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ABSTRACT

Spiral Galaxies are among the most stunning objects in the night sky. However, reconstructing a 3D volumetric
model of these astronomical objects from conventional 2D images is a hard problem, since we are restricted to
our terrestrial point of view. This work consists of two contributions. First, we employ a physically motivated,
GPU-based volume rendering algorithm which models the complex interplay of scattering and extinction of light
in interstellar space. Making use of general galactic shape information and far-infrared data, we secondly present
a new approach to recover 3D volumes of spiral galaxies from conventional 2D images. We achieve this by an
analysis-by-synthesis optimization using our rendering algorithm to minimize the difference between the rendition
of the reconstructed volume and the input galaxy image. The presented approach yields a plausible volumetric
structure of spiral galaxies which is suitable for creating 3D visualization, e.g., for planetarium shows or other

educational purposes.
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1 Introduction

The night sky emanates a deep fascination. It has been
the target of contemplation and research efforts since
the earliest beginnings of human culture. The colorful,
attractive appearance of astronomical objects is awe-
inspiring. Besides their esthetical value, astrophysi-
cists are able to draw conclusions about the origin of
the cosmos from scientifically studying these objects.
Therefore, telescopes around the world and in space
record and collect data that is not only useful for physi-
cists but also stunning and beautiful to everybody on
earth.

By looking through an eye-piece of a telescope one
can see various objects in the night sky, e.g. plan-
ets, stars, all sorts of nebulae and galaxies. To get
an impression on how these objects look like from a
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different viewpoint than our terrestrial position one
has to visualize astronomical objects in their three-
dimensional shape and simulate the visual effects by
exploring physical properties of light in interstellar
material.

The increasing interest of 3D visualization in TV doc-
umentaries, science fiction movies, games and educa-
tion makes it desirable to find a realistic representa-
tion of astronomical objects. Todays animations are
often based on a more artistic then physically correct
representation of astronomical objects, even though it
is useful to give a more realistic impression of what
can be observed. Furthermore we can use our results
to provide additional information in telescope applica-
tions like recently published by Lintu et al. [LMO05] to
increase the understanding of the observed data.

In this paper we present an approach on how to de-
termine the three-dimensional shape of spiral galaxies
from conventional 2D images, which is, in general, a
very challenging problem, due to our restricted point
of view.

However, our approach relies on several physical in-
formation about the object, like a general shape evolved
from its formation. Additionally we use different
band-filtered data from the objects observation to gain
more insights of the material it consists of. The ap-
pearance of spiral galaxies is significantly determined
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Figure 1: M81 as photographed from the Spitzer Space
Telescope in the infrared light © NASA/Spitzer [Tel].
(a) Galaxy M8L1 in visible light. (b), (c), (d) M81 at
three different infrared wavelengths (3.6, 8, and 24
wm, respectively).

by the amount of interstellar material within the galax-
ies, because clouds of dust have scattering and extinc-
tion properties at different visible-light wavelengths as
can be seen in Figure 4 from [BM98]. To be able to re-
construct a 3D volumetric model of spiral galaxies we
have to simulate these effects.

The paper is structured as follows. After a brief
overview of related work, we provide some fundamen-
tal background information about galaxies in Section
3 We describe our volumetric radiance model, which
is important for the reconstruction process in Section
4 and illustrate in detail how to recover the actual 3D
volumetric shape in Section 5 Our results are presented
in Section 7

2 Previous Work

Pioneering work in visualizing virtual space journeys
was done by Jim Blinn [BIi87] and his set of anima-
tions called “Voyager Fly-by Animations*, ‘Cosmos*
and ‘The Mechanical Universe* from the late 70ies and
early 80ies. Many spectacular, almost always artistic,
3D fly-throughs of astronomical objects can be seen in
planetariums. An exceptionally physically based work
is done by Nadeau et al. [NGN*+01], [NE]. They em-
ployed massive computational power to create scien-
tifically justified views of the orion nebula. Their vi-

sualization relies on a 3D model of the Orion nebula
that was determined by astronomers from various ob-
servational data [Z095]. Hanson et al. [HFWOQO0] did a
lot of work on large scale visualization of astronomi-
cal data and more recently on exploring the physical
Universe as an enormous environment. They intro-
duce a so-called powers-of-ten visualization architec-
ture to provide scale-independent modeling and ren-
dering [FHO5].

Magnor et al. [MKHO04] recently reconstructed and
rendered 3D models of planetary nebulae. Former as-
trophysical research had shown that some planetary
nebulae have specific symmetry characteristics due to
physical processes of their formation. The basic idea
is to use astronomical image data and symmetric struc-
tural constraints of the nebulae to reconstruct the three-
dimensional volume by an analysis-by-synthesis ap-
proach. They introduced the term constraint inverse
volumetric rendering (CIVR) as a GPU-based opti-
mization procedure to reconstruct a volumetric model
for planetary nebulae. Magnor et al. [MHLHO5] most
recently visualized physically correct reflection neb-
ulae by taking into account the astrophysical proper-
ties of dust in interstellar space. Reflection nebulae
are clouds of interstellar dust which are reflecting visi-
ble light of a nearby star or stars. That results in a very
colorful interplay between scattering and extinction ef-
fects and makes them one of the most colorful objects
in the night sky. The used volume rendering approach
employs the Henyey-Greenstein scattering phase func-
tion to create a lookup table for the amount of light
scattered in the observer’s direction [HG41], [Gor04],
[HG38]. The synthetic data sets mimic artificially gen-
erated reflection nebulae very realistically.

In this paper we rely on the proposed reconstruc-
tion and rendering technique ((MKHO04], [MHLHO05])
but employ different optimization constraints and an
adopted visualization model.

Fundamental basic knowledge and research about galac-
tic astronomy can be found in Binney et al. [BM98].
They provide a complete overview of colors, morphol-
ogy and photometry of galaxies, as well as the proper-
ties of interstellar material and its effect on observed
data.

3 Background

A galaxy is a system of stars, interstellar gas and dust,
dark matter in the center and possibly dark energy.
Galaxies usually contain 10 million to one trillion stars
orbiting a center of gravity. It consists of rarefied inter-
stellar material, star clusters, single stars and various
types of nebulae, such as emission-, dark-, planetary-
and reflection nebulae. The generic shape in Figure 3
can be divided into a center bulge embedding very old
stars, a circular disk of younger stars and a surround-



ing spherical halo [BM98].

3.1 Shape Classification

Astronomers classify galaxies based on their overall
shape and further by the specific properties of the in-
dividual galaxy, like the number of spiral arms, the de-
gree of the ellipse or the pitch angle of the spiral. The
system of galaxy classification is known as the Hub-
ble sequence or Hubble tuning fork which is shown
in Figure 2. This classification scheme starts at the
left with elliptical galaxies (EO-E6 types) divided by
the factor of oval-shape. Then the diagram splits into
two branches. The upper branch shows spiral galax-
ies (Sa-Sc types) which are basically split into differ-
ent spiral pitch angles. The lower branch (SBa-SBc
types) covers barred-spiral galaxies that differ in their
characteristic formed bar in contrast to the spherical
shaped bulge of Sa-Sc types. We will focus on re-
covering galaxies of type Sb and Sc using data from
the Spitzer telescope [Tel], in particular Galaxy M81,
a publicly available data set that can be used for the
proposed reconstruction method.

Hubble Classification Scheme

Spirals

Ellipticals

BarredSpirals

Figure 2: Hubble Classification Scheme (©)S.D. Cohen
(from [Coh]). The Hubble Classification Scheme is
able to capture the topological diversity of most galax-
ies. From left to right, spherical and elliptical shapes
are succeeded by spirals of different extent, with or
without a central bar.

The arms of spiral galaxies approximately have the
shape of a logarithmic spiral and are areas of high
density or density waves and can be observed at vis-
ible wavelengths. The high concentration of gas and
dust in the arms facilitates star formation of very bright
stars.

3.2 Interstellar Dust

A galaxy viewed from the front, the so-called face-
on view, shows dark spiral stripes containing interstel-
lar dust (see Figure 3). Interstellar dust has the prop-
erty to scatter and absorb photons at different wave-
length. Blue light is scattered more often, because the
size of many of the individual grains of space dust is
about the same as the wavelength for blue light vary-
ing between 100nm and 1pm. It means, that much

of the blue light emitted from stars in the galaxy be-
hind the dust clouds gets scattered away from our di-
rect view, making the stars in the galaxy, as we see
them through the dust look redder and dimmer than
they actually are [BM98]. The wavelength-dependent
scattering properties of particles are described by the
Mie scattering theory [vdH82]. Furthermore photons
that get absorbed from the dust convert the energy into
heat. Thus, the dust transforms blue light into far in-
frared light and the absorption of starlight warms dust
grains to =~ 10K. At this temperature they radiate sig-
nificantly at A ~ 200um, and photons of this wave-
length can escape.

Figure 1 shows infrared images obtained by Spitzer’s
infrared array camera, a space telescope to obtain im-
ages and spectra in infrared at wavelengths between
3 to 180 micron, that cannot be detected from Earth
[Tel]. It exhibits a four-color composite of Galaxy
M81 which is located at a distance of 12 million light-
years from Earth. The images of visible and invisible
light show emissions from wavelengths of 3.6 microns
(blue), 8 microns (green), and 24.0 microns (red). Im-
ages in near-infrared collected at 3.6 micron trace the
distribution of older and redder stars and are virtually
unaffected by obscuring dust. As one moves to longer
wavelengths, the spiral arms become the dominant fea-
ture of the galaxy. The 8 micron emission is domi-
nanted by infrared light radiated by hot dust that has
been heated by nearby luminous stars. The dust par-
ticles are composed of silicates, carbonaceous grains
and polycyclic aromatic hydrocarbons and trace the
gas distribution in the galaxy. The well mixed gas and
dust, which is best detected at radio wavelengths, pro-
vide a reservoir of raw materials for future star forma-
tion. The 24-micron image shows emission of warm
dust heated by the most luminous young stars. The
bright knots show where massive stars are being born.
These star formation regions are of great astrophysical
interest because they help identifying the conditions
and processes of star formation [Tel].

Galactic Disk
Bulge with spiral arms

Figure 3: Generic Galaxy Shape. On the left is the so-
called edge-on view (90°). The dust is concentrated
along a galaxy’s equatorial region. Compared to the
right, which is often referred to as face-on view (0°),
where the dust is concentrated along the spiral arms.



4 Galaxy Visualization

From our terrestrially confined viewpoint, recovering
the actual three-dimensional shape of distant astro-
nomical objects is very challenging. The key to re-
construct a 3D spiral galaxy volume from an 2D im-
age is to find a visualization technique which is able
to reproduce the visual effects of the galaxies appear-
ance. Figure 4 shows that due to the distribution of
dust within the galaxy a complex interplay of light and
dust takes place. The appearance of galaxies as we see
them can be described by effects of scattering and ex-
tinction [BM98]. Thus, we need to find a visualization
model that simulates realistically these effects.

Figure 4: Effects of scattering and absorption of light
by dust. Light from the top reaches the observer with-
out obstruction. Light from the lower part is partially
absorbed and scattered into the path of the observer.

4.1 \olumetric Radiance Model

At this point we can make use of a method proposed
by Magnor et al. [MHLHO5]. They are simulating
the effects of interstellar dust for reflection nebulae.
Adopting their visualization model to galaxies can be
done as follows: first, we subdivide the space around
the galaxy into voxels. Each voxel is assigned the ra-
diance L;; arrived at the voxel from the stars and a
value proportional to the density of dust m.., where
Tset = Osct - 1, With [ as the size of the voxel and
osct @S the scattering coefficient, the average amount
of scattering, for a voxel.

Only a fraction P(m,.) of the radiance L;; at a voxel
is scattered into the observers direction to define L ;.
P(7set) Is pre-computed and tabulated using a Monte-
Carlo simulation. Since we assume isotropic scatter-
ing due to the large-scale structure, the portion of scat-
tered light is not direction-dependent in contrast to re-
flection nebulae rendering [MHLHO5].

Lsct - Lill . P(Wsct) (1)

However, the scattered light still must travel the path
form the voxel to the observer, where it also is at-
tenuated along the line of sight due to optical depth
Topt = Tset/a iN the interstellar medium. The albedo,
a = [0, 1] can be described as the average percent-
age of radiation that is being scattered on a single dust

particle. It becomes zero when the dust is completely
black and all incident radiation is absorbed and one
when all photons are deflected by the particle. As
pointed out in [Gor04], it is reasonable to assume that
for the current measured and analyzed data at visi-
ble wavelengths the albedo is a ~ 0.6 throughout the
galaxies. That yields

L =Ly -exp™ fol Topt (I")dl’. (2)

Since 74, and o, vary with wavelength we compute
L separately for the red, green and blue channel. Bin-
ney et al. [BM98], Magnor et al. [MHLHO05] and
Cardelli et al. [CCMB89] illustrate the wavelength-
dependent effects of extinction which can be described
by astrophysical parameters such as the ratio of total-
to-selective extinction. We also take these values into
account.
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Figure 5: Discretization of the space around the galaxy
into voxels. Each voxel emits light according to local
star density (a). A fraction of the light is scattered de-
pending on dust density or scattering depth 74.;. More
light is absorbed on distance [ from the voxel to the ob-
server.

Figure 5(a) shows the radiance L;; that is received at
a volume position (x,y,z) and the scattering depth 7.,
proportional to the dust density in Figure 5(b) . More
details on how we can derive these values from the 2D
observations for reconstruction are described in Sec-
tion 5

4.2 Interactive GPU-Raycasting

Our rendering algorithm relies on graphics hardware-
based ray-casting. The basic idea, proposed by Krueger
[KWO03], is simple. The dataset is stored in a 3D
texture to take advantage of built-in trilinear filtering.
Then a bounding box geometry is created encoding the
position in the data set as colors, i.e., we can interpret
these as 3D texture coordinates.

The rendering algorithm runs in four passes. The first
two passes prepare the proxy-geometry, i.e., render



front- and back-faces, and compute the ray direction
and length. In the third pass we first issue a fragment
program to step along the viewing vector from front to
back in voxel length intervals. The pre-computed scat-
tering table P () is uploaded as a 1D floating-point
texture to graphics memory. A 3D floating point tex-
ture stores scattering depth 75.; and illumination L;;
for each voxel. At each step along the ray we lookup
local scattering depth 7., and voxel illumination L;;;
from the 3D volume textures. These values are trilin-
ear interpolated on graphics hardware. Then the frag-
ment program queries the scattering lookup table to
determine P(msct). Lset €an be determined by (1).
L.+ undergoes extinction o.,: = msct/a on the line
of sight which is accumulated by stepping along the
ray to compute L (2). The image correction is done in
the final fourth pass.

5 3D Reconstruction

The proposed visualization model is able to capture
the general effects of interstellar material that are re-
sponsible for the overall appearance of galaxies. How-
ever, to reconstruct the galaxy from a conventional 2D
image we have to recover dust density and light distri-
bution information from observational data.

Before analyzing the images in Figure 1 we compute
their geometric moments up to the second order and
center, rotate and de-project the images, i.e., correct
to a face-on view as commonly done in astrophysical
research. Now, we can recover approximately the den-
sity of dust by adding up Figure 1(c) and Figure 1(d).
Adding up the dust images is essentially like accumu-
lating different sorts of interstellar material that radiate
at different infrared wavelengths because of their size
and temperature. The image intensity can be then in-
terpreted as a dust density which is proportional to the
scattering depth 7., shown in Figure 6(b). The radi-
ance L;; received at a voxel can be taken from Figure
6(c) which shows the star light unaffected by obscur-
ing dust and can be interpreted as the distribution of
light at a specific point in the galaxy.

However, we still have to take the amount of light into
account that gets scattered in the observer’s direction.
Also, we account for the attenuation by optical depth
when light travels through the galaxy to the observer
asseeninEqg. (1) and (2). L;; and 7., taken from the
observational data, are sufficient to define our volume
data structure.

We now can try to fit our 2D image in the generic
galaxy shape using a simple back-projection approach.
By back-projecting the image we smear it through the
volume constraint by the generic galaxy shape which
can be described by a gaussian function (see Figure 3).
We discard all values outside the model and weight
their contribution according to the distance from the
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Figure 6: Reconstruction results from infrared image
data, see Figure 1. We can achieve similar render-
ing results by extracting a dust distribution from the
infrared images. (a) Original image in visible light,
deprojected to face-on view. (b) Reconstructed dust
distribution (c) Star light distribution at 3.6 um (d) Re-
sulting rendition.

center.

However, just back-projecting the dust distribution
into the generic shape creates stripes that make the im-
age look unnatural. Using procedural noise [Per85] we
can break up these stripes in a more natural way.
Figure 6 shows, that the original image (a) can be im-
plicitly reconstructed by using the dust distribution (b)
and a radiance profile in image (c). Image (d) shows
the result. It is interesting to see that without any fur-
ther information, just by using dust and light distribu-
tion we can achieve a similar appearance of the galaxy.
The blueish tint of the rendition (d) shows the assumed
dust density map is not sufficient enough to reconstruct
the galaxy realistically.

Using the adopted reflection nebulae rendering
[MHLHO05], [Hil05] is still an approximation, since
the effects of scattering and absorption effects for the
nebulae are only evaluated locally for a few stars and
not globally for the entire galaxy. However, we can
assume a dust density or scattering depth 7., and a
radiant power of star light L;; at any voxel for our
galaxy visualization model. By reconstructing a dust
density map from several band-filtered infrared images
it is possible to find a valid representation for an orig-
inal image. As mentioned in Section 3.2 mid- and far-



infrared data provide necessary information about the
dust distribution of the galaxy. Now, we can expand
this approach by using the reconstructed dust density
map as an initialization parameter for an analysis-by-
synthesis algorithm to approximate the original shape
more closely.

6 Analysis-by-Synthesis

Reconstruction
3D image analysis-by-synthesis is the general concept
of inverting the image formation process by solving
the forward problem repeatedly while adjusting the pa-
rameters of the reconstruction until the differences be-
tween the original and the synthesized image are min-
imized.

optimize
density
entries

update voxel
mparison
J volume co raliz

. rendering
*

Figure 7: Analysis-by-synthesis scheme for spiral
galaxy reconstruction. The volume is rendered and the
difference between rendition and original is evaluated
using sum-of-squared differences. After optimizing
the model parameters in the dust density distribution
we update the volume and render again.

The spiral galaxy reconstruction approach relies on
constraint inverse volume rendering (CIVR), Magnor
et al. [MKHO04]. However, our CIVR approach is
based on the generic shape of the galaxy and the pro-
posed visualization method. The model we want to
optimize is the dust density map which is proportional
with the scattering depth 7,.;. The approximated im-
age in Figure 6(b) can be used as prior knowledge and
as an initial guess for the optimization. The galaxy
rendering provides the basis of our approach, since we
assume that it is a plausible way to realistically visual-
ize galaxy volumes. It is important to understand that
a visualization which cannot provide plausible render-
ings, cannot be used for this approach, since we rely
on evaluating the error functional based on the rendi-
tion and the image difference.

Given that the galaxy visualization is a non-linear pro-
cess we employ non-linear optimization, i.e., a stan-
dard implementation of Powell’s non-linear optimiza-
tion method [PFTV92]. Powell’s direction set numer-
ically evaluates the error function’s local slope along
all dimensions of the model m1__ x from which it de-
termines the conjugate-gradient direction.

The aim of the optimization is to determine the closest
possible solution for the 2D projection, i.e., the vol-
ume rendering result that matches as closely as pos-
sible with the original galaxy image at visible wave-
lengths. Each optimization iteration step entails a
modification in the volume data set, uploading the
modified data onto the graphics card, rendering the
model again and re-evaluating the error measure, as
shown in Figure 7. To qualify the difference between
both images we compare the corresponding pixel us-
ing the sum-of-squared-differences (SSD)

arg min Z z,y) = pr(2,y))° ®)

where d; ny denotes the parameters in the dust den-
sity map and the color parameters for the overall ap-
proximated star colors. Additionally, the error func-
tional penalizes negative values and scattering depth
e Values that reach outside the scattering table for
values s > 10.0. The color values are also penal-
ized, if they fall outside the RGB range. That allows
us to constrain our optimization to physically reason-
able values. Magnor et al. [MKHO04] employed sev-
eral error functionals of which the SSD error measure
yielded the fastest convergence. The algorithm table
summarizes the steps again:

Algorithm 1 Analysis-by-Synthesis

Back-project illumination and dust density map into

generic shape;

Render galaxy volume;

Initialize optimization parameters, i.e., 2D scatter-

ing depth;

while Convergence not reached do
Render volume;
Optimization using Powell’s Direction Set;
Compute SSD to evaluate error;
Penalize parameters that are out of range;
Update optimization parameters, i.e., 2D scatter-
ing depth and color values;
Back-project and update 3D volume on the
graphics card,;

end while

The algorithm stops, when the difference between op-
timization steps is lower than a certain tolerance value.
From the optimization point of view this approach un-
derlies a high-dimensional parameter space. Each it-
eration step we modify our parameters until the algo-



rithm converges to a minimum of the error function.
Since we are dealing with a non-linear optimization
problem, a global convergence to the global minimum
can not be guaranteed.

If the initial guess is not close to the global minimum,
or the parameters are not reasonable constraint, the al-
gorithm does not converge to a physically plausible so-
lution. Also, if our rendering procedure does not map
the values closely to the original projection a conver-
gence cannot be expected, because we are not able to
produce the desired values.
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Figure 8: Figure (a) shows the original M81 image de-
projected to face-on view. (b) M81 after analysis-by-
synthesis optimization. (c) Reconstructed dust den-
sity map.(scaled for displaying purposes) (d) Differ-
ence image between original and optimized image.

7 Results

Figure 8 shows that the reconstructed image (b) closely
resembles the original galaxy photograph (a). The pro-
posed visualization model is able to recover the overall
appearance of galaxies. The dust density distribution
entries are optimized which is a sufficient model to re-
construct the volume. Despite a reasonable guess for
our analysis-by-synthesis procedure the optimization
computation took about three days on a 3.0Ghz Pen-
tium4 with nVidia GeForce 6800 Ultra graphics board.
Figure 8(d) shows the difference between original and
reconstruction. One can see that especially the galactic
bulge area exhibits high differences. That is because
the dust consistency changes drastically throughout

the galaxy center due to very hot stars. The recon-
structed dust density distribution varies compared to
initial guess in Figure 6(b) and is very noisy. The rea-
son is that there are many regions where dust density
changes, e.g. because of star formation.

Figure 9: Resulting fly-by images for the presented 3D
volume reconstruction of Spiral Galaxy M81.

Figure 9 shows that the proposed method recovers an
approximated, plausible shape of the volume using the
galaxy rendering, which yields the conclusion, that the
proposed method is a promising approach to attack the
problem.

However, there are still a lot of problems, mostly re-
lated to approximations in the visualization model.
The radiance map, as seen in Figure 6(c), doesn’t have
enough influence on the rendering to display the bluish
areas along the spiral arms. That should be taken into
account during optimization. Furthermore, we should
take other physical parameters into account to repre-
sent the galaxies appearance more closely.

8 Conclusion

We have presented an adopted rendering method to re-
construct a plausible shape for spiral galaxy M81. Its
inherent generic shape and additional observations in
far-infrared enable us to use a model to describe the
galaxy’s three-dimensional dust distribution in space,
thereby constraining the reconstruction problem. By
rendering realistic images of our model and compar-
ing the rendering results to the original image data,
we employ an optimization approach that helps con-
verge towards a reasonable dust density distribution
for the galaxy. Using the optimized model we are able
to closely resemble a realistic appearance of the galaxy



by fitting the values to a generic shape. Figure 9 shows
a series of images from different view points around
galaxy M81.
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