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Figurel: Theplanetarynetula Mz-3. Left to right: the netula's color-compositecbriginal image,the sameview renderedrom the recon-
structedvolumetricmodel,a visualizationof the netula'siso-densitysurfaces anda view of the nelula asseenfrom avantagepointin space

thousandsf light yearsfrom Earth.

Abstract

Determiningthe three-dimensionadtructureof distantastronomi-
cal objectsis a challengingtask, giventhatterrestrialobsenations
provide only oneviewpoint. For this task, bipolar planetaryneb-

ulae areinterestingobjectsof study becauseof their pronounced
axial symmetrydue to fundamentalphysical processes.Making

useof this symmetryconstraint,we presenta techniqueto auto-

matically recorer the axisymmetricstructureof bipolar planetary
nehulae from two-dimensionaimages. With GPU-based/olume

renderingdriving a non-linearoptimization,we estimatethe neb-

ula's local emissiondensityasa function of its radialandaxial co-

ordinatesandwe recover the orientationof the nehula relative to

Earth. The optimizationre nes the nelula modelandits orienta-
tion by minimizing thedifferencedetweertherenderedmageand

the original astronomicaimage. The resultingmodelenablese-

alistic 3D visualizationsof planetarynehulae,e.g. for educational
purposesn planetariumshavs. In addition,the recoseredspatial
distribution of the emissve gas allows validating computersimu-

lation resultsof the astroplysical formationprocessesf planetary
nehulae.
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1 Intro duction

Planetarynehulae (PNe)}t areamongthe estheticallymostappeal-
ing objectsin the night sky, dueto their diversity and colorful ap-
pearance. While it was soonrealizedthat we are observing2D

projectionsof 3D volumesof glowing gas,the actualspatialstruc-
ture of PNe haslong beenan objectof inquiry. It was not until

the secondhalf of the 20th centurythat, basedon earliermorpho-
logical classi cations[Curtis 1918], qualitatve modelswere pro-

posedo explainthegenerabppearancef PNe[Khromov andKo-

houtek1968;Balick 1987;Massoril989]. While thesesimplemod-
elsareableto qualitatively describethe greatvariety of obsened
PN shapesthey arenot accurateenoughto re ect the actualthree-
dimensionaktructureof arealplanetarynehulae.

In this paperwe present volumemodelingtechniquecoinedcon-
strainedinversevolumerendering(CIVR) thatrecoversthe actual
structureof bipolar planetarynehulae from 2D images. Basedon
fastvolumerenderingusing PC graphicshardware,we synthesize
realistic views from a very generalPN model. An optimization
algorithm variesthe model's emissiondistribution and compares
the renderedmodel to the actualimageuntil the renderedmodel
matchesthe obsered image. To malke the problemwell-posed,
and at the sametime obtain only physically plausibleresults,we

Iwe will use“PN” and“PNe” to referto planetarynehulaein thesingu-
lar andplural, respectiely.



constrairthereconstructiomprocessy exploiting theaxisymmetric
natureof bipolar PNe,which is both physically derivable and ob-

senationally validated. The reconstructe@xisymmetricemission
distribution enablescreatingrealisticviews of theseinterestingas-
tronomicalobjectsfrom arbitraryvantagepointsin spaceg.g. for

planetariumshavs and educationapurposes.Furthermoreasan
astroplysicalapplicationtherecoveredspatialdistribution of emis-
sive gascansene in validatingcomputersimulationresultsof PN

formationprocesses.

In the following Section,we review previous work relatedto our

contritution. After an introductoryovervien of the fundamental
physicsof PNein Sect.3we describeour constrainednversevol-

umerenderingapproachn Sect.4.Sect.5illuminatesthe practical
stepsin reconstructinglanetarynetulae. Resultsare presentedn

Sect.6.Wediscusourmethodandits limitationsaswell asvalidate
it in Sect.7 beforewe concludein Sect.8mentioningapplications
andgiving anoutlookon futureimprovements.

2 Related Work

The presented/olumetricmodelingtechniquerelieson recentad-
vancesin visualizationand graphicsresearch. The term inverse
volumerenderingvas rst emplogyedby CurlessandLevoy [1996]
to refer to updatingvolume datafrom rangeimages. Mueller et
al. [1998] usethe sametermto referto are-projectiontechniquen
CT reconstructionOur useof thetermis derivedfrom Marschners
Ph.D.thesis[1998]in which heintroducegheterminverserender
ingto denoteheideaof reconstructingceneropertiefromimage
datavia computergraphicsechniques.

Thevolumemodelingapproachwe presents basedntheability to
performvolumerenderingLevoy 1988]veryef ciently onmodern
graphicshardware.Cabraletal. [1994]demonstratbow to perform
ef cient volumerenderingusingtexture mappinghardware,a fun-
damentatechniquehatis still applicableto today's programmable
graphicsarchitecture§Rezk-Salamaet al. 2000]. For purely self-
emittingvolumes,Cabrals slicing techniquedirectly yieldscorrect
renderingresultsiMax 1995].

While spectaculaBD y-throughs of astronomicabbjectscanbe
experiencedn mary planetariumstheseanimationsarealmostal-
wayspurelyartisticpiecesof work. Onenotableexceptionis theef-
fort by Nadeatetal. [2001]whousedmassve computationapower
to createscienti cally accurateviews of the Orion nelula for the
HaydenPlanetariunmin New York [Genetti2002]. For their visual-
izations they rely ona3D modelof theOrionnelulathatwasdeter
minedby astronomer$rom decade®f obsenationaldata[Zheng
andO'Dell 1995]. Our method,in contrastsimultaneouslyecon-
structsthe 3D volumemodelandvisualizest, albeitfor adifferent
classof astronomicabbjects:planetarynetulae.

3 Planetary Nebulae

In thefollowing, we give a brief explanatoryoverview of the main
physical processeshat leadto the visual appearancef PNe. For
amorethoroughintroductionto the physicsof gaseousietulaein
generaland PNein speci ¢, we recommendhe classicbookson
thetopic by Osterbroc1989] andKwok [2000].

Despitetheirname planetarynehulaeareof extra-solarorigin: they
constitutethe lastepisodéan thelivesof moststars.On astronom-
ical scalesthey are extremelyshort-lived, existing only for a few
tensof thousandsf yearsbeforethey fadeaway, whichis why only
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Figure2: Interactingwinds theory: During its lifetime, a torus of

denseslowly outwardmoving gasgathersn theequatoriaplaneof

thecentralstar(blue). At theendof its life, thestarsuddenlyblows

off gasat a muchhigherrate. Whenthis fastwind hits the inner
boundaryof the old gasmassesthe fast-mwing gasis re-directed
andescape opposite polardirections(red).

about1,500have beendiscoreredin our Galaxysofar. Owing to
their greatdistancedrom earth,they aresmall, spanningat mosta
few arc minutesin the sky, anddim. For the work presentedhere,
we rely on publicly availableimagesthathave beenrecordedwith
theHubbleSpaceTelescopgHubble 2004]andthe Nordic Optical
Telescopeat Tenerife, Canarylslands[IA C 2004].

3.1 Photo-ionization

Whena star of initially lessthaneighttimesthe massof the Sun
nearsits end of enegy production,a strongwind blows off its
surface, carrying substantialamountsof stellar matterinto space
andexposingdeeperhotterregionsof the star This wind consists
mainly of hydrogenbut alsoof otherelementghatwerepreviously
synthesizedwithin the stars core. At the sametime, the central
star contractswhich increaseghe exposedsurfaces temperature
even further Following Wien's law for blackbodyradiation[Os-
terbrock1989],with rising surfacetemperaturehe staremitsmore
high-enegy ultra-violet(UV) photons.Oncethe staremitsenough
UV photonscarryingsufcient enegy to ionizehydrogen(13.6eV,
correspondingo a wavelengthof 91nm),the ejectechydrogengas
becomescompletelyphoto-ionized,i.e. essentiallyall hydrogen
atomsare being separatednto free electronsand hydrogenions
(protons).Within this plasmaoth constituentgrequentlyrecom-
bine to form neutralhydrogenatomsagain. Thesenewly formed
atomsaretypically in an excited state,however, from which they
returnto thegroundstatevia acascadef enegy transitionshefore
anotherUV photonionizesthe atomagain. Eachtransitionduring
this cascades accompaniedby the emissionof a photonof a dis-
tinct wavelength.Theseemission-lingphotonscanescapdrom the
nehula essentiallyunhinderedandit is thesephotonsthat we ob-
sene andthatareresponsibldor thenehula's characteristicolor.

Besideshydrogen,the other chemicalelementsin the netula are
also in ionized statesand emit photonsat characteristicwave-
lengths.Thus,imagesrecordedat differentwavelengthsenableas-
tronomersto identify differentelementsin differentregions of a
nelula, Fig.4. For most(mature)PNe,thecentralstar's UV photon
ux is morethansufcient to photo-ionizeall gasthat was pre-
viously blown off the star Assumingthat the amountof light-
absorbingdust can be neglected, we obsene the entire massof
ejectedgasasoneglowing volumein spacdKwok 2000].



3.2  Axisymmetry

Planetarynelulae glow becausegas previously ejectedfrom the
central star is being ionized by the star’s intenseUV radiation.
Photo-ionizatioralone,however, cannotexplain the axial symme-
try of bipolar PNe,sincethe centralstarcertainlyradiatessotrop-
ically into all directions. Instead;t is the non-uniformspatialdis-
tribution of the gasthatis responsibldor the bipolarappearancef
mary PNe.

A classi cationschemefor PNebasedon visual morphologywas
proposedyy Curtisearlyin the 20th century[1918]. In the 1960s,
it becameclear that the various different shapesof PNe may be
qualitatively explained by one common, general shapeviewed

from EarthatdifferentorientationgKhromov andKohoutek1968].

While this phenomenologicamodel was motivated by obsenra-

tional data,it did not explain the physical processeteadingto the
shape.Kwok [1978] and Balick [1987] nally proposeda mech-
anismthat explains the obsered gas distribution in PNe, Fig.2;

their interactingwinds theorystartswith the premisethat prior to

its nal stage,the starhasalreadybeenblowing off gas,but ata

muchslower speed Dueto the stars rotationandtheresultingcen-
tripetalforce, thiswind wasslightly strongerlongthe equatorand
the ejectedgasaccumulatedn the equatorialplane. As the rate of

gasdischageincreasesowardsthe endof the stars life, thefaster
andstrongerwind collideswith the old gasmasseslongthe star's

equator A shockfront develops,andthe fastout owing gasis re-

directedaway from the equatoy towardsthe poles. Two lobesof

gasarise, o wing away from the centralstarinto oppositedirec-
tions. This phenomenoiis ampli ed in the presencef a magnetic
eld from the centralstarwhich focusesthe out ow of the photo-
ionized gas plasma. Additionally, the fastwind might alreadybe
blowing off strongerfrom the polar regions. From the symmetry
of the systemandthe conseration of momentum the out owing

gasjets cannotdo anything elsebut be axisymmetric creatingthe
bipolarshapeof mary PNe[Morrissetetal. 2000].

In extensve gas-dynamidMellema and Frank 1989] and photo-
ionizationsimulationgMorrissetetal. 2000;Ercolanoet al. 2003]
the plausibility of the interactve winds theory hasbeendemon-
strated. On its basis,a low-dimensional(4 degreesof freedom)
shapemodelfor PNe,the prolateellipsoidalshell PES)model,was
proposedby Masson[1989]. The PES modelwas subsequently
usedby Kwok et al. [1996; 1998] to modelthe generalappear
ancesof a numberof PNeby adjustingthe four modelparameters
by hand.However, its simplegeometrycanonly give arough,qual-
itative accountof the spatialdensitydistribution of the gaswithin
PNe.

4 Constrained Inverse Volume Rendering

Thenatureof bipolarPNeenablesisto developamethodfor auto-
maticreconstructiorof the axisymmetricemissve gasdistribution
from two-dimensionaimagesas obsered from Earth. Our con-
strainedinversevolumerendering(CIVR) approachtherebyrelies
onthreekey physicalandobsenationalproperties:

Bipolar PNe exhibit a symmetryaxis. This axisymmetryre-
duceghe3D nelulavolumeto a2D emissiordensityfunction
in cylindrical coordinates.

Scatteringand absorptionis assumedo be negligible at the
visible wavelengthsat which our astronomicalinput images
areacquired.

Figure3: Axial symmetry:the structureof bipolar planetaryneb-
ulae canbe describedy a densitymapin cylindrical coordinates.
Thevolumetricdensitydistribution in 3D spacds generatedby ro-
tatingthe densitymapalongthe netula's axis of symmetry

Planetarynetlulaespanonly afew arcminutesin thesky (less
thanatenthof a degree),sotheir projectedappearances es-
sentiallyorthographic.

Our model consistsof a two-dimensionabdensitymap whoseen-
tries representixisymmetricemissiondensityvalues. The mapis
alignedwith the symmetryaxis of the netula suchthatthe central
starisin themiddle,Fig.3. The CIVR algorithmdeterminesll map
entryvaluessuchthatthecorrespondingrojectionimage obtained
by rotatingtheemissiondensitymaparoundthe symmetryaxisand
integrating emissiondensity along the line of sight, matchesthe
nehula's photograph.

Unfortunately the relationshipbetweenthe axisymmetricdensity
map and the nehula's obsered projection image remainsnon-
linear, sincewe donotknow thenehula's 3D orientation.Also, map
entriescanonly have non-n@ative values. We thereforepursuea
non-linearoptimizationapproachthatrelieson repeatedlyevaluat-
ing anerrorfunctionthatmeasureshe differencebetweerthe pro-
jectedPN modelandthe photoof its celestialcounterpartThanks
to fastvolumerenderingon moderngraphicshardware, this error
functioncanbe calculatedextremelyef ciently .

4.1 Emissive Volume Rendering

SincePNeconsistof glowing gas, synthesizindgaithful projection
imagesfrom our PN model consistsof renderinga purely emis-
sivevolume. Suchstraight-forvardvolumerenderingcanbeimple-
mentedvery ef ciently on PCgraphicshardwareby renderingmul-
tiple viewport-alignedslicesthroughthe nelula volumeat different
depthsandsummingup all renderedslices[Cabraletal. 1994]. For
eachdepthlayer, a quadrilateralperpendiculato the viewing di-
rectionandspanninghe entireviewportis sentthroughthe graph-
ics pipeline. During rasterizationa smallfragmentprogramtrans-
formsthe currentrasterizatiorcoordinatego cylinder coordinates
andperformsthe bilinearly interpolatedook-up into a 2D texture
mapthatrepresenttheaxisymmetrieemissiordensitymap.To add
upall renderedlices we make useof the oating pointbuffer avail-
able on moderngraphicshardware. An nVidia GeForce FX 3000
graphicscardeasilyattains10 fps whenrenderingl 28depthlayers
at128x128imageresolution.



4.2 Model Projection Error Evaluation

Theaim of CIVR is to determinethe emissiondensitymapentries
suchthatits 2D projection,the volume renderingresult, matches
the true PN image as closely as possible. This is accomplished
by comparingthe renderingresultto the original PN image and

systematicallyvarying the emissiondensity map valuesuntil the

projectionerroris minimal.

To quantify the differencebetweenthe model projectionand the

trueimage,the oating point buffer is readto local memory Each
renderedpixel is comparedto its correspondingpixel in the PN

image,andthe sum-of-squared-diérencesover all pixelsis com-

puted. An optimizationroutinethenvariesthe densitymapentries
andrepeatedlycalls the volumerenderingalgorithmto determine
the correspondingprojectionerror. Sinceemissiondensitycannot
becomenegative, a very high errorvalueis returnedwheneer the

optimizationroutineattemptdo setamapentryto anegative value.
This allows the otherwisegenericoptimizationroutineto be con-

strainedo a physically plausiblePN model.

4.3 Optimization

We emplo/ a standardimplementationof Powell's optimization
method[Presset al. 1992]to nd the bestemissiondensitymap
entries. It numerically nds the error function's local slopealong
all dimensiondrom whichit determineshe conjuagate-gradientli-

rection. Eacherror function evaluationentailsmodifying the den-
sity map entriesand orientationangle values,uploadingthe new

mapvaluesto the graphicscard, volume-renderinghe model,and
calculatingthe sum-of-squared-diérencesneasureThis analysis-
by-synthesidoop iteratesuntil the algorithmcornvergesto a mini-

mumof theerrorfunction. Theoptimizationbene tsfrom employ-

ing a multi-resolutionstratay, in which coarse-resolutiomodel
versionsareoptimized rst which aresubsequentlysedfor initial-

izationof the next higherresolutionmodellevel, Sect.5.2.

5 Reconstruction

For PN reconstructionthe CIVR algorithmis appliedto imagesof
planetarynehulaerecordecdat opticalwavelengths Mathematically
therecorery of theaxisymmetrieemissiordensitydistributionfrom
a2D imageis equialentto de-projectingheimage,i.e. adecowo-
lution with a point spreadunctionthatdepend®n the (unknavn)
3D orientationof thenehula. In orderto make useof theaxial sym-
metry to be ableto performthe de-projection the netula's sym-
metry axis mustbe orientedroughly perpendiculato our viewing
direction.

5.1 Pre-processing

Theconstrainednversevolumerenderingmethodtakesopticalim-
agesof planetarynehulaeasinput. Research-gradenagesof mary
PNeare publicly available on the Internet. The datausedfor our
work, andthe astronomicalmagesshavn here,arefrom the Hub-
ble SpaceTelescopeArchive [Hubble 2004] and the IAC Mor-
phological Catalogof NorthernGalacticPlanetaryNehulae [IAC
2004]. The imageshave beenacquiredwith narrav-bandpassl-
tersat distinctwavelengthghatcorrespondo speci ¢c chemicalel-
ements,Tah2. The scalarvaluedimagesexhibit a reliable linear
dynamicrangeof about16 bits.

Prior to applyingour CIVR volumemodelingmethod,the images
mustbe pre-processetb correctfor a numberof imaging-related
effectsin orderto obtainscienti cally accuratedata.For our CIVR
techniqueto producecorrectresults,we needimagesthatarecali-
bratedto exhibit a linear responseurwe, i.e. twice the numberof
photonsfalling on a pixel mustdoublethe pixel's value. We cal-
ibrate the raw imagedatausing the standardastronomicaimage
processingsoftware IRAF [IRAF 2004] and STSDAS [STSDAS
2004]. Starsnearbyandbehindthe nehula interferewith therecon-
structionprocesshecauseheir light originatesoutsidethe netula
model. We manuallymaskout suchregions. To avoid biasin the
reconstructiomesult,the CIVR algorithmdisregardstheseregions
when computingthe error function; the masled pixels are effec-
tively missingfrom the image. Due to imaging noise, the back-
groundpixels in the imagesadditionally exhibit small, non-zero
values. This is a secondpotentialsourceof inaccurag sincethe
CIVR algorithmwould attemptto modelthepixelsoutsidetheneb-
ula aspartof the nelulaitself. Thus,we thresholdtheimagesand
setthe backgroundiniformly to zero. Finally, the PN's centralstar
is identi ed in eachimage,andthe nehula's projectedaxis of sym-
metryis approximatelydeterminedThis canbedoneautomatically
by nding themaximumpixel valuein theimage(correspondingo
thecentralstar's position)andcalculatingtheprincipaleigervectors
of theimages covariancematrix.

PNearesmall objectsin the sky, andatmospheridurbulencetyp-
ically limits useful imaging resolutionfrom ground-basedele-
scopedo a coupleof hundredpixelsalongthe longestdimensions.
To determineat which resolutionour axisymmetricdensity map
may be optimally reconstructedwe rely on the Nyquist theorem,
statingthatthe highestmeasurablé&equeng correspond#o 2 sam-
plesper period. Then,for a nehula covering 256 pixelsin theim-
agealongits longestdirection, we cansensiblyexpectto recover
128pixelsin ourdensitymap.Finally, the PN imageis centerecn
the centralstarandclippedto 256x256pixels,whichis sufciently
largeto completelyaccommodatehenehulaein all ourtestimages.

5.2 Volumetric Modeling

We now apply our CIVR algorithmto eachcalibratedgrey-scale
imageindividually. Initially, all densitymapentriesaresetto zero.
Becausdhe nelula's symmetryaxis goesthroughthe centralstar
we initialize one orientationanglebasedon the slopeof the PN's
line of symmetryin theimage.The secondunknavn angle,repre-
sentingtheinclinationof thenehula's symmetryaxistowardsEarth,
is initialized to be perpendiculato our viewing direction. During
CIVR, both anglesare alsooptimizedin additionto the emission
densitymapentriesin orderto determinehetrue 3D orientationof
thenehula.

To acceleratecorvergence,our CIVR implementationfollows a
multi-resolution approach. Reconstructionstarts from a low-
resolutionversionof the densitymapandtheimage. At this level,
only a fraction of densitymap entriesmustbe reconstructedand
the modelis volume-renderedery quickly at low resolution. Af-
ter corvergence,the reconstructedow-resolutiondensity map is
scaledup to sene asinitialization for the next-higher resolution
densitymap. Whendoublingthe map's resolution renderingreso-
lution mustbeincreasedik ewise,whichin turnincreasesendering
timesduring error function evaluation. Employing four hierarcly
levels, the reconstructiorof a 128x32-pixel densitymaptakesap-
proximatelyonedayona2.4GHzPCin conjunctionwith annVidia
GeForceFX 3000graphicscard.



Figure4: Inputimages:The planetarynelula He2-437in thelight
of hydrogen,nitrogenand oxygen(from left to right). While the
original image datais scalafvalued (grey-scaleimages),correct
colorappearancis determinedy takinginto accounthecomplete
emissiorline spectrunof eachchemicalelementSect.6.1).

6 Results

We evaluatedour CIVR algorithm using imagesfrom three dif-
ferent PNe. For eachplanetarynehula, we have available sev-
eral imagestaken at different wavelengths,correspondingo dif-
ferent chemicalelements,Fig.4. Separateaxisymmetricdensity
mapshave beerreconstructedjepictingtheelementsspatialalbun-
danceshroughouthenelula, Fig.5. By rotatingtheseaxial density
mapsalongtheir upperedge the nehula's three-dimensionamis-
siondensitydistribution is constructed Figs.1,6depictcolor com-
positesof theactualPN imagesalongsidewith renderinggrom the
sameviewpoint obtainedfrom the reconstructeanodelsandvisu-
alizationsof iso-densitysurfaceswithin the netulae. The volume
renderingdn the third columnusemultiple soft isosurficesof the
gasdensityto help corvey the 3D structureof the PNe. The color
ing ontheisosurficeoriginatesfrom avolumeRGB texture gener
atedsimilarly to theimagesdescribedn the next Section.Diffuse
shadingaidsin interpreting3D shape.In additionto the emission
densitymapstheorientationanglesof eachnehulaaredetermined,
Tah1l. Notethatthe orthographigorojectionpropertyimplies that
the inclination angle canonly be recoveredup to a two-fold am-
biguity, yielding symmetricalsolutionswith respecto the perpen-
dicularorientation.By assuminganequatoriadustbelt aroundthe
centralstar this symmetrycan be broken, however, andthe dim-
mer of eitherlobe mustbe behindthe absorbinglust,asvisible for
M1-92in Fig.6.

6.1 Realistic 3D Visualization

Our reconstructed®N models enableus to accuratelyvisualize
theseattractive objectsfrom arbitrary viewpoints, useful e.g. for
planetariumshavs andothereducationapurposesTo achieve the
mostnaturalvisual impression,we wish to renderthe netulaein
accuratecolors.

For the depictednehulae,we madean effort to reproduceheir ac-
tual colors. For eachPN, we have availableimagescorresponding

PN incl. angle orient.angle
He2-437 84 =96 775

M1-92 79 =101 165

Mz-3 55 =125 1755

Table1l: Reconstructediehula orientations.The inclination angle
canonly bedeterminedip to a symmetryambiguitywith respecto
theperpendiculaB0 orientation.

element wavelength rel. line strength
hydrogen 656nm 1.00
486nm 0.35
434nm 0.16
410nm 0.09
oxygen 501nm 1.00
496nm 0.33
436nm 0.01
nitrogen 658nm 1.00
655nm 0.33
575nm 0.02
sulfur 673nm 1.00
672nm 0.6

Table 2: Nehula colors: Planetarynehulae owe their colorful ap-
pearanceo a handfulof discreteemissionlines. Thetabledepicts
emission-linewvavelengthdor therelevantelementsandtheir rela-
tive intensities(lastcolumn). By imagingthe nehula at onewave-
lengthfor eachelementtheintensitiesof the otheremissionlines
canbededucedandthe netula canberenderedn correctcolor.

to onecharacteristiemissionline for the elementsydrogen,oxy-

gen,andnitrogenor sulfur, Fig.4. Thesearethe elementgespon-
sible for the visible color appearancef PNe. We assumehatthe
imageshave beenobtainedusingnarronv-band Iters which single
out only the respectie elements emissionline. Tah2 depictsall

relevant emissionlines in the visible region of the spectrumand
their relative intensities.While relative emissionline strengthsare
someavhat dependenbn the physical conditionsinside the netula
(temperatureglectrondensity), we have adoptedhere meanval-

uesfor PNeaspublishedin the literature[Osterbrock1989; Kwok

2000]. Having renderedaview usingall elementsemissiordensity
mapsfor eachpixel we construcits spectrumaccordingo theele-
mentemissionsintensities,;Tah2, whichwe corvertto RGB values
usingthe CIE 1931 XYZ color matchingfunction valuesandthe
appropriatecolor spacdransformatiorfWyszeckiandStiles1982].

Planetarynehula imagesexhibit a wide dynamicrange. While the
centralstartypically representshe brightestregionin ary PN im-
age,the outermostegionsof glowing gasfrequentlydrown in de-
tectornoise. To simultaneouslydisplaythe bright regionsandthe
faintstructureof thegas,we emplo/ simplegammacorrectiorto all
threecolor channels More advancedtone mappingoperatoranay
yield visually evenmoreattractve renderingesultgReinhardetal.
2002]. Fig.7 depictsour planetarynehulaeasseenunderdifferent
inclination angles,correspondindo viewpointslocatedthousands
of light yearsfrom Earth[Videos]. Noticetheconsiderablehange
in appearancwith orientationangle,but alsothe diversity among
differentplanetarynehulae. By studyingthevarietyin possiblePN
appearancehe CIVR resultsmay help astronomersdentify plan-
etarynehulaeseenatlow inclinationanglesthathave sofar eluded
identi cation.

6.2 Interpretation

An astroplysical interpretationof the reconstructedxisymmetric
mapsmustbedonewith care.Especiallyour negligenceto absorp-
tion in andaroundthe nelula canleadto systematierrors. Thisis
ohviousfor M1-92, Fig.6whosesoutherriobeappearsnuchdarler
thanthe northernlobe, whichis probablydueto anequatoriabelt
of absorbingdustaroundthe centralstar It is neverthelessotice-
ablethatemissiondensityvariesconsiderablywithin eachnehula,



indicatingthatthe gasis distributedratherinhomogeneouslyn ad-
dition, concentratioomaximaof differentchemicakelementappear
to be locatedin differentregions. Finally, spatialdistribution dif-
ferssubstantiallypbetweerdifferentPNe.In He2-437 Jargeregions
of emptyspaceare presentwithin the nelula. M1-92, in contrast,
featureswo gaslobeswith small,localizeddensityconcentrations
alongthe axis of symmetry Thedistributionin Mz-3 is evenmore
comple, with mostemissionbeing concentratedlongthe shock
front.

7 Discussion

The CIVR methodreconstructshe axisymmetricstructureof PNe
such that the re-projectionis a very close matchto the actual,
recordedimage. In the following, we validatethe credibility of

CIVR resultsanddiscusgheinherentimitationsof our reconstruc-
tion approach.

Sinceour reconstructiorproblemis non-linear a proof for general
corvergenceto theglobalminimumof our errorfunctioncannotbe
given. To validatethe reconstructioresultsderived for real nelu-

lae,we would have to know theactual3D distribution. While there
exists a ratherinvolved, indirect obsenation techniqueknown as
echellogrametrjSabbadin1984; Sabbadiret al. 2000] to recon-
struct3D gasvelocitiesin sphericalnetulae,no measure®D gas
distribution datais availablefor bipolarplanetarynehulae. Instead,
we mustrely on syntheticimagesto testour approach.We make
useof Kwok's ellipsoid shellmodel[1996] to generatdestimages
for anumberof differentorientations We thenlet our CIVR algo-
rithm recover theaxisymmetriadensitydistribution andorientation
anglesandcomparethe reconstructedalueswith the original val-

uesderived from the ellipsoid shell model. For inclination angles
down to 40 degrees,the reconstructednap valuesare within the
error rangethat can be expectedfrom the optimizationroutine's

presetterminationerror threshold. The accuray of the recovered
inclination anglevarieswith anglevalue,from about3 error for

90-dareeinclinationdown to lessthanhalf adegreeat45 inclina-
tion. While we cannottestall possiblecasespur validationexperi-

mentsindicatethat CIVR reconstructiomesultsdo, indeed closely
resemblehetrue 3D structureof planetarynehulae.

CIVR canbe appliednot only to bipolar PNebut alsoto spherical
nehulae by exploiting their point symmetry Only for irregularly
shapedhehulae, e.g. if the out owing gascollideswith interstel-
lar gasclouds,our reconstructiorapproachs not applicable.Our
methodworks bestfor netulaeseenat high inclinationangles;.e.
for PNewhoseaxisof symmetryis orientedapproximatelyperpen-
dicularto ourviewing direction. This canbeunderstoodby approx-
imatingthereconstructiorasaninverselinearproblemandlooking
at the conditionnumberof the projectionmatrix. With decreasing
inclinationangle,i.e. whenthe PN's symmetryaxisapproachethe
viewing direction,the conditionnumberincreasesndthe (unregu-
larized)reconstructiormresultbecomesainstable.At 0 inclination,
thesymmetryaxispointsdirectlytowardstheobsenrer, andtheneb-
ula’s axial symmetryis of no useto constrainthe reconstruction
problem: the linear systemof equationss underdetermined.Our
validation experimentsindicate that CIVR is capableof robustly
reconstructing®Nedown to inclinationanglesof 40 .

8 Conclusions

We have presente constrainednversevolumerendering(CIVR)
approacho recoserthethree-dimensionalistribution of thephoto-

ionizedgasin bipolarplanetarynetulae(PNe)from opticalimages.
Thanksto their inherentaxial symmetry we areableto usean ax-
isymmetric model to describethe netula's emissiondistribution
in spacetherebyconstrainingthe reconstructiorproblem. Being
purelyemissve, the PN modelis volume-renderedf ciently using
modernPC graphicshardware. By comparingthe renderingresult
with theactualimage,anoptimizationalgorithmvarieslocal emis-
sion aswell asorientationanglesto matchthe renderedmnodelto
therecordedmage.

From the reconstructedpatialemissiondistribution, the nelhulae
canbe renderedrom arbitrary perspectie. Applicationsinclude
creatingrealistic visualizationsof PNe asillustration materialfor

astronomycoursesscienceprogramsandplanetariunshows. Col-

laborationswith a numberof planetariumsreundervay. Further

more,the recoreredaxisymmetricshapes usefulfor studyingthe
spatialrelationshipsof elementatundancesaswell asto validate
andre ne the interactingwinds theory By comparingCIVR re-

constructionresultsto photo-ionizationand gas-dynamicsimula-
tions [Armsdorfer et al. 2000], astroplysical modelsof planetary
nehulae can be validated. This way, a generalevolutionary se-
quenceamongobsened PNemight be establishedhatcanexplain

thevariationin compositionandappearancbasecdn only a hand-
ful of physicalpropertiesof the centralstar

Next, weintendto take into accountlsothedustcomponentiuring
reconstruction. Extinction mapscan be reconstructedrom addi-
tional radio-continuunobsenationswhich arenot affectedby dust
absorption.By makingthe plausibleassumptiorthatthe dustdis-
tribution also exhibits axial symmetry the spatial distribution of
theionizedgasandthe dustcanbe recoreredsimultaneously As
a bene cial side effect, the reconstructediustdistribution will re-
solve thetwo-fold ambiguityin therecoveredinclinationangle.For
reconstructionywe have not madeuseof regularizationanddid not
enforcesmoothness ourreconstructedensitymapswhichcanbe
easilyincorporatednto our enegy function. For noisyimages,or
if the netula is only approximatelyaxisymmetric,suchadditional
constraintawill stabilizereconstruction Anotherintriguing exten-
sionyielding visually evenmoreattractive resultsconsistf recon-
structingthe 3D structuren two stepsafterthegenerabxisymmet-
ric structurehasbeenrecorered theremainingdifferencedetween
the renderedmodel and the image may be attributedto emission
densityvariationson the nelula’'s shockfront, i.e. wherethe ex-
pandinggascollideswith theinterstellatmedium.This assumption
is plausiblesincesmall-scaledensityvariationsare mostprobably
dueto turbulencealong the fast stellar wind's shockfront. This
way, non-axisymmetriacletailspresentin PN imagesare incorpo-
ratedinto themodelandcanbereplicatedduringvisualization.
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Figure6: CIVR modelingresultsfor the planetarynetulaeHe2-437(top) andM1-92 (bottom). Left to right: the color-compositedriginal
image thesameview renderedrom thereconstructednodel,anda visualizationof the nehula's iso-densitysurfaces.

Figure7: Unfamiliar views: He2-437 M1-92,andMz-3 (top to bottom)atinclinationangles35 , 35 , and10 (left to right).



