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Abstract

\We describea compessednultiresolutionrepresentatiorfor supportinginteractiverenderingof verylarge planar
andsphericalterrain surfacesThetechnique called CompessedBatthedDynamicAdaptiveMeshegC-BDAM),

is anextensioroftheBDAM andP-BDAM chunledlevel-of-detailhierarchy. In the C-BDAM appmoad, all patches
shale the sameregular triangulation connectivityand incrementallyencodetheir vertex attributesusinga quan-
tizedrepresentatiorof thedifferencewith respecto valuespredictedfromthecoarserlevel. Thestructue provides
anumberof bene ts: simplicityof datastructues,overall geometriccontinuityfor planarandsphericaldomains,
supportfor variableresolutioninputdata,managemenbf multiplevertex attributes ef cient compessiorandfast
constructiortimes,ability to supportmaximum-ermr metrics real-timedecompessiorandshadedenderingwith

con gurable variable level-of-detailextraction, and runtime detail synthesisTheefciency of the appoad and

theachievedcompessiorratesare demonstatedon a numberof testcasesincludingtheinteractivevisualization
of a 29 gigasampleeconstructiorof thewholeplanetEarth createdfrom high resolutionSRTMdata.

Catgyoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.3 [ComputerGraphics]:PictureandimageGen-

eration;|.3.7 [ComputerGraphics]:Three-DimensionabraphicsandRealism.

1. Intr oduction

Real-time3D explorationof digital elevationmodelsis one
of the most important componentsn a numberof prac-
tical applications.Nowadays,high accurag datasetson-
tain billions of samplesexceedingmemorysizeandgraph-
ics processingcapability of even the highest-endgraph-
ics platforms. To cope with this problem,there has been
extensive researchon output sensitve algorithmsfor ter
rain rendering(see section2). At presenttime, the most
successfultechniquesfor ef ciently processingand ren-

dering very large datasetsare basedon two approaches:

adaptve coarsegrainedre nement from out-of-coremul-
tiresolution data structures(e.g., BDAM [CGG 034, P-
BDAM [CGG 031, 4-8 tiling [HDJOJ) and in-core ren-
dering from aggressiely compressegyramidal structures
(e.g.,GeometryClipmaps[LHO04]). The rst setof methods
is very ef cient in approximatinga planaror sphericalter-
rain with the requiredaccurag andin incrementallycom-
municatingupdatesto the GPU as the viewer moves, but
multiresolutionstructurefootprintstypically requireout-of-
coredatamanagemeniThesecondapproachlimited to pla-
nar domains,usesnestedregular grids centeredaboutthe
viewer. Thistechniqudgnoreslocal adaptvity, butis ableto
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exploit structureregularity to compressiataso thatit typ-
ically succeedsn tting mostif not all datastructuresen-
tirely in core memory therebyavoiding the compleity of
out-of-corememorymanagemerfor alarge classof practi-
calmodels.

Contribution. In thispaperwedescribeacompressechul-
tiresolutionrepresentatioffior the managemenandinterac-
tive renderingof very large planarandsphericakterrainsur
faces.Thetechniquecalled Compresse@atchedDynamic
Adaptive MeshegqC-BDAM), is an extensionof the BDAM
andP-BDAM chunled level-of-detailhierarcly, andstrives
to combinethe generalityand adaptvity of chunked bin-
treemultiresolutionstructuresvith the compressiomatesof
nestedregular grid techniquesSimilarly to BDAM, coarse
grain re nement operationsare associatedo regionsin a
bintree hierarcly. Eachregion, called diamond,is formed
by two triangular patchesthat sharetheir longest edge.
In BDAM, eachpatchis a generalprecomputedriangu-
lated surfaceregion. In the C-BDAM approachhowever,
all patchesharethe sameregulartriangulationconnectvity
and incrementallyencodetheir vertex attributeswhen de-
scendingn themultiresolutionhierarcly. The encodingfol-
lows a two-stagewavelet basednearlosslessscheme.The
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Figurel: View of the Earth near Guadalajara. This 29G samples
sparseglobal datasetis compressedo 0:25bps At run-time, de-

compressiomndnormalcomputatiorareperformedincrementally

allowing interactve full-screenights atvideorateswith pixel sized

triangles.

proposedapproachsupportsboth mean-squareerror and
maximumerror metricsallowing to introducea strict bound
on the maximumerror introducedin the visualizationpro-
cess.The schemerequiresstorageof two small squarema-
trices of residualsper diamond,which are maintainedin a
repository At run-time, a compactin-core multiresolution
structures traversedandincrementallyre ned or coarsened
onadiamond-by-diamondasisuntil screerspaceerrorcri-
teriaaremet.Thedatarequiredfor re ning is eitherretrieved
fromtherepositoryor procedurallygeneratedo supportrun-
time detail synthesisAt eachframe,updatesarecommuni-
catedto the GPUwith a batcheccommunicatiormodel.

Advantages. The structureprovides a numberof bene ts:
overall geometriccontinuity for planarand sphericaldo-
mains, supportfor variableresolutioninput data, manage-
mentof multiple vertex attributes,ef cient compressioand
fast constructiontimes, ability to supportmaximum-error
metrics real-timedecompressioandshadedenderingwith
con gurablevariablelevel-of-detailextraction,andruntime
detail synthesis.As highlightedin section2, while other
techniqguesharesomeof thesepropertiesthey typically do
not matchthe capabilitiesof our methodin all of theareas.

Limitations. The proposedmethodhasalso somelimita-
tions. As for geometryclipmaps[LHO04], the compression
methodis lossy and assumeghat the terrain hasbounded
spectraldensity which is the casefor typical remotesens-
ing datasetsMoreover, asfor all regular grid approaches,
the renderedmeshhasa higher triangle countthanin the
BDAM andP-BDAM schemeswhich canexploit irregular
connectity to follow terrainfeatures.

Our approachadoptsthe philosoply of the BDAM breed
of techniquesthatwe summarizen section3. Thenew ap-
proachfor ef ciently encodingplanetsizeddatasetss de-
scribedin sectiond. Section5 illustratesthe pre-processing

of digital elevation models,while section6 is devotedto the
presentatiorof the run-timerenderingalgorithm. The ef -
cieng of the methodhasbeensuccessfullyevaluatedon a
numberof testcasesincluding the interactive visualization
of the Earthcreatedrom 3 arcsecSRTM data(section?).

2. RelatedWork

Adaptive renderingof hugeterrain dataset$asa long his-
tory, and a comprehensi overview of this subjectis be-
yond the scopeof this paper In the following, we will

briey discussthe approacheshatare mostcloselyrelated
with our work. Readeramay refer to well establishedsur
veys [LP02, PajoZ for furtherdetails.

The vast majority of the adaptve 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, Hop9g) or semi-rgular adaptve triangu-
lations(e.g., [LKR 96, DWS 97, Paj98 LP01]). Themain
objective of thiskind of algorithmswasto computethe min-
imum numberof trianglesto rendereachframe,sothatthe
graphicboardwas able to sustainthe rendering.More re-
cently theimpressieimprovementof thegraphicshardware
bothin termof computatior(transformationpersecond, |l
rate) and communicationspeed(since the introduction of
AGP1xto the PCI-E) shifted the 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 sufcient throughputto feed the
GPU at thetop of its capability For this reasormary tech-
niquesproposedto reducepertriangle workload by com-
posingatrun-timepre-assembledptimizedsurfacepatches,
makingit possibleto employ the retained-modeendering
modelinsteadof thelessef cient directrenderingapproach.
Tiled blocks techniques(e.g., [HM93, WMD 04)), origi-
nally designedor externaldatamanagemerpurposespar
tition the terraininto squarepatchegessellatedat different
resolutionsThe mainchallengds to seamlesslgtitchblock
boundariesThe rst methodsapabldo producingadaptve
conforming surfacesby composingprecomputedpatches
with a low CPU cost, were explicitly designedfor terrain
rendering.RUSTIC [Pom0Q and CABTT [Lev02] areex-
tensionsof the ROAM [DWS 97] algorithm,in which sub-
treesof theROAM bintreearecachedandreusediuringren-
dering.A similartechniqueis alsopresentedn [DPO0Z for
genericmeshesBDAM [CGG 033 CGG 03h constructs
a forest of hierarchiesof right triangles,whereeachnode
is a generaltriangulationof a small surfaceregion, andex-
plicitatesthe rules requiredto obtain globally conforming
triangulationsby composingprecomputegatchesA simi-
lar approachbut describedn termsof a4-8 hierarcly, is de-
scribedn [HDJ03, which storetexturesandgeometryusing
thesametechnique.

Recentlyvarious authorshave concentratedn combin-
ing datacompressiomethodswvith multiresolutionschemes
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to reducedatatransferbandwidthsand memoryfootprints.
Tiled block techniquestypically use standard2D com-
pressorsto independentlycompresseach tile. Geometry
clipmaps[LHO04] organizetheterrainheightdatain a pyra-
midal multiresolutionschemeandthe residualbetweerlev-
elsarecompressedsinganadwancedmagecoderthatsup-
portsfastaccesgo imageregions. Storingin a compressed
form justtheheightsandreconstructingit runtimebothnor-
mal and color data (using a simple height color mapping)
provides a very compactrepresentatiorthat can be main-
tainedin mainmemoryevenfor large datasetsThe pyrami-
dal schemdimits however adaptvity. In particular aswith
textureclipmap-basedethodsthetechniquevorksbestfor
wide eld of views andnearlyplanargeometryandwould
not apply to planetaryreconstructionghat would require
morethanonenestingneighborhoodor agivenperspectie.
In [HDJOY, theauthorgpointoutthat,whenusinga4-8hier
archy, therectangulatiles associatetb eachdiamondcould
be also compressedising standard2D imagecompression
methods Our work proposesan ef cient methodfor incor
poratingcompressiorof heightand texture informationin
theBDAM framework.

We have to note that mary otherauthorshave explored
the problemof creatingcompressedepresentationfor geo-
metric data,but in mostof thesecasegshe focusis on com-
pressionratio ratherthan on the real-time view-dependent
renderingfrom the compressedepresentatiorfor a recent
suney of this eld we referthereadeito [AG05.

3. BatchedDynamic Adaptive Meshes

TheBDAM approachs a specializatiorof themoregeneral
BatchedMulti-Triangulationframewvork [CGG 05], andis
basedbn theideaof maoving the grainof the multiresolution
surfacemodelup from pointsor trianglesto small contigu-
ousportionsof mesh.

BDAM exploits the partitioninginducedby a recursve
subdvision of theinputdomainin a hierarchy of right trian-
gles The partitioningconsistsof a binary forestof triangu-
lar regions,whoserootscover the entiredomainandwhose
othernodesaregeneratedy trianglebisection.This opera-
tion consistgn replacingatriangularregion s with thetwo
triangularregionsobtainedby splitting s atthe midpointof
its longestedge.To guarante¢hata conformingmeshis al-
waysgeneratea@fterabisectionthe(atmost)two triangular
regionssharings's longestedgeare split at the sametime.
Thesepairs of triangularregions are called diamondsand
cover a square.The dependeng graph encodingthe mul-
tiresolutionstructures thusa DAG with at mosttwo parents
andat mostfour childrenpernode.

This structurehasthe importantpropertythat, by selec-
tively re ning or coarseningt on a diamondby diamond
basis,t is possibleto extractconformingvariableresolution
meshrepresentationdDAM exploits this propertyto con-
structa coarsegrainedlevel-of-detail structurefor the sur
faceof theinput model.This is doneby associatingo each
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triangleregion a smalltessellategbatch,up to a giventrian-

gle count, of the portion of the meshcontainedin it. Each
patchis constructedso that verticesalongthe longestedge
of theregionarekept x edduringadiamondcoarseningp-

eration(or, equivalently, so that verticesalongthe shortest
edgearekept x edwhenre ning). In thisway; it is ensured
that eachcollection of small patchesarrangedas a correct
hierarcly of triangularregionsgenerates globally correct
and conformingsurfacetriangulation.Thesepropertiesare
exploitedin [CGG 03l to de ne anefcient parallelsim-

pli cation methodin which patchescomposingdiamonds
at levels of resolutionmatchingthe input dataare sampled,
while coarsetevel patchegontainTINs constructedby con-

strainededge-collapssimpli cation of child patches.

4. CompressingBatched Dynamic Adaptive Meshes

In orderto construca BDAM hierarcly, threeoperationsre
required:original datasampling,diamondcoarseningsim-
pli cation), andits reciprocal,diamondre nement. At dia-
mond coarseningime, 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
elsavhere [LH04, HDJO4 CGG 05], given current hard-
warerenderingrates,exceedingthe hundred=f millions of
trianglesper secondjt is now possibleto interactiely ren-
derscenesvith approximatelyonetriangle/pixel thresholds.
At this point, controlling triangle shapegluring simpli ca-
tion to reducetrianglecountsis nolongerof primaryimpor
tance,andit is possibleto work on regulargrids ratherthan
onirregulartriangularnetworks, replacingmeshsimpli ca-
tion/re nementwith digital signalprocessingperations.

(a) Coarsenin@gndre-
nement

(b) Waveletview () Near lossless

scheme
Figure2: BDAM onaregular grid. We recasdiamondprocessing
in the framework of wavelet updatelifting In this framework, dia-

mondcoarseningandre nementareassociatedo waveletanalysis
andsynthesis.

Wavelet transformation. The structureof a BDAM mesh,
whenoperatingon regular grids, is depictedin gure 2(a)
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As we cansee,the two patcheghat form a diamondhave
verticesplacedon a uniform squaregrid, while the vertices
of there ned patchesareplacedat the centersof the square
cells of the grid. To supportcompressionwe recastdia-
mond processingn the framavork of wavelet updatelift-
ing [JDSBO03, with the purposeof transformingdatainto a
domainwith a sparserepresentationin this framework, di-
amondcoarsenings associatedo wavelet analysis,while
diamondre nement corresponddo wavelet synthesis(see
gure 2(b)).

The analysisprocessfor constructinga level | diamond
startshy gatheringvertex datafrom child diamondsat level
| + 1 (or from theinput dataset)nto a squarematrix P(* 1
which is thendecomposedhto two squarematrices:a ma-
trix V(* D of vertex centeredralues anda matrix C(!* 9 of
cell centeredvalues.A new setof vertex valuesP() anda

matrix of detail coefcients H(") canthenbe computedby
thefollowing low- andhigh-passltering operations:

P =apvi™ e @ aippcY) @

Hi<jl> = cf:* Y p i(j0>(P(|)) @

Here,Pi(jA)(B) arepredictionoperatorghatpredictthevalue
at A(i; j) from the valuesin matrix B, and0 < aj; 1
weightsbetweersmoothingandpuresubsamplingTo com-
ply with BDAM diamondboundaryconstraintsit is suf-
cient to setajj = 1 for all diamondboundaryvertices.
Even thoughweighting could be datadependentsee,e.g.,
[PHOD), for this paperwe assumedor speedandsimplicity
reasona constantveightingof a;j = % for all innerpoints.
For prediction,we useaorder4 Neville interpolating Iter if

all supportpointsfall insidethediamondandaorder2 Iter

otherwisgKS0(. Theselters predictpointsby aweighted
sumof 12 (order4) or 4 (order2) coefcients, andarethere-
fore very fastto compute(see gure 3).

Figure3: Neville Iters. The lters predictpointsby a weighted
sumof 12 (order4) or 4 (order2) coefcients.

By iteratingthe analysisprocessrom leaf diamondsup
to theroots,all theinput datagets Itered upto thecoarsest
scale.Theresultingwaveletrepresentatiofs multiscale,as
it representshe original terraindatasewith a setof coars-
estscalecoefcients associatedo the root diamondsplus
asetof detailcoefcients with increasingly ner resolution.
During synthesist is possibleto producevariableresolution
representationiy re ning adiamondatatime, usingapro-
cessthatsimply reverseshe analysissteps At diamondre-

nementtime, rst vertex andfacecenteredraluesarecom-
putedfrom thediamondvertex values:

D = 404 p O ®

D pi(jl) « aij)Pi(j\/)(c(|+1))
i

()
aii

Then, this datais reassemble@dnd scatteredo child dia-

monds.

Lossy data compression. For typical terrain datasetsthe
wavelet representatioproducesdetail coefcients that de-
cay rapidly from coarseto ne scale,asmostof the shape
is capturedby the predictionoperatorsBy entropy coding
the detail coefcients it is thuspossibleto ef ciently com-
pressheinputdatasetTheachiesablelosslessompression
ratiois however limited. More aggressie lossycompression
canbeachieved by quantizingdetail coefcients or discard-
ing small ones.Quantizingthe wavelet coefcients to meet
a maximumerror criterion is however a complex problem,
andwhile therearemary excellentwavelet-basetbssycom-
pressiorschemesinderthe L2 norm,noneof themcanoffer
atight boundon the maximumreconstructiorerror of each
value,sinceit is dif cult to derive meaningfulrelationsbe-
tweendistortionsin the wavelet domainsandin the signal
domainin theL' sensgYP04. Usinga L? normfor gen-
eral terrain managemenéapplicationsis hardly acceptable,
sincereconstructiorerrorsare averagedover the entire do-
main andresultssuffer from high variancein the quality of
dataapproximationThereforeusinga L? normcanseverely
bias reconstructionsn favor of smoothregions, and does
not offer error guaranteedor individual approximatean-
swersto variableresolutionqueriesIn C-BDAM, we solve
the problemusinga simpletwo-stagenearlosslessscheme
thatensureghat eachdiamondis within a given maximum
valuefrom theoriginal Iltered data.ln contrasto othertwo
stageschemedrom the signalprocessinditerature[YP04],
we thuskeepunderstrict control eachlevel's error, andnot
only the nest level reconstructionin orderto avoid view-
dependentenderingartifacts.

In our two-stageschemewe rst computea full wavelet
representatiome to coarse We thenproducea quantized
compressedepresentatiom adiamond-by-diamondoarse
to ne passthat,ateachstepcorrectsthe datareconstructed
from quantizedvaluesby addinga quantizedesidual For a

diamondat level |, theresidualgequiredfor re nementare
thuscomputedasfollows:

oc4*? = Quare(P O PD) + HY P OED) ()
0D - p OBy gD (e)

(1) 5 (1) M) (1+1) M) (&(+1)
. P R 1 aj)P C P C
Di(j|+1): Quarte( - 1j ( i) ij ( ) ij ( )))

7

ajj

5.(1) yp V) @+
\7i(j\+1) _ Rj (1 alj)(Pij (c ) . D\7I(j|+1)
ajj

®)

whereQuarte(X) is a uniform quantizerwith stepsize 2e.
Thisschemeequiresstorageof two smallsquarenatricesof
residualperdiamondwhicharemaintainedn adatarepos-
itory indexed by diamondid. For a diamondof N2 vertices,
matrix DC is of size (N 1)2, while matrix DV is of size
(N 2)2, since,dueto BDAM diamondgraphconstraints,
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all boundaryvaluesare kept constantwe usea point sam-
pling Iter), andcorrectionsarethereforemplicitly null.

5. Out-of-core Construction of Massive Variable
ResolutionTerrain Datasets

Theoff-line componenbf ourmethodconstructsa multires-
olution structurestartingfrom a collection of input terrain
datasetsa requireddiamondsize,anda requiredmaximum
errortolerance.

Diamond graph construction. The rst constructiorphase
— graphconstruction— generatesa diamondDAG, whose
rootspartitiontheinputdomainandwhoseleavessamplehe
datasetita ner or equaldensityto thatof theinputdataset.
The graphis constructeccoarseto ne, by re ning the di-
amondgrapha diamondat a time until samplespacingis
sufciently ne. Thisprocessnakesit possibleto ef ciently
processvariableresolutionterraindatasetgsee gure 4). In
our currentimplementationthe input datasetis described
by a hierarcly of layers,orderedby resolution,whereeach
layercontainsanumberof tiles. For graphconstructiongach
diamondprovidesthe input datasewith the rangeof coor
dinatest covers,andrecevesasaresultthe samplespacing
of the nest resolutiontile containedn it. If this numberis
smallerthanthe diamonds samplespacing the diamondis
re ned.

Figure4: Variable resolutioninput. Diamondgraphrootspartition
theinputdomain while leavesleavessamplethedataseata ner or
equaldensityto thatof theinputdatasetln this simpleexampleof a
sparsdnput datasetoveringemepgedland, leafsaredensemwhere
dataexists (terrainarea)andrapidly decreaselensitywherethereis
no data(bluearea).

Fineto coarse ltering . Oncethegraphis constructedit is
traversedne to coarseto constructa Itered representation
by wavelet analysis(equationsl and 2). For each ltered
diamond,we storein a out-of-corerepositoryboth the |-
tereddataP(") andthe detail coefcients H("). Storingboth
matricesper diamondallows us to locally have all the in-
formation requiredto computethe referencevaluesin the
compressiorstep.Whensamplingvariableresolutioninput
datasetst leaf diamonds a valueis always returnedfrom
the higherresolutiontile thatcontainsthe querycoordinate.
A null value (typically 0) is returnedwhendatais missing.
An alternatve approachwould beto de ne transitionareas
andreturnweightedaveragesn caseof overlappingtiles.
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Fine to coarsecompression. Oncethe ltered datarepos-
itory is createdthe root diamondvaluesare copiedto the
outputrepository and the diamondgraphis thentraversed
coarseto ne to generatehe nal compressedepresenta-
tion of residualsAt eachvisiteddiamond thereconstructed
valuesof its parentdiamondsareretrieved from a auxiliary
repositoryupdatedvhile compressingyhile the Itered val-
uesare retrieved from the repositorygeneratedn the rst
pass.Equationss to 8 areusedto determinefrom this data
the reconstructedrertex valuesfor the diamond,aswell as
theresidualmatricesrequiredto generatechildren. Therel-
evanttemporaryandoutputrepositoryarethenupdatedand
the processontinueauntil all diamondsarevisited.

Boundary management. For non-globaldatasetssomeof
the diamondsfall on a boundaryand are thereforeincom-
plete.Thiswouldlead,in generalto deal,duringboth lter -
ing andcompressionnot only with squarecoefcients ma-
trices,but alsowith triangularones.To simplify processing,
we chooseinsteadthe approactof syntheticallygenerating
missingdataby a symmetricextension(mirroring alongthe
boundary).This datais only virtual, andwill never be used
for rendering,sinceno patcheswill be generatedor fully
out-of-boundhildren.

Compresseddata representation. The compressiorpro-
cesggeneratesa setof squarenatricesof integercoefcients
thathaveto becompactlystoredin therepository Thesema-
tricesareexpectedo besparseandmostlycomposeaf very
smallnumbersA numberof ef cient entrofy codingmeth-
odsfor suchmatriceshave beenpresentedh theimagecom-
pressionliterature.For our work, we have adopteda very
simplestorageschemehat, eventhoughit is farfrom being
optimal,it hastheadwantageof beingstraightforvardto im-
plementand extremelyfastto decompressdn this scheme,
the matrix is interpretedas a quadtreeandrecursvely tra-
versedin depth rst orderuntil a sub-matrixcontainsonly
zerosor is smallerthan2 2 in size.A singlebit persplitis
usedto encodethe quadtreestructure At non-emptyleaves,
the coefcients aremappedo positive integersandencoded
usinga simple Elias gammacode[Eli75], in which a posi-
tiveintegerx is representedly: 1+ blog, xc in unary(thatis,
blog, xc 0-bits followed by a 1-bit), followed by the binary
representatioof x withoutits mostsigni cant bit.

Out-of-core parallel construction. The whole construc-
tion processs inherentlyparallel, becausehe grain of the
individual diamondprocessingasksis very ne and syn-
chronizations requiredonly atthe completionof eachlevel.
In this solution,the main memoryrequiredfor eachworker
is that requiredfor processinga single diamond,while the
coordinatorsimply needsto resene enoughmemory for
holding out-of-syncrequestsn additionto the memoryre-
quiredto storethe structureof the diamondgraph,whichis
ordersof magnitudesmallerthanthe input data,sinceeach
diamondrepresentthousand®f samples.
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Managing multiple vertex attrib utes. Quite often, other
vertex attributesneedto be mappedover geometry In our
framawork, we interprettheseattributesas separatdayers,
and assumehat differentrepositoriesare createdindepen-
dently for eachof the attributes. For the moment,we just
supportelevation, representeas a scalarvalue, and color,
representedn input as a RGB triple. For color compres-
sion, we map colorsto the YCoCg-R color space[MS03
to reducecorrelatioramongcomponentsandthencompress
eachcomponenseparatelyNormalsareneitherstoredn the
repositorynor passedo the GPU, but directly computedon
demandoy nite differencedrom elevationdata.

6. Renderinga C-BDAM

Our adaptve renderingalgorithmworks on a standardPC,
andpreprocessedatais assumedo be eitherlocally stored
(in memoryor onasecondargtorageunit directly visible to
therenderingengine)or remotelystoredon anetwork sener
(seegure 5).

Figure 5: The rendering pipeline. The rendereraccessesom-
presseddatathrougha dataaccesdayer that hideswhetherdatais
local or remote.

Data layout and data access.Theresultof pre-processing
is storedin repositoriesthat containroot diamondvalues
andresidualmatricesfor eachdiamond.We assumehat a
mainrepositorycontainselevationvalues while anoptional
secondaryepositorycontaincolor values.The repositories
arerequiredto cover the samedomainandto usethe same
diamondpatch granularity but can be, and generallywill
be, of differentdepth,asthe original datais typically pro-
vided at different resolutions.Accessto a datarepository
is madethrough a data accesdayer, that hides from the
rendererwhetherdatais local or remote.This layer inter
nally usesmemory mappingprimitives for local data,and
a TCP/IP protocol for remotedata.lt malesit possibleto
asynchronouslynove in-core a diamonds associatedlata
by fetchingit from the repository to test whethera dia-
mond's datais immediatelyavailable,andto move available
datato RAM.

Re nement algorithm. For the sale of interactvity the
multiresolution extraction processshould be able to sup-
portaconstantigh framerate,giventhe availabletime and
memoryresourcesThis meansthat the algorithm mustbe
ableto ful Il its taskwithin a predeterminedudgetof time

andmemoryresourcesalwaysendingwith a consistente-
sult, or in otherwords,it mustbe interruptible.Our extrac-
tion methodusesa time-critical variationof the dual-queue
re nementapproacHDWS 97] to maintaina currentcutin
the diamondDAG by meansof re nementand coarsening
operationsFor this purposewe storethe setof operations
that arefeasiblegiven the available budgetand compatible
with the currentcut, in two heapsthe CoarseningHeaand
the Re nementHeapwith a priority dictatedby the screen
spaceerror. Theheapsarereinitializedat eachframe,given
the currentcut andthe currentview parameterswhenini-
tializing there nementheap only operationsgor which data
is immediatelyavailable are consideredIn caseof miss-
ing data,an asynchronousequests postedto the dataac-
cesdayer, which will beresponsiblef fetchingthe needed
patcheswithoutblockingtheextractionthread. Therenderer
maintainsin-coreall nodesof the diamondgraphabove the
currentcut, in a streamlinedformat suitablefor communi-
catingwith theGPUandfor quickly evaluatingvisibility and
screerspacesrror.

For eachnode,we maintainan objectspaceerror, the di-
amondcornerinformation,links to parentsandchildren,an
orientedboundingrectangle andone setof x ed sizever
tex arraysfor eachof its two patchesEachtime a re ne-
mentor coarseningperationis performed the currentcut
is updated.For coarseningthis simply amountsto freeing
theunreferencedhemorywhile for re nementchildrendata
mustbe constructedstartingfrom currentvertex dataand
detailcoefcients retrievedfrom therepositoriesor, option-
ally, procedurallygeneratedsee gure 6). In our currentim-
plementationall the decompressiostepsare performedon
the CPU. The factthat we are ableto rapidly generatede-
tails is exploitedto renderscenesvherecolor andelevation
arenot availableat the sameresolutionin the repository In
that case,datais fetchedfrom repositorywhere available,
andgeneratedtherwise Moreover, thefactthatcoarsening
operationsarebasicallyno cost,is exploitedto supportnon-
monotonicerror metricsin a time-critical setting. To that
end,theextractionalgorithmperformsre nementoperations
until thegraphis locally optimalor atime-outoccurswhile
coarseninghasthe role of a garbagecollectorandis per
formedonly oncein awhile to remove unneededietail.

Elevation, colors,and normals Whenconstructingagiven
node,datais requiredfor elevation,andoptionallyfor color
andnormals.Sinceour targetis to rendervery small (pixel
sized) triangles, texture mapsoffer limited bene ts, since
no attribute interpolationwould be emplo/ed aryway. In
the mostsimpleimplementationye have thusthe option of
managingverythingusingpervertex attributes.In addition,
sinceverticesare tightly pacled, the normalsrequiredfor
shadingcanbeeffectively computedatre nementtime from
vertex elevation ratherthanmanagedn an externalreposi-
tory. Consistentlywith BDAM diamondconstraintshound-
ary normalsarekept x ed,while the othersarecomputecby
centraldifferencedrom elevationdata.Communicatiorwith
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Figure 6: Procedural Detail Synthesis.On the left, re nement
stopswhenno more datais availablein the repository i.e., when
reachingthe input dataset®riginal samplingdensity;on theright,
arti cial detailis synthesizedby generatingproceduratietailcoef-
cients(in this case simply azero-centeredniform randomnumber
lessthan30% of triangleedgelengthfor DV, andO for DC.

the GPUis madeexclusively througha retainedmodeinter
face whichreducesustrafc by managingleast-recently-
usedcacheof patchegnaintainecn-boardasOpenGL\Ver-
tex Buffer Object GPUmemoryandbandwidthcostsarefur-
therreducedy compactlycodingvertex data,andusingver-
tex shadergo performdecompressionAll datais speci ed
in local (u;v) patchcoordinatesSincewe are using regu-
lar grids, (u; v) locationsaswell astrianglestrip indicesare
sharecamongall patchesndstoredonly oncein GPUmem-
ory. A singleper patch3-componentectorstoreselevation
h(u; v) andits derivativesdh=du anddh=du, from which po-
sitionsandnormalsarecomputedon the GPU. In atexture-
lessapproacha secondptionalvertex arraystorescolorin
RGB8format. A texture-basea@pproactcanprovide a bet-
ter anisotropicltering atthecostof higherimplementation
compleity.

Figure 7: View-spaceerror control. A distancebasederror met-
ric (left) is lessefcient in distributing detailthana datadependent
measurédasedn projecteddiamondsize(right).

View spaceand object spaceerrors. As for othergraph
basednethodsthe presentedechniques notlimited to us-
ing distancebased_ODs, but canemploy con gurabledata-
dependenmetrics.In the examplespresentedn this paper
we useorientedboundingboxesasboundingvolumeprimi-
tives,andwe simply usetheaveragetriangleareasasa mea-
sureof objectspaceerror. Thanksto the computatiorof the
L' errorduringcompressiorand giventherelatively mod-
estsizeof thediamondgraph theuseof elaboratenetricsat
run-timedoesnot slow down the renderingprocessBound-
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ing boxes are computedon-the- y eachtime a diamondis
updatedwith a new patchduring a re ne. View spaceer
rors areestimatedby dividing the projectedsize of the box
on the screenby the numberof trianglescontainedn a di-
amond.Using a such a datadependedneasuregrovides
higher quality resultsthan the simple distancebasedtech-
niguesthathave to be employedin pyramidalschemegsee
gure 7).

7. Implementation and Results

An experimentalsoftware library and a renderingapplica-
tion supportingthe C-BDAM techniquehave beenimple-
mentedon Linux using C++ with OpenGL and NVIDIA
Cg. We have extensiely testedour systemwith a number
of largeterraindatasetsin this paperwe discussheresults
obtainedon threeterraindatasetsvith differentcharacteris-
tics.

The main datasetis a the global reconstructionof
the planet Earth from SRTM dataat 3 arcsecresolution
(one point every 90m at the Equator Source: CGIAR
Consortium for Spatial Information. srtm.csi.cgiaorg).
The dataseis 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 emepged land in the 66S-66N latitude range. The
two other modelsare local terrain datasetsThe rst one,
is the standard265 million samplesPuget Sound 10m
DTM datasetpresentedhere for the sale of comparison
with previous work (source:USGS and PeterLindstrom.
wwwcc.gateb.edu/pojects/lage_models/ps.hthl  The
secondbneis a 67 million samplesilatasetoveringthecity
of Paris at 1sanple=m, textured with an high resolution
872million samplesrtho-photo(source:ISTAR CityView
databasewwwistar.com. The Paris elevation datasetis a
worst casesituation,asit is a model derived by sampling
at 1m spacinga vector representatiomf building outlines,
and,assuchcontaindots of discontinuitiesThetextureis a
typical city-scalehigh resolutionphotographandis hereto
demonstratehe ability to handlecolor information within
our frameawork.

Preprocessing All the preprocessingestswere executed
on a single PC running Linux 2.6.15with two Dual Core
AMD Opteronl1.8 GHz processors2 GB of RAM, SATA
10000rpm 150GB harddrive.

7EQTR _[<= 71| 8SR\ERG 8| [3YXYX7MI[FTW [6EX
4YKI X7SYRH 1 Q Q617 Q 1&
4YKI X7SYRH 1 Q Q % %< Q 1&
) EWL 7681 + Q Q%] L__Q 1&
4EWW 1 Q Q %A %< Q 1&
AEWWGSBV. 1 Q W% L Q 1&

Tablel: Numerical resultsfor terrain preprocessingPreprocess-
ing resultsfor testsdatasets.

Table1 lists numericalresultsfor our out-of-coreprepro-
cessingmethodfor the PugetSoundandthe Earthdatasets.
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(a) SRTM 3arcsedarth(Elevation: 29G samplegsparse)Color: 2D lookup-tableindexedby latitudeandelevation)

(b) PugetSoundl0mresolution(Elevation:265M samples)Color: 1D lookup-tableindexed by elevation)

(c) Paris(Elevation67M samplesColor 872M samples)
Figure8: Inspection sequencesselectedframes. All imageswererecordedive ona AMD 1.8 GHz PCwith 2 GB RAM andPCI Xpress

NVIDIA Geforce7800GTgraphicsusingpixel sizedtriangles.

We constructedall multiresolution structureswith a pre-
scribeddiamonddimensionof 64 64 vertex side which
gives a good granularity for the multiresolutionstructure.
Eachtriangularpatchis composedy 4K triangles.Prepro-
cessingtime is quite equally subdvided into the Itering
and the encodingphasesin all the resultshere presented
we male use of four threads(one per CPU core), with a
speed-upf 3X with respecto the sequentiaversion.The
sub-linearspeed-upis due to the fact that time is domi-
natedby 1/0 operationson the input, temporaryand out-
put les. We expecta performancencreasevhendistribut-
ing them on multiple disks. Processingpeedrangesfrom
260K to 450K input samplesper secondmorethan7 time
fasterthan P-BDAM [CGG 03h. This is becauseegular
grid Itering and compressioris fasterthan generalmesh
simpli cation. Still, processingpeeds about4 timesslower
than4-8 hierarchiediDJ0Y, which, however, doesnot per
form compressionandabout2 timesslower thanGeometry
Clipmaps[LHO04], which, however, generatesalf the num-
berof resolutionlevels.

Compressiorrates. Thecompressiomatesarepresenteéh

tablel. Thetolerancesisedfor compressingverechoserto

provide nearlosslesgesults.In the PugetSoundandin the
Parisdatasethechosertolerancesorrespondo 1% percent
of the samplespacingwhile in the Earthdatasethe toler

anceis 16m, which correspondso the vertical accurag of

the input datasetFor the color datasetwe imposeda max-

imum error toleranceof 10=255 per componentwhich is

comparablavith theerrorintroducedoy the S3TCcompres-
sionalgorithm,commonlyusedin terrainrenderingapplica-
tions(seee.g, [CGG 034).

The three datasetshave beenpreprocessedsing maxi-
mum absoluteerror toleranceto drive the compressionkor
the sale of comparisorwith previouswork basedon Geom-
etry Clipmaps[LH04], we alsocompressethe PugetSound
dataseusingRMS error control. In this case,our resultof
0:28bps is comparablewith a GeometryClipmap [LHO04]
representatiorof the same dataset(0:26bps), especially
sincewe provide the doubleof resolutionlevels. It is inter-
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estingto notethatthemaximumerrorin this casegoesupto
18m, shawing the inherentlack of local controlwhenusing
aL? normto drive compressionWhenusingamaximumer-
ror tolerancethebit rateincreaseso 0:61bps but all points
areguaranteedo bewithin 1m from the original.

Thebit ratefor planetEarthis evenbetter(0:25bps), even
thoughcompressiorratesare given consideringthe whole
amountof memoryoccupiedby thestoreddatasetversushe
numberof samplegpresentn the leaves. The Earthdataset
is sampledin the polesareaand over the sea,wherethere
is no input data,at the minimumresolutionimposedby the
continuity constraintf the multiresolutionstructure Sam-
pling rate in this variable resolutioninput test casevaries
from 53mto 23Km, sinceour graphadaptdo thesparseness
of theinput grid. This way, compressiomatesappeamworse
thanwhatthey would be whenusinga full resolutioninput
of constanelevationfor at areas.

To testthe performancdn an extremecase,we applied
our compressoto the PariselevationdatasetThebit ratein-
creaseso 1:80bps which illustratesthatthe methodworks
much better for terrainswhich are locally smooth.Com-
pressionresultsfor the texture are similar, sincetexture in
this caseis also dominatedby very sharpboundariesdue
to buildings andtheir shadavs. Nonethelessthe bit ratefor
the Paris datasetis still considerablybetterthan what re-
portedfor uncompresseterrainrepresentationsyhich are
typically atleastoneorderof magnituddarger[LHO04]. Han-
dling discontinuitiese.qg.,throughadaptve lifting [PHO1 or
a geometricbandeletapproacPMO05, is a promisingav-
enueof futurework.

Adaptiverendering. Therenderingtestswereexecutedon
a mediumendsingle PC running Linux 2.6.15with single
AMD 1.8GHz CPU,2 GB of RAM, SATA 10000RPM 150
GB harddrive and PCI XpressNVIDIA Geforce7800GT
graphics Thesetestswereperformedwith awindow sizeof
1280x1024andatametof pixel-sizedtriangles.

We evaluatedthe renderingperformancef thetechnique
on a numberof ythrough sequence®on all the terrain
datasetswith a window size of 1280x1024and a target
of pixel-sizedtriangles.The qualitative performanceof our
adaptve rendereris illustratedin an accompayping video
thatshawsliverecordingof ythrough sequenceThevideo
was recordedat 800x600windows size due to recording
equipmentonstraintsThesessionsveredesignedo berep-
resentatie of typical ythrough andto heasily stresghesys-
tem, and include abruptrotationsand rapid changesrom
overall views to extremeclose-upslin additionto shading
theterrain,we apply a color, comingfrom anexplicit color
channel(Paris dataset)a 1D look-up tableindexed by ele-
vation (PugetSound),or a 2D look-uptableindexed by ele-
vationandlatitude(Earth).

The averageframeratesis around90Hz, while the mini-
mum frameratenever goesbelov 60Hz usinga 1280x1024
window. For all planardatasetsheaveragerianglethrough-
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putis 130MD=s, andits peakperformanceas 156MD=s. In
the ythrough of planetEarth, we achiee a averageper
formanceof 100MD=s anda peakof 128VD=s. The differ-
encein performancebetweenplanarand sphericaldatasets
is dueto the differentcompleity in vertex shadersyhich
transformingheheightinformationin avertex position,and
computealsothe normalvaluesstartingfrom tangentinfor-
mation. Theseoperationsare simplerin the planarshader
than in the sphericalshader Normal computationis the
most costly operation.With a simpler shaderwhich com-
putesonly position and no shadinginformation the maxi-
mumreachablg@erformances 190MD=s in bothcasesThis
increasen performancedemonstratethat the techniqueis
GPUbound Evenin thecurrenimplementationthetriangle
rateis highenoughto renderover 4AMD=frameatinteractve
rates.It is thuspossibleto usevery small pixel thresholds,
effectively using pixel sizedtriangles,virtually eliminating
poppingartifactswithout the needto resortto geomorphing
techniques.

Network streaming Somenetwork testshave beenper
formedon all testmodels,on a ADSL 1.2Mbpsconnection
usingthe TCP/IP protocolto accesshe data.As illustrated
by the accompaying video, the renderingrate remainsthe
sameasthelocal le version,only theasynchronouspdates
arrivewith increasedateng dueto thenetwork connections.
Sinceonly few diamondsper frameneedsupdate anddia-
monddatais extremelycompressedhe ythrough quality
remainsexcellent.

8. Conclusions

We have describeda compressednultiresolutionrepresen-
tationfor the managemerandinteractive renderingof very
large planar and spherical terrain surfaces. Similarly to
BDAM, coarsegyrainre nementoperationsareassociatetb
regionsin a bintree hierarcly. In the C-BDAM approach,
all patchessharethe sameregular triangulationconnecti-
ity and incrementallyencodetheir vertex attributes using
a quantizedrepresentatiomwf the differencewith respecto
valuespredictedrom thecoarsetevel. As illustratedby our
experimentaresult,thestructureprovidesanumberof prac-
tical bene ts: overall geometriccontinuity for planarand
sphericadomains supportfor variableresolutioninputdata,
managemeraf multiple vertex attributes,ef cient compres-
sion andreasonablyfast constructiontimes, ability to sup-
port maximum-errometrics, real-time decompressioand
shadedrenderingwith con gurable variablelevel-of-detail
extraction,aswell asruntimedetailsynthesis.

Themaintake homemessagef this paperis thatit is pos-
sibleto combinethegeneralityandadaptvity of batchedly-
namicadaptve meshesvith thecompressiomatesof nested
regular grid techniquesAlthough the currentimplementa-
tion alreadygives satisfctory results,which are state-of-
the-artbothin termsof compressiomatesandof rendering
speedtherearestill openissueghatneedto beinvestigated,
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besidesincrementalimprovementsto the various Itering
andcompressiortomponentswhich have beenchoserhere
mostly becauseof simplicity. A rst importantavenue of
researchis to determinewhetherit is possibleto obtainin
practicea max-errorapproximationdirectly in a one-stage
wavelet approximation A secondimportantfuture work is
to improve treatmentof discontinuities,verifying whether
currentstate-of-the-aradaptve techniquesare fastenough
to beemplo/edin areal-timeapplication.
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