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Abstract. We present unique methods for rendering astronomical data -3D galaxy
catalogs, planetary maps, data cubes, and simulations. Using tools and languages in-
cluding Blender, Python, and Google Spatial Media, a user can render their own science
results, allowing for further analysis of their data phase space. We aim to put these tools
and methods in the hands of students and researchers so that they can bring their own
data visualizations to life on different computing platforms.

https://www.cv.nrao.edu/~bkent/blender/

1. Introduction

Data visualization is a critical component of astronomical research. Largeand com-
plex data need innovative methods for display and analysis. Databases contain catalog
surveys with hundreds of parameters creating large phase spaces to beexplored. In
addition, astronomical data provides some of the most inspiring and visually stunning
images and simulations that the scientific community has to offer. Research tools for
both scientists and broader impact to the intrigued public requires useful software tools
to facilitate visualizing data. Tools are built by innovators within the astronomical
community, others are adapted from software in other fields. The cross-disciplinary
research creates beneficial resource and knowledge sharing between astronomy, 3D
graphics, and data sciences (Kent 2017a).

Visualization using different methods can give insight into astronomical data. It
is this data exploration that can shed new light on and lead to new discoverieswith
imaging, maps, catalogs and multidimensional data cubes. With the the increase in
archival data products, research can benefit fromre-visualizing prior epochs of data in
new ways (Berriman & Groom 2011). Figure 1 shows the increase in archive, survey,
and project volume vs. time. Visualization techniques and tools have become critical
elements of astronomical research in the era of large surveys and high data rates.

Phase spaces of data sets with N> 2 require either a reduction in the number of
dimensions to a two-dimensional plot or 3D rendering. With 3D graphics, onecan see
more information about a given set of data in one view, move in, around, and through
a visualization. If there is a time series associated with an observation or simulation,
it can be animated and rendered from multiple camera viewpoints. Immersive data
experiences (virtual reality/augmented reality/cave wall) allow a user to explore data
with devices they always have on their person - namely a mobile phone or tablet. The
accelerometer hardware present in said devices can put a userinside the data and allow
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Figure 1. Increasing data volumes from established, current, and future astronom-
ical surveys and observatories. References for these data points are as follows.
NVSS:https://www.cv.nrao.edu/nvss/
2MASS:https://old.ipac.caltech.edu/2mass/overview/
ALFALFA: Haynes et al. (2018)
GALEX: Bianchi (2014)
HST:https://registry.opendata.aws/hst/
IRSA, Spitzer, WISE: Berriman & Groom (2011)
SDSS:https://www.sdss.org/dr14/data_access/
PanStarrs:https://panstarrs.stsci.edu/
VLASS: Myers et al. (2015)
NanoGrav and PALFA: Demorest & Brazier (2018)
ALMA: Lacy & Halstead (2015)
LSST:https://www.lsst.org/about/dm
SKA: https://www.skatelescope.org/

visual data inspection and discovery (Kent 2017b). Whatever the application or goal, a
3D rendering can often enhance a data visualization scenario.

In these proceedings we specifically review a brief history of 3D data visualization,
tools and types of methods in astronomy, software in the 3D graphics industry, Blender,
a Python-API based 3D rendering software package, and Blender’susage in astronomy
and astrophysics.

2. History

From a certain point of view, science has always relied on some form of data presenta-
tion or visualization to convey the results of an observation or experiment. Astronomy
has a long history dating to antiquity of charting the heavens, and tabulating and graph-
ing their temporal motions. Imaging ranging from plates and film to digital allowed
astronomers to record and preserve what was detected at a particular timeand vantage
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point. Radio receivers and high energy detectors expand our EM view of the Universe
and push the boundaries of time-domain astronomy and the speed at which wecan
respond to target-of-opportunity events.

Two-dimensional plots act as a standard display to identify trends among datavari-
able. Higher-dimensional data sets must either reduce the number of dimensions, use
a 3D display, color with transparency accordingly, or use a combination ofall three.
Exploratory analysis and visualization can give insight into N-dimensional data with
linked views – allowing a scientist to visually mine their data and any statistical prop-
erties (Goodman 2012). The availability of a wide variety of data and metadata pa-
rameters leads to science-driven development (Fitzpatrick et al. 2016; Graham et al.
2016).

Data visualization has now extended beyond the pages of journals and ourdesktop
screens to virtual and augmented reality (VR/AR) and the mobile devices and tablets
ever present in our hands (Vogt & Shingles 2013). These immersive data applications
can put the userin their data space - while they have a certain aesthetic appeal and defi-
nite education and public outreach applications, they also can be used for research. Ap-
plications include collaborative visual analytics (Vohl et al. 2017b), multi-screenCAVE
viewing (Vohl et al. 2017a), 3D printing (Madura 2017), and interactive applications
(Punzo et al. 2015; Vogt et al. 2017).

3. Modules, tools, and libraries for 3D rendering

Defining software tools for data visualization can be a bit amorphous. A toolcan be
a full-featured astro-specific package, an ancillary library of classesand functions, or
software from another technical area of research that can be adapted for use in astron-
omy. Tutorials written with code in a rich-text format or markup, or narrated video
tutorials can train students and users on how to import and manipulate their data innew
packages.

Astronomy packages like AstroPy (Astropy Collaboration et al. 2013), Kapteyn
(Terlouw & Vogelaar 2016), and Montage (Berriman et al. 2007; Jacobet al. 2010) are
used in conjunction with 3D graphics software, allowing a user to manipulate data in
a Python environment before rendering. The flexibility of using modules makes 3D
rendering packages versatile in manipulating different types of astronomical data.

Commercial packages used in the graphics industry are not traditional pieces of
software used in the astronomical community. Maya1, 3D Studio Max2, and Light-
wave3 are full featured software packages that can be used to render 3D data. The Pixar
package Renderman4 can act as a backend renderer for several modeling GUIs. Oth-
ers, like Houdini5, have been successfully adapted for use in astronomy (Naiman et al.
2017).

1https://www.autodesk.com/products/maya

2https://www.autodesk.com/products/3ds-max

3https://www.lightwave3d.com/

4https://renderman.pixar.com/

5https://www.sidefx.com/
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4. Blender for Astronomy

Blender is an extremely versatile 3D graphics rendering package6. Its Python scripting
capabilities and extensive graphical user interface make it a natural fit for astronomical
data reduction [Kent 2013]. The utility of the package includes 3D modeling,2D and
3D texturing, 3D voxel rendering, animation, lighting, camera control, and node com-
positing. Each of these features can be used alone or in concert for various forms of
astronomical data visualization (Kent 2013, 2015).

Figure 2. Interface of Blender showing a 3D data visualization of galaxies from
multiple angles. The bottom interface shows markers for animation and camera key
frames. This particular rendering will be used for spherical panoramic video for use
on mobile and tablet devices.

• Meshes. Blender objects are built upon meshes - collections of vertex points,
connecting lines, and faces. Meshes can be rendered as wire frames (useful for an
extragalactic distance grid), as shaded polygons (useful for representative models
or simulations), voxel containers (transparent data cubes), or textured 3D surfaces
(planetary maps).

• Cameras. Rendering in Blender occurs from the view point of a Camera object.
Focal length, detector size and resolution, field of view, and projection are all
properties of a Blender camera object.

• Lighting. Lighting is accomplished via both emission and reflection mecha-
nisms, usually with solid polygon surfaces. Wire meshes can beself-illuminating
irregardless of where lighting elements are placed in a visualization scene.

• Animation. All meshes, lighting elements, and cameras can be animated. Ani-
mation involves translation, rotation, and scaling and the associated rates of those
elements.

6https://www.blender.org/
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Blender also has plug-ins for nVidia CUDA and OpenCL for GPU hardware ac-
celeration in the rendering process. Depending on the application, this cangreatly
decrease the rendering time needed for visualization.

The Blender workflow for 3D astronomical rendering first requires theinvestigator
to identify what kind of visualization they wish to make. Is it a single frame or anima-
tion? What platform will users view the rendering (video, mobile device/tablet)? Is it a
physical model or does a 3D mesh object act as a container for a data cube? What are
the requirements for the final rendering output? Is transparency or raytracing needed?
What camera angles are needed to show unique aspects of the data set for review and
analysis?

4.1. Data visualization Examples

Astronomers have used Blender in a variety of ways in their work - developing code,
tutorials, and examples for the community to build upon.

Figure 3. Data cubes with data from ALMA featuringLeft: a protoplanetary gap
(Casassus et al. 2013) andRight: HCN in the inner coma of comet C/2012 F6 Lem-
mon (Cordiner et al. 2014).

Examples are as follows:

• Data cubes. The voxel data structure in Blender allows a user to render data
cubes transparently. FRELLED (Taylor 2015, 2017) has successfully demon-
strated the concept with neutral hydrogen surveys. Gárate (2017) hasused Blender
to render magneto-hydrodynamic simulations. ALMA data have been success-
fully rendered using techniques involving Blender (Figure 3).

• Simulations. Figure 4 shows a snapshot from a galaxy collision simulation using
data from GADGET-2 (Springel 2005). AstroBlend7, an open-source Python
library combines Blender withyt (Turk et al. 2011; Naiman 2016).

7http://www.astroblend.com/
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• Catalogs. Figure 5 shows a 3D galaxy catalog rendering generated from the
Extragalactic Distance Database, EDD (Tully et al. 2009).

• Surface maps. Figure 6 shows a displacement map of Martian shield volcano
Olympus Mons with data from Christensen et al. (2001). Florinsky et al. (2018)
have created morphometric globes for Mars and the Moon using Blender witha
web interface.

• EPO. Diemer & Facio (2017) has used 3D printing and textile interfaces to create
museum displays of cosmological large scale structure.

Figure 4. N-body simulation

Figure 5. Extragalactic catalog rendering using data from Tully et al. (2009)
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Figure 6. 3D surface rendering of Olympus Mons on Mars.

5. Mobile devices and interactivity

One of the best interactive data viewers is carried in our hands all the time. Mobile
phones and tablets have high resolution displays and accelerometers that can allow a
user to interactively view data - 3D models, all sky maps, or catalogs. Kent (2017b)
and Fluke & Barnes (2018) detail how to do this using two different methods (Figure 7).
Google’s Spatial Media module, available as a standalone program or in Python, can
take a spherical 360 degree video, inject metadata into the video header, and then have
it be ready for injection in to the video sharing website YouTube.8

Acknowledgments. The National Radio Astronomy Observatory is a facility of
the National Science Foundation operated under cooperative agreement by Associated
Universities, Inc.

8Examples can be found on the author’s channelVisualize Astronomy:
https://www.youtube.com/user/VisualizeAstronomy/
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Figure 7. Left: A mobile phone or tablet can be used to view an all sky map.
Right: An all sky map projection.



3D Data Visualization in Astrophysics 9

References

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,Greenfield, P., Droettboom, M., Bray,
E., Aldcroft, T., Davis, M., Ginsburg, A., Price-Whelan, A. M., Kerzendorf, W. E., Con-
ley, A., Crighton, N., Barbary, K., Muna, D., Ferguson, H., Grollier, F., Parikh, M. M.,
Nair, P. H., Unther, H. M., Deil, C., Woillez, J., Conseil, S., Kramer, R., Turner, J. E. H.,
Singer, L., Fox, R., Weaver, B. A., Zabalza, V., Edwards, Z. I., Azalee Bostroem, K.,
Burke, D. J., Casey, A. R., Crawford, S. M., Dencheva, N., Ely, J., Jenness, T., Labrie,
K., Lim, P. L., Pierfederici, F., Pontzen, A., Ptak, A., Refsdal, B., Servillat, M., & Stre-
icher, O. 2013, A&A, 558, A33.1307.6212

Berriman, G. B., & Groom, S. L. 2011, ACM Queue, 9, 21:20. URLhttp://doi.acm.org/
10.1145/2039359.2047483

Berriman, G. B., Laity, A. C., Good, J. C., Katz, D. S., Jacob,J. C., Deelman, E., Singh, G., Su,
M.-H., & Prince, T. A. 2007, Highlights of Astronomy, 14, 621

Bianchi, L. 2014, Ap&SS, 354, 103.1404.4882
Casassus, S., van der Plas, G., M, S. P., Dent, W. R. F., Fomalont, E., Hagelberg, J., Hales, A.,

Jordán, A., Mawet, D., Ménard, F., Wootten, A., Wilner, D., Hughes, A. M., Schreiber,
M. R., Girard, J. H., Ercolano, B., Canovas, H., Román, P. E.,& Salinas, V. 2013,
Nature, 493, 191.1305.6062

Christensen, P. R., Bandfield, J. L., Hamilton, V. E., Ruff, S. W., Kieffer, H. H., Titus, T. N.,
Malin, M. C., Morris, R. V., Lane, M. D., Clark, R. L., Jakosky, B. M., Mellon, M. T.,
Pearl, J. C., Conrath, B. J., Smith, M. D., Clancy, R. T., Kuzmin, R. O., Roush, T.,
Mehall, G. L., Gorelick, N., Bender, K., Murray, K., Dason, S., Greene, E., Silverman,
S., & Greenfield, M. 2001, Journal of Geophysical Research, 106, 23823

Cordiner, M. A., Remijan, A. J., Boissier, J., Milam, S. N., Mumma, M. J., Charnley, S. B.,
Paganini, L., Villanueva, G., Bockelée-Morvan, D., Kuan, Y.-J., Chuang, Y.-L., Lis,
D. C., Biver, N., Crovisier, J., Minniti, D., & Coulson, I. M.2014, ApJ, 792, L2

Demorest, P., & Brazier, A. 2018, Private Communication
Diemer, B., & Facio, I. 2017, PASP, 129, 058013.1702.03897
Fitzpatrick, M. J., Graham, M. J., Mighell, K. J., Olsen, K.,Norris, P., Ridgway, S. T., Stobie,

E. B., Bolton, A. S., Saha, A., & Huang, L. W. 2016, in Softwareand Cyberinfrastructure
for Astronomy IV, vol. 9913 of Proc. of the SPIE, 99130L

Florinsky, I. V., Garov, A. S., & Karachevtseva, I. P. 2018, Planetary and Space Science, 159,
105

Fluke, C. J., & Barnes, D. G. 2018, PASA, 35, e026.1805.03354
Gárate, M. 2017, PASP, 129, 058010.1611.06965
Goodman, A. A. 2012, Astronomische Nachrichten, 333, 505.1205.4747

Graham, M. J., Fitzpatrick, M. J., Norris, P., Mighell, K. J., Olsen, K., Stobie, E. B., Ridgway,
S. T., Bolton, A. S., Saha, A., & Huang, L. W. 2016, in Softwareand Cyberinfrastructure
for Astronomy IV, vol. 9913 of Proc. of the SPIE, 99131I

Haynes, M. P., Giovanelli, R., Kent, B. R., Adams, E. A. K., Balonek, T. J., Craig, D. W., Fertig,
D., Finn, R., Giovanardi, C., Hallenbeck, G., Hess, K. M., Hoffman, G. L., Huang, S.,
Jones, M. G., Koopmann, R. A., Kornreich, D. A., Leisman, L.,Miller, J., Moorman,
C., O’Connor, J., O’Donoghue, A., Papastergis, E., Troischt, P., Stark, D., & Xiao, L.
2018, ApJ, 861, 49.1805.11499

Jacob, J. C., Katz, D. S., Berriman, G. B., Good, J., Laity, A.C., Deelman, E., Kesselman, C.,
Singh, G., Su, M.-H., Prince, T. A., & Williams, R. 2010, Montage: An Astronomical
Image Mosaicking Toolkit, Astrophysics Source Code Library. 1010.036

Kent, B. R. 2013, PASP, 125, 731.1306.3481
— 2015, 3D Scientific Visualization with Blender
— 2017a, PASP, 129, 058001.1705.01483
— 2017b, PASP, 129, 058004.1701.08807
Lacy, M., & Halstead, D. 2015, ALMA data rates and archiving at the NAASC, Tech. rep.,

NRAO. URL http://library.nrao.edu/public/memos/naasc/NAASC_110.pdf
Madura, T. I. 2017, PASP, 129, 058011.1611.09994



10 Kent

Myers, S. T., Law, C., Chandler, C., & Lacy, M. 2015, VLA Technical Working Group.
URL https://safe.nrao.edu/wiki/pub/JVLA/TechnicalWorkingGroup/

Technical_Implementation_Plan_PDR.pdf

Naiman, J. P. 2016, Astronomy and Computing, 15, 50.1602.03178

Naiman, J. P., Borkiewicz, K., & Christensen, A. J. 2017, PASP, 129, 058008.1701.01730
Punzo, D., van der Hulst, J. M., Roerdink, J. B. T. M., Oosterloo, T. A., Ramatsoku, M., &

Verheijen, M. A. W. 2015, Astronomy and Computing, 12, 86.1505.06976
Springel, V. 2005, MNRAS, 364, 1105.astro-ph/0505010
Taylor, R. 2015, Astronomy and Computing, 13, 67.1510.03589
— 2017, PASP, 129, 028002.1611.02517
Terlouw, J. P., & Vogelaar, M. G. R. 2016, Kapteyn Package: Tools for developing astronomical

applications, Astrophysics Source Code Library.1611.010
Tully, R. B., Rizzi, L., Shaya, E. J., Courtois, H. M., Makarov, D. I., & Jacobs, B. A. 2009, AJ,

138, 323
Turk, M. J., Smith, B. D., Oishi, J. S., Skory, S., Skillman, S. W., Abel, T., & Norman, M. L.

2011, ApJS, 192, 9.1011.3514
Vogt, F. P. A., Seitenzahl, I. R., Dopita, M. A., & Ruiter, A. J. 2017, PASP, 129, 058012.

1611.03862

Vogt, F. P. A., & Shingles, L. J. 2013, Ap&SS, 347, 47.1305.5534
Vohl, D., Fluke, C. J., Hassan, A. H., & Barnes, D. G. 2017a, inAstronomical Data Analysis

Software and Systems XXV, edited by N. P. F. Lorente, K. Shortridge, & R. Wayth, vol.
512 of Astronomical Society of the Pacific Conference Series, 507.1610.00806

Vohl, D., Fluke, C. J., Hassan, A. H., Barnes, D. G., & Kilborn, V. A. 2017b, in Astroinformat-
ics, edited by M. Brescia, S. G. Djorgovski, E. D. Feigelson,G. Longo, & S. Cavuoti,
vol. 325 of IAU Symposium, 311.1612.00920


