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ABSTRACT

Heightfieldsplay animportantrole in thefastgrowing domainof GeographidnformationSystemgGIS).
For exploring differentkinds of geographic-basedhtasetson screerit is necessaryo displayheightfields
atinteractveframerates.Becaus®f theinherengeometricompleity, thisgoalis oftenunachi@ableeven
with new generation®f powerful graphicscomputersunlessheoriginal heightfield datais approximated
in orderto reducethenumberof geometrigrimitivesthatneedo berenderedvithout compromisingsisual
quality.

So far most algorithmshave focusedon global reductionor multi-resolutiontechniqueswhich reduce
resolutionon the basisof surfaceroughnessA recentnewn approachcalled Continuous Levels of Detail
[LKRT96] introduceda hierarchicalquadtregechnique.In orderto reducethe projectedpixel error, the
heightfield is dynamicallytriangulatedin a bottom up fashionaccordingto the distanceto the point of
view. Sinceresolutionis allowedto changesmoothly the resultis a muchbetterimagequality. However,
thisalgorithmstill hasa majordisadwantage With the viewpoint moving, thetriangulationis continuously
changingresultingin aphenomenowalledvertex popping. As theobsererapproacheanareawith detail
information,this detailwill suddenlyappeaiat a certaindistance To eliminatetheseartifactswe introduce

anew, rapidgeomorphinglgorithm,which operatesop down on a quadtrealatastructure.

1 Intr oduction

A fastgrowing domainin computeigraphicsaretheso
called Geographidnformation Systems(GIS). They
allow to explore large geographicdata setsinterac-
tively on screen,which involves displaying height
fieldsin real-time. Typical heightfields consistof a
large numberof polygons sothatevenmosthigh per
formancegraphicscomputerdave greatdifficultiesto
displayevenmoderatelysizedheightfields at interac-
tive framerates. The commonsolutionis to reduce
the compleity of the scenewhile maintaininga high
imagequality.

Most existing algorithmswork on generalsurfacesby
building a lower resolutionmesh[GGS9§ or a Tri-
angulatedrregular Network (TIN) [TB94]. A height
field is triangulatedby taking its roughnessnto ac-
count,building on the fact that flat areasandsmooth
regions canbe approximatedy fewer trianglesthan
roughregions. On the otherhand,heightfields have
specialpropertiesthat one shouldtake advantageof
for reducingthe geometriccompleity even further
Whendisplayinga heightfield, therewill almostal-
waysbe bothregionsthatare quite closeto the point
of view andthosethatarefar away. As with surface
roughnessgloseregionsmustbe approximatednore
accuratelyhanregionsthatarefaraway. Furthermore,
astheviewpointis moving, thetriangulationnolonger
remainsstatic. ThetermLevel of Detail standgor all
algorithmsthatexploit this property

A well known techniquein that domain are the so
called Progressie MeshegHop9§. With recentad-
ditions[Hop97], thistechniquesanalsobeappliedto
view dependentriangulationshut requiredarge data
structures.

Thereare also variousreal-time simulationsystems,
which divide height fields into smaller blocks, and
generateseveral multi-resolution triangulations for

eachof those[SN95 KLR'96]. Switchingbetween
thesedifferentlevels of detail is donedependingon

systemstressanddistanceo the point of view.

Several problemsneedto be solved with this tech-
nigue: First of all, cracksmustbe avoided between
adjacentedgesof blocks at differing resolution. In

addition, poppingmustbe handledwhenreplacinga
blockwith onefrom anothelevel of detail. Thevisual

appearancef thepoppingeffectcanbeeliminatedby

geomorphingetweerbothlevelsof detail. However,

this multi-resolutionstrateyy is not optimal, sinceit is

assumedhatthe distanceto the point of view is con-

stantthroughouteachblock.

An algorithm specifically designedfor height fields
was presentecht Siggraph'96 [LKR96]. It usesa
dynamicallychangingguadtreeanda bottomup strat-
egy to determinewhethera nodehasto be subdvided
or shouldbe memged with adjacentnodes. For that
purposet calculatesan upperboundon the projected
pixel error, which is taken to be an on screenerror
measurdor imagequality. The main disadwantageof

this bottomup strateyy is thatthe pixel errorfunction



hasto be evaluatedfor all pointsof the heightfield.
Thatwould be very costly unlessan errorintenval is
computed which avoids subdvision and memging for
alarge numberof vertices.If modificationsof thetri-
angulationare necessaryall affected nodesare vis-
ited. In that caseall adjacenthodesalso have to be
updatedn abottomupfashion.Thisresultsin aview-
dependentriangulationthat allows for smoothtran-
sitions betweendifferentpoints of view. Althoughit
would theoreticallybe possibleto includegeomorph-
ing in this algorithm, this is not implementedn the
currentversion,sothatpoppingstill occurs.

We now presentan algorithm that usesa top-dowvn
strateyy to createa triangulationandexploits geomor
phing at virtually no additionalcost. Vertex removal
is performeddependingon its distanceo the point of
view aswell aslocal surfaceroughnessywhichis pre-
calculated.Using a top-donvn approachwe only need
to visit a fraction of thewhole datasetin eachframe,
which allows for high frame rates even with large
heightfields. On the down side, moreinvolved crite-
ria suchassilhouettetestscannotbeincludedinto this
method,sincethey requirethe analysisof the whole
datasetfor eachview point. In practice, however,
this is not too restrictve, becauseoveremphasizing
silhouettescausedighting artifactsfor non-silhouette
polygons.

The quadtreestructureof our methodallows for very
efficient clipping. Furthermorememoryusageis lim-
ited to the spacerequiredfor the heightfield data,the
texture map plus one additionalbyte per datapoint.
In the following we incrementallydevelop our top-
down method whichincludesgeomorphingn a natu-
ral fashion.

2 The Algorithm

Theunderlyingdatastructureof the algorithmis basi-
cally a quadtree.For the discussiorin this paper we
assumehatthe heightfield areof size2"+ 1 x 2"+ 1.

A sampletriangulationgeneratedy our algorithmis
shovnin Figurel.

The quadtreds representethy a booleanmatrix with

eachblock’scenterentryset,if thecorrespondingode
is furtherrefined. The quadtreematrix of the example
meshin Figurel is shovn below:

2?27?22 2 22 7?2 7?
? 2?2 2?2 7?207?07?
??207?2 7?2 21727
??2 7?2 7?2 2?20?07
2?27?2212 7?2 7?27
? 0?20?20 7?2172
??21 7?2 7?2 21727
?0 2?07?2072 17?
27?272 2?2 2?2 2 7?27
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Figure1: A sampletriangulationof a 9 x 9 height
field. Thearrovsindicateparent-childrelationsin the
guadtree.

Matrix entrieslabeledwith a questionmark do not
have to be setduring the calculationof the triangu-
lation, sincethesevaluesarenot accessety the top-
down algorithmfor the given triangulation. Because
the numberof nodesthat have to be visited for each
frameonly dependson the renderingquality, but not
on the heightfield size, the requiredmemoryband-
width is limited by the desiredmagequality.

2.1 Renderingthe Height Field

The triangulatedheightfield is dravn by recursvely
traversingthe quadtreewherethe correspondingna-
trix entriesare set. Wheneer a quadtreeleaf is
reachedafull or partialtrianglefan[Boa92 NDW93]
is drawn. Triangle fansare well suitedfor drawving
triangulationswith varying resolutions: In order to
avoid gapsatplaceswvhereadjacenblockshave differ-
entresolutionaconformingmeshis generatedimply
by skippingthe centervertex at theseedgeqseeFig-
ure2). This methodworksaslong asthe levelsof ad-
jacentsub-nodesliffer by nomorethanl. At theend
of the next section,we will seehow this requirement
canbe maintainedduring renderingby preprocessing
theheightfield andstoringsurfaceroughnesiforma-
tion.

During the generatiorof the trianglefanswe needto

determinewhetheradjacentnodesare subdvided to

the samelevel, or not. If the neighboringnodeis not
subdvided to the samelevel, we canskip the center
vertex ontheshareddge.Thiscasecanbedetectedy

checkingthe matrix entry correspondingo the neigh-
boringnode,which thenhasto bezero(Note, thatac-
cessingmatrix entries,that have not beenset, is ex-

cluded,sincelevel differencesaresupposedo beless
thanor equalto one).
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Figure2: Recursiely generatedrianglefansfor the
triangulationshovn in Figurel. The crossesndicate
skippedvertices.

2.2 Generatingthe Triangulation

Before a scenecan be renderedas describedin the
lastsection thetriangulationhasto be built by recur
sively descendinghe quadtree. At eachsub-nodea
booleansubdvision criterion is evaluatedandits re-
sult is storedin the quadtreematrix. If the condition
is true andthe finestlevel of detail hasnot yet been
reachedwe descendurtherdown thetreeby visiting
all four sub-nodes.

Several aspect:needto be takeninto accountfor the
criterion: Firstof all, theresolutionshoulddecreasas
thedistancerom theviewer increasesThis condition
canbeguaranteetby ensuringthat

I
g <C (1)

for someconstantC, wherel is thedistanceo theeye
point, andd is the edgelengthof the block (seeFig-
ures3 and4). C is a configurableguality parameter
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Figure3: Globalresolutioncriterion: distanceversus
sizeof quadtreecells.

The constaniC controlsthe minimum global resolu-
tion. As C increasesthe total numberof verticesper
frame grows quadratically Note thatthe conditionis
evaluatedonly oncefor acompletetrianglefan,which
consistsof up to 10 vertices. In orderto allow for
efficient computationsdistancemeasuremenss per
formedusingthe L*-norm.

Figure4: Triangulationof flat geometrybasedon the
global resolutioncriterion. Centersof triangle fans
have beencoloredwhite andedgedlack.

With the secondcriterionwe wantto increaseheres-
olution for regionsof high surfaceroughnessin fact,
we wantto minimize the projectedpixel error, which

is a goodmeasurdor imagequality. Whendropping
onelevel of the hierarchy new error is introducedat
exactly five points: at the centerof the quadtreenode
andthe four midpointsof its edges.An upperbound
to theapproximatiorerrorin 3-spacecanbe givenby

takingthe maximumof the absolutevaluesof the ele-
vationdifferencesdh; (seealsoFigure5). Theeleva-
tion differencesare computedalongthe edgesof the
node,aswell asalongits diagonals,which makesa
total of six valuespernode.Theerrorin 3-spacentro-

ducedby droppingonelevel in the quadtreecannow

be computedby pre-calculatinghe maximumof the
absolutevaluesof theseelevationdifferencesor alter

natively by pre-calculatingsurfaceroughneswalues,
whichwe call d2:

d2= 1 max|dh;| 2
di-1se

Thed2-valuesof anodetimestheedgelengthd of the
nodecorrespondo theapproximatiorerrorin 3-space.
Thus,the d2-valuetimesd is an upperboundfor the
errorintroducedby droppingonelevel of detail.

A revised version of the subdiision criterion (1)
which includes the d2-values for handling surface
roughnesscan now be givenin termsof a decision
variablef:

:d-C-max(c-dZ,l)
subdivide if f<1

f

®3)

The constantC againdetermineghe minimum global
resolution,whereasthe newly introducedconstantc



Figure5: Measuringsurfaceroughness

specifieghedesired globalresolution.Thelattercon-
stantdirectly influenceghe numberof polygonsto be
renderegerframe.Thus,by adjustingc to thecurrent
systemoad,a constanframeratecanbe maintained.

The majorissuethat remainsopenis how to guaran-
teethatthe level differenceof adjacentlocksis less
thanor equalto one. Sincethe surfaceroughnes®f

adjacenblocksmay differ significantly this is neces-
saryto build a conformingmeshwithout holes.In the

following we describehow this canbe achieved.

First supposethat Condition (3) is true for a given
block (f2 < 1), thatis, the block hasto be subdi-
vided. In this case,all adjacentblocks of twice the
edgelengthhave to be subdvided,too. Thus,thefol-
lowing condition musthold for the decisionvariable
f1 of anadjacenblockin orderto limit thelevel dif-
ferences:

b L (4)

fi<foe
1 2 d-d2; %-de

Forapointof view fallinginsidetherectangularegion

(indicatedn Figure6) Equation(3) is alwayssatisfied,
since'a1 is always lessthan the minimum resolution
C. Outsidethis region the value of thefractionz'Tl2 is

boundedby % (for aninfinitely distantpoint of view)

andtheconstanK with:

1 I
§<§2<K (C>2) (5)
ket __C

2L,  2(C-1)

In otherwords, if g—% is greaterthan K, then Condi-
tion (4) is true,sinceZ'Tl2 satisfieCondition(5). How-
ever, sincethed2-valueswhich correspondo surface
roughnessgangrow arbitrarily large, Condition(4) is
not automaticallyfulfilled. Thus,if %2 < K, thenwe
have to modify thed2-valuesin thefollzowing fashion:
Startingwith the smallestexisting block, we calculate
the local d2-valuesof all blocks and propagateéhem
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Figure6: Constrainton d2-valuesof adjacenblocks
in orderto satisfyCondition(4).

up the tree. The d2-value of eachblock is the max-
imum of the local value and K timesthe previously
calculatedvaluesof adjacentblocksat the next lower
level. For ourexample thed2-valuespropagatedrom
thebottomto thetop of thequadtreeareshovnin Fig-

ure’?.
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Figure 7: d2-valuesare propagatedrom bottom up
(indicatedby arrows).

O

Sofar, we have only consideredhe 2D case but with
somecarewe canadoptit for 3D. In thiscasetheele-
vationof theview pointneeddo betakeninto account
relative to thecenterof quadtreecells. However, since
heightfieldsusuallyhave smallelevationcomparedo
their size, this distancecan be approximatedoy the
differencebetweerthe elevationof theview pointand
theaverageelevationof the quadtreenodes.

An exampleof theinfluenceof the propagatiorof d2-
valuesthroughoutthe heightfield, andits impacton
thetriangulations givenin Figure8. Hereafew small
peaksareplacedon anotherwiseflat surface.



Figure8: Propagatingl2-valuescausediner triangu-
lation nearlocal peaksn aflat surface.

2.3 Geomorphing

Sofar, we have shovn how to triangulateandrendera
heightfield, but with achangingpointof view popping
still occurs. Remembethe decisionvariable f from
Equation(3): A closeexaminationrevealsthat, if f

falls into the range[%, 1), the quadtreds not further
refined,anda singletrianglefanis generatedor the
completenode. Valuesof Iessthan% indicatethatthe
nodehasatleastonechild, while for valuedargerthan
1, thenodehasno child atall.

Since morphing only happensin the leaf nodesof

the currenttriangulation,we canuseb = 2(1— f)

clampedto the range[0,1] as a blending factor to
morphbetweertwo levelsof detail(seeFigureb). De-
pendingon how deepadjacentjuadtreenodesaresub-
divided, thereareup to five verticeswheremorphing
might have to be performedfor eachquadtreenode
(seeFigures2 and6). Theelevationat thesepointsis
interpolatedinearly with factorb betweenthe eleva-
tion of thelowerlevel (whichis theaverageof thetwo
correspondingornerpoints)andthe elevation of the
higherlevel. The latter is taken directly from height
field data.

Somecautionis requiredfor avoiding cracksandgen-
eratinga conformingmesh. Blending factorsof ad-
jacentblocks differ slightly dueto a variationof the
distancego the point of view. Thus,theinterpolated
elevationat the midpointof a sharededgeis different
for adjacenblocks,causingcracksto appear

In orderto avoid this, we storeblendingfactorsin the
matrix, ratherthanbooleanvalues.Theblendingvalue
for a sharededgeis obtainedby taking the minimum
of the blendingvaluesof the two involved blocks. A
valueof zeroindicatesno subdvision, while otherval-
uesdirectly representhe blendingfactors. We avoid
storingfloating point valuesby usingonebyte peren-
try. As aresult,we have 255morphingstepswhichis
preciseenoughin practice.

2.4 Clipping

A commonimprovementto reducethe number of
polygongo berendereds clippingagainstheviewing

frustum. As we arealreadyusinga quadtreewe can
alsouseit for clipping. Provided, the level of detalil

is not too high, a rectangulatboundingbox is com-

putedfor eachnode ,whichis usedfor clippingagainst
the viewing frustum. In this way, mostinvisible ver-

tices can be discardedat little costat an early stage
of the algorithm. Clipping canbe appliedbothto the

meshgeneratiorandrenderingphase.For meshgen-
erationwe considemoundingboxesto be threetimes
aslarge, becausehe blendingfactorsof someblocks
cancontribute to meshgeneratiorwithout the blocks
beingvisible themseles.

3 Results

All' screenshotsshovn here have beentaken from

the applicationrunning on a SGI Maximum Impact
workstation with a 250 MHz R4400 processqr 2

rastermanageboards andtexture memoryextension
(TRAM option card), while maintaininga constant
framerateof 25 Hertz.

Images9 and10shaw theheightfield andtexturemap
usedin the following examples.The datadescribes
region southof HainesCrossingin Yukon Territory,
Canada.

Figure10: Texture Map usedfor examples.



Figure 13: Exampleshaving a typical triangulation
generatedby our algorithm.

Figurel2: Superimposettiangulation.

In the Images11 and 12 the point of view usedfor
generatingthe triangulationhasbeenlocatedon the
landscapes surfacein the centerof the image. The
levels of detail clearly dependon both distanceto the
point of view and on surfaceroughness.The quality
control C wassetto a value of 8, which alsoproved
to beagoodchoicefor otherdatasets.The valueof ¢
wasdynamicallychosenasto maintaina fixed frame
rateof 25Hertz,whichresultedn approximately1600
trianglefans,or a total of roughly 15000verticesper
frame. This correspond$o a two ordersof magnitude
reductionof the original 1025x 1025heightfield.
Imagesl13, 14 and 15 shov somesampletriangula-
tionsgeneratedby our algorithm.

Imagel18 shaws the differenceimagebetweerareal-
time screenshot (Image 16) and renderingthe com-
plete heightfield (Imagel17). The imagequality is
worst at the silhouettes.The humaneye, however, is
moresensitve to sudderchange®f geometrywhich
have beensignificantly reducedby the geomorphing
algorithm.

Imagesl9, 20, and21 illustratehow triangulationac-
curagy changewvith varyingframerate.

The memory consumptionof the final algorithm is
fairly low. Besidesheightfield andtexture mapdata
only the d2-valuesand blending factorshave to be

Figure14: Exampleshaving atypical top view trian-
gulation.

Figurel15: A typical valley view.

stored. If d2-valuesare compressedo byte format,
which canbe donein alinearor nonlinearway, there
is placeenoughin the quadtreematrix to storethose
valuesaswell. In the end, we getaway with only a
singleadditionalbyte pergrid point.

We arecurrentlyworking onanefficientpagingmech-
anism, that allows to renderheightfields that do not
entirelyfit into RAM.



Figure16: Triangulationfor maintaininga framerate
of 25 Hertz.

Figurel7: Sameview asFigure 16 but with full reso-

lution.

Figure18: Differenceimageof full andreducedeso-

lution.

4 Acknowledgments

We would like to thankPeterLindstromfrom Geogia
Techfor valuablehintsanddiscussions.

References

[Boa92]

[GGS95]

OpenGL Architecture Review Board.
OpenGL Reference Manual.  Addison-
Wesley, 1992.

M. H. Gross, R. Gatti, and O. Staadt.

Fastmultiresolutionsurfacemeshing. In
G. Nielson and D. Silver, editors, Pro-
ceedings Visualization '95, pages135—
142.1IEEE ComputerSocietyPress,1995.

NG Eﬂ%_
e

Figure19: Triangulationfor maintaininga framerate
of 25 Hertz.

Figure20: Triangulationfor maintaininga framerate
of 38 Hertz.

Figure21: Triangulationfor maintaininga framerate
of 76 Hertz.



[Hop96]

[Hop97]

[KLR+96]

[LKR+96]

[NDW93]

[SNO5]

[TB94]

HuguesHoppe. Progressie meshes. In
Computer Graphics (Proceedings of Sg-
graph '96), page99-108,1996.

HuguesHoppe. View-dependentefine-
mentof progressie mesheslin Computer
Graphics (Proceedings of Siggraph '97),
pagesl89-198,1997.

David Koller, PeterLindstrom, William

Ribarsly, Larry F. Hodges, Nick Faust,
andGregory Turner Virtual GIS: A real-
time 3D geographidnformation system.
In G. NielsonandD. Silver, editors,Pro-

ceedings Misualization 95, page94-100.
IEEE ComputerSocietyPress1996.

PeterLindstrom, David Koller, William
Ribarsly, Larry F. Hodges, Nick Faust,
and Gregory Turner Real-time, contin-
uous level of detail renderingof height
fields. In Computer Graphics (Proceed-
ings Sggraph ' 96), pagesl09-1181996.

Jackie Neider Tom Davis, and Mason
Woo. OpenGL Programming Guide.
Addison-Weésley, 1993.

M. SuterandD. Nuiesch.Automatedgen-
erationof visual simulationdatabasess-
ing remotesensingandGIS. In G. Nielson
andD. Silver, editors, Proceedings Visu-
alization’ 95, pagesl35-142IEEE Com-
puterSocietyPress;1995.

David C. Taylor and William A. Barrett.
An algorithm for continuousresolution
polygonalization®f a discretesurface.In
Proceedings of Graphics Interface '94,
pages33-42,1994.



