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ABSTRACT

Starsform in densecloudsof interstellargasanddust. Theresidual
dustsurroundingayoungstarscatteranddiffusesits light, making
the star's “cocoon” of dustobsenrable from Earth. The resulting
structures called re ection nehulag are commonlyvery colorful
in appearanceueto wavelength-dependergffectsin the scatter
ing andextinction of light. Theintricateinterplayof scatteringand
extinction causehecolor hues prightnesdlistributions,andtheap-
parentshapeof suchnehulaeto vary greatlywith viewpoint. We
describeherean interactie visualizationtool for realisticallyren-
deringthe appearancef arbitrary3D dustdistributionssurround-
ing one or more illuminating stars. Our renderingalgorithm is
basedon the physicalmodelsusedin astrophysicsesearch.The
tool canbe usedto createvirtual y-throughs of re ection nehulae
for interactve desktopvisualizations,or to producescienti cally
accurateanimationsfor educationapurposese.g.,in planetarium
shaws. Thealgorithmis alsoapplicableto investigateon-the- y the
visualeffectsof physicalparametevariations gxploiting visualiza-
tion technologyto helpgainadeeperandmoreintuitive understand-
ing of thecomple interactionof light anddustin realastrophysical
settings.

CR Categories:  1.3.3 [Computer Graphics]: Picture/Image
Generation—Y¥éwing algorithms; 1.3.7 [Computer Graphics]:
Three-DimensionaGraphicsand Realism—Coloy shading,shad-
owing, andtexture;J.2[ComputerApplications]: PhysicalSciences
andEngineering—Astronomy
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1 INTRODUCTION

Re ection nehulaeareamongthe mostcolorful objectsin the night
sky, Fig. 1, whichis why sciencection moviesandpopularscience
journalsfrequently featurepicturesof thesecaptiating interstel-
lar entities. Besidestheir aestheticappeal,re ection netulaealso
have considerablescienti ¢ relevance.They arethe birth placesof
new stars,and their astrophysicaktudy revealsnew insightsinto
starformationand stellarcomposition. Interestingphysicsis also
responsibldfor the colorful visual appearancef re ection nelu-
lae. Theintricateinterplay of wavelength-dependeriight scatter
ing and extinction givesrise to large variationsin color hue and
brightnessDependingon the viewpoint, re ection nehulae exhibit
wide variationsin appearanceunfortunately we cannotwitness
thesevariationsdirectly for arny single nehula becausesince our
obserationalvantagepointis x edon or nearthe Earth,we cannot
appreciablychangeour viewing angle. This makesvirtual toursof
re ection netulaeapopulartargetof virtual astronomyanimations.
3D toursof astronomicahehulaein currentplanetariunshavstyp-
ically begin from real obsenrational data,andinclude varying de-
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Figure 1: Re ection nebulae: Recently formed, hot stars illuminate
the surrounding interstellar dust that scatters and absabs the star
light to give rise to a large range of color hues and brightness varia-
tions. (RhoOphiuchiregion, from [28], ¢ T. andD. Hallas)

greesof artisticwork to generatehe views from non-Earthview-
points[20, 6, 5, 19, 8]. To authenticallyreproducehe dependence
of a netula's appearancen viewpoint and dustdistribution, how-
ever, substantialscienti c modelingwork mustbe doneto faith-
fully representhe physicalervironment. Accurate,physics-based
3D visualizationsof re ection nelulae arealsoneededor educa-
tional purposesf the goalis to gaina deepemunderstandingf the
comple interactionsof light anddustin interstellarspace.

Herewe proposea signi cant extensionto the currentapproach
to 3D modelingandvisualizationof re ection nehulae. Basedon
the samephysicalmodelsthat are usedin astrophysicgesearch,
we presentan interactve visualizationtool for arbitrary three-
dimensionadustdistributions surroundingone or moreilluminat-
ing stars.Anisotropicscatteringcharacteristicayavelengthdepen-
dence multiple scatteringandtrajectory-dependergxtinction are
takeninto account.Besidessupplyingfaithful renderingsour sys-
temalsosupportexploringthevisualeffectsof changinganetula's
physicalparametersan essentialisualizationfunction for astro-
physicalhypothesichecking.Thevisualizationtool canbeusedin
conjunctionwith synthetic3D nelula modelsaswell asdustdistri-
butionsderivedfrom realnehulae,allowing for artisticfreedomand
scienti c rigor atthe sametime.

In thefollowing Sectionwe review relatedpreviouswork. After
anintroductoryoverview of the fundamentaphysicsof re ection
nehlulaein Section3, we describeour visualizationmodelin Sec-
tion 4. Section5 highlightstheinteractie renderingalgorithmand
its implementatiorin graphicshardware. We presentvisualization
resultsanddiscussour approachin Section6, beforewe conclude
with anoutlookon future extensionsn Section?.



2 RELATED WORK

While tools for visualizing astrophysicakimulationresultsarein
commonuse, only a few publicationsaddressvisually realistic,
physics-basedenderingtechniqueof actualastronomicabbjects.
Nadeatetal. atthe SanDiego Supercompute€enter(SDSC)cre-
ateda y-through animationof the Orion Nehula for the Hayden
Planetariunin New York [20, 19, 8]. Thenehulamodelwasbased
on astrophysicalanalysisof decadesof obsenrational data[32].
Renderingthe nal, 150-secondnimationat high resolutiontook
12 hourson SDSCSs IBM RS/6000SP supercomputetsing 952
processor$20]. More recently Magnoret al. reconstructecnd
rendered3D modelsof planetarynehulae[17]. Thiswork applied
emissve volumerenderingo interactively visualizetheionizedgas
on cornventional PC graphicshardware. In contrastto planetary
nehulae consistingof glowing gas, however, the re ection nehu-
lae consideredheredo notdirectly emitvisible light. InsteadJight
from one or more nearbystarsis scatterecand absorbedy inter-
stellardustin the stellarneighborhood While the appearancef a
planetarynetula varieswith changingviewpoint only in shapeand
brightnessdistribution, re ection nelulae additionally changein
color dueto wavelength-dependerstatteringandextinction. This
physicallydifferent,and considerablymore comple, illumination
mechanisnrequiresa renderingalgorithm for re ection nehulae
that accuratelytakes wavelength-dependerstcatteringand extinc-
tion propertief interstellardustinto account.

In 1938, Heryey and Greensteirderived analyticalexpressions
for the color and brightnesdistributions of re ection netulaefor
idealizedgeometricalkcon gurations[11]. Their optical model of
re ection nehulaeis generallyacceptedn astrophysic$31, 30, 26,
2,9, 10] andformsthe basisof our renderingalgorithm.

In volumerenderingterms,are ection netula constitutesa par
ticipating medium. Volume renderingtechniqueshave beenpro-
posedthattake into accountvolumetricabsorptiorandanisotropic
scatteringcharacteristicfl 8] aswell astheeffectsof multiple scat-
tering[24, 14, 27]. More recently advancedalgorithmshave been
presentedo betterapproximateglobal illumination effects, either
for generalvisualizationpurposed15], or to obtain more realis-
tic renderingresultsof natural phenomenaexhibiting volumetric
scatteringcharacteristic§l3, 22, 23]. Similar to Riley etal. [23],
our visualizationapproachis basedon pre-computingmultiple-
scatteringphasefunctionsandtahulating angle-dependerscatter
ing probabilities.Our methodcanbeemplgredin conjunctionwith
ary arbitrary even experimentallymeasuredsingle-particlephase
functionbecauseve rely on full Monte-Carlosimulationsto derive
multi-scatteringorobability densitydistributionsprior to rendering.
To be ableto pre-computdocal illumination pervolume element,
starilluminationgeometryanddustdistributionarekept x ed. Dur-
ing renderingyviewpointandviewing directionarefreely andinter-
actively navigatableall aroundaswell asthroughthe netula vol-
ume. Our interactize visualizationalgorithmbuilds on recentwork
in ray-basedlirectvolumerenderingexploiting modernPC graph-
ics hardware [16, 25], to which we additionallyintroducea hier
archicalmulti-resolutionapproacho reproducdarge-scaleglobal
illumination effects.

3 REFLECTION NEBULAE

Re ection netulaearecloudsof gasanddustthatlie in the vicin-
ity of oneor morestars,Fig. 1. By scatteringhe stars light in all
directions,the dustbecomesisible to us. Besidesscattering,in-
terstellardust also absorbsan appreciableamountof the incident
light. In regionsof high dustdensity mostlight from beyondthe
dustcloudis absorbedforming a so-calleddarknehula, Fig. 2.

Re ection nelulae are often associatedvith 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 absabs the star light
to create a colorful re ection nebula. (from[7] ¢ NASA/STScl)

life span(on the order of 10° yearsin comparisorto 1019 years
for our Sun),they musthave formed only recently leadingto the
conclusionthat a re ection nehula representghe remainsof the
star's protostellarcloud.

3.1 |Interstellar Dust

Thespacebetweerstarsis notentirelyempty butis lled with very
low density yetrather Ithy , smole-like gas.If interstellamaterial
were compressedo the densityof air, objectswould disappeain
the hazeat a distanceof lessthanonemeter[1]. This interstellar
duststemspredominantlyfrom so-calledasymptoticgiant branch
(AGB) stars,evolved and comparatiely cool starswhosestellar
wind carrieswith it large amountsof carbonandsilicatesfrom the
stars'surface.This stellar‘soot” is a mixture of avariety of chemi-
calcompoundsindrepresentanensembl®f variousdifferentdust
particleswhoseindividual dustgrain size variesroughly between
100nmandlnm.

The scatteringpropertiesof a single particleare accuratelyde-
scribedby Mie scatteringtheory[29]. To describethe net optical
effect of the very large numberof differentdustgrainsilluminated
by polychromatic,unpolarizedight, astrophysicist$requentlyre-
sortto only two (weaklywavelength-dependensalamparameters:
theensemblevaluesfor the albedoandfor the single-particlescat-
teringanisotropy of thedust[3, 31, 10]. It turnsout thatthesetwo
parametersufce to correctlycharacterizéheopticalpropertiesof
interstellardustto within today's obserationalaccurag.

The albedoa = [0; 1] is theratio of radiosityto irradiancei.e.,
the averagepercentagef radiationincidenton a dustparticlethat
is beingscattered.If the dustis completelyblack andall incident
light is absorbedits albedois zero. In the otherextreme,all inci-
dentradiationis scatterecandthe albedovalueis one. From the
averageabsorptioncoefcient spsandscatteringcoefcient Sy,
dustalbedois de ned as

Ssct _ Ssct,
Sabst Ssct  Sext

Absorptionand scatteringtogethergive rise to light extinction in
turbid media, so the sum of both yields the extinction coefcient
Sext = Sabst Ssct:

Thesizeof interstellardustgrainsis roughly on the orderof the
wavelengthof visible light. This leadsto anisotropicscattering,



Figure 3: Nebulamodel: The nebulavolumeis 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 tsc; at the voxel (x;y;2)
as well as the angle g between view direction and radial illumination
vector. As it traversesthe path | from the voxel to the observer,the
scattered light undergoes further extinction.

i.e., the scatteringprobability is direction-dependentFor spheri-
cal particlesandunpolarizedight, scatterings symmetricaround
theincidentradiationdirection,soscatteringorobabilityvariesonly

with de ection angleq, Fig. 3. In astrophysicsesearchthe phase
functionof interstellardustis frequentlymodeledusingananalytic
expressiormproposedy Heryey andGreenstein12]:

1 ¢ :
2(1+ g2 2gcosq)32

p(q) = @)

TheHeryey-Greensteiphasdunctionhasonly onefreeparameter
0. Thisanisotrop factorg denoteshecosineof themeanscattering
angle. For agivenvalueof g= [ 1;1], (1) yields the probability
distribution p asafunctionof scatteringangleq.

Obsenrationshave shavn that, within measuremengrror mar
gins,theopticalpropertief interstellardustarethesamethrough-
outthegalaxy[10]. At visible wavelengthsthealbedoisa 0:6,
and the scatteringanisotroy factoris g 0:6 [31, 10]. While
albedoand scatteringanisotroy aremore or lessconstantat vis-
ible wavelengthsthe scatteringcoefcient ssct variesappreciably
with wavelength. While blue light is scatteredalmosttwice as
often asred light, the exact ratio of scatteringprabability at red
andblue wavelengthsvariessomevhat for differentregionsin the
Galaxy[1].

3.2 Color

In astrophysicakettings,object color is commonlyreferredto in
terms of band- Itered obserations. The Johnsoncolor system
featuresthreebandsin the visible rangeof the spectrumthat ap-
proximatelycorrespondo the RGB colorsin computergraphics.
The peak Iter 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].

Becausehe scatteringcoefcient ssct varieswith wavelength,
extinction is also wavelength-dependent.The extinction A, ex-
tinction depth or optical depthtopt = A= Seqt | is the product
of total pathlength| and the averageextinction coefcient Sext
alongthe way, Fig. 3. To expressthe relative amountof extinc-
tion A at differentwavelengthd , the ratio of total to selectve vi-
sualextinction Ry is frequentlyusedin astrophysics.lt is related
to the slopeof the extinction curve A(/ ) neartheV band(green).

Cardelliet al. [3] give an empiricalformulato nd the extinction
A for theU andR bandrelative to theV bandfor arbitraryRy val-
ues.For thestandardralueRy = 3:1, relative extinctionfactorsare
Ag=Ay = 1:324andAr=Ay = 0:748[1]. In denseclouds,however,
Ry 5whichyields AR=Ay = 0:8 andAg=Ay = 1.2, i.e. scatter
ing increasesnoreslowly with decreasingvavelength hintingata
slightly largeraverageparticlesize.In summaryanindividual, av-
erageinterstellardustgrain scatterdight predominantlyin the for-
ward direction(g > 0) andis madeup of grayishmaterial(a< 1,
Sapd! ) cons). Becausescatteringorobabilityincreasesvith de-
creasingvavelength scatteredight is bluerthantheincidentlight,
while transmittedunscatteredight becomesedder

Becauselustconcentrationn re ection nelulaecanreachhigh
densitiestheilluminating starlight maybescatteredhotonly once,
but multiple times. The scatteringdepthtsct= Ssct| denoteshe
averagenumberof scatteringeventsthata photonundegoesalong
atravel pathlengthl. It is directly proportionalto dustparticle
density For albedovaluesa < 1, multiple scatteringcauseshe
scatteredight to diminishbecauset eachscatteringevent, a frac-
tion (1 a) of theincidentlight is absorbed. After n scattering
events,only a" of theinitial illuminating radianceis still present.
Overall scatteringanisotroy alsodecreasesvith g, so that after
severalscatteringevents thescatteredight is in essencéistributed
isotropicallyover all directions.

Toaccounfor multiple scatteringxactly, full- edged, computa-
tionally very expensve radiative transfersimulationsarerequired.
Alternatively, we proposea hierarchicalmulti-resolutionstrateyy
to take multiple scatteringnto account,Section4.2. This enables
usto faithfully rendemetulaeatinteractive framerateswithout se-
rious impact on the overall accuray of the appearancéor most
situations.

4 VISUALIZATION MODEL

We discretizethe volume of the re ection nelula into volumeel-

ements(voxels). Eachvoxel is assignedts individual scattering
depthtsct= Ssctl, wherel is thelinear size of the voxel, andthe
scatteringcoefcient st is directly proportionalto local dustden-
sity. Letusassumehatoneilluminating staris locatedatthecenter
of thevolume,asshawvnin Fig. 3. Theradianceecevedby avoxel

locatedat a point (x;y; 2) adistancer from the stardepend®n the

star's radiantpower F sior andthe optical deptht opt = tsca accu-
mulatedalongtheway:

R
Lot = F star . top(r9=r dr® .
il = 4p r2 .

VoxelilluminationLj; doesnotchangewith viewpoint, soit canbe
pre-computedor eachvoxel, subjectto the constrainthatdustdis-
tribution andillumination geometrystay x ed. Of theilluminating
radiancereachinga voxel, a fraction P(tsct; q) is scatteredn the
obserer's direction,

)

Lsct= Lin P(tscs Q) : )

The scatteredight Lsct mustthenstill travel the path| from the
voxel to theobserer, alongwhichthelight is againattenuated:

F‘zrop‘(ll):l dl°
Lobs= Lscte © : (4)
Total obsered radianceis derived by summingup Lgps from all
voxels alongeachline of sight. The scatteringand extinction cal-
culationsmustbe performedfor the red, green,and blue channel
separatelypecausesq; andtsct vary with wavelength,Section3.2.
Torenderare ection nehulathatis lit by morethanonestar per
voxel illumination (2) is pre-computedor eachilluminating star
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Figure 4: Directional scattering probability of a voxel P(tsct;q) with
albedo a= 0:6 and anisotropy factor g= 0:6 emplaying the Henyey-
Greenstein phase function [12]. The forward scattering direction is
to the right (g = 0). With increasing scattering depth tsc, overall
scattering rst increases,then decreasesagain. Relative forward scat-
tering also decreasesuntil for the highest scattering depth tse = 10,
more light is actually being scattered backward than forward due to
extinction within the voxel volume.

separately During rendering the scatteredadianceper voxel (3)
is evaluatedfor all stars.Thanksto the superpositiorprinciple,the
contributionsfrom all starsto the pervoxel scatteredadiancecan
be simply summedbeforecomputingthe obseredradiance4).

4.1 Voxel Scattering Characteristics

The fraction P(tsc; g) of illumination radiancethat is scattered
from the voxel into the viewing directiondependsn the scatter
ing depthtsct (i.e., dust density) of the voxel as well ason the
de ection angleq betweenthe incidentray from the starandthe
viewing direction,Fig. 3. Becausalustdensitycanbe so high that
anilluminating photonis likely to be scatteredeveraltimeswithin
the voxel beforeexiting, multiple scatteringnustbetakeninto ac-
countwhenderiving P(tsct; q). We use Monte-Carlosimulation
to pre-computeand takulate scatteringprobabilitiesP(tsc;; g) for
1000scatteringdepthvaluesbetweent sct= 0 and 10, eachfor 72
directionsbetweencosqg = 1 and+1. The Appendixgivesde-
tails of the Monte-Carlosimulation.Thetableis run for thealbedo
andanisotroy valuesa = 0:6, g = 0:6 of interstellardust,assug-
gestedvy the astrophysicditerature[10]. To explorethe effectsof
albedoandanisotroy variationson re ection nehula appearance,
we alsocomputetablesfor differentalbedoandanisotroy values.
While we emplg/ herethe Heryey-Greensteirphasefunction (1),
notethatourapproacttanbeusedn conjunctionwith ary arbitrary
single-particlephasgunction.

Fig. 4 depictsthedirection-dependersgcatteringprobability dis-
tribution of avoxel for differentscatteringdepthst sct. Dueto mul-
tiple scattering,directional dependencehangesdrastically with
voxel scatteringdepth.With increasinglustconcentrationthetotal
amountof scatteredight rst increasesthenstartsto decreaséor
very densedust. Regionsof thin to moderatedustare dominated
by forward scatteringwhile very densedustregionsexhibit mostly
backwardscattering.

The combinedeffectsof anisotrogy, multiple scatteringabsorp-
tion, wavelengthdependenceand geometriccon guration on re-

ection nelula appearancss illustratedin Fig. 5. The otherwise
emptynehulavolumeis initialized by settingthevoxelsin thefront-
mostlayer, asseerfrom theobsenrer, andthelayeronthefarsideof
theilluminating starto non-zercscatteringlepthvalues.Scattering
depthincreasesvith angle. A thin veil of dustappeardluerthan
theilluminating stat whetherthe dustis in front of or behindthe

)
e

t

sct

b

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

star With increasingscatteringdepth,however, extinction affects
bluelight morestronglythanredlight, andthelight passinghrough
thedustfrom the starto the viewer becomesedderanddimmer In

contrastthelight re ected backfrom thedustbehindthe startakes
onthe color of theilluminating starwhile its brightnessasymptot-
ically reachesa x edlevel. These ndings arein accordancevith

analyticalconsideration§ll]. The contrastin Fig. 5 hasbeenop-
timizedto bring out the color changesIn reality, thin dustin front
of the starappearsnuchbrighterthandustbehindit dueto forward
scatteringasis obviousfrom Fig. 4.

4.2 Multiple Scattering

Using Monte-Carlosimulationto determinethe scatteringproba-
bility distribution P(tsct; q), we cancorrectlyaccountfor multiple
scatteringon alocal, pervoxel level. Photonghatleave avoxel but
are scatteredbackinto it from neighboringregions, howvever, are
nottakeninto accounthisway. Notethattheseneglectedmultiply-
scatteregphotonscanonly increaseoverall obseredradiance.gps

To faithfully reproducethe wide-rangeeffect of multiple scat-
tering, we pursuea hierarchicalapproach,Fig. 6. During pre-
computation the full-resolution voxel modelV; is down-sampled
n timesalongall threedimensions.For eachdovnsamplingstep,
the scatteringdepthst st from eight neighboringvoxels are aver-
aged andtwice this averagevalueis assignedo the corresponding
lower-resolutionvoxel. The factorof two comesfrom the doubled
linear size of the lower-resolutionvoxel. For eachvolumeresolu-
tion Vi, we alsopre-computevoxel illumination, (2).

During visualization,we rendera resolutionpyramid of images
li, i = 0;::;n, eachobtainedfrom the correspondingolumerepre-
sentatioryj, Fig. 6. We thendown-samplethe renderedmagesl;
to obtainl;+ ;. Notethattheimageslj andl; have the samereso-
lution but are generatedrom different-resolutiorvolumesV; and
Vj 1, respectiely. |; includesthe effect of photonsthat at reso-
lution level Vj 1 exit a voxel but are scatteredbackinto it from
oneof the adjacentvoxels. 1; is thereforea little brighterthanl;.
Becausemultiple scatteringcanonly addto obseredradiancethe
differenceémage _

Dij=1j Ij

is clippedto non-n@ative valuesandup-sampledo obtain ij 1-



Startingfrom thesecond-laestresolutionlevel consideredtheup-
sampledlifferencamageDl; is addedo thedifferencamageof the
correspondingesolutionlevel DI; to obtain

DI; = Dij+ DIj :

The differenceimageDl; is repeatedlyup-samplecandcombined
with DI; for all resolutionlevelsi > 0 until thefull-resolutionlevel

i = Ois reached.The nal imagel is obtainedby addingthe ac-
cumulateddifferenceimageto the imagerenderedfrom the full-

resolutionvolume:| = lg+ |,. This nal imageincludestheeffect
of multiple scatteringup to the scalelengthof thelowestresolution
level takeninto account.

Fig. 7 depictsthe effect of wide-rangemultiple scatteringat dif-
ferentscalelengthsin forward and backward scatteringdirection.
For ahomogeneouglanarlayerof dustin front of theilluminating
star global multiple scatteringnoticeablyincreasesehula surface
brightnessAlso, nelula color becomesnorebluishbecaus®f the
monotonicallyincreasingscatteringorobability with shorterwave-
length. For dustonthestar'sfarside,ontheotherhand wide-range
multiple scatteringhasonly little effect.

We remarkthatthe describedapproachassumeshata homoge-
neousanda non-homogeneoudustdistribution of the sameaver
agedensitybothyield the sameaveragescattereaadiance Strictly
speaking this assumptionis valid only for smoothlyvarying dust
concentrations. In regions dominatedby strong density gradi-
entsthe approactstill yields qualitatvely plausibleresults,but, of
course pur methodcannotsubstitutefor full radiative transfersim-
ulationsin thegenerakase.

4.3 Nebula Generation

Our visualizationtool canrenderrealistic views of ary given 3D
dustdistribution. For planetariumshaws, the generatiorof a spe-
ci ¢ re ection netula maybedrivenby artisticandestheticdesign
criteria,while in anastrophysicasetting,the dustdistribution may
beintendedo reproducghemeasure@xperimentabrightnesglis-
tribution of somerealnetula.

For the former case we found that the following recipegener
atesnatural-appearingyntheticre ection netulae. In accordance

T
vt > E\Eﬁ\ iT
n n
Figure 6: Multi-resolution rendering to incorporate the global e ect
of multiple scattering on nebula appearance: A resolution pyramid of
imagesl|; is rendered from the mipmap representation V; of the neb-
ula volume. Imagesfrom 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 lp 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 physicalprocessesccompaning starformation, we as-
sumethatstellarwindsfrom theilluminating starhave sweptclean
the immediatesurroundings so that the staris situatedwithin a
bubbleof relatively low dustconcentrationThe swept-updustac-
cumulatesalong the edgeof the bubble where,accordingly dust
densityincreasesharply Beyond the bubble, dustconcentration
falls off exponentiallywith increasingradial distance.Sincestars
typically form in very large interstellarclouds,andbecausee ec-
tion nelulaearevisible only aroundstarsthatform nearthe edgeof
sucha cloud, the far side of the netula volumeis lled with high-
density optically denseinterstellardust. Becausethe dustalong
the edgeof the bubblehasbeensweptup by hydrodynamicstellar
wind processegjustconcentrations not homogeneousTo mimic
correspondingvariationsin local dustdensity we use 3D Perlin
noise[21] to modulatevoxel scatteringdepthtsc(X;y;2). A wide
variety of different-looking yetrealisticallyappearingnehulaecan
becreatedy varyingPerlinnoiseamplitudeandfrequeng, Fig. 11.

5 INTERACTIVE RENDERING

Priorto visualization the pre-computedcatteringableis uploaded
asa2D oating-point textureto graphicanemory A oating-point
3D texture storesthe scatteringdeptht s¢; for eachvoxel. Depend-
ing on the numberof illuminating stars,one or more 3D arrays
storethe pre-computedllumination L for eachvoxel. Addition-
ally, emissve radiancel ¢, is storedpervoxel. The 3D emission
texture allows usto simulateionized,glowing gascloudsthatmay
beintermixedwith theinterstellardust,aswell asto visualizetheil-
luminatingstar lonizedgasradiatesisotropicallyin all directions,
so Lem canbe addeddirectly to the scatteredradiancelsct in (3).
Both contritutions undego the sameextinction on the way from
thevoxel to theobserer Ly, (4).

Our re ection nehula visualizationalgorithmis basedon GPU-
basedray-casting. After determiningviewing ray parametersas
describedn [16], we usea fragmentprogramto stepalongeach
viewing vectorfrom front to backin voxel-lengthintenals. At each
step,we look up local scatteringdeptht s¢t, voxel illumination L,
andemissve RGB radiancevaluesLem from the 3D volume tex-
tures,taking adwantageof hardware-acceleratettilinear interpola-
tion. The fragmentprogramcomputeghe anglebetweenviewing
ray directionandtheincidentstarlight directionq, andquerieshe
scatteringorobability tableto determineP(tsc; ). Equation(3) is
evaluated,andthe emissve radiancelem is added. If morethan
onestarilluminatesthe dustcloud, scatteredadiances evaluated
for eachstarandsummedup pervoxel. Renderingimesandmem-
ory requirementéncreasdinearly with the numberof stars.

To quickly compute(4), we accumulateextinction depth topt



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

while steppingalongtheray. For eachray, extinction depthtsct
isinitialized eitherto zeroor to a x edoffsetin casewe wishto in-

cludeinterstellarextinction outsidethe nelula. At eachstepi along
theviewing ray, local extinction is addedup, tg;)tl = toptt thtl=a

Equation(4) canthenbequickly evaluated Notethat(3) and(4) are
actuallycomputedor thered,greenandbluechannekeparatelyy

weightingtsct accordingto Section3.2. To take large-scalgglobal
illumination effectsinto account.the hierarchicalmulti-resolution
algorithmdescribedn Sectiord.2is implementedo runentirelyon

the GPU.For display therenderedmageis optionally normalized
andgamma-corrected.

To interactvely exploretheeffectsof differentphysicalparame-
tersonnehulaappearancéragmentshaderconstantdik e starcolor,
ratio of total-to-selectie visual extinction Ry, and albedocanbe
changednthe y . We canuploadscatteringtablescomputedor
differentalbedoandanisotroy valuesaswell asfor arbitraryphase
functions. Theresultis anarti cial but physicallyplausiblerendi-
tion of there ection nelula.

Thechangen appearancdueto differentviewing directionscan
be evaluatedby simply rotatingthe nelula. However, to appreciate
the full rangeof color variations,e.g.,for planetariumshavs, we
wantto be ableto move the viewpointinsidethe nelula. By mov-
ing theviewpointthroughthe dusttowardsthe star, previously dark
cloudsbecometransparentaind overall reddeningdecreasesintil
the bluish tint of backscatteredtarlightdominates.We appropri-
atelymodify theoriginal GPU-baseday-castingalgorithm[16, 25]
to solve the problemthat ariseswhenthe nearclipping planesfall
within thevolume.

6 RESULTS

Our visualizationtool is designedo renderrealisticimagesof re-
ection nehulae. A side-by-sidecomparisorof a photocomposite
of anactualnehula (IC 5146)andthe visualizationof a simulated
dustdistribution is shavn in Fig. 8. Note how our renderingal-
gorithm producescolor huesvery similar to reality, andhow our
syntheticallygeneratediustdistribution convincingly mimicsover-
all appearancef therealnehula. Theimportanceof multiple scat-
tering on large scalescanbe seenin Fig. 9. Theincreasdan neb-
ula surfacebrightnesswith hierarchylevelsincludedsuggestshat
we are looking at ratherthin dustthatis situatedin front of the
illuminating star Fig. 10 presentsscreenshotfrom a y-around
anda y-through sequencdor two syntheticnehulaeto illustrate
the changein shapeand color with viewpoint. From the outside,
the nelula appeargeddishwith dark regionsof densedust. Once
inside the nehula, backscatteredight is responsiblefor the blue-
enhancedippearanceThe wide variety in shapeand color of re-

ection nelulae following from dustdensity distribution is illus-
tratedin Fig. 11. Dependingon dustconcentratiorand geometric
dustcon guration,the scatteredtarlight reachesheviewpointal-
mostunhinderedbluishappearancegttenuatedo varyingdegrees
(reddishappearancepr notatall (darkregions).

In additionto physicalvisualizationsye canalsoexplorethein-
uence of varying differentphysicalparametersn netula appear
ance.Theimagesin Fig. 12 shav the samenelula from the same
viewpoint, but for differentparametesettings.The astrophysically
correctreferencamageis depictedin Fig. 12(a). Fig. 12(b)illus-
tratesnehula appearancé thedustin the nehulabehaesmorelike
galacticdust,i.e.,Ry = 3:1. Becausdor Ry = 3:1, relative extinc-
tion risesmoresteeplywith decreasingvavelengththanfor Ry = 5,
nehula colorsaresomeavhatmorevivid. In reality, re ection nelu-
lae areassociatedvith hot O or B stars. In our visualizationtool,
however, we canexchangethe illuminating stat e.g.,for our own
Sun,Fig. 12(c). The coolerstartemperatureauseghe entireneb-
ula to appearredder Finally, we canvary the scatteringand ab-
sorptionpropertiesof theinterstellardustgrains. For anincreased
albedovalue, the entire nehula becomesrighter Fig. 12(d). By
enhancingforward scatteringcharacteristicsFig. 12(e), already
bright regions becomebrighter while overall contrastincreases.
In conjunctionwith known dustcon gurationsof actualnehulae,
studyingtheeffectsof dustalbedcandscatteringanisotroy onneb-
ula appearancwith our visualizationtool helpsto understandhe
optical propertiesof interstellardust[10].

In thepresencef oneilluminating starandwith multi-resolution
rendering turned off, our renderingalgorithm performs at 7.5
framespersecondnannVidia GeForce6800Ultra graphicshoard,
renderingat 512 512-pixel resolutionfrom a 128°-voxel model.
With multi-resolutionrenderingturned on, renderingframe rate
dropsto 6.1 framesper secondtaking 3 resolutionlevels into ac-
count. Alternatively, for 2,3,4 or 5 illuminating stars,rendering
frameratesare4.7,3.6,2.5,and1.9 Hz, respectiely.

7 CONCLUSIONS

We have presentedan interactve visualizationtool to realistically
renderre ection nelula appearancé&om physicalprinciples. The
algorithmrunson conventionalhardwareandallows the userto in-
teractizely vary viewing positionanddirectionaswell asto change
physicalparametersf the netula. Multiple scatterings takeninto
accountlocally aswell ason large scales. Our visualizationtool
canbe usedto createvirtual y-throughs of re ection nelulaefor
interactive desktopvisualizationspr to producescienti cally accu-
rateanimationsfor educationapurposes By varying physicalpa-
rametervalues the algorithmcanbe usedto visualizeandvalidate
hypotheticamodelsfor obsereddata

Next, we wantto useour algorithmto recover the 3D shapeof
actualnehulae. We intendto make useof additionalobserations
in the infrared [3] to be able to better constrainthe reconstruc-
tion problem. To recover both the gasandthe dustcomponenbf
gaseousiehulae,we will includeemission-lineémagesin addition
to colorbandpasémages.By concentratingrst on planetaryneb-
ulae,additionalgeometricconstraintsanbe exploited[17].

APPENDIX: MONTE-CARLO SIMULATION OF ANISOTROPIC
PHOTON SCATTERING

Let the simulationconsideN photons. Eachphotonis initialized
with aweightwp = 1=N. Insteadof acubeof edgelengthl, avoxel
is modeledasa sphereof the samevolume. The scatteringcoef-

cientis ssct= tscE . Thephotonis placedon thesphereat xg with
its travel directiondg pointing towardsthe spheres center In the
following, the photonis tracedthroughthe volumeuntil it either
emegesfrom the spherejn which caseits remainingweightw; is



addedo theappropriatairectionbin B[cosg] of its emegencean-
glecosqg = d; dg, oritsweightw; fallsbelav aminimumthreshold
andthephotonis discardedGivenauniformly distributed(pseudo-
) randomvariableu = [0; 1], the next scatteringeventof the photon
takesplaceafterit hastravelledalength

r= In(1 u)=Ssct;

wheressct = 1=t is the scatteringcoefcient. From the previous
positionx; anddirectiond;, thenew scatteringsite's 3D coordinates
are

Xi+1= X+ 1 di:

To determine the new scattering direction dj+1, scattering
anisotroy mustbetakeninto account.We arefreeto useary an-

alytic or measuredsingle-particlephasefunction. Here, we rely

on the Heryey-Greensteirphasefunction (1), adoptedrom astro-
physicsresearch For (1), the cumulative distribution function can
beinvertedanalyticallyto yield

|
2 1 ¢ 2

cosgz — 1+ i
9= 59 g 1 g+ 2gv

29

if g6 0, i.e., for non-isotropicscattering. In azimuthalanglef,
scatteringorobabilityis constant,

f=2p w:

Bothrandomvariablesv,w = [0; 1] areuniformly distributed.

To computethe new scatteringdirectiond;.1 = (dg;d%d9) in
Cartesiarcoordinatestwo casesnustbe distinguishedf the pre-
vious photondirectiond; = (dx; dy;dz) wasalmostparallelto the
z-axis,e.g.,kdzk > 0:9999,then

d2 = singcosf
d9 = singsinf
d
0 _ Z .
% = kak O
otherwise
9 = ? dydzcosf  dysinf + dycosq
d)(,) - Singq dyd, cosf + dysinf + dycosg
z
d2 = 7z singcosf + d;cosq
withz= 1 d2. Thephotonweightis multiplied by thealbedo,

Wwi+1 = W; a. Thephotonis traceduntil it eitherleavesthe sphere,
or until its weightw; falls belov a presethreshold.The simulation
endsaftersimulatingall N photons.The accumulatedaluesin the
bins, B[cosq], representherow of entriesfor tsctin the scattering
probabilitytableP(tsct; ).
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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 imagesshow the e ect when taking n= 0;1;2 and 3 resolution levelsinto account (all imageslinear gamma, identical range).

Figure 10: Screenshotsfrom a y-around sequenceof a nebula illuminated by ve stars (left), and imagesof 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.

@) (b) (© (d) (e)

Figure 12: Varying physical parameters: (a) visualization for the standard valuesa= 0.6, g= 0:6, Ry = 5, and an illuminating O-class star; (b)
sameas (a), but Ry = 3:1; (c) sameas (a), but for an illuminating star similar to our Sun (G2V-class); (d) sameas (a), but a= 0:8; (e) same
as (a), but g= 0:8.



