tiling [HDJ05]) and in-core ren-
dering from aggressively compressedpyramidal structures
(e.g.,GeometryClipmaps[LH04]). The�rst setof methods
is very ef�cient in approximatinga planaror sphericalter-
rain with the requiredaccuracy and in incrementallycom-
municatingupdatesto the GPU as the viewer moves, but
multiresolutionstructurefootprintstypically requireout-of-
coredatamanagement.Thesecondapproach,limited to pla-
nar domains,usesnestedregular grids centeredabout the
viewer. This techniqueignoreslocaladaptivity, but is ableto

exploit structureregularity to compressdataso that it typ-
ically succeedsin �tting most if not all datastructuresen-
tirely in corememory, therebyavoiding the complexity of
out-of-corememorymanagementfor a largeclassof practi-
calmodels.

Contrib ution. In thispaper, wedescribeacompressedmul-
tiresolutionrepresentationfor themanagementandinterac-
tive renderingof very largeplanarandsphericalterrainsur-
faces.Thetechnique,calledCompressedBatchedDynamic
Adaptive Meshes(C-BDAM), is anextensionof theBDAM
andP-BDAM chunked level-of-detailhierarchy, andstrives
to combinethe generalityand adaptivity of chunked bin-
treemultiresolutionstructureswith thecompressionratesof
nestedregular grid techniques.Similarly to BDAM, coarse
grain re�nement operationsare associatedto regions in a
bintreehierarchy. Eachregion, called diamond,is formed
by two triangular patchesthat share their longest edge.
In BDAM, eachpatch is a generalprecomputedtriangu-
lated surface region. In the C-BDAM approach,however,
all patchessharethesameregulartriangulationconnectivity
and incrementallyencodetheir vertex attributeswhen de-
scendingin themultiresolutionhierarchy. Theencodingfol-
lows a two-stagewavelet basednear-losslessscheme.The
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Figure1: View of the Earth near Guadalajara. This29G samples
sparseglobal datasetis compressedto 0:25bps. At run-time, de-
compressionandnormalcomputationareperformedincrementally,
allowing interactivefull-screen�ights atvideorateswith pixel sized
triangles.

proposedapproachsupportsboth mean-squareerror and
maximumerrormetricsallowing to introducea strict bound
on the maximumerror introducedin the visualizationpro-
cess.Theschemerequiresstorageof two small squarema-
tricesof residualsper diamond,which aremaintainedin a
repository. At run-time,a compactin-core multiresolution
structureis traversed,andincrementallyre�ned or coarsened
onadiamond-by-diamondbasisuntil screenspaceerrorcri-
teriaaremet.Thedatarequiredfor re�ning is eitherretrieved
fromtherepositoryorprocedurallygeneratedtosupportrun-
time detailsynthesis.At eachframe,updatesarecommuni-
catedto theGPUwith abatchedcommunicationmodel.

Advantages.The structureprovidesa numberof bene�ts:
overall geometriccontinuity for planar and sphericaldo-
mains,supportfor variableresolutioninput data,manage-
mentof multiplevertex attributes,ef�cient compressionand
fast constructiontimes, ability to supportmaximum-error
metrics,real-timedecompressionandshadedrenderingwith
con�gurablevariablelevel-of-detailextraction,andruntime
detail synthesis.As highlighted in section2, while other
techniquessharesomeof theseproperties,they typically do
notmatchthecapabilitiesof ourmethodin all of theareas.

Limitations. The proposedmethodhasalso somelimita-
tions. As for geometryclipmaps[LH04], the compression
methodis lossy and assumesthat the terrain hasbounded
spectraldensity, which is the casefor typical remotesens-
ing datasets.Moreover, as for all regular grid approaches,
the renderedmeshhasa higher triangle count than in the
BDAM andP-BDAM schemes,which canexploit irregular
connectivity to follow terrainfeatures.

Our approachadoptsthephilosophy of theBDAM breed
of techniques,thatwe summarizein section3. Thenew ap-
proachfor ef�ciently encodingplanetsizeddatasetsis de-
scribedin section4. Section5 illustratesthepre-processing

of digital elevationmodels,while section6 is devotedto the
presentationof the run-timerenderingalgorithm.The ef�-
ciency of the methodhasbeensuccessfullyevaluatedon a
numberof testcases,including the interactive visualization
of theEarthcreatedfrom 3 arcsecSRTM data(section7).

2. RelatedWork

Adaptive renderingof hugeterraindatasetshasa long his-
tory, and a comprehensive overview of this subjectis be-
yond the scopeof this paper. In the following, we will
brie�y discussthe approachesthat aremostcloselyrelated
with our work. Readersmay refer to well establishedsur-
veys [LP02, Paj02] for furtherdetails.

The vast majority of the adaptive terrain render-
ing approacheshave historically dealt with large trian-
gle meshescomputedon the regularly distributed height
samples of the original data, using either irregular
(e.g.,[DFMP97, Hop98]) or semi-regular adaptive triangu-
lations(e.g., [LKR� 96, DWS� 97, Paj98, LP01]). Themain
objectiveof thiskind of algorithmswasto computethemin-
imum numberof trianglesto rendereachframe,so that the
graphicboardwas able to sustainthe rendering.More re-
cently, theimpressiveimprovementof thegraphicshardware
bothin termof computation(transformationspersecond,�ll
rate) and communicationspeed(since the introductionof
AGP1xto the PCI-E) shiftedthe bottleneckof the process
from the GPU to the CPU. In otherwords,the approaches
which selectthe properset of trianglesto be renderedin
the CPU did not have a suf�cient throughputto feed the
GPUat the top of its capability. For this reasonmany tech-
niquesproposedto reduceper-triangle workload by com-
posingatrun-timepre-assembledoptimizedsurfacepatches,
making it possibleto employ the retained-moderendering
modelinsteadof thelessef�cient directrenderingapproach.
Tiled blocks techniques(e.g., [HM93, WMD� 04]), origi-
nally designedfor externaldatamanagementpurposes,par-
tition the terraininto squarepatchestessellatedat different
resolutions.Themainchallengeis to seamlesslystitchblock
boundaries.The�rst methodscapableto producingadaptive
conforming surfacesby composingprecomputedpatches
with a low CPU cost,were explicitly designedfor terrain
rendering.RUSTIC [Pom00] andCABTT [Lev02] areex-
tensionsof theROAM [DWS� 97] algorithm,in which sub-
treesof theROAM bintreearecachedandreusedduringren-
dering.A similar techniqueis alsopresentedin [DP02] for
genericmeshes.BDAM [CGG� 03a, CGG� 03b] constructs
a forest of hierarchiesof right triangles,whereeachnode
is a generaltriangulationof a small surfaceregion, andex-
plicitatesthe rules requiredto obtain globally conforming
triangulationsby composingprecomputedpatches.A simi-
lar approach,but describedin termsof a4-8hierarchy, is de-
scribedin [HDJ05], whichstoretexturesandgeometryusing
thesametechnique.

Recentlyvariousauthorshave concentratedon combin-
ing datacompressionmethodswith multiresolutionschemes
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to reducedatatransferbandwidthsandmemoryfootprints.
Tiled block techniquestypically use standard2D com-
pressorsto independentlycompresseach tile. Geometry
clipmaps[LH04] organizethe terrainheightdatain a pyra-
midal multiresolutionschemeandtheresidualbetweenlev-
elsarecompressedusinganadvancedimagecoderthatsup-
portsfastaccessto imageregions.Storingin a compressed
form just theheightsandreconstructingat runtimebothnor-
mal and color data(using a simple height color mapping)
provides a very compactrepresentationthat can be main-
tainedin mainmemoryevenfor largedatasets.Thepyrami-
dal schemelimits however adaptivity. In particular, aswith
textureclipmap-basedmethods,thetechniqueworksbestfor
wide �eld of views andnearlyplanargeometry, andwould
not apply to planetaryreconstructionsthat would require
morethanonenestingneighborhoodfor agivenperspective.
In [HDJ05], theauthorspointoutthat,whenusinga4-8hier-
archy, therectangulartilesassociatedto eachdiamondcould
be alsocompressedusingstandard2D imagecompression
methods.Our work proposesan ef�cient methodfor incor-
poratingcompressionof height and texture information in
theBDAM framework.

We have to note that many otherauthorshave explored
theproblemof creatingcompressedrepresentationsfor geo-
metricdata,but in mostof thesecasesthefocusis on com-
pressionratio ratherthan on the real-timeview-dependent
renderingfrom the compressedrepresentation;for a recent
survey of this �eld we referthereaderto [AG05].

3. BatchedDynamic AdaptiveMeshes

TheBDAM approachis aspecializationof themoregeneral
BatchedMulti-Triangulationframework [CGG� 05], and is
basedon theideaof moving thegrainof themultiresolution
surfacemodelup from pointsor trianglesto small contigu-
ousportionsof mesh.

BDAM exploits the partitioning inducedby a recursive
subdivisionof theinputdomainin ahierarchyof right trian-
gles. Thepartitioningconsistsof a binary forestof triangu-
lar regions,whoserootscover theentiredomainandwhose
othernodesaregeneratedby trianglebisection.This opera-
tion consistsin replacinga triangularregion s with thetwo
triangularregionsobtainedby splitting s at themidpointof
its longestedge.To guaranteethata conformingmeshis al-
waysgeneratedafterabisection,the(atmost)two triangular
regionssharings's longestedgearesplit at the sametime.
Thesepairs of triangularregions are called diamondsand
cover a square.The dependency graphencodingthe mul-
tiresolutionstructureis thusaDAG with atmosttwo parents
andatmostfour childrenpernode.

This structurehasthe importantpropertythat, by selec-
tively re�ning or coarseningit on a diamondby diamond
basis,it is possibleto extractconformingvariableresolution
meshrepresentations.BDAM exploits this propertyto con-
structa coarsegrainedlevel-of-detailstructurefor the sur-
faceof theinput model.This is doneby associatingto each

triangleregion a small tessellatedpatch,up to a giventrian-
gle count,of the portion of the meshcontainedin it. Each
patchis constructedso that verticesalongthe longestedge
of theregionarekept�x edduringadiamondcoarseningop-
eration(or, equivalently, so that verticesalongthe shortest
edgearekept�x edwhenre�ning). In this way, it is ensured
that eachcollectionof small patchesarrangedasa correct
hierarchy of triangularregionsgeneratesa globally correct
andconformingsurfacetriangulation.Thesepropertiesare
exploited in [CGG� 03b] to de�ne an ef�cient parallelsim-
pli�cation methodin which patchescomposingdiamonds
at levelsof resolutionmatchingthe input dataaresampled,
while coarserlevel patchescontainTINs constructedby con-
strainededge-collapsesimpli�cation of child patches.

4. CompressingBatchedDynamic AdaptiveMeshes

In orderto constructaBDAM hierarchy, threeoperationsare
required:original datasampling,diamondcoarsening(sim-
pli�cation), andits reciprocal,diamondre�nement.At dia-
mondcoarseningtime, datais gatheredfrom child patches
andsimpli�ed while keepingthe diamondboundary�x ed.
Diamondre�nement hasto undo the simpli�cation opera-
tion, pushingnew patchesinto child diamonds.As noted
elsewhere [LH04, HDJ04, CGG� 05], given current hard-
warerenderingrates,exceedingthehundredsof millions of
trianglespersecond,it is now possibleto interactively ren-
dersceneswith approximatelyonetriangle/pixel thresholds.
At this point, controlling triangleshapesduring simpli�ca-
tion to reducetrianglecountsis no longerof primaryimpor-
tance,andit is possibleto work on regulargridsratherthan
on irregular triangularnetworks,replacingmeshsimpli�ca-
tion/re�nementwith digital signalprocessingoperations.

(a) Coarseningandre-
�nement

(b) Waveletview (c) Near lossless
scheme

Figure2: BDAM on a regular grid. Werecastdiamondprocessing
in the framework of wavelet updatelifting In this framework, dia-
mondcoarseningandre�nementareassociatedto waveletanalysis
andsynthesis.

Wavelet transformation. Thestructureof a BDAM mesh,
whenoperatingon regular grids, is depictedin �gure 2(a).
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As we cansee,the two patchesthat form a diamondhave
verticesplacedon a uniform squaregrid, while thevertices
of there�ned patchesareplacedat thecentersof thesquare
cells of the grid. To supportcompression,we recastdia-
mond processingin the framework of wavelet updatelift-
ing [JDSB03], with thepurposeof transformingdatainto a
domainwith a sparserrepresentation.In this framework, di-
amondcoarseningis associatedto wavelet analysis,while
diamondre�nement correspondsto wavelet synthesis(see
�gure 2(b)).

The analysisprocessfor constructinga level l diamond
startsby gatheringvertex datafrom child diamondsat level
l + 1 (or from theinput dataset)into a squarematrix P(l+ 1) ,
which is thendecomposedinto two squarematrices:a ma-
trix V(l+ 1) of vertex centeredvalues,anda matrixC(l+ 1) of
cell centeredvalues.A new setof vertex valuesP(l ) anda
matrix of detail coef�cients H (l ) canthenbe computedby
thefollowing low- andhigh-pass�ltering operations:

P(l )
i j = a i jV

(l+ 1)
i j + (1 � a i j )P

(V)
i j (C(l+ 1) ) (1)

H(l )
i j = C(l+ 1)

i j � P (C)
i j (P(l ) ) (2)

Here,P (A)
i j (B) arepredictionoperatorsthatpredictthevalue

at A(i; j) from the values in matrix B, and 0 < a i j � 1
weightsbetweensmoothingandpuresubsampling.To com-
ply with BDAM diamondboundaryconstraints,it is suf-
�cient to set a i j = 1 for all diamondboundaryvertices.
Even thoughweightingcould be datadependent(see,e.g.,
[PH01]), for this paperwe assumefor speedandsimplicity
reasona constantweightingof a i j = 1

2 for all innerpoints.
For prediction,weuseaorder4 Neville interpolating�lter if
all supportpointsfall insidethediamond,andaorder2 �lter
otherwise[KS00]. These�lters predictpointsby aweighted
sumof 12(order4) or 4 (order2) coef�cients, andarethere-
forevery fastto compute(see�gure 3).

Figure3: Neville �lters. The �lters predictpointsby a weighted
sumof 12 (order4) or 4 (order2) coef�cients.

By iteratingthe analysisprocessfrom leaf diamondsup
to theroots,all theinput datagets�ltered up to thecoarsest
scale.The resultingwavelet representationis multiscale,as
it representstheoriginal terraindatasetwith a setof coars-
estscalecoef�cients associatedto the root diamonds,plus
a setof detailcoef�cients with increasingly�ner resolution.
Duringsynthesisit is possibleto producevariableresolution
representationsby re�ning adiamondata time,usingapro-
cessthatsimply reversestheanalysissteps.At diamondre-
�nement time,�rst vertex andfacecenteredvaluesarecom-
putedfrom thediamondvertex values:

C(l+ 1)
i j = H(l )

i j + P (C)
i j (P(l ) ) (3)

V(l+ 1)
i j =

P(l )
i j � (1 � a i j )P

(V)
i j (C(l+ 1) )

a i j
(4)

Then, this datais reassembledandscatteredto child dia-
monds.

Lossy data compression.For typical terrain datasets,the
wavelet representationproducesdetail coef�cients that de-
cay rapidly from coarseto �ne scale,asmostof the shape
is capturedby the predictionoperators.By entropy coding
the detail coef�cients it is thuspossibleto ef�ciently com-
presstheinputdataset.Theachievablelosslesscompression
ratio is however limited.Moreaggressive lossycompression
canbeachievedby quantizingdetailcoef�cients or discard-
ing small ones.Quantizingthewavelet coef�cients to meet
a maximumerror criterion is however a complex problem,
andwhile therearemany excellentwavelet-basedlossycom-
pressionschemesundertheL2 norm,noneof themcanoffer
a tight boundon themaximumreconstructionerrorof each
value,sinceit is dif�cult to derive meaningfulrelationsbe-
tweendistortionsin the wavelet domainsand in the signal
domainin theL1 sense[YP04]. Usinga L2 normfor gen-
eral terrain managementapplicationsis hardly acceptable,
sincereconstructionerrorsareaveragedover the entiredo-
mainandresultssuffer from high variancein thequality of
dataapproximation.Therefore,usingaL2 normcanseverely
bias reconstructionsin favor of smoothregions, and does
not offer error guaranteesfor individual approximatean-
swersto variableresolutionqueries.In C-BDAM, we solve
the problemusinga simpletwo-stagenear-losslessscheme
thatensuresthateachdiamondis within a givenmaximum
valuefrom theoriginal �ltered data.In contrastto othertwo
stageschemesfrom thesignalprocessingliterature[YP04],
we thuskeepunderstrict controleachlevel's error, andnot
only the �nest level reconstruction,in orderto avoid view-
dependentrenderingartifacts.

In our two-stagescheme,we �rst computea full wavelet
representation�ne to coarse.We thenproducea quantized
compressedrepresentationin adiamond-by-diamondcoarse
to �ne passthat,at eachstepcorrectsthedatareconstructed
from quantizedvaluesby addinga quantizedresidual.For a
diamondat level l , theresidualsrequiredfor re�nementare
thuscomputedasfollows:

DC̃(l+ 1)
i j = Quante(P (C)

i j (P(l ) ) + H(l )
i j � P (C)

i j (P̃(l ) )) (5)

C̃(l+ 1)
i j = P (C)

i j (P̃(l ) ) + DC̃(l+ 1)
i j (6)

DṼ(l+ 1)
i j = Quante(

P(l )
i j � P̃i j

(l ) � (1 � a i j )(P (V)
i j (C(l+ 1) ) � P (V)

i j (C̃(l+ 1) ))

a i j
) (7)

Ṽ(l+ 1)
i j =

P̃i j
(l ) � (1 � a i j )(P (V)

i j (C̃(l+ 1) ))

a i j
+ DṼ(l+ 1)

i j (8)

whereQuante(x) is a uniform quantizerwith stepsize2e.
Thisschemerequiresstorageof two smallsquarematricesof
residualsperdiamond,whicharemaintainedin adatarepos-
itory indexedby diamondid. For a diamondof N2 vertices,
matrix DC̃ is of size (N � 1)2, while matrix DṼ is of size
(N � 2)2, since,dueto BDAM diamondgraphconstraints,
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all boundaryvaluesarekept constant(we usea point sam-
pling �lter), andcorrectionsarethereforeimplicitly null.

5. Out-of-coreConstruction of MassiveVariable
ResolutionTerrain Datasets

Theoff-line componentof ourmethodconstructsamultires-
olution structurestartingfrom a collectionof input terrain
datasets,a requireddiamondsize,anda requiredmaximum
errortolerance.

Diamond graph construction. The�rst constructionphase
– graphconstruction– generatesa diamondDAG, whose
rootspartitiontheinputdomainandwhoseleavessamplethe
datasetata �ner or equaldensityto thatof theinputdataset.
The graphis constructedcoarseto �ne, by re�ning the di-
amondgrapha diamondat a time until samplespacingis
suf�ciently �ne. Thisprocessmakesit possibleto ef�ciently
processvariableresolutionterraindatasets(see�gure 4). In
our current implementation,the input datasetis described
by a hierarchy of layers,orderedby resolution,whereeach
layercontainsanumberof tiles.Forgraphconstruction,each
diamondprovidesthe input datasetwith the rangeof coor-
dinatesit covers,andreceivesasa resultthesamplespacing
of the �nest resolutiontile containedin it. If this numberis
smallerthanthediamond's samplespacing,thediamondis
re�ned.

Figure4: Variable resolutioninput. Diamondgraphrootspartition
theinputdomain,while leavesleavessamplethedatasetata �ner or
equaldensityto thatof theinputdataset.In thissimpleexampleof a
sparseinput datasetcoveringemergedland, leafsaredenserwhere
dataexists(terrainarea)andrapidlydecreasedensitywherethereis
nodata(bluearea).

Fine to coarse�ltering . Oncethegraphis constructed,it is
traversed�ne to coarseto constructa �ltered representation
by wavelet analysis(equations1 and 2). For each�ltered
diamond,we storein a out-of-corerepositoryboth the �l-
tereddataP(l ) andthedetail coef�cients H (l ) . Storingboth
matricesper diamondallows us to locally have all the in-
formation requiredto computethe referencevaluesin the
compressionstep.Whensamplingvariableresolutioninput
datasetsat leaf diamonds,a value is always returnedfrom
thehigherresolutiontile thatcontainsthequerycoordinate.
A null value(typically 0) is returnedwhendatais missing.
An alternative approachwould be to de�ne transitionareas
andreturnweightedaveragesin caseof overlappingtiles.

Fine to coarsecompression.Oncethe �ltered datarepos-
itory is created,the root diamondvaluesarecopiedto the
output repository, andthe diamondgraphis thentraversed
coarseto �ne to generatethe �nal compressedrepresenta-
tion of residuals.At eachvisiteddiamond,thereconstructed
valuesof its parentdiamondsareretrieved from a auxiliary
repositoryupdatedwhile compressing,while the�ltered val-
uesare retrieved from the repositorygeneratedin the �rst
pass.Equations5 to 8 areusedto determinefrom this data
the reconstructedvertex valuesfor the diamond,aswell as
theresidualmatricesrequiredto generatechildren.Therel-
evanttemporaryandoutputrepositoryarethenupdated,and
theprocesscontinuesuntil all diamondsarevisited.

Boundary management.For non-globaldatasets,someof
the diamondsfall on a boundaryandare thereforeincom-
plete.Thiswould lead,in general,to deal,duringboth�lter -
ing andcompression,not only with squarecoef�cients ma-
trices,but alsowith triangularones.To simplify processing,
we chooseinsteadthe approachof syntheticallygenerating
missingdataby a symmetricextension(mirroring alongthe
boundary).This datais only virtual, andwill never beused
for rendering,sinceno patcheswill be generatedfor fully
out-of-boundschildren.

Compresseddata representation. The compressionpro-
cessgeneratesasetof squarematricesof integercoef�cients
thathaveto becompactlystoredin therepository. Thesema-
tricesareexpectedto besparseandmostlycomposedof very
smallnumbers.A numberof ef�cient entropy codingmeth-
odsfor suchmatriceshavebeenpresentedin theimagecom-
pressionliterature.For our work, we have adopteda very
simplestorageschemethat,eventhoughit is far from being
optimal,it hastheadvantageof beingstraightforwardto im-
plementandextremelyfast to decompress.In this scheme,
the matrix is interpretedasa quadtreeandrecursively tra-
versedin depth�rst orderuntil a sub-matrixcontainsonly
zerosor is smallerthan2� 2 in size.A singlebit persplit is
usedto encodethequadtreestructure.At non-emptyleaves,
thecoef�cients aremappedto positive integersandencoded
usinga simpleElias gammacode[Eli75], in which a posi-
tive integerx is representedby: 1+ blog2 xc in unary(thatis,
blog2 xc 0-bits followedby a 1-bit), followedby thebinary
representationof x without its mostsigni�cant bit.

Out-of-core parallel construction. The whole construc-
tion processis inherentlyparallel,becausethe grain of the
individual diamondprocessingtasksis very �ne and syn-
chronizationis requiredonly at thecompletionof eachlevel.
In this solution,themainmemoryrequiredfor eachworker
is that requiredfor processinga singlediamond,while the
coordinatorsimply needsto reserve enoughmemory for
holding out-of-syncrequestsin additionto the memoryre-
quiredto storethestructureof thediamondgraph,which is
ordersof magnitudesmallerthanthe input data,sinceeach
diamondrepresentsthousandsof samples.
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Managing multiple vertex attrib utes. Quite often, other
vertex attributesneedto be mappedover geometry. In our
framework, we interprettheseattributesasseparatelayers,
andassumethat different repositoriesarecreatedindepen-
dently for eachof the attributes.For the moment,we just
supportelevation, representedasa scalarvalue,andcolor,
representedin input as a RGB triple. For color compres-
sion, we map colors to the YCoCg-R color space[MS03]
to reducecorrelationamongcomponents,andthencompress
eachcomponentseparately. Normalsareneitherstoredin the
repositorynor passedto theGPU,but directly computedon
demandby �nite differencesfrom elevationdata.

6. Renderinga C-BDAM

Our adaptive renderingalgorithmworks on a standardPC,
andpreprocesseddatais assumedto beeitherlocally stored
(in memoryor onasecondarystorageunit directlyvisible to
therenderingengine)or remotelystoredonanetwork server
(see�gure 5).

Figure 5: The rendering pipeline. The rendereraccessescom-
presseddatathrougha dataaccesslayer thathideswhetherdatais
localor remote.

Data layout and data access.Theresultof pre-processing
is storedin repositoriesthat contain root diamondvalues
andresidualmatricesfor eachdiamond.We assumethat a
mainrepositorycontainselevationvalues,while anoptional
secondaryrepositorycontaincolor values.The repositories
arerequiredto cover thesamedomainandto usethesame
diamondpatch granularitybut can be, and generallywill
be, of differentdepth,as the original datais typically pro-
vided at different resolutions.Accessto a datarepository
is madethrough a data accesslayer, that hides from the
rendererwhetherdatais local or remote.This layer inter-
nally usesmemorymappingprimitives for local data,and
a TCP/IPprotocol for remotedata.It makes it possibleto
asynchronouslymove in-core a diamond's associateddata
by fetching it from the repository, to test whethera dia-
mond'sdatais immediatelyavailable,andto moveavailable
datato RAM.

Re�nement algorithm. For the sake of interactivity the
multiresolutionextraction processshould be able to sup-
port a constanthigh framerate,giventheavailabletime and
memoryresources.This meansthat the algorithmmustbe
ableto ful�ll its taskwithin a predeterminedbudgetof time

andmemoryresources,alwaysendingwith a consistentre-
sult, or in otherwords,it mustbe interruptible.Our extrac-
tion methodusesa time-criticalvariationof thedual-queue
re�nementapproach[DWS� 97] to maintaina currentcut in
the diamondDAG by meansof re�nement andcoarsening
operations.For this purposewe storethe setof operations
that arefeasiblegiven the availablebudgetandcompatible
with thecurrentcut, in two heaps:theCoarseningHeapand
the Re�nementHeap, with a priority dictatedby the screen
spaceerror. Theheapsarereinitializedat eachframe,given
the currentcut andthe currentview parameters.Whenini-
tializing there�nementheap,only operationsfor whichdata
is immediatelyavailable are considered.In caseof miss-
ing data,an asynchronousrequestis postedto the dataac-
cesslayer, which will beresponsibleof fetchingtheneeded
patcheswithoutblockingtheextractionthread.Therenderer
maintainsin-coreall nodesof thediamondgraphabove the
currentcut, in a streamlinedformat suitablefor communi-
catingwith theGPUandfor quickly evaluatingvisibility and
screenspaceerror.

For eachnode,we maintainanobjectspaceerror, thedi-
amondcornerinformation,links to parentsandchildren,an
orientedboundingrectangle,andonesetof �x ed sizever-
tex arraysfor eachof its two patches.Eachtime a re�ne-
mentor coarseningoperationis performed,the currentcut
is updated.For coarsening,this simply amountsto freeing
theunreferencedmemory, while for re�nementchildrendata
mustbe constructed,startingfrom currentvertex dataand
detailcoef�cients retrievedfrom therepositories,or, option-
ally, procedurallygenerated(see�gure 6). In ourcurrentim-
plementation,all thedecompressionstepsareperformedon
the CPU. The fact that we areableto rapidly generatede-
tails is exploitedto rendersceneswherecolor andelevation
arenot availableat thesameresolutionin therepository. In
that case,datais fetchedfrom repositorywhereavailable,
andgeneratedotherwise.Moreover, thefactthatcoarsening
operationsarebasicallynocost,is exploitedto supportnon-
monotonicerror metrics in a time-critical setting.To that
end,theextractionalgorithmperformsre�nementoperations
until thegraphis locally optimalor a time-outoccurs,while
coarseninghasthe role of a garbagecollector and is per-
formedonly oncein awhile to removeunneededdetail.

Elevation, colors,and normals Whenconstructingagiven
node,datais requiredfor elevation,andoptionallyfor color
andnormals.Sinceour target is to rendervery small (pixel
sized) triangles,texture mapsoffer limited bene�ts, since
no attribute interpolationwould be employed anyway. In
themostsimpleimplementation,we have thustheoptionof
managingeverythingusingper-vertex attributes.In addition,
sinceverticesare tightly packed, the normalsrequiredfor
shadingcanbeeffectively computedatre�nementtimefrom
vertex elevation ratherthanmanagedin an externalreposi-
tory. Consistentlywith BDAM diamondconstraints,bound-
arynormalsarekept�x ed,while theothersarecomputedby
centraldifferencesfromelevationdata.Communicationwith
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Figure 6: Procedural Detail Synthesis.On the left, re�nement
stopswhenno moredatais available in the repository, i.e., when
reachingthe input datasetsoriginal samplingdensity;on the right,
arti�cial detailis synthesizedby generatingproceduraldetailcoef�-
cients(in thiscase,simplyazero-centereduniformrandomnumber
lessthan30%of triangleedgelengthfor DV, and0 for DC.

theGPUis madeexclusively througha retainedmodeinter-
face,whichreducesbustraf�c by managingaleast-recently-
usedcacheof patchesmaintainedon-boardasOpenGLVer-
texBufferObject. GPUmemoryandbandwidthcostsarefur-
therreducedby compactlycodingvertex data,andusingver-
tex shadersto performdecompression.All datais speci�ed
in local (u;v) patchcoordinates.Sincewe areusing regu-
lar grids,(u;v) locationsaswell astrianglestrip indicesare
sharedamongall patchesandstoredonly oncein GPUmem-
ory. A singleperpatch3-componentvectorstoreselevation
h(u;v) andits derivativesdh=du anddh=du, from whichpo-
sitionsandnormalsarecomputedon theGPU.In a texture-
lessapproach,a secondoptionalvertex arraystorescolor in
RGB8format.A texture-basedapproachcanprovide a bet-
ter anisotropic�ltering at thecostof higherimplementation
complexity.

Figure7: View-spaceerror control. A distancebasederror met-
ric (left) is lessef�cient in distributing detail thana datadependent
measurebasedonprojecteddiamondsize(right).

View spaceand object spaceerrors. As for other graph
basedmethods,thepresentedtechniqueis not limited to us-
ing distancebasedLODs,but canemploy con�gurabledata-
dependentmetrics.In theexamplespresentedin this paper,
we useorientedboundingboxesasboundingvolumeprimi-
tives,andwesimplyusetheaveragetriangleareasasamea-
sureof objectspaceerror. Thanksto thecomputationof the
Linf errorduringcompression,and,giventherelatively mod-
estsizeof thediamondgraph,theuseof elaboratemetricsat
run-timedoesnot slow down therenderingprocess.Bound-

ing boxesarecomputedon-the-�y eachtime a diamondis
updatedwith a new patchduring a re�ne. View spaceer-
rorsareestimatedby dividing theprojectedsizeof thebox
on the screenby the numberof trianglescontainedin a di-
amond.Using a sucha datadependedmeasuresprovides
higherquality resultsthan the simpledistancebasedtech-
niquesthathave to beemployedin pyramidalschemes(see
�gure 7).

7. Implementation and Results

An experimentalsoftware library anda renderingapplica-
tion supportingthe C-BDAM techniquehave beenimple-
mentedon Linux using C++ with OpenGL and NVIDIA
Cg. We have extensively testedour systemwith a number
of largeterraindatasets.In this paper, we discusstheresults
obtainedon threeterraindatasetswith differentcharacteris-
tics.

The main dataset is a the global reconstructionof
the planet Earth from SRTM data at 3 arcsecresolution
(one point every 90m at the Equator. Source: CGIAR
Consortium for Spatial Information. srtm.csi.cgiar.org).
The datasetis very large (29 billion samples)andprovides
an example of variable resolution planetary data, as it
is describedby a sparseset of tiles providing data only
for emerged land in the 66S-66N latitude range. The
two other modelsare local terrain datasets.The �rst one,
is the standard265 million samplesPuget Sound 10m
DTM datasetpresentedhere for the sake of comparison
with previous work (source:USGS and PeterLindstrom.
www.cc.gatech.edu/projects/large_models/ps.html). The
secondoneis a 67 million samplesdatasetcoveringthecity
of Paris at 1sample=m, textured with an high resolution
872million samplesortho-photo(source:ISTAR CityView
database.www.istar.com). The Paris elevation datasetis a
worst casesituation,as it is a model derived by sampling
at 1m spacinga vector representationof building outlines,
and,assuchcontainslots of discontinuities.Thetextureis a
typical city-scalehigh resolutionphotograph,andis hereto
demonstratethe ability to handlecolor informationwithin
our framework.

Preprocessing. All the preprocessingtestswere executed
on a single PC running Linux 2.6.15with two Dual Core
AMD Opteron1.8 GHz processors,2 GB of RAM, SATA
10000rpm150GB harddrive.

7EQ TPI �� <=�7XI T 8SPI VERGI 8MQ I 3 YXTYX�7M̂I FTW 6 EXI
4YKI X�7SYRH � � � �1 � � �Q � �Q �6 1 7 � � �Q � �� �1 & � �� � � � � �
4YKI X�7SYRH � � � �1 � � �Q � �Q �%1 %< � � �Q � � �� �1 & � �� � � � � �
) EVXL�7681 � � �+ � � �Q � � �Q �%1 %< � � �L�� � �Q � � � �� �1 & � �� � � � � �
4EVMW � � �1 � �Q � �� �Q �%1 %< � �Q � � �� �1 & � �� � � � �
4EVMW�GSPSV � � � �1 � �� � �Q � � � � � � �%1 %< � �L�� � �Q � � � �� �1 & � �� � � � � �

Table1: Numerical resultsfor terrain preprocessing. Preprocess-
ing resultsfor testsdatasets.

Table1 lists numericalresultsfor our out-of-coreprepro-
cessingmethodfor thePugetSoundandtheEarthdatasets.
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(a) SRTM 3arcsecEarth(Elevation:29Gsamples(sparse);Color:2D lookup-tableindexedby latitudeandelevation)

(b) PugetSound10mresolution(Elevation:265Msamples);Color: 1D lookup-tableindexedby elevation)

(c) Paris(Elevation67M samples;Color872Msamples)

Figure8: Inspection sequences:selectedframes. All imageswererecordedlive on a AMD 1.8 GHz PCwith 2 GB RAM andPCI Xpress
NVIDIA Geforce7800GTgraphicsusingpixel sizedtriangles.

We constructedall multiresolutionstructureswith a pre-
scribeddiamonddimensionof 64� 64 vertex side which
gives a good granularity for the multiresolutionstructure.
Eachtriangularpatchis composedby 4K triangles.Prepro-
cessingtime is quite equally subdivided into the �ltering
and the encodingphases.In all the resultsherepresented
we make useof four threads(one per CPU core), with a
speed-upof 3X with respectto the sequentialversion.The
sub-linearspeed-upis due to the fact that time is domi-
natedby I/O operationson the input, temporaryand out-
put �les. We expecta performanceincreasewhendistribut-
ing them on multiple disks.Processingspeedrangesfrom
260K to 450K input samplesper second,morethan7 time
fasterthan P-BDAM [CGG� 03b]. This is becauseregular
grid �ltering and compressionis fasterthan generalmesh
simpli�cation. Still, processingspeedis about4 timesslower
than4-8 hierarchies[HDJ05], which,however, doesnot per-
form compression,andabout2 timesslower thanGeometry
Clipmaps[LH04], which,however, generateshalf thenum-
berof resolutionlevels.

Compressionrates. Thecompressionratesarepresentedin
table1. Thetolerancesusedfor compressingwerechosento
provide near-losslessresults.In thePugetSoundandin the
Parisdatasetthechosentolerancescorrespondto 1%percent
of the samplespacing,while in the Earthdatasetthe toler-
anceis 16m, which correspondsto the vertical accuracy of
the input dataset.For thecolor dataset,we imposeda max-
imum error toleranceof 10=255 per component,which is
comparablewith theerrorintroducedby theS3TCcompres-
sionalgorithm,commonlyusedin terrainrenderingapplica-
tions(see,e.g, [CGG� 03a]).

The threedatasetshave beenpreprocessedusing maxi-
mumabsoluteerror toleranceto drive thecompression.For
thesakeof comparisonwith previouswork basedonGeom-
etryClipmaps[LH04], wealsocompressedthePugetSound
datasetusingRMS error control. In this case,our resultof
0:28bps is comparablewith a GeometryClipmap [LH04]
representationof the same dataset(0:26bps), especially
sincewe provide thedoubleof resolutionlevels. It is inter-
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estingto notethatthemaximumerrorin thiscasegoesupto
18m, showing the inherentlack of local controlwhenusing
aL2 normto drivecompression.Whenusingamaximumer-
ror tolerance,thebit rateincreasesto 0:61bps, but all points
areguaranteedto bewithin 1mfrom theoriginal.

Thebit ratefor planetEarthis evenbetter(0:25bps), even
thoughcompressionratesaregiven consideringthe whole
amountof memoryoccupiedby thestoreddatasetversusthe
numberof samplespresentin the leaves.The Earthdataset
is sampledin the polesareaandover the sea,wherethere
is no input data,at theminimumresolutionimposedby the
continuityconstraintsof themultiresolutionstructure.Sam-
pling rate in this variableresolutioninput test casevaries
from 53mto 23Km, sinceourgraphadaptsto thesparseness
of theinput grid. This way, compressionratesappearworse
thanwhat they would bewhenusinga full resolutioninput
of constantelevationfor �at areas.

To test the performancein an extremecase,we applied
ourcompressorto thePariselevationdataset.Thebit ratein-
creasesto 1:80bps, which illustratesthat themethodworks
much better for terrainswhich are locally smooth.Com-
pressionresultsfor the texture aresimilar, sincetexture in
this caseis also dominatedby very sharpboundaries,due
to buildingsandtheir shadows.Nonetheless,thebit ratefor
the Paris datasetis still considerablybetter than what re-
portedfor uncompressedterrainrepresentations,which are
typicallyatleastoneorderof magnitudelarger[LH04]. Han-
dling discontinuities,e.g.,throughadaptivelifting [PH01] or
a geometricbandeletapproach[PM05], is a promisingav-
enueof futurework.

Adaptive rendering. Therenderingtestswereexecutedon
a mediumendsinglePC runningLinux 2.6.15with single
AMD 1.8GHzCPU,2 GB of RAM, SATA 10000RPM150
GB hard drive and PCI XpressNVIDIA Geforce7800GT
graphics.Thesetestswereperformedwith a window sizeof
1280x1024anda targetof pixel-sizedtriangles.

We evaluatedtherenderingperformanceof thetechnique
on a number of �ythrough sequenceson all the terrain
datasets,with a window size of 1280x1024and a target
of pixel-sizedtriangles.Thequalitative performanceof our
adaptive rendereris illustrated in an accompanying video
thatshowsliverecordingsof �ythrough sequence.Thevideo
was recordedat 800x600windows size due to recording
equipmentconstraints.Thesessionsweredesignedtoberep-
resentativeof typical�ythrough andto heavily stressthesys-
tem, and include abruptrotationsand rapid changesfrom
overall views to extremeclose-ups.In addition to shading
the terrain,we applya color, comingfrom anexplicit color
channel(Paris dataset),a 1D look-up tableindexed by ele-
vation(PugetSound),or a 2D look-uptableindexedby ele-
vationandlatitude(Earth).

Theaverageframeratesis around90Hz,while themini-
mumframeratenever goesbelow 60Hzusinga 1280x1024
window. Forall planardatasets,theaveragetrianglethrough-

put is 130MD=s, andits peakperformanceis 156MD=s. In
the �ythrough of planetEarth, we achieve a averageper-
formanceof 100MD=s anda peakof 125MD=s. Thediffer-
encein performancebetweenplanarandsphericaldatasets
is dueto the differentcomplexity in vertex shaders,which
transformingtheheightinformationin avertex position,and
computealsothenormalvaluesstartingfrom tangentinfor-
mation.Theseoperationsaresimpler in the planarshader,
than in the sphericalshader. Normal computationis the
most costly operation.With a simpler shaderwhich com-
putesonly position and no shadinginformation the maxi-
mumreachableperformanceis 190MD=sin bothcases.This
increasein performancedemonstratesthat the techniqueis
GPUbound.Evenin thecurrentimplementation,thetriangle
rateis highenoughto renderover4MD=f rameat interactive
rates.It is thuspossibleto usevery small pixel thresholds,
effectively usingpixel sizedtriangles,virtually eliminating
poppingartifactswithout theneedto resortto geomorphing
techniques.

Network streaming. Somenetwork testshave beenper-
formedon all testmodels,on a ADSL 1.2Mbpsconnection
usingtheTCP/IPprotocolto accessthedata.As illustrated
by the accompanying video, the renderingrateremainsthe
sameasthelocal �le version,only theasynchronousupdates
arrivewith increasedlatency dueto thenetworkconnections.
Sinceonly few diamondsper frameneedsupdate,anddia-
monddatais extremelycompressed,the �ythrough quality
remainsexcellent.

8. Conclusions

We have describeda compressedmultiresolutionrepresen-
tationfor themanagementandinteractive renderingof very
large planar and spherical terrain surfaces.Similarly to
BDAM, coarsegrainre�nementoperationsareassociatedto
regions in a bintreehierarchy. In the C-BDAM approach,
all patchessharethe sameregular triangulationconnectiv-
ity and incrementallyencodetheir vertex attributes using
a quantizedrepresentationof the differencewith respectto
valuespredictedfrom thecoarserlevel. As illustratedby our
experimentalresult,thestructureprovidesanumberof prac-
tical bene�ts: overall geometriccontinuity for planar and
sphericaldomains,supportfor variableresolutioninputdata,
managementof multiplevertex attributes,ef�cient compres-
sion andreasonablyfastconstructiontimes,ability to sup-
port maximum-errormetrics,real-timedecompressionand
shadedrenderingwith con�gurable variablelevel-of-detail
extraction,aswell asruntimedetailsynthesis.

Themaintakehomemessageof thispaperis thatit is pos-
sibleto combinethegeneralityandadaptivity of batcheddy-
namicadaptivemesheswith thecompressionratesof nested
regular grid techniques.Although the currentimplementa-
tion alreadygives satisfactory results,which are state-of-
the-artboth in termsof compressionratesandof rendering
speed,therearestill openissuesthatneedto beinvestigated,
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besidesincrementalimprovementsto the various �ltering
andcompressioncomponents,whichhavebeenchosenhere
mostly becauseof simplicity. A �rst importantavenueof
researchis to determinewhetherit is possibleto obtain in
practicea max-errorapproximationdirectly in a one-stage
wavelet approximation.A secondimportantfuture work is
to improve treatmentof discontinuities,verifying whether
currentstate-of-the-artadaptive techniquesarefastenough
to beemployedin a real-timeapplication.
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