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Abstract

Mary terrain renderingalgorithmshave beende-
veloped, which perform a variety of mesh opti-
mizationsto achieve interactve frame rates. The
mostprominentapproachs the so called continu-
ouslevel of detailtechniquewhich approximates
terrainby performinga view-dependentriangula-
tion. Onedisadwantageof this approachs the fact
thattherenderederrainis of coursgustanapprox-
imation of the original dataset. By exploiting the
capabilitiesof todaysmainstreanPC graphicsac-
celeratorsve proposea new techniquefor the ex-
actrenderingof heightfields. Dueto its relation-
ship with volume slicing we call it adaptve ter-
rain slicing. This techniquds adaptve in thesense
thata bundleof slicesis usedto sampletheterrain,
whereaghe numberof slicesis determinedo as-
suresub-pixel accurag. The coreof our approach
is ahierarchicaboundingbox representatioof the
terrain,whichis traversedn atop-davn order Dur-
ing traversalwe calculatethe actualrenderingcosts
of our adaptve terrainslicing approachwhich en-
ablesusto decidewhetherit would befasterto ren-
der the contentsof the actualboundingbox or to
descendurtherdown the hierarchy After thatthe
minimizedterrainslicing costsarecomparedo the
costof polygonalrenderingandthe fastermethod
of both is applied. Sincethe speedof our terrain
slicing approachs limited mainly by therasteriza-
tion bandwidthof the graphicshardvare, we can
efficiently decouplethe renderingcostsfrom geo-
metriccompleity leadingto high framerateswith-
out compromisingmagequality. In particular our
approachs well suitedfor replacingthecommonly
usedbump mapswith the visually more pleasing
displacementnaps.
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1 Introduction and Motivation

Althoughterrainrenderings aresearctareawith a
long history it is still atopic of actualinterest,es-
peciallyin GIS (Geographidnformation Systems)
andinteractve entertainment.Among the first at-
temptsto visualizea terrain, acquiredby satellite
imageryor cartographicdigitization for example,
resultedn theutilization of thesocalledTINs (Tri-
angulatedirregular Networks [18]). By generat-
ing an approximatetriangle meshthe numberof
polygonswasreducedo achieve interactve frame
rates. The mostimportantdisadwantageof such
an approachis the usageof an object spaceap-
proximation criterion that did not take adwantage
of the specialpropertiesof a terrain, that is the
hugelateralextentof aterrainin comparisorto its
height.More advancedvisualizationalgorithmsare
thususinga screerspacebasedapproxiationcrite-
rion leadingto aview-dependentriangulation.The
roots of thesealgorithmsare going backasfar as
to themid 70ies. Sincethenflight simulatorshave
beenusing levels of detail methodsto accelerate
terrainrendering. Nowadays,the most prominent
techniqueis the so called continuouslevel of de-
tail approach[10, 11, 3, 15, 13], but other well
known techniquedik e progressie mesheg5, 6, 7]
or wavelets[4] have beenappliedto terrainrender
ing aswell to exploit thebenefitof view-dependent
triangulations.

In orderto eliminatea visually irritating draw-
back of theseview-dependentlgorithms,the so
called poppingeffect, LOD interpolationschemes
have beenintroducedin [1, 15, 7, 13], which are
commonlyknown underthetermgeomorphingAll
theseapproachespenda greatdeal of the render
ing time to computethe view-dependentriangula-
tion. Recentmagebasedapproachediovever, are
utilizing therapidly increasingasterizatiorperfor
manceof mainstreanPC graphicsacceleratorso
decouplethe geometriccompleity from rendering
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time compleity. Withoutbeingexhaustve a list of
thosealgorithmsincludedayeredmpostorg16, 2],
isosurficeextractionwith 3D textures[19, 14], veg-
etationrenderingby slicing [8] and relief texture
mapping12]. Therelief texturemappingapproach
usesaseparabl@D imagewarpto preprocesadis-
placemenimap, which afterwardscanbe rendered
by standardexture mappinghardware. While this
approachwould be a fastsolutionto rendera ter-
rain given by a heightfield or a displacemeninap,
it is still not applicable becauserewarpingis not
yet supportedby graphicshardware and hasto be
accomplishedh software.

In this paperwe proposea hew techniquecalled
adaptve terrainslicing, which allows usto display
aterrainor a displacemeninapat high framerates
andon standard®Cgraphicshardvare.

Our slicing approachis basedon the elevation
mapwhite paperfrom NVIDIA [17], which shavs
how to draw horizontalslicesthroughaterrain.Be-
causeof the restrictionto horizontalslicesthis ap-
proachis suited only for renderingheight fields
from the distanceand from abose. A viewer that
is locatedon top of the landscapeavould be ableto
easilydistinguishsingleslices. In contrastto that
approachwe shaw how to draw arbitrarily oriented
slicesthroughtheterrain,which enablesisto view
the terrainfrom arbitrary anglesand positionsand
with or without perspectie projections. A simi-
lartechniqudor hardwareacceleratedisplacement
mappingof polygonalmodelshasbeenpresenteih
[9]. However, the authorsdid not specificallyad-
dressthe specialcaseof terrain rendering,which
leavesmuchmoreroomfor improvement.Further
more,we areintroducingan error measuremertty
which the numberof drawn slicescanbe adjusted
to ensuresub-pixel accurag. Adaptively choosing
thedensityof theslicesenablesisto reducethere-
quirednumberof slicesfor distantpartsof the ter-
rain, wheretheareaof therenderedrianglescorre-
sponddgo lessthanonepixel. Thus,by renderinga
singleterrainslice a considerablemountof trian-
glescanberasterized.

We alsopresent hybrid techniquewhichusesa
boundingbox hierarchyto adaptvely balancethe
load betweenterrain slicing and normal polygon
renderingwhich is chosenfor partsof the terrain,
where a single triangle mapsto much more than
a single pixel. Thesepartscan not be rasterized
efficiently, becauseahe numberof requiredslices

would be muchtoo high to ensuresub-pi>el accu-
ragy. In thesecasesve switchbackto normalpoly-
gonrenderingwhichis necessargnly in thevicin-
ity of the pointof view.

Due to the imagebasednatureof our approach
the renderingcompleity is almostindependenof
the geometriccompleity of the underlying dis-
cretemeshandis limited mainly by therasterization
bandwidthof thegraphicshardware.In comparison
to continuoudevel of detailalgorithmswe achieve
high framerateswithout compromisingyjuality and
without performingtime consumingriangulations.

2 Terrain Slicing

The first stepto decoupleterrain renderingfrom
geometriccomplity is to setup animagebased
methodthat is able to samplea height field by
meanof slicing. With respecto this goal, thefirst
approachthat might comeinto mind is the volume
slicinganalogueHereacartesiarvolumedatasetis
sampledby renderinga setof parallelslicesor con-
centricshellsthatintersecta 3D texturemap,which
containsthe Hausdorf distanceto the objects sur
face. Thenthe polygonalobjectcanbe rasterized
by simply applyinganappropriatdransferfunction
andanalphatestthatcutsawaythetransparenparts
of the volume. Becauseof the hugememoryre-
quirementof the volumetricterrainrepresentation
this methodis not well suitedfor terrainrendering.
Furthermore 3D texturesare not yet supportedon
every graphicsplatform.

Neverthelessiit 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 field (or
displacementmap) into the alpha channelof a
2D texture map. Supposewe want to render
an arbitrarily oriented slice through the terrain,
thenthis canbeaccomplishedh thefollowing way:

1. Encodethe terrain elevations into the alpha
channelof a 2D texture mip-mapby normal-
izing the heightvaluesto therange[0, 1]. The
smallesheightmapsto oneandthehighestel-
evationmapsto zero. Thered, greenandblue
channelscan be usedto represent perspec-
tively rectifiedphoto(ortho-image)f theter
rainin theusualway.



2. Setup thetexture coordinategeneratiorstage
of OpenGL, so that a 3-space vertex is
projected automatically onto the x-z plane,
and the derived texture coordinatess and t
are mappedto the correct coordinaterange
[0,1] x [0, 1].

3. Initialize the texture rasterization
stage by using the OpenGL extension
GL_EXT_t ext ur e_.env_conbi ne with
the following setup,which hasthe effect of
adding the primary alpha componentto the
texture alpha componentscaled both by a
factorof 3:

GLfloat color[]=
{1.0f, 1.0f, 1.0f, 0. 5f};

gl TexEnvi (GL_TEXTURE_ENV,
GL_TEXTURE_ENV_MODE,
GL_COWBI NE_EXT) ;
gl TexEnvi (GL_TEXTURE_ENV,
GL_COwWBI NE_RGB_EXT,
GL_MODULATE) ;
gl TexEnvi ( GL_TEXTURE_ENV,
GL_COwVBI NE_ALPHA_EXT,
GL_| NTERPOLATE_EXT) ;
gl TexEnvi (GL_TEXTURE_ENV,
GL_SOURCE2_ALPHA_EXT,
GL_CONSTANT_EXT) ;
gl TexEnvi (GL_TEXTURE_ENV,
GL_OPERAND2_ALPHA_EXT,
GL_SRC _ALPHA);
gl TexEnvf v( GL_TEXTURE_ENV,
GL_TEXTURE_ENV_COLOR,
color);

4. Enable alpha testing with the comparison
modeGL_LEQUAL andanalphavalueof 3.

5. Draw an arbitrary terrain slice by assigning
eachvertex an alphavaluein the range[0, 1]
thatcorrespondso eachverte<’ height(they-
componenbf eachvertex).

Sincewe usedan inversemappingto encodethe
height values into the alpha texture component,
this setup effectively computesthe difference of
eachfragments height and the height of the ter
rain. In our specific setting a height difference
of zero correspondgo a rasterizedalphavalue of
%. By enablingan alphatest that passeselon
or exactly at this value a fragmentthat lies ex-

actly on or belav the surface of the terrain will

passthe alphatest. As a consequencepnly the
solid partof theterrainwill berasterizedseealso
Figurel). We may alsousethe texture combiner
mode GL_ADD_S| GNED_EXT as an alternatve to
the mode GL_I| NTERPOLATE_EXT, but then we
would effectively lose onebit of accurag leaving
only 7 insteadof 8 available bits for encodingthe
heightsinto thealphachannebf thetexture.

Theapplicationof mip-mapsensuregpropertex-
ture filtering. It is alsoadvisedto useanisotropic
texture filtering, where available. The utilized
OpenGLtexturecombinerextensionis availableon
nearly every mainstreanmPC graphicscardinclud-
ing the ATl Rage 128, the ATI Radeonand the
NVIDIA TNT2 upto the GeForce3graphicsaccel-
erators.For this reasonthe describechardwareac-
celeratederrainslicing approachwill operateon a
broadrangeof personalcomputersand work sta-
tions.

iz

A Terrain Slice
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Figure 1: The grey rectanglein the middle of the
figureindicatesa singleverticalterrainslice. Only
the solid part of the terrainbelow the zig-zagline
is rasterized. This is achieved by utilizing texture
combinersand alphatestingand by encodingthe

heightof theterraininto the alphachannelof a 2D
texturemap.

3 Adaptive Terrain Slicing with Sub-
Pixel Accuracy

In the previous sectionwe describechow to draw
a single arbitrarily orientedslice througha terrain
model. Next we explain how to performsub-pixel



exactterrainrenderingby drawing a bundle of ter-
rain slices.Supposeve wantto renderonly a small
part of the height field, which is enclosedby a
boundingbox. The enclosedartof theterraincan
berasterizedy drawing a bundleof parallelslices
in the spaceof the boundingbox (seealsoFigure 1
and2). Dependingon the angleof sight the slice
bundleis eitheralignedto the x-, y- or z-axis, so
thattheslicesarealwaysfacingtowardstheviewer.
For a vertical angleof sighthigherthana = 45° a
horizontaly-slice bundleis drawvn, otherwiseeither
a vertical x- or z-slicebundleis computed.In or-
derto improve performanceandto take advantage
of theearly Z-testof moderngraphicsaccelerators,
we aresortingtheslicesin afront to backfashion.

Figure 2: Screenshobf Yukon Territory with re-
ducedaccurayg. Thereforesingleterrainslicesare
becomingdistinctable.

Now the main questionis how to calculatethe
minimum numberof equally spacedslices, such
thattherasterizatiorof theterrainwill besub-piel
exact.Clearlythisdepend®enthesizeof theenclos-
ing boundingboxwith horizontalsized andvertical
sizeh, the distanceto the point of view, the angle
of sight, the dimensionof the viewport (in pixels)
andthe field of view as depictedin Figure1. In
the caseof a symmetricprojectiononly the height
of the viewport py andthe vertical field of view ¢
needto betakeninto account.Consideringhis, the
projectedsize(in pixels)of aline segmentof length
x and averageprojectiondistancel, which is seen
underanangleof sighta, canbe approximatedy
thefollowing equatiorwith 8 = cosa:

X-8-py
XJ(X,l,G): m

Using this approximationthe minimum required
numberof slicesm, in a horizontalslice bundle,
whichis seenundera verticalangleof sighta, can
be expressedsfollows:

m, = X' (h,minl,cosmina)

Hereminl andmina denotethe minimumdistance
and the minimum vertical angle of sight a of all
eight cornersof the boundingbox. As aresult,a
consistentower boundcannotbe given for bound-
ing boxesthatintersecthenearclippingplane.The
lower boundm/, for a vertical slice bundlecanbe
givensimilarily with ® = 1 for isotropictexturefil-
teringand® = sinmaxa for anisotropidiltering:

my/, =X(d,minl,©)-y

y = maxx (maxAh, minl,cosmina), 1)

Theoversamplingermy with maxAh denotingthe

maximumof all height differencesAh within the

boundingboxis requiredfor theexactinterpolation
of colors whenrasterizinghigh slopes. It canbe

omitted when headingfor maximumrasterization
speedpecausehe rasterizatiorof the silhouetteis

not affectedby thisterm.

4 Adaptive Terrain Slicing versus
Polygon Rendering

Now thatwe canefficiently rasterizehe solid parts
of the terrain with sub-pixel accurag, an analy-
sis of the requirednumberof drawvn slicesshavs
that the amountof slicesis quite smallfor distant
partsof the terrain, but cangrow arbitrarily large
for nearparts. Here polygonrenderingis more ef-
ficient. For this reasonwe estimatethe rendering
cost of terrain slicing and polygon renderingand
subsequentlghooseghemethod whichis faster In
orderto fully exploit the advantagef sucha hy-
brid approachwe usea hierarchicaboundingbox
representationf theterrain. For eachboundingoox
we calculatethreecostsduring the traversalof the
hierarchy: the costof brute-forcepolygonrender
ing, the costof terrainslicing, andthe sumof the
costsfor descendingp thenext hierarchylevel. Re-
cursiely choosingthe actionwith the lowestasso-
ciatedcosteffectively maximizegheoverallrender
ing performance. Typically, a large boundingbox
leadsto a descendanct the next hierarchylevel,



Figure3: A screenshoof Yukon Territory, Canada,
renderedwith sub-pixel accurag by meansof our
hybridterrainslicing algorithm.

becausehe sumof the renderingcostsof the chil-

drenaremuchlower thanthe actualterrainslicing

or polgonrenderingcosts. At a certainhierarchy
level descendancéoesnot pay off anymore. Then
polygonrenderingis chosenfor the vicinity of the
view point,whereagerrainslicing performesetter
in the distance(seealsoFigure4). In our casethe
hierarchyis a quadtreewhich is constructedrom

mesheswith 2" + 1 grid pointsin eachdimension.
Othermeshsizesneedpaddingor resampling.

At first glance,the calculationof the exactren-
deringcosts,andin particularthe correctpropaga-
tion of thesevaluesup the quadtree seemsto be
a very complicatedtask. Fortunately it turnsout
that we can simplify this task due to the follow-
ing obsenation: Descendinghe quadtreedoesnot
increaseor lower the total costof polygonrender
ing, becausehe total amountof trianglesstaysthe
same. Thereis only a minor trade off dueto the
reducedaveragelengthof the trianglestrips. As a
consequenceye can minimize the terrain slicing
costsdecoupledrom the costsof polgyonrender
ing. Thisis achieved by meansof a simplesubdvi-
siontest,which comparegheterrainslicing costof
the actualnodewith the sumof the terrainslicing
costsof its childrentimesa constant:

4
subdivide,if costpoge > C: ZCOStChildi
i=

At the endof thetraversalwe needto calculatethe
polygonrenderingcostsonly oncein orderto com-
pare againstterrain slicing and choosethe faster

Figure 4: The samescreenshotas in Figure 3,

but the terrain sliceshave beenreplacedwith their
boundingboxes and the geometryof the triangle
fanshasbeenmadevisible by darleningthe center
vertex. A largerversionof theimagecanbeseeron

thecolorplate.

method. The influenceof the constantc will be-
comeclearatthe endof this section.

As we have seen,it basicallyboils down to ac-
curatelyestimatethe renderingcostsof terrainslic-
ing andpolygonrendering.Sinceeachgraphicsac-
celeratorhasgot its own performanceprofile, we
are measuringtwo characteristicconstantsat the
startup of theterrainrenderingapplication. These
two constantsare the numberof verticesand the
numberof pixels per second,which can be pro-
cessedvy a specificgraphicsaccelerato(denoted
by vt x_speed and r st _speed, respectrely).
With thesecharacteristicconstantshe time spent
by eitherprocessingn verticesor by rasterizinga
polygonal surface of areaA and averagedistance
I, which is seenunderan angle of sight a with
O = cosa, canbeestimatedasfollows:

n
vtx_cost(n) = m

2
A-© Py
rst_speed \ | -2tan%

In the caseof usingtrianglefansinsteadof tri-
anglestripsthe polygonalrenderingcostof amesh
with size(s+ 1) x (s+ 1) canbeapproximatedy:

rst_cost(A1,0) =




costy =

S\ 2
vtx_cost(10- (i) )+
rst_cost(d?,minl, sinmaxa) +

d . .
rst_cost(z—S - Ahy j, minl, cosmina)
]

This formula is derived by adding the render
ing costs for vertex processing(first row) and
pixel rasterization(next two rows). The num-
ber of processedriangle fans of a meshof size
(s+1)x(s+1)is (g)2 Eachtrianglefanconsists
of 8 triangles,which arerenderedby processinga
total of 10 vertices. The rasterizationcostis di-
vided into two parts: Whenlooking onto the ter
rain straightfrom above the projectedareaof the
entireblockaccountgor rasterizatiorfmiddlerow).
Whenviewing theblock from the sideonly the zig-
zagcontourof theblockis rasterizedbottomrow).
For anangleof view betweerthesetwo orthogonal
caseswe are weightingthe two rasterizatiorcosts
appropriately Likewisetheterrainslicing costsfor
X-, y- andz-slicesare:

Costy = n’)y'
(vtx_cost(4)+
rst_cost(d?, minl, sinmaxa))
costy, = My

(vtx_cost(4)+
rst_cost(d-h,minl,cosmina))

The numberof processederticesis four timesthe
numberof slices, since eachslice is dravn by a
quadrilateralwhereaghenumberof rasterizegix-
elsdepend®onthe projectedareaof the quads.

By analyzingthe costof terrain slicing we ob-
sene that by eachlevel of quadtreedescendance
thenumberof drawn slicesapproximatelydoubles,
whereashe rasterizationareadecrease$y a fac-
tor thatis determinedy the shapeof the bounding
boxes.In theworstcasetherasterizatiorareamight
not bereducedat all. In this casethe total rasteri-
zationcostis decreasetly a factorof C ~ mm'lrig ,
which is dueto the reductionof the numberof re-
quiredslicesin the furthermostchild nodes.Since
our subdvision criterionis merelya comparisorof
the terrain slicing cost of the actualnodeand the

sum of the terrainslicing costsof its children,the
quadtredraversalmight be stoppeceforeactually
theoptimumlevel is reachedFor thisto happerthe
condition

vtx_cost +rst_cost <

c-(2-vtx_cost+C-rst_cost)

mustbe fulfilled. An intuitive interpretionof this
equationis thatit cannotbe true, if the ratio C is
lower thana certainunknavn valueC’, which can
be controlledby the constantc (c < 1). The other
way round,we canensurethat our costminimiza-
tion is correctfor every nodewith C < C' by choos-
ing anappropriatevaluefor c. This meanghatour
minimizationis correctfor every nodewith atleast
acertainprojectedsize. In practice we have found
¢ = 0.9 to be a reasonablehoice. We have also
found that the renderingperformancediffers only
slightly for varyingvaluesof ¢, whichindicateghat
the optimizationis alreadycloseto the optimum.

As mentionedn section3, alower boundon the
numberof requiredslicescannotbe calculatedin
somecases. Furthermore the correctestimation
of the renderingcostfor a boundingbox that in-
tersectghe sidesof the viewing frustumis difficult
to achieve. In thesecaseswe simply decideto de-
scendfurther down the hierarchy For a bounding
box thatis completelyinvisible the renderingcost
is assumedo be zero, becauset is culled by the
quadtree.

In Figure3 adatasetof Yukon Territory, Canada,
with 1025x 1025grid pointsis displayedby means
of our hybridterrainrenderingechniqgue Thesame
terrainis shavn in Figure4, but the sliced partsof
the terrainhave beenreplacedwith their bounding
boxes. The geometryof the trianglefanshasbeen
madevisible by settingthe color of the centerver
tex to black. Onecanclearly seethatour adaptve
terrainslicing methodis chosenn thedistanceand
in flat areas.In thevicinity andfor hugeslopesthe
bruteforceattackwasconsideredo befastersince
otherwisea large numberof tall sliceswould have
beenrendered.

In orderto shav the terrainslices,by which the
height field is rasterized,the accurag of our al-
gorithmwasloweredin Figure2. Onecanspota
bunchof verticalslices,but nohorizontalslicebun-
dle, becausghe point of view is alreadytoo close
to the surface.



5 Eliminating Possible Glitches

In order to prevent misalignmentof meshedtri-
angles,the verticesof adjacenttriangle edgesare
usually specifiedin the sameorder Otherwiseit
might happenthat somepixels on a triangle edge
are omitted. Dependingon the rasterizationstage
of a graphicsacceleratothis effect is moreor less
visible, but canbe preventedby specifyingthe ver-
ticesin the correctorder The seamlesslignment
of rasterizedquadtreenodesis a bit more compli-
cated.Fortunatelywe only have to pay attentionto
thehorizontalslices,sincetheverticalonesalready
have sufiicient overlap dueto perspectie reasons.
In orderto ensurethis for horizontalslicesaswell,
we just furnish the sliceswith a borderthatis at
leastone pixel wide. The width of the borderin
objectspacecanbe approximatedasfollows:

widthporder = X (1, minl, l)_1

Similarly, theverticalterrainsliceswith a projected
heightof lessthanone pixel needadjustmenttoo.
Otherwisevewouldbeableto look throughthesur
face.We circum\entthis problemby extendingthe
slicesat the bottom and at the top by an amount
of onepixel. The latter alsobettersthe alignment
of polygonalnodeswith rasterizecbnes,Thealign-
ment of trianglesand slicesis entirely seamless
whenraisingtheslicesby anamountof exactly half
apixel.

6 Results

Thetraversaldepthof the quadtreds not very high
comparedo the accurag of the renderedimage.
Thereforethe CPUis offloadedefficiently andmost
of thework is accomplishethy thegraphicsacceler
ator Table 5 lists someperformanceneasurements
for the Yukon Territory datasetwith differentwin-
dow sizes.With the size of the window increasing
theterrainslicingapproaclbecomesnoreandmore
costly becausé¢herasterizedreaof eachbounding
box s increasingtoo. Therefore the polygonren-
deringalternatve is simultaneouslypecomingmore
and more attractve, which leadsto an increasing
numberof renderedriangles. Comparedo exclu-
sive polygonalrenderingwith quadtreeculling our
methodachievesa speedumf about70%to 400%
dependingnthesizeof thewindow.

| window size | avg. fps | min. fps ]

400x300 35.3 28.8
512x 384 28.5 215
640x 480 22.2 18.1
800x 600 18.0 14.2
1024x 768 15.1 11.0

| window size | triangles | dlices |
400x 300 68,736 | 11,941
512x384 93,952 | 14,832
640x 480 151,296 | 13,445
800x 600 209,152 | 13,296
1024x 768 257,536 | 10,042

Figure5: Performanceneasurementsr theYukon
Territorydatasetwith asizeof 1025x 10250na900
MHz AMD Athlon (CPU load: <24%) equipped
with a NVidia GeForce2 MX SDR (vertices/sec:
9.5M, pixels/sec:157M). For comparisonthe per
formanceof brute-force polygon rendering with
quadtreeculling is at the minimum 3.1 frames/sec
and 8.9 frames/semn the average. This corre-
spondsto 585,856and 2,101,250renderedtrian-
gles,respectiely.

Hence themainlimiting factorfor themaximum
numberof framesper secondis the rasterization
bandwidthof the graphicshardwareandneitherthe
sizeof therenderedneshnor the speedf themain
processorThisfactis illustratedby Figure6, which
shaws the city centerof Stuttgart,Germary, with a
grid resolutionof 2049x 2049 split into 2x 2 tiles.
The achieved framerateswere only slightly lower
than thoseof the Yukon Territory datasetwith a
gris sizeof 1025x 1025. Accordingly the speedup
was approximately3 to 4 timeshigher The same
holdsfor Figure7 shaving a highly detailedfractal
landscapeln Figure8 theintensityof theimageis
correlatingdirectly to the numberof rasterizegix-
els. Dueto adaptve terrainslicing the overraw is
decreasingn flatareasandwith increasinglistance
to thepointof view.

FortheYukon Territorydatasetthequadtreeon-
sistedof 21845nodeswhichwereconsumingl194
kilobytesof memory The terrainwasrepresented
by a 1024x 1024 texture map with 4 components.
For the texture 4 megabytesof dedicatecgraphics
memorywere allocated. The quadtreerepresenta-



Figure6: Thecity centerof Stuttgartfrom above.

Figure7: A highly detailedfractalsnale.

tion was derived by resamplingthe texture with a
grid sizeof 1025<1025. Comparingthe complex-

ity of our algorithm and the data structureswith

currently existing terrainrenderingapproacheshe
memoryconsumptiorns oneof the lowestreported.
Whatis more,no dynamicallychangingdatastruc-
turesor sophisticategpropagatiorschemesarere-

quired.

7 Terrain Slicing Extensions

In this sectionwe will discussa variety of exten-
sionsthat caneitherimprove the visual quality or

the speedof our terrain slicing approach. Addi-

tionally, we aregiving examplesfor otherpossible
applicationareashesidegerrainrendering:

Figure 8: Yukon Territory with the imageinten-
sity correlatingto the numberof rasterizedixels.
Brightercolorscorrespondo a higheroverdrav.

On machineghat supportregister combiners
(namelytheNVIDIA GeForcegraphicsaccel-
eratorfamily) antialiasederrainslicescanbe
drawn by usinga simpletrick. Insteadof us-
ing analphatestto cut away the solid partsof
the slices, the registercombinerscan be pro-
grammedo outputopacityvalues,which de-
creasefrom oneto zero, if a rasterizedpixel
is above the surface. Thenthe slicesjust need
to beblendedappropriatelyto obtainantialias-
ing.

The NVIDIA GeForce3graphicsaccelerator
supportsthe vertex shaderextension, which
can be usedto offload the CPU from calcu-
lating the vertex positions texture coordinates
andopacitiesof eachslicein thebundle. The
verticesof the startingslice of the bundlejust
needto be shiftedalongthe axisof 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-
play of height dependentfog. As the al-
pha componentis already resered for the
heights of the terrain, the opacity of the
slices needsto be encodedinto the RGB
channelsof the primary color with blend-
ing function gl Bl endFunc( GL_SRC_.COLOR,
GL_ONE-M NUS_SRC_.COLOR) .

In orderto improve the visual quality andto
eliminatethe angularlook of trianglesnearby
onecould apply adaptve subdvision surfaces



to the polygonalmesh.Thenthe level of sub-
division shoulddependon a view-dependent
criterion.

A hierarchicalcombinationof terrain slices
with traditional TINs is alsoworthwhile con-
sideringin orderto reducethe numberof ren-
deredtriangles. Keepingthe error tolerance
low, suchthat the maximumdeviation of the
irregularnetwork falls belav the heightquan-
tizationerror, providesbetterperformancdor
smoothareas A combinatiorwith continuous
level of detail algorithmsmay also have syn-
emgeticeffects. In sucha hybrid approactour
terrainslicing techniquecould be usedto ren-
derdistantpartsof theterrain.

Becausef thesimpledatastructureshatwere
emplo/ed for terrainslicing, a partial modifi-
cationor animationof a terrainis fairly easy
to achieve. Basically only thetexturemapand
theboundingbox hierarchyhave to beupdated
eachtime the heightfield is changed.

In interactve entertainmentump maps are
commonlyusedto enhancehe visual quality
of surfacesput whenapproachinghesebump
mapsthey unfortunatelyreveal their flat na-
ture. Introducingdisplacemenmapsat this
point (seealso [12]) helpsto improve real-
ismprettymuch.To renderthesedisplacement
mapsonly a smallnumberof terrainslicesare
neededon the average,thus our approachis
especiallysuitedfor displayingthesemapsat
high framerates(seeFigure9).

8 Conclusion

We have shavn how to take advantageof the in-
creasingrasterizationperformanceof mainstream
PC graphicsacceleratorin orderto displayheight
fields at interactive framerates. We achieved this
without compromisingimage quality.  Our hy-
brid terrain renderingand slicing approachmaxi-
mizesrenderingperformancéy usinga hierarchi-
calboundingbox representatioof theterrain.Cur
rentlyavailablegraphicsacceleratorarenotyetfast
enoughat high screenresolutions. Sincethe per
formanceof our approachs mainly limited by the
rasterizationbandwidthof the graphicshardware,
the point in time is predictablewhen high screen
resolutionswill be supported Right now, however,
ourapproachis well suitedfor thehardwareacceler

Figure9: Top Left: A brick texture with a dis-
placementmap (minimum frames/sec:32.5, aver

age frames/sec:49.3; for a distantpoint of view

the maximumachie/ableframerateis mostly lim-

ited by theverticalsynchronizatiomateof themon-
itor). Top Right: Thesamebrick texture,but with a
flat bumpmapto shaw thevisualadantage®f dis-
placementnaps.Bottom Row: A partof theupper
screenshotshasbeenzoomedout to shav the dif-

ferencesmoreclearly

ateddisplayof displacementaps.Substitutinghe

commonlyusedbumpmapswith thevisually supe-
rior displacementnapscan substantiallyenhance
imagequality in interactve entertainment.
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Figurel0: Top: Thecity centerof Stuttgartrenderedy usingthehybridterrainslicingtechnique Bottom:
A screershotof Yukon Territory, CanadaTheterrainsliceshave beenreplacedwith their boundingboxes
andthegeometryof thetrianglefanshasbeenmadevisible by darkeningthe centervertex.



