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Figure 1: Two screen shots of an over ight of Fort Hunter Liggett, CA that illustrate the use of 4-8 texture hierarchies. On the left is the seamless
textured image produced by the system, while the right shows the outline of the texture tiles used in producing the image.

ABSTRACT

We addresghe texture level-of-detail problemfor extremelylarge
surfacessuchasterrainduringrealtime view-dependentendering.
A novel texture hierarcly is introducedbasedon 4-8 re nementof
rastettiles, in whichthetexturegridsin effectrotate45 degreesfor
eachlevel of re nement. This hierarcly providestwice as mary
levels of detail ascorventionalquadtree-stylee nementschemes
suchasmipmaps,andthus provides perpixel view-dependentl-
tering that is twice as closeto the ideal cutoff frequeng for an
averagepixel. Becauseof this more gradualchangein low-pass
ltering, anddueto the morepreciseemulationof the ideal cutoff
frequeng, we nd in practicethat the transitionsbetweentexture
levels of detail arenot perceptible. This allows renderingsystems
to avoid the complity and performancecostsof perpixel blend-
ing betweertexturelevelsof detail.

The4-8texturing schemas integratedinto a variantof the Real-
time Optimally Adapting Meshes(ROAM) algorithm for view-
dependentmultiresolution mesh generation. Improvementsto
ROAM includedhereare: the diamonddatastructureasa stream-
lined replacementor thetrianglebintreeelementsthe useof low-
pass- lteredgeometrypatchesn placeof individualtriangles inte-
grationof 4-8 textures,anda simpleout-of-coredataaccessnech-
anismfor textureandgeometrtiles.
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1 INTRODUCTION

Graphicshardware has becomeorders of magnitudefasterand
cheaperin recentyears,yet thereremainsa strong needto ren-
der textured geometryfrom databasesontainingfar more detail
than canbe displayedin realtime. A classicmotivating example
is terrainvisualization,in which photo-imagenandelevation data
are available on planetaryscales,resolvingto ten metersor bet-
ter on average with meteror sub-metedataavailablein somere-
gions(suchasthe one-metedatabasef Fort HunterLiggett, CA,
shavn in Figurel1). With new datacollectioninstrumentsaanddata
handlingcapabilities this wealth of informationis likely to grow
rapidly. The NASA MOLA data,for example,covers Mars at a
resolutionof 128elevationbinsperdegree totalingaroundonebil-
lion elevations[1]. Publicly available datafrom the USGScovers
the stateof Washingtonat 10 meterhorizontaland 10cm vertical
spacingtotaling 1.4 billion elevationvalues[19]. Dynamic,view-
dependenadaptation®f geometricneshesandtexturetile hierar
chiesarerequiredto provide fastandaccurateenderingf these
large-scalderraindatabases.

Sincehardware renderingrateshave grown to exceed200 mil-
lion trianglesper second this meansthat choosingtriangle adap-
tationsfor uniform screersizewill resultin roughly one-pixel tri-
anglesfor full-screendisplay at 100 frames-peisecondrendering
rates.At this pointit is nolongerdesirableto make trianglesnon-
uniform in screenspacedue to variationsin surface roughness,
sincethis will only leadto sub-pixel trianglesand artifacts. This
situationfor geometryis now in a similar regimeto that of texture
level-of-detailadaptationwhich seeksto make eachtexel project
to roughly one pixel in screenspace. Overall thenour goal is to
low-passlter the geometryandtexturessothattrianglesandtex-
elsprojectto abouta pixel.

While mary geometrichierarchieshave beendevisedfor large-
dataview-dependentidaptation the abore analysissuggestghat
uniform aspect-ratidrianglesaremore desirablefor attainingbet-
ter controlof geometricantialiasing.Also, betterlow-passltering
methodsareknown for regulargrids. Texture hierarchiesaaremore
constrainedhangeometrysincegraphicshardwareworks mostef-
fectively with rastertiles of modest,power-of-two sizes. For ef -
cieng of texture loading and packing,we avoid consideratiorof
texture atlasschemesn which a powver-of-two tile is lled with ir-



regularsub-rgionsthatareusedndependentlyThisleadsusto use
regular gridsfor ef ciency anduniformity of treatment.In theory
thereare only two regular tilings of the planethat allow confor
mantadaptve meshego beformedwithout special x-ups atlevel
of detailtransitions:the 4-8 meshesaandthe 4-6-12mesheg7, 8].
We chosethe 4-8 meshesshavn in Figure 2, sincethesematch
the constraintof texture hardwareandhave mary known desirable
propertied12, 6, 13].
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Figure 2: A 4-8 mesh illustrating different levels of resolution. Part
(a) shows a course, uniform re nement, which is effectively a grid of
squares (blue) with distinguished diagonals (green). Part (b) is one
level ner gverywhere. Note the blue squares are rotated 45 and
scaled by  1=2. Part (c) shows the selective re nement of (b) to
add the diamond (yellow) with center d.

While several datastructureshave beendevisedto support4-8
re nement, we found that additionalstreamliningand uni cation
was possible. This paperintroducesa diamonddatastructure,in
which eachdiamondelementsimultaneouslyhasuniqueassocia-
tionswith avertex (its center) anedge(its distinguishedliagonal),
anda quadrilaterafaceof a 4-8 re nementmesh.A diamondrep-
resentghe pairing of two right isosceledrianglesat the samelevel
of detail in the 4-8 meshthat sharea baseedge. Sincebasicop-
erationson the 4-8 meshmusttreatthesediamondsasa unit, it is
logicalandef cient to usethe diamondasthe backbonalatastruc-
tureratherthanbintreetriangles.Section3 providesdetailson the
diamondstructureandits usein 4-8 incrementameshadaptation.

Both geometryand texturesare treatedas small regular grids,
calledtiles, de ned for eachdiamondin the hierarcly. Tiles ata
level of resolutionmatchingthe input dataare eithercopiedor re-
sampled.Coarsettiles arecomputedusinglow-pass Itering in an
out-of-coretraversal. Finer tiles can be obtainedusing 4-8 sub-
division [23] with the optional addition of proceduraldetail. For
efcient input andoutput, les anddisk blocksarelaid out using
a diamondindexing schemebasedon the Sierpinskispace- lling
curve. Tiles aredescribedn Section4. Sierpinskiindexing, and
out-of-corepreprocessingredescribedn Sectionb.

For geometricrendering,patchesof 256 or 1024 trianglesare
storedasindexed vertex arraysin Sierpinskiorderfor highly ef -
cientrenderingon graphicshardware. Using uniform re nement,
ary power of four increasein triangle countwill resultin confor
mantmesheg18, 11]. We areableto achieve trianglethroughput
closeto the practicallimits on recentPC video cards. Section6
outlineshow patchesarelaid outandupdated.

Theadaptve 4-8textures,de nedin detailin Section7, Il each
diamondareawith a regulargrid imageraster renderedusing bi-
linearinterpolation. Neighboringtiles shareboundarysampleson
their mutualedges andthe 4-8 meshre nementnaturallyde nes
a parent-childgrid-structurerelationshipsuitablefor various Iter -
ing operations.We allow eachROAM leaf triangle patchto inde-
pendentlychoosewhich texture level-of-detailto mapto, basedon
its estimatecpixel areafor the currentview transform.A mapping
fromthetrianglepatchesparameterizatioto thetexturediamonds
parametespaceas computedasneededvhenthislevel-of-detailse-
lectionchangesThis changerequiresan updateof thevertex array
texturecoordinatedatastoredn specialgraphicshardwarememory
(e.g. AGP memory),which is an expensve operationthat canre-
quire synchronizatiorwith previously launchedasynchronousen-
deringactvity. Thereforethe triangle-patchexture level-of-detail

updatesarebudgetedherframebasedn similar dual-queumpera-
tionsusedby the ROAM algorithm.

Overall this approachto forming tile hierarchiesandaccessing
themduring frame-to-frameéncrementaupdatesesultsin a visu-
ally seamlesshigh quality display of arbitrarily large terrainand
imagerydatabasesSomeimplementatiordetailsandnumericalre-
sultsarepresentedn Section8, but the ultimateproofis to seethe
systemin actionon a hugedataset. The visual appearancés in
our experienceconsistentlyvery high. Indeed,we werepleasantly
surprisedhatno perpixel blendingof texture level-of-detailseems
to be needed;we believe this is dueto the gradualfactorof-two
changesn informationcontentbetweenrevels.

2 RELATED WORK

A greatvariety of geometriclevel-of-detail algorithmshave been
devisedfor realtimerenderingof massie terrainsand other data
sets.An overview of mary historicalmethodscanbefoundin [16].
Themostcommonmeansf organizinggeometryare Triangulated
Irregular Networks (TINs) [20, 9], and Hierarchiesof Right Tri-
angles(HRTs) [15, 7]. Generallythe HRT methodscan be im-
plementedo have greatemperformanceandlower memoryuseper
triangle,but requirea modestincreasen trianglebudgetto achieve
thesameaccurag [7]. For thereason®utlinedearlier we focuson
regulargrid representationandHRT view-dependenadaptations,
andreview therelevantpapershere.

First it is importantto note that HRTs are equivalentto adap-
tive 4-8 meshes.An early paperusingHRTSs for view-dependent
dynamicmeshingwasLindstrom et al. [12]. They utilize anel-
egant block-adaptre re nement using frame-to-framecoherence,
followed by a ne-grained bottom-upvertex-reductionmethodto
reducethe size of the meshfor display purposes.Duchaineauet
al. [6] introducea dual-queuealgorithm (ROAM) to incremen-
tally split andmeige HRT elementswhile maximizing the use of
frame-to-framecoherenceor frustum culling, priority computa-
tions, meshupdatesand triangle stripping. Lindstrom and Pas-
cucci [13] simplify the overall HRT processingo a minimal tri-
anglebintreerecursionper framethatrequiresno specialeffort to
maintain crack-freemeshes producesa single generalizedrian-
gle strip as output, and usesa novel vertex indexing schemeto
automaticallymalke out-of-coreaccesfcient using an existing
operating-systerairtual memorysystem.They extendthis [14] to
allow smoothewview-dependenimesheghroughinterpolation,and
testadditionalspace- Il indexing stratgies. GerstneusesSierpin-
ski indexing for triangles,andidenti es the resultingduplicatein-
dicesusingasimplestatemachine Themethodis intendedfor use
duringrecursve traversalof the trianglebintrees,andrequiresex-
plicit links in the vertex databasé¢o avoid gapsin the disk or mem-
ory layout. Pajarola[17] utilizesarestrictedquadtredriangulation,
similarto anadaptve 4-8 mesh for terrainvisualization.Pomeranz
[18] demonstratesow theROAM algorithmcanbeextendedo uti-
lize pre-computedHRT patchedn placeof individual trianglesto
betterexploit moderngraphicshardwarewhile maintainingcrack-
freetriangulationsLevenbeg [11] extendsthis furtherby allowing
HRT patchego be computeddynamicallyduringinteraction.

Large texture processinghas been attemptedby several re-
searchers.Williams [24] introducesthe mipmapmethodof pre-

Itering texture levels of detail, which areimagesof increasingly
reducedresolutionarrangedasa pyramid. Startingwith the nest
level, eachcoarselevel representsheimageusingonequarterthe
numberof texels (half the numberof texels in eachdimension).
Perpixel renderingwith a mipmapis accomplishedy projecting
thepixelsinto mipmapspaceusingtexture coordinate@ndcamera
transformationsTypically arenderecpixel is coloredusinga vari-
antof trilinear interpolationof eighttexelstakenfrom two adjacent
levels of the mipmaphierarcly.



Tanneretal. [21] introduceclipmaps,anextensionof mipmaps,
thatalsoutilizes a factorof-four texture pyramid, but allows arbi-
trarily large out-of-coretexturesto be pagedinto the in-memory
pyramid. This algorithmutilizes the factthata completemipmap
pyramidis rarely usedduringthe renderingof a singleimage(par
ticularly in terrain rendering),and much of the pyramid can be
clippedaway, allowing muchlargertexturesto beused.

Ulrich [22] combinesa quadtreeof mipmapandgeometrytiles,
calledchunks to handleout-of-coreview-dependentmeshingand
texturing of hugeterrains. The texture and geometrychunksare
producedn a preprocessingtepandare staticduring runtimein-
teraction. Geometrychunksarebasedon adaptve 4-8 re nement,
with special“ anges” to hide the tiny cracksthat occurat chunk
boundaries Eachchunkis storedin specialgraphicsmemoryand
canbe renderedwith a singledraw call. The chunksarere ned
basedon the viewpoint to meetthe desiredvisual delity, andare
pagedfrom disk. Similarly, mipmaptiles areloadedandaccessed
from thegeometrychunksbasedn calculationsf maximumpixel
sizein the mipmap. This determineshe nest level of detail that
will beusedin amipmap,andby re ning the mipmaptiles accord-
ingly, the mipmapperpixel blendingwill automaticallygenerate
seamlessextureimageryacrosdile boundaries.

Furtherresearchby Dollner et al. integratesclipmap-like be-
havior with terrain renderingby using memory-mappedexture

les [5]. Their methodutilizes a multiresolutiontexture system
thatworksin conjunctionwith a multiresolutionmodelfor theter

rain geometry They build a tree of texture patcheghatis closely
associateavith the hierarchicaimodelof theterraingeometry The

renderingalgorithm simultaneouslytraversesthe multiresolution
model for terrain geometryand texture trees,selectinggeometry
patchesandtexture patchesaccordingto a userde ned visual er

ror threshold.However, their methodutilizesin-corequadtreedor

texture storageresultingin a power-of-four texture hierarcly.

Cignoni etal. [2, 3, 4] have demonstratedhe ability to dis-
play both adaptve geometryandtexture of large terraindatasets
in real-time.They utilize a quadtredexture hierarcly andabintree
of triangle patcheqTINSs) for the geometry The triangle patches
areconstructedff-line with high-qualitysimpli cation andtrian-
gle stripping algorithms,and are selectvely re ned from scratch
eachframe. Texturesare managedssquaretiles, organizedasa
quadtreeTherenderingsystentraverseghetexture quadtreauntil
acceptablesrror conditionsare met, and then traversesthe corre-
spondingpatchesn thegeometnbintreesystenmuntil a spaceerror
tolerancds reached.

In contrastto this previous work, we seekto maximally exploit
frame-to-framecoherencewith view-dependente nement, simi-
lar to the ROAM algorithm,but with chunled/patchgeometryand
texture tiles pagingin from disk. High-quality low-pass Itering
is appliedto geometrytiles in additionto texturesso asto mini-
mize geometricaliasingartifactsandto reduceaveragegeometric
error. A new Sierpinskidisk layoutimprovescoherencef tile ac-
cessandcachingwhile the 4-8 texturesminimize visible seamsat
patchboundaries.Like ROAM, our algorithm canmaintainnear
constanframeratesby optimizingto a trianglebudgetin addition
to selectinga desiredscreererrortolerance.

3 THE DIAMOND DATA STRUCTURE

Underlyingall the work in this paperis the notion of a diamond
which is uniquely associatedvith one vertex, one edge,and one
guadrilateralfacein a 4-8 meshhierarcly. Figure 3 depictsa di-
amondd with a standardorientationand labeling of its ancestors
ao::3 andchildrenco.. 3. By a parent of diamondd we meana
diamondonelevel coarselin the 4-8 meshwhoseareaoverlapsd.
Similarly, achild of d is onelevel ner andoverlapsd.

ancestorsf d childrenof d
ap
as d a1
ao

Figure 3: A diamond d (yellow) is shown with respect to its ancestors
(left) and its children (right). By numbering each of these counter-
clockwise around d, and by placing the quadtree ancestor (green)
as ap, and the rst child cp just after this, navigation through the 4-8
mesh becomes straightforward. Note that the two parent diamonds
(blue outline) are the right parent, a;, and the left parent, az. The
children of d are co..: 3, outlined in red.

After experimentingwith a numberof implementationf 4-8
meshdatastructuresthat supportselectve re nement, including
pointerfree “pure index” schemeswe found after performance
pro ling that the fastestchoiceis simply to keeppointersto the
childrenand ancestorsand allocatediamondrecordsin arraysof
severalthousandatatime to avoid perrecordheapallocationover
head.Navigationto a diamonds parent,quadtreeandolder corner
ancestorsaswell aschildren,is thena matterof following single
links, which will bedenotedd ! a; andd ! ¢ respectiely for
i = 0:::3. Traversingto neighborsat the samelevel of resolution
turnsoutto besimpleaswell.

To getto diamondd's neighbord, acrosshechildd! ¢, edge,
Figure4 shaws thatbothd andd, arechildrenof d's right parent
d! a;.Indeeddp isthechildofd! a; justcounterclockwisef
d. Sincemoving to neighbords afrequentoperationjt canimprove
performanceo stored'sindex asachild with respecto bothparent
a; andasz; theseindiceswill bereferredtoasd! i; andd! s,
respectiely. Thismeanghattheassertiord = d! a; ! ca i,
shouldalwayshold for theright parentandsimilarly usingaz and
i3 for theleft parent.Thepseudocodéor moving to theco neighbor
of d is thensimply

i ( (d! i1+ 1)mod4
do ( d! aa! ¢

Childedgedd ! c;.. 3 aretreatedsimilarly.

Now thatneighbor nding is establishedtheproces®f addinga
child diamondsayc = d! co, isamatterof nding theneighbor
do asabove, which is the otherparentof c. If do is missing,then
it shouldberecursvely addedto its parentd ! a; attheexpected
child index. To hookup ¢ properly rst notethatits quadtreean-
cestorc! apisd! a;,themutualparentof c'stwo parentd and
do. This determineghe exactorientationof c (just rotateFigure4
135 clockwise),andthusindicateshow all of its ancestorshould
be lled in, aswell asits parents backpointers:

c! a ( d! a d! ¢« ( ¢
cl aa ( d c! i. ( O
c! a2 ( d! a d! &3 ( c
c! a3 ( do c! i3 ( 3

Thelasttwo assignmentfollow from theobsenationthatd anddo
bothhaved ! ap astheir quadtreeancestar As before,similar
proceduresxist for creatingchildrenc; .. 3 of diamondd.



(i + 1)imod 4
do

Figure 4: The neighbor of diamond d across its child co edge, do, is
obtained by walking up from d to its right parentd ! a;, and then do
is this parent's child counterclockwise one step from d. To make this
computation fast, d's child index within a; is kept in d's record, and
the counterclockwise child index is this index plus one, taken mod 4.

To deleteachildlessdiamondd, thepointersto d from its parents
mustbecleared:

d! ap !

d! az!

Car i, ( null
Car iz ( null

Any adaptve 4-8 meshmay be constructedy sequencesf child
additions and childless-diamondieletions. Corvenienceopera-
tions, such as deletinga diamondwith children, may be imple-
mentedeasilyusingthesebasicoperations.

The nal idearequiredto begin using diamondmeshess the
methodto hookup theinitial base(i.e. coarsest-leel) mesh.Given
ary manifold polygonalmesh,a diamondbasemeshmay be con-
structedby creatinga diamondper vertex, faceand edge. Vertex
diamondsexist only to supplytheir centerpointoordinate—naise
is madeof their child or ancestotinks. Facediamonddink to their
children, which are the edgediamonds. Corversely the edgedi-
amondslink to their parents,the facediamonds,aswell astheir
otherancestorswhich arevertex diamonds For polygonalmeshes
with non-quadrilaterafaces,the numberof children of facedia-
mondswill notbefour, andneighbor nding will requirearithmetic
modulothe numberof edgesin the face. Indeed,the neighborof
d (e.g. do) in the child-additionproceduremay needto examine
which of its parentds in commonwith d in orderto selectits ap-
propriatechild index. In contrast,for the non-base-meshaseof
Figure4, andfor cubicalbasemeshedaid out carefully do always
useschild index 3. For this reasonwe choosea cubicalbasemesh
for planetarygeometrywhich hasall quadrilaterafaces.

Theproperayoutfor abasecubedividestheedgediamondsnto
four setsof three,asshavn in Figure5, with each3-setsharinga
commonvertex diamondastheir “quadtree”ancestar
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Figure 5: For planetary base meshes, a cube is used, with diamonds
for each vertex, face and edge. The edge diamonds should be ori-
ented as shown, so that their ag (quadtree) ancestors are one of the
four red vertex diamonds, and the face diamonds are their parents.
Three edge diamonds sharing the centermost vertex diamond are
highlighted in blue.

4 GEOMETRY AND TEXTURE TILES

Given the basicdiamondstructuregust outlined, it is possibleto
createselectvely-re nable objectsby associatingspatial coordi-
natesandcolorsto the vertex of eachdiamond.However, this kind
of ne-grainedtreatmentof geometryandcolor is very inef cient
for pagingfrom diskandfor renderingonnewergraphicshardware.
To overcomethis, small regular grids of pointsand colors, called
tiles, will be associatedvith eachdiamond. The centralideasre-
quiredto work with tiles areto:

1. setup a parametriacoordinatesystemwithin a diamond,and
determinethe mappingfrom child to parentdiamondparam-
eters,

2. perform low-pass ltering to createhigh-quality coarsened
tiles, and

3. createadditionaldetail through4-8 subdvision and optional
procedurabisplacements.

For eachdiamond,de ne its local coordinatesystem(u; v) 2
[0; 1]? to haveits origin atthequadtreancestovertexd ! ao, the
u axismoving from theorigin to theright parentd !  a;, andthev
axismoving from theorigin to theleft parentd ! as. A diamond
d overlapsone half of eachof its children,in the shapeof aright
isosceledriangle. Therelationshipbetweend's (u; v) coordinates
andthosein eachchild is depictedin Figure6.

Co C1

C3 Co

Figure 6: The mapping of diamond (u; v) parameters between a di-
amond d and its children is depicted using arrows to indicate the
u axes. These coordinate systems are standardized to be right-
handed, with the origin at the quadtree ancestor vertex. Each
diamond's parametric coordinates are in the unit square, that is,
(u; v) 2 [0;1]2.

To move informationfrom ner to coarsettiles for low-pass|-
tering, the tile for d must collect information from half of each
child. An af ne mappingfrom child c;'s parametergu;; vi) tod's
parametergu; v) would thenbe

(u;v) = (Uc;Ve) + Ui(Ua;Va) + Vi( Va;Ua)

wheretheorigin (uc¢; vc) andu; directionvector(ua; va) aregiven
in Table1. Thesechild-to-parentmappingsmay be composedo-
getherto mapto coarserancestorsa processhich will be usedto
obtaintexture coordinatesn section?.

child | (uc;ve) | (Ua;Va)
© | o) | (53
a | (L0 | (3:3)
C2 0;1)
e | 01 | (LY

Table 1: Origin and u; axis for child-to-parent mappings.



Low-pass ltering for diamondd cannow be de ned as col-
lecting tile array entriesfrom the appropriatehalf of eachof the
four children, and placingtheseinto two arraysarrangedaccord-
ing to the local coordinatesystemof d. As shavn in Figure7, one
setof valueswill bethe cell-centerecentries(hollow dots),while
the othervaluesare vertex centeredsolid dots). The new vertex-
centeredvalueswill be storedin d's tile, andare computedusing
weightedaveragesof the old cell- and vertex-centeredvaluesob-
tainedfrom the children. Notethatfor the weightingmaskchosen,
thereare four cell-centeredvalues(eachmarked with an X) that
areneededbut are outsidethoseavailablefrom the four children.
Whileit is possibleto queryfour additionaltiles to obtaintheseval-
ues,only asinglevaluefrom eachtile wouldbeusedandhasonly a
tiny impactonquality. Thereforewe choosensteado useaslightly
alteredweightmaskfor thefour cornersof d. For geometnytilesto
avoid crackson patchboundariessection6 discussesvhich parent
valuesmustbe subsamplegsimple copies)of the vertex-centered
valuesfrom thechildren.
interior weights

o 000 o0 o0 o0 o0 X
ololofo]o]o|o|o )
olo|lo|o|o|ofo 8 8
4
o3
oloflofo]o]o 11
ololofofo 8_8
oloflofo]o
oloflofo]o]o
oloflofo]o]o
oloflofo]o]o
X 0 0 0 0 O

Figure 7: Low-pass ltering is performed by collecting both cell-
centered values (hollow dots) and vertex-centered values (solid dots)
from the four children of a diamond. One child is highlighted, and the
weight masks for the interior and corner cases are given.

Performing4-8 meshre nementwith tilesis very similarto low-
passltering, only performedn reverse.Themaindifferences that
a new diamondchild tile mustcollectvaluesfrom its two parents,
andfor subdvision schemesmootheithanlinearor bilinearinter-
polation,ghostvaluesareneeded.

5 DIAMOND SIERPINSKI INDICES AND PAGING

Whenaccessing large terraindatabasdrom disk duringinterac-
tion, performancaes highly sensitve to the spatialcoherencef the
datalayout,andis improvedby the useof hierarchicakpace- lling
curves[14]. With thekind of tile-basedexplicit pagingschemehat
we are pursuing,we needa fastandlocal meansof mappingdia-
mondsto indicesthatprovidessucha goodlayout,andworkswell
with incrementakelectve re nement(i.e. diamondchild additions
anddeletiongdrivenby dual priority queues)Themostnaturaland
coherentof the space- lling curvesto apply to 4-8 meshess the
Sierpinskicurve, depictedn Figure8. Recallfrom Knuth [10] that
ary completebinarytreemaybeassignediniqueindicesby setting
therootnodeto 1, andthenfor every nodewith index k, recursvely
setit's child indicesto be 2k and2k + 1 respectiely. Performing
this for the triangle bintreegivesthe indicesshowvn (notethat left
branchesretaken rst on evenlevels, andright branchesrst on
oddlevels).

A challengewith theseSierpinskiindicesis thatthey areassoci-
atedwith the trianglesof a 4-8 mesh,not the diamonds(or equi-
alently, the vertices). The mostobvious choice,associatinghein-
dex with thetriangle's split point, createswo indicesperdiamond.
Associatingwith ary of thethreecornersresultsin evenworsedu-
plication. It turnsout thatassociatinghetriangle'sindex with one

11]12
10113

819 14115

Figure 8: Sierpinski indices for bintree triangles are computed recur-
sively from their parent index. While the layout is highly coherent, the
indices are mapped to triangles, not diamonds.

of the midpointsof the shorteredges,say the left side, provides
the one-to-oneandonto mappingthatis needed Figure9 provides
a visual proof that all diamondsat a given level of resolutionare
coveredexactly onceby theleft edgeof bintreetrianglesonelevel
coarselin the4-8 mesh.

Figure 9: The 4-edge neighborhood shown is covered exactly once
by the diamonds associated with the left edges of the bintree tri-
angles. This pattern repeats to cover the plane. The triangles are
shown in outline, the diamond areas in alternating shades, and the
diamond centers by marking the inside of their respective bintree tri-
angle left edge.

To computethe Sierpinskiindex of adiamondd ef ciently dur
ing selectve re nement, the diamondmustbe mappedto its Sier
pinski triangle,namelythe bintreetrianglewhoseleft edgehasthe
diamondvertex atits center Fromthis Sierpinskitriangle,its par
ent Sierpinskitriangleis determinedandthenthe diamondof its
left edgeis the“Sierpinskiparent’ds of d. Therearetwo casesas
shown in Figure 10, dependingon whetherthe distinguishedliag-
onalof d'squadtreegarentd !  ao is horizontalor vertical:

horizontalsplit

guadtreevertical split

ds

Figure 10: The Sierpinski parent ds of a diamond d is determined
based on two cases, depending on the orientation of d's quadtree
ancestor's distinguished edge. On the left, this edge is vertical, and
the counterclockwise neighbor of d's left parent is the Sierpinski par-
ent. On the right, the Sierpinski parent is simply d's left parent.

Thepseudocod#o computed's Sierpinskiindexd !  k is then:



d3( d! as

ifds! a; =d! ag,then
ds ( d3! ar! Cuy iy+1) moa 4 Createasneeded
d! k( 2ds! k+x
otherwise
ds ( ds
d! k( 2ds! k+y

wherefor evenlevelsof the4-8 mesh,(x; y) = (1;0), andfor odd
levels(x; y) = (0; 1).

A diamondsindex is storedin 64-hits,wherethe upperbits rep-
resentthe Sierpinskiindex followed by a oneanda string of zeros
to the end. To mapa Sierpinskiindex to input andoutputof les,
blocks andtiles, we considera Sierpinskiindex to be left-shifted
sothattheleading“l” bit is just removedin a 64-bit register and
placethatbit justto theright of theleastsigni cant bit of theindex
in orderto markthe endof therelevantbits:

i@ Dt

MSB=1 63

while ((i&MSB) = 0)i ( i 1
(i1

Thebits arenow of thefollowing form:
be3 be2 bs1 2::by 100:::0

whereN is theleastsigni cant bit of the Sierpinskiindex afterthe
left-shift procedure.

This bit string cannow be treatedlike a generalizeddirectory
pathname,at rst literally describingdirectory branchesthena
le name followed by the block index andtile numberwithin the
block. We explain usingthecaseN = 37:

bs3bs2 51 50 g directorybranchl

bso bss 57 bs6 g directorybranch2

bss b4 53 52 g directorybranch3

bs1bs0bugbug g le name

b7 ks bus bug g3 bz bys by g block numberwithin le
bsg bsg 37 10 g tile numberwithin block

The"1” markbit is allowedto bein ary of the vetile bit positions.
A specialroot le is madein thetop-level directoryto catchall the
blocks and tiles that have insufcient bits to de ne a full 16-bit
le index. This leadsto directorieswith up to 16 subdirectories
and 16 les each,whereeach le containsup to 256 read/write
blocks,eachof which containsup to 32tiles from 5 differentlevels
of detail. Branchingfactors block sizesandsoon canbetunedfor
performancebut we found the arrangemengiven hereto be very
effective on the systemave tested.

Whenatile is requestedt is returnedmmediatelyif it isin main
memory If it is in a compressedead/writeblock in memory the
tile is decompressednd placedin the tile cache. If the block is
missingfrom the cache,it is readinto the block cachefrom disk,
andthetile is extracted. If this procesdailsto nd atile, thetile
is manufcturedusing4-8 subdvision andoptionalprocedurablis-
placementsSinceelevationandtexturetiles aresimple2D rasters,
ary numberof known compressioschemesanbe applied.

For this systemwe usea least-recently-usestratay for tile and
block cachereplacementecisions. Cachesizesshouldbe deter
minedby balancingvariousapplicationandsystemmemoryneeds,
sinceof coursethereis incrementabain for ary increasen a par
ticular cacheaslong as anothercacheis not decreased.For our
system,we found a total cachesize of a hundredmegabytes,di-
vided evenly betweencompressed-tildlocks and uncompressed
tiles, providesexcellentperformance.

6 GEOMETRY PATCHESAND FRAME-TO-FRAME UPDATES

Whenreplacingindividual leaf triangleswith small patchesf say
1024 triangles,a naturalconcernis that a loss of adaptvity will
result. However, moderngraphicshardware canrenderthousands
of suchpatchesat 50-100framesper second,which is similar to
theperformancédor thousandsf singletrianglesreportedor view-
dependenHRT algorithmslessthana decadeago.

From [18], we know thatfor ary uniform re nementof aright
isoscelegrianglethatis a pawer of four, suchas256 or 1024,the
patchesof anadaptve 4-8 meshwill be without cracks. For most
efcient renderingthesepatchesrelaid outasvertex andindexed-
triangle arrays,whereboth the verticesand trianglesare listed in
Sierpinskiorder asshavn in Figure11 for thecaseof 256triangles
perpatch.Notethatthe256-trianglepatchhasl6triangleedgeger
patchedge thusensuringcrack-freeselectve re nement.
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Figure 11: The Sierpinski layout of a triangle patch, with the mapping
of the patch to its elevation tile. If d is the diamond of the triangle
patch, then the child-to-parent mappings of section 4 can be com-
posed to locate the appropriate elevation values in the third quadtree
ancestor,d! ap! ap! ag.

For geometry the triangular patchesare besttaken as only a
small fraction of a CPU-cachetile, sincethe optimal granularity
of thesetwo objectsis quite different. After testinga numberof
sizeswefoundagoodtradeof to beatile with 1290r 257 vertices
(elevation samplesyer side. For triangularpatchesgither 256 or
1024trianglesareused.Figure11 shavs a 256-trianglepatchin re-
lationto atile with 129 129vertices.Notethatfor thesesizesthe
tile diamondis thethird quadtreeancestoof the patchesdiamond.

The low-pass Itering schemerom section4 is usedfor eleva-
tiontiles, butwith someverticesbeingsubsampletb avoid creating
cracksduring selectve re nement. It is sufcient to subsamplehe
verticeson the edgesof the patchdiamonds,andallow their inte-
riors to be smoothedcbut throughlow-pass Itering. For example,
in Figure 11, the four sidesof diamondd (in yellow) shouldbe
subsampled.

Frustumculling for triangle patchesis identical to the system
usedn ROAM, butwe simplify themethodto useboundingspheres
ratherthan pie-wedgebounds thusreducingby aboutsix the per
plane oating-point frustumin/out tests.In addition,sincethecore
datastructureis nov a diamondratherthan a bintreetriangle, it
is naturalto passfrustum-cullin/out ags down from the quadtree
ancestgrwhich have a nestingrelationship ratherthanthe parent,
which doesnt. We canavoid gettingoverly-conserative culling by
indicatinga triangularpatchis out if eitherits diamondis out, or
the parentdiamondon that patches'sideis out. As with ROAM,
entiresubtreeof in/out labelswill remainconstanfrom frameto
frameif its rootdiamondstayseitheroutor all in from the previous
to the currentframes,andhenceno subtreewnork is needed.

Similar to ROAM, dual-queuesare usedto prioritize respec-
tively diamondsplit and meige actiity. Unlike the ROAM base
priority thatis sensitve to surfaceroughnesswe only usethe esti-
matedscreensize of the diamondasits split‘mege priority, so as
to performgeometricantialiasinggiventhe extremelyhigh triangle
countsavailable.



7 4-8 TEXTURESFOR TRIANGLE PATCHES

Mostmulti-resolutiontexturealgorithmsusea pre Itered quad-tree
of textures wheretiles all have thesamenumberof texelsbut where
quadtreechildrencover onefourth the areaof their parent.Select-
ing adjacentiles wherethetexels perunit areadiffer by a factorof
four canproducevisual discontinuities.Our methodcreategwice
asmary detaillevels,allowing asmoothetransitionbetweerlevels
(only factorsof two), while effectively usingthediamondhierarcly
for level traversal.

Theinitial datasettextureis dicedinto 128 or 256" sizetiles,
which representhetexture atthe nest level. Low-passltering is
performedasdescribedn section4. The ltering approachHrom
level-to-level preseresthe averageenegy of the original signalto
minimizelevel-of-detailtransitionartifacts.Unlike geometrylter -
ing, which mustsubsamplen the boundarieof patchdiamonds,
texture tiles appearmore visually seamlessvithout ary subsam-
pling (subsamplingcan alter the averageenegy nearboundaries,
thusproducingvisualartifacts).

Eachdisplayedtriangle patchis evaluatedto determineits op-
timal texture resolution. Since patchesare dravn using a single
renderingcall, no morethanonetexturetile canbe associateavith
atrianglepatch.Hencethe nest resolutiontexturethatcanbeac-
cessedvill be at the samediamondlevel asa patches'diamond.
For a12& texturetile anda 256-trianglepatch this meansa maxi-
mumof 32texelspertriangle. Sincegraphicshardwarewill exhibit
differencesn relative texel andtrianglerenderingperformancewe
decouplehegeometryandtexturelevelsof detail. For hightriangle
performanceelative to textureperformancer memoryavailability,
fewerthan32texelsperpixel maybedesired.Ideallyif textureper
formancewere not a bottleneckwe would choosea texel-to-pixel
ratio nearone,anddeterminethe texture level of detail usingthis.
Using the child-to-parentparametemappingfrom section4, one
caniteratively walk to the diamondparenton the side containing
thetrianglepatchuntil thedesiredexturelevel is reachedThetex-
ture coordinatedor the patchverticescanthenbe easilycomputed
usingtheresultingcompositemapping.

Usingtheboundingsphereadiuspreviously calculatedor frus-
tumculling, we computeanupperboundonthepossiblescreerarea
coveredby thetriangle-patctdiamond. Themaximumscreerspace
coverageoccurswhenlooking atadiamondorientedperpendicular
to theview direction.We useastheupperboundon pixel area?R ?,
whereR is the projectedradiusof the diamonds boundingsphere.
Using the numberof texelsin the texture diamondcoveredby the
triangle patch, the texel-to-pixel ratio  is computed. Frame-to-
frame,the patch-to-teture level-of-detailassociationareadjusted
incrementallysimilar to the split-mege dual-queue$or geometry
soasto keep closeto 1:0. Higher priority is givento re ning
a patches'texture associatioras becomegreaterthanone,and
coarseningpecomesnoreurgentas becomedessthanone. We
keepto a budgetof 4 8 patch-to-tature updatesper frameto
maintainhigh framerates,sinceeachupdatecanbe expensve.

If the desiredtexture is not cachedin texture memory we use
the next coarsettexture level thatis available. When ner textures
areloaded,we keepcoarsettexturessothatthe systemcanalways
instantlycoarserasdesired.Thenext ner texture diamondis then
addedto a texture-wait queuewith priorities de ned by the  of
this next- ner texture. Becausaipdatedo texture memoryare ex-
pensve, the wait queueallows a x ed numberof texturesto be
uploadedper frame, thus avoiding irregular load times. Whena
texture is to be cachedi,t is fetchedfrom the disk tiles usingthe
diamonds 64-bitindex, asdescribedn section5.

Eachtriangle now hasa cachedtexture associatedwith it. If
thelevel-of-detailfor atrianglehaschangedr thetexture hasjust
beencachedwe mustcomputethe new texture coordinategor the
trianglepatch,usingthe compositechild-to-parenmappings.

8 RESULTS

Our performanceesultswere measuredisinga 3Ghz Xeon pro-
cessomwith 1GB of RAM anda GeForce FX 5900Ultra. We ran
thetestsataresolutionof 640 480 utilizing theNVidia vertex ar
ray rangespeci cationcombinedwith chunledtriangle patchego
exploit the graphics-cardapabilities. Theseresultsarebasedon a
ight paththroughthe 10-meterdataof Washingtorstate[19] with
aroundl.4billion elevationandtexel valuesatthe nest resolution.
The sourceelevation datatotals 2.7 gigabyteson disk beforepre-
processingTextureswereprocedurallygenerateé@ndcoloredfrom
theoriginal geometryandstoredin RGB-565format.

The out-of-corepreprocessingtepfor this particular data set
took approximately53 minutesincluding the calculationof the
shadedexture mapfrom the geometry Without the shadingstep,
preprocessintextureandgeometrydatainto tiles took 33 minutes.

In the renderingapplication,approximately53% of thetime for
a givenframeis spentpreparingthe vertex arraydata. During this
time, vertex pointersare setup and triangle patchesthat needto
be updatedeither due to geometryupdatesor texture coordinate
updatesaretransferredo AGP memoryto be pulled by the GPU.
Around45%is spentmanagingsertex andtexture coordinatecache
allocationand traversingthe hierarcly to evaluatewhen triangle
patcheor texturecoordinataupdatesarenecessaryThetime taken
by the split/mege optimizationloop is a userde ned parameter
but in this testlessthantwo percenttime was spenton this. Less
thanonepercenteachwasspenton fetchinggeometryandtexture
from disk, priority updatescoordinatemappingcalculationstrian-
glepatchbuilding, frustrumculling, andnew textureloading.In our
implementationpriority queuesalsoallowed a userde ned num-
ber of x ed texturesto be sentto graphics-cardexture memory
per frame. Our resultsshav that the main bottlenecklies in the
graphics-cardiploadbandwidthandthe loop for determiningap-
propriatetrianglepatchupdatego geometryandtexture.

Performancestatisticsfor ourimplementatiorareshavn in Fig-
ure 12, takenduringa yo ver of Mount Rainier(shawvn in the ac-
comparying video). In the lowerright graph,the renderingprepa-
rationline refersto theupdatingof AGP memoryandsetup of ver-
tex pointers.Traversalandallocationinvolveswalking throughthe
diamondhierarcly and managingsystemmemory The geometry
optimizationline representshe split‘mege time taken per frame.
Theremainingcalculationsgenerallytaking lessthantwo percent
of theframetime, arelabeled“other”. Snapshot$érom the yo ver
arehighlightedin Figure13.
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Figure 12: Performance graphs measured for a test ight path over
the 10-meter WA state data: (top left) near-constant triangle counts
matching the triangle budget target, (top right) frames per second,
(bottom left) Mtri per second, and (bottom right) % breakdown of
system task times.



Figure 13: Screen shots of our test ight showing the overall Wash-
ington state data set, the San Juan islands, a view facing Victoria,
and Mount Rainier with Mount Adams behind.

9 CONCLUSION

We have presentech solution to the texture level-of-detail prob-
lem for real-timeview-dependentenderingof extremelylargeter
rain meshes.We introducea new texture hierarcly basedupona
4-8 mesh,which, whencoupledwith a similar adaptve geometry
schemeprovidesa mechanisnfor real-timedisplayof theterrain.
The 4-8 hierarcly providestwice asmary levels of detail ascon-
ventionalquadtree-stylee nementschemesuchasmipmaps Be-
causeof thismoregradualchangewe nd in practicethatthetran-
sitionsbetweertexturelevelsof detailarelessperceptible The4-8
schemas integratedinto a variantof the ROAM algorithm,andto-
gethemwith asimpleout-of-coredataaccessnechanisnibasedipon
Sierpinskicurvesallows out-of-coreaccesdor the displayof very
largetexturedmeshes.

Futurework basedon this terrain systemcan be expandedto
include dual queuesat all levels of cache,for both geometry
andtexture,replacingthereactve least-recently-usestratey with
prefetchingandoptimizedpriority modeling. Anisotropic ltering
couldhelpwith highly warpedterraindata,suchasnearcliffs, and
with the horizon aliasingfor nearplanarregions. Furtherexper
imentationwith different typesof texture maps,suchas normal
mapsfor lighting calculations,may enhancehe visual quality of
a sceneand allow dynamiclighting. As memorybandwidthin-
creasesit mayalsobepossibleto play animatedexturesof certain
areasin a sceneto demonstrateime varying propertiedike plant
life or erosion.Thedevelopmenibf realtime,high quality procedu-
ral detailis alsoof interest.
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