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Motivation

Reflection Nebulae

ä Attractive objects
• Colorful, diverse appearance

ä Astrophysical relevance
• Star formation, stellar evolution

• Interstellar matter

ä Interesting physics
• Example of complex interplay 

between light scattering and extinction

Hubble Heritage Project, © STScI/NASA
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Goal, Challenges, Contribution

ä Goal
• Interactive visualization & exploration tool

• Astrophysically correct 

• On standard PC + graphics card

• Educational & scientific applications

• Animation production for planetarium shows
• Astrophysics courses
• Model validation in astrophysics

ä Challenges
• Arbitrary, inhomogeneous 3D geometry

• Anisotropic scattering characteristics

• Wavelength-dependent  scattering & extinction

• Multiple scattering

ä Contribution

New rendering approach for participating media
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Overview

ä Related work
ä Physics of reflection nebulae
ä Our model
ä Implementation
ä Results
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Astro-Renderings

e.g.,

ä Voyager Fly-by Animations
[Jim Blinn 1977-1987]

ä Solar Journey Project
[Hanson et al. 1999-]

ä Fly-through Animation of the Orion Nebula 
[Nadeau et al. 2001]

ä Physically based Night Sky Model 
[Wann Jensen et al. 2001]

ä 3D Reconstruction of Planetary Nebulae
[Magnor et al. 2004]
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Related Work - Graphics

ä Rendering of Participating Media
• Kajiya and von Herzen [Siggraph’84]
• Rushmeier and Torrance [Siggraph’87]
• Max [TVCG’95]
• Stam [EGRW’95]

• As visualization aid
• Kniss et al. [TVCG’03]

• For enhanced realism
• Jensen et al. [Siggraph’01]
• Premoze et al. [EGSR’03]
• Riley et al. [EGSR’04]

ä Fast ray casting on GPU
• Krueger and Westermann [Vis’03]
• Scharsach [CESCG’05]
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Related Work - Astrophysics

ä Reflection nebulae – 3D geometry
• Henyey and Greenstein [ApJ’38]
• Witt and Schild [ApJSS’86]
• Gibson and Nordsiek [ApJ’03]

ä Interstellar dust – optical properties
• Phase function

• Henyey and Greenstein [ApJ’41]
• Witt et al. [ApJ’82]
• Sellgren et al. [ApJ’92]
• Calzetti et al. [ApJ’95]

• Extinction
• Cardelli et al. [ApJ’95]

• Summary
• Gordon [Astrophysics of Dust, ASP conference’04]
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Physics of Reflection Nebulae

ä Around young, hot star(s)
• Cocoon of gas & dust

ä Gas component
• Partially ionized

• Line spectrum

ä Dust  component
• Scatters (“reflects”) illuminating star light

• Continuous spectrum
• absorbs direct & scattered light 

• Dark regions

Hubble Heritage Project, © STScI/NASA
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Interaction of Light with Single Dust Grain 

ä Absorption
• Absorption cross section sabs

ä Scattering
• Scattering cross section ssct

• Wavelength-dependent, varies
with particle size / wavelength

ä Extinction
• sext =ssct + sabs  attenuation of directed light

ä Albedo
• a = ssct / sext ratio of radiosity to irradiance @ given wavelength

ä Effect
• Scattered (diffuse) light: bluish tint
• Attenuated (directed) light: reddish tint
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Interaction of Light with Single Dust Grain 

ä Scattering II
• Scattering phase function p(q,j )

• Depends on particle size, shape, material

• Varies with wavelength, polarization

• Exact: Mie theory (expansion series)

ä Ensemble of dust particles
• Wide range of sizes, shapes, orientations, 

various chemical compositions

• Average extinction & albedo
• Polychromatic, incoherent, unpolarized light 

• Average single-scattering phase function

– Astrophysics: Henyey-Greenstein
» Axial symmetry

» Anisotropy factor g  [ -1,1]
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Interstellar Dust

ä “Soot” 
• Spewed out by old stars

• Carbon & silicon compounds
• Ensemble of particle sizes

• Mostly 100 – 1000nm
• Ensemble scattering properties

• Albedo a » 0.6, anisotropy g » 0.6
– Universal throughout galaxy
– Wavelength-independent

• Wavelength-dependence of sext 

– sext
blue/ sext

green » 1.2 - 1.3
– sext

red/ sext
green » 0.75 - 0.8

[from Gordon “Interstellar Dust Scattering Properties”, 
Astrophysics of Dust, ASP Conference Series, 2004]



13

Overview

ä Related work
ä Physics of reflection nebulae
ä Our model
ä Implementation
ä Results



14

Nebula Volume 
Generation

ä Nebula discretization
• Resolution: 1283 voxels
• Dust & gas density value per voxel

ä Density distribution generation
• 3D Perlin noise

=

3D
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Light Transport

Inhomogeneous dust distribution
ä Local dust density r (x,y,z)

• varies throughout nebula

Scattering, extinction
ä Proportional to dust density

• Local extinction coefficient  sext ×r (x,y,z)
• Local scattering coefficient s sct ×r (x,y,z) =  a ×sext ×r (x,y,z)
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Light Transport Model 

For each voxel
ä Radiance received from star(s) Lill
• Optical depth along r : t opt(r)
• Constant, pre-computable

ä Radiance sent into view direction
• From gas component Lem

• Constant, pre-computable
• From dust component Lsct

• Density r (x,y,z), scattering angle q
• Effective phase function Pr (q)
• Viewpoint-dependent

ä Radiance received at viewpoint Lobs
• Optical depth along l : t opt(l)
• Viewpoint-dependent
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Per-Voxel Scattering Phase Function

ä Effective scattering phase function Pr (qn)
• Probability density function
• Varies with dust density r

• Multiple scattering events within voxel

ä Radiative transfer
• Assumption: dust density constant within voxel

ä Monte-Carlo simulation
• Single-scattering phase function p(q)

• Henyey-Greenstein model
• Simulation of many scattering events

• Until photon leaves voxel volume
• Until photon weight less than threshold

• Weighted binning
• n scattering directions qn

qr
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Effective Scattering Phase Function

s sct ×r



19

Per-Voxel Scattering Characteristics

ä Color effects
• Different extinction & scattering coefficient values for R,G,B

• Different effective scattering phase functions

ä Single-voxel layer 
• Appearance with increasing dust density r

• in front of star
– Bluish tint (scattering)
– Reddening (extinction)

• behind star
– Bluish tint (scattering)
– Star color (diffuse reflectance) rr

rr

Appearance depends on 
3D dust distribution and viewpoint
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Large-Scale Multiple Scattering

Multiple scattering effects
ä Per-voxel effective scattering phase function Pr (q)

• Considers only scattering events within voxel
• Omits photons leaving voxel & being scattered back in

• Computed scattering probability (a little bit) too low

ä Multi-resolution rendering 
• Consider nebula volume at different resolution levels

• Low resolution: large voxel volume 
• Render view for each resolution level

• Includes photons multiply scattered on larger scales
• Combine images from different-resolution volumes

• Preserves view detail from full-resolution volume model
• Adds multiple scattering effect on large scale
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Multi-Resolution Rendering
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Multi-Resolution Rendering
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Multi-Resolution Rendering
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Multi-Resolution Rendering
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Multi-Resolution Rendering
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Multi-Resolution Rendering
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Large-Scale Multiple Scattering Effect
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Multi-Resolution Rendering: Limitation

ä Hierarchical volume representation
• Downsampling: dust density averaged over 8 neighboring voxels

ä Assumption
• Average dust density yields 

representative effective scattering phase function
• Valid if dust density varies smoothly
• Breaks down in regions of steep dust density gradient

– Full-blown 3D radiative transfer simulation necessary
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Overview

ä Related work
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ä Implementation
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Reflection Nebula Visualization

On GPU
ä Volume ray-casting
• Per pixel

• Trace ray through volume
• Along ray

• Accumulate emitted & scattered radiance
• Keep track of optical depth to viewpoint

ä For each R,G,B color channel individually
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GPU Ray-Casting

Krueger and Westermann [Vis’03], Scharsach [CESCG’05]
(modified to include case where viewpoint lies within volume)

• Render volume bounding box for front and back faces
• Determine ray direction and ray length from color values
• Invoke fragment shader to query 3D texture at constant intervals
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Initialization

ä Generate 3D dust & emission density distributions r , Lem
• 3D Perlin noise

ä Pre-compute
• Illumination radiance per voxel Lill

• For each illuminating star separately
• Effective scattering phase function tables Pr (qn)

• MC simulations

ä Initalize graphics card
• 3D Textures

• Dust density r
• Emission density Lem

• Per-star illumination radiance Lill

• 2D Texture LUT
• Effective scattering phase function Pr (qn)
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Rendering Algorithm

For each pixel
ä Trace ray from front to back

• Initialize accumulated optical depth, ray radiance

• t opt(l)=0, Lobs=0
• For each interval step along ray

• Query 3D textures for r , Lem, Lill

– Trilinear interpolation

• Compute angle between star and viewer q
• Query 2D texture LUT Pr (qn)
• Determine radiance scattered in view direction Lsct

• Attenuate scattered and emission radiance according to t opt(l)
• Add to ray radiance Lobs

• Add voxel’s optical depth to accumulated optical depth t opt(l)
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Reflection Nebula Rendering

ä GeForce 6800GT, 1283 voxels, 512x512 pixels
• 1 star, no global scattering: 7.5 fps
• 1 star, global scattering: 6 fps
• 5 stars, global scattering: 2 fps

• Rendering time, memory requirements 
• linear in number of stars

• Contrast rendering
• Automatic per-frame gamma correction
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Physics Exploration Tool

Effect of parameter variation 
on nebula appearance
• Star’s spectral class/color
• Wavelength dependence of 

dust extinction
• Scattering phase function

ä Validation of 
astrophysical models 

• interstellar dust properties
• 3D nebula geometry
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Reflection Nebula 
Visualization

ä Interactive visualization tool
• Conventional PC + graphics card

• Astrophysically correct

ä New rendering approach for participating media
• Arbitrary, inhomogeneous 3D distribution

• Arbitrary scattering phase function

• Arbitrary albedo

• Wavelength dependence

• Multiple scattering effects (local & global)

ä Applications
• Education: planetarium shows, astrophysics courses

• Astrophysics: model validation 

www.grovis.de


