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ABSTRACT

Starsform in densecloudsof interstellargasanddust.Theresidual
dustsurroundingayoungstarscattersanddiffusesits light, making
the star's “cocoon” of dustobservable from Earth. The resulting
structures,called re�ection nebulae, are commonlyvery colorful
in appearancedueto wavelength-dependenteffects in the scatter-
ing andextinction of light. Theintricateinterplayof scatteringand
extinctioncausethecolorhues,brightnessdistributions,andtheap-
parentshapesof suchnebulaeto vary greatlywith viewpoint. We
describeherean interactive visualizationtool for realisticallyren-
deringtheappearanceof arbitrary3D dustdistributionssurround-
ing one or more illuminating stars. Our renderingalgorithm is
basedon the physicalmodelsusedin astrophysicsresearch.The
tool canbeusedto createvirtual �y-throughs of re�ection nebulae
for interactive desktopvisualizations,or to producescienti�cally
accurateanimationsfor educationalpurposes,e.g.,in planetarium
shows. Thealgorithmis alsoapplicableto investigateon-the-�y the
visualeffectsof physicalparametervariations,exploiting visualiza-
tion technologyto helpgainadeeperandmoreintuitiveunderstand-
ing of thecomplex interactionof light anddustin realastrophysical
settings.

CR Categories: I.3.3 [Computer Graphics]: Picture/Image
Generation—Viewing algorithms; I.3.7 [Computer Graphics]:
Three-DimensionalGraphicsandRealism—Color, shading,shad-
owing,andtexture;J.2[ComputerApplications]:PhysicalSciences
andEngineering—Astronomy

Keywords: volumerendering,global illumination, dust,nebula,
astronomy

1 I NTRODUCTI ON

Re�ection nebulaeareamongthemostcolorful objectsin thenight
sky, Fig.1,whichis whyscience�ction moviesandpopularscience
journalsfrequentlyfeaturepicturesof thesecaptivating interstel-
lar entities. Besidestheir aestheticappeal,re�ection nebulaealso
have considerablescienti�c relevance.They arethebirth placesof
new stars,and their astrophysicalstudy revealsnew insightsinto
starformationandstellarcomposition. Interestingphysicsis also
responsiblefor the colorful visual appearanceof re�ection nebu-
lae. The intricateinterplayof wavelength-dependentlight scatter-
ing and extinction gives rise to large variationsin color hue and
brightness.Dependingon theviewpoint, re�ection nebulaeexhibit
wide variationsin appearance;unfortunately, we cannotwitness
thesevariationsdirectly for any singlenebula because,sinceour
observationalvantagepoint is �x edonor neartheEarth,wecannot
appreciablychangeour viewing angle.This makesvirtual toursof
re�ection nebulaeapopulartargetof virtual astronomyanimations.
3D toursof astronomicalnebulaein currentplanetariumshowstyp-
ically begin from real observationaldata,andincludevarying de-
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Figure 1: Re
ection nebulae: Recently formed, hot stars illuminate
the surrounding interstellar dust that scatters and absorbs the star
light to give rise to a large range of color hues and brightness varia-
tions. (RhoOphiuchiregion, from [28], c
 T. andD. Hallas)

greesof artistic work to generatethe views from non-Earthview-
points[20, 6, 5, 19,8]. To authenticallyreproducethedependence
of a nebula's appearanceon viewpoint anddustdistribution, how-
ever, substantialscienti�c modelingwork must be doneto faith-
fully representthephysicalenvironment. Accurate,physics-based
3D visualizationsof re�ection nebulaearealsoneededfor educa-
tional purposesif thegoal is to gaina deeperunderstandingof the
complex interactionsof light anddustin interstellarspace.

Herewe proposea signi�cant extensionto thecurrentapproach
to 3D modelingandvisualizationof re�ection nebulae. Basedon
the samephysicalmodelsthat are usedin astrophysicsresearch,
we presentan interactive visualization tool for arbitrary three-
dimensionaldustdistributionssurroundingoneor moreilluminat-
ing stars.Anisotropicscatteringcharacteristics,wavelengthdepen-
dence,multiple scattering,andtrajectory-dependentextinction are
takeninto account.Besidessupplyingfaithful renderings,our sys-
temalsosupportsexploringthevisualeffectsof changinganebula's
physicalparameters,an essentialvisualizationfunction for astro-
physicalhypothesischecking.Thevisualizationtool canbeusedin
conjunctionwith synthetic3D nebulamodelsaswell asdustdistri-
butionsderivedfrom realnebulae,allowing for artisticfreedomand
scienti�c rigor at thesametime.

In thefollowing Section,wereview relatedpreviouswork. After
an introductoryoverview of the fundamentalphysicsof re�ection
nebulaein Section3, we describeour visualizationmodel in Sec-
tion 4. Section5 highlightstheinteractive renderingalgorithmand
its implementationin graphicshardware. We presentvisualization
resultsanddiscussour approachin Section6, beforewe conclude
with anoutlookon futureextensionsin Section7.



2 REL ATED WORK

While tools for visualizingastrophysicalsimulationresultsarein
commonuse, only a few publicationsaddressvisually realistic,
physics-basedrenderingtechniquesof actualastronomicalobjects.
Nadeauet al. at theSanDiego SupercomputerCenter(SDSC)cre-
ateda �y-through animationof the Orion Nebula for the Hayden
Planetariumin New York [20, 19, 8]. Thenebula modelwasbased
on astrophysicalanalysisof decadesof observational data [32].
Renderingthe �nal, 150-secondanimationat high resolutiontook
12 hourson SDSC's IBM RS/6000SPsupercomputerusing952
processors[20]. More recently, Magnoret al. reconstructedand
rendered3D modelsof planetarynebulae[17]. This work applied
emissivevolumerenderingto interactively visualizetheionizedgas
on conventionalPC graphicshardware. In contrastto planetary
nebulae consistingof glowing gas,however, the re�ection nebu-
laeconsideredheredo not directly emit visible light. Instead,light
from oneor morenearbystarsis scatteredandabsorbedby inter-
stellardustin thestellarneighborhood.While theappearanceof a
planetarynebula varieswith changingviewpoint only in shapeand
brightnessdistribution, re�ection nebulae additionally changein
color dueto wavelength-dependentscatteringandextinction. This
physicallydifferent,andconsiderablymorecomplex, illumination
mechanismrequiresa renderingalgorithm for re�ection nebulae
that accuratelytakeswavelength-dependentscatteringandextinc-
tion propertiesof interstellardustinto account.

In 1938,Henyey andGreensteinderived analyticalexpressions
for the color andbrightnessdistributionsof re�ection nebulaefor
idealizedgeometricalcon�gurations[11]. Their optical modelof
re�ection nebulaeis generallyacceptedin astrophysics[31, 30, 26,
2, 9, 10] andformsthebasisof our renderingalgorithm.

In volumerenderingterms,a re�ection nebula constitutesa par-
ticipating medium. Volume renderingtechniqueshave beenpro-
posedthattake into accountvolumetricabsorptionandanisotropic
scatteringcharacteristics[18] aswell astheeffectsof multiplescat-
tering[24, 14, 27]. More recently, advancedalgorithmshave been
presentedto betterapproximateglobal illumination effects,either
for generalvisualizationpurposes[15], or to obtain more realis-
tic renderingresultsof naturalphenomenaexhibiting volumetric
scatteringcharacteristics[13, 22, 23]. Similar to Riley et al. [23],
our visualizationapproachis basedon pre-computingmultiple-
scatteringphasefunctionsandtabulating angle-dependentscatter-
ing probabilities.Ourmethodcanbeemployedin conjunctionwith
any arbitrary, evenexperimentallymeasured,single-particlephase
functionbecausewerely on full Monte-Carlosimulationsto derive
multi-scatteringprobabilitydensitydistributionsprior to rendering.
To be ableto pre-computelocal illumination pervolumeelement,
starilluminationgeometryanddustdistributionarekept�x ed.Dur-
ing rendering,viewpointandviewing directionarefreelyandinter-
actively navigatableall aroundaswell asthroughthe nebula vol-
ume.Our interactive visualizationalgorithmbuilds on recentwork
in ray-baseddirectvolumerenderingexploiting modernPCgraph-
ics hardware [16, 25], to which we additionally introducea hier-
archicalmulti-resolutionapproachto reproducelarge-scaleglobal
illuminationeffects.

3 REFL ECTI ON NEBUL AE

Re�ection nebulaearecloudsof gasanddustthat lie in thevicin-
ity of oneor morestars,Fig. 1. By scatteringthestar's light in all
directions,the dustbecomesvisible to us. Besidesscattering,in-
terstellardustalsoabsorbsan appreciableamountof the incident
light. In regionsof high dustdensity, mostlight from beyond the
dustcloudis absorbed,forminga so-calleddarknebula, Fig. 2.

Re�ection nebulae are often associatedwith very hot starsof
spectralclassO or B [1]. Becausesuchhot starshave only a short

Figure 2: NGC 1999: A recently formed hot star illuminates the
surrounding interstellar dust that scatters and absorbs the star light
to create a colorful re
ection nebula. (from [7] c
 NASA/STScI)

life span(on the order of 106 yearsin comparisonto 1010 years
for our Sun),they musthave formedonly recently, leadingto the
conclusionthat a re�ection nebula representsthe remainsof the
star'sprotostellarcloud.

3.1 Interstellar Dust

Thespacebetweenstarsis notentirelyempty, but is �lled with very
low density, yet rather�lthy , smoke-like gas.If interstellarmaterial
werecompressedto the densityof air, objectswould disappearin
the hazeat a distanceof lessthanonemeter[1]. This interstellar
duststemspredominantlyfrom so-calledasymptoticgiant branch
(AGB) stars,evolved and comparatively cool starswhosestellar
wind carrieswith it largeamountsof carbonandsilicatesfrom the
stars'surface.Thisstellar“soot” is amixtureof avarietyof chemi-
calcompoundsandrepresentsanensembleof variousdifferentdust
particleswhoseindividual dustgrain sizevariesroughly between
100nmand1mm.

The scatteringpropertiesof a singleparticleareaccuratelyde-
scribedby Mie scatteringtheory[29]. To describethe net optical
effect of thevery largenumberof differentdustgrainsilluminated
by polychromatic,unpolarizedlight, astrophysicistsfrequentlyre-
sortto only two (weaklywavelength-dependent)scalarparameters:
theensemblevaluesfor thealbedoandfor thesingle-particlescat-
teringanisotropy of thedust[3, 31, 10]. It turnsout that thesetwo
parameterssuf�ce to correctlycharacterizetheopticalpropertiesof
interstellardustto within today's observationalaccuracy.

Thealbedoa = [0;1] is the ratio of radiosityto irradiance,i.e.,
theaveragepercentageof radiationincidenton a dustparticlethat
is beingscattered.If the dustis completelyblack andall incident
light is absorbed,its albedois zero. In theotherextreme,all inci-
dent radiationis scatteredandthe albedovalue is one. From the
averageabsorptioncoef�cient sabs andscatteringcoef�cient ssct,
dustalbedois de�ned as

a =
ssct

sabs+ ssct
=

ssct

sext
:

Absorptionandscatteringtogethergive rise to light extinction in
turbid media,so the sumof both yields the extinction coef�cient
sext = sabs+ ssct.

Thesizeof interstellardustgrainsis roughlyon theorderof the
wavelengthof visible light. This leadsto anisotropicscattering,



Figure 3: Nebula model: The nebulavolume is discretizedinto voxels.
Each voxel receivesdirect light from the star, attenuated along the
distance r. Part of the illuminating light is scattered towards the
observer,depending on the scattering depth t sct at the voxel (x;y;z)
as well as the angle q between view direction and radial illumination
vector. As it traversesthe path l from the voxel to the observer, the
scattered light undergoes further extinction.

i.e., the scatteringprobability is direction-dependent.For spheri-
cal particlesandunpolarizedlight, scatteringis symmetricaround
theincidentradiationdirection,soscatteringprobabilityvariesonly
with de�ection angleq, Fig. 3. In astrophysicsresearch,thephase
functionof interstellardustis frequentlymodeledusingananalytic
expressionproposedby Henyey andGreenstein[12]:

p(q) =
1� g2

2(1+ g2 � 2gcosq)3=2
: (1)

TheHenyey-Greensteinphasefunctionhasonly onefreeparameter
g. Thisanisotropy factorg denotesthecosineof themeanscattering
angle. For a given valueof g = [� 1;1], (1) yields the probability
distribution p asa functionof scatteringangleq.

Observationshave shown that, within measurementerror mar-
gins,theopticalpropertiesof interstellardustarethesamethrough-
out thegalaxy[10]. At visible wavelengths,thealbedois a � 0:6,
and the scatteringanisotropy factor is g � 0:6 [31, 10]. While
albedoandscatteringanisotropy aremoreor lessconstantat vis-
ible wavelengths,the scatteringcoef�cient ssct variesappreciably
with wavelength. While blue light is scatteredalmost twice as
often as red light, the exact ratio of scatteringprabability at red
andbluewavelengthsvariessomewhat for differentregionsin the
Galaxy[1].

3.2 Color

In astrophysicalsettings,objectcolor is commonlyreferredto in
terms of band-�ltered observations. The Johnsoncolor system
featuresthreebandsin the visible rangeof the spectrumthat ap-
proximatelycorrespondto the RGB colors in computergraphics.
The peak�lter wavelengthsand half-maximumpassbandwidths
are445� 47nmfor the blue (B band),551� 44nmfor the green
(visible, V band),and 658� 69nm for the red (R band)spectral
region [1].

Becausethe scatteringcoef�cient ssct varieswith wavelength,
extinction is also wavelength-dependent.The extinction A, ex-
tinction depth, or optical deptht opt = A = sext � l is the product
of total path length l and the averageextinction coef�cient sext
along the way, Fig. 3. To expressthe relative amountof extinc-
tion A at differentwavelengthsl , the ratio of total to selective vi-
sualextinction RV is frequentlyusedin astrophysics.It is related
to theslopeof theextinction curve A(l ) neartheV band(green).

Cardelli et al. [3] give an empirical formula to �nd the extinction
A for theU andR bandrelative to theV bandfor arbitraryRV val-
ues.For thestandardvalueRV = 3:1, relativeextinction factorsare
AB=AV = 1:324andAR=AV = 0:748[1]. In denseclouds,however,
RV � 5 which yieldsAR=AV = 0:8 andAB=AV = 1:2, i.e. scatter-
ing increasesmoreslowly with decreasingwavelength,hintingat a
slightly largeraverageparticlesize.In summary, anindividual,av-
erageinterstellardustgrainscatterslight predominantlyin thefor-
warddirection(g > 0) andis madeup of grayishmaterial(a < 1,
sabs(l ) � const). Becausescatteringprobabilityincreaseswith de-
creasingwavelength,scatteredlight is bluerthantheincidentlight,
while transmitted,unscatteredlight becomesredder.

Becausedustconcentrationsin re�ection nebulaecanreachhigh
densities,theilluminatingstarlight maybescatterednotonly once,
but multiple times. The scatteringdeptht sct = ssct l denotesthe
averagenumberof scatteringeventsthata photonundergoesalong
a travel path length l . It is directly proportionalto dust particle
density. For albedovaluesa < 1, multiple scatteringcausesthe
scatteredlight to diminishbecauseat eachscatteringevent,a frac-
tion (1 � a) of the incident light is absorbed.After n scattering
events,only an of the initial illuminating radianceis still present.
Overall scatteringanisotropy alsodecreaseswith gn, so that after
severalscatteringevents,thescatteredlight is in essencedistributed
isotropicallyover all directions.

Toaccountfor multiplescatteringexactly, full-�edged, computa-
tionally very expensive radiative transfersimulationsarerequired.
Alternatively, we proposea hierarchicalmulti-resolutionstrategy
to take multiple scatteringinto account,Section4.2. This enables
usto faithfully rendernebulaeat interactive framerateswithoutse-
rious impact on the overall accuracy of the appearancefor most
situations.

4 V I SUAL I ZATI ON M ODEL

We discretizethe volumeof the re�ection nebula into volumeel-
ements(voxels). Eachvoxel is assignedits individual scattering
deptht sct = ssct l , wherel is the linear sizeof the voxel, andthe
scatteringcoef�cient ssct is directlyproportionalto localdustden-
sity. Let usassumethatoneilluminatingstaris locatedatthecenter
of thevolume,asshown in Fig. 3. Theradiancereceivedby avoxel
locatedat a point (x;y;z) a distancer from thestardependson the
star's radiantpower F star andtheopticaldeptht opt = t sct=a accu-
mulatedalongtheway:

Lill =
F star

4p r2 e
�

rR

0
t opt(r0)=r dr0

: (2)

Voxel illuminationLill doesnotchangewith viewpoint,soit canbe
pre-computedfor eachvoxel, subjectto theconstraintthatdustdis-
tributionandillumination geometrystay�x ed. Of theilluminating
radiancereachinga voxel, a fraction P(t sct;q) is scatteredin the
observer's direction,

Lsct = Lill � P(t sct;q) : (3)

The scatteredlight Lsct must then still travel the path l from the
voxel to theobserver, alongwhich thelight is againattenuated:

Lobs= Lsct e
�

lR

0
t opt(l0)=l dl0

: (4)

Total observed radianceis derived by summingup Lobs from all
voxels alongeachline of sight. Thescatteringandextinction cal-
culationsmustbe performedfor the red, green,andblue channel
separatelybecausesext andt sct vary with wavelength,Section3.2.

To renderare�ection nebulathatis lit by morethanonestar, per-
voxel illumination (2) is pre-computedfor eachilluminating star
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Figure 4: Directional scattering probability of a voxel P(t sct;q) with
albedo a = 0:6 and anisotropy factor g = 0:6 employing the Henyey-
Greenstein phase function [12]. The forward scattering direction is
to the right (q = 0). With increasing scattering depth t sct, overall
scattering �rst increases,then decreasesagain. Relative forward scat-
tering also decreasesuntil for the highest scattering depth t sct = 10,
more light is actually being scattered backward than forward due to
extinction within the voxel volume.

separately. During rendering,the scatteredradianceper voxel (3)
is evaluatedfor all stars.Thanksto thesuperpositionprinciple,the
contributionsfrom all starsto theper-voxel scatteredradiancecan
besimplysummedbeforecomputingtheobservedradiance(4).

4.1 VoxelScatteringCharacteristics

The fraction P(t sct;q) of illumination radiancethat is scattered
from the voxel into the viewing directiondependson the scatter-
ing depth t sct (i.e., dust density)of the voxel as well as on the
de�ection angleq betweenthe incident ray from the starandthe
viewing direction,Fig. 3. Becausedustdensitycanbesohigh that
anilluminatingphotonis likely to bescatteredseveraltimeswithin
thevoxel beforeexiting, multiple scatteringmustbetakeninto ac-
count when deriving P(t sct;q). We useMonte-Carlosimulation
to pre-computeand tabulatescatteringprobabilitiesP(t sct;q) for
1000scatteringdepthvaluesbetweent sct = 0 and10, eachfor 72
directionsbetweencosq = � 1 and+ 1. The Appendixgivesde-
tails of theMonte-Carlosimulation.Thetableis run for thealbedo
andanisotropy valuesa = 0:6, g = 0:6 of interstellardust,assug-
gestedby theastrophysicsliterature[10]. To exploretheeffectsof
albedoandanisotropy variationson re�ection nebula appearance,
we alsocomputetablesfor differentalbedoandanisotropy values.
While we employ heretheHenyey-Greensteinphasefunction (1),
notethatourapproachcanbeusedin conjunctionwith any arbitrary
single-particlephasefunction.

Fig. 4 depictsthedirection-dependentscatteringprobabilitydis-
tributionof a voxel for differentscatteringdepthst sct. Dueto mul-
tiple scattering,directional dependencechangesdrastically with
voxel scatteringdepth.With increasingdustconcentration,thetotal
amountof scatteredlight �rst increases,thenstartsto decreasefor
very densedust. Regionsof thin to moderatedustaredominated
by forwardscattering,while verydensedustregionsexhibit mostly
backwardscattering.

Thecombinedeffectsof anisotropy, multiple scattering,absorp-
tion, wavelengthdependence,andgeometriccon�guration on re-
�ection nebula appearanceis illustratedin Fig. 5. The otherwise
emptynebulavolumeis initializedby settingthevoxelsin thefront-
mostlayer, asseenfrom theobserver, andthelayeronthefarsideof
theilluminatingstarto non-zeroscatteringdepthvalues.Scattering
depthincreaseswith angle. A thin veil of dustappearsbluer than
the illuminating star, whetherthe dust is in front of or behindthe

tt sctsct

tt sctsct

Figure 5: Color variations in re
ection nebulae as a function of geo-
metric con�guration and scattering depth t sct. The scattering depth
is constant in the radial direction and increaseswith angle from the
top (t sct = 0) to the bottom (t sct = 10). The illuminating star light
is white.

star. With increasingscatteringdepth,however, extinction affects
bluelight morestronglythanredlight, andthelight passingthrough
thedustfrom thestarto theviewerbecomesredderanddimmer. In
contrast,thelight re�ectedbackfrom thedustbehindthestartakes
on thecolor of theilluminating starwhile its brightnessasymptot-
ically reachesa �x ed level. These�ndings arein accordancewith
analyticalconsiderations[11]. Thecontrastin Fig. 5 hasbeenop-
timizedto bring out thecolor changes.In reality, thin dustin front
of thestarappearsmuchbrighterthandustbehindit dueto forward
scattering,asis obviousfrom Fig. 4.

4.2 Multiple Scattering

Using Monte-Carlosimulationto determinethe scatteringproba-
bility distribution P(t sct;q), we cancorrectlyaccountfor multiple
scatteringonalocal,per-voxel level. Photonsthatleaveavoxel but
arescatteredback into it from neighboringregions,however, are
not takeninto accountthisway. Notethattheseneglectedmultiply-
scatteredphotonscanonly increaseoverall observedradianceLobs.

To faithfully reproducethe wide-rangeeffect of multiple scat-
tering, we pursuea hierarchicalapproach,Fig. 6. During pre-
computation,the full-resolutionvoxel modelV0 is down-sampled
n timesalongall threedimensions.For eachdownsamplingstep,
the scatteringdepthst sct from eight neighboringvoxels areaver-
aged,andtwice this averagevalueis assignedto thecorresponding
lower-resolutionvoxel. Thefactorof two comesfrom thedoubled
linearsizeof the lower-resolutionvoxel. For eachvolumeresolu-
tion Vi , we alsopre-computevoxel illumination,(2).

During visualization,we rendera resolutionpyramidof images
Ii , i = 0; :::;n, eachobtainedfrom thecorrespondingvolumerepre-
sentationVi , Fig. 6. We thendown-samplethe renderedimagesIi
to obtainĪi+ 1. Note that the imagesI j andĪ j have thesamereso-
lution but aregeneratedfrom different-resolutionvolumesVj and
Vj� 1, respectively. I j includesthe effect of photonsthat at reso-
lution level Vj� 1 exit a voxel but are scatteredback into it from
oneof the adjacentvoxels. I j is thereforea little brighterthanĪ j .
Becausemultiple scatteringcanonly addto observedradiance,the
differenceimage

DI j = I j � Ī j

is clippedto non-negative valuesandup-sampledto obtainDÎ j� 1.



Startingfrom thesecond-lowestresolutionlevel considered,theup-
sampleddifferenceimageDÎi is addedto thedifferenceimageof the
correspondingresolutionlevel DIi to obtain

DI �
i = DÎi + DIi :

ThedifferenceimageDI �
i is repeatedlyup-sampledandcombined

with DIi for all resolutionlevels i > 0 until thefull-resolutionlevel
i = 0 is reached.The �nal imageI is obtainedby addingthe ac-
cumulateddifferenceimageto the imagerenderedfrom the full-
resolutionvolume:I = I0 + I �

0 . This �nal imageincludestheeffect
of multiplescatteringup to thescalelengthof thelowestresolution
level takeninto account.

Fig. 7 depictstheeffect of wide-rangemultiple scatteringat dif-
ferentscalelengthsin forward andbackward scatteringdirection.
For ahomogeneous,planarlayerof dustin front of theilluminating
star, globalmultiple scatteringnoticeablyincreasesnebula surface
brightness.Also, nebulacolor becomesmorebluishbecauseof the
monotonicallyincreasingscatteringprobabilitywith shorterwave-
length.For dustonthestar's farside,ontheotherhand,wide-range
multiple scatteringhasonly little effect.

We remarkthat thedescribedapproachassumesthata homoge-
neousanda non-homogeneousdustdistribution of thesameaver-
agedensitybothyield thesameaveragescatteredradiance.Strictly
speaking,this assumptionis valid only for smoothlyvarying dust
concentrations. In regions dominatedby strong density gradi-
entstheapproachstill yieldsqualitatively plausibleresults,but, of
course,ourmethodcannotsubstitutefor full radiative transfersim-
ulationsin thegeneralcase.

4.3 Nebula Generation

Our visualizationtool canrenderrealisticviews of any given 3D
dustdistribution. For planetariumshows, thegenerationof a spe-
ci�c re�ection nebula maybedrivenby artisticandestheticdesign
criteria,while in anastrophysicalsetting,thedustdistribution may
beintendedto reproducethemeasuredexperimentalbrightnessdis-
tributionof somerealnebula.

For the former case,we found that the following recipegener-
atesnatural-appearingsyntheticre�ection nebulae. In accordance

Figure 6: Multi-resolution rendering to incorporate the global e�ect
of multiple scattering on nebula appearance: A resolution pyramid of
images Ii is rendered from the mipmap representation Vi of the neb-
ula volume. Images from one resolution level are down-sampled (#)
and subtracted from the images rendered at the next-lower resolu-
tion. From the lowest-resolution level upwards, the di�erence images
are subsequently up-sampled (" ) and summed. The accumulated
di�erence image is added to the full-resolution image I0 to yield the
resulting image I.

Figure 7: E�ect of wide-range multiple scattering: a homogeneous
layer of dust in front of (upper row) and behind an illuminating
central star (lower row) is rendered, taking into account n = 0;1;2
resolution levels (left to right).

with the physicalprocessesaccompanying star formation,we as-
sumethatstellarwindsfrom theilluminatingstarhave sweptclean
the immediatesurroundings,so that the star is situatedwithin a
bubbleof relatively low dustconcentration.Theswept-updustac-
cumulatesalong the edgeof the bubblewhere,accordingly, dust
densityincreasessharply. Beyond the bubble,dustconcentration
falls off exponentiallywith increasingradial distance.Sincestars
typically form in very largeinterstellarclouds,andbecausere�ec-
tion nebulaearevisibleonly aroundstarsthatform neartheedgeof
sucha cloud, the far sideof thenebula volumeis �lled with high-
density, optically denseinterstellardust. Becausethe dust along
theedgeof thebubblehasbeensweptup by hydrodynamicstellar
wind processes,dustconcentrationis not homogeneous.To mimic
correspondingvariationsin local dust density, we use3D Perlin
noise[21] to modulatevoxel scatteringdeptht sct(x;y;z). A wide
varietyof different-looking,yet realisticallyappearingnebulaecan
becreatedbyvaryingPerlinnoiseamplitudeandfrequency, Fig.11.

5 I NTERACTI VE RENDERI NG

Priorto visualization,thepre-computedscatteringtableis uploaded
asa2D �oating-point textureto graphicsmemory. A �oating-point
3D texturestoresthescatteringdeptht sct for eachvoxel. Depend-
ing on the numberof illuminating stars,one or more 3D arrays
storethepre-computedillumination Lill for eachvoxel. Addition-
ally, emissive radianceLem is storedper voxel. The 3D emission
textureallows usto simulateionized,glowing gascloudsthatmay
beintermixedwith theinterstellardust,aswell asto visualizetheil-
luminatingstar. Ionizedgasradiatesisotropicallyin all directions,
so Lem canbe addeddirectly to the scatteredradianceLsct in (3).
Both contributionsundergo the sameextinction on the way from
thevoxel to theobserver Lobs, (4).

Our re�ection nebula visualizationalgorithmis basedon GPU-
basedray-casting. After determiningviewing ray parametersas
describedin [16], we usea fragmentprogramto stepalongeach
viewing vectorfrom front to backin voxel-lengthintervals.At each
step,we look up local scatteringdeptht sct, voxel illumination Lill ,
andemissive RGB radiancevaluesLem from the 3D volumetex-
tures,takingadvantageof hardware-acceleratedtrilinear interpola-
tion. The fragmentprogramcomputesthe anglebetweenviewing
raydirectionandtheincidentstar-light directionq, andqueriesthe
scatteringprobabilitytableto determineP(t sct;q). Equation(3) is
evaluated,and the emissive radianceLem is added. If more than
onestarilluminatesthedustcloud,scatteredradianceis evaluated
for eachstarandsummeduppervoxel. Renderingtimesandmem-
ory requirementsincreaselinearlywith thenumberof stars.

To quickly compute(4), we accumulateextinction depth t opt



Figure 8: Left: Photo (color composite) of the \Co coon" re
ection
nebula IC 5146 (from [4], c
 Greg Crinklaw); right: renderingresult for
a simulated dust distribution with 4 illuminating stars, composited
into a star �eld photo for enhancedvisual realism.

while steppingalong the ray. For eachray, extinction deptht sct
is initializedeitherto zeroor to a �x edoffsetin casewewish to in-
cludeinterstellarextinctionoutsidethenebula. At eachstepi along
theviewing ray, localextinction is addedup, t i+ 1

opt = t i
opt+ t i+ 1

sct =a.
Equation(4)canthenbequickly evaluated.Notethat(3) and(4) are
actuallycomputedfor thered,green,andbluechannelseparatelyby
weightingt sct accordingto Section3.2. To take large-scaleglobal
illumination effectsinto account,the hierarchicalmulti-resolution
algorithmdescribedin Section4.2is implementedto runentirelyon
theGPU.For display, therenderedimageis optionallynormalized
andgamma-corrected.

To interactively exploretheeffectsof differentphysicalparame-
tersonnebulaappearance,fragmentshaderconstantslikestarcolor,
ratio of total-to-selective visual extinction RV , andalbedocanbe
changedon the �y . We canuploadscatteringtablescomputedfor
differentalbedoandanisotropy valuesaswell asfor arbitraryphase
functions.Theresultis anarti�cial but physicallyplausiblerendi-
tion of there�ection nebula.

Thechangein appearancedueto differentviewing directionscan
beevaluatedby simply rotatingthenebula. However, to appreciate
the full rangeof color variations,e.g.,for planetariumshows, we
want to beableto move theviewpoint insidethenebula. By mov-
ing theviewpoint throughthedusttowardsthestar, previouslydark
cloudsbecometransparentand overall reddeningdecreasesuntil
the bluish tint of backscatteredstarlightdominates.We appropri-
atelymodify theoriginalGPU-basedray-castingalgorithm[16, 25]
to solve theproblemthatariseswhenthenearclipping planesfall
within thevolume.

6 RESULTS

Our visualizationtool is designedto renderrealisticimagesof re-
�ection nebulae. A side-by-sidecomparisonof a photocomposite
of anactualnebula (IC 5146)andthevisualizationof a simulated
dust distribution is shown in Fig. 8. Note how our renderingal-
gorithm producescolor huesvery similar to reality, andhow our
syntheticallygenerateddustdistributionconvincingly mimicsover-
all appearanceof therealnebula. Theimportanceof multiple scat-
tering on large scalescanbe seenin Fig. 9. The increasein neb-
ula surfacebrightnesswith hierarchylevels includedsuggeststhat
we are looking at ratherthin dust that is situatedin front of the
illuminating star. Fig. 10 presentsscreenshotsfrom a �y-around
anda �y-through sequencefor two syntheticnebulaeto illustrate
the changein shapeandcolor with viewpoint. From the outside,
the nebula appearsreddishwith dark regionsof densedust. Once
inside the nebula, backscatteredlight is responsiblefor the blue-
enhancedappearance.The wide variety in shapeandcolor of re-

�ection nebulae following from dust densitydistribution is illus-
tratedin Fig. 11. Dependingon dustconcentrationandgeometric
dustcon�guration,thescatteredstarlight reachestheviewpointal-
mostunhindered(bluishappearance),attenuatedto varyingdegrees
(reddishappearance),or not atall (darkregions).

In additionto physicalvisualizations,wecanalsoexplorethein-
�uence of varyingdifferentphysicalparameterson nebula appear-
ance.The imagesin Fig. 12 show thesamenebula from thesame
viewpoint,but for differentparametersettings.Theastrophysically
correctreferenceimageis depictedin Fig. 12(a). Fig. 12(b) illus-
tratesnebulaappearanceif thedustin thenebulabehavesmorelike
galacticdust,i.e.,RV = 3:1. Becausefor RV = 3:1, relative extinc-
tion risesmoresteeplywith decreasingwavelengththanfor RV = 5,
nebula colorsaresomewhatmorevivid. In reality, re�ection nebu-
laeareassociatedwith hot O or B stars. In our visualizationtool,
however, we canexchangethe illuminating star, e.g.,for our own
Sun,Fig. 12(c). Thecoolerstartemperaturecausestheentireneb-
ula to appearredder. Finally, we canvary the scatteringandab-
sorptionpropertiesof theinterstellardustgrains.For an increased
albedovalue, the entirenebula becomesbrighter, Fig. 12(d). By
enhancingforward scatteringcharacteristics,Fig. 12(e), already
bright regions becomebrighter, while overall contrastincreases.
In conjunctionwith known dustcon�gurationsof actualnebulae,
studyingtheeffectsof dustalbedoandscatteringanisotropy onneb-
ula appearancewith our visualizationtool helpsto understandthe
opticalpropertiesof interstellardust[10].

In thepresenceof oneilluminatingstarandwith multi-resolution
rendering turned off, our renderingalgorithm performs at 7.5
framespersecondonannVidiaGeForce6800Ultragraphicsboard,
renderingat 512� 512-pixel resolutionfrom a 1283-voxel model.
With multi-resolutionrenderingturned on, renderingframe rate
dropsto 6.1 framesper second,taking 3 resolutionlevels into ac-
count. Alternatively, for 2,3,4 or 5 illuminating stars,rendering
frameratesare4.7,3.6,2.5,and1.9Hz, respectively.

7 CONCL USI ONS

We have presentedan interactive visualizationtool to realistically
renderre�ection nebula appearancefrom physicalprinciples. The
algorithmrunsonconventionalhardwareandallows theuserto in-
teractively varyviewing positionanddirectionaswell asto change
physicalparametersof thenebula. Multiple scatteringis takeninto
accountlocally aswell ason large scales.Our visualizationtool
canbe usedto createvirtual �y-throughs of re�ection nebulaefor
interactivedesktopvisualizations,or to producescienti�cally accu-
rateanimationsfor educationalpurposes.By varyingphysicalpa-
rametervalues,thealgorithmcanbeusedto visualizeandvalidate
hypotheticalmodelsfor observeddata

Next, we want to useour algorithmto recover the 3D shapeof
actualnebulae. We intendto make useof additionalobservations
in the infrared [3] to be able to betterconstrainthe reconstruc-
tion problem. To recover both the gasandthe dustcomponentof
gaseousnebulae,we will includeemission-lineimagesin addition
to color-bandpassimages.By concentrating�rst on planetaryneb-
ulae,additionalgeometricconstraintscanbeexploited[17].

APPENDI X : M ONTE-CARL O SI M UL ATI ON OF ANI SOTROPI C
PHOTON SCATTERI NG

Let the simulationconsiderN photons.Eachphotonis initialized
with aweightw0 = 1=N. Insteadof acubeof edgelengthl , avoxel
is modeledasa sphereof thesamevolume. Thescatteringcoef�-
cientis ssct = t sct=l . Thephotonis placedon thesphereat x0 with
its travel directiond0 pointing towardsthe sphere's center. In the
following, the photonis tracedthroughthe volumeuntil it either
emergesfrom thesphere,in which caseits remainingweightwi is



addedto theappropriatedirectionbin B[cosq] of its emergencean-
glecosq = di � d0, or its weightwi fallsbelow aminimumthreshold
andthephotonis discarded.Givenauniformly distributed(pseudo-
) randomvariableu = [0;1], thenext scatteringeventof thephoton
takesplaceafterit hastravelleda length

r = � ln(1� u)=ssct ;

wheressct = 1=r̄ is the scatteringcoef�cient. From the previous
positionxi anddirectiondi , thenew scatteringsite's3D coordinates
are

xi+ 1 = xi + r � di :

To determine the new scattering direction di+ 1, scattering
anisotropy mustbe taken into account.We arefree to useany an-
alytic or measuredsingle-particlephasefunction. Here, we rely
on theHenyey-Greensteinphasefunction(1), adoptedfrom astro-
physicsresearch.For (1), thecumulative distribution functioncan
beinvertedanalyticallyto yield

cosq =
1
2g

�

 

1+ g2 �
�

1� g2

1� g+ 2gv

� 2!

if g 6= 0, i.e., for non-isotropicscattering. In azimuthalanglef ,
scatteringprobabilityis constant,

f = 2p � w :

Both randomvariablesv;w = [0;1] areuniformly distributed.
To computethe new scatteringdirection di+ 1 = (d0

x;d
0
y;d

0
z) in

Cartesiancoordinates,two casesmustbedistinguished.If thepre-
vious photondirectiondi = (dx;dy;dz) wasalmostparallel to the
z-axis,e.g.,kdzk > 0:9999,then

d0
x = sinq cosf

d0
y = sinq sinf

d0
z =

dz

kdzk
� cosq ;

otherwise

d0
x =

sinq
z

�
�
dxdzcosf � dy sinf

�
+ dx cosq

d0
y =

sinq
z

�
�
dydzcosf + dx sinf

�
+ dy cosq

d0
z = � z sinq cosf + dzcosq

with z =
q

1� d2
z . Thephotonweightis multipliedby thealbedo,

wi+ 1 = wi � a. Thephotonis traceduntil it eitherleavesthesphere,
or until its weightwi fallsbelow apresetthreshold.Thesimulation
endsaftersimulatingall N photons.Theaccumulatedvaluesin the
bins,B[cosq], representtherow of entriesfor t sct in thescattering
probabilitytableP(t sct;q).
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Figure 9: Wide-range multiple scattering: To include global multiple scattering e�ects, a multi-resolution rendering approach is pursued. From
left to right, the images show the e�ect when taking n = 0;1;2 and 3 resolution levels into account (all images linear gamma, identical range).

Figure 10: Screenshotsfrom a 
y-a round sequenceof a nebula illuminated by �ve stars (left), and images of a 
y-through sequencewith a
single central star (right). Left: From the outside, nebulae appear reddish due to wavelength-dependent extinction. Right: Once inside the
nebula, thin dust backscatters predominantly blue light, while light backscattered from densedust assumesthe color of the illuminating star.

Figure 11: Renditions of di�erent 3D dust distributions.

(a) (b) (c) (d) (e)

Figure 12: Varying physical parameters: (a) visualization for the standard values a = 0:6, g = 0:6, RV = 5, and an illuminating O-class star; (b)
same as (a), but RV = 3:1; (c) same as (a), but for an illuminating star similar to our Sun (G2V-class); (d) same as (a), but a = 0:8; (e) same
as (a), but g = 0:8.


