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ABSTRACT
We presenta LOD renderingtechniquefor large,texturedterrain,which is well-suitedfor recentGPUs.In a pre-
process,we tile thedomain,andwe computefor eachtile a discretesetof LODs usinga nestedmeshhierarchy.
This hierarchy canbe encodedprogressively. At run time, continuousLODs cansimply be generatedby inter-
polationof per-vertex heightvalueson theGPU.Any meshre-triangulationat run-timeis avoided. Becausethe
numberof trianglesin themeshhierarchy is substantiallydecimatedandby progressive transmissionof vertices,
ourapproachsigni�cantly reducesbandwidthrequirements.Duringa typical �y-o verwecanguaranteeextremely
smallpixel errorsat veryhigh framerates.
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1. INTRODUCTION
Despitetheadvancesin CPUandGPUtechnology, for
the largestavailable terrain datasetsrenderingtech-
niquesstill cannotrun at acceptableratesand qual-
ity. As processing,memory, andbandwidthcapabil-
ities continueto increase,so doesthe resolutionof
scannedlandscapesandrecentdisplaytechnology. To-
day, satelliterangescanscomprisedof over a billion
of samplesareavailable,makingeventhehandlingof
suchdatasetsdif�cult to performdueto memorycon-
straints.In addition,high resolutiondisplaysof about
10 Mpixels [IBM ] demanda substantialincreasein
thenumberof primitivesto betransferredto andpro-
cessedontheGPU.Therequirementsimposedby cur-
rentandfuturedataacquisitionanddisplaytechnology
make real-timevisualizationsdif�cult to perform on
even the mostpowerful workstations.Therefore,the
needfor a terrain renderingsystemthat comprehen-
sively addressestheaforementionedissuesis clear.
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2. RELATED WORK
From a high-level view, previous approachesfor ter-
rain renderingcanbe classi�ed into the threefollow-
ing categories.

View-dependentre�nement
View-dependentre�nementmethodsconstructa con-
tinuousLOD triangulationon the CPU with respect
to a given world- and screen-spaceerror. Grosset
al. [GGS95] employ a waveletdecompositionto gen-
erateadaptive quadtreemeshesfor terraindata,com-
binedwith a lookup-tableto storean irregular trian-
gulation for eachof the possiblequadtreeleafs. Pa-
jarola [Paj98] introducedrestrictedquadtrees[HB87]
for terrain rendering. Duchaineauet al. [DWS+ 97]
usedtrianglebintreesto performthe remeshing.Tri-
angulatedirregular networks (TINs) where�rst pro-
posedby Peucker et al. [PFL78], andlaterautomated
by Fowler et al. [FL79]. Garlandet al. [GH95] em-
ployeda greedyinsertionstrategy to constructa TIN.
Progressivemeshes(PMs)weremodi�ed with respect
to thedemandsin terrainrenderingbyHoppe[Hop98].

To speedup the remeshingprocess,frame-to-frame
coherencecanbe exploited. Priority queuesthat can
be updatedincrementallyto guidethe remeshingare
onealternative [DWS+ 97]. A differentapproachup-
datesa quadtreedatastructureincrementallyto keep
track of vertex dependencies[LKR + 96]. Hoppepro-
posedamethodthatkeepsactivecutsto achieveanin-
crementalupdate[Hop98]. While the exploitation of
frame-to-framecoherenceusuallyresultsin a reason-



Figure 1: A 360� panoramaof the Alps (7K� 1K pixels),generatedwith our method in lessthan 4 seconds.
This time includesrendering,readingdata back fr om the GPU, and writing the �nal imageto the disk.

ablespeedup, for particularcameramovementssuch
asshoulderviews in an airplanesimulationa consid-
erablelossin performancecanbe observed. Further-
more,frame-to-framecoherentapproachesareusually
harderto implementdue to LOD constraints. This
wasrecognizedby Lindstrometal. [LP01, LP02], who
proposeda simpleto implement,yet ef�cient method
to rebuild themeshfrom scratchin every frame.They
improve theerrormetricproposedby Blow [Blo00].

If theterraingetsexcessively large,many of themen-
tionedalgorithmschooseto partition the terrain into
squareblocks or chunksof data,which can then be
processedindependentlyfrom eachother [KLR + 95,
SN95]. Theadvantageis thatthesechunkscanalsobe
pagedindependently. However, carehasto betakento
avoid invalid vertices(so-calledT-vertices)at chunk
boundaries.Oneelegant approachto avoid thesein-
valid verticesin a quadtreewas taken by Röttger et
al. [RHSS98]. By restrictingtheerrormetric,they au-
tomaticallyguaranteeda valid mesh.However, a gen-
eralizationto chunkedmeshesis not trivial andwould
alsolimit theerrormetricto aManhattandistance.

Morerecently, Ulrich [Ulr00] suggestedtouserestrict-
ed quadtreemesheswithout boundaryconstraintsfor
the chunks,and to �ll possiblecracksbetweenthem
using �anges or skirts – �ns of geometryalong the
boundariespointingdownwardsfromtheterrain.How-
ever, ensuringcorrectanisotropictexture �ltering at
theseboundariesis nottrivial dueto thedifferentview-
ing angle.A moregeneralapproachis to stitchbound-
ariestogetherusingso-calledzero-areatriangles(also
called ribbons in [Ulr00]), which guaranteescorrect
�ltering.

Pomeranz[Pom00] suggestedtouseclustersof ROAM
triangulations(RUSTiC). To ensurevalidity, clusters
areenforcedto upholdan edgeconstraint:on shared
edgesthe clustersmust shareverticesexactly. This
approachis alsooneof the�rst terrainrenderingalgo-
rithmsexploitinggraphicshardware.RUSTiC achieves
improvedperformanceoverROAM by renderingclus-
ters as triangle strips. Hwa et al. [HDJ04] used4-
8 meshesthat inducea diamond-basedhierarchy on
both texturesand the height �eld. Combinedwith a
space-�lling curve memorylayout this allows for ef-
�cient out-of-corerenderingof the terrain, utilizing

GPU memoryasa cache.However, sinceeachother
texturelevel is rotatedby 45� , acostlyupdateof vertex
texturecoordinateshasto beperformed.

Pre-computedgeometrybatches
BasedontheobservationthatonrecentGPUsthetime
that is saved by renderinglesstrianglesdueto adap-
tive re-triangulationis entirely amortizedby the time
neededto performthere-triangulation,severalauthors
suggestedto pre-triangulatetheinput dataasmuchas
possible.Cignoni et al. [CGG+ 03a] suggestedto re-
placetrianglesin theremeshingprocessby a batch, a
new primitive thatapproximatestheterrainover a tri-
angularpartof theinputdomainusingapre-computed
TIN. StrippingtheseTINsprior to renderingmadethem
highly ef�cient. Batcheswere kept in a bintree,for
which usualrun-timere-meshingis performed,hence
the nameof the method:BatchedDynamicAdaptive
Meshes(BDAM).

In [CGG+ 03b], the authorsimproved on their previ-
ouswork to successfullyrenderplanet-sizemeshesat
interactive rates. Their systemdoesnot supportge-
omorphs,but a screen-spaceerror of onepixel for a
640� 480view port canusuallybeguaranteed.How-
ever, this could becomea problemsoon,asdisplays
areaboutto reach10Mpixels.Consequently, consider-
ablymoretriangleswouldhave to berenderedto meet
agivenscreen-spaceerror.

Non-adaptive triangulation
Only very recently, Losassoetal. [LH04] took full ad-
vantageof thespeedof currentconsumerclassGPUs.
They abandonedany view-dependentremeshingin fa-
vor of so-calledgeometryclipmaps,a triangulation
that is approximatelyscreen-spaceuniform. Speci�-
cally they usedconcentric,uniformly tessellated,square
patchesaroundthe cameradroppingexponentiallyin
resolutionwith distance.During run time, geometry
is fetchedfrom a toroidalbuffer residingon theGPU.
Theupdateof thisbuffer is doneby theCPU.

Sincetheheigh�eld rasterdatais useddirectly, it can
be compressedvery ef�ciently . By applyinga com-
pressionschemederived from Microsoft's WMV for-
mat [Mal00], compressionratios of up to 100:1 can
be achieved. Becausedecodingthe compresseddata
putsa considerableamountof work on the CPU, the



decodercaneventuallyfall behindfastercameramo-
tions, resulting in a blurry representationof the ter-
rain. Despitethefact thatgeomorphsarenot an issue
for thissystem,boththescreen-spaceandworld-space
errorsare hard to control, implying an rms of about
1.5m.Optimalgeometry�ltering cannotbeperformed
dueto thescreen-spacealignedtopology. Also, since
height�elds compressalot betterthanregularimages,
theapplicationof phototextureswill mostlikely result
in amajorincreasein memoryrequirements.Still, ex-
tremelyhigh frameratesfor virtually arbitrarily large
datasetscanbeachievedusingthismethod.

3. CONTRIB UTIONS
In this work, we combinethe advantagesof contin-
uousLOD semi-regular mesheswith the advantages
of a discreteLOD hierarchy, thus avoiding any re-
triangulationat run-time. In contrastto BDAM we
also avoid expensive irregular triangulations,greatly
improving pre-processingfrom severalhoursto some
minutes. The proposedmethodgenerateshigh qual-
ity renderingsby supportinga continuousLOD repre-
sentationincludinggeomorphsandphoto-texturing. In
contrastto previousmethods,theterrainis guaranteed
to bere�ned within a user-de�ned screen-andworld-
spaceerror. Aliasing is avoided by employing opti-
mal geometry�ltering, at the bestpossiblegeomet-
ric resolution.At run-time,discretesetsof decimated
meshstructuresare transmittedprogressively, result-
ing in high bandwidthef�ciency. To obtaina contin-
uousLOD representations,thesesetsareinterpolated
andrenderedusingfunctionalityon recentGPUs.

Algorithm overview
The domain is �rst partitionedinto a set of equally
sizedtiles. For eachtile, a discreteset of LODs is
computedby meansof a nestedmeshhierarchy. The
constructionof sucha hierarchy is describedin sec-
tion 4.Thishierarchy hasseveralbene�cialproperties:
Firstly, for eachlevel of the meshthe terrainis deci-
matedaccordingto a given world-spaceerror, reduc-
ing thetotalamountof triangles.Secondly, to compute
acontinuousLOD representation,verticesat �ner res-
olutionsonly have to be morphedin heightonto the
next coarserlevel. Third, as the hierarchy is nested,
each�ner level is representedby all verticesatcoarser
levels plus additionalverticesrequiredto resolve the
currentlevel properly. Theseadditionalverticescan
betransmittedprogressively.

Theterrainhierarchy, includingper-vertex morphval-
ues,is thenpreparedfor renderingon the GPU. The
particulardatastructureusedis discussedin-depthin
section5.For textures,theS3TCstandardisemployed,
which enableshigh-resolutionmipmapsto be used.
All datais storedin vertex buffersand2D texturesthat

are handledby a memorymanagerto minimize bus
transfer. This issueis subjectof section6.

4. NESTED MESH HIERARCHY
Themostcommonway to avoid samplingartifactsin
terrainrenderingis by meansof aLOD representation.
Sucha hierarchy caneitherbe representedimplicitly
by adaptive re-triangulationat run time, or it canbe
explicitly pre-computedfor discreteLOD levels.

Figure 2: Levelsof the nestedmeshhierarchy.

A givenheight�eld H : N2 7! Z canbeapproximated
by atriangularmeshparameterizedovera2D domain.
The surfaceof this meshde�nes a reconstructionH0

of H. The approximationquality of the meshis then
measuredby a point-wiseerrormetricd : R� R 7! R,
extendedto theentiredomain.In thecurrentwork, we
usethecanonicalextensionof theLmax errormetricto
measuretheerrorbetweenH andH0:

d(H;H0) := maxx;y d(H(x;y);H0(x;y))

By generatingapproximationsof theheight�eld with
decreasinglylower approximationerror, a meshhier-
archy that representsthe original terrainat ever �ner
scalesis constructed.Thehierarchy employed in this
work is nestedwith respectto the triangulation: For
eachtriangleon level i with canonicparameterization
Wi thereis atriangleonthenext coarserlevel i � 1 with
parameterizationWi� 1 suchthatWi � Wi� 1. Thatis, if
bothtrianglesareprojectedontothedomain,thetrian-
gleatlevel i is containedentirelyin thetriangleatlevel
i + 1. Sucha hierarchy is automaticallygeneratedby
restrictedquadtree[HB87, Paj98], bintree[DWS+ 97]
or red-greenre�nement[BSW83].

To generatea discretesetof nestedhierarchy levels,
the terrainis partitionedinto equaltiles of size2572,
with anoverlapof onesamplein eitherdirection.Then,
an error vector (e0;e1; : : : ;en� 1) of exponentiallyde-
creasingentriesei := 2n� 1� i is built, wheretheei are



usually measuredin metersor feet. The particular
choiceis motivatedin section5. Startingwith e0, ahi-
erarchy f M ign� 1

i= 0 of restrictedquadtreemeshessatisfy-
ing Vi � Vi+ 1 andei+ 1 � d(H0

i ;H) � ei is constructed.
HereVi andVi+ 1 arethe setsof verticesat hierarchy
levels i andi + 1. More precisely, in a top-down ap-
proachwe constructeachM i+ 1 by re�ning M i , and
westoptheconstructionif d(H0

i+ 1;H) � ei+ 1.

To generatethenext �ner hierarchy level from thecur-
rentmesh,recursive quadtreere�nementis performed
until oneof thefollowing two conditionsis met.

1. themaximumdeviation betweenthenew mesh
andtheoriginalterrainis lessthantheerrorthres-
holdde�ned for thelevel.

2. the spacingbetweenverticesof the meshbe-
comessmallerthanthe error thresholdde�ned
for thelevel.

The secondcriterion is enforcedby prohibiting the
quadtreefrombeingre�ned below acertainscale.This
weakenstherequirementei+ 1 � d(H0

i ;H) � ei , but ge-
nerallyd(H0

i ;H) is still lessthanei . In thiswaywecan
avoid aliasingartifactsdueto subsamplingalongthe
domainaxes.In asecondstep(following thePush/Pull
paradigm),geometrychangesarepropagatedfrom�ne
to coarseandsub-quadtreesarere�ned whereneeded
to avoid T-vertices.

Figure3: Quadtreemeshand P-order traversal.

Thequadtreeis thendecomposedinto recursive trian-
gle fans[RHSS98] or a single triangle strip [LP02].
Usingtrianglestripsis possiblein our framework, but
generatingthemincreasesthetime spendfor pre-pro-
cessingconsiderably. Trianglefans,ontheotherhand,
areeasyto implement,reducemeshingtime andare
similarly cachefriendly asstrips. However, generat-
ing fansresultsin a lot of separateprimitives.In order
to rendertheseprimitivesef�ciently , primitive restarts
areemployed. Primitive restartsareavailableon re-
centnVidia GPUsandareexposedin OpenGLby the
GL primitive restartNV extension. Whenrendering
indexedvertices,theusermayde�ne a specialindex.
Wheneverthisindex is encountered,novertex is fetch-
edbut insteada new primitive is started.This allows
for a list of fansto be renderedef�ciently by using
only a single draw call, reducingstatechangesand

setupoverhead.To generatefansthe quadtreeis tra-
versedrecursively in depth-�rst order. As a result,we
visit eachfan in the orderof a P-orderspace-�lling
curve (see�gure 3), which wassuccessfullyusedin
[LP02] to linearizememorylayouts.Thistraversalhas
the nice propertythat fansgeneratedafter eachother
have a very high probability to be adjacent(in a full
quadtreeall consecutive fansareadjacent),in which
casethe newer onecanre-usetwo or even threever-
ticesof thepreviousone.Sinceeachfanhasatmost9
vertices,thelastfanwill alwaysbecachedentirelyon
currentGPUs.

Figure 4: Bestand worst casesfor vertex cache
re-usalof fans. The gray fan can re-usethe red
verticesof the white fan, resulting in a cache

coherenceof at least25%

Thus,recursive fanscanre-usebetween2=8 and3=6
of their vertices(see�gure 4).

To obtaina continuousLOD representation,we inter-
polatebetweenthediscreteLODs M i . This is known
as Geomorphing[FEKR90]. In a nestedhierarchy,
verticesretaintheir positionwithin thedomainduring
morphing. Due to the propertyVi � Vi+ 1 eachvertex
at level i thusstoresoneheightvalue for level i and
eachcoarserlevel k < i. To rendera LOD between
two consecutive levels, the trianglemeshat the �ner
level is renderedandverticesaremorphedaccordingly.
Although higherorder interpolationis possible,only
linear interpolationis consideredin this work for ef�-
ciency reasons.This is describedlaterin moredetail.

5. RENDERING FRAMEW ORK
As a bene�t of the nestedmeshhierarchy, tiles can
be uploadedprogressively to the GPU. On the GPU,
anappropriatedatastructureaccommodatesreal-time
renderingat high quality, including photo-texturing.
Optionally, if high resolutionview ports require the
screenspaceerrortobeincreased,geomorphingis per-
formedon the GPU.At the sametime, the CPU per-
forms view frustum culling and level of detail com-
putationson a per-tile basis.Sinceall GPUtasksare
programmedin a high-level shadinglanguage,theen-
tire framework is extendableandcaneasilybetailored
to �t customneeds.

GPU data structur es
As soonasaparticulartile hasto berendered,avertex
buffer largeenoughto storeall sharedverticesof that



Figure 5: The GPU data structur esusedto enable
progressive transmissionof verticesand indices.

tile is created.In this buffer, verticesareorganizedin
blocksaccordingto their respective hierarchy levels.
(see�gure 5). Theassociatedtopologyis storedin one
separateelementarrayfor eachlevel. Theith element
arraycontainsonly indicesinto the �rst i + 1 blocks
of the vertices. Sucha sharedvertex representation
hastwo major advantages.Firstly, it reducesstorage
requirementscomparedto non-sharedrepresentations.
This is of specialimportancewhenadditionalvertex
attributes,suchasgeomorphshave to bestored.Sec-
ondly, it enablesprogressive transmissionby re-using
verticesof coarserlevels.

Becausethetiles usedin this work alwayshave a res-
olution of 2572, relative domaincoordinatesare en-
codedin 9 bits. Theheightvaluecanbeconsiderably
larger. It is thereforeencodedusing14 bits. All three
valuesarestoredin two 16bit vertex attributecompo-
nents. They aredecodedin the vertex shaderduring
rendering.

If geomorphsareenabled,additionalstoragerequire-
mentsarise. The methodis still memoryef�cient, as
onlyoneadditionalheightvaluepercoarserlevelneeds
to be stored. Sinceusuallyonly small offsetsto the
original heightareneeded,8 bits per valuearesuf�-
cient. This allows usto morphverticeswithin a range
of + 127: : : � 128units.

Run time processing
For eachtile wekeepanaxis-alignedboundingbox to
accommodateview frustumculling on the CPU. For
everyframe,visibletilesaredepth-sortedtoexploit the
early-depthtest,if available,andto reduceoverdraw.
A memorymanager, whichisdescribedbelow, ensures
thatall visible tiles canberenderedby pagingin data
not yet residenton theGPU.

Thenfor eachvisible tile theappropriateLOD is com-
puted.Theindex buffer aswell astheverticesrequired
to rendertherespectivelevel aresentto theGPU,if not
alreadyresident.If atile hasbeenrenderedpreviously,

at leasta subsetof verticeshasalreadybeensentto
theGPU.In this case,only theremainingverticesre-
quiredto renderthe currentlevel aretransmittedand
written to therespective vertex buffer on theGPU.In
this way, even thoughan array large enoughto keep
all verticeshasto beallocatedon theGPU,bandwidth
requirementsat run timearesubstantiallyreduced.

To avoid cracksat tile boundaries,neighboringtiles
are stitchedtogetherusing zero-areatriangles. For
eachtile andeachlevel in thehierarchy, thesetof bor-
der verticesalong with all attributesis duplicatedin
systemmemory. Whenever two neighboringtiles are
visible, the necessarytrianglesto �ll out T-junctions
aregeneratedontheCPUandarethenrendered.Since
this processusesexact duplicatesof the verticeson
the GPU andthe sameGPU programsareemployed,
cracksareavoidedwithoutnumericalprecisionissues.

Level of detail
Determiningthe appropriateLOD for eachtile and
vertex requirestheprojectionof theuser-de�ned pixel
errorto objectspace.Previousapproachesrely oncon-
servative estimatesof this errorandareoftenequiva-
lent to a linearapproximationof theprojection.Since
suchestimatesusuallyover-estimatetheerror, evenfor
pixel errorslarger thanonealiasingmight still occur.
Wecomputeamorepreciseerrormetricbydirectlyus-
ing the currentprojectionmatrix, which mapshomo-
geneousobjectcoordinatesv= (v1;v2;v3;1) to screen-
spacecoordinatess= (s1;s2;s3). Here,s3 corresponds
to thedepthvalue. Theappropriatescaleof detailsr
canthenbecomputedin asimilarwayastheappropri-
atemipmapscalefor texturing [Wil83]:

r :=

vu
u
u
t å 3

i= 1

�
¶vi
¶s1

ds1 + ¶vi
¶s2

ds2

� 2

ds2
1 + ds2

2

To computer , s is expressedin parametricform s(v),
alreadyincluding perspective division andscalingof
the canonicfrustumto pixel coordinates.The Jacobi
matrix at v consistsof thepartialderivativesJi j (v) :=
¶si=¶v j . The inversetransposeof J(v) containsex-
actlythepartialderivativesrequiredtocomputer . The
differentialsdsi arerequiredto mapfrom unitsof the
height�eld (eg.,feet or meters)to pixels. Computing
r yieldstheoptimumscalecorrespondingto ascreen-
spaceerror t equal to 1 pixel. If the userselectsa
different screen-spaceerror, the frustum is scaledto
pixel coordinatesdividedby t insteadof usingtheen-
tire resolution. Then, r is the object spacedistance
thatprojectsontot pixels.

On theCPU,r j is computedpertile for eachcorner j
of its boundingbox. Becauseentriesof theerrorvec-
tor aregivenby ei = 2n� 1� i units, theoptimumLOD
valueis computedby l j := l max� blog2(r j )c, where



l max = n � 1 is the numberof available levels. The
meshM min j f l j g is thenselectedfor renderingthetile.

Geomorphing
As mentionedbefore,highresolutiondisplayscoupled
with a low screen-spaceerrorcanrequiremostof the
terrainto berenderedat thehighestresolution.In or-
der to maintainstableandinteractive framerates,the
tolerablescreen-spaceerror hasto be increased.To
preventpoppingartifacts,geomorphsareapplied.For
every vertex v in a tile, the l j at box cornersaretri-
linearlyinterpolatedontheGPUto getanapproximate
vertex LOD l (v). Geomorphing[FEKR90] now con-
sistsof linearly interpolatingheightvaluesHbl (v)c and
Hbl (v)c+ 1,usingthefractionalpartl (v) � bl (v)c asin-
terpolationweight.

Finding the correctheight valueson the GPU could
be implementedin a straight forward mannerusing
conditionals. As conditionalsare costly on current
GPUs,weavoid themby implementingadifferentap-
proachbasedon clampedforwarddifferences.In this
approach,we treatheightvaluesf Hign� 1

i= 0 asthe con-
trol pointsof a piecewise linear interpolantin l . To

Figure 6: Basis-functionsh 0 for geomorphs.

obtainH(l ), we computeshiftedbasis-functionsthat
can be reducedusing simple dot productarithmetic.
Firstly, wecomputeavector-valuedfunction
h (l ) := clamp

�
(l ; l ; l ; l ; : : :)t � (0;1;2;3; : : :)t ;0;1

�

Eachcomponenti of h containsalinearrampbetween
l = i andl = i + 1. For l � i it is 0, andfor l � i + 1
it is 1. Then,thedesiredbasisfunctionis obtainedby
computingforwarddifferencesonh :

h 0
i (l ) :=

�
1� h0(l ) if i=0
hi� 1(l ) � hi(l ) else

Finally, theh 0
i containthewell-known basisfunctions

for linearinterpolation(see�gure 6). Interpolationcan
now bewrittenasthedotproductH(l ) = å n� 1

i= 0 h 0
i (l ) �

Hi . This methodis highly ef�cient on the GPU and
in our case(n = 9) outperformedthestraight-forward
implementationusingconditionalsby a factorof 2.5.

Texturing
By default,apre-lit 2D textureis mappedontotheter-
rain. This canbe a phototexture or, asfor the Puget
Sound,a synthesized2D texture. During pre-process-
ing, thetextureisdyadicallydownsampledusingaLanc-
zos�lter with radius2 toobtainasingle,largemipmap.

Now tilesarecutoutof themipmapto preciselymatch
thetiles of our meshhierarchy. To save GPUmemory
and bandwidth,eachtexture tile is then compressed
usingtheS3compressionscheme.Morespeci�c, tiles
areencodedusingtheDXT1 format,whichyieldsgood
resultsfor mostphotographicor synthetictexturesat
a compressionrateof 6:1. We storethe 16K2 Puget
Soundtexture including9 (11) mipmaplevels for the
16K2 (4K2) geometryin about170MB.

If apre-lit textureis notavailable,it is computedfrom
theoriginalterrainin apre-process.Alternatively, nor-
mals could be storedas additionalvertex attributes.
However, besidestheadditionalmemoryoverheadthat
is introduced(at leasttwo 8 bit valuesto cover theup-
perhemisphere),lighting artifactsdueto non-continu-
ous changesof normalsduring LOD transitionscan
only beresolvedby storingonenormalpervertex and
level. On theotherhand,a DXT1 pre-lit texturewith
4 texelspervertex hasthesamestoragerequirements
asa singleper-vertex normal,but it avoids any light-
ing artifactsbecausetexture �ltering is performedaf-
ter lighting.

6. MEMOR Y MAN AGEMENT
After building the discreteLOD hierarchy, for high-
resolutionterrainsincludingmorphvaluesandtextures,
the data is far too large to be storedin local video
memoryof recentGPUs.To avoid frequentpagingof
texturesandvertex buffers, and to optimizeprogres-
siveupdateswehaveimplementedamemorymanager.
At initialization time, the memorymanagerallocates
chunksof exponentiallygrowing sizesin GPU mem-
ory, to prevent external fragmentation. Sizesrange
from 32KB to a maximumsizethatallows thelargest
vertex buffer to bestoredin sucha chunk. Addition-
ally anumberof textureswith a�x edresolutionisallo-
cated.Thememorymanagerstoresmeta-datafor each
memoryblock, i.e. size,a time stamp,andthe num-
ber of levels alreadysentto the GPU.Pagingis now
implementedasamixturebetweenalastrecentlyused
(LRU) anda tightest�t (TF) strategy.

Whenever a tile A is to be rendered,the systemde-
terminesif there is alreadya chunk associatedwith
A. If not, andalsono appropriatechunkis available,
thetile B with theearliesttime stamplargeenoughto
completelystoreA is determined.B is thenmarked
asnon-resident,andthechunkis overwrittenwith the
dataof A. To ef�ciently determineB, wekeepaprior-
ity list for eachavailablesize.Thisallowsusto weight
theLRU strategy againstaTF criterion.Onceachunk
hasbeenassociatedwith A, all datarequiredto render
the currentlevel is sentto the GPU. If therealready
wasa chunkassociatedwith A, thememorymanager
determineswhetherthe chunkcontainsall necessary
data.If not,theCPUsendsall missingverticesandthe



Figure 7: Testdata setsin this paper. From left to right: Puget16K� 16K, Paris, Grand Canyon, and Alps.
Observe the high degreeof geometricdetailspresenteven in regionsfurther away fr om the viewer.

DataSet Resolution Texture originalSize Storage fps t = 1 MD/sect = 1 fps t = 5
Puget4K 4K� 4K 16K� 16K 800MB 412MB 202 78.85 199
Puget16K 16K� 16K 16K� 16K 1.25GB 1.25GB 60 25.69 57
GrandCanyon 4K� 2K 8K� 4K 112MB 80MB 289 74.60 292
Paris 9.7K� 5.8K 19.5K� 11.7K 763MB 267MB 36 100.87 65
Alps 8.9K� 8.5K 8.9K� 8.5K 361MB 546MB 145 65.43 155

Table1: Timings and Results.Original sizeonly includesheight �eld and texture,without taking mipmaps
into account. t refersto the pixel error. For t = 1 geomorphs weredisabled,for t = 5 they wereenabled.

requiredindex buffer to the GPU. Sinceverticesare
sharedacrosslevels,this updateis usuallyvery cheap
comparedto theuploadof all vertices.Wheneveratile
is rendered,its timestampis updated.

The memorymanagersupportsuniform load on the
bus connectingthe CPU andthe GPU, thusavoiding
'paging hiccups': whena non-residenttile entersthe
view frustum,thereis usuallyanotheronethathasto
be released,the texture tile hasto be uploaded,and
an initial LOD hasto be sentto the GPU. However,
with high probability this initial LOD requiresonly a
few vertices.On the otherhand,if a tile wasalready
resident,performinganupdateonly requiresafraction
of theentiredatato besent.

Speculative prefetchesarealsosupported,if thereare
unusedmemorychunks.If thenumberof chunksneed-
edto renderthecurrentview fallsbelow acertainfrac-
tion of all allocatedchunks,the user's view is pre-
dicted. Whenever the usermoves, a list containing
the last viewing parametersis updated. By �tting a
splinethroughtheseparameters,new viewing param-
eterscanbeextrapolatedandtiles thatarepredictedto
becomevisible in thenearfuturecanbeprefetched,as
longasamaximumtime budgetis notexpired. In this
way, very smooth�y-o versat high frameratescanbe
achieved.

7. RESULTS
Ourresultsandtimingsaresummarizedin table1. All
timings weredoneon a P4 3.0GHzwith 2GB RAM
andGeForce6800GTwith 256MB.Themachinewas
equippedwith asinglestandard120GBIDE harddisk.
All datasetswererenderedto a 1024� 768view port.
Enabling8x full-screenanti-aliasingand4xanisotropic
texture supersampling,the framerate droppedabout
30%.Thetimingsshouldbefairly comparableto more

recentpublications.Thoughwehaveanewergraphics
card,we rendera considerablylarger view port com-
paredto many othersystems.

Pre-processingof thegeometryto a 9 level hierarchy
processesapproximately15M verticesperminuteand
is linearin theamountof vertices.Memoryconsump-
tion is constant,astilesareprocessedindependentlyof
eachother. Generatinga 16K� 16K texturehierarchy
including�ltering takesabout5 Minutes.

ThePuget4KandtheGrandCanyondatasetsareonly
mediumsized,andconsequentlyoursystemis neither
triangle nor memory limited. For the Paris dataset
with its 2.8MDperframe,webecometrianglelimited.
Notehowever thatthis is aworst-casescenario,asour
triangulationfaithfully reconstructedall thesteepsides
of thebuildings.A lot of thesetrianglesarebackfaces
thatareculledby OpenGL(but they arestill counted
since they passthe geometrystage). However, the
Parisdatasetis anexcellentbenchmarkfor theraw tri-
anglethroughputthatoursystemcanachieve.

ThePuget16Kdatasetontheotherhandis largeenough
to demonstratetheeffectsof thememorysystem.The
lowertrianglethroughputre�ects thatourpagingstrat-
egy doesnotcomefor free,but it still allowsfor highly
interactive �y-o vers

The Alps data set is a good mixture betweenthese
extremes. It containslots of �at terrainaroundMu-
nich anda considerableamountof very roughterrain
aroundtheAlps.

As our resultsshow, frame ratesfor highly triangu-
lateddatasets,suchasParis,canalsobeimprovedby
increasingthe pixel error andenablinggeomorphing.
For thesehighly triangulateddatasetswe alsohopeto
bene�t from continuouslyincreasingvertex processor
throughputon futuregraphicschips.



8. CONCLUSION & FUTURE WORK
We have presentedan ef�cient renderingsystemfor
largeandtexturedterraindatathatprovidesexcellent
quality and highly detailedviews. In particular, at
equalframeratesoursystemguaranteesasmallerpixel
errorthanpreviousapproaches.Weachievetheseprop-
ertiesby exploiting a specialdiscreteLOD hierarchy,
as well as processingand renderingfunctionality on
recentGPUs.

In the future, we will investigatededicatedcompres-
sionschemesthatareamenabletoGPUdecoding,such
asvectorquantization.Both, the possibility to com-
pressmeshhierarchiesaswell astexturewill becon-
sidered.As GPUsarebecomeincreasinglypowerful,
adaptive on-the-�y texture synthesiswill becomean
importantfeature.
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