Fast Volumetric Display of Natural Gaseous Phenomena

StefanRoettgerand ThomaskErt!

VisualizationandInteractive Systemgsroup
Universityof Stuttgart

Abstract

Meshsimpli cation algorithmsplay animportantrolein com-
puter graphics. In particular, view-dependensimpli cation

methodsre utilizedwidelyto reducehegeometriccompleity

of large outdoorscenesThesocalled continuoudevel of de-
tail technique for instanceis prevalentin the area of terrain

rendering In this paperwe apply the latter techniqueto the
more geneal volumetriccase We proposea volumerendering
algorithm, which constructsa hierarchical tetrahedal mesh
from regular volumedatain a view-dependentashion. The
poppingeffectwhich geneally arisesfromview-dependerdl-

gorithmsis addressedby a new fast methodfor the smooth
interpolationof the meshhierarchy. We demonstate the per-

formanceof our algorithm by displayingcloudsin real-time

Here, the applicationof the pre-integration techniqueallows
for a wide range of cloud appeaance and guaranteesaccu-
rate compositing Additionally, we showhow to utilize our

algorithmfor the acceleateddisplayof groundfog in terrain

renderingscenarios.

CR Categories: 1.3.5 [Computer Graphics]: Compu-
tational Geometry and Object Modeling, 1.3.7 [Computer
Graphics]:Three-DimensionaBraphicsandRealism.

Keywords: Volume Rendering,ContinuousLevel of De-
tail, Cell Projection Pre-Intgration,Gaseou®henonema.

1 Introduction and Related Work

In generalthestratey to simplify ameshin aview-dependent
fashionis suitedwell for thereal-timedisplayof largescenes.
This hasbeenexempli ed in the areaof terrain rendering,
wherethe continuoudevel of detail technique(C-LOD) [25,
9, 34] is well establishedThis techniqueachiezeshigh frame
ratesby generatingan approximateview-dependentriangu-
lation of the terrain. In orderto minimize the total screen
spaceerrorof theapproximationsmalldistantdetailsarerep-
resentedvith fewer trianglesthanthosewhich arenearby
Despite the widespreaduse and the maturity of the C-
LOD techniqueit hasnot beenappliedto the more general
caseof volume rendering[8] yet: Multi-resolution analysis
for the display of polygonalmesheshasbeenintroducedby
Rossignaetal. [36], andhasbeenthe subjectof intensestud-
ies later on (seeXia et al. [49] asa startingpoint). General
multi-resolutionanalysisof volumetricmeshesiasbeengiven
by Eck et al. [12] and more recentlyby Cignoni et al. [4].
Variantsfor the hierarchicalvisualizationof regular volume

datahave beendiscussedby Laur et al. [23], Zhouetal. [50],
and Schussmaret al. [38]. A view-dependentimpli ca-
tion methodfor irregular grids hasbeenproposedy Mered-
ith etal. [29]. But still the ef cient view-dependensimpli -
cationof regularvolumedatais anactive researcheld.

In this paperwe presenia generalpurposevolumerender
ing algorithmwhich is basedon the continuoudevel of detail
idea.It maintainsanoctreeto constructview-dependentep-
resentatiorof regular volume data. After decomposingach
leave nodeof the octreeinto tetrahedrahesecanberendered
efciently by usingtheprojectedctetrahedrgPT) algorithmof
Shirley andTuchman(40].

A commonpropertyof view-dependenglgorithmsis the
occurrenceof the so called poppingartifacts: Small distant
detailswill suddenlypopup whenapproachingearby In the
caseof a C-LOD terrainrenderetthe total screenspaceerror
of theapproximatiorcanbepusheceasilybelor theonepixel
boundarysothatthe poppingeffect becomesnvisible. In the
volumetric case,however, this approachis infeasible. As a
solutionto this problem,themeshhierarchyhasto beinterpo-
latedsmoothly In consideratiorof this fact,we presentanew
fastmeshinterpolationmethod which we referto asvolumet-
ric morphingthroughouthe paper

One of the classic volume rendering scenariosis the
medical visualization of computer tomography data [44].
While this scenarids suitablefor hardware-acceleratechulti-
resolutiontechniqueg22, 43, 3], it haslittle potentialwith re-
spectto view-dependentendering. Thus,we demonstrateur
octreebasedsimpli cation algorithm by displayinggaseous
phenomenan real-time. In particularwe give an application
examplein the areaof non-physicallybasedweathervisual-
izationandwe shav how to enrichoutdoorsceneswith volu-
metricgroundfog.

2 Generating Contin uous Levels of
Detail

In this sectionwe describehow to adaptthe C-LOD technique
previously known from terrainrendering25, 9, 34] to thevol-
umetriccase.

2.1 Hierarchical Volume Representation

Givenathree-dimensionacalar eld, whichis de ned by an
arraywith 2" 1 (n  0) grid pointsin eachdimensiona hier-
archicalvolumetricmeshis constructedy building anoctree
in a bottom-upfashion. Grids with a size otherthan2" 1
have to be paddedr resampledEachleave nodeof theoctree



is decomposethto vetetrahedraSincethereexist two topo-

logically differentdecompositionsadjacenhodesof thesame
level of detailhave to bedecomposeth analternatingfashion
to ensurea conformingmesh. In Figure 1 the orientationof

thetetrahedras depictedfor a coarseexamplehierarchy

Figurel: Hierarchicalvolumerepresentationsinganoctree:
The examplehierarchyconsistsof the root nodewith 8 chil-
dren (bright/orange) one of which hasbeenre ned into an-
other8 children(dark/blue).Eachleave nodeof the octreehas
beendecomposeihto vetetrahedrdn analternatingashion.

2.2 View-Dependent Mesh Simpli cation

The key idea of a volumetric C-LOD algorithm can be de-
scribedasfollows: In orderto performa view-dependensim-
pli cation theoctreehasto beupdatedor eachframe.During
atop-dawn traversalof the octreeour approactralculatesan
upperlimit onthelocal screerspaceerrorof eachnode.If the
local error exceedsa prede nedthresholdthe corresponding
nodeis split into eightchildren.

Theerrormetricusedto estimatethelocal screerspaceer-
ror is designedo meetthe following criteria: A nodeshould
bere ned if thelocal simpli cation erroris large. Also, small
distantnodesshouldbe re ned lesslikely thanthosewhich
arenearby Let sbetheedgelengthof eachnode let d denote
the euclideandistanceof the eye to the centerof the node,
andlet D bethelocal simpli cation errorof thenodein object
space. With the previous de nitions, we introducethe error
metrice asfollows:

LmaxcD 1
Td M

If theerrormetriceis greaterthanone,thenodeis re ned,
elsethe re nement of the octreeis stopped. The global ac-
curay of the meshcan be controlledvia the userde nable
constant. Highervaluesresultin a ner mesh.Additionally,
theconstanC de nesalowerboundontheglobalaccurag.

In a preprocessingtepthe local error D is computed. It
is de ned to bethe averageof the scalardeviationsD; atthe
centerof the nodeandthe midpointsof the edgesandfaces.

The scalardeviations D; are equalto the differenceof the
scalarvalue of eachvertex andthe interpolatedscalarvalue
derived from the next coarserlevel of detail. For instance,
the deviation of the midpoint of an edgeis equalto the ab-
solutescalardifferenceof that vertex andthe averageof the
two adjacentcorner vertices(also compareFigure 2 where
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2.3 Building a Conforming Mesh

For adjacenhodeswhich do not belongto the samelevel of

detail (depictedby theorangeandbluecolorsin Figurel), the
interpolatedscalarvaluesat a T-vertex of the boundaryface
do not match. One solutionto ensurea conformingmeshis
to insertirregulartetrahedranto the coarsemode. This tech-
nigueis known asthered-greeror regularirregularre nement
method[1, 17]. Butif we wantto morphbetweenwo of the
large numberof irregular con gurations, the situationis get-
ting inscrutablecomplex. Furthermoreadjacenthodesmust
not differ by more than one level for this methodto work.

In orderto circumwent theseproblems,we emplo a differ-

ent approach:Ratherthaninsertingirregular tetrahedranto

the coarsemode,we manipulatethe scalarvaluesof the re-
ned node. To build a conformingmeshthe scalarvalueat a
T-vertex is simply substitutedby the interpolatedvalue from

the coarsemeshof the adjacentneighboumode. A detailed
exampleis givenin Section3.

2.4 Hierarchical Error Propagation

Sincewe useatop-davn simpli cation approachateachnode
only thelocal simpli cation erroris knovn. However, in order
to minimizethetotal screerspaceerrorof thegenerateanesh,
we alsoneedto know thelocal simpli cation errorof all chil-

drenin adwance.This canbeaccomplishedby propagatinghe
local error from the childrenup to the parentsof the octree.
In principle, the error propagatiorhasto ensurethat a node
is re ned, if atleastonechild alreadyful lls the re nement
condition.In mathematicatermsthis canbewritten as:

€nid 1 e 1 or e emid 2
SubstitutingEquationl into Equation2 yields
d

D KDgig with K ——— 3)
20child

Now we determinean upperboundfor K. Sincewe in-
troduceda minimumaccurag C which alwaysguaranteese-
nementford <C wejusthaveto considerthecased <C.
On the one hand, the minimum possiblevalue of K is % for
anin nite distantviewer. On the other hand,the maximum
possiblevalueof K occursfor the minimumdistanced  <C.
Thenthe minimum distanceto the centerof one of its chil-
drenisdghiig C 711 3s. Resubstitutinghesedistancento
Equation3 yieldsthefollowing upperboundfor K:

C _

Kmax m C 3 (4)

As aconsequencdsormula5 canbe usedto propagatehe
local error D from all eight childrenup to the parentnodes.



Startingwith the leave nodes,all nodeswhich belongto the
samelevel of detail are processedn a row. For eachnode
the nal propagated-valuesarestoredatthe centervertex of
eachnodeusinga linearmappingwith 16 bits of accurag.

D: maxD Kmax Denild (5)

In summarythe updateof the view-dependenhierarchyis
performedby re ning the octree,if andonly if Equationl is
ful lled. The simplicity of this approachis the basisfor the
real-time performanceof our algorithm. Anotherimportant
adwantageis that volumetric morphing can be implemented
very ef ciently asshavn in Section3.

3 Volumetric Morphing

In this sectionwe describea new fastmethodto morphthe
view-dependentierarchy Volumetric morphingis manda-
tory, becausetherwisethe transitionfrom onelevel of detail
to anothercouldbe obsered easily

For eachframe, rst the hierarchyis updatedusing the
view-dependenapproachdescribedn Section2. During the
updatethe errormetric e is mappedo therange 0 1 accord-
ing to Equation6 andstoredat the centervertex of eachnode
with 8 bits of accurag.

e minmaxe 10 1 (6)

In a secondoctreetraversal,the normalizederror metrice
is interpretedin the following way: A valueof zero(e 1)
meansthat the correspondingrodehasnot yet beenre ned,
thusit canbe decomposedhto 5 tetrahedraandrenderedas
describedn Sectiord. A valuegreatetthanzeroandlessthan
one(e 1 2) meanghatthe nodehasbeenre ned but still
noneof its children. A valueof one(e 2) meansthatthe
nodeandat leastone of its childrenhave beenre ned. As a
consequencéhetime betweerthetwo subsequent nement
eventsfore 0 ande 1 canbe usedto blendthe scalar
valuesof the correspondingiodeassmoothaspossible Thus,
theparametee justsenesasaninterpolationfactorto morph
recursvely betweertheactualnodeandits children.

In contrastto a x edblendingtime intenal [20], the speed
of the interpolationis coupledto the error metric. Thisis a
much better stratgy for volumetric morphing, since distant
details can be morphedmuch slower than thosewhich are
nearby In practice we have foundthatthe maximuminstead
of the averageof the deviationsD; suppressethe poppingef-
fect morereliably. This is dueto the factthat the subjectve
obserability of the interpolationis determinedoy the maxi-
mumandnot by theaveragechangeof all vertices.

In the context of the describednterpolationschemea con-
forming meshcan be guaranteeagsimply by using the mini-
muminterpolationfactorof all adjacenhodeswhich sharethe
interpolatedvertex. If oneof the adjacennodeshasnotbeen
re ned, the correspondingnterpolationfactoris assumedo
bezero.

In the following we illustrate the describedinterpolation
schemeusing a two-dimensionakxample,which is depicted
in Figure 2. In general,only the scalarvaluesof the non-
cornerverticesof a node have to be interpolatedusing the

normalizederror metric e asthe interpolationfactor In the
two-dimensionakase,the non-cornerverticesof a nodeare
the midpointsof the four edges(black dots) and the center
vertex (white dot). For eachof thoseverticesthe interpola-
tion is performedbetweerthe averagescalarvalue of thetwo

adjacentcornervertices(small black crossesyandthe actual
scalarvalueof thevertex. For the midpointof the left edgeof

thegrey nodein Figure2, for example theinterpolatedscalar
value§, g is calculatedasfollows:
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Figure2: Two-dimensionamorphingexample.

In the three-dimensionatase the non-cornewerticesof a
nodearethe centroid,the midpointsof the six faces,andthe
midpointsof the eightedges.The scalarvaluesof thesever
ticesareinterpolatedn analogyto thetwo-dimensionaéxam-
ple. The midpointsof the edgesare sharedamongthe actual
nodeandamaximumof threeadjacenhodesof thesamdevel
of detail. Thus,theminimuminterpolationfactorof thesever
ticeshasto be calculatedrom the interpolationfactorsof the
actualandthethreeadjacenhodes Themidpointsof thefaces
are sharedamongtwo nodes. Here, additionalcaremustbe
givento the calculationof the averagescalarvalueof the cor
nervertices sinceadjacennodesaredecomposeth analter
natingfashion.Theaveragescalavalueis thereforecomputed
from theappropriateawo cornerverticesof thetetrahedratle-
compositiorof theadjacenneighboumode.Thecentroidof a
nodeis locatedinsidethe centertetrahedrorof the decompo-
sition. In this casethe averagescalarvalueis computedrom
thefour verticesof the centertetrahedronAgain, specialcare
mustbe given to the calculationof the averagescalarvalue,
sincetheorientationof the centertetrahedroralters.

4 Cell Projection

Now that we have performeda view-dependensimpli ca-
tion of a regular volume, the generatedetrahedrahave to
be composedn a backto front fashion. We apply the cell-
projectiontechnique thatis the PT algorithmof Shirley and
Tuchman[40, 42, 45, 47]. The original PT algorithm only
supportslinear transferfunctionswhich are not appropriate



for thedisplayof gaseouphenomenasdemonstratedth Sec-
tion 5. Thereforewe also apply the pre-intgration method
of Roettgeret al. [35, 26, 14] which allows the useof arbi-
trary transferfunctionsby storingthe ray integral in a three-
dimensionapre-inteyrationtable. Visibility sorting[48, 5] is
performedby reorderingthe traversalof the octreein a back
to front fashion.

4.1 Zero Opacity Test

In orderto speedup the PT algorithmwe discardtransparent
tetrahedray applyingthe socalledZero Opacity Test(ZOT).
While this testis obvious for linear transferfunctions, it is
not as ohvious for arbitrary transferfunctions. Fortunately
thethree-dimensiongre-intgrationtablecontainsall neces-
saryinformationto apply this test. First, the minimum and
maximum scalarvalues (denotedby Syin and Snay of the
testedtetrahedraarecomputedIf theentryatposition n
1Snin N 1Snax m 1 of the pre-integrationtableis
zero(usingthenotationof [35], nis theresolutionalongthe S¢
and$§, coordinatesandm is theresolutionalongthel coordi-
nate),thenwe candiscardthe testedtetrahedra By applying
the ZOT to eachvisited nodeof the octree,we candiscardall
transparentetrahedrawith virtually no computationalover-
head.

4.2 Hierarchical View Frustum Culling

Anothercommonway to speedup renderingis view frustum
culling. Duringtherenderingraversalof the octreeeachnode
is testedagainstintersectiorwith the view frustum. If anode
doesnot overlapwith the view frustum,it is invisible andcan
bediscarded.

4.3 Volumetric Clipping

Sincewewantto allow theviewerto navigatefreely insidethe
volume, we facethe following problem: If a tetrahedrorin-
tersectghe nearclipping plane,the clippedtwo-dimensional
projectionis notidenticalwith theclippedvolumeof thetetra-
hedron. In orderto display the tetrahedrorcorrectly it has
to bebeclippedin atruly volumetricfashion.We distinguish
two differentcasesEitherthetetrahedroris cutinto onetetra-
hedronandoneprismor it is cutinto two prisms. Therefore,
the visible part of the clippedtetrahedroris eithera tetrahe-
dronor aprism. In thelattercasethetotal numberof rendered
tetrahedras increasedsincethe prismhasto be decomposed
into threetetrahedra.In comparisonto the total numberof
renderedetrahedrathe numberof clippedtetrahedracanbe
consideredo befairly low. In ourtestscenedt turnedoutthat
thefractionof additionaltetrahedravaswell belov 10%.

5 Non-Physically Based Display of
Clouds
In the previous sectionswe have describeda generalpur-

posevolume renderingalgorithmwhich is basedon a view-
dependensimpli cation. In this sectionwe demonstrat¢he

abilities of this approactby renderinggaseouphenomenan
particularcloudsandgroundfog.

In generalwe canthink of a cloud asa three-dimensional
scalarfunction f  f xyz. The scalarvaluescorrespond
to the optical density of the medium. Due to the comple
anisotropiclight scattering[2, 16, 11, 27, 41, 32, 21] inside
a cloud the photorealisticdisplay is a time consumingtask.
Impostors[37, 39] are currently the dominating technique
here[7, 13, 18].

But if we restrictoursehesto isotropiclight scatteringhe
cloudintensitiescanbe precompute@ndwe canapplythede-
scribedview-dependensimpli cation algorithm. As a result,
the cloudsare modeledby two scalar elds, the scalarden-
sity f x y z andthe scalarisotropiclight intensitygx y z .
The meshsimpli cation is driven by the maximumdeviation
of bothscalar elds.

This approacthasthe following advantagesSincewe use
atruly volumetricrepresentatiothereareno restrictionswith
respectto cloud shapeand appearance.As opposedto the
impostormethod,the cloudsare displayedwithout temporal
aliasingor perspectie artifacts, even for view pointsinside
the clouds. This is guaranteedby the applicationof volumet-
ric morphingandclipping.

5.1 Modied PT Algorithm

In principal, the volume density optical model [46] usedfor

pre-intggratedvolume renderingpresumeghe transferfunc-

tionsk (the chromaticityvector)andr (thescalaropticalden-
sity) to dependboth on the scalardensityfunction f xy z .

But, sincewe wantthe optical densityto dependon the den-
sity function f x y z andthe chromaticityvectorto depend
on the precomputedight intensitiesg X y z , we circumwent
this restrictionof the optical modelby slightly modifying the
PT algorithm. For this purposewe assumehatr  1d. Then
we apply the pre-intgration to the chromaticity vector k

k gxyz andthemaximumopticaldensityr max fmax TO

introducethedependencon f x y z we modulatethe effec-
tive lengthl of eachtetrahedratay segmentby thescalaropti-

caldensityr f xyz accordingo thefollowing equation:
Lo fxyz ©)
fmax

5.2 Non-Physicall y Based Lighting

The previous approachrequires a light scattering simu-

lation [27, 32, 21] to calculate the light intensity func-

tion g x y z . Insteadof changingphysicalsimulationparam-
eterswe proposea non-physicabpproactwhich achievesthe

desiredook andfeel of thecloudsby a directmanipulationof

thetransferfunctions.

For this purpose the chromaticityvectork k f xyz

is de ned to be an inversecolor ramp and the optical den-
sityr r f xyz isdenedto bea linearfunctionexcept
for very smalldensitieswhereit is setto zero. This allows to

speedup rasterizatiorby discardingnearlytransparenareas
with the ZOT. The light intensitiesg are calculatedby stan-
dardambientanddiffuselighting andareusedto modulatethe

effective ray sggmentlengthasdescribedefore.With respect



to thedirectionof the diffuselight this leadsto high opacities
atthefront andto low opacitiesat the backof the clouds. As

a consequencehe dark inside of eachcloud shinesthrough
the translucenback, but at the front bright colorsstill domi-

natethe appearancef the clouds. This approacheffectively

mimicsthe naturallook andfeel of cloudswithoutrequiringa

physicallighting simulation.

6 Real-Time Display of Ground Fog

In this sectionwe describea variant of the view-dependent
simpli cation techniquewhich is speci cally suitablefor the
real-timedisplayof groundfog.

Eachterrainrenderethatis basednthe C-LOD technique
createsview-dependentriangulationof aheight eld. In or-
derto displayvolumetricgroundfog, we introducea second
height eld (the groundfog map)which de nesthe heightof
the fog layer above the ground. Eachtriangle thatis genef
atedby the C-LOD algorithmis treatedasa basetriangleonto
whichavertically alignedprismis stacled. The heightsof the
threeverticaledgef eachprismarederivedfrom theground
fog map. To accountfor the additionalmap, the simpli ca-
tion of thetrianglemeshis drivenby thedeviationsof boththe
height eld andthegroundfog map. In orderto suppresshe
poppingeffect the upperboundaryof the groundfog layeris
geomorphedh the samefashionasthe surfaceof theterrain.

Eachprismis decomposethto threetetrahedran analter
natingfashionto ensurea conformingmesh.Prismswith zero
heightcan be discardedto speedup rasterization. The gen-
eratedtetrahedraarerenderedisingthe methodsdescribedn
Section4 and5. At the upperboundaryof the fog layer the
optical densityis setto zerowhich leadsto a more realistic
appearancthanusinga constanfog density

In the casethat a speci ¢ C-LOD algorithm doesnot al-
low straight-forvard backto front sorting of the tetrahedra,
we proposean emissve optical model[28] with exponential
saturation,which allows to omit the sorting stage: With the
averageopticaldensityt andthelengthl of aray segmentthe
exponentiallysaturatecemissione 1 €!! is storedin a2D
texture similar to theapproactof Steinetal [42]. In our case,
however, the blendedintensityl of apixel is calculatedrom
thepreviousintensityl in theframebuffer usingthefollowing
blendfunction:

I e 1 e | (10)

7 Results

Using the describednon-physicallybasedcloud and ground
fog renderingalgorithms,Figures3 and4 shaw the city cen-
ter of Stuttgartwith somecumuluscloudsand groundfog in
thevalleys. Thescenewasrenderedn real-timewith approx-
imately 26 framesper secondon a PC equippedwith a 1.2
GHz AMD Athlon andaNVIDIA GeForce3graphicsadaptor
About25%o0f thetotalrenderingimewasspentbonterrainren-
dering[34], 20% wasspentfor the displayof the groundfog
andthe remainderof 55% for the display of the clouds. The
latter were generatedvith 3D Perlin noise[33, 10], whereas

thegroundfog mapwaspaintedby hand.Theappliedtransfer
functionsk andr aredepictedontheleft sideof Figure3.

Figure 3: Thecity centerof Stuttgartwith cloudsandground
fog in thevalleys. The appliedtransferfunctionsk andr are
depictedon theleft.

The size of the height eld and the ground fog map
is 2049 2049, whereaghe cumuluscloudsarerepresented
by an 8 bit density eld with a basesizeof 513 513 anda
heightof 65 grid points. For thedensity eld onebyteis con-
sumedpergrid point plus 16 bits for the deviationsD andone
byte for the interpolationparametee summingup to a total
of 48 MB in our example.

The size of the pre-intgrated3D textureis 64 64 128
which corresponds$o 2 MB of graphicsmemory Sinceonly
the 3D texture hasto be keptin graphicsmemory the maxi-
mum cloudsizeis limited by mainmemoryonly.

For the displayof the cloudsthe numberof renderedetra-
hedrawasreducedfrom a total of 83 million to lessthan10
thousandetrahedraon the average. This correspondso four
ordersof magnitudereduction.

An analysisof the experimentalresultsrevealstwo bottle-
necks.Themainbottleneckis the projectionof thetetrahedra.
This is dueto the factthatfor eachsinglenodeof the octree
5 tetrahedrahave to be decomposedhto an averagenumber
of 17.5triangles. If theview pointis entirelyinsidea cloud,
the algorithmis mostly ll-rate boundand the performance
dropsto approximatelyl5 framesper secondfor a window
sizeof 512 384 pixels.

8 Discussion

In comparisorto theimpostortechnique pur approactoffers
thefollowing advantagesMostimportant,a ight throughthe
cloudsdoesnotintroducetemporakliasingor perspectie arti-
facts sincewe usevolumetricmorphingandclipping. Further

more,our generapurposevolumerenderingalgorithmis able
to renderarbitraryweatherconditionsincluding overcastsky
andstormclouds.Besidegheshavn 3D Perlinnoiseexample
more sophisticatedcloud simulationalgorithms[31, 30, 15]



arecompatiblewith our approachyhich makesthealgorithm
well suitedfor the purposeof weathewisualization.

The useof a non-physicallybasedrenderingmodelsome-
whatlimits the areaof applicationbut in mary casegshereal-
time performanceoutweighsthis restrictionsuchasin inter-
active entertainmentHerethe layeredfog techniqueg24, 19
is usedcommonly(i.e. in the DX8 gameAquaNox[6]), but
hasthe disadwantagethattheverticalfog boundariesre x ed.
With the describedgroundfog renderingalgorithmwe over-
comethis restrictionby explicitely de ning the heightof the
fog layer

9 Conclusion

We have developeda generapurposevolumerenderingalgo-
rithm. It is basedon the continuoudevel of detailtechnique
whichapproximates three-dimensionaicalareld in aview-
dependentashion. The necessityto suppresshe poppingef-
fect hasbeenaddressedy a new fastalgorithmfor volumet-
ric morphing. We have demonstratethe performanceof our
algorithm by displayingcloudsand groundfog in real-time.
Becauseof the truly volumetricrepresentatioof the clouds,
the algorithmis suitedfor real-timeweathewisualizationand
thedisplayof fastvolumetriceffectsin gamesor VR erviron-
ments.
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Figure4: Scenedrom a ight above Stuttgartshaving volumetriccloudsandgroundfog in real-time.



