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Abstract. We recentlyintroducedan ef cient techniquefor out-of-corerender
ing andmanagementf largetexturedlandscapesrhetechniquecalledBatched
Dynamic Adaptive Meshes(BDAM), is basedon a pairedtree structure:a tiled
guadtreefor texture dataand a pair of bintreesof small triangularpatchesfor
the geometry Thesesmall patchesare TINs that are constructedand optimized
off-line with high quality simpli cation and tristripping algorithms.Hierarchi-
cal view frustumculling andview-dependendertexture/geometrye nementis
performedat eachframewith a statelesdraversalalgorithmthatrendersa con-
tinuousadaptve terrain surfaceby assemblingout of core data. Thanksto the
batchedCPU/GPUcommunicatiormodel,the proposedechniqués not proces-
sor intensive andfully harnesseghe power of currentgraphicshardware. This
papersummarizeshe methodanddiscusseshe resultsobtainedin avirtual y-
throughover atextureddigital landscapeerived from aerialimaging.

1 Intr oduction

Virtual ervironmenttechnologyhasbeendevelopingover a long period,and offering
presencesimulationto usersasan interfacemetaphorto a synthesizedvorld hasbe-
cometheresearcltagendéor a growing communityof researcherandindustries.The
motivation for sucha researctdirectionis twofold. From an evolutionaryperspectie,
virtual reality is seenasa way to overcomelimitations of standarchuman-computer
interfaces;from a revolutionary perspectie, virtual reality technologyopensthe door
to new typesof applicationghatexploit theadditionalpossibilitiesofferedby presence
simulation.

Oursensef physicalrealityis aconstructiorderivedfrom thesymbolic,geometric,
anddynamicinformationdirectly presentedo our sensesSensorysimulationis thus
at the heartof virtual reality technologyand, sincevision is generallyconsideredhe
mostdominantsensethe developmentof ef cient methodgor generatinghigh quality
visualrepresentationsf simulatedervironmentsis of primaryimportance.

Real-time3D exploration of digital elevation models(DEM), which are comput-
erizedrepresentationsf the Earth’s relief, is now one of the mostimportantfeatures



Fig. 1. Flying over reconstructedterrains at different scales Left: Global reconstructiorof
Mars.Right: City scaleexploration(Nice, France)texturedterrainandsameview with wireframe
shaving adaptve renderingiessellation.

in a numberof practicalapplicationsthatrangefrom scienti ¢ simulators,to gaming
systemsto virtual storytellingapplications.

Renderindarge-scaléighresolutionterrainswith high visualandtemporal delity
onagraphicsPC platformis, however, a very challengingtask,sinceit is necessaryo
meetthefollowing requirement®n therenderingsubsystem:

— high visual and temporal delity : at least30 framesper secondwith about1M
pixels/framewith colorde ned at 16 to 24 bits perpixels;

— large scale high resolution terrains: texture mappedelevation data (DTM or
DEM/DSM). Typical currentdatabasesitesare representedby elevation grids of
about8Kx8K to 40Kx40K (this meanaupto billions of verticespermodel).Color
resolutionis generallysimilar or 2 to 4 timeslarger;

— graphicsPC platform: atthetime of thiswriting, thismeansaoneor two-processor
machinewith 32 bit architecturelargelocal disk,1GHzor morePentiumclasspro-
cessor DDR memory and good quality commoditygraphicsboard(AGP4X/8X,
theoreticalpeakrenderingspeedin the order of tensor hundredsof millions of
verticespersecond).

Theaboverequirementindicatethatscenecompleity is muchlargerthatwhatcan
be handledby bruteforce methods Sincethereis no upperboundon the compleity
of a scenevisible from a speci ¢ viewpoint, occlusionandview frustumculling tech-
niguesare not sufcient alonefor meetingthe performanceequirementslictatedby
thehumanperceptuasystem Achieving this goalrequiregheability to traderendering
quality with speedldeally, this time/quality con ict shouldbe handledwith adaptve
techniquesto copewith the wide rangeof viewing conditionswhile avoiding worst
caseassumptions.

Currentdynamicmultiresolutionalgorithmsare,howvever, very processointensie,
andfail to provide adequatgerformanceor large datasetsIn particular multireso-
lution renderingtechniquesvere designedor the previous generatiormachinesand



are generallytoo processotintensie. The potentialof currentGPUsis far from be-
ing fully exploited, and,on currentplatforms,performances directly relatedto CPU
processingpower, which grows at a muchslower ratethan GPU's one. Currentstate-
of-the-arttechniquesbasedon hierarchicaltechniquege.g.,[4]) useonly about10%
to 20% of the available graphicspower for large datasetsand do not offer ef cient
meango presere sharpfeaturesMoreover, in mostapplicationghat needinteractve
terrainvisualization,managingheterrainmultiresolutionstructureis notthe only task
that must be accomplishedy the system:dynamicssimulation,Al of otheragents,
databaseueries,andotherjobs have to be carriedout in the sametime. For this rea-
son,using currentmultiresolutionsolutions,the size of the terrainrepresentatiothat
canbeconstructed/updateahdrenderedor eachframeis severelylimited by the CPU
processingower andby far smallerthanthe GPU capabilities.

We recentlyintroduceda technique,namedBatchedDynamic Adaptive Meshes
(BDAM), thatis basedon theideato move the grain of the multiresolutionmodelsup
from trianglesto small contiguousportionsof meshin orderto alleviate the process-
ing load andto betterexploit currentgraphicshardware. The techniqueis basedon a
pairedtree structure:a tiled quadtreefor texture dataanda pair of bintreesof small
triangularpatchedor the geometry Thesesmall patchesare TINs thatareconstructed
andoptimizedoff-line with high quality simpli cation andtristripping algorithms.A
hierarchicalview frustumculling andview-dependenderiexture/geometrye nement
can be performed,at eachframe, with a statelesgraversalalgorithm that rendersa
continuousadaptve terrainsurfaceby assemblinghesesmall patchesAn out-of-core
techniquehasbeendesignedandtestedfor constructingBDAMs usinga generichigh
quality simpli cation.

Thanksto the batchedCPU/GPUcommunicatiormodel,the proposedechniques
notprocessomtensve andfully harnessethepower of currentgraphicshardware.The
remaindeiof this papersummarizeshe methodanddiscusseshe resultsobtainedn a
virtual ythrough over atextureddigital terrainmodelof the city of Nice, France.

2 Methodsand tools

Mostof currentmultiresolutionalgorithmsaredesignedo usethetriangleasthesmall-
est primitive entity. The main idea behindour approchis to adopta more comple
primitive: small surface patchescomposef a batchof a few hundredsof triangles.
Thebene tsof thisapproacharethatthe pertriangleworkloadto extracta multiresolu-
tion modelis highly reducedandthe smallpatchescanbe preprocessedndoptimized
off-line for amoreefcient rendering.We summarizeherethe main conceptsehind
BDAM. Pleaseaeferto theoriginal paperdor furtherdetails[1, 2].

In BDAM, thesmallpatchegorm ahierarcly of right triangles(HRT) thatis coded
asa binary tree. This representatiorran be usedto easily extract a consistentset of
contiguougriangleswhich cover a particularregion with givenerrorthresholdsThese
smalltriangularpatchescanbe batthed (hencethe name)to the graphicshardwarein
the mostefcient way. Therefore,eachbintree node containsa small chunk (in the
rangeof 256..8K)of contiguouswell pacled tri-strippedtriangles.To ensurethe cor
rectmatchingbetweentriangularpatchesBDAM exploits the right triangle hierarcly



propertythateachtrianglecancorrectlyconnecto: trianglesof its samdevel; triangles
of the next coarselevel throughthe longestedge;andtrianglesof the next ner level
throughthe two shortesedges.

To guaranteghe correctconnectvity alongbordersof differentsimpli cation lev-
els,triangularpatchesarebuilt sothattheerroris distributedasshovnin gure 2: each
triangleof thebintreerepresenta smallmeshpatchwith errorey insideanderrorey.,
(the error correspondingo the next more re ned level in the bintree)along the two
shortestedgesin this way, eachmeshcomposedy a collectionof small patchesar
rangedasa correctbintreetriangulationstill generates globally correcttriangulation.
This simpleedgeerror propertyis exploited, asexplainedin the original paper[2], to
designa distributedout-of-corehigh quality simpli cation algorithmthatconcurrently
builds all patches.

In Fig. 2 we showv anexampleof thesepropertiesin theupperpartof the gure we
shawv thevariouslevelsof aHRT andeachtrianglerepresentaterrainpatchcomposed
by mary graphicsprimitives.Colorscorrespondo differenterrors;the blendingof the
colors inside eachtriangular patch correspondgo the smootherror variation inside
eachpatch.Whencomposinghesetriangularpatchesisingthe HRT consisteng rules,
the color variation is always smooth:the triangulationof adjacentpatchescorrectly
matches.

Fig. 2. An example of a BDAM : eachtriangle represents terrain patchcomposeddy mary
triangles.Colors correspondo differenterrors;the blendingof the color inside eachtriangle
correspondso the smootherrorvariationinsideeachpatch.

Texture andgeometrytrees. To ef ciently managdargetextures,the BDAM approach
partitionstheminto tiles beforerenderingandarrangeshemin a multiresolutionstruc-



tureasatiled texture quadtree Eachtexture quadtreeelementcorrespondso a pair of
adjacenggeometnybintreeelementsTherootsof thetreescover the entiredatasetand
both treesare maintainedoff-core using a pointerlessstructurethat is mappedat run
time to a virtual memoryaddressange.During rendering the two treesare processed
together Descendingpnelevel in the texture quadtreecorrespondso descendingwo
levelsin theassociategair of geometnybintreesThis correspondenceanbe exploited
in the preprocessingtepto associat®@bject-spaceepresentatiorrrorsto the quadtree
levels,andin the renderingstepto implementview-dependenmultiresolutiontexture
andgeometryextractionin a singletop-davn re nementstratey.

Errors and boundingvolumes. To easilymaintainthe triangulationcoherencd8DAM
exploits the conceptof nested/saturategtrors,introducedoy Pajarola[6],thatsupports
the extraction of a correctsetof triangularpatcheswith a simple statelesse nement
visit of the hierarcly [6, 4] thatstartsat the top-level of the texture andgeometrytrees
andrecursvely visitsthenodesuntil thescreerspaceextureerrorbecomescceptable.
The object-spacerrorsof the patchesare computeddirectly during the preprocessing
constructiorof theBDAM. Oncetheseerrorshave beencomputedahierarcly of errors
that respectestingconditionsis constructedottomup. Texture errorsare computed
from texture featuresand, similarly, are embeddedn a correspondindnierarcly. For
therenderingpurpose BDAM adoptsa treeof nestedvolumesthatis alsobuilt during
the preprocessingyith propertiesvery similar to thetwo errorrules:1) boundingvol-
ume of a patchincludeall childrenboundingvolumes;2) two patchesadjacentalong
hypotenusamustsharethe sameboundingvolumewhich enclosedoth. Thesebound-
ing volumesareusedto computescreerspacesrrorsandalsofor view frustumculling.

Large datasetpartitioning. In orderto handlethe sizeandaccurag problemsrelated
to large datasetnanagementye partitioninput datain a numberof squardiles, there-
fore managinga forestof BDAM hierarchiednsteadof a singletree. This effectively
decomposethe original dataseinto terraintiles. It shouldbe noted,however, thatthe
tiles are only usedto circumwent addressspaceand accurag limitations and do not
affect otherpartsof the system.n particular errorsandboundingvolumesare propa-
gatedto neighboringtiles throughthe commonedgesn orderto ensurecontinuity for
the entire datasetThe tiles have an associatedqu; v) parameterizationyhich is used
for texture coordinatesandto constructthe geometrysubdvision hierarcly. The num-
berandsizeof thetilesis arbitraryanddepend®nly on the sizeof the original dataset.
In particular we make surethatthefollowing constraintaremet: (a) asingleprecision
oating pointrepresentatiois accurateenoughfor representindocal coordinategi.e.
therearelessthan2?® texels/positionsalong eachcoordinateaxis); (b) the size of the
generatednultiresolutionstructureis within the datasize limitations imposedby the
operatingsystem(i.e. lessthanthelargestpossiblememorymappedsegment).

Top-downview-dependente nementand rendering For eachof the partitionsthat
composehe datasetwe mapits datastructureinto the processaddresspacefender
the structureusinga statelessop-davn re nementprocedurethendeletethe mapping
for the speci ed addresgange.The re nementprocedurestartsat the top level of the
texture and geometrytreesof a giventile andrecursvely visits their nodesuntil the



screenspacetexture error becomesacceptabler the visited nodeboundingsphereis
proved off theviewing frustum.While descendinghe texture quadtreecorresponding
displacedtriangle patchesn the two geometrybintreeareidenti ed andselectedor
processingOncethe texture is consideredietailedenough texture re nement stops.
At this point, the texture is boundandthe algorithmcontinuesby re ning the two ge-
ometrybintreesuntil thescreerspacegeometryerrorbecomescceptabler thevisited
nodeis culled out. Patchrenderingis doneby convertingthe cornerverticesto camera
coordinategndbindingthemalongwith associatethormalsandtexture coordinateto
the appropriateuniform parametersprior to binding varying vertex dataanddrawing
anindexed triangle strip. With this method,eachrequiredtexture is boundonly once,
andall the geometrydatacoveredby it is thendrawvn, avoiding unnecessargontext
switchesandminimizing hostto graphicsbandwidthrequirement.

Memorymanaement. Time-criticalrenderinglarge terraindatasetsequiresreal-time
managemendf hugeamountf data.Moving datafrom the storageunit to mainmem-
ory andto the graphicsboardis oftenthe major bottleneck We useboth a datalayout
aimedat optimizingmemorycoherencenda cachemanagedisinga LRU strategy for

cachinghemostrecentiexturesandpatcheslirectlyin graphicanemory Sincethedisk
is, by far, the slowestcomponenbf the systemwe have furtheroptimizedthe external
memorymanagementomponentvith meshcompressiorandspeculatre prefetching
(see[2] for detalils).

3 Results

An experimentalsoftware library and a terrain renderingapplicationsupportingthe
BDAM techniquehasbeenimplementedand testedon Linux and Win32 platforms.
Theresultswere collectedon a Linux PCwith dual Intel Xeon 2.4 Ghz,2GB RAM,
two SeagteST373453 70GB ULTRA SCSI320harddrives, AGP8x andNVIDIA
GeForceFx Ultra graphics.

The test casediscussedn this paperconcernsthe preprocessingnd interactve
exploration of a terraindatasebf the Nice metropolitanarea®. We useda 8K x 8K
elevation grid with 100 centimetehorizontalresolution.On this terrain,we mappeda
16K x 16K RGB texture with 50 centimeterresolution.

3.1 Preprocessing

Theinput datasetvastransformedo multiresolutionby our texture andgeometrypro-
cessingools. For textures,we usedatile sizeof 256x256pixels, which produceda 7
level quadtreeand compressedolorsusingthe DXT1 format. Texture preprocessing,
including error propagtion, took roughly two hoursand produceda structureoccu-
pying 132 MB on disk. Processingime is dominatedby texture compressionFor
geometry we generatedwo 17 levels bintrees,with leaf nodescontainingtriangular
patchesf 32x32vertex sideatfull resolutionandinterior nodeswith a constanwertex

! datasetcourtesyof ISTAR high resolutioncartographiadatabase.



countof 600. Geometrypreprocessinghatincludedoptimizedtristrip generatiorand
datacompressionhasbeenperformedroughlyin 3.5 hours,producinga multiresolu-
tion structurewhich occupies321 MB. Sizehasbeenreducedy compressioto about
60 % of the sizeof the original model.Thefull resolutionmodelis madeof 46M trian-
gles.For thesale of comparisonHoppes view dependenprogressie mesheg$3], that,
like BDAMSs, supportunconstrainedriangulationof terrains,needroughly 380MB of

RAM anduses190MB of disk spaceto build a multiresolutionmodelof a simpli ed

versionof 7.9M trianglesof the PugetSounddatase®. Preprocessingmesaresimilar
to BDAM times.By contrast,SOAR [5] geometrydatastructure which is basedon a
hierarcly of right triangles takesroughly 3.4 GB? on disk for the processedlataset,
but is muchfasterto computesincethe subdvision structureis dataindependent.

3.2 View-dependentRe nement

Fig. 3. Performance Evaluation.Renderingratesper framewith andwithout dataprefetching.
Note how the prefetchversionpresent& smoothetbehaiour.

2The dataset at various resolution is freely available from
http:/lwww.cc.gatech.edu/projects/large _models/ps.html|
3The version of SQAR used in this comparison is v1.11, available from

http:/lwww.cc.gatech.edu/ lindstro/software/soar/



Fig. 4. Complexity evaluation.Rendereccompleity perframe.

We evaluatedthe performanceof the BDAM techniqueon a numberof ythrough
sequenced he guantitatve resultspresentedherewerecollectedduringa 100seconds
high speedy-o ver of the datasetwith a window size of 800x600pixels anda screen
toleranceof 1.0 pixel. The qualitative performanceof our view-dependente nement
is further illustratedin an accompaying vided*, that shaws the live recordingof the
analyzedythrough sequencéFig. 5).

Figure 3 illustratesthe renderingperformanceof the application.We wereableto
sustainan averagerenderingrate of roughly 60 millions of texturedtrianglesper sec-
ond, with peaksexceeding71 millions, which are closeto the peakperformanceof
the renderingboard(Fig. 3 left). By comparisonpn the samemachine, SOAR peak
performancevasmeasureétroughly5.5millions of trianglespersecondeventhough
SQAR wasusingasmallersingleresolutiontextureof 2Kx2K texels.Theincreaseger
formanceof the BDAM approachs dueto the larger granularityof the structure that
amortizesstructuretraversal costsover mary graphicsprimitives, reducesAGP data
transferghroughon-boardnemorymanagemerandfully exploitsthepost-transform-
and-lightingcachewith optimizedindexedtrianglestrips.

Renderedscenegranularityis illustratedin gure 4 with the peakcompleity of
the renderedscenegeachingl.7M trianglesand9.6M texels per frame.Sincewe are

4 Thevideosareavailablefrom hup:mww.crsa.ivicimutimediar



(a) Framel800 (b) Frame2800

(c) Framel800wireframe (d) Frame2800wireframe

Fig.5. Selectedythr oughframes. Screerspaceerrortolerancesetto 3.0 pixels.

ableto 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 the needto resortto costlygeomorphindgeaturesMoreover,
sinceTINs areusedasbasicbuilding blocks,thetriangulationcanmoreeasilyadaptto
high frequeng variationsof theterrain,suchashousewalls, thantechniquedasedn
regularsubdvision meshes.

4 Conclusions

We have presentedhn ef cient techniquefor out-of-coremanagemenandinteractve
renderingof large scaletexturedterrainsurfaces.The mainideabehindthe methodis
to move the grain of the multiresolutionmodelsup from trianglesto small contiguous
portionsof meshin orderto alleviate the processingoad andto betterexploit current
graphicshardware.Theresultsdemonstrat¢hat, thanksto the batchechost-to-graphics



communicatiormodel, performancas limited by graphicsprocessospeed.Thetech-
niqueis thuswell suitedfor arangeof interactve applicationsjncludingvirtual story-
telling systemgequiringtheinteractve renderingof massie outdoorsets.
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