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Abstract

Meshsimpli�cation algorithmsplayan importantrole in com-
puter graphics. In particular, view-dependentsimpli�cation
methodsareutilizedwidelyto reducethegeometriccomplexity
of large outdoorscenes.Thesocalledcontinuouslevel of de-
tail technique, for instance, is prevalentin theareaof terrain
rendering. In this paperwe apply the latter techniqueto the
moregeneral volumetriccase. Weproposea volumerendering
algorithm, which constructsa hierarchical tetrahedral mesh
from regular volumedata in a view-dependentfashion. The
poppingeffectwhich generally arisesfromview-dependental-
gorithmsis addressedby a new fast methodfor the smooth
interpolationof themeshhierarchy. We demonstrate theper-
formanceof our algorithm by displayingcloudsin real-time.
Here, the applicationof the pre-integration techniqueallows
for a wide range of cloud appearanceand guaranteesaccu-
rate compositing. Additionally, we showhow to utilize our
algorithmfor theaccelerateddisplayof groundfog in terrain
renderingscenarios.

CR Categories: I.3.5 [Computer Graphics]: Compu-
tational Geometry and Object Modeling, I.3.7 [Computer
Graphics]:Three-DimensionalGraphicsandRealism.

Keywords: Volume Rendering,ContinuousLevel of De-
tail, Cell Projection,Pre-Integration,GaseousPhenonema.

1 Intr oduction and Related Work

In general,thestrategy to simplify ameshin aview-dependent
fashionis suitedwell for thereal-timedisplayof largescenes.
This has beenexempli�ed in the areaof terrain rendering,
wherethe continuouslevel of detail technique(C-LOD) [25,
9, 34] is well established.This techniqueachieveshigh frame
ratesby generatingan approximateview-dependenttriangu-
lation of the terrain. In order to minimize the total screen
spaceerrorof theapproximation,smalldistantdetailsarerep-
resentedwith fewer trianglesthanthosewhicharenearby.

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 displayof polygonalmesheshasbeenintroducedby
Rossignacetal. [36], andhasbeenthesubjectof intensestud-
ies later on (seeXia et al. [49] asa startingpoint). General
multi-resolutionanalysisof volumetricmesheshasbeengiven
by Eck et al. [12] and more recentlyby Cignoni et al. [4].
Variantsfor the hierarchicalvisualizationof regular volume

datahave beendiscussedby Laur et al. [23], Zhouet al. [50],
and Schussmanet al. [38]. A view-dependentsimpli�ca-
tion methodfor irregulargridshasbeenproposedby Mered-
ith et al. [29]. But still theef�cient view-dependentsimpli�-
cationof regularvolumedatais anactive research�eld.

In this paperwe presenta generalpurposevolumerender-
ing algorithmwhich is basedon thecontinuouslevel of detail
idea.It maintainsanoctreeto constructaview-dependentrep-
resentationof regular volumedata. After decomposingeach
leave nodeof theoctreeinto tetrahedrathesecanberendered
ef�ciently by usingtheprojectedtetrahedra(PT) algorithmof
Shirley andTuchman[40].

A commonpropertyof view-dependentalgorithmsis the
occurrenceof the so called poppingartifacts: Small distant
detailswill suddenlypopup whenapproachingnearby. In the
caseof a C-LOD terrainrendererthe total screenspaceerror
of theapproximationcanbepushedeasilybelow theonepixel
boundary, sothatthepoppingeffect becomesinvisible. In the
volumetric case,however, this approachis infeasible. As a
solutionto thisproblem,themeshhierarchyhasto beinterpo-
latedsmoothly. In considerationof this fact,wepresenta new
fastmeshinterpolationmethod,whichwereferto asvolumet-
ric morphingthroughoutthepaper.

One of the classic volume rendering scenariosis the
medical visualization of computer tomographydata [44].
While thisscenariois suitablefor hardware-acceleratedmulti-
resolutiontechniques[22, 43, 3], it haslittle potentialwith re-
spectto view-dependentrendering.Thus,we demonstrateour
octreebasedsimpli�cation algorithm by displayinggaseous
phenomenain real-time. In particularwe give anapplication
examplein the areaof non-physicallybasedweathervisual-
izationandwe show how to enrichoutdoorsceneswith volu-
metricgroundfog.

2 Generating Contin uous Levels of
Detail

In thissectionwedescribehow to adapttheC-LOD technique
previouslyknown from terrainrendering[25,9, 34] to thevol-
umetriccase.

2.1 Hierarchical Volume Representation

Givena three-dimensionalscalar�eld, which is de�ned by an
arraywith 2n �

1 (n � 0) grid pointsin eachdimension,ahier-
archicalvolumetricmeshis constructedby building anoctree
in a bottom-upfashion. Grids with a sizeother than2n �

1
have to bepaddedor resampled.Eachleavenodeof theoctree



is decomposedinto � ve tetrahedra.Sincethereexist two topo-
logically differentdecompositions,adjacentnodesof thesame
level of detailhaveto bedecomposedin analternatingfashion
to ensurea conformingmesh. In Figure1 the orientationof
thetetrahedrais depictedfor a coarseexamplehierarchy.

Figure1: Hierarchicalvolumerepresentationusinganoctree:
The examplehierarchyconsistsof the root nodewith 8 chil-
dren(bright/orange),oneof which hasbeenre�ned into an-
other8 children(dark/blue).Eachleavenodeof theoctreehas
beendecomposedinto � vetetrahedrain analternatingfashion.

2.2 View-Dependent Mesh Simpli�cation

The key idea of a volumetric C-LOD algorithm can be de-
scribedasfollows: In orderto performa view-dependentsim-
pli�cation theoctreehasto beupdatedfor eachframe.During
a top-down traversalof theoctreeour approachcalculatesan
upperlimit on thelocalscreenspaceerrorof eachnode.If the
local error exceedsa prede�nedthresholdthe corresponding
nodeis split into eightchildren.

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

e �

sCmax
�

cD� 1�

d
(1)

If theerrormetrice is greaterthanone,thenodeis re�ned,
elsethe re�nement of the octreeis stopped. The global ac-
curacy of the meshcan be controlledvia the userde�nable
constantc. Highervaluesresultin a �ner mesh.Additionally,
theconstantC de�nesa lower boundon theglobalaccuracy.

In a preprocessingstepthe local error D is computed. It
is de�ned to be the averageof the scalardeviationsDi at the
centerof the nodeandthe midpointsof the edgesandfaces.

The scalardeviations Di are equal to the differenceof the
scalarvalue of eachvertex and the interpolatedscalarvalue
derived from the next coarserlevel of detail. For instance,
the deviation of the midpoint of an edgeis equalto the ab-
solutescalardifferenceof that vertex and the averageof the
two adjacentcornervertices(also compareFigure 2 where
Dmidlef t ���

1
2

�

Stoplef t
�

Sbottomlef t ��� Smidlef t � ).

2.3 Building a Conf orming Mesh

For adjacentnodes,which do not belongto thesamelevel of
detail(depictedby theorangeandbluecolorsin Figure1), the
interpolatedscalarvaluesat a T-vertex of the boundaryface
do not match. Onesolutionto ensurea conformingmeshis
to insertirregular tetrahedrainto thecoarsernode.This tech-
niqueis known asthered-greenor regular-irregularre�nement
method[1, 17]. But if we want to morphbetweentwo of the
large numberof irregular con�gurations,the situationis get-
ting inscrutablecomplex. Furthermore,adjacentnodesmust
not differ by more than one level for this methodto work.
In order to circumvent theseproblems,we employ a differ-
ent approach:Ratherthan insertingirregular tetrahedrainto
the coarsernode,we manipulatethe scalarvaluesof the re-
�ned node.To build a conformingmeshthescalarvalueat a
T-vertex is simply substitutedby the interpolatedvaluefrom
the coarsermeshof the adjacentneighbournode. A detailed
exampleis givenin Section3.

2.4 Hierarchical Error Propagation

Sinceweuseatop-down simpli�cation approach,ateachnode
only thelocalsimpli�cation erroris known. However, in order
to minimizethetotalscreenspaceerrorof thegeneratedmesh,
we alsoneedto know thelocal simpli�cation errorof all chil-
drenin advance.Thiscanbeaccomplishedby propagatingthe
local error from the childrenup to the parentsof the octree.
In principle, the error propagationhasto ensurethat a node
is re�ned, if at leastonechild alreadyful�lls the re�nement
condition.In mathematicaltermsthis canbewrittenas:

echild � 1 � e � 1 or e � echild (2)

SubstitutingEquation1 into Equation2 yields

D � KDchild with K �

d
2dchild 	

(3)

Now we determinean upperboundfor K. Sincewe in-
troduceda minimumaccuracy C which alwaysguaranteesre-
�nement for d 
 sC we just have to considerthecased � sC.
On the onehand,the minimum possiblevalueof K is 1

2 for
an in�nite distantviewer. On the otherhand,the maximum
possiblevalueof K occursfor theminimumdistanced � sC.
Then the minimum distanceto the centerof oneof its chil-
drenis dchild � sC �

1
4 �

3s. Resubstitutingthesedistancesinto
Equation3 yieldsthefollowing upperboundfor K:

Kmax �

C

2C �

1
2 �

3

�

C �

�

3� (4)

As a consequence,Formula5 canbeusedto propagatethe
local error D from all eight childrenup to the parentnodes.



Startingwith the leave nodes,all nodeswhich belongto the
samelevel of detail are processedin a row. For eachnode
the�nal propagatedD-valuesarestoredat thecentervertex of
eachnodeusinga linearmappingwith 16 bitsof accuracy.

D: � max
�

D� Kmax �

Dchild � (5)

In summary, theupdateof theview-dependenthierarchyis
performedby re�ning theoctree,if andonly if Equation1 is
ful�lled. The simplicity of this approachis the basisfor the
real-timeperformanceof our algorithm. Another important
advantageis that volumetric morphingcan be implemented
veryef�ciently asshown in Section3.

3 Volumetric Morphing

In this sectionwe describea new fast methodto morph the
view-dependenthierarchy. Volumetric morphing is manda-
tory, becauseotherwisethetransitionfrom onelevel of detail
to anothercouldbeobservedeasily.

For eachframe, �rst the hierarchyis updatedusing the
view-dependentapproachdescribedin Section2. During the
updatetheerrormetrice is mappedto therange

�

0 � 1� accord-
ing to Equation6 andstoredat thecentervertex of eachnode
with 8 bits of accuracy.

e� � min
�

max
�

e � 1 � 0� � 1� (6)

In a secondoctreetraversal,thenormalizederrormetrice
�

is interpretedin the following way: A valueof zero (e � 1)
meansthat the correspondingnodehasnot yet beenre�ned,
thus it canbe decomposedinto 5 tetrahedraandrenderedas
describedin Section4. A valuegreaterthanzeroandlessthan
one(e �

�

1 � 2� ) meansthat thenodehasbeenre�ned but still
noneof its children. A valueof one(e � 2) meansthat the
nodeandat leastoneof its childrenhave beenre�ned. As a
consequence,thetimebetweenthetwo subsequentre�nement
eventsfor e

�

� 0 ande
�

� 1 canbe usedto blend the scalar
valuesof thecorrespondingnodeassmoothaspossible.Thus,
theparametere

�

just servesasaninterpolationfactorto morph
recursively betweentheactualnodeandits children.

In contrastto a �x edblendingtime interval [20], thespeed
of the interpolationis coupledto the error metric. This is a
much betterstrategy for volumetric morphing,sincedistant
details can be morphedmuch slower than thosewhich are
nearby. In practice,we have foundthat themaximuminstead
of theaverageof thedeviationsDi suppressesthepoppingef-
fect morereliably. This is dueto the fact that the subjective
observability of the interpolationis determinedby the maxi-
mumandnotby theaveragechangeof all vertices.

In thecontext of thedescribedinterpolationschemea con-
forming meshcan be guaranteedsimply by using the mini-
muminterpolationfactorof all adjacentnodeswhichsharethe
interpolatedvertex. If oneof theadjacentnodeshasnot been
re�ned, the correspondinginterpolationfactor is assumedto
bezero.

In the following we illustrate the describedinterpolation
schemeusinga two-dimensionalexample,which is depicted
in Figure 2. In general,only the scalarvaluesof the non-
cornerverticesof a nodehave to be interpolatedusing the

normalizederror metric e
�

as the interpolationfactor. In the
two-dimensionalcase,the non-cornerverticesof a nodeare
the midpointsof the four edges(black dots) and the center
vertex (white dot). For eachof thoseverticesthe interpola-
tion is performedbetweentheaveragescalarvalueof thetwo
adjacentcornervertices(small black crosses)and the actual
scalarvalueof thevertex. For themidpointof theleft edgeof
thegrey nodein Figure2, for example,theinterpolatedscalar
valueS

�midlef t is calculatedasfollows:

w � min
�

e
�

� e
�n � (7)

S
�midlef t � w

1
2

�

Stoplef t
�

Sbottomlef t �

�

�

1 � w� Smidlef t(8)
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Figure2: Two-dimensionalmorphingexample.

In the three-dimensionalcase,thenon-cornerverticesof a
nodearethecentroid,the midpointsof thesix faces,andthe
midpointsof theeight edges.Thescalarvaluesof thesever-
ticesareinterpolatedin analogyto thetwo-dimensionalexam-
ple. Themidpointsof theedgesaresharedamongtheactual
nodeandamaximumof threeadjacentnodesof thesamelevel
of detail.Thus,theminimuminterpolationfactorof thesever-
ticeshasto becalculatedfrom theinterpolationfactorsof the
actualandthethreeadjacentnodes.Themidpointsof thefaces
aresharedamongtwo nodes. Here,additionalcaremustbe
givento thecalculationof theaveragescalarvalueof thecor-
nervertices,sinceadjacentnodesaredecomposedin analter-
natingfashion.Theaveragescalarvalueis thereforecomputed
from theappropriatetwo cornerverticesof thetetrahedralde-
compositionof theadjacentneighbournode.Thecentroidof a
nodeis locatedinsidethecentertetrahedronof thedecompo-
sition. In this casetheaveragescalarvalueis computedfrom
thefour verticesof thecentertetrahedron.Again,specialcare
mustbe given to the calculationof the averagescalarvalue,
sincetheorientationof thecentertetrahedronalters.

4 Cell Projection

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



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

4.1 Zero Opacity Test

In orderto speedup thePT algorithmwe discardtransparent
tetrahedraby applyingthesocalledZero OpacityTest(ZOT).
While this test is obvious for linear transferfunctions, it is
not as obvious for arbitrary transferfunctions. Fortunately,
thethree-dimensionalpre-integrationtablecontainsall neces-
sary information to apply this test. First, the minimum and
maximum scalarvalues(denotedby Smin and Smax) of the
testedtetrahedraarecomputed.If theentryat position

��� �

n �

1� Smin�

���

�

n � 1� Smax�

� m � 1� of the pre-integration table is
zero(usingthenotationof [35], n is theresolutionalongtheSf
andSb coordinatesandm is theresolutionalongthel coordi-
nate),thenwe candiscardthe testedtetrahedra.By applying
theZOT to eachvisitednodeof theoctree,we candiscardall
transparenttetrahedrawith virtually no computationalover-
head.

4.2 Hierarchical View Frustum Culling

Anothercommonway to speedup renderingis view frustum
culling. During therenderingtraversalof theoctreeeachnode
is testedagainstintersectionwith theview frustum. If a node
doesnot overlapwith theview frustum,it is invisible andcan
bediscarded.

4.3 Volumetric Clipping

Sincewewantto allow theviewer to navigatefreely insidethe
volume,we facethe following problem: If a tetrahedronin-
tersectsthe nearclipping plane,the clippedtwo-dimensional
projectionis not identicalwith theclippedvolumeof thetetra-
hedron. In order to display the tetrahedroncorrectly, it has
to bebeclippedin a truly volumetricfashion.We distinguish
two differentcases:Eitherthetetrahedronis cut into onetetra-
hedronandoneprismor it is cut into two prisms.Therefore,
the visible part of the clippedtetrahedronis eithera tetrahe-
dronor aprism. In thelattercasethetotalnumberof rendered
tetrahedrais increased,sincetheprismhasto bedecomposed
into threetetrahedra. In comparisonto the total numberof
renderedtetrahedra,the numberof clippedtetrahedracanbe
consideredto befairly low. In our testscenesit turnedout that
thefractionof additionaltetrahedrawaswell below 10%.

5 Non-Ph ysicall y Based Displa y of
Clouds

In the previous sectionswe have describeda generalpur-
posevolumerenderingalgorithmwhich is basedon a view-
dependentsimpli�cation. In this sectionwe demonstratethe

abilitiesof thisapproachby renderinggaseousphenomena,in
particularcloudsandgroundfog.

In general,we canthink of a cloudasa three-dimensional
scalarfunction f � f

�

x � y� z� . The scalarvaluescorrespond
to the optical densityof the medium. Due to the complex
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 restrictourselvesto isotropiclight scatteringthe
cloudintensitiescanbeprecomputedandwecanapplythede-
scribedview-dependentsimpli�cation algorithm. As a result,
the cloudsare modeledby two scalar�elds, the scalarden-
sity f

�

x � y� z� andthe scalarisotropic light intensityg
�

x � y� z� .
Themeshsimpli�cation is drivenby themaximumdeviation
of bothscalar�elds.

This approachhasthe following advantages:Sincewe use
a truly volumetricrepresentationthereareno restrictionswith
respectto cloud shapeand appearance.As opposedto the
impostormethod,the cloudsaredisplayedwithout temporal
aliasingor perspective artifacts,even for view points inside
theclouds.This is guaranteedby theapplicationof volumet-
ric morphingandclipping.

5.1 Modi�ed PT Algorithm

In principal, the volumedensityoptical model [46] usedfor
pre-integratedvolume renderingpresumesthe transferfunc-
tionsk (thechromaticityvector)andr (thescalaropticalden-
sity) to dependboth on the scalardensityfunction f

�

x � y� z� .
But, sincewe want the opticaldensityto dependon the den-
sity function f

�

x � y� z� andthe chromaticityvector to depend
on the precomputedlight intensitiesg

�

x � y� z� , we circumvent
this restrictionof theopticalmodelby slightly modifying the
PT algorithm.For this purpose,we assumethatr � Id. Then
we apply the pre-integration to the chromaticityvector k �

k
�

g
�

x � y� z� � andthemaximumopticaldensityr max � fmax. To
introducethedependency on f

�

x � y� z� we modulatetheeffec-
tive lengthl of eachtetrahedralraysegmentby thescalaropti-
caldensityr � f

�

x � y� z� � accordingto thefollowing equation:

l
�

� l
f

�

x � y� z�

fmax
(9)

5.2 Non-Ph ysicall 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-physicalapproachwhich achievesthe
desiredlook andfeelof thecloudsby adirectmanipulationof
thetransferfunctions.

For this purpose,the chromaticityvectork � k
�

f
�

x � y� z� �

is de�ned to be an inversecolor ramp and the optical den-
sity r � r

�

f
�

x � y� z� � is de�ned to bea linear function except
for very smalldensitieswhereit is setto zero. This allows to
speedup rasterizationby discardingnearly transparentareas
with the ZOT. The light intensitiesg arecalculatedby stan-
dardambientanddiffuselighting andareusedto modulatethe
effective raysegmentlengthasdescribedbefore.With respect



to thedirectionof thediffuselight this leadsto high opacities
at thefront andto low opacitiesat thebackof theclouds.As
a consequence,the dark insideof eachcloud shinesthrough
the translucentback,but at the front bright colorsstill domi-
natethe appearanceof the clouds. This approacheffectively
mimicsthenaturallook andfeelof cloudswithout requiringa
physicallighting simulation.

6 Real-Time Displa y of Ground Fog

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

Eachterrainrendererthatis basedontheC-LOD technique
createsaview-dependenttriangulationof aheight�eld. In or-
der to displayvolumetricgroundfog, we introducea second
height�eld (thegroundfog map)which de�nes theheightof
the fog layer above the ground. Eachtriangle that is gener-
atedby theC-LOD algorithmis treatedasabasetriangleonto
whicha verticallyalignedprismis stacked.Theheightsof the
threeverticaledgesof eachprismarederivedfrom theground
fog map. To accountfor the additionalmap, the simpli�ca-
tion of thetrianglemeshis drivenby thedeviationsof boththe
height�eld andthegroundfog map. In orderto suppressthe
poppingeffect theupperboundaryof thegroundfog layer is
geomorphedin thesamefashionasthesurfaceof theterrain.

Eachprismis decomposedinto threetetrahedrain analter-
natingfashionto ensureaconformingmesh.Prismswith zero
heightcan be discardedto speedup rasterization.The gen-
eratedtetrahedraarerenderedusingthemethodsdescribedin
Section4 and5. At the upperboundaryof the fog layer the
optical densityis set to zerowhich leadsto a more realistic
appearancethanusinga constantfog density.

In the casethat a speci�c C-LOD algorithm doesnot al-
low straight-forward back to front sorting of the tetrahedra,
we proposean emissive optical model [28] with exponential
saturation,which allows to omit the sortingstage:With the
averageopticaldensityt andthelengthl of a raysegmentthe
exponentiallysaturatedemissione � 1 � et l is storedin a 2D
texturesimilar to theapproachof Steinet al [42]. In our case,
however, theblendedintensityI

�

of a pixel is calculatedfrom
thepreviousintensityI in theframebuffer usingthefollowing
blendfunction:

I
�

: � e
�

�

1 � e��� I (10)

7 Results

Using the describednon-physicallybasedcloud andground
fog renderingalgorithms,Figures3 and4 show thecity cen-
ter of Stuttgartwith somecumuluscloudsandgroundfog in
thevalleys. Thescenewasrenderedin real-timewith approx-
imately 26 framesper secondon a PC equippedwith a 1.2
GHzAMD Athlon andaNVIDIA GeForce3graphicsadaptor.
About25%of thetotalrenderingtimewasspentonterrainren-
dering[34], 20% wasspentfor thedisplayof thegroundfog
andthe remainderof 55% for the displayof the clouds. The
latter weregeneratedwith 3D Perlin noise[33, 10], whereas

thegroundfog mapwaspaintedby hand.Theappliedtransfer
functionsk andr aredepictedon theleft sideof Figure3.

Figure3: Thecity centerof Stuttgartwith cloudsandground
fog in thevalleys. Theappliedtransferfunctionsk andr are
depictedon theleft.

The size of the height �eld and the ground fog map
is 2049 � 2049,whereasthe cumuluscloudsarerepresented
by an 8 bit density�eld with a basesizeof 513 � 513 anda
heightof 65 grid points.For thedensity�eld onebyteis con-
sumedpergrid point plus16 bits for thedeviationsD andone
byte for the interpolationparametere

�

summingup to a total
of 48 MB in our example.

The sizeof thepre-integrated3D texture is 64 � 64 � 128
which correspondsto 2 MB of graphicsmemory. Sinceonly
the 3D texture hasto be kept in graphicsmemory, the maxi-
mumcloudsizeis limited by mainmemoryonly.

For thedisplayof thecloudsthenumberof renderedtetra-
hedrawasreducedfrom a total of 83 million to lessthan10
thousandtetrahedraon theaverage.This correspondsto four
ordersof magnitudereduction.

An analysisof theexperimentalresultsrevealstwo bottle-
necks.Themainbottleneckis theprojectionof thetetrahedra.
This is dueto the fact that for eachsinglenodeof the octree
5 tetrahedrahave to be decomposedinto an averagenumber
of 17.5 triangles. If theview point is entirely insidea cloud,
the algorithm is mostly �ll-rate boundand the performance
dropsto approximately15 framesper secondfor a window
sizeof 512 � 384pixels.

8 Discussion

In comparisonto theimpostortechnique,our approachoffers
thefollowing advantages:Most important,a �ight throughthe
cloudsdoesnotintroducetemporalaliasingor perspectivearti-
facts,sinceweusevolumetricmorphingandclipping. Further-
more,ourgeneralpurposevolumerenderingalgorithmis able
to renderarbitraryweatherconditionsincluding overcastsky
andstormclouds.Besidestheshown 3D Perlinnoiseexample
more sophisticatedcloud simulationalgorithms[31, 30, 15]



arecompatiblewith ourapproach,whichmakesthealgorithm
well suitedfor thepurposeof weathervisualization.

Theuseof a non-physicallybasedrenderingmodelsome-
whatlimits theareaof application,but in many casesthereal-
time performanceoutweighsthis restrictionsuchasin inter-
active entertainment.Herethelayeredfog technique[24, 19]
is usedcommonly(i.e. in the DX8 gameAquaNox[6]), but
hasthedisadvantagethattheverticalfog boundariesare�x ed.
With the describedgroundfog renderingalgorithmwe over-
comethis restrictionby explicitely de�ning the heightof the
fog layer.

9 Conc lusion

We have developeda generalpurposevolumerenderingalgo-
rithm. It is basedon thecontinuouslevel of detail technique,
whichapproximatesathree-dimensionalscalar�eld in aview-
dependentfashion.Thenecessityto suppressthepoppingef-
fect hasbeenaddressedby a new fastalgorithmfor volumet-
ric morphing. We have demonstratedtheperformanceof our
algorithmby displayingcloudsandgroundfog in real-time.
Becauseof the truly volumetricrepresentationof the clouds,
thealgorithmis suitedfor real-timeweathervisualizationand
thedisplayof fastvolumetriceffectsin gamesor VR environ-
ments.
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Figure4: Scenesfrom a �ight above Stuttgartshowing volumetriccloudsandgroundfog in real-time.


