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Abstract

Recentadvancesin algorithmsandgraphicshard-
warehaveopenedthepossibilityto renderlargeter-
rain �elds at interactive rateson commodityPCs.
Due to theseadvancesit is possibletodayto inter-
actively synthesizearti�cial terrainsusingprocedu-
ral descriptions.Our paperextendson this work by
presentinganew GPUmethodfor real-timeediting,
synthesis,andrenderingof in�nite landscapesex-
hibiting a wide rangeof geologicalstructures.Our
methodbuilds uponthe conceptof projectedgrids
to achieve near-optimalsamplingof the landscape.
We describethe integration of proceduralshaders
for multifractalsinto thisapproach,andwepropose
intuitive optionsto edit the shapeof the resulting
terrain. The methodis multi-scaleandadaptive in
nature,andit hasbeenextendedtowardsin�nite and
sphericaldomains.In combinationwith geo-typical
texturesthatautomaticallyadaptto theshapebeing
synthesized,apowerful methodfor thecreationand
renderingof realisticlandscapesis presented.

1 Intr oduction and RelatedWork

Basedon ideason theorganizingprinciplesof nat-
ural phenomena[13], thereexistsat leastempirical
evidenceon fractals in geologicalstructuressuch
as landscapes,rivers and coastlines. Such struc-
turesobey thetypical fractionalBrownianor 1=f �

”motion”, andthey canthusbe modelledasa ran-
dom walk exhibiting certainstochasticproperties.
Basedon this observation a numberof different
approachesfor fractal terrain synthesishave been
suggestedover the last decades. For a thorough
overview we refer to [5]. Today, fractalmodelsare
most commonly generatedusing Fourier �ltering

[25], midpointdisplacement[14] or noisesynthesis
[20]. As theapproachusedhereis of thelattertype,
wewill brie�y describetheunderlyingconcept.

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

Theadvantagesof thefunctionalapproachare:
1 The function can be evaluated locally at

only thoselocationsrequiredduring render-
ing, enablingef�cient terrainsynthesisonpro-
grammablegraphicshardware(GPUs)[7, 8].

2 The level of detail of the terrainbeinggener-
atedcanbeadaptedto thelocal imageresolu-
tion, thusanti-aliasingthefractal[19].

3 All parametersof the function may vary lo-
cally over theobjectdomain.

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

Due to the high degreeof sophisticationto which
functional approachesfor fractal modelling have
developed,it isbynow possibletocreatelandscapes



at impressive realism,includingmany differentge-
ological formationsaswell as terrainspeci�c tex-
tures[2, 18]. While beingacknowledgedasa �ne
techniqueas such, the most demandingpart is to
deal with the ”parametricnightmare”of the syn-
thesizer's high dimensionalfeaturespace. So far,
fractallandscapeeditorseitherrestrictthedesigners
�e xibility or overwhelmtheuserwith a plethoraof
parameters.An embeddingof theseparametersinto
a tight visual feedbackloop suchthat the usercan
directly monitortheeffectsof editingactionsis not
yetavailable.Suchanembeddingallowssimulating
many kinds of different landscapesin an intuitive
way, andhelpsto matchthemodelledscenerywith
the designer's expectationswhile shorteningboth
the designprocessandtime to market. Especially
in applicationslike computergamesor computer-
animated�lms this is of particularinterest.

Techniquesthat are open to this kind of inter-
action can also be directly integratedinto virtual
environmentsto continuouslymodify outdoorsce-
nariosbasedon context. By modifying landscapes
dependingon externalparameterslike gamestatus,
player's expertise,or dif�culty , the immersiveness
of such scenarioscan be increasedsigni�cantly.
Even more, they allow the user to createits own
syntheticworldsthatcanbealtereddirectly at run-
time by individual and context-speci�c guidelines
(similar to the Populousseriesof games[15]). As
it is impossibleto pre-computethe per se in�nite
variety of differentstructures,parameterizedeval-
uationmethodsenablingcontinuoustransitionsbe-
tweendifferentformingshave to beconsidered.

Thereasonwhy theaforementionedscenariohas
not yet becomereality is twofold. Firstly, terrain
generationmethodsfeaturingarbitrarylocalcontrol
of surfacepropertiesarein generaltooexpensive to
beusedfor interactive synthesisof high-resolution
terrains.Secondly, thecreationof syntheticimages
of dynamicterrain modelsis time- and memory-
consuming,and is hencenot suitedfor usein in-
teractive environmentswithout furtherado. For in-
stance,ray-tracingof proceduralfractalheightval-
ues[17, 18] is far from interactive. But even for
non-proceduralterrains,ray-tracingandscanlineal-
gorithms[1, 4] requirestatic height �elds to har-
nesstheir full potential. Sincescanlinealgorithms
alsoinvolve streamingrenderableprimitivesto the
GPU, the performanceis considerablylimited due
to bandwidthrequirements.

1.1 Contrib ution

Figure1: A fractal landscapegeneratedby our method.
Notethestriking geological featuresandgeo-typicaltex-
tures. On recentGPUs, synthesisand renderingon a
1280� 1024viewport runsat 70 fps.

In this paper, we presenta real-time fractal
terrainsynthesizer. Thealgorithmswe proposeare
designedwith respectto the aforementionedre-
quirements.They arecombinedinto a WYSIWYG
interface to allow the intuitive design of highly
detailedterrainmodels.Our approachinvolvestwo
distinct procedures:editing and rendering, where
thesynthesisof the landscapeis directly integrated
into the rendering procedure. This avoids any
intermediate data structures for storing height
valuesotherthantheonesneededto form the �nal
image. Editing andrenderinginvolve a numberof
novel techniquesand they provide many features
notavailablein previousmethods.

Editing: Becausetheuserinteractsdirectlywith
the samerepresentationusedto form the �nal im-
age,the fractal's parameterspacecanbe managed
conveniently. We use painting and brushingon
gray-scaleimagesrepresentingthe 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 thefrequency bandsof basisfunctions.

Rendering: We exploit the functionalnatureof
the terrain, which allows for point-wisesynthesis
at arbitrarypositions. Ratherthanperformingthe
synthesisas a distinct and decoupledprocedure,
it is tightly integratedinto the renderingprocess,



such that both stepscan be implementedon the
GPU.This exploits parallelismandmemoryband-
with while limiting bus transfer to compactand
local editing updates. We utilize a projectedgrid
approachto minimize both the number of point
evaluationsand to achieve near-optimal sampling.
For this, a screen-spacealignedgrid is projected
onto the fractal's surfaceby deforminggrid points
out of thebasedomain.Anti-aliasingis performed
for eachpoint by computingthe appropriatelevel
of fractaldetail.To furtherincreasethelandscape's
realism, geo-typicalmaterialsare synthesizedby
example (see Figure 1). For each point of the
projectedgrid, so-calledproto-textures[2] arecom-
bined,eitherby usinga slope/heightparameterized
weightingfunction[3], or usingeditableweights.

The remainderof this paperis organizedasfol-
lows. In Section2.1we describethetheorybehind
noisesynthesis.We thenpresentthe WYSIWYG
interfaceusedfor fractal editing in Section3. In
Section4 wediscusssynthesisandrenderingof the
terrainon theGPU.Finally, we concludethepaper
anddiscussdirectionsfor futurework.

2 Multifractal Terrain Synthesis

In thefollowing wewill brie�y review thetheoreti-
calbasisbehindnoisesynthesisandstochasticfrac-
tals.Thefunctionalapproachdescribedhereis well
suitedfor evaluationon recentGPUs,asit requires
only simplearithmeticoperationsandlocally con-
tiguoustextureaccess.

2.1 The Rescale-and-AddMethod

Figure2: NoisesynthesisusingEquation(1) with vary-
ing parameters. Thethreeimagepairsillustratethemean-
ing of varying lacunarity, Hurst exponent,andnumberof
octaves(the respectivevaluesare larger in the right im-
ages).

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

turerepetitioninto a C1 continuous,periodicfunc-
tion, callednoise[20] or, moreaccurately, auxiliary
function S(~x) [26]. A 2D fractal is generatedby
superpositionof severalappropriatelyscaled-down
copiesof theauxiliary function:

H (x1 ; x2) = H (~x) =
k 1X

k = k 0

1
r k H

S(r k ~x) (1)

The evaluationcanbe donefor any arbitrarypoint
independentlyof its neighbors.It canbeef�ciently
performedin a pixel shaderon theGPUthat is pa-
rameterizedwith thepoint coordinates~x, the lacu-
narityr , andtheHurstexponentH = 3� D , where
D is thefractaldimensionof thesurface.Equipped
with theseparameters,the shadercomputesfrac-
tal heightvaluesusingmultipleevaluations(texture
fetches)of thenoiselattice.Themeaningof thedif-
ferentparametersis illustratedin Figure2.

The summationlimits are calculatedin accor-
dancewith the smallestandlargeststructures(fre-
quencies)desiredatacertainpositionof theterrain.
k0 determinestheglobalfractalstructureandis cal-
culatedonly oncefor a sequence,while k1 de�nes
the smallestlevel of visible detail (high frequency
information),andis usuallychangedfrom point to
point dependingon the perspective distortion. In
Section4 we will explicitly discusshow to select
k1 in awaysuchto avoid aliasingartifacts.

2.2 Domain Warping

The Rescale-and-Addmethodcreatesconvincing
terrain �elds on mediumscales.On larger scales,
however, the result is too homogeneousto appear
realistic. The reasonis that the auxiliary function
S(~x) is designedto be stochasticallyinvariantun-
derrotation,translation,andscaling.This resultsin
very regularandarti�cially lookinggeo-structures.

A more naturalappearancecan be achieved by
usingdomainwarping. Insteadof synthesizingthe
terrain over the domain D � R2 , a continuous
re-parametrization� : D 7! D is utilized, on
whichthesynthesisis thenperformed.In [5] sucha
mappingwassuggestedto simulatebreakingwaves
on a 2D-only domainembeddedin 3D. To over-
comethe homogeneousstructureof the terrainwe
suggestroughness-and height-dependentrotation
andtranslationof the domain. This breaksup the
stochasticinvariancesof the basis functions in a
controlledandrestrictedway.



We thereforeassumethat eachdomaincoordi-
nate (x1 ; x2) is transformedby a general rota-
tion/translationmatrix (where� is theangleof ro-
tationand~t thetranslationvector):
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To avoid evaluations of trigonometric functions
we representthe rotation by a unit vector ~r =
(cos�; sin � ):
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Observingthatgeologicalstructuresandformations
in naturevarydependingonsurfaceheight[16], we
introducea height-dependentroughnessR i = R0 �
H i , whereR0 := 1=(r � H ). H i 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
processweapplyadifferentmappingdependingon
Ri for everyoctave i :

~r i +1 = ~c1 � Ri + ~c2 + ~r i

~t i +1 = ~c3 �
H i

Ri

The rotationvector~r i +1 is re-normalizedafter ev-
ery iteration. To performthe above updates,three
additionalconstant2D vectors ~c1 , ~c2 , and ~c3 are
introduced. ~c1 controlsthe amountof rotationde-
terminedby the current roughness,while ~c2 per-
forms a constantupdate. The third vector ~c3 con-
trols the in�uence of thecurrentheightandrough-
nesson the translation. The basicidea is that the
amountof rotationincreaseswith roughness,result-
ing in turbulent structures,similar to cooled-down
lava, while stretchingthoseregions more signi�-
cantly that are lessroughor at higheraltitudesto
additionallymake themappearwashedout.

Eventhoughthisprocedurecomesat theexpense
of evaluatingmoreparametersin theinnermostloop
of thesynthesizer, it effectivelybreaksupthehomo-
geneityof the terrain,sinceit addsorganic shapes
that resemblenatural geo-evolution. Two exam-
ples that show the effects of the domainwarping
describedhereare shown in Figure 3. Theseex-
ampleswere generatedusing ~c1 = (0:35; 0:16)t ,
~c2 = (� 0:07; 0:13)t , ~c3 = (0:11; 0:17)t , ~r 0 =

Figure3: Theeffectof domainwarpingis illustrated.A
simplenoisefunctionwasusedfor theauxiliary function.
Left: Withoutdomainwarpingtheterrain looksratherho-
mogeneousanduniform.Right: Byusingdomainwarping
curved,lava-like featuresaregenerated.

(1; 0), and~t0 = (0; 0). Differentformationscanbe
achievedby modifying thecontrolvectors~ci using
thefractaleditordescribedin thenext chapter.

3 Interacti veFractal Editing

An importantfeatureof theproposedsystemis the
fractal editor. In the spirit of a WYSIWYG inter-
face,theeditorprovidestheuserwith immediatevi-
sualfeedbackto eachaction.Theusercanliterally
paintbasisfunctionsrepresentedby gray-scaleim-
ages.Severalof thesegray-scaleimagesI i , replac-
ing theaforementionednoiselattice, arethencom-
posedinto the auxiliary function S(~x) (seeEqua-
tion (1)) usingindividualweightswi :

S(~x) =
X

i

wi � I i (x) (2)

wherethewi arerenormalizedon theGPUto sum
upto 1 aftereacheditingcommand.ThusS(~x) is a
convex combinationof basisfunctions,allowing to
achieve a particularlook of theterrainsuchas30%
desertand70% craterseasily. To offer maximum
�e xibility , the usercanalsochooseto load images
from disk to actasbasisfunctionsor weights.This
keepsthe interfaceintuitive andsimple,yet offers
the userthe possibility to resortto any paintingor
imagingprogram. In additionto standardpainting
tools,aseriesof image�lters suchaslow- andhigh-
passandnormalizing�lters is implemented.

Internally, all basis functions and weights are
storedin 2D textures. Exploiting the fact that tex-
turesmay compriseup to four channels,and that
basisfunctionsandweightswill alwaysbe fetched
at the samepositionto computeEquations(1) and
(2), weightsandbasisfunctionsarepackedtogether
to minimizefetchesfrom differenttextures.Thisal-
lows the variousediting featuresaswell asthe �l-
tersto beimplementedhighly ef�cient on theGPU.



Also, bustransferbetweenCPUandGPUis largely
avoided,allowing therapidvisualfeedbackneeded
to quickly designnew virtual worlds.

Subsequentlywe will refer to this part of the
editor asthe �ne-scalesynthesizerbecauseit con-
trols the global look of the fractal terrain. This is
achievedby repeatingthe textureglobally over the
2D basedomain,which also allows in�nite land-
scapesto be generated.However, carehasto be
taken to avoid artifactsdue to texture boundaries.
This ensuresthat imagesarealwaystiling by offer-
ing only paintingoperationsthat wrap aroundthe
imagein two dimensions. If the userchoosesto
loadan imagethat is not tiling, the lacunarityr as
well as the domainwarping can be adjustedvery
easilyto generateartifact-freeimages.

To decouplethe �ne-scale appearancefrom the
baseshape,i.e., the appearanceof structuresvs.
their positions,a low-frequency fractalheight�eld
is addedto the structuresbeing generatedby the
�ne-scalesynthesizer. As base-level anddetail are
largely uncorrelated,the designercanroughly de-
velopa prototypeof theshapeof the landscapeby
sketchingmountains,valleys, seasandoceanson a
coarse-resolutionbasedomain.The�nal look-and-
feel of the landscapeis thenmodelledby meansof
the�ne-scalesynthesizer.

The bene�ts of this basisfunction orientedap-
proachareobvious: Interactingwith gray-scaleim-
agesrepresentingweightsor heightsis highly intu-
itive, andpermitsvariousexternaltools to be used
in order to achieve the desiredlook rapidly. Fur-
thermore,all imagesto describea fractalplanetcan
be compressedusing standardimagecompression
schemes.This couldbecomeinterestingin thenear
future, since3D gamingbecomesuqiquitous[22],
yet traditionallyhandhelddevicesfeatureonly nar-
row communicationchannels.

The editing systemalso provides control over
fractal parameters,such as roughness,lacunarity,
andwaterlevel, aswell asthevectorsusedfor do-
main warping. Due to the intuitive useof all edit-
ing optionsincluding direct visual feedback,user
experimentshave shown that personsnot famil-
iar with the editor achieve very convincing results
within only a few minutes.On thecolorplate(Fig-
ure 8 right) a snapshotof a typical editing session
is shown, including a �ne-scale input texture (top-
left), a low-frequency sketch-pad(bottom-left),and
the�nal editingresult(right).

4 Rendering

The rendererevaluatesthe fractal height �eld pro-
cedurallyonly for thevisible fractionof theterrain.
For every vertex in theviewport,Equations(1) and
2 areevaluatedby usingtheinput texturesandfrac-
tal parametersasspeci�ed by the user. The entire
renderingprocedureis performedon the GPU by
meansof shaderprograms.To determinethe ver-
ticesthat lie within the view port, a projectedgrid
[9, 10] is utilized andextendedtowardstherender-
ing of sphericaldomains.

4.1 ProjectedGrid and LOD

view plane

base domain

Figure4: Thebasicideaof theprojectedgrid is to start
with a regular grid in screenspace, to project this grid
onto the basedomain,and to deformthe verticesof this
grid outof thebasedomainaccordingto theheightvalues.

Thebasicideaof theprojectedgrid is asfollows.
1. Startwith anuniformgrid in screenspace.
2. Projectthisgrid ontothebasedomain.
3. Evaluatethe height at the respective domain

coordinateanddisplacethegrid.
4. Renderthedisplacedgrid.

Thismethodhassomebene�cialproperties.Firstly,
theprojectedgrid triesto optimizeobjectspacetri-
anglessuchthat they project to approximatelythe
samearea in screenspace. Secondly, since the
topology of the grid is static, for a given camera
anglethegrid projectedto thebasedomaincanbe
cachedon theGPU.Sinceno topologicrestrictions
apply on a per-vertex basis,verticescan be pro-
cessedindependentlyof 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.Thecomputationof normalsonthepro-
jectedgrid is moreinvolvedthanon a regulargrid.
The grid also hasto be extendedslightly beyond
the verticesvisible to avoid holesat the viewport
boundaries.In orderto circumvent the latterprob-
lem, the maximumheight of the terrain needsto
be known a priori (seeFigure5). Thena second,



so-calledprojector frustumis used,which is con-
strainedto match the camerafrustum as closeas
possible.However, it maydivergefrom thecamera
frustum for aestheticreasons,i.e. to prevent arti-
factsthatwould otherwiseoccurat grazingcamera
angles. For more detailswe refer to the work of
Johanson[10].

base domain

view frustum

projector frustum

horizon

maximum mountain height

Figure5: If usinga projectedgrid for rendering, the
maximumheightof the terrain hasto be knowna priori.
Otherwise, featuresmightbemissed.Theprojector frus-
tumis thenrequiredto includeeach point in thebasedo-
mainpotentiallycontributing to the�nal image.

For eachvertex of theprojectedgrid, a level-of-
detail canbe computedby projectingneighboring
verticesinto thebasedomain.Sincethegrid is reg-
ular in screenspace,only this spacingis necessary
to obtainanestimateof the local objectspacegrid
spacing� . The numberof octaves � requiredto
evaluateEquation(1) is thenobtainedby:

� =
log �

H � log r

� is just the logarithmto thebaser H , theconstant
quotient betweentwo consecutive amplitudesin
the rescale-and-addmethod.As � generallyis not
an integer value, we interpolatelinearly between
b� c and d� e octaves. To do so, b� c octaves are
summedup during synthesisand the next octave
weightedby the fractionalpart � � b� c is added.
Thus,geomorphing[6, 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 illustrated in Figure 6. To avoid
anisotropicsamplingaroundthe spheretwo con-
ceptsareused.The�rst is to introduceanarti�cial
horizonbehindwhich no landscapewill besynthe-
sized.Therationaleis thatatmosphericor fogging
effectstypically limit theviewing distancebehinda
certainpoint. Also, suchanapproachhastradition-
ally offeredgamesandinteractive environmentsan
intuitive quality vs. performancetradeoff. Thesec-
ondideais to movesamplesclosertogethertowards

theviewer, in suchawaythatconsecutivegrid cells
obtainthesameangulardistancewith respectto the
sphere's center(seeFigure 6). Sinceeachvertex
alreadystoresits relative, pre-projective grid posi-
tion, no furtherinformationis needed.If theviewer
movescloseto the surface,we switch backto the
conventionalprojectedgrid.

equalized angular distancea
a

aa

Figure6: Extendingtheprojectedgrid to sphericaldo-
mains. Left: A simplemappingof the planar basedo-
mainto a sphere resultsin anisotropic samplingpatterns.
Right: Samplesare movedcloserto each othersuch that
they cover equal angular distanceswith respectto the
sphere's center.

Both variants are evaluated in the fragment
shader, just beforethesynthesisof theterraintakes
place. After the verticesin the basedomainhave
beengenerated,thefractal's heightis computedfor
eachposition,andthedeformedvertex is storedin
anintermediatevertex texturefor futurerendering.

Once the vertex texture describingthe height
�eld hasbeencomputed,additionalpropertiesfor
therenderingprocessarederived in a secondpass.
This includesnormalsfor lighting, and the slope
(i.e. normalmagnitude)andwaterdepthusedfor
the proto-texturing describedin the next section.
Thewaterdepthis de�ned with respectto anuser-
de�ned water-level. All propertiesarethenstored
in textureswith �oating pointprecision.

4.2 Proto-Texturing

Proto-texturing is a commonmethodto generate
geo-typicaltextures [2]. The idea is to usea set
of texturesthat serve asprototypesfor the simula-
tion of real material, i.e. grass,sand,rock, snow
etc. A height/slope-dependentweighting function
is typically utilized to blend the texturestogether.
In this way, many of the textural variationsfound
in naturecanbereproduced.On theotherhand,if
proto-texturesarerenderedandtheusermovesfur-
therawayfrom theheight�eld, artifactsemergedue
to theuseof periodicallyrepeatedtextures.

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



thesizethe textureprocedurallyat every point dur-
ing rendering.The intrinsically complex shaderis
amortizedby cachingparts of the resultson the
GPU.We suggesta differentstrategy, basedon the
observation that the periodic structuresare essen-
tially causedby thevarianceof the color valuesin
theproto-textures.Consequentlywebuild acustom
mipmapsuchthat the varianceis continuouslyde-
creasedwith eachlevel. This canbeaccomplished
by �rst applying the smoothing�lter as is usually
donetocomputemipmaps,andthentakeaweighted
averagebetweenthesmoothedimageandtheglobal
meanof the colors. The usercancontrol the pro-
cessby selectingsuitable�lters andby providing a
weightingparameterto affect thevariancedistribu-
tion acrossthe levels. Exploiting log-steptexture
reduceoperations[11] this stepcanbefully imple-
mentedon the GPU.The effect is demonstratedin
Figure7.

Figure 7: The effect of reducingthe varianceof the
texture throughthemipmaplevelsis demonstrated. Left:
Normalmipmapusinga Lanczos�lter for downsampling.
Right: mipmapwith reducedvariances.

In the colorplate (Figure 8 left), an example
demonstratingthe potential of proto-textures is
shown. As can be seen,at steeprock formations
(wherekr H k2) is large) the grasstexture is sup-
presseddueto a low weight,while therock texture
getsassigneda relatively high weightandhenceis
clearlyvisible.

4.3 Water

Water depthsare computedper vertex according
to an user-selectedwater level. As proposedby
Schneideret al. [28], thewatersurfacecanthenbe
renderedwithoutmajorperformanceimpact.While
in theoriginal paperthewatersurfacewassynthe-
sized,we usea time-resolved normal map to ob-
tain the appearanceof moving waves. To achieve
a differentvisual look for shallow anddeepwater,
thestrengthof thebumpeffect, there�ectivity and
thecolor of thesurfacearemodulatedwith thewa-

ter depth. This givesshallow watera more trans-
parent,lessre�ective look, while deepoceansget
thegreen-ishhueobservedin nature.Sincethege-
ometryof thegroundis considerablymorecomplex
thanthesimplepoolscenein theoriginalpaper, de-
terminingthe lengthof the transmittedray canno
longerbedoneusingsimpleray/hemicubeintersec-
tion. Instead,we approximatethelengthby assum-
ing a locally �at groundandcomputinga ray/plane
intersectiontaking the interpolatedper-pixel water
depthinto account.Theresultinglengthcanthenbe
usedto approximatecausticsandextinction aspro-
posedby Hall etal. [23]. Theresultis shown onthe
colorplate(Figure10).

4.4 Results

We have usedthe proposedfractal synthesizerto
generatea number of different scenesincluding
auxiliary functionscomposedof severalbasisfunc-
tions,proto-textures,anda texture-basedwatersur-
face.All of our testswererunonasingleprocessor
Pentium4 equippedwith an nVidia GeForce7800
GTX. The describedsystemwas implementedus-
ing OpenGL.In all of our teststhe landscapewas
evaluatedat the verticesof a 512� 512 projected
grid. The �nal renderingof this grid was done
onto a 1280 � 1024 frame buffer. Up to ten oc-
taveswhereaddedto procedurallyevaluatethefrac-
tal landscape.The resultsareshown on the color-
plate(Figures8 to 10).

Besidestheappealingquality of thesynthesized
landscapes,even at thesehigh resolutionsthe syn-
thesizerstill runs at highly interactive rates. All
scenesaresynthesizedandrenderedatabout70 fps
on our target architecture. Of this time, roughly
20% is spentfor projecting the grid verticesand
evaluatingthe fractal at the projectedgrid points.
Theremainingtime is spentfor level of detailcom-
putationsand texturing, of which about 60% are
consumedby thelattertask.

5 Conclusionsand Futur eWork

We have presentedan interactive fractal landscape
synthesizeron programmablegraphicshardware,
which exploits the intrinsic strengthsof GPUsto
generateand renderhigh-quality, high-resolution,
texturedandshadedterrains. Sincethe userinter-
acts with the samedata that is usedto form the



image,theparameterspacecanbeintuitively man-
aged.To ourbestknowledgethis is the�rst timean
interactive WYSIWYG interfacefor the synthesis
of high-quality fractalshasbeenproposed.Since
the synthesisstep is directly integrated into the
renderingprocedure,our methodrequiresneither
any polygonalrepresentationnor a pre-processing
stage.Thesuggestedmethodis well suitedfor ap-
plicationswherethe shapeof the landscapeis per-
manentlymodi�ed by theuser.

In thefutureweaimatenhancingthesynthesizer
aboutlocal displacementoverlaysto enablerealis-
tic simulationof global andlocal erosionfeatures.
Such overlays can be usedto encodechangesin
height causedby naturalprocesses,and they can
easily be integratedinto the renderingprocessto
modify thesynthesizedheightvalues.

We will further try to extendour work towards
thesimulationof entirevirtual planets,includingat-
mosphericeffectsaswell assurfacevegetationon
the surface. Especiallyplantsbeingcreatedauto-
maticallybasedonthecurrentterraincharacteristics
seemto beachallengingbut alsopromisingtask.

To deal with the aforementioneddrawbacksof
theprojectedgrid, we would like to investigatethe
suitabilityof thegeometryclipmapapproach[12].
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Figure8: Left:Combinationof proto-texturesusinga height/slope-parameterizedblendingfunction.Notetheabsence
of grasson steeprock formations. Right: TheWYSIWYGuser interfaceof the fractal landscapeeditor. A �ne-scale
input texture(top-left),a low-frequencysketch-pad(bottom-left)andthe�nal exiting resultusingproto-texturing (right)
is shown).

Figure9: Left: Rock formationsusingdomainwarping. Right: Sanddunesmadepossiblebydomainwarping.

Figure10: Left: Animatedwatersurfacesare integratedinto thefractal synthesizerwithoutsacri�cing performance.
Right: Lake in a fractal landscape.


