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ABSTRACT

This paperpresentsa real time techniquefor planetaryrenderingand atmosphericscatteringeffects. Our implementation
is basedon Nishita's atmosphericmodelwhich describesactualphysical phenomena,taking into accountair moleculesand
aerosols,and on a continuouslevel-of-detail planetaryrenderer. We obtain interactive frame ratesby combiningthe CPU
boundsphericalterrainrenderingwith the GPU computationof the atmosphericscattering.In contrastto volumerendering
approaches,the parametrizationof the light attenuationintegral we usemakesit possibleto pre-computeit completely. The
GPU is usedfor determiningthe texture coordinatesof the pre computed3D texture, taking into accountthe actualspatial
parameters.Our approachbene�ts from its independenceof the renderedterraingeometry. Therefore,we demonstratethe
utility of ourapproachshowing planetaryrenderingsof EarthandMars.
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1 INTRODUCTION

Realisticimagesynthesisplaysa crucial role in mod-
ern computergraphics. Onetopic is the light scatter-
ing andabsorbtionof small particlesin the air, called
atmosphericscattering.In the lastyears,severalmeth-
odsweredevelopedto simulatethiseffect. Thesemeth-
odsmake it possibleto simulatelight beams4, thesky
8;15(includingthecolorsof sunriseandsunset)andthe
Earthviewed from space12. Also, theapplicationarea
of thesemethodsis very broad, reachingfrom edu-
cationalprograms,CAD applicationsand terrain rep-
resentationsto driving, spaceor �ight simulationsin
games.However, all thesemethodshave to overcome
thehighcomputationalcosts,causedby thecomplexity
of solvingthescatteringintegral.

In thispaper, wediscussafastandprecisemethodfor
physically basedimagesynthesisof atmosphericscat-
tering. Exactintegrationis providedby a precomputa-
tion step,wherethewholescatteringintegral is solved.
This unloadsthe graphicshardware in a way, that the
GPU is only usedfor transformingthe actualspatial
parametersto fetch the pre computedvalues. In con-
trastto volumerenderingapproaches,we simulatethe
atmosphericscatteringeffect from eachpoint of view
by renderingonly two spheres.

Permissionto make digital or hard copies of all or part of this
work for personalor classroomuseis grantedwithout feeprovided
that copiesare not madeor distributed for pro�t or commercial
advantageandthatcopiesbearthisnoticeandthefull citationon the
�rst page.To copy otherwise,or republish,to poston serversor to
redistributeto lists, requiresprior speci�c permissionand/ora fee.

Copyright UNION Agency – SciencePress,Plzen,
CzechRepublic.

First, the light intensity reachingthe observer's eye
is pre computedfor eachpoint insideandoutsidethe
atmosphere.This is followed by a fast evaluationof
the scatteringintegral for eachrenderedvertex easily
by fetchingtheprecomputedtexture.This fastcompu-
tationmakesthismethodapplicableto renderingscenes
consistingof a largeramountof vertices,asthey occur
in terrain rendering. Therefor, we prove our method
by combiningatmosphericscatteringanda continuous
level of detail planetaryterrain renderer. Due to the
fact, that the pre computedlight scatteringvaluesare
valid for planarspheresonly, applyinga roughplanet's
surfacewould implicateseveralproblems.Thereby, the
integrationdistanceschangedependingon theplanet's
structure,aswell asthelight contribution of theterrain
itself, which hasto be accountedadditionally. To ad-
dressthis issues,we discussthe correctuseof the pre
computedlookup texture using a minimal numberof
shaderinstructions.

2 PREVIOUS WORK

Sincephysicalphenomenaareoneof themostinterest-
ing researchtopicsin computergraphics,therehasbeen
a considerablylarge amountof work on atmospheric
scatteringin thelastyears.Mostof theearlierwork are
basedon ray tracing,which is an appropriatemethod
for thecreationof photo-realisticrepresentationsof the
atmosphere.But dueto the high computationalcosts,
aninteractivevisualizationwasnot realizablethis time.
In previous work7;10;18, the scatteringand absorbtion
of light is discussed.In 1993,Nishitaetal.12 discussed
thebasicequationsof RayleighandMie scatteringef-
fects. In this work, theattenuationof theincidentlight
wasconsideredat eachpoint of theatmosphereaswell
astheattenuationfrom thispointto theviewer. Further-
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Figure 1: Calculation of light reaching Pv.

more,additionalto thesky's color, thecolorsof clouds
andseawerediscussed.Anothermodel for rendering
the sky in the daytimewas proposedby Preetham15

and Hoffman6, a physics basednight model was de-
scribedby Jensen8. An extensionof Preethams'smodel
was proposedby Nielsen11 by consideringa varying
densityinsidetheatmosphere.In 2002,Dobashiet al.
4 proposeda GPU basedmethodto implementatmo-
sphericscatteringusinga sphericalvolumerendering.
They solved the discreteform of the light scattering
integral by samplingit with slices. Dependingon the
shapeof the slices,which areplanaror spherical,at-
mosphericscatteringeffectsaswell asshaftsof light,
asoccurringbetweencloudscanbe visualized. Later,
in 2004,O'Neil 13 proposedaninteractive CPUimple-
mentation,solving the scatteringintegral by ray cast-
ing. This methodavoids expensive volumerendering
by representingthe atmosphereby only two spheres,
onefor theouterandonethe innerboundaryof theat-
mosphere.Raycastingisusedtosolvethediscreteform
of thescatteringintegral by separatingtheray into seg-
mentsandcalculatethe attenuationof the light andto
theviewerfor eachsamplepoint. As theconnectionbe-
tweentheverticesof thetwo spheresandtheviewer is
usedasview ray, thisapproachstronglydependsonthe
complexity of thescene.A vertex shaderimplementa-
tion waspublishedby O'Neil 14.

Oneof the main topics in terrainvisualizationcon-
sists of the applicationof continuouslevel of detail
methods5;9;16. Cignoniet al.1 aswell asRöttgeret al.
17 useda quadtreebasedapproachto achieve anadap-
tive meshre�nementof the terraindata. An adaption
of the BDAM approachfor the applicationof plane-
tary height �elds was publishedby Cignoni2. In our
approach,themethodof Roettgeris extendedfor plan-
etaryterrainrendering.

3 ATMOSPHERIC SCATTERING

In this section, the basic equationsof Rayleigh and
Mie scatteringareconsidered(accordingto Nishita12).

First, we discussthe scatteringof air molecules,de-
scribedby theRayleighscatteringequation:

Ip(l ; j ) = I0(l )Kr Fr (j )=l 4; (1)

which describesthelight scatteredin a samplepoint P,
in dependenceof l , thewavelengthof theincidentlight
atP andj , thescatteringanglebetweentheviewerand
the incidentlight at P. I0 standsfor the incidentlight,
r for the density ratio (given by r = exp( � h

H0
)), de-

pendingonthealtitudeh andscaleheightH0 = 7994m,
and Fr for the scatteringphasefunction, which indi-
catesthe directionalcharacteristicof scattering(Fr =
3
4(1+ cos2(j )) ).

K describesthe constantmoleculardensity at sea
level

K =
2p2(n2 � 1)2

3Ns
; (2)

with Ns, themolecularnumberdensityof thestandard
atmosphereandn, theindex of refractionof theair.

In equation1, therelationbetweenthescatteredlight
andthe wavelengthof the incident light describesthe
strongattenuationof shortwavelengths.This is dueto
thewavelength's inverselyproportionalbehavior to the
light attenuation.To determinethelight intensityreach-
ing Pv in Figure1, wehave to considertwo steps.First,
for eachpoint P betweenPa andPb, the light reaching
this point needsto beattenuated.Second,theresulting
light intensityon eachpoint P needsto be attenuated
a secondtime on its way to the viewer at Pv. The at-
tenuationbetweentwo pointsinsidethe atmosphereis
determinedby theopticallength,which is computedby
integrating the attenuationcoef�cient standingfor the
extinction ratio per unit length,along the distancesv.
Theattenuationcoef�cient b is givenby:

b =
8p3(n2 � 1)2

3Nsl 4 =
4pK
l 4 ; (3)

which is integratedalongthedistanceSandyields

t(S; l ) =
Z S

0
b(s)r (s)ds=

4pK
l 4

Z S

0
r (s)ds: (4)

The scatteringof aerosolsis describedwith a differ-
ent phasefunction. Therefor, the improved Henyey-
Greensteinfunction by Cornette3 is used. To adjust
the rateof decreaseof the aerosol's densityratio, the
scaleheightH0 hasto be1.2km19. Theoptical length
of aerosolsis thesameasfor air molecules,exceptfor
the 1

l 4 dependance.Accordingto Nishita12, if theequa-
tionsaboveareappliedto Equation1, thelight intensity
atPv leadsto:

Iv(l ) = Is(l )
KFr (j )

l 4 � (5)
Z Pb

Pa

r exp(� t(PPc; l ) � t(PPa; l ))ds:



4 REAL-TIME ATMOSPHERIC SCAT-
TERING

In currentapproachesfor computingatmosphericscat-
tering effects the performancemainly dependson the
complexity of the scene.Therefor, the scatteringinte-
gral of Equation5 is solved for eachvertex belonging
to the scenegeometry. By applyingmoderngraphics
hardware theseapproachesare quite fast, particularly
whenplanetsarerestrictedto simplespheres,consist-
ing only of few vertices.But anincreasingcomplexity
of thescenemakesit impossibleto computethescatter-
ing integralfor eachvertex in realtimeanymore.Thisis
thecaseif you intendto renderthestructureof planets.
We avoid this lack of performance,by sourcingout the
scatteringintegral. Therefor, we precomputethescat-
teringintegral andstoreit in a 3D texture,andthereby,
we reducethenumberof instructionswhich areneces-
saryto obtainthelight attenuationvalue.Thefollowing
sectionsdescribethecreationof thelookuptextureand
its useat therenderingstage.

4.1 Creating the ScatteringTexture
As we aim to pre computethe light scatteringinte-
gral, we have to reconsiderEquation5. It de�nes the
light contribution reachingthe observerseye, when it
is placedat a positionPv and his view ray penetrates
theatmospherefrom thepoint Pa to thepoint Pb. Basi-
cally, thelight is attenuatedtwo times,for eachpointon
PaPb. The �rst time from the light sourceto a position
P on the view ray, andthe secondtime from P to the
observer's positionPv. In accordancewith this obser-
vation,theresultinglight contribution dependson four
variables:theobserver'spositionPv, thepositionof the
light sourcePc andtheentryandexit positionof theat-
mospherePa andPb. Furthermore,approximatingthe
integral asa Riemannsumrequiresanadditionalsam-
plevariableP. If wenaively precomputethescattering
integral,wehaveto computethelight intensityfor each
point in theatmosphere,looking in eachdirection.This
meansthatwe have to considerseveraldistancesPaPb.
And wealsohaveto keepin mind,thatall thisprecom-
putationshave to bedonefor eachpositionof thelight
source. This would result in nine scalarvalueswhen
thedistancePaPb is representedby a threedimensional
vector.

O'Neil 13 suggestedto simplify the computationof
theopticaldepth(Eq. 4) from the light sourceto P by
parameterizingeachpoint P by its heightandits angle
to theSun.This simpli�es Equation5 enormously, be-
causetheprecomputedvaluescanbeusedto determine
the optical depthfrom the light sourceto the sample
point t(PPc; l ) aswell asfor the attenuationfrom the
samplepoint to theobserver. Nevertheless,theintegral
from Pv to P remains.For dealingwith this expensive
computation,we have extendedO'Neils approachby
additionallyconsideringtheview direction.

Thealgorithmworksasfollows: �rst, we de�ne the
parametrizationof our3D texture.As discussedabove,
we have to considera numberof parameters,which
have to be reformulatedin a way they canbe usedto
parameterizea threedimensionallookuptable.For the
sake of simplicity, we now assumethe observer to be
situatedinsidetheatmosphere,anddiscussthegeneral
caselater in this section. Basically, the observer can
be situatedat an arbitrary position, looking in an ar-
bitrary directionat an arbitrarydaytime. Considering
theobserver'spositionPv andhisview directionRv ata
speci�c daytimewecanassumethatif P0

v = (0; jPvj;0)T

andR0
v = (sin(q);cos(q);0)T then

cos(q) =
1

jPvjjRvj
< Pv;Rv > =

1
jP0

vj
< P0

v;R
0
v > : (6)

This means,that eachactual position and the corre-
spondingview directioncanbedescribedby its height
h = jPvj andthe view angleq. Exploiting this behav-
ior, we placethe cameraat eachheight inside the at-
mosphereto sendout the view rays in eachdirection.
Basedonthefact,thattheboundariesof theatmosphere
areconsideredasspherical,alsothedistancePaPb is the
samefor everyview raywith angleq with respectto the
currentpositionP0

v. While computingPaPb, it is quite
importantto testR0

v for intersectionwith the innerand
the outerboundarysphere.We alsohave to consider,
thattheprecomputationregardstheplanet's surfaceas
a simplesphere.How to dealwith structuredsurfaces
is describedin Section4.2.

To completethis formulation,we have to introduce
a light sourceto our model. As discussedabove, the
attenuationfrom a light sourceto anarbitraryposition
canalsobedescribedby theheightof thesamplepoint
andtheangled to thelight source.For solvingEq. (5)
at a positionP0

v anda view ray R0
v, thelight attenuation

t(PPc; l ) andt(PPa; l ) caneasilybecomputedby sam-
pling alongR0

v andcomputingthe valuesaccordingto
theheightof thesamplepoint andits angleto thelight
source.Finally, we introducethedaytimeto ourmodel,
by applying the pre computationfor all anglesto the
sun.Thus,theangled builds thethird parameterof the
3D texture.

Specialconsiderationshouldbe taken for the case,
when the observer is situatedoutsidethe atmosphere.
Since there is no light scatteringoutsidethe planet's
atmosphere,the distanceof the observer to the planet
is not accountedin our pre computationstep. Never-
theless,viewing the planetfrom outsidebuilds a spe-
cial case,in which the computationcanbe considered
the samefor eachposition, even if the camerais sit-
uatedon the atmosphere's outerboundaryor the cam-
era is far away. Thus, the camerahasto be virtually
movedtowardstheplanet,until it hits theouterbound-
aryof theatmosphere.Afterwards,westartthecompu-
tation. Thus,we only needto consideroneadditional



height in our pre computation:the height if the cam-
erais outsidethe atmosphere,which the heightof the
atmosphereplusanadditional,minimaloffset.

// Loop over all view angles to the
camera

foreachangleViewer< resZdo1

// Get angle q
q = GetViewAngle(angleViewer);2

// Generate a view vector
R0

v = vec3d(sin(q);cos(q);0);3

// Loop over all view angles to the
light source

foreachangleSun< resYdo4

// Get angle d
d = GetLightAngle(angleSun);5

// Loop over all heights of the
camera

foreachheight< resXdo6

// Get current height inside
the atmosphere

h = f RadIn+ (( f RadOut � f RadIn) �7

height)=(resX� 1);
// Generate the position

vector
Pv = vec3d(0;h;0);8

// Finally, compute the light
scattering

color= ComputeScattering(Pv, d, Rv);9

end10

end11

end12

The code sampleabove shows how simple the 3D
lookup texture is created. The texture is given with
its sizesin the x,y and z direction. For eachvoxel,
the correspondinganglesand the height is used for
computingthe light intensity, by evaluating the light
scatteringintegral. Therefor, we solve the discrete
form of Equation5:

Iv(l ) = Is(l )
KFr (j )

l 4

k

å
i= 0

r exp(� tl � tv) (7)

Dueto thefact that thewholescatteringintegral is pre
comuted,the sampleratek aswell as the samplerate
for theopticaldepthtl andtv canbesetveryhigh.

4.2 Applying the ScatteringTexture

Sincethelookuptextureis computed,thecalculationof
thelight intensityis quitesimpleandneedsonly few in-
structionsontheGPU.Duringtherenderingphase,two
independentsceneobjectsaredrawn: a sphere,repre-
sentingthe sky andthe planet's surface. In Section5,
therenderingof theterrainis discussedin moredetail.
To demonstratehow the light intensity in�uences our
scene,we �rst considertherenderingof thesky.

Actually, the sky is representedby renderingonly
onetesselatedsphere,which is placednearbytheouter

PVPV

Pg

Pb

Figure 2: Obtaining the wrong light intensity: instead
of PgPv the distance PvPb was used for the pre compu-
tation

boundaryof the atmosphere.Furthermore,we enable
front faceculling to ensure,that the ray betweenthe
observer andthe sphereis penetratingthe atmosphere
beforethe intersection.In contrastto the atmosphere,
the terrainis renderedwith backfaceculling enabled,
becausewe are only interestedin the visible part of
the planet's surface. To obtain the light contribution,
�rst the view ray Rv = Pg � Pv is computed,where
Pg standsfor the position of the current vertex. If
the observer is outsidethe atmosphere,the camerais
moved to the outerboundary. Then, the height is ob-
tainedby h = jPvj as well as the cosineof the view
angle cos(q) = 1

jPvjjRvj < Rv;Pv > and the sun angle
cos(d) = < Pc;Pv > . After rescalingthis threeparam-
etersto [0;1], the lookup texture is fetched. Because
of the nonlinearbehavior of the scatteringfunction, it
makessenseto implementthe texture fetch asa frag-
mentprogram,insteadof a vertex program,with trilin-
earinterpolationenabled.This minimizesthe interpo-
lationerror, sincethesamplefrequency of thefragment
shaderis muchhigherandmuchfasterthanacompara-
blevertex shaderimplementation.

In contrastto thesky, thecomputationof the terrain
needssomemoreconsideration.If wesimplyapplythe
texturelookupto any otherverticesof thescenegeom-
etry, like theverticesrepresentingtheterrain,thecom-
putationfails. Figure2 shows this case. This behav-
ior resultsfrom the pre computation,which treatsthe
ray to intersectasimplespherewithoutconsideringthe
height�eld of the terrain. Thus,the light scatteringis
computedfor thewholedistancePvPb. To discusshow
it is possibleto computethe light scatteringalongthe
distancePgPv, the pre computedvalueshave to be an-
alyzed. The pre computedlight scatteringalongPvPb
canbeformulatedasthescatteringalongPgPv plusthe
scatteringalongPgPb. Rewriting Equation5 to obtain
thelight scatteringalongPgPv would leadto

I0
v(l ) = Is(l )

KFr (j )
l 4 � (8)

� Z Pb

Pv

r exp(� tl � tv) �
Z Pb

Pg

r exp(� tl � tv)
�

;



wherebothtermscanbeobtainedfetchingtheprecom-
putedtexture. In fact, the �rst term is obtainedany-
way, simply usingthecurrentparametersasinput. The
secondlight contribution canbe determinedeasilyby
moving thecamerato theintersectionpoint Pg without
changingthe view angle. Thenwe accessthe lookup
texture a secondtime andsubtractthe result from the
color value of the �rst texture lookup. By using this
mechanism,it ispossibletoobtainthelight contribution
for any point insidetheatmosphereconsideringseveral
kindsof geometry.

Finally, wediscussthecorrectilluminationof theter-
rain. As we areableto computethelight scatteringbe-
tweentheobjectandtheviewer, thecontribution of the
illuminatedterrainhasbeennotconsideredyet. Similar
to the air moleculesand aerosols,the light illuminat-
ing theterrainis attenuatedtwo times.While theatten-
uation from the light sourceto the terrain is even the
same,thespectralshift of theilluminatedterrainto the
observer needsto bediscussedin moredetail: �rst, we
only considerthe light intensityIg reachingthe terrain
geometry. Mathematicallyit is de�ned as

Ig(l ) = Is(l ) exp(� t(PgPc; l ))ds: (9)

The resultingIg is usedas incident light intensity for
illuminating the terraingeometry. We have applieda
Lambertre�ection, which considersthe cosineof the
anglew betweenthe incidentlight andtheterrainnor-
malastheintensityof thelight absorbedby theterrain.
Introducingthediffusere�ection to equation9 yields

Ig(l ) = Is(l )cos(w) exp(� t(PgPc; l ))ds: (10)

Additionally, the attenuationof the re�ected color
needsto beattenuatedon its way to theviewer. As de-
�ned by Nishita12, theattenuationhasto bemultiplied
with theintensityof theterraingeometry

Igv(l ) = Igexp(� t(PgPv; l ))ds: (11)

Thisequationdescribesthelight contributionof theter-
rain, without consideringthe light scatteringalongthe
distancePgPv. Sincethe light contributionsof all sam-
ple points are accumulatedto determinethe intensity
reachingthe observer, Equation8 hasto be accounted
as

I00
v (l ) = Igv+ I0

v; (12)

whereI00
v standsfor the overall intensity reachingthe

observer's eye if he is looking on the rough surface
of a planet. While Equation8 is implementedastwo
fetchesof theprecomputed3D texture,theeasiestway
to obtainIg andIgv, is to adoptthe 2D lookup texture
describedin O'Neil 13. As this texture storesthe op-
tical depth for eachpoint inside the atmosphere,the
light attenuationbetweenthelight andthegeometrycan

fetchedaswell asthe attenuationbetweenthe geome-
try andthe observer. For the otherparametersshader
constantsareused,exceptingthephasefunctionFr (j )
which is pre computedas 1D texture. The follow-
ing pseudofragmentshadercodedemonstratesthelow
numberof instructionsusedfor this complex computa-
tion.

// Compute Rv

Rv = normalize(Pg � Pv);1

// If the camera is outside the
atmosphere, move it to the outer
boundary

dist = Intersect(Pv, Rv, SphereOut));2

if dist > 0 then3

Pv = Pv + Rv � dist;4

end5

// Compute h, q and d
h = MapToUnit(jPvj);6

q = MapToUnit(< Pv;Rv > );7

d = MapToUnit(< Pc;Pv > );8

// Get the light intensity without
considering the height field

Iv = tex3D(texPre3D, vec3d(h;d;q));9

// Move the camera to the intersection
point to obtain the offset

h0= MapToUnit(jPgj);10

d0= MapToUnit(< Pc;Pg > );11

Iof f = tex3D(texPre3D, vec3d(h0;d0;q));12

// Correct the intensity
I0
v = Iv � Iof f ;13

// Now compute the light contribution
of the terrain

Fr = tex1D(texPhase, q);14

tgc = tex2D(texPre2D, h0, d0);15

tgv = tex2D(texPre2D, h0, MapToUnit(< Pg;Rv > ));16

Igv = Is� < Ng;Pc > �exp(� tgc � tgv);17

// Finally, get the overall light
intensity at Pv

I00
v = Igv+ I0

v;18

return I00
v ;19

Pleasekeepin mind, that in thecasethecamerais sit-
uatedinsidetheatmosphere,thecomputationof tgv re-
quiresoneadditionallookup(seeO'Neil 13).

5 PLANETARY TERRAIN RENDER-
ING

In this sectionwe discussthe terrainrendererwe have
optimized for the visualizationof round shapes,like
planets.Therefor, we extendedan existing planarter-
rain renderer17 to rendersphericalobjects.Indeed,the
extensionto achievetheroundshapeof aplanetis quite
easy, simply applyinga sphericalmappingof the ver-
tices. However, this modi�cation implicatesa number
of furthernecessaryadaptations.



Figure 3: A two stage clipping algorithm is applied on
the whole planet. Upper left: the corresponding image
reaching the observer.

One adaptionconsistsof the dynamicmeshre�ne-
ment(geomorphing).As de�ned in17, themeshre�ne-
mentcriterion f is de�ned by:

f =
l

d �C� max(c� d2;1)
; (13)

wherel is thedistanceto theviewer andd is thelength
of the block, which needsto be re�ned. The constant
valuesC and c are standingfor minimum global res-
olution andthe desiredglobal resolution. The surface
roughnessvalueis de�ned asd2 = 1

d maxjdhi j, where
dhi is theelevationdifferencebetweentwo re�nement
levels. If f < l , themeshneedsto bere�ned. Applying
this criterion to a sphericalterrain representation,the
viewpointandtheverticesneedsto bein thesamecoor-
dinatesystem.To obtainacorrectlengthl , thespherical
transformationof the terrainneedsto be attended(see
Figure4(i)). Therefore,if we assumethe positionPv
of theviewergivenin world space,aninversespherical
mappingof Pv is necessary.

For further optimization,we introduceda spherical
view frustum clipping: the terrain consistsof several
tiles, which can differ in the resolutionof their local
height�eld, but not in their sizein world space.Thus,
a tile with a higherlocal resolutionimplicatesa higher
level of re�nement in world space.Due to their con-
stantsize, thesetiles are well suitedas input for the
clipping algorithm. Theclipping algorithmconsistsof
two stages:in the �rst stage,all non-visibletiles are
clipped. This stageis accomplishedbeforethe mesh
re�nement,by a comparisonof the vectorof the view
directionand the four vertices,building the borderof
the tile to be tested.If thecosinebetweenthis vectors
is negative, thetile canbeconsideredasvisible. Thus,
the �rst stagecan be consideredlike a kind of crude
backfaceculling, justworkingwith wholeterraintiles.
Thesecondstageimplementsasmootherclipping, tak-
ing into accountthegrid re�nement.Therefor, thequad
tree(for furtherinformationsee17), in which thegeom-
etry is stored,is traverseddown andeachvertex, situ-
atedin thecenterof thecurrentquad,is testedagainst

EarthDataset MarsDataset
domainsize 2572� 24� 12 652� 24� 12

outside 67.26 83.51
inside 30.31 56.02

only terrain
outside 76.44 102.37
inside 35.83 61.19

Table 1: Performance outside and inside the atmo-
sphere (in fps).

Resolution Optimized Vertex Shader

1282 608.49 151.06
2562 181.54 35.92
5122 48.67 9.97

Table 2: Performance of the atmosphere only, (in fps).

the four clipping planes.If the visibility testfails, the
quadis clipped,by removing theentryof thequadtree.
Figure3 shows thetwo-stageclipping (center)andthe
resultingvisualization(upperleft).

6 RESULTS
Table1 shows themeasuredperformancein framesper
seconds.All the measurementsaremadeon an AMD
Athlon64X2 Dualcore4800+2.4GHz machinewith a
GeForce7900GT graphicscardwith 256MB of mem-
ory and a viewport of 800� 600. First, the planets
are viewed from "outside" the atmosphere,as in Fig-
ure 4(a) and(g). The "inside" measurementconsiders
the framesper secondwhenthe camerais situatedin-
sidetheatmosphere,like in Figure4 (c) and(h). Both
datasetsare divided into 24 tiles with respectto the
longitudeand12 tiles with respectto the latitude. The
quadraticvaluestandsfor thesizeof thetile. Thereso-
lution of theprecomputed3D texturewaschosenwith
1283. Thissizecanbeconsideredassuf�cient. Further-
more, it is noticeable,that larger sizesof this texture
arenot really in�uencing theperformance.If we con-
siderthemeasurementsof Table1, we canseethat the
renderingoutsidethe atmosphereis much fasterthan
inside.This is dueto theadaptive re�nementof theter-
rain mesh,which is inactive, whenthe observer's dis-
tanceto theplanetis too large. In this case,only a tes-
selatedsphereis rendered.In contrastto this case,the
numberof trianglesincreasesextremelyif thecamerais
situatednearbytheplanet'ssurface.In orderto demon-
stratethat theresultingframespersecondstronglyde-
pendsontheperformanceof theterrainrenderer, were-
placedthe10 tiles representingthefocusedmountains,
with high resolutionheight�elds of 1800� 1800cells.
This allows us to increasethe numberof drawn trian-
glesto compareit with theachievedrenderingspeed,if



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4: (a) the Earth viewed from space, (b) South America after the sunrise, (c) sunrise over the Alps, (d)
sunrise (e) early morning, (f) midday, (g) Mars viewed from space, (h) Valles Marineris with martian atmosphere,
(i) adaptive mesh re�nement

only theterrainis renderedwithoutany atmosphericef-
fects.Themeanvalueof therenderingpower, required
for theatmosphericscatteringeffects,is about15%.

Table2 shows theincreasein performance,whenthe
evaluationof thescatteringintegral is optimizedby our
method.Theframespersecondof our implementation
arecomparedwith avertex shaderimplementation.For
thismeasurements,only theatmosphereis renderedap-
plying 2 sphereswith thegivennumberof verticesper
sphere.Theresolutionof theprecomputed3D texture
is also1283. Thetableshows,thatourmethodis 4 - 5.3
timesfasterthanthevertex shaderimplementation.It is
alsoperceptible,thatthisratio increasesproportionalto
thenumberof renderedtriangles,whatcanbeascribed
to thehighnumberof vertex shaderinstructionsandthe
costsof vertex texturefetches.

Figure 4 (g) and (h) demonstratethe �e xibility of
the applied light scatteringmethod,by replacingthe
Earth's atmospherewith the Martian atmosphereby

simply modifying themoleculardensityandthewave-
lengthof the incident light. Additional dustparticles,
whichmainly in�uencesthecolorof theMartianatmo-
sphere,areunaccounted.Figure4 (d), (e) and(f) show
theAlps viewedfrom Italy atdifferentdaytimes,start-
ing with the sunrise,over to the early morning hours
to midday. This sequenceillustratesthedependency of
thelight scatteringandtheangleto thesun.Finally, (i)
demonstrateshow our sphericalre�nementmechanism
works.

7 CONCLUSION AND FUTURE
WORK

We have presentedan interactive techniquefor plane-
tary renderingtaking into accountatmosphericscatter-
ing effects. High ef�ciency is achieved by combining
the CPU basedterrain rendererwith the atmospheric
rendering. Therefor, the completescatteringintegral,
describedby Nishita12, is evaluatedin a separatepre



computationstep. This is doneby computingthe at-
mosphericscatteringfor eachpositioninsidetheatmo-
sphere,parameterizedby its heightandtheanglesto the
viewer andto the Sun. The resultsarestoredinto one
3D texture. The GPU is usedto computethe light in-
tensityreachingtheobserver'seye,regardingthestruc-
tureof theplanet's surfaceandthecorrectillumination
of the terrain geometry. We have discussed,how the
precomputed3D texturecanbeusedto solve theprob-
lemsmentionedabove. Finally, a planetaryterrainren-
dererwasintroducedfor theadaptive meshgeneration
andrenderingof height�elds onsphericalobjects.The
resultsshows clearly, that theevaluationof thescatter-
ing integral is absolutelyindependentof thescenecom-
plexity, whatmakesit attractive to utilize it with large
scalerenderings.

In the future, the 3D texture can also be usedfor
renderingotherscenes,likesnow or rainsimulations.It
is alsothinkableto useit aspartof a completeweather
simulation or to illuminate large outdoor scenesin
games.
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