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Abstract

Many terrain renderingalgorithmshave beende-
veloped, which perform a variety of mesh opti-
mizationsto achieve interactive frame rates. The
mostprominentapproachis the so calledcontinu-
ous level of detail technique,which approximates
a terrainby computingaview-dependenttriangula-
tion. Onedisadvantageof this approachis the fact
thattherenderedterrainis of coursejustanapprox-
imation of the original dataset. By exploiting the
capabilitiesof todaysmainstreamPC graphicsac-
celeratorswe proposea new techniquefor the ex-
act renderingof height �elds. Due to its relation-
ship with volume slicing we call it adaptive ter-
rain slicing. This techniqueis adaptive in thesense
thata bundleof slicesis usedto sampletheterrain,
whereasthe numberof slicesis determinedto as-
suresub-pixel accuracy. Thecoreof our approach
is ahierarchicalboundingbox representationof the
terrain,whichis traversedin atop-down order. Dur-
ing traversalwecalculatetheactualrenderingcosts
of our adaptive terrainslicing approach,which en-
ablesusto decidewhetherit wouldbefasterto ren-
der the contentsof the actualboundingbox or to
descendfurtherdown thehierarchy. After that the
minimizedterrainslicingcostsarecomparedto the
costof polygonalrenderingandthe fastermethod
of both is applied. Sincethe speedof our terrain
slicing approachis limited mainly by therasteriza-
tion bandwidthof the graphicshardware, we can
ef�ciently decouplethe renderingcostsfrom geo-
metriccomplexity leadingto high framerateswith-
out compromisingimagequality. In particular, our
approachis well suitedfor replacingthecommonly
usedbump mapswith the visually more pleasing
displacementmaps.
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1 Intr oduction and Moti vation

Althoughterrainrenderingis a researchareawith a
long history it is still a topic of actualinterest,es-
pecially in GIS (GeographicInformationSystems)
and interactive entertainment.Among the �rst at-
temptsto visualizea terrain, acquiredby satellite
imageryor cartographicdigitization for example,
resultedin theutilizationof thesocalledTINs (Tri-
angulatedIrregular Networks [18]). By generat-
ing an approximatetriangle meshthe numberof
polygonswasreducedto achieve interactive frame
rates. The most important disadvantageof such
an approachis the usageof an object spaceap-
proximationcriterion that did not take advantage
of the specialpropertiesof a terrain, that is the
hugelateralextentof a terrainin comparisonto its
height.Moreadvancedvisualizationalgorithmsare
thususinga screenspacebasedapproxiationcrite-
rion leadingto aview-dependenttriangulation.The
rootsof thesealgorithmsaregoing backas far as
to themid 70ies. Sincethen�ight simulatorshave
beenusing levels of detail methodsto accelerate
terrain rendering. Nowadays,the mostprominent
techniqueis the so called continuouslevel of de-
tail approach[10, 11, 3, 15, 13], but other well
known techniqueslike progressive meshes[5, 6, 7]
or wavelets[4] have beenappliedto terrainrender-
ing aswell toexploit thebene�tsof view-dependent
triangulations.

In order to eliminatea visually irritating draw-
back of theseview-dependentalgorithms, the so
calledpoppingeffect, LOD interpolationschemes
have beenintroducedin [1, 15, 7, 13], which are
commonlyknown underthetermgeomorphing.All
theseapproachesspenda greatdealof the render-
ing time to computetheview-dependenttriangula-
tion. Recentimagebasedapproaches,however, are
utilizing therapidly increasingrasterizationperfor-
manceof mainstreamPC graphicsacceleratorsto
decouplethegeometriccomplexity from rendering
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timecomplexity. Withoutbeingexhaustive a list of
thosealgorithmsincludeslayeredimpostors[16,2],
isosurfaceextractionwith 3D textures[19, 14], veg-
etationrenderingby slicing [8] and relief texture
mapping[12]. Therelief texturemappingapproach
usesaseparable2D imagewarpto preprocessadis-
placementmap,which afterwardscanbe rendered
by standardtexturemappinghardware. While this
approachwould be a fastsolution to rendera ter-
rain givenby a height�eld or a displacementmap,
it is still not applicable,becauseprewarpingis not
yet supportedby graphicshardware andhasto be
accomplishedin software.

In this paperwe proposea new techniquecalled
adaptive terrainslicing, which allows us to display
a terrainor a displacementmapat high framerates
andonstandardPCgraphicshardware.

Our slicing approachis basedon the elevation
mapwhite paperfrom NVIDIA [17], which shows
how to draw horizontalslicesthroughaterrain.Be-
causeof the restrictionto horizontalslicesthis ap-
proach is suited only for renderingheight �elds
from the distanceand from above. A viewer that
is locatedon top of thelandscapewould beableto
easilydistinguishsingleslices. In contrastto that
approachwe show how to draw arbitrarilyoriented
slicesthroughtheterrain,whichenablesusto view
the terrainfrom arbitraryanglesandpositionsand
with or without perspective projections. A simi-
lar techniquefor hardwareaccelerateddisplacement
mappingof polygonalmodelshasbeenpresentedin
[9]. However, the authorsdid not speci�cally ad-
dressthe specialcaseof terrain rendering,which
leavesmuchmoreroomfor improvement.Further-
more,we areintroducinganerrormeasurementby
which the numberof drawn slicescanbe adjusted
to ensuresub-pixel accuracy. Adaptively choosing
thedensityof theslicesenablesusto reducethere-
quirednumberof slicesfor distantpartsof the ter-
rain,wheretheareaof therenderedtrianglescorre-
spondsto lessthanonepixel. Thus,by renderinga
singleterrainslice a considerableamountof trian-
glescanberasterized.

Wealsopresentahybrid technique,whichusesa
boundingbox hierarchyto adaptively balancethe
load betweenterrain slicing and normal polygon
rendering,which is chosenfor partsof the terrain,
wherea single triangle mapsto much more than
a single pixel. Thesepartscan not be rasterized
ef�ciently , becausethe numberof requiredslices

would be muchtoo high to ensuresub-pixel accu-
racy. In thesecasesweswitchbackto normalpoly-
gonrendering,whichis necessaryonly in thevicin-
ity of thepointof view.

Due to the imagebasednatureof our approach
the renderingcomplexity is almostindependentof
the geometriccomplexity of the underlying dis-
cretemeshandis limitedmainlyby therasterization
bandwidthof thegraphicshardware.In comparison
to continuouslevel of detailalgorithmswe achieve
high framerateswithoutcompromisingqualityand
withoutperformingtimeconsumingtriangulations.

2 Terrain Slicing

The �rst step to decoupleterrain renderingfrom
geometriccomplexity is to setup an imagebased
method that is able to samplea height �eld by
meansof slicing. With respectto this goal,the�rst
approachthatmight comeinto mind is thevolume
slicinganalogue.Hereacartesianvolumedatasetis
sampledby renderingasetof parallelslicesor con-
centricshellsthatintersecta3D texturemap,which
containstheHausdorff distanceto theobject's sur-
face. Thenthe polygonalobjectcanbe rasterized
by simplyapplyinganappropriatetransferfunction
andanalphatestthatcutsawaythetransparentparts
of the volume. Becauseof the hugememoryre-
quirementsof thevolumetricterrainrepresentation
this methodis not well suitedfor terrainrendering.
Furthermore,3D texturesarenot yet supportedon
every graphicsplatform.

Nevertheless,it turns out that we can achieve
our goal without the use of 3D textures by
utilizing a special OpenGL extension and en-
coding the elevation valuesof a height �eld (or
displacementmap) into the alpha channel of a
2D texture map. Supposewe want to render
an arbitrarily oriented slice through the terrain,
thenthiscanbeaccomplishedin thefollowing way:

1. Encodethe terrain elevations into the alpha
channelof a 2D texture mip-mapby normal-
izing theheightvaluesto therange

�

0 � 1� . The
smallestheightmapsto oneandthehighestel-
evationmapsto zero.Thered,greenandblue
channelscanbe usedto representa perspec-
tively recti�ed photo(ortho-image)of theter-
rain in theusualway.



2. Setup thetexturecoordinategenerationstage
of OpenGL, so that a 3-space vertex is
projectedautomaticallyonto the x-z plane,
and the derived texture coordinatess and t
are mappedto the correct coordinaterange

�

0 � 1�

�

�

0 � 1� .
3. Initialize the texture rasterization

stage by using the OpenGL extension
GL EXT texture env combine with
the following setup,which has the effect of
adding the primary alpha componentto the
texture alpha componentscaled both by a
factorof 1

2 :

GLfloat color[]=
{1.0f,1.0f,1.0f,0.5f};

glTexEnvi(GL_TEXTURE_ENV,
GL_TEXTURE_ENV_MODE,
GL_COMBINE_EXT);

glTexEnvi(GL_TEXTURE_ENV,
GL_COMBINE_RGB_EXT,
GL_MODULATE);

glTexEnvi(GL_TEXTURE_ENV,
GL_COMBINE_ALPHA_EXT,
GL_INTERPOLATE_EXT);

glTexEnvi(GL_TEXTURE_ENV,
GL_SOURCE2_ALPHA_EXT,
GL_CONSTANT_EXT);

glTexEnvi(GL_TEXTURE_ENV,
GL_OPERAND2_ALPHA_EXT,
GL_SRC_ALPHA);

glTexEnvfv(GL_TEXTURE_ENV,
GL_TEXTURE_ENV_COLOR,
color);

4. Enable alpha testing with the comparison
modeGL LEQUALandanalphavalueof 1

2 .
5. Draw an arbitrary terrain slice by assigning

eachvertex an alphavalue in the range
�

0 � 1�

thatcorrespondsto eachvertex' height(they-
componentof eachvertex).

Sincewe usedan inversemappingto encodethe
height values into the alpha texture component,
this setupeffectively computesthe differenceof
eachfragment's height and the height of the ter-
rain. In our speci�c setting a height difference
of zerocorrespondsto a rasterizedalphavalueof
1
2 . By enablingan alpha test that passesbelow
or exactly at this value a fragment that lies ex-
actly on or below the surface of the terrain will

passthe alpha test. As a consequence,only the
solid partof the terrainwill be rasterized(seealso
Figure1). We may alsousethe texture combiner
modeGL ADDSIGNEDEXT as an alternative to
the mode GL INTERPOLATEEXT, but then we
would effectively loseonebit of accuracy leaving
only 7 insteadof 8 availablebits for encodingthe
heightsinto thealphachannelof thetexture.

Theapplicationof mip-mapsensurespropertex-
ture �ltering. It is alsoadvisedto useanisotropic
texture �ltering, where available. The utilized
OpenGLtexturecombinerextensionis availableon
nearlyevery mainstreamPC graphicscard includ-
ing the ATI Rage128, the ATI Radeonand the
NVIDIA TNT2 up to theGeForce3graphicsaccel-
erators.For this reason,thedescribedhardwareac-
celeratedterrainslicing approachwill operateon a
broadrangeof personalcomputersand work sta-
tions.
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Figure1: The grey rectanglein the middle of the
�gure indicatesa singlevertical terrainslice. Only
the solid part of the terrainbelow the zig-zagline
is rasterized.This is achieved by utilizing texture
combinersand alphatestingand by encodingthe
heightof theterraininto thealphachannelof a 2D
texturemap.

3 Adaptive Terrain Slicing with Sub-
Pixel Accuracy

In the previous sectionwe describedhow to draw
a singlearbitrarily orientedslice througha terrain
model. Next we explain how to performsub-pixel



exact terrainrenderingby drawing a bundleof ter-
rainslices.Supposewewantto renderonly asmall
part of the height �eld, which is enclosedby a
boundingbox. Theenclosedpartof theterraincan
berasterizedby drawing a bundleof parallelslices
in thespaceof theboundingbox (seealsoFigure1
and2). Dependingon the angleof sight the slice
bundle is eitheralignedto the x-, y- or z-axis, so
thattheslicesarealwaysfacingtowardstheviewer.
For a verticalangleof sighthigherthana � 45

�

a
horizontaly-slicebundleis drawn, otherwiseeither
a vertical x- or z-slicebundle is computed.In or-
der to improve performanceandto take advantage
of theearlyZ-testof moderngraphicsaccelerators,
wearesortingtheslicesin a front to backfashion.

Figure 2: Screenshotof Yukon Territory with re-
ducedaccuracy. Therefore,singleterrainslicesare
becomingdistinctable.

Now the main questionis how to calculatethe
minimum numberof equally spacedslices, such
thattherasterizationof theterrainwill besub-pixel
exact.Clearlythisdependsonthesizeof theenclos-
ingboundingboxwith horizontalsized andvertical
sizeh, the distanceto the point of view, the angle
of sight, the dimensionof the viewport (in pixels)
and the �eld of view as depictedin Figure 1. In
the caseof a symmetricprojectiononly the height
of the viewport py andthe vertical �eld of view j
needto betakeninto account.Consideringthis, the
projectedsize(in pixels)of a line segmentof length
x andaverageprojectiondistancel , which is seen
underanangleof sighta, canbeapproximatedby
thefollowing equationwith q � cosa:

x
���

x � l � q �

�

x � q � py

l � 2tan j
2

Using this approximationthe minimum required
numberof slicesmy in a horizontalslice bundle,
which is seenundera verticalangleof sighta, can
beexpressedasfollows:

my
� x

���

h � minl � cosmina �

Hereminl andmina denotetheminimumdistance
and the minimum vertical angleof sight a of all
eight cornersof the boundingbox. As a result,a
consistentlower boundcannotbegivenfor bound-
ing boxes that intersectthe near clipping plane.
Similarily, thelower boundmx� z for a verticalslice
bundleis givenby:

mx� z
� x

���

d � minl � 1�

4 Adaptive Terrain Slicing versus
PolygonRendering

Now thatwecanef�ciently rasterizethesolidparts
of the terrain with sub-pixel accuracy, an analy-
sis of the requirednumberof drawn slicesshows
that the amountof slicesis quite small for distant
partsof the terrain, but can grow arbitrarily large
for nearparts. Herepolygonrenderingis moreef-
�cient. For this reason,we estimatethe rendering
cost of terrain slicing and polygon renderingand
subsequentlychoosethemethod,whichis faster. In
orderto fully exploit the advantagesof sucha hy-
brid approach,we usea hierarchicalboundingbox
representationof theterrain.Foreachboundingbox
we calculatethreecostsduring the traversalof the
hierarchy: the costof brute-forcepolygonrender-
ing, the costof terrainslicing, andthe sumof the
costsfor descendingto thenext hierarchylevel. Re-
cursively choosingtheactionwith thelowestasso-
ciatedcosteffectivelymaximizestheoverallrender-
ing performance.

Typically, a large boundingbox leadsto a de-
scendanceto the next hierarchylevel, becausethe
sumof therenderingcostsof thechildrenaremuch
lower thantheactualterrainslicing or polgonren-
deringcosts. At a certainhierarchylevel descen-
dancedoesnotpayoff anymore.Thenpolygonren-
deringis chosenfor the vicinity of theview point,
whereasterrainslicing performesbetterin thedis-
tance(seealso Figure 4). In our casethe hierar-
chyis aquadtree,whichis constructedfrom meshes
with 2n 	 1 grid points in eachdimension. Other
meshsizesneedpaddingor resampling.



Figure3: A screenshotof Yukon Territory, Canada,
renderedwith sub-pixel accuracy by meansof our
hybrid terrainslicingalgorithm.

At �rst glance,the calculationof the exact ren-
deringcosts,andin particularthecorrectpropaga-
tion of thesevaluesup the quadtree,seemsto be
a very complicatedtask. Fortunately, it turns out
that we can simplify this task due to the follow-
ing observation: Descendingthequadtreedoesnot
increaseor lower the total costof polygonrender-
ing, becausethetotal amountof trianglesstaysthe
same. Thereis only a minor tradeoff due to the
reducedaveragelengthof the trianglestrips. As a
consequence,we can minimize the terrain slicing
costsdecoupledfrom the costsof polgyonrender-
ing. This is achievedby meansof asimplesubdivi-
siontest,whichcomparestheterrainslicingcostof
the actualnodewith the sumof the terrainslicing
costsof its childrentimesaconstantc:
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At theendof thetraversalwe needto calculatethe
polygonrenderingcostsonly oncein orderto com-
pare againstterrain slicing and choosethe faster
method. The in�uence of the constantc will be-
comeclearat theendof thissection.

As we have seen,it basicallyboils down to ac-
curatelyestimatetherenderingcostsof terrainslic-
ing andpolygonrendering.Sinceeachgraphicsac-
celeratorhasgot its own performancepro�le, we
are measuringtwo characteristicconstantsat the
startup of the terrainrenderingapplication.These
two constantsare the numberof verticesand the
numberof pixels per second,which can be pro-
cessedby a speci�c graphicsaccelerator(denoted

Figure 4: The samescreenshot as in Figure 3,
but the terrainsliceshave beenreplacedwith their
boundingboxes and the geometryof the triangle
fanshasbeenmadevisible by darkeningthecenter
vertex. A largerversionof theimagecanbeseenon
thecolorplate.

by vtx speed and rst speed , respectively).
With thesecharacteristicconstantsthe time spent
by eitherprocessingn verticesor by rasterizinga
polygonalsurfaceof areaA and averagedistance
l , which is seenunder an angle of sight a with
Q � cosa, canbeestimatedasfollows:
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In thecaseof usingtrianglefansinsteadof triangle
stripsthe polygonalrenderingcostof a meshwith
size

�

s 	 1�

�

�

s 	 1� canbeapproximatedby:
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This formula is derived by adding the rendering
costsfor vertex processing(�rst row) andpixel ras-
terization(secondrow). The numberof processed
triangle fansof a meshof size

�

s 	 1�

�

�

s 	 1� is
-

s
2 .

2. Each triangle fan consistsof 8 triangles,
which arerenderedby processinga total of 10 ver-
tices. Whenlooking onto the terrainstraightfrom
above theentireareaof theblock accountsfor ras-
terization. For non-orthogonalviewing angleswe
areweightingthe areaof the block with the sinus



of themaximumangleof view, whichis asuf�cient
approximationfor theprojectedareaof thetriangle
mesh.Likewise, the terrainslicing costsfor x-, y-
andz-slicesaregivenby:
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Thenumberof processedverticesis four timesthe
numberof slices, since eachslice is drawn by a
quadrilateral,whereasthenumberof rasterizedpix-
elsdependson theprojectedareaof thequads.

By analyzingthe cost of terrainslicing we ob-
serve that by eachlevel of quadtreedescendance
thenumberof drawn slicesapproximatelydoubles,
whereasthe rasterizationareadecreasesby a fac-
tor thatis determinedby theshapeof thebounding
boxes.In theworstcasetherasterizationareamight
not be reducedat all. In this casethe total rasteri-
zationcostis decreasedby a factorof C �

minl
minl �

d
2

,

which is dueto the reductionof the numberof re-
quiredslicesin the furthermostchild nodes.Since
our subdivision criterionis merelya comparisonof
the terrainslicing cost of the actualnodeand the
sumof the terrainslicing costsof its children,the
quadtreetraversalmightbestoppedbeforeactually
theoptimumlevel is reached.For this to happenthe
condition
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'��
� 
������

�

mustbe ful�lled. An intuitive interpretionof this
equationis that it cannotbe true, if the ratio C is
lower thana certainunknown valueC

�

, which can
be controlledby the constantc (c � 1). The other
way round,we canensurethat our costminimiza-
tion is correctfor everynodewith C � C

�

by choos-
ing anappropriatevaluefor c. This meansthatour
minimizationis correctfor every nodewith at least
a certainprojectedsize. In practice,we have found
c � 0 	 9 to be a reasonablechoice. We have also
found that the renderingperformancediffers only
slightly for varyingvaluesof c, whichindicatesthat
theoptimizationis alreadycloseto theoptimum.

As mentionedin section3, a lower boundon the
numberof requiredslicescannotbe calculatedin
somecases. Furthermore,the correct estimation
of the renderingcost for a boundingbox that in-
tersectsthesidesof theviewing frustumis dif�cult
to achieve. In thesecaseswe simply decideto de-
scendfurther down the hierarchy. For a bounding
box that is completelyinvisible the renderingcost
is assumedto be zero,becauseit is culled by the
quadtree.

In Figure3 adatasetof YukonTerritory, Canada,
with 1025� 1025grid pointsis displayedby means
of ourhybridterrainrenderingtechnique.Thesame
terrainis shown in Figure4, but theslicedpartsof
the terrainhave beenreplacedwith their bounding
boxes. Thegeometryof the trianglefanshasbeen
madevisible by settingthecolor of thecenterver-
tex to black. Onecanclearlyseethatour adaptive
terrainslicingmethodis chosenin thedistanceand
in �at areas.In thevicinity andfor hugeslopesthe
bruteforceattackwasconsideredto befaster, since
otherwisea largenumberof tall sliceswould have
beenrendered.

In orderto show the terrainslices,by which the
height �eld is rasterized,the accuracy of our al-
gorithm wasloweredin Figure2. Onecanspota
bunchof verticalslices,but nohorizontalslicebun-
dle, becausethe point of view is alreadytoo close
to thesurface.

5 Eliminating PossibleGlitches

In order to prevent misalignmentof meshedtri-
angles,the verticesof adjacenttriangle edgesare
usually speci�ed in the sameorder. Otherwiseit
might happenthat somepixels on a triangleedge
areomitted. Dependingon the rasterizationstage
of a graphicsacceleratorthis effect is moreor less
visible,but canbepreventedby specifyingthever-
ticesin the correctorder. The seamlessalignment
of rasterizedquadtreenodesis a bit morecompli-
cated.Fortunately, weonly have to payattentionto
thehorizontalslices,sincetheverticalonesalready
have suf�cient overlapdueto perspective reasons.
In orderto ensurethis for horizontalslicesaswell,
we just furnish the sliceswith a border that is at
leastone pixel wide. The width of the borderin
objectspacecanbeapproximatedasfollows:


 �
�$����
 ���������

� x
���

1 � minl � 1���
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Similarly, theverticalterrainsliceswith aprojected
height of lessthan one pixel have to be adjusted,
too. Otherwisewe would be ableto look through
the surface. We circumvent this problemby ex-
tendingthe slicesat the bottomand at the top by
an amountof one pixel. The latter also betters
the alignmentof polygonalnodeswith rasterized
ones,The alignmentof trianglesand slicesis en-
tirely seamlesswhenraisingtheslicesbyanamount
of exactlyhalf apixel.

6 Results

Thetraversaldepthof thequadtreeis not very high
comparedto the accuracy of the renderedimage.
Therefore,theCPUisof�oadedef�ciently andmost
of thework isaccomplishedby thegraphicsacceler-
ator. Table 5 listssomeperformancemeasurements
for theYukon Territory datasetwith differentwin-
dow sizes.With thesizeof thewindow increasing
theterrainslicingapproachbecomesmoreandmore
costly, becausetherasterizedareaof eachbounding
box is increasing,too. Therefore,thepolygonren-
deringalternative is simultaneouslybecomingmore
and more attractive, which leadsto an increasing
numberof renderedtriangles.Comparedto exclu-
sive polygonalrenderingwith quadtreeculling our
methodachievesa speedupof about70%to 400%
dependingon thesizeof thewindow.

Hence,themainlimiting factorfor themaximum
numberof framesper secondis the rasterization
bandwidthof thegraphicshardwareandneitherthe
sizeof therenderedmeshnor thespeedof themain
processor. Thisfactis illustratedby Figure6,which
shows thecity centerof Stuttgart,Germany, with a
grid resolutionof 2049� 2049split into 2 � 2 tiles.
The achieved framerateswereonly slightly lower
than thoseof the Yukon Territory dataset with a
grissizeof 1025 � 1025.Accordingly, thespeedup
wasapproximately3 to 4 timeshigher. The same
holdsfor Figure7 showing ahighly detailedfractal
landscape.In Figure8 theintensityof theimageis
correlatingdirectly to thenumberof rasterizedpix-
els. Due to adaptive terrainslicing the overraw is
decreasingin �at areasandwith increasingdistance
to thepointof view.

For theYukonTerritorydatasetthequadtreecon-
sistedof 21845nodes,which wereconsumingap-
proximatelyone megabyteof memory. The ter-
rain wasrepresentedby a 1024� 1024texturemap

window size avg. fps min. fps
400� 300 35.3 28.8
512� 384 28.5 21.5
640� 480 22.2 18.1
800� 600 18.0 14.2
1024� 768 15.1 11.0

window size triangles slices
400� 300 68,736 11,941
512� 384 93,952 14,832
640� 480 151,296 13,445
800� 600 209,152 13,296
1024� 768 257,536 10,042

Figure5: Performancemeasurementsfor theYukon
Territorydatasetwith asizeof 1025� 1025ona900
MHz AMD Athlon (CPU load: � 24%) equipped
with a NVidia GeForce2 MX SDR (vertices/sec:
9.5M, pixels/sec:157M). For comparison,theper-
formanceof brute-forcepolygon renderingwith
quadtreeculling is at the minimum 3.1 frames/sec
and 8.9 frames/secon the average. This corre-
spondsto 585,856and 2,101,250renderedtrian-
gles,respectively.

with 4 components.For the texture 4 megabytes
of dedicatedgraphicsmemorywereallocated.The
quadtreerepresentationwasderived by resampling
the texture with a grid sizeof 1025� 1025. Com-
paringthecomplexity of ouralgorithmandthedata
structureswith currentlyexisting terrainrendering
approachesthe memoryconsumptionis oneof the
lowest reported. What is more, no dynamically
changingdatastructuresor sophisticatedpropaga-
tion schemesarerequired.

7 Terrain Slicing Extensions

In this sectionwe will discussa variety of exten-
sionsthat caneither improve the visual quality or
the speedof our terrain slicing approach. Addi-
tionally, we aregiving examplesfor otherpossible
applicationareasbesidesterrainrendering:

� On machinesthat supportregistercombiners
(namelytheNVIDIA GeForcegraphicsaccel-
eratorfamily) antialiasedterrainslicescanbe
drawn by usinga simpletrick. Insteadof us-
ing analphatestto cut away thesolid partsof



Figure6: Thecity centerof Stuttgartfrom above.

Figure7: A highly detailedfractalsnake.

the slices,the registercombinerscanbe pro-
grammedto outputopacityvalues,which de-
creasefrom one to zero, if a rasterizedpixel
is above thesurface.Thentheslicesjust need
to beblendedappropriatelyto obtainantialias-
ing.

� The NVIDIA GeForce3graphicsaccelerator
supportsthe vertex shaderextension,which
can be usedto of�oad the CPU from calcu-
lating thevertex positions,texturecoordinates
andopacitiesof eachslice in thebundle. The
verticesof thestartingsliceof thebundlejust
needto beshiftedalongtheaxisof alignment.
The opacitiesand texture coordinatesof the
slice quadscanbe derived directly from each
3-spacevertex.

� Sorting the slice bundles and the quadtree
in a back to front fashion allows the dis-

Figure 8: Yukon Territory with the image inten-
sity correlatingto the numberof rasterizedpixels.
Brightercolorscorrespondto ahigheroverdraw.

play of height dependentfog. As the al-
pha componentis already reserved for the
heights of the terrain, the opacity of the
slices needsto be encodedinto the RGB
channelsof the primary color with blend-
ing function glBlendFunc(GL SRCCOLOR,
GL ONEMINUSSRCCOLOR).

� In order to improve the visual quality andto
eliminatetheangularlook of trianglesnearby
onecouldapplyadaptive subdivision surfaces
to thepolygonalmesh.Thenthe level of sub-
division shoulddependon a view-dependent
criterion.

� A hierarchicalcombinationof terrain slices
with traditionalTINs is alsoworthwhile con-
sideringin orderto reducethenumberof ren-
deredtriangles. Keepingthe error tolerance
low, suchthat the maximumdeviation of the
irregularnetwork falls below theheightquan-
tizationerror, providesbetterperformancefor
smoothareas.A combinationwith continuous
level of detail algorithmsmay alsohave syn-
ergeticeffects. In sucha hybrid approachour
terrainslicing techniquecouldbeusedto ren-
derdistantpartsof theterrain.

� Becauseof thesimpledatastructuresthatwere
employed for terrainslicing, a partialmodi�-
cationor animationof a terrain is fairly easy
to achieve. Basically, only thetexturemapand
theboundingboxhierarchyhaveto beupdated
eachtime theheight�eld is changed.

� In interactive entertainmentbump mapsare
commonlyusedto enhancethe visual quality



of surfaces,but whenapproachingthesebump
mapsthey unfortunatelyreveal their �at na-
ture. Introducingdisplacementmapsat this
point (seealso [12]) helps to improve real-
ismprettymuch.To renderthesedisplacement
mapsonly a smallnumberof terrainslicesare
neededon the average,thus our approachis
especiallysuitedfor displayingthesemapsat
high framerates(seeFigure9).

Figure 9: Top Left : A brick texture with a dis-
placementmap(minimum frames/sec:32.5, aver-
ageframes/sec:49.3; for a distantpoint of view
themaximumachievableframerateis mostly lim-
itedby theverticalsynchronizationrateof themon-
itor). Top Right: Thesamebrick texture,but with a
�at bumpmapto show thevisualadvantagesof dis-
placementmaps.Bottom Row: A partof theupper
screenshotshasbeenzoomedout to show thedif-
ferencesmoreclearly.

8 Conclusion

We have shown how to take advantageof the in-
creasingrasterizationperformanceof mainstream
PCgraphicsacceleratorsin orderto displayheight
�elds at interactive framerates. We achieved this
without compromisingimage quality. Our hy-
brid terrain renderingand slicing approachmaxi-
mizesrenderingperformanceby usinga hierarchi-
calboundingboxrepresentationof theterrain.Cur-
rentlyavailablegraphicsacceleratorsarenotyetfast
enoughat high screenresolutions. Sincethe per-
formanceof our approachis mainly limited by the
rasterizationbandwidthof the graphicshardware,

the point in time is predictablewhen high screen
resolutionswill besupported.Right now, however,
ourapproachiswell suitedfor thehardwareacceler-
ateddisplayof displacementmaps.Substitutingthe
commonlyusedbumpmapswith thevisuallysupe-
rior displacementmapscan substantiallyenhance
imagequality in interactiveentertainment.
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Figure10: Top: Thecity centerof Stuttgartrenderedby usingthehybridterrainslicingtechnique.Bottom:
A screenshotof Yukon Territory, Canada.Theterrainsliceshavebeenreplacedwith theirboundingboxes
andthegeometryof thetrianglefanshasbeenmadevisibleby darkeningthecentervertex.


