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ABSTRACT

Height�elds playanimportantrole in thefastgrowing domainof GeographicInformationSystems(GIS).
For exploringdifferentkindsof geographic-baseddatasetsonscreenit is necessaryto displayheight�elds
atinteractiveframerates.Becauseof theinherentgeometriccomplexity, thisgoalisoftenunachievableeven
with new generationsof powerful graphicscomputers,unlesstheoriginalheight�eld datais approximated
in orderto reducethenumberof geometricprimitivesthatneedto berenderedwithoutcompromisingvisual
quality.
So far most algorithmshave focusedon global reductionor multi-resolutiontechniques,which reduce
resolutionon the basisof surfaceroughness.A recentnew approachcalledContinuousLevelsof Detail
[LKR

�

96] introduceda hierarchicalquadtreetechnique.In orderto reducethe projectedpixel error, the
height �eld is dynamicallytriangulatedin a bottomup fashionaccordingto the distanceto the point of
view. Sinceresolutionis allowedto changesmoothly, theresultis a muchbetterimagequality. However,
thisalgorithmstill hasa majordisadvantage.With theviewpointmoving, thetriangulationis continuously
changing,resultingin aphenomenoncalledvertex popping. As theobserverapproachesanareawith detail
information,thisdetailwill suddenlyappearatacertaindistance.To eliminatetheseartifactswe introduce
a new, rapidgeomorphingalgorithm,whichoperatestopdown ona quadtreedatastructure.

1 Intr oduction

A fastgrowingdomainin computergraphicsaretheso
called GeographicInformationSystems(GIS). They
allow to explore large geographicdata setsinterac-
tively on screen,which involves displaying height
�elds in real-time. Typical height �elds consistof a
largenumberof polygons,sothatevenmosthighper-
formancegraphicscomputershavegreatdif�culties to
displayevenmoderatelysizedheight�elds at interac-
tive frame rates. The commonsolution is to reduce
thecomplexity of thescenewhile maintaininga high
imagequality.

Most existingalgorithmswork on generalsurfacesby
building a lower resolutionmesh[GGS95] or a Tri-
angulatedIrregularNetwork (TIN) [TB94]. A height
�eld is triangulatedby taking its roughnessinto ac-
count,building on the fact that �at areasandsmooth
regionscanbe approximatedby fewer trianglesthan
roughregions. On the otherhand,height�elds have
specialproperties,that oneshouldtake advantageof
for reducingthe geometriccomplexity even further.
Whendisplayinga height �eld, therewill almostal-
waysbe both regionsthatarequitecloseto the point
of view andthosethat arefar away. As with surface
roughness,closeregionsmustbeapproximatedmore
accuratelythanregionsthatarefaraway. Furthermore,
astheviewpointis moving, thetriangulationnolonger
remainsstatic.ThetermLevel of Detail standsfor all
algorithmsthatexploit thisproperty.

A well known techniquein that domainare the so
calledProgressive Meshes[Hop96]. With recentad-
ditions[Hop97], this techniquescanalsobeappliedto
view dependenttriangulations,but requireslargedata
structures.

Thereare also variousreal-timesimulationsystems,
which divide height �elds into smaller blocks, and
generateseveral multi-resolution triangulationsfor
eachof those[SN95, KLR

�

96]. Switchingbetween
thesedifferent levels of detail is donedependingon
systemstressanddistanceto thepointof view.

Several problemsneedto be solved with this tech-
nique: First of all, cracksmust be avoided between
adjacentedgesof blocks at differing resolution. In
addition,poppingmustbe handledwhenreplacinga
blockwith onefrom anotherlevel of detail.Thevisual
appearanceof thepoppingeffectcanbeeliminatedby
geomorphingbetweenbothlevelsof detail. However,
this multi-resolutionstrategy is not optimal,sinceit is
assumedthat thedistanceto thepoint of view is con-
stantthroughouteachblock.

An algorithm speci�cally designedfor height �elds
was presentedat Siggraph'96 [LKR

�

96]. It usesa
dynamicallychangingquadtreeanda bottomupstrat-
egy to determinewhethera nodehasto besubdivided
or shouldbe merged with adjacentnodes. For that
purposeit calculatesanupperboundon theprojected
pixel error, which is taken to be an on screenerror
measurefor imagequality. Themaindisadvantageof
this bottomup strategy is that thepixel error function



hasto be evaluatedfor all pointsof the height �eld.
That would be very costly, unlessan error interval is
computed,which avoidssubdivision andmerging for
a largenumberof vertices.If modi�cationsof thetri-
angulationare necessary, all affectednodesare vis-
ited. In that caseall adjacentnodesalsohave to be
updatedin abottomupfashion.Thisresultsin aview-
dependenttriangulationthat allows for smoothtran-
sitionsbetweendifferentpointsof view. Although it
would theoreticallybepossibleto includegeomorph-
ing in this algorithm, this is not implementedin the
currentversion,sothatpoppingstill occurs.
We now presentan algorithm that usesa top-down
strategy to createa triangulationandexploitsgeomor-
phing at virtually no additionalcost. Vertex removal
is performeddependingon its distanceto thepoint of
view aswell aslocal surfaceroughness,which is pre-
calculated.Usinga top-down approachwe only need
to visit a fractionof thewholedatasetin eachframe,
which allows for high frame rateseven with large
height�elds. On thedown side,moreinvolvedcrite-
ria suchassilhouettetestscannotbeincludedinto this
method,sincethey requirethe analysisof the whole
dataset for eachview point. In practice,however,
this is not too restrictive, becauseover-emphasizing
silhouettescauseslighting artifactsfor non-silhouette
polygons.
Thequadtreestructureof our methodallows for very
ef�cient clipping. Furthermore,memoryusageis lim-
ited to thespacerequiredfor theheight�eld data,the
texture map plus one additionalbyte per datapoint.
In the following we incrementallydevelop our top-
down method,which includesgeomorphingin a natu-
ral fashion.

2 The Algorithm

Theunderlyingdatastructureof thealgorithmis basi-
cally a quadtree.For thediscussionin this paper, we
assumethattheheight�eld areof size2n � 1 � 2n � 1.
A sampletriangulationgeneratedby our algorithmis
shown in Figure1.
Thequadtreeis representedby a booleanmatrix with
eachblock'scenterentryset,if thecorrespondingnode
is furtherre�ned. Thequadtreematrixof theexample
meshin Figure1 is shown below:
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Figure 1: A sampletriangulationof a 9 � 9 height
�eld. Thearrows indicateparent-childrelationsin the
quadtree.

Matrix entrieslabeledwith a questionmark do not
have to be set during the calculationof the triangu-
lation, sincethesevaluesarenot accessedby 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 height �eld size, the requiredmemoryband-
width is limited by thedesiredimagequality.

2.1 Rendering the Height Field

The triangulatedheight �eld is drawn by recursively
traversingthe quadtreewherethe correspondingma-
trix entries are set. Whenever a quadtreeleaf is
reached,a full or partialtrianglefan[Boa92, NDW93]
is drawn. Triangle fansare well suitedfor drawing
triangulationswith varying resolutions: In order to
avoidgapsatplaceswhereadjacentblockshavediffer-
entresolution,aconformingmeshis generatedsimply
by skippingthecentervertex at theseedges(seeFig-
ure2). This methodworksaslong asthelevelsof ad-
jacentsub-nodesdiffer by no morethan1. At theend
of thenext section,we will seehow this requirement
canbemaintainedduringrenderingby preprocessing
theheight�eld andstoringsurfaceroughnessinforma-
tion.

During thegenerationof the trianglefanswe needto
determinewhetheradjacentnodesare subdivided to
thesamelevel, or not. If theneighboringnodeis not
subdivided to the samelevel, we canskip the center
vertex onthesharededge.Thiscasecanbedetectedby
checkingthematrix entrycorrespondingto theneigh-
boringnode,which thenhasto bezero(Note,thatac-
cessingmatrix entries,that have not beenset, is ex-
cluded,sincelevel differencesaresupposedto beless
thanor equalto one).



Figure2: Recursively generatedtrianglefansfor the
triangulationshown in Figure1. Thecrossesindicate
skippedvertices.

2.2 Generatingthe Triangulation

Before a scenecan be renderedas describedin the
lastsection,thetriangulationhasto bebuilt by recur-
sively descendingthe quadtree.At eachsub-nodea
booleansubdivision criterion is evaluatedand its re-
sult is storedin the quadtreematrix. If the condition
is true andthe �nest level of detail hasnot yet been
reached,we descendfurtherdown thetreeby visiting
all four sub-nodes.

Several aspectsneedto be taken into accountfor the
criterion:Firstof all, theresolutionshoulddecreaseas
thedistancefrom theviewer increases.Thiscondition
canbeguaranteedby ensuringthat

l
d

� C (1)

for someconstantC, wherel is thedistanceto theeye
point, andd is theedgelengthof theblock (seeFig-
ures3 and4). C is acon�gurablequalityparameter.

d

l

Figure3: Global resolutioncriterion: distanceversus
sizeof quadtreecells.

The constantC controlsthe minimum global resolu-
tion. As C increases,the total numberof verticesper
framegrows quadratically. Note that the conditionis
evaluatedonly oncefor acompletetrianglefan,which
consistsof up to 10 vertices. In order to allow for
ef�cient computations,distancemeasurementis per-
formedusingtheL1-norm.

Figure4: Triangulationof �at geometrybasedon the
global resolutioncriterion. Centersof triangle fans
havebeencoloredwhiteandedgesblack.

With thesecondcriterionwe wantto increasetheres-
olution for regionsof high surfaceroughness.In fact,
we want to minimize theprojectedpixel error, which
is a goodmeasurefor imagequality. Whendropping
onelevel of the hierarchy, new error is introducedat
exactly � ve points: at thecenterof thequadtreenode
andthe four midpointsof its edges.An upperbound
to theapproximationerrorin 3-spacecanbegivenby
takingthemaximumof theabsolutevaluesof theele-
vationdifferencesdhi (seealsoFigure5). Theeleva-
tion differencesarecomputedalongthe edgesof the
node,as well as along its diagonals,which makesa
totalof six valuespernode.Theerrorin 3-spaceintro-
ducedby droppingonelevel in thequadtreecannow
be computedby pre-calculatingthe maximumof the
absolutevaluesof theseelevationdifferences,or alter-
natively by pre-calculatingsurfaceroughnessvalues,
whichwecall d2:

d2 �

1
d

max
i � 1 � � 6

�

dhi
�

(2)

Thed2-valuesof anodetimestheedgelengthd of the
nodecorrespondto theapproximationerrorin 3-space.
Thus,the d2-valuetimesd is anupperboundfor the
errorintroducedby droppingonelevel of detail.
A revised version of the subdivision criterion (1)
which includes the d2-values for handling surface
roughnesscan now be given in termsof a decision
variablef :

f �

l
d � C � max � c � d2 � 1�

(3)

subdivide if f � 1

TheconstantC againdeterminestheminimumglobal
resolution,whereasthe newly introducedconstantc
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Figure5: Measuringsurfaceroughness

speci�esthedesiredglobalresolution.Thelattercon-
stantdirectly in�uencesthenumberof polygonsto be
renderedperframe.Thus,by adjustingc to thecurrent
systemload,aconstantframeratecanbemaintained.
The major issuethat remainsopenis how to guaran-
teethat the level differenceof adjacentblocksis less
thanor equalto one. Sincethe surfaceroughnessof
adjacentblocksmaydiffer signi�cantly, this is neces-
saryto build a conformingmeshwithoutholes.In the
following wedescribehow thiscanbeachieved.
First supposethat Condition (3) is true for a given
block ( f2

� 1), that is, the block has to be subdi-
vided. In this case,all adjacentblocksof twice the
edgelengthhave to besubdivided,too. Thus,thefol-
lowing conditionmusthold for the decisionvariable
f1 of anadjacentblock in orderto limit the level dif-
ferences:

f1
� f2

�

l1
d � d21

�

l2
d
2 � d22

(4)

Forapointof view falling insidetherectangularregion
(indicatedin Figure6) Equation(3) is alwayssatis�ed,
since l1

d is always lessthan the minimum resolution
C. Outsidethis region thevalueof the fraction l1

2l2
is

boundedby 1
2 (for an in�nitely distantpoint of view)

andtheconstantK with:

1
2

�

l1
2l2

� K � C � 2� (5)

K �

L1

2L2
�

C
2 � C � 1�

In otherwords, if d21
d22

is greaterthanK, thenCondi-

tion (4) is true,since l1
2l2

satis�esCondition(5). How-
ever, sincethed2-values,whichcorrespondto surface
roughness,cangrow arbitrarily large,Condition(4) is
not automaticallyful�lled. Thus,if d21

d22

�

K, thenwe
haveto modify thed2-valuesin thefollowing fashion:
Startingwith thesmallestexistingblock,wecalculate
the local d2-valuesof all blocksandpropagatethem

d
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2

Figure6: Constraintson d2-valuesof adjacentblocks
in orderto satisfyCondition(4).

up the tree. The d2-valueof eachblock is the max-
imum of the local value and K times the previously
calculatedvaluesof adjacentblocksat thenext lower
level. For ourexample,thed2-valuespropagatedfrom
thebottomto thetopof thequadtreeareshown in Fig-
ure7.

Figure 7: d2-valuesare propagatedfrom bottom up
(indicatedby arrows).

Sofar, we have only consideredthe2D case,but with
somecarewecanadoptit for 3D. In thiscase,theele-
vationof theview pointneedsto betakeninto account
relative to thecenterof quadtreecells.However, since
height�elds usuallyhavesmallelevationcomparedto
their size, this distancecan be approximatedby the
differencebetweentheelevationof theview pointand
theaverageelevationof thequadtreenodes.

An exampleof thein�uence of thepropagationof d2-
valuesthroughoutthe height �eld, and its impacton
thetriangulationis givenin Figure8. Hereafew small
peaksareplacedonanotherwise�at surface.



Figure8: Propagatingd2-valuescauses�ner triangu-
lationnearlocalpeaksin a �at surface.

2.3 Geomorphing

Sofar, wehaveshown how to triangulateandrendera
height�eld, butwith achangingpointof view popping
still occurs. Rememberthe decisionvariable f from
Equation(3): A closeexaminationrevealsthat, if f
falls into the range

� 1
2 � 1� , the quadtreeis not further

re�ned, anda singletrianglefan is generatedfor the
completenode.Valuesof lessthan 1

2 indicatethatthe
nodehasatleastonechild,while for valueslargerthan
1, thenodehasnochild atall.
Since morphing only happensin the leaf nodesof
the current triangulation,we can use b � 2 � 1 � f �

clampedto the range
�

0 � 1� as a blending factor to
morphbetweentwo levelsof detail(seeFigure5). De-
pendingonhow deepadjacentquadtreenodesaresub-
divided, thereareup to � ve verticeswheremorphing
might have to be performedfor eachquadtreenode
(seeFigures2 and6). Theelevationat thesepointsis
interpolatedlinearly with factorb betweenthe eleva-
tion of thelower level (whichis theaverageof thetwo
correspondingcornerpoints)andtheelevationof the
higher level. The latter is taken directly from height
�eld data.
Somecautionis requiredfor avoidingcracksandgen-
eratinga conformingmesh. Blending factorsof ad-
jacentblocksdiffer slightly dueto a variationof the
distancesto the point of view. Thus,the interpolated
elevationat themidpointof a sharededgeis different
for adjacentblocks,causingcracksto appear.
In orderto avoid this,we storeblendingfactorsin the
matrix,ratherthanbooleanvalues.Theblendingvalue
for a sharededgeis obtainedby taking theminimum
of theblendingvaluesof the two involvedblocks. A
valueof zeroindicatesnosubdivision,while otherval-
uesdirectly representthe blendingfactors.We avoid
storing�oating point valuesby usingonebyteperen-
try. As aresult,wehave255morphingsteps,which is
preciseenoughin practice.

2.4 Clipping

A common improvement to reducethe number of
polygonstoberenderedisclippingagainsttheviewing

frustum. As we arealreadyusinga quadtree,we can
alsouseit for clipping. Provided, the level of detail
is not too high, a rectangularboundingbox is com-
putedfor eachnode,whichis usedfor clippingagainst
the viewing frustum. In this way, mostinvisible ver-
ticescan be discardedat little costat an early stage
of thealgorithm. Clipping canbeappliedbothto the
meshgenerationandrenderingphase.For meshgen-
erationwe considerboundingboxesto be threetimes
aslarge,becausetheblendingfactorsof someblocks
cancontribute to meshgenerationwithout the blocks
beingvisible themselves.

3 Results

All screenshotsshown here have beentaken from
the applicationrunning on a SGI Maximum Impact
workstation with a 250 MHz R4400 processor, 2
rastermanagerboards,andtexturememoryextension
(TRAM option card), while maintaininga constant
framerateof 25Hertz.

Images9 and10show theheight�eld andtexturemap
usedin the following examples.Thedatadescribesa
region southof HainesCrossingin Yukon Territory,
Canada.

Figure9: Height�eld usedfor examples.

Figure10: TextureMapusedfor examples.



Figure11: RenderedYukon landscape.

Figure12: Superimposedtriangulation.

In the Images11 and 12 the point of view usedfor
generatingthe triangulationhasbeenlocatedon the
landscape's surfacein the centerof the image. The
levelsof detailclearlydependon bothdistanceto the
point of view andon surfaceroughness.The quality
controlC wasset to a valueof 8, which alsoproved
to bea goodchoicefor otherdatasets.Thevalueof c
wasdynamicallychosenasto maintaina �x ed frame
rateof 25Hertz,whichresultedin approximately1600
trianglefans,or a total of roughly15000verticesper
frame.Thiscorrespondsto a two ordersof magnitude
reductionof theoriginal1025 � 1025height�eld.
Images13, 14 and 15 show somesampletriangula-
tionsgeneratedby ouralgorithm.
Image18 shows thedifferenceimagebetweena real-
time screenshot (Image16) andrenderingthe com-
plete height �eld (Image17). The imagequality is
worst at the silhouettes.The humaneye, however, is
moresensitive to suddenchangesof geometry, which
have beensigni�cantly reducedby the geomorphing
algorithm.
Images19,20, and21 illustratehow triangulationac-
curacy changeswith varyingframerate.
The memory consumptionof the �nal algorithm is
fairly low. Besidesheight�eld andtexture mapdata
only the d2-valuesand blending factorshave to be

Figure 13: Exampleshowing a typical triangulation
generatedby ouralgorithm.

Figure14: Exampleshowing a typical top view trian-
gulation.

Figure15: A typicalvalley view.

stored. If d2-valuesare compressedto byte format,
which canbedonein a linearor nonlinearway, there
is placeenoughin the quadtreematrix to storethose
valuesaswell. In the end,we get away with only a
singleadditionalbytepergrid point.

Wearecurrentlyworkingonanef�cient pagingmech-
anism,that allows to renderheight �elds that do not
entirely�t into RAM.



Figure16: Triangulationfor maintaininga framerate
of 25Hertz.

Figure17: Sameview asFigure16 but with full reso-
lution.

Figure18: Differenceimageof full andreducedreso-
lution.
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