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Abstract. We recentlyintroducedanef�cient techniquefor out-of-corerender-
ing andmanagementof largetexturedlandscapes.Thetechnique,calledBatched
DynamicAdaptive Meshes(BDAM), is basedon a pairedtreestructure:a tiled
quadtreefor texture dataanda pair of bintreesof small triangularpatchesfor
the geometry. Thesesmall patchesareTINs that areconstructedandoptimized
off-line with high quality simpli�cation and tristripping algorithms.Hierarchi-
cal view frustumculling andview-dependendenttexture/geometryre�nementis
performedat eachframewith a statelesstraversalalgorithmthat rendersa con-
tinuousadaptive terrainsurfaceby assemblingout of coredata.Thanksto the
batchedCPU/GPUcommunicationmodel,theproposedtechniqueis notproces-
sor intensive andfully harnessesthe power of currentgraphicshardware.This
papersummarizesthemethodanddiscussestheresultsobtainedin a virtual �y-
throughovera textureddigital landscapederivedfrom aerialimaging.

1 Intr oduction

Virtual environmenttechnologyhasbeendevelopingover a long period,andoffering
presencesimulationto usersasan interfacemetaphorto a synthesizedworld hasbe-
cometheresearchagendafor a growing communityof researchersandindustries.The
motivation for sucha researchdirectionis twofold. Fromanevolutionaryperspective,
virtual reality is seenasa way to overcomelimitations of standardhuman-computer
interfaces;from a revolutionaryperspective, virtual reality technologyopensthedoor
to new typesof applicationsthatexploit theadditionalpossibilitiesofferedby presence
simulation.

Oursenseof physicalrealityis aconstructionderivedfrom thesymbolic,geometric,
anddynamicinformationdirectly presentedto our senses.Sensorysimulationis thus
at the heartof virtual reality technologyand,sincevision is generallyconsideredthe
mostdominantsense,thedevelopmentof ef�cient methodsfor generatinghigh quality
visualrepresentationsof simulatedenvironmentsis of primaryimportance.

Real-time3D explorationof digital elevation models(DEM), which arecomput-
erizedrepresentationsof the Earth's relief, is now oneof the mostimportantfeatures



Fig.1. Flying over reconstructedterrains at differ ent scales: Left: Global reconstructionof
Mars.Right:City scaleexploration(Nice,France);texturedterrainandsameview with wireframe
showing adaptive renderingtessellation.

in a numberof practicalapplications,that rangefrom scienti�c simulators,to gaming
systems,to virtual storytellingapplications.

Renderinglarge-scalehighresolutionterrainswith highvisualandtemporal�delity
on a graphicsPCplatformis, however, a very challengingtask,sinceit is necessaryto
meetthefollowing requirementson therenderingsubsystem:

– high visual and temporal �delity : at least30 framespersecond,with about1M
pixels/framewith colorde�ned at16 to 24bitsperpixels;

– large scale high resolution terrains: texture mappedelevation data (DTM or
DEM/DSM). Typical currentdatabasesitesarerepresentedby elevation grids of
about8Kx8K to 40Kx40K (this meansup to billions of verticespermodel).Color
resolutionis generallysimilaror 2 to 4 timeslarger;

– graphicsPCplatform: atthetimeof thiswriting, thismeansaoneor two-processor
machinewith 32bit architecture,largelocaldisk,1GHzor morePentiumclasspro-
cessor, DDR memory, andgoodquality commoditygraphicsboard(AGP4X/8X,
theoreticalpeakrenderingspeedin the order of tensor hundredsof millions of
verticespersecond).

Theaboverequirementsindicatethatscenecomplexity is muchlargerthatwhatcan
be handledby bruteforce methods.Sincethereis no upperboundon the complexity
of a scenevisible from a speci�c viewpoint, occlusionandview frustumculling tech-
niquesarenot suf�cient alonefor meetingthe performancerequirementsdictatedby
thehumanperceptualsystem.Achieving thisgoalrequirestheability to traderendering
quality with speed.Ideally, this time/qualitycon�ict shouldbe handledwith adaptive
techniques,to copewith the wide rangeof viewing conditionswhile avoiding worst
caseassumptions.

Currentdynamicmultiresolutionalgorithmsare,however, veryprocessorintensive,
and fail to provide adequateperformancefor large datasets.In particular, multireso-
lution renderingtechniquesweredesignedfor the previous generationmachines,and



aregenerallytoo processorintensive. The potentialof currentGPUsis far from be-
ing fully exploited,and,on currentplatforms,performanceis directly relatedto CPU
processingpower, which grows at a muchslower ratethanGPU's one.Currentstate-
of-the-arttechniques,basedon hierarchicaltechniques(e.g.,[4]) useonly about10%
to 20% of the available graphicspower for large datasetsand do not offer ef�cient
meansto preserve sharpfeatures.Moreover, in mostapplicationsthatneedinteractive
terrainvisualization,managingtheterrainmultiresolutionstructureis not theonly task
that must be accomplishedby the system:dynamicssimulation,AI of other agents,
databasequeries,andotherjobshave to becarriedout in thesametime. For this rea-
son,usingcurrentmultiresolutionsolutions,the sizeof the terrainrepresentationthat
canbeconstructed/updatedandrenderedfor eachframeis severelylimited by theCPU
processingpowerandby far smallerthantheGPUcapabilities.

We recently introduceda technique,namedBatchedDynamic Adaptive Meshes
(BDAM), that is basedon theideato move thegrainof themultiresolutionmodelsup
from trianglesto small contiguousportionsof meshin orderto alleviate the process-
ing load andto betterexploit currentgraphicshardware.The techniqueis basedon a
pairedtreestructure:a tiled quadtreefor texture dataanda pair of bintreesof small
triangularpatchesfor thegeometry. ThesesmallpatchesareTINs thatareconstructed
andoptimizedoff-line with high quality simpli�cation andtristripping algorithms.A
hierarchicalview frustumculling andview-dependendenttexture/geometryre�nement
can be performed,at eachframe,with a statelesstraversalalgorithm that rendersa
continuousadaptive terrainsurfaceby assemblingthesesmallpatches.An out-of-core
techniquehasbeendesignedandtestedfor constructingBDAMs usinga generichigh
quality simpli�cation.

Thanksto thebatchedCPU/GPUcommunicationmodel,theproposedtechniqueis
notprocessorintensiveandfully harnessesthepowerof currentgraphicshardware.The
remainderof this papersummarizesthemethodanddiscussestheresultsobtainedin a
virtual �ythrough over a textureddigital terrainmodelof thecity of Nice,France.

2 Methodsand tools

Mostof currentmultiresolutionalgorithmsaredesignedto usethetriangleasthesmall-
est primitive entity. The main idea behindour approchis to adopta more complex
primitive: small surfacepatchescomposedof a batchof a few hundredsof triangles.
Thebene�tsof thisapproacharethattheper-triangleworkloadto extractamultiresolu-
tion modelis highly reducedandthesmallpatchescanbepreprocessedandoptimized
off-line for a moreef�cient rendering.We summarizeherethe main conceptsbehind
BDAM. Pleasereferto theoriginalpapersfor furtherdetails[1,2].

In BDAM, thesmallpatchesform ahierarchy of right triangles(HRT) thatis coded
asa binary tree.This representationcanbe usedto easilyextract a consistentsetof
contiguoustriangleswhichcover a particularregionwith givenerrorthresholds.These
small triangularpatchescanbebatched(hencethename)to thegraphicshardwarein
the most ef�cient way. Therefore,eachbintreenodecontainsa small chunk (in the
rangeof 256..8K)of contiguouswell packed tri-strippedtriangles.To ensurethe cor-
rectmatchingbetweentriangularpatches,BDAM exploits the right trianglehierarchy



propertythateachtrianglecancorrectlyconnectto: trianglesof its samelevel; triangles
of thenext coarserlevel throughthe longestedge;andtrianglesof thenext �ner level
throughthetwo shortestedges.

To guaranteethecorrectconnectivity alongbordersof differentsimpli�cation lev-
els,triangularpatchesarebuilt sothattheerroris distributedasshown in �gure 2: each
triangleof thebintreerepresentsasmallmeshpatchwith errorek insideanderrorek+1

(the error correspondingto the next more re�ned level in the bintree)along the two
shortestedges.In this way, eachmeshcomposedby a collectionof small patchesar-
rangedasa correctbintreetriangulationstill generatesa globally correcttriangulation.
This simpleedgeerrorpropertyis exploited,asexplainedin theoriginal paper[2], to
designa distributedout-of-corehigh quality simpli�cation algorithmthatconcurrently
buildsall patches.

In Fig. 2 weshow anexampleof theseproperties.In theupperpartof the�gure we
show thevariouslevelsof aHRT andeachtrianglerepresentsa terrainpatchcomposed
by many graphicsprimitives.Colorscorrespondto differenterrors;theblendingof the
colors inside eachtriangularpatchcorrespondsto the smootherror variation inside
eachpatch.WhencomposingthesetriangularpatchesusingtheHRT consistency rules,
the color variation is always smooth:the triangulationof adjacentpatchescorrectly
matches.

Fig.2. An example of a BDAM : eachtriangle representsa terrain patchcomposedby many
triangles.Colors correspondto different errors;the blendingof the color inside eachtriangle
correspondsto thesmootherrorvariationinsideeachpatch.

Texture andgeometrytrees. To ef�ciently managelargetextures,theBDAM approach
partitionstheminto tilesbeforerenderingandarrangesthemin amultiresolutionstruc-



tureasa tiled texturequadtree.Eachtexturequadtreeelementcorrespondsto a pair of
adjacentgeometrybintreeelements.Therootsof thetreescover theentiredataset,and
both treesaremaintainedoff-core usinga pointerlessstructurethat is mappedat run
time to a virtual memoryaddressrange.During rendering,thetwo treesareprocessed
together. Descendingonelevel in the texturequadtreecorrespondsto descendingtwo
levelsin theassociatedpairof geometrybintrees.Thiscorrespondencecanbeexploited
in thepreprocessingstepto associateobject-spacerepresentationerrorsto thequadtree
levels,andin the renderingstepto implementview-dependentmultiresolutiontexture
andgeometryextractionin asingletop-down re�nementstrategy.

Errors andboundingvolumes.To easilymaintainthetriangulationcoherenceBDAM
exploits theconceptof nested/saturatederrors,introducedby Pajarola[6],thatsupports
the extractionof a correctsetof triangularpatcheswith a simplestatelessre�nement
visit of thehierarchy [6,4] thatstartsat thetop-level of thetextureandgeometrytrees
andrecursively visits thenodesuntil thescreenspacetextureerrorbecomesacceptable.
Theobject-spaceerrorsof thepatchesarecomputeddirectly during thepreprocessing
constructionof theBDAM. Oncetheseerrorshavebeencomputed,ahierarchy of errors
that respectnestingconditionsis constructedbottomup. Texture errorsarecomputed
from texture features,and,similarly, areembeddedin a correspondinghierarchy. For
therenderingpurpose,BDAM adoptsa treeof nestedvolumesthat is alsobuilt during
thepreprocessing,with propertiesvery similar to thetwo errorrules:1) boundingvol-
umeof a patchincludeall childrenboundingvolumes;2) two patchesadjacentalong
hypotenusemustsharethesameboundingvolumewhich enclosesboth.Thesebound-
ing volumesareusedto computescreenspaceerrorsandalsofor view frustumculling.

Large datasetpartitioning. In orderto handlethesizeandaccuracy problemsrelated
to largedatasetmanagement,we partitioninput datain a numberof squaretiles, there-
fore managinga forestof BDAM hierarchiesinsteadof a singletree.This effectively
decomposestheoriginal datasetinto terraintiles. It shouldbenoted,however, that the
tiles are only usedto circumvent addressspaceand accuracy limitations and do not
affect otherpartsof thesystem.In particular, errorsandboundingvolumesarepropa-
gatedto neighboringtiles throughthecommonedgesin orderto ensurecontinuity for
the entiredataset.The tiles have an associated(u; v) parameterization,which is used
for texturecoordinatesandto constructthegeometrysubdivision hierarchy. Thenum-
berandsizeof thetiles is arbitraryanddependsonly on thesizeof theoriginaldataset.
In particular, wemakesurethatthefollowing constraintsaremet:(a)asingleprecision
�oating point representationis accurateenoughfor representinglocal coordinates(i.e.
therearelessthan223 texels/positionsalongeachcoordinateaxis); (b) thesizeof the
generatedmultiresolutionstructureis within the datasize limitations imposedby the
operatingsystem(i.e. lessthanthelargestpossiblememorymappedsegment).

Top-downview-dependentre�nementand rendering. For eachof the partitionsthat
composethe dataset,we mapits datastructureinto the processaddressspace,render
thestructureusinga statelesstop-down re�nementprocedure,thendeletethemapping
for thespeci�ed addressrange.There�nementprocedurestartsat the top level of the
texture andgeometrytreesof a given tile andrecursively visits their nodesuntil the



screenspacetexture error becomesacceptableor the visited nodeboundingsphereis
provedoff theviewing frustum.While descendingthetexturequadtree,corresponding
displacedtrianglepatchesin the two geometrybintreeare identi�ed andselectedfor
processing.Oncethe texture is considereddetailedenough,texture re�nementstops.
At this point, the texture is boundandthealgorithmcontinuesby re�ning the two ge-
ometrybintreesuntil thescreenspacegeometryerrorbecomesacceptableor thevisited
nodeis culledout.Patchrenderingis doneby convertingthecornerverticesto camera
coordinatesandbindingthemalongwith associatednormalsandtexturecoordinatesto
the appropriateuniform parameters,prior to binding varying vertex dataanddrawing
an indexed trianglestrip. With this method,eachrequiredtexture is boundonly once,
andall the geometrydatacoveredby it is thendrawn, avoiding unnecessarycontext
switchesandminimizinghostto graphicsbandwidthrequirement.

Memorymanagement.Time-criticalrenderinglargeterraindatasetsrequiresreal-time
managementof hugeamountsof data.Moving datafrom thestorageunit to mainmem-
ory andto thegraphicsboardis oftenthemajorbottleneck.We usebotha datalayout
aimedatoptimizingmemorycoherenceandacachemanagedusingaLRU strategy for
cachingthemostrecenttexturesandpatchesdirectlyin graphicsmemory. Sincethedisk
is, by far, theslowestcomponentof thesystem,we have furtheroptimizedtheexternal
memorymanagementcomponentwith meshcompressionandspeculative prefetching
(see[2] for details).

3 Results

An experimentalsoftware library and a terrain renderingapplicationsupportingthe
BDAM techniquehasbeenimplementedand testedon Linux and Win32 platforms.
The resultswerecollectedon a Linux PC with dual Intel Xeon 2.4 Ghz,2GB RAM,
two SeagateST373453LW 70GB ULTRA SCSI320harddrives,AGP8x andNVIDIA
GeForceFx Ultra graphics.

The test casediscussedin this paperconcernsthe preprocessingand interactive
explorationof a terraindatasetof the Nice metropolitanarea1. We useda 8K x 8K
elevationgrid with 100centimeterhorizontalresolution.On this terrain,we mappeda
16K x 16K RGBtexturewith 50centimeterresolution.

3.1 Preprocessing

Theinput datasetwastransformedto multiresolutionby our textureandgeometrypro-
cessingtools.For textures,we useda tile sizeof 256x256pixels,which produceda 7
level quadtreeandcompressedcolorsusingtheDXT1 format.Texturepreprocessing,
including error propagation, took roughly two hoursand produceda structureoccu-
pying 132 MB on disk. Processingtime is dominatedby texture compression.For
geometry, we generatedtwo 17 levels bintrees,with leaf nodescontainingtriangular
patchesof 32x32vertex sideat full resolutionandinteriornodeswith aconstantvertex

1 dataset:courtesyof ISTAR high resolutioncartographicdatabase.



countof 600.Geometrypreprocessing,that includedoptimizedtristrip generationand
datacompression,hasbeenperformedroughly in 3.5 hours,producinga multiresolu-
tion structurewhichoccupies321 MB. Sizehasbeenreducedby compressionto about
60% of thesizeof theoriginalmodel.Thefull resolutionmodelis madeof 46M trian-
gles.For thesakeof comparison,Hoppe'sview dependentprogressivemeshes[3], that,
like BDAMs, supportunconstrainedtriangulationof terrains,needroughly380MB of
RAM anduses190MB of disk spaceto build a multiresolutionmodelof a simpli�ed
versionof 7.9M trianglesof thePugetSounddataset2. Preprocessingtimesaresimilar
to BDAM times.By contrast,SOAR [5] geometrydatastructure,which is basedon a
hierarchy of right triangles,takesroughly3.4 GB3 on disk for theprocesseddataset,
but is muchfasterto computesincethesubdivisionstructureis dataindependent.

3.2 View-dependentRe�nement

Fig.3. Performance Evaluation.Renderingratesper framewith andwithout dataprefetching.
Notehow theprefetchversionpresentsasmootherbehaviour.

2 The dataset at various resolution is freely available from
http://www.cc.gatech.edu/projects/large models/ps.html

3 The version of SOAR used in this comparison is v1.11, available from
http://www.cc.gatech.edu/ � lindstro/software/soar/



Fig.4. Complexity evaluation.Renderedcomplexity perframe.

We evaluatedtheperformanceof theBDAM techniqueon a numberof �ythrough
sequences.Thequantitative resultspresentedherewerecollectedduringa100seconds
high speed�y-o ver of thedatasetwith a window sizeof 800x600pixelsanda screen
toleranceof 1.0 pixel. The qualitative performanceof our view-dependentre�nement
is further illustratedin an accompanying video4, that shows the live recordingof the
analyzed�ythrough sequence(Fig. 5).

Figure3 illustratesthe renderingperformanceof theapplication.We wereableto
sustainanaveragerenderingrateof roughly60 millions of texturedtrianglespersec-
ond, with peaksexceeding71 millions, which are closeto the peakperformanceof
the renderingboard(Fig. 3 left). By comparison,on the samemachine,SOAR peak
performancewasmeasuredat roughly5.5millions of trianglespersecond,eventhough
SOAR wasusingasmallersingleresolutiontextureof 2Kx2K texels.Theincreasedper-
formanceof theBDAM approachis dueto the largergranularityof thestructure,that
amortizesstructuretraversalcostsover many graphicsprimitives, reducesAGP data
transfersthroughon-boardmemorymanagementandfully exploits thepost-transform-
and-lightingcachewith optimizedindexedtrianglestrips.

Renderedscenegranularityis illustratedin �gure 4 with the peakcomplexity of
the renderedscenesreaching1.7M trianglesand9.6M texels per frame.Sincewe are

4 Thevideosareavailablefrom http://www.crs4.it/vic/multimedia/ .



(a)Frame1800 (b) Frame2800

(c) Frame1800wireframe (d) Frame2800wireframe

Fig.5. Selected�ythr ough frames.Screenspaceerrortolerancesetto 3.0pixels.

able to rendersuchcomplex scenesat high framerates(30 to 210 Hz for the entire
testpath,Fig. 4), it is possibleto usevery small pixel threshold,virtually eliminating
poppingartifacts,without theneedto resortto costlygeomorphingfeatures.Moreover,
sinceTINs areusedasbasicbuilding blocks,thetriangulationcanmoreeasilyadaptto
high frequency variationsof theterrain,suchashousewalls, thantechniquesbasedon
regularsubdivisionmeshes.

4 Conclusions

We have presentedan ef�cient techniquefor out-of-coremanagementandinteractive
renderingof largescaletexturedterrainsurfaces.Themain ideabehindthemethodis
to move thegrainof themultiresolutionmodelsup from trianglesto smallcontiguous
portionsof meshin orderto alleviate theprocessingloadandto betterexploit current
graphicshardware.Theresultsdemonstratethat,thanksto thebatchedhost-to-graphics



communicationmodel,performanceis limited by graphicsprocessorspeed.Thetech-
niqueis thuswell suitedfor a rangeof interactive applications,includingvirtual story-
telling systemsrequiringtheinteractive renderingof massiveoutdoorsets.
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