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ABSTRACT

This paperpresentsa real time techniquefor planetaryrenderingand atmosphericscatteringeffects. Our implementation
is basedon Nishita's atmospherianodelwhich describesactualphysical phenomenataking into accountair moleculesand
aerosolsand on a continuouslevel-of-detail planetaryrenderer We obtain interactive frame ratesby combiningthe CPU
boundsphericalterrainrenderingwith the GPU computationof the atmosphericscattering.In contrastto volumerendering
approacheshe parametrizatiorof the light attenuatiorintegral we usemalesit possibleto pre-computet completely The
GPUi is usedfor determiningthe texture coordinatef the pre computed3D texture, taking into accountthe actualspatial
parameters.Our approachbene ts from its independencef the renderederraingeometry Therefore,we demonstratehe

utility of ourapproactshawving planetaryrenderingof EarthandMars.

Keywords:
1 INTRODUCTION

Realisticimage synthesisplaysa crucial role in mod-
ern computergraphics. Onetopic is the light scatter

ing and absorbtionof small particlesin the air, called
atmosphericcattering.Iln the lastyears,severalmeth-
odsweredevelopedto simulatethis effect. Thesemeth-
odsmale it possibleto simulatelight beam$, the sky

8:15(including the colorsof sunriseandsunsetiandthe
Earthviewed from spacé?. Also, the applicationarea
of thesemethodsis very broad, reachingfrom edu-
cationalprograms,CAD applicationsand terrain rep-
resentationgo driving, spaceor ight simulationsin

games. However, all thesemethodshave to overcome
thehigh computationatosts,causedy the compleity

of solvingthe scatteringntegral.

In this paperwe discussafastandprecisenethodfor
physically basedmagesynthesisof atmosphericcat-
tering. Exactintegrationis provided by a pre computa-
tion step,wherethe whole scatteringntegral is solved.
This unloadsthe graphicshardwarein a way, thatthe
GPU is only usedfor transformingthe actual spatial
parametergo fetch the pre computedvalues. In con-
trastto volumerenderingapproachesye simulatethe
atmosphericscatteringeffect from eachpoint of view
by renderingonly two spheres.
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First, the light intensity reachingthe obserer's eye
is pre computedfor eachpoint inside and outsidethe
atmosphere.This is followed by a fast evaluation of
the scatteringintegral for eachrenderedvertex easily
by fetchingthe precomputedexture. This fastcompu-
tationmalesthis methodapplicableto renderingscenes
consistingof a largeramountof vertices,asthey occur
in terrain rendering. Therefor we prove our method
by combiningatmospheriscatteringanda continuous
level of detail planetaryterrain renderer Due to the
fact, that the pre computedlight scatteringvaluesare
valid for planarsphere®nly, applyingaroughplanets
surfacewouldimplicateseveralproblems.Therebythe
integrationdistanceshangedependingon the planets
structure aswell asthelight contrikution of theterrain
itself, which hasto be accountedadditionally To ad-
dressthis issueswe discussthe correctuseof the pre
computediookup texture using a minimal numberof
shadeiinstructions.

2 PREVIOUS WORK

Sincephysicalphenomenareoneof themostinterest-
ing researchopicsin computegraphicstherehasbeen
a considerablylarge amountof work on atmospheric
scatteringn thelastyears.Most of theearlierwork are
basedon ray tracing, which is an appropriatemethod
for thecreationof photo-realistiaepresentationsf the
atmosphere But dueto the high computationakosts,
aninteractie visualizatiorwasnotrealizablethistime.
In previous work”1918  the scatteringand absorbtion
of light is discussedln 1993,Nishitaetal.'? discussed
the basicequationsof RayleighandMie scatteringef-
fects. In this work, the attenuatiorof theincidentlight
wasconsideredht eachpoint of theatmospheraswell
astheattenuatiorfrom this pointto theviewer. Further



Figure 1: Calculation of light reaching R,.

more,additionalto the sky's color, the colorsof clouds
and seawere discussed.Anothermodelfor rendering
the sky in the daytime was proposedby Preetham®
and Hoffman®, a physics basednight model was de-
scribedby Jensef. An extensionof Preethams'model
was proposedby Nielsen'! by consideringa varying
densityinsidethe atmosphereln 2002, Dobashiet al.
4 proposeda GPU basedmethodto implementatmo-
sphericscatteringusing a sphericalvolumerendering.
They solved the discreteform of the light scattering
integral by samplingit with slices. Dependingon the
shapeof the slices, which are planaror spherical,at-
mosphericscatteringeffects aswell as shaftsof light,
asoccurringbetweencloudscanbe visualized. Later,
in 2004,0'Neil 12 proposedaninteractve CPUimple-
mentation,solving the scatteringintegral by ray cast-
ing. This methodavoids expensve volume rendering
by representinghe atmospherdoy only two spheres,
onefor the outerandonethe innerboundaryof the at-
mosphereRaycastings usedo solvethediscreteform
of thescatteringntegral by separatingheray into seg-
mentsand calculatethe attenuatiorof the light andto
theviewerfor eachsamplepoint. As theconnectiorbe-
tweenthe verticesof the two spheresandthe viewer is
usedasview ray, thisapproactstronglydepend®onthe
compleity of thescene.A vertex shadetimplementa-
tion waspublishedby O'Neil 4,

One of the main topicsin terrainvisualizationcon-
sists of the applicationof continuouslevel of detail
method$%16, Cignonietal.l aswell asRéttgeretal.
17 useda quadtreebasedapproacho achiese an adap-
tive meshre nement of the terraindata. An adaption
of the BDAM approachfor the applicationof plane-
tary height elds was publishedby Cignoni?. In our
approachthe methodof Roettgeris extendedfor plan-
etaryterrainrendering.

3 ATMOSPHERIC SCATTERING

In this section, the basic equationsof Rayleigh and
Mie scatteringareconsideredaccordingto Nishital?).

First, we discussthe scatteringof air molecules,de-
scribedby the Rayleighscatteringequation:

Ip(1 3j) = lo(1)KrFe(j )=l % @

which describeghelight scatteredn a samplepoint P,
in dependencef | , thewavelengthof theincidentlight
atP andj , thescatteringanglebetweertheviewerand
theincidentlight at P. 1y standsfor the incidentlight,
r for the densityratio (given by r = @(p(H—Q)), de-
pendingonthealtitudeh andscaleheightHg = 7994m,
and F; for the scatteringphasefunction, which indi-
catesthe directional characteristicof scattering(F =

3(1+ cog(j ))).

K describesthe constantmoleculardensity at sea
level 22 112
= 2 A @
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with Ns, the molecularnumberdensityof the standard
atmospherandn, theindex of refractionof theair.

In equationl, therelationbetweerthescatteredight
andthe wavelengthof the incidentlight describeghe
strongattenuatiorof shortwavelengths.Thisis dueto
thewavelengths inverselyproportionalbehaior to the
light attenuationTo determinghelight intensityreach-
ing R, in Figurel, we have to considertwo steps.First,
for eachpoint P betweenP; andR,, thelight reaching
this point needgo be attenuatedSecondtheresulting
light intensity on eachpoint P needsto be attenuated
a secondtime on its way to the viewer at R,. The at-
tenuationbetweentwo pointsinsidethe atmospherés
determinedy the opticallength,whichis computedy
integrating the attenuationcoefcient standingfor the
extinction ratio per unit length, along the distances,.
Theattenuatiorcoefcient b is givenby:

K
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whichis integratedalongthe distanceS andyields
Zg Zsg
t(Sl) = b(s)r (s)ds= 4,p—f r(sds. (4)
0 0

The scatteringof aerosolsis describedwith a differ-
ent phasefunction. Therefor the improved Heryey-
Greensteirfunction by Cornetté is used. To adjust
the rate of decreasef the aerosok densityratio, the
scaleheightHg hasto be 1.2km'°. The optical length
of aerosolds the sameasfor air moleculesgxceptfor
the/i4 dependanceAccordingto Nishital?, if theequa-
tionsabove areappliedto Equationl, thelight intensity
atR, leadsto:
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4 REAL-TIME ATMOSPHERIC SCAT-
TERING

In currentapproachefor computingatmospheriscat-
tering effects the performancemainly dependson the
compl«ity of the scene.Therefor the scatteringinte-
gral of Equation5 is solved for eachvertex belonging
to the scenegeometry By applyingmoderngraphics
hardware theseapproachesre quite fast, particularly
whenplanetsarerestrictedto simple spheresconsist-
ing only of few vertices.But anincreasingcompleity
of thescenemalkesit impossibleto computethescatter
ing integralfor eachvertexin realtime arymore. Thisis
thecaseif youintendto renderthe structureof planets.
We avoid this lack of performanceby sourcingoutthe
scatteringntegral. Therefor we pre computethe scat-
teringintegral andstoreit in a 3D texture,andthereby
we reducethe numberof instructionswhich areneces-
saryto obtainthelight attenuatiorvalue. Thefollowing
sectionglescribethe creationof thelookuptextureand
its useattherenderingstage.

4.1 Creatingthe Scattering Texture

As we aim to pre computethe light scatteringinte-
gral, we have to reconsidefEquation5. It de nesthe
light contribtution reachingthe obserers eye, whenit
is placedat a position R, and his view ray penetrates
theatmospherdérom the point P, to the point R,. Basi-
cally, thelight is attenuatedwo times,for eachpointon
P,R,. The rst time from the light sourceto a position
P on the view ray, andthe secondtime from P to the
obserer's positionPR,. In accordancavith this obser
vation, the resultinglight contritution dependsn four
variables:itheobsenrer's positionR,, thepositionof the
light sourceP; andthe entryandexit positionof the at-
mosphereP, andR,. Furthermoreapproximatingthe
integral asa Riemannsumrequiresan additionalsam-
plevariableP. If we naively precomputethescattering
integral, we have to computethelight intensityfor each
pointin theatmospherdpokingin eachdirection. This
meanghatwe have to considerseveral distance$;R,.
And we alsohave to keepin mind, thatall this precom-
putationshave to be donefor eachpositionof thelight
source. This would resultin nine scalarvalueswhen
thedistanceP;R, is representetdy a threedimensional
vector

O'Neil 13 suggestedo simplify the computationof
the optical depth(Eq. 4) from the light sourceto P by
parameterizinggachpoint P by its heightandits angle
to the Sun. This simpli es Equation5 enormouslybe-
causdheprecomputedraluescanbeusedio determine
the optical depthfrom the light sourceto the sample
pointt(PR;/ ) aswell asfor the attenuatiorfrom the
samplepointto theobsenrer. Neverthelesstheintegral
from R, to P remains.For dealingwith this expensve
computation,we have extendedO'Neils approachby
additionallyconsideringheview direction.

Thealgorithmworks asfollows: rst, we de ne the
parametrizatiorof our 3D texture. As discussedbove,
we have to considera numberof parameterswhich
have to be reformulatedin a way they canbe usedto
parameterize threedimensionalookuptable. For the
sale of simplicity, we now assumehe obserer to be
situatedinsidethe atmosphereanddiscusghe general
caselater in this section. Basically the obserer can
be situatedat an arbitrary position, looking in an ar
bitrary directionat an arbitrary daytime. Considering
theobserer's positionR, andhis view directionR, ata
speci ¢ daytimewe canassumehatif P%= (0;jR,j;0)"
andR0 = (sin(q);cogq);0)" then

<PeRO> .

This means,that eachactual position and the corre-
spondingview directioncanbe describedyy its height
h= jRj andtheview angleq. Exploiting this beha-
ior, we placethe cameraat eachheightinside the at-
mosphergo sendout the view raysin eachdirection.
Basedonthefact,thattheboundarie®f theatmosphere
areconsideredssphericalalsothedistanceP;R, is the
sameor everyview raywith angleq with respecto the
currentposition P, While computingP,R,, it is quite
importantto testRO for intersectiorwith the inner and
the outerboundarysphere. We also have to considey
thatthe pre computatiorregardsthe planets surfaceas
a simple sphere.How to dealwith structuredsurfaces
is describedn Sectiord.2.

To completethis formulation, we have to introduce
a light sourceto our model. As discussedbove, the
attenuatiorfrom a light sourceto an arbitrary position
canalsobedescribedy the heightof the samplepoint
andtheangled to thelight source.For solving Eq. (5)
ata positionRP?anda view ray RO, thelight attenuation
t(PR; /) andt(PPRy; ! ) caneasilybecomputedy sam-
pling alongRY and computingthe valuesaccordingto
the heightof the samplepoint andits angleto thelight
source Finally, we introducethedaytimeto our model,
by applying the pre computationfor all anglesto the
sun.Thus,theangled builds thethird parameteof the
3D texture.

Specialconsideratiorshould be taken for the case,
whenthe obserer is situatedoutsidethe atmosphere.
Sincethereis no light scatteringoutsidethe planets
atmospherethe distanceof the obsenrer to the planet
is not accountedn 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 atmosphera' outerboundaryor the cam-
erais far away. Thus,the camerahasto be virtually
movedtowardsthe planet,until it hits the outerbound-
ary of theatmosphereAfterwards,we startthe compu-
tation. Thus,we only needto considerone additional

1
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heightin our pre computation:the heightif the cam-
erais outsidethe atmospherewhich the heightof the
atmospher@lusanadditional,minimal offset.

/I Loop over all to the
camera

1 foreachangleVewer < resZdo

/I  Get angle g

2 g = GetMewAngle(@ngleViewer);

/I Generate a view vector

3 | R)= vead(sin(q);co4q);0);

/I Loop over all view angles
light  source

4 foreachangleSurx resYdo

/I Get angle d

5 d = GetLightAngle@nglesun);

/I Loop over all heights
camera

6 foreachheight< resXdo

/I Get current height
the atmosphere

7 h= fRadn+ ((fRadOu

heigh)=(resX 1);

/I Generate the position
vector

view angles

to the

of the

inside

fRad n)

8 R, = ve@dd(0; h; 0);
/I Finally, compute the light
scattering
9 color= ComputeScattering, d, R));
10 end
11 end
12 end

The code sampleabove shovs 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 evaluatingthe light
scatteringintegral. Therefor we solve the discrete
form of Equation5:

; k
<y )éorexm vt (@)

W) = Is(1)

Dueto thefactthatthe whole scatteringntegral is pre
comuted,the samplerate k aswell asthe samplerate
for the opticaldeptht; andt, canbesetvery high.

4.2 Applying the Scattering Texture

Sincethelookuptextureis computedthecalculationof
thelight intensityis quitesimpleandneednly few in-
structionsonthe GPU.During therenderingphasefwo
independensceneobjectsaredravn: a sphererepre-
sentingthe sky andthe planets surface. In Section5,
therenderingof theterrainis discussedn moredetail.
To demonstratédnow the light intensity in uences our
scenewe rst considertherenderingof the sky.
Actually, the sky is representedy renderingonly
onetesselatedpherewhich is placednearbythe outer

Figure 2: Obtaining the wrong light intensity: instead
of ByR, the distance PR, was used for the pre compu-
tation

boundaryof the atmosphere. Furthermorewe enable
front faceculling to ensure,that the ray betweenthe
obserer andthe sphereis penetratinghe atmosphere
beforethe intersection.In contrastto the atmosphere,
theterrainis renderedwith backfaceculling enabled,
becausewe are only interestedin the visible part of
the planets surface. To obtainthe light contrikution,
rst the view ray R, = Py R, is computed,where
Py standsfor the position of the currentvertex. If
the obserer is outsidethe atmospherethe camerais
moved to the outerboundary Then,the heightis ob-
tainedby h = jRj aswell asthe cosineof the view
anglecoqq) = m < Ry;R, > andthe sun angle
coqd) =< R;;R, >. After rescalingthis threeparam-
etersto [0; 1], the lookup texture is fetched. Because
of the nonlinearbehaior of the scatteringfunction, it
makes senseto implementthe texture fetch as a frag-
mentprogram,insteadof a vertex program with trilin-
earinterpolationenabled.This minimizesthe interpo-
lation error, sincethe samplefrequeng of thefragment
shadeiis muchhigherandmuchfasterthanacompara-
ble vertex shadetimplementation.

In contrastto the sky, the computatiorof the terrain
needssomemoreconsiderationlf we simply applythe
texturelookupto ary otherverticesof the scenegeom-
etry, like the verticesrepresentinghe terrain,the com-
putationfails. Figure 2 shows this case. This beha-
ior resultsfrom the pre computationwhich treatsthe
ray to intersecta simplespherewithout consideringhe
height eld of the terrain. Thus,the light scatterings
computedor the whole distanceP,R,. To discusshow
it is possibleto computethe light scatteringalongthe
distancePyR,, the pre computedvalueshave to be an-
alyzed. The pre computedlight scatteringalong PR,
canbe formulatedasthe scatteringalongPyR, plusthe
scatteringalong PyR,. Rewriting Equation5 to obtain
thelight scatteringalongPyR, would leadto

190 = 1401 K59
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wherebothtermscanbe obtainedfetchingtheprecom-
putedtexture. In fact, the rst termis obtainedary-
way, simply usingthe currentparametergasinput. The
secondlight contrikution canbe determinedeasily by
moving the cameréto theintersectiorpoint Py without
changingthe view angle. Thenwe accesghe lookup
texture a secondtime and subtractthe resultfrom the
color value of the rst texture lookup. By using this
mechanismit is possibleto obtainthelight contribution
for ary pointinsidetheatmosphereonsideringseveral
kinds of geometry

Finally, we discusghecorrectillumination of theter
rain. As we areableto computethelight scatteringoe-
tweenthe objectandtheviewer, the contrikution of the
illuminatedterrainhasbeennotconsideredget. Similar
to the air moleculesand aerosolsthe light illuminat-
ing theterrainis attenuatedwo times. While the atten-
uationfrom the light sourceto the terrainis even the
same the spectrakhift of theilluminatedterrainto the
obsenrer needso bediscussedn moredetail: rst, we
only considerthe light intensity Iy reachingthe terrain
geometry Mathematicallyit is de ned as

lg(/) = 1s(I ) exp(" t(RyFe;/ ))ds: ©)

The resultinglg is usedasincidentlight intensity for
illuminating the terraingeometry We have applieda
Lambertre ection, which considersthe cosineof the
anglew betweentheincidentlight andtheterrainnor-
mal astheintensityof thelight absorbedy theterrain.
Introducingthediffusere ection to equatior® yields

Ig(!) = 1s(/ )cogw) exp( t(PyP; ! ))ds:

Additionally, the attenuationof the re ected color
needdo be attenuatedn its way to the viewer. As de-
ned by Nishital?, the attenuatiorhasto be multiplied
with theintensityof theterraingeometry

(10)

Igf(l) = lgexp( t(PyR;1))ds: (112)

Thisequatiordescribeshelight contritution of theter
rain, without consideringthe light scatteringalongthe
distanceRyR,. Sincethe light contritutionsof all sam-
ple points are accumulatedo determinethe intensity
reachingthe obserer, Equation8 hasto be accounted
as

1901) = 1gy+ 12

where|%standsfor the overall intensity reachingthe
obserer's eye if he is looking on the rough surface
of a planet. While Equation8 is implementedas two
fetchesof the precomputedD texture,the easiestvay
to obtainlg andlgy, is to adoptthe 2D lookup texture
describedn O'Neil 13. As this texture storesthe op-
tical depthfor eachpoint inside the atmospherethe
light attenuatiorbetweerthelight andthegeometrycan

(12)

fetchedaswell asthe attenuatiorbetweenthe geome-
try andthe obserer. For the other parametershader
constantareused,exceptingthe phasefunction F (j )
which is pre computedas 1D texture. The follow-
ing pseuddragmentshadeicodedemonstratethe low
numberof instructionsusedfor this complex computa-
tion.

/I Compute Ry,
1 Ry =normalizeBy
I if

R);

the camera is outside the

atmosphere, move it to the outer
boundary

2 dist = IntersectR,, R,, SpheeOu));

3 if dist > Othen

4 | R=R+Ry dist;

5 end

/I Compute h, g and d
h = MapToUnit(R);
7 g =MapToUnit(< R; R, >);
8 d =MapToUnit< P; R, >);
/I Get the light intensity without
considering the height field
9 |y =tex3D(texPre3D, ved(h; d; q));
/I Move the camera to the intersection
point to obtain the offset
10 h= MapToUnit(Pgj);
11 d%= MapToUnit(< P;Py>);
12 loff = tex3D(texPre3D, ved(h® d® q));
/I Correct the intensity
13 |\9: v lofs;
/I Now compute the
of the terrain
14 F =tex1D(texPhaseq);
15 tgc = tex2D(texPre2D, h%, dY);

16 tgy = tex2D(texPre2D, h% MapToUnit(< Py; R, >));
17 lgv=1ls < Ng;Pe> exp( tge tgv);
/I Finally, get the overall

intensity at R
18 19% Igy+ 1&
19 return 199

[«2]

light  contribution

light

Pleasekeepin mind, thatin the casethe cameras sit-
uatedinsidethe atmospherethe computatiorof ty, re-
quiresoneadditionallookup (seeO'Neil 13).

5 PLANETARY TERRAIN RENDER-
ING

In this sectionwe discussthe terrainrenderemwve have

optimized for the visualizationof round shapes/ike

planets. Therefor we extendedan existing planarter-

rainrenderer'” to rendersphericabbjects.Indeed the
extensionto achiere theroundshapeof aplanetis quite
easy simply applying a sphericalmappingof the ver

tices. However, this modi cation implicatesa number
of furthernecessaradaptations.



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 nedin'’, themeshre ne-
mentcriterion f is de ned by:

|
" d C maxc d21)’

f (13)

wherel is thedistanceo the viewer andd is thelength
of the block, which needsto bere ned. The constant
valuesC and c are standingfor minimum global res-
olution andthe desiredglobal resolution. The surface
roughneswvalueis de ned asd2 = émaxjdhij, where
dh; is the elevation differencebetweentwo re nement
levels.If f < I, themeshneedgo bere ned. Applying
this criterion to a sphericalterrain representationthe
viewpointandtheverticesneedgo bein thesamecoor
dinatesystem.To obtainacorrectiengthl, thespherical
transformatiorof the terrainneedsto be attendedsee
Figure 4(i)). Therefore,if we assumehe position R,
of theviewer givenin world spaceaninversespherical
mappingof R, is necessary

For further optimization, we introduceda spherical
view frustum clipping: the terrain consistsof several
tiles, which candiffer in the resolutionof their local
height eld, but notin their sizein world space.Thus,
atile with a higherlocal resolutionimplicatesa higher
level of re nementin world space. Due to their con-
stantsize, thesetiles are well suitedas input for the
clipping algorithm. The clipping algorithmconsistsof
two stages:in the rst stage,all non-visibletiles are
clipped. This stageis accomplishedeforethe mesh
re nement, by a comparisorof the vector of the view
directionandthe four vertices,building the borderof
thetile to betested.If the cosinebetweerthis vectors
is negative, thetile canbe consideredasvisible. Thus,
the rst stagecanbe consideredike a kind of crude
backfaceculling, justworking with wholeterraintiles.
The secondstageimplementsa smootherclipping, tak-
ing into accounthegrid re nement. Therefor thequad
tree(for furtherinformationseé’), in whichthegeom-
etry is stored,is traverseddovn andeachverte, situ-
atedin the centerof the currentquad,is testedagainst

EarthDataset MarsDataset
domainsize 257 24 12 65 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
128 608.49 151.06
256 181.54 35.92
512 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.
Figure 3 shaws the two-stageclipping (center)andthe
resultingvisualization(upperleft).

6 RESULTS

Tablel shavs themeasuregberformancen framesper
seconds.All the measurementare madeon an AMD
Athlon64 X2 Dualcore4800+2.4 GHz machinewith a
GeForce7900GT graphicscardwith 256 MB of mem-
ory and a viewport of 800 600. First, the planets
areviewed from "outside"the atmosphereasin Fig-
ure4(a)and(g). The"inside" measurementonsiders
the framesper secondwhenthe camerais situatedin-
sidethe atmospheréljke in Figure4 (c) and(h). Both
datasetsare divided into 24 tiles with respectto the
longitudeand12 tiles with respecto the latitude. The
guadraticvaluestanddor thesizeof thetile. Thereso-
lution of the pre computed3D texture waschosenwith
128. Thissizecanbeconsideredssufcient. Further
more, it is noticeable that larger sizesof this texture
arenot really in uencing the performance.lf we con-
siderthe measurementsf Table1, we canseethatthe
renderingoutsidethe atmospherds much fasterthan
inside. Thisis dueto theadaptie re nementof theter
rain mesh,which is inactive, whenthe obserer's dis-
tanceto the planetis too large. In this case only ates-
selatedspheres rendered.In contrastto this case the
numberof trianglesincreasesxtremelyif thecamerds
situatednearbythe planets surface.In orderto demon-
stratethatthe resultingframesper secondstrongly de-
pendsontheperformancef theterrainrendererwere-
placedthe 10 tiles representinghe focusedmountains,
with high resolutionheight elds of 1800 1800cells.
This allows us to increasethe numberof drawn trian-
glesto comparet with theachievedrenderingspeedif
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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 renderedvithoutary atmospherief-
fects. The meanvalueof therenderingpower, required
for theatmospheriscatteringeffects,is about15%.

Table2 shavs theincreasen performancewhenthe
evaluationof the scatteringntegralis optimizedby our
method.The framespersecondof ourimplementation
arecomparedvith avertex shadeimplementationFor
this measurementsnly theatmospherés renderedap-
plying 2 sphereswith the given numberof verticesper
sphere.Theresolutionof the pre computed3D texture
is als0128’. Thetableshawvs, thatour methodis 4 - 5.3
timesfasterthanthevertex shadeimplementationlt is
alsoperceptiblethatthisratioincreasegroportionalto
the numberof renderedriangles,whatcanbe ascribed
to thehigh numberof vertex shadeinstructionsandthe
costsof vertex texturefetches.

Figure 4 (g) and (h) demonstratahe e xibility of
the appliedlight scatteringmethod, by replacingthe
Earth's atmospherewith the Martian atmosphereby

simply modifying the moleculardensityandthe wave-
length of theincidentlight. Additional dustparticles,
whichmainly in uencesthecolor of the Martianatmo-
sphereareunaccountedFigure4 (d), (e) and(f) shav
the Alps viewedfrom Italy atdifferentdaytimes,start-
ing with the sunrise,over to the early morning hours
to midday This sequencdlustratesthe dependeng of
thelight scatteringandthe angleto the sun. Finally, (i)
demonstratelow our sphericake nementmechanism
works.

7 CONCLUSION AND FUTURE
WORK

We have presentedan interactve 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 Nishital?, is evaluatedin a separatepre



computationstep. This is doneby computingthe at-

mosphericscatteringor eachpositioninsidethe atmo-
sphereparameterizelly its heightandtheanglego the

viewer andto the Sun. Theresultsare storedinto one
3D texture. The GPUis usedto computethe light in-

tensityreachingheobserer's eye, regardingthe struc-
ture of the planets surfaceandthe correctillumination

of the terraingeometry We have discussedhow the

pre computed3D texture canbe usedto solve theprob-

lemsmentionedabove. Finally, a planetaryterrainren-

dererwasintroducedfor the adaptie meshgeneration
andrenderingof height elds on sphericabbjects.The
resultsshaws clearly, thatthe evaluationof the scatter

ing integralis absolutelyindependentf thescenecom-
plexity, whatmakesit attractive to utilize it with large
scalerenderings.

In the future, the 3D texture can also be usedfor
renderingothersceneslik e snav or rainsimulations.It
is alsothinkableto useit aspartof acompleteweather
simulation or to illuminate large outdoor scenesin
games.
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