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Abstract

Recentadwancesin algorithmsand graphicshard-
warehave openedhepossibilityto renderargeter-
rain elds at interactve rateson commodity PCs.
Dueto theseadwancest is possibletodayto inter
actively synthesizarti cial terrainsusingprocedu-
ral descriptionsOur paperextendson this work by
presentinganew GPUmethodfor real-timeediting,
synthesisandrenderingof in nite landscapesx-
hibiting a wide rangeof geologicalstructures.Our
methodbuilds uponthe conceptof projectedgrids

to achieve nearoptimal samplingof the landscape.

We describethe integration of proceduralshaders
for multifractalsinto this approachandwe propose
intuitive optionsto edit the shapeof the resulting
terrain. The methodis multi-scaleandadaptve in
nature andit hasbeenextendedowardsin nite and
sphericadlomains.In combinatiorwith geo-typical
texturesthatautomaticallyadaptto the shapebeing
synthesizeda powerful methodfor thecreationand
renderingof realisticlandscapess presented.

1 Intr oduction and RelatedWork

Basedon ideason the organizingprinciplesof nat-
ural phenomenl 3], thereexists at leastempirical
evidenceon fractalsin geologicalstructuressuch
as landscapesrivers and coastlines. Such struc-
turesobey thetypical fractionalBrownian or 1=f
"motion”, andthey canthusbe modelledasaran-
dom walk exhibiting certainstochasticproperties.
Basedon this obsenation a numberof different
approachedor fractal terrain synthesishave been
suggestedver the last decades. For a thorough
overview we referto [5]. Today fractalmodelsare
most commonly generatedusing Fourier Itering
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[25], midpointdisplacemenil4] or noisesynthesis
[20]. As theapproachusedhereis of thelattertype,
wewill brie y describeheunderlyingconcept.

Perlin[20, 21] introduceda synthetic functional
fractal model as a summationof several, appro-
priately scaled-dwn copies of a band-limited,
stochasticnoise function. The Rescale-and-Add
method by Saupe[26, 27] extendsthe heuristic
formulas of Perlin to a full fractal model. It
allows a 2D fractal displacemennoisewith locally
varyingfractaldimension(a measuref thesurface
roughness)to be created by summing vector
valued Perlin noise functions at different scales
and frequencies. SimultaneouslyMusgrave [16]
introducednoise synthesigo enablelocal control
of fractal dimensionand other parameterf the
generatingandomprocess.As thesemethodsuse
multiple scalingsto locally control the statistic
propertiesof the random processunderlying the
fractal synthesisthe type of fractalsthey generate
is referredto asmultifractals

Theadwantage®f thefunctionalapproachare:

1 The function can be evaluated locally at
only thoselocationsrequired during render
ing, enablingef cient terrainsynthesisn pro-
grammablegraphicshardware(GPUs)[7, 8].

2 Thelevel of detail of the terrainbeinggener
atedcanbe adaptedo thelocalimageresolu-
tion, thusanti-aliasingthe fractal[19].

3 All parameterof the function may vary lo-
cally overthe objectdomain.

4 Thebasisfunctionsunderlyingthefractalsyn-
thesisprocesscan be modulatedto adaptlo-
cally to particulardesignfeatures.

Due to the high degreeof sophisticationto which
functional approachedor fractal modelling have
developedit is by now possiblao creatdandscapes



atimpressie realism,includingmary differentge-
ological formationsaswell asterrainspeci c tex-
tures[2, 18]. While beingacknavledgedasa ne
techniqueas such, the mostdemandingpart is to
deal with the "parametricnightmare” of the syn-
thesizers high dimensionalfeaturespace. So far,
fractallandscapeditorseitherrestrictthedesigners
e xibility or overwhelmthe userwith a plethoraof
parametersAn embeddingf theseparametergto
atight visual feedbacKkoop suchthatthe usercan
directly monitorthe effectsof editingactionsis not
yetavailable.Suchanembeddingllows simulating
mary kinds of differentlandscape$n an intuitive
way, andhelpsto matchthe modelledscenerywith
the designers expectationswhile shorteningboth
the designprocessandtime to market. Especially
in applicationslike computergamesor computer
animatedims thisis of particularinterest.

Techniquegthat are opento this kind of inter
action can also be directly integratedinto virtual
ervironmentsto continuouslymodify outdoorsce-
nariosbasedon context. By modifying landscapes
dependingon externalparametertik e gamestatus,
players expertise,or dif culty , the immersiveness
of such scenarioscan be increasedsigni cantly.
Even more, they allow the userto createits own
syntheticworldsthatcanbe altereddirectly at run-
time by individual and contet-speci ¢ guidelines
(similar to the Populousseriesof games[15]). As
it is impossibleto pre-computethe per sein nite
variety of differentstructuresparameterizedval-
uationmethodsenablingcontinuougransitionsbe-
tweendifferentformingshave to be considered.

Thereasorwhy theaforementionedcenarichas
not yet becomereality is twofold. Firstly, terrain
generatiommethoddeaturingarbitrarylocal control
of surfacepropertiesarein generatoo expensve to
be usedfor interactve synthesiof high-resolution
terrains.Secondlythe creationof syntheticimages
of dynamicterrain modelsis time- and memory-
consuming,andis hencenot suitedfor usein in-
teractve ervironmentswithout furtherado. For in-
stanceray-tracingof procedurafractal heightval-
ues[17, 18] is far from interactve. But even for
non-procedurakerrainsray-tracingandscanlineal-
gorithms[1, 4] requirestatic height elds to har
nesstheir full potential. Sincescanlinealgorithms
alsoinvolve streamingrenderablerimitivesto the
GPU, the performances considerablylimited due
to bandwidthrequirements.

1.1 Contribution

Figurel: A fractal landscapegeneatedby our method.
Notethe striking geolagical featuesand geo-typicaltex-

tures. On recentGPUs, synthesisand renderingon a

1280 1024viewportrunsat 70fps.

In this paper we presenta real-time fractal
terrainsynthesizerThe algorithmswe proposeare
designedwith respectto the aforementionede-
quirementsThey arecombinedinto aWYSIWYG
interface to allow the intuitive design of highly
detailedterrainmodels.Our approachnvolvestwo
distinct procedures:editing and rendering where
the synthesiof the landscapés directly integrated
into the rendering procedure. This avoids ary
intermediate data structures for storing height
valuesotherthanthe onesneededo form the nal
image. Editing andrenderinginvolve a numberof
novel techniquesand they provide mary features
notavailablein previousmethods.

Editing: Becausedheuserinteractsdirectly with
the samerepresentatiomsedto form the nal im-
age,the fractal's parametesspacecan be managed
corveniently We use painting and brushingon
gray-scaleimagesrepresentinghe fractal's basis
functionsfor editing. Againstcommonknowledge,
editing basisfunctionscanbe highly intuitive, but
only if coupledwith immediatevisual feedback.
This approachturns out to be an amazinglypow-
erful paradigm enabling multi-resolution terrain
editingvia thefrequeng bandsof basisfunctions.

Rendering: We exploit the functional natureof
the terrain, which allows for point-wise synthesis
at arbitrary positions. Ratherthan performingthe
synthesisas a distinct and decoupledprocedure,
it is tightly integratedinto the renderingprocess,



such that both stepscan be implementedon the
GPU. This exploits parallelismand memoryband-
with while limiting bus transferto compactand
local editing updates. We utilize a projectedgrid
approachto minimize both the numberof point
evaluationsandto achieve nearoptimal sampling.
For this, a screen-spacalignedgrid is projected
ontothe fractal's surfaceby deforminggrid points
out of the basedomain. Anti-aliasingis performed
for eachpoint by computingthe appropriatelevel
of fractaldetail. To furtherincreasehelandscape
realism, geo-typical materialsare synthesizedby
example (see Figure 1). For each point of the
projectedgrid, so-calledproto-textures[2] arecom-
bined,eitherby usinga slope/heighparameterized
weightingfunction[3], or usingeditableweights.

The remainderof this paperis organizedasfol-
lows. In Section2.1 we describethetheorybehind
noisesynthesis. We then presentthe WYSIWYG
interface usedfor fractal editing in Section3. In
Sectiord we discusssynthesisandrenderingof the
terrainon the GPU. Finally, we concludethe paper
anddiscusdirectionsfor futurework.

2 Multifractal Terrain Synthesis

In thefollowing we will brie y review thetheoreti-
cal basisbehindnoisesynthesisandstochastidrac-

tals. Thefunctionalapproactdescribedereis well

suitedfor evaluationon recentGPUs,asit requires
only simplearithmeticoperationsandlocally con-
tiguoustextureaccess.

2.1 The Rescale-and-AddVethod

Figure2: NoisesynthesisisingEquation(1) with vary-
ing parametes. Thethreeimage pairsillustratethemean-
ing of varying lacunarity, Hurst exponentand numberof
octaves(the respectivevaluesare larger in the right im-
ages).

A random2D grid of N(0,1) Gauss-distribted
numberswith zeromeanandvarianceequalto one,
calledthenoiselattice, is generatedrst andstored
in a 2D texture map. On the GPU this grid is ex-
tendedby meansof bi-linear interpolationandtex-

turerepetitioninto aC* continuousperiodicfunc-
tion, callednoise[20] or, moreaccuratelyauxiliary
function S(x) [26]. A 2D fractal is generatedy
superpositiorof several appropriatelyscaled-dwn
copiesof theauxiliary function:

X1
H(X1;x2) = H(%) =

1
rk—HS(rkx) (1)
k= ko

The evaluationcanbe donefor ary arbitrary point
independentlyf its neighbors.t canbeef ciently
performedin a pixel shaderon the GPU thatis pa-
rameterizedvith the point coordinatest, the lacu-
narityr, andtheHurstexponentH = 3 D, where
D is thefractaldimensionof the surface.Equipped
with theseparametersthe shadercomputesfrac-
tal heightvaluesusingmultiple evaluationg(texture
fetchesf thenoiselattice. Themeaningof thedif-
ferentparameterss illustratedin Figure2.

The summationlimits are calculatedin accor
dancewith the smallestandlargeststructureqfre-
gquenciesylesiredatacertainpositionof theterrain.
ko determinesheglobalfractalstructureandis cal-
culatedonly oncefor a sequencewhile ki de nes
the smallestlevel of visible detail (high frequeng
information),andis usuallychangedrom pointto
point dependingon the perspectie distortion. In
Section4 we will explicitly discusshow to select
k1 in away suchto avoid aliasingartifacts.

2.2 Domain Warping

The Rescale-and-Addnethod createscorvincing
terrain elds on mediumscales. On larger scales,
however, the resultis too homogeneouso appear
realistic. The reasonis that the auxiliary function
S(%) is designedo be stochasticallyinvariantun-
derrotation,translationandscaling.This resultsin
veryregularandarti cially looking geo-structures.
A more naturalappearancean be achiezed by
usingdomainwarping Insteadof synthesizinghe
terrain over the domain D R?, a continuous
re-parametrization : D 7! D is utilized, on
whichthesynthesids thenperformed.n [5] sucha
mappingwassuggestedo simulatebreakingwaves
on a 2D-only domainembeddedn 3D. To over-
comethe homogeneoustructureof the terrainwe
suggestroughness-and height-dependentotation
andtranslationof the domain. This breaksup the
stochasticinvariancesof the basisfunctionsin a
controlledandrestrictedway.



We thereforeassumethat eachdomain coordi-
nate (x1;X2) is transformedby a generalrota-
tion/translationrmatrix (where is the angleof ro-
tationandt thetranslationvector):

0 1
0 . X1
X1 _ COos sin t1 @y, A
0o - ; 2
X2 sin cos to 1

To avoid evaluations of trigonometric functions
we representthe rotation by a unit vector ¢ =
(cos ; sin ):

0 1

X1
R r; ta @x,A
ro ra ts 1

xX X
NOoRO

Observinghatgeologicaktructuregandformations
in naturevary dependingon surfaceheight[16], we
introducea height-dependembughnes®; = Ro
Hi, whereRo := 1=(r H). H; is the heightof
a surfacepoint after evaluationof the rst i terms
of Equation(1), i.e., the heightafter accumulating
octave i. To adddomainwarpingto the synthesis
processve applyadifferentmappingdependingn
R; for everyoctavei:

fiv1 =€ Ri+e&+r
Hi
Ri
Therotationvectorfi+1 is re-normalizedafter ev-
ery iteration. To performthe above updatesthree
additional constant2D vectorse;, €, ande; are
introduced.e; controlsthe amountof rotationde-
terminedby the currentroughnesswhile e; per
forms a constantupdate. The third vectorez con-
trols the in uence of the currentheightandrough-
nesson the translation. The basicideais that the
amounf rotationincreasesvith roughnessiesult-
ing in turbulent structuressimilar to cooled-dovn
lava, while stretchingthoseregions more signi -
cantly that arelessrough or at higher altitudesto
additionallymake themappeamashedut
Eventhoughthis procedur&eomesattheexpense
of evaluatingmoreparameterm theinnermostoop
of thesynthesizeiit effectively breaksupthehomo-
geneityof the terrain, sinceit addsorganic shapes
that resemblenatural geo-&olution. Two exam-
plesthat shav the effects of the domainwarping
describedhereare shavn in Figure3. Theseex-
ampleswere generatedisinge; = (0:35;0:16)',
e = ( 0:07,0:13), ez = (0:11;0:17)', #o =

Tiv1 = €3
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Figure3: Theeffectof domainwarpingis illustrated. A
simplenoisefunctionwasusedfor the auxiliary function.
Left: Withoutdomainwarpingtheterrain looksratherho-
mageneousnduniform. Right: Byusingdomainwarping
curved lava-like featuesare geneated.

(1;0), andtp = (0; 0). Differentformationscanbe
achiezed by modifying the control vectorse; using
thefractaleditordescribedn the next chapter

3 Interactive Fractal Editing

An importantfeatureof the proposedsystemis the
fractal editor In the spirit of a WYSIWYG inter-
face theeditorprovidestheuserwith immediatevi-
sualfeedbacko eachaction. The usercanliterally
paintbasisfunctionsrepresentethy gray-scalém-
ages.Several of thesegray-scalémagesd i, replac-
ing the aforementionedhoiselattice, arethencom-
posedinto the auxiliary function S(x) (seeEqua-
tion (1)) usingindividual weightsw; :
X
S(x%) = wi 1i(x)

@

wherethew; arerenormalizedbn the GPUto sum
upto 1 aftereacheditingcommandThusS(x) isa
corvex combinationof basisfunctions,allowing to
achieve a particularlook of theterrainsuchas30%
desertand 70% craterseasily To offer maximum
e xibility, the usercanalsochooseto load images
from disk to actasbasisfunctionsor weights. This
keepsthe interfaceintuitive and simple, yet offers
the userthe possibility to resortto ary paintingor
imagingprogram. In additionto standardpainting
tools,aseriesof image Iters suchaslow- andhigh-
passandnormalizing Iters is implemented.
Internally, all basisfunctions and weights are
storedin 2D textures. Exploiting the fact that tex-
turesmay compriseup to four channels,and that
basisfunctionsandweightswill alwaysbe fetched
at the samepositionto computeEquationg(1) and
(2), weightsandbasisfunctionsarepacledtogether
to minimizefetchedrom differenttextures.Thisal-
lows the variousediting featuresaswell asthe |-
tersto beimplementechighly ef cient onthe GPU.



Also, bustransferbetweerCPUandGPUis largely
avoided,allowing therapid visualfeedbackneeded
to quickly designnew virtual worlds.

Subsequentlywe will refer to this part of the
editor asthe ne-scale synthesizebecausat con-
trols the global look of the fractal terrain. This is
achieved by repeatinghe texture globally over the
2D basedomain, which also allows in nite land-
scapeso be generated. However, carehasto be
taken to avoid artifactsdueto texture boundaries.
This ensureghatimagesarealwaystiling by offer-
ing only painting operationgthat wrap aroundthe
imagein two dimensions. If the userchoosego
load animagethatis not tiling, the lacunarityr as
well asthe domainwarping can be adjustedvery
easilyto generatartifact-freeimages.

To decouplethe ne-scale appearancé&om the
baseshape,i.e., the appearancef structuresvs.
their positions,a low-frequeng fractal height eld
is addedto the structuresbeing generatedoy the
ne-scale synthesizer As base-leel anddetail are
largely uncorrelatedthe designercanroughly de-
velop a prototypeof the shapeof the landscapéy
sketchingmountainsyalleys, seasandoceanon a
coarse-resolutiobasedomain.The nal look-and-
feel of thelandscapés thenmodelledby meansof
the ne-scalesynthesizer

The bene ts of this basisfunction orientedap-
proachareobvious: Interactingwith gray-scalém-
agesrepresentingveightsor heightsis highly intu-
itive, and permitsvariousexternaltoolsto be used
in orderto achieve the desiredlook rapidly. Fur
thermoreall imageso describeafractalplanetcan
be compressedising standardmage compression
schemesThis couldbecomenterestingn thenear
future, since3D gaming becomesugiquitous[22],
yettraditionally handhelddevicesfeatureonly nar
row communicatiorchannels.

The editing systemalso provides control over
fractal parameterssuch as roughnessjacunarity
andwaterlevel, aswell asthe vectorsusedfor do-
main warping. Dueto the intuitive useof all edit-
ing optionsincluding direct visual feedback,user
experimentshave shavn that personsnot famil-
iar with the editor achieve very corvincing results
within only a few minutes.On the colorplate(Fig-
ure 8 right) a snapshobf a typical editing session
is shown, includinga ne-scaleinput texture (top-
left), alow-frequeng sketch-padbottom-left),and
the nal editingresult(right).

4 Rendering

The rendererevaluatesthe fractal height eld pro-
cedurallyonly for thevisible fractionof theterrain.
For every vertex in theviewport, Equationg1) and
2 areevaluatedby usingtheinputtexturesandfrac-
tal parameterssspeci ed by the user The entire
renderingprocedurels performedon the GPU by
meansof shademprograms. To determinethe ver-
ticesthatlie within the view port, a projectedgrid
[9, 10] is utilized andextendedtowardsthe rendef
ing of sphericadomains.

4.1 ProjectedGrid and LOD

view plane

base domain

Figure4: Thebasicideaof the projectedgrid is to start
with a regular grid in screenspace to project this grid

onto the basedomain,and to deformthe verticesof this
grid outofthebasedomainaccoidingto theheightvalues.

Thebasicideaof the projectedgrid is asfollows.

1. Startwith anuniformgrid in screerspace.

2. Projectthis grid ontothe basedomain.

3. Evaluatethe height at the respectie domain

coordinateanddisplacethegrid.

4. Rendetthedisplacedyrid.
Thismethodhassomebene cial propertiesFirstly,
the projectedgrid triesto optimizeobjectspacetri-
anglessuchthatthey projectto approximatelythe
sameareain screenspace. Secondly since the
topology of the grid is static, for a given camera
anglethe grid projectedto the basedomaincanbe
cachedbn the GPU. Sinceno topologicrestrictions
apply on a pervertex basis, verticescan be pro-
cessedndependentlyof eachother Thirdly, the
amountof trianglesandthusthe amountof work-
load on both the CPU and GPU is known a pri-
ori, and can be adaptedto the available process-
ing power easily However, there are also some
drawbacks.Thecomputatiorof normalsonthepro-
jectedgrid is moreinvolvedthanon a regulargrid.
The grid also hasto be extendedslightly beyond
the verticesvisible to avoid holesat the viewport
boundaries.In orderto circumwentthe latter prob-
lem, the maximum height of the terrain needsto
be known a priori (seeFigure5). Thena second,



so-calledprojector frustumis used,which is con-

strainedto matchthe camerafrustum as close as
possible.However, it maydiverge from thecamera
frustumfor aesthetiaceasonsj.e. to prevent arti-

factsthatwould otherwiseoccurat grazingcamera
angles. For more detailswe refer to the work of

Johansoi10].

view frustum

projector frustury ~
. maximum mountain height

base domain ~_

horizon

Figure5: If usinga projectedgrid for rendering the
maximumheightof the terrain hasto be knowna priori.
Otherwise featues might be missed.The projector frus-
tumis thenrequiredto includeead pointin the basedo-
main potentially contributing to the nal image.

For eachvertex of the projectedgrid, a level-of-
detail can be computedby projectingneighboring
verticesinto thebasedomain.Sincethegrid is reg-
ularin screenspacepnly this spacingis necessary
to obtainan estimateof the local objectspacegrid
spacing . The numberof octares requiredto
evaluateEquation(1) is thenobtainedby:

_ _log
" H logr

is just the logarithmto the baser " , the constant
guotient betweentwo consecutie amplitudesin
the rescale-and-adohethod. As  generallyis not
an integer value, we interpolatelinearly between
b c andd e octaves. To do so, b c octares are
summedup during synthesisand the next octare
weightedby the fractional part b cis added.
Thus,geomorphing6, 24] is virtually for free.

To performfractalterrainsynthesisover a spher
ical domain, the planar basis domain is warped
arounda sphereafter the verticeshave beenpro-
jected. This is illustratedin Figure 6. To avoid
anisotropicsamplingaroundthe spheretwo con-
ceptsareused.The rst is to introduceanarti cial
horizonbehindwhich no landscapavill be synthe-
sized. Therationaleis thatatmospherior fogging
effectstypically limit theviewing distanceébehinda
certainpoint. Also, suchanapproactastradition-
ally offeredgamesandinteractve ervironmentsan
intuitive quality vs. performancedradeof. Thesec-
ondideais to move sampleglosertogethetowards

theviewer, in suchaway thatconsecutie grid cells
obtainthe sameangulardistancewith respecto the
spheres center(seeFigure 6). Sinceeachvertex
alreadystoresits relative, pre-projectve grid posi-
tion, nofurtherinformationis neededIf theviewer
moves closeto the surface,we switch backto the
corventionalprojectedgrid.

%

Figure6: Extendingthe projectedgrid to sphericaldo-
mains. Left: A simplemappingof the planar basedo-
mainto a sphee resultsin anisotopic samplingpatterns.
Right: Samplesare movedcloserto ead other sud that
they cover equal angular distanceswith respectto the
sphee's center

Both variants are evaluated in the fragment
shaderjust beforethe synthesiof theterraintakes
place. After the verticesin the basedomainhave
beengeneratedthe fractal's heightis computedor
eachposition,andthe deformedvertex is storedin
anintermediatevertex texturefor futurerendering.

Once the vertex texture describingthe height

eld hasbeencomputed,additional propertiesfor
therenderingprocessarederivedin a secondpass.
This includesnormalsfor lighting, and the slope
(i.e. normalmagnitude)and water depthusedfor
the proto-texturing describedin the next section.
The waterdepthis de ned with respecto an user
de ned waterlevel. All propertiesarethenstored
in textureswith oating pointprecision.

4.2 Proto-Texturing

Proto-texturing is a commonmethodto generate
geo-typicaltextures[2]. Theideais to usea set
of texturesthat sene as prototypesfor the simula-
tion of real material,i.e. grass,sand,rock, snav
etc. A height/slope-dependemteighting function
is typically utilized to blend the texturestogether
In this way, mary of the textural variationsfound
in naturecanbe reproduced.On the otherhand,if
proto-texturesarerenderecandthe usermovesfur-
therawayfromtheheight eld, artifactsemegedue
to the useof periodicallyrepeatedextures.

To avoid this effect, Dachsbacheet al. [3] pro-
posedto use color information only and to syn-



thesizethe texture procedurallyat every point dur-
ing rendering. The intrinsically complex shaderis
amortizedby cachingparts of the resultson the
GPU.We suggest differentstratgy, basedon the
obsenation that the periodic structuresare essen-
tially causedby the varianceof the color valuesin
theproto-textures.Consequentlyve build acustom
mipmapsuchthatthe varianceis continuouslyde-
creasedvith eachlevel. This canbeaccomplished
by rst applyingthe smoothing lter asis usually
doneto computenipmapsandthentake aweighted
averagebetweerthesmoothedmageandtheglobal
meanof the colors. The usercancontrol the pro-
cessby selectingsuitable Iters andby providing a
weightingparameteto affect the variancedistribu-
tion acrossthe levels. Exploiting log-steptexture
reduceoperationg11] this stepcanbefully imple-
mentedon the GPU. The effect is demonstrateéih
Figure?.

Figure 7:  The effect of reducingthe variance of the
texture throughthe mipmaplevelsis demonstated. Left:
Normalmipmapusinga Lanczoslter for downsampling
Right: mipmapwith reducedvariances.

In the colorplate (Figure 8 left), an example
demonstratingthe potential of proto-textures is
shavn. As canbe seen,at steeprock formations
(wherekr Hky) is large) the grasstexture is sup-
pressediueto alow weight,while therock texture
getsassigneda relatively high weightandhenceis
clearlyvisible.

4.3 Water

Water depthsare computedper vertex according
to an userselectedwater level. As proposedby
Schneideetal. [28], thewatersurfacecanthenbe
renderedvithoutmajorperformancémpact. While
in the original paperthe water surfacewas synthe-
sized, we use a time-resoled normal map to ob-
tain the appearancef moving waves. To achiee
a differentvisual look for shallov anddeepwater
the strengthof the bump effect, the re ectivity and
the color of the surfacearemodulatedwith thewa-

ter depth. This gives shallav watera more trans-
parent,lessre ective look, while deepoceansgyet
the green-ishthueobseredin nature.Sincethe ge-
ometryof thegroundis considerablymorecomple
thanthesimplepool scendn theoriginal paper de-
terminingthe length of the transmittedray canno
longerbedoneusingsimpleray/hemicubentersec-
tion. Instead we approximatehelengthby assum-
ing alocally at groundandcomputingaray/plane
intersectiontaking the interpolatedperpixel water
depthinto account.Theresultinglengthcanthenbe
usedto approximatecausticsandextinction aspro-
posedby Hall etal. [23]. Theresultis shavn onthe
colorplate(Figure10).

4.4 Results

We have usedthe proposedfractal synthesizerto
generatea number of different scenesincluding
auxiliary functionscomposeaf severalbasisfunc-
tions, proto-textures,andatexture-basedvatersur
face.All of ourtestswererunonasingleprocessor
Pentium4 equippedwith annVidia GeForce 7800
GTX. The describedsystemwasimplementedus-
ing OpenGL.In all of our teststhe landscapeavas
evaluatedat the verticesof a 512 512 projected
grid. The nal renderingof this grid was done
ontoa 1280 1024 frame buffer. Up to ten oc-
taveswhereaddedo procedurallyevaluatethefrac-
tal landscape.The resultsare shovn on the color-
plate(Figures8 to 10).

Besideghe appealingguality of the synthesized
landscapesgven at thesehigh resolutionsthe syn-
thesizerstill runs at highly interactve rates. All
scenesresynthesize@ndrenderedat about70fps
on our tamget architecture. Of this time, roughly
20% is spentfor projectingthe grid verticesand
evaluatingthe fractal at the projectedgrid points.
Theremainingtime is spentfor level of detailcom-
putationsand texturing, of which about60% are
consumedy thelattertask.

5 Conclusionsand Futur e Work

We have presentedan interactve fractal landscape
synthesizeron programmablegraphicshardware,
which exploits the intrinsic strengthsof GPUsto
generateand renderhigh-quality high-resolution,
textured and shadederrains. Sincethe userinter-
actswith the samedatathat is usedto form the



image,the parametespacecanbe intuitively man-
aged.To our bestknowledgethisis the rst timean
interactve WYSIWYG interfacefor the synthesis
of high-quality fractalshasbeenproposed. Since
the synthesisstep is directly integrated into the
renderingprocedure,our methodrequiresneither
ary polygonalrepresentatiomor a pre-processing
stage.The suggestednethodis well suitedfor ap-
plicationswherethe shapeof the landscapés per
manentlymodi ed by theuser

In thefuturewe aimatenhancinghesynthesizer
aboutlocal displacemenbverlaysto enablerealis-
tic simulationof global andlocal erosionfeatures.
Suchoverlays can be usedto encodechangesn
height causedby natural processesand they can
easily be integratedinto the renderingprocessto
modify the synthesizedheightvalues.

We will further try to extend our work towards
thesimulationof entirevirtual planetsjncludingat-
mosphericeffectsaswell assurfacevegetationon
the surface. Especiallyplantsbeing createdauto-
maticallybasednthecurrentterraincharacteristics
seemo bea challengingbut alsopromisingtask.

To deal with the aforementionediravbacks of
the projectedgrid, we would like to investigatethe
suitability of the geometryclipmapapproach12].
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Figure8: Left: Combinationof proto-texturesusinga height/slope-pameterizedlendingfunction. Notethe absence
of grasson steeprock formations. Right: The WYSIWYQuserinterfaceof the fractal landscapeeditor A ne-scale
input texture(top-left),a low-frequencysketct-pad(bottom-left)andthe nal exiting resultusingproto-texturing (right)

is shown).

Figure9: Left: Rok formationsusingdomainwarping Right: Sanddunesmadepossibleby domainwarping

FigurelO: Left: Animatedwatersurfacesare integratedinto the fractal synthesizewithoutsacri cing performance
Right: Lake in a fractallandscape



