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3D PDF

All structure

Figure 2 | Comparison of the ‘dendrogram’ and “CLUMPFIND” feature-
identification algorithms as applied to ®CO emission from the L1448
region of Perseus.a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in ¢ Purple Slustrates the small est scale self
gravitating structures in the region correspanding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct sdlf
gravitating leaves within them; and green carrespands %o the surface in the
data cube containing all the significant emission. D endrogram branches
carresponding to sdf-gravitating objects hawe been highlighted in ydlow
over the ninge of Ty (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x-y locations of the four “self
gravitating’ leaves labdled with bil Hard ballks are the same as those shown in
Fig. 1. The3 D vis vali zations show pos ition-pasition-vdodty (p-p-v) space.
RA, right ascensiory dec, declination. For comparison with the abillity of
dendrograms (c) to track hierarchical structure, d shows apsendo
dendrogram of the CLUMPFIND segmentation (b), with the same four
labds usedin Fig | and in & As “‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch ind issimply a sevies of lines connecting the
maximum emis sion val ue in cach dump to the ghreshold value A wery large
number of dumps appears in bbecause of the sensitivity of CLUMPFIND to
naise and small-scale structure in the data. In fhe anline PDF version, the 3D
cubes (2 and b) can be rotated toany orientation, and surfacescan be tumned
onand off (interaction requires Adobe Acrobat version 7.0.8 ar higher). In
the printed version, the front face of each 3D cube (the home” view in the
interactive online version) carrespands exactly %o the paxch of skyshown in
Fig. 1,and velocity with respect to the Local Standard of Restinareases from
front (—05kms ') toback (8 kms '

data, CLUMPHND typically finds features ona imited range of scales,
ghove but dose to the physical resolution of the data, and its resul tscan
be overly dependent on input parameters. By tuning CLUMPFINDs
two free parameters, the same malecular-line data set* can be used to
show either that the fequency distribution of dump muss is thesame
2% the initial mass function of stars or that it follows the much shal.
lower mass function associated with kargescale molecular douds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees”
were proposed 2t 2 way to characterize dowuds’ hierarchical structure

2

NATURE|Val 000|00 Manth 2008

using 2D maps of column density. With this early 2D work as inspira -
tion, we have developed 2 strucure-identification algorithm that
shstracts the hierarchical structure of 2 3D (p-p-v) data cube into
an easily visualized representation called 2 ‘dendrogram™’. Although
well developed in other da ta-intensive fields'"', it is curious that the
application of tree methodologies so far inastrophysics has been rare,
and almost exchsively within the area of galaxy evolution, where
‘merger trees’ are being used with increasing frequency'™.

Figure 3 and its legend explain the construction of dendrograms
schematically. The dendrogram quantifies how and where local max-
ima of emission merge with each other, and its implementation is
explained in Supplementary Methods. Critically, the dendrogram is
determined almost entirely by the data itself, and it has negligible
sensitivity to algorithm parameters. To muke graphical presentation
possible on paper and 2D screens, weflatten” the dendrograms of 3D
data (see Fg 3 and its legend), by sorting their branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information shout connectivity and hienarchy.
Numbered ‘billiard I labds in the figures let the reader match
fea tures between 2 2D map (Fig. 1), an interactive 3D mup (Fig. 22
online) and 2 sorted dendrogram (Fig. 2¢).

A dendrogram of 2 spectral line data cube allows for the estimation

of key physical properties associsted with vaumes bounded by iso-
surfaces, such as nadius (R), velocity dispersion (a,) and luminosity
(L). The vol umes can have any shape, andin other work'* we focus on
the significance of the especially elongated features seen in L1448
(Fig. 21). The luminosity is an approximate proxy for mass, such
that M__ = X,y-olisen, where Xy = 80X 10¥ em* K™ km ™' s
(ref 15; see Supplementary Methods and Supplementary Fig 2).
The derived val ues for size, mass and vdodty dispersion can then be
tsed to estimuate the role of self-gravity at each paint in thehhienarchy,
vizcaleulation of an ‘observeal’ virial pa mmeter, ap, = 50, RIGM,
In principle, extended portions of thetree (Fig. 2, yellow highlighting )
where o < 2 (where gravitational energy is comparsble to or kurger
than kinetic energy) arrespond to regions of p-p—v space whereself-
gravity is significant. As a,, only represents the ratio of kineticenergy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fiekds ¥, its measured
valueshould onlybe tsed 2% 2 guide to the longevity (boundedness) of
any particular feature.

Local max
Teat kavel

Local max

2
o Merge

B Local max
2
=3

Mearge

Figure 3 | Schematic llustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light Eines) until all the local maxima and mergers
are found, and connected as shown The intersection of a test level with the
emission is a set of points (for example the light purple dots) in ane
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2¢c is the direct
amalogne of the tree shown here, anly constructed from “isosurface” rather
than ‘paint’inter sections. It has been sarted and fiattened for representation
on a fiat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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CIRCOS - an information aesthetic for comparative genomics

M Krzywinski, J Schein, | Birol, S Jones, M Marra

Canada’s Michael Smith Genome Sciences Centre // British Columbia Cancer Research Centre // www.bcgsc.ca

circos - round is the new square

We have created a visualization tool,
called Circos, to facilitate exploring
relationships between genomes and in
general any kind of position n-tuples that
relate genomic intervals. Structural variation data such as
these, produced by sequence alignment and hybridization
arrays, underpin comparative studies but are to
conventional visualization methods designed for 20 data
sets. Compared to other tools [1,2], Circos is unique in its
combination of circular data domain layout, support for a
large number of diverse data tracks, global and local length
scale control, extensive customization and automation, and
maintaining a high data-to-ink ratio [3) without sacrificing
clarity of presentation, Circos has been used within the
genomics community [4-6] and its flexibility and aesthetic
has garnered interest from mainstream periodicals and
newspapers [7-9] and, recently, illustrate the dynamics of
a US presidential debate [10).

DOWNLOAD CIRCOS AT http:/imkweb, begsc.calcircos

Al present, laboratories are hard-pressed not only to store
and analyze, but to visualize the reams of data produced
by ultra-high-throughput technologies, such as massively
parallel sequencing. Because analytically extracting
informative patterns from these large data sets is very
difficult, automated visualization tools that generate
informative vignettes of the data are valuable in data
mining and formulating hypotheses.

The design of Circos is based on the fact that a circularly
composited ideogram layout can encode relaticnship

GLOBAL AND LOCAL SCALE ADIUSTMENTS
3eogram position, onder and drecton
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pheces and 1he adisg regioncl s A3
removed

The scale of say deogram can be
obally acjerted 1= the mals fgare

in crder S each genome 10 oCCepy
e same fracticn of the image.

between genomic regions more informatively than a linear
layout. These relationships are visually encoded by links
which can be either straight lines or Bezier curves whose
control point location can be highly customizable. Other
data types that are supported are scatter plots, line plots,
histograms, tile plots, heatmaps, text and glyph Labels,
highlights, ideograms, and labeled ticks. The radial positicn
of data tracks is controlled by the user and their angular
extent is a function of the extent of the data domain. Data
tracks such as the tile and text label have their individual
elements automatically positioned to avosd overlap.

Circos uses plain text files for both imput data and
configuration. The latter controls the placement and
format of each data track. The ability to generate both
data and configuration files automatically makes Circos
highly amenable to incorporation in web-based database
mining and visualization.

A feature unique to Circos is not only the ability to adjust
the length scale for each ideogram (e.g. display che 17 at
3x normal size), but to smoothly vary the leagth scale locally,
effectively zooming (or contracting) regions of interest while
still displaying the entire data domain (Figures A1-A3,

B1). This global and local scale adjustment is useful when
illustrating genomic regions in which data density is highly
variable. Furthermore, to help draw attention to important
data, the idecgrams can be divided into any number of
disjoint regions, which in turn can be drawn in any order.
The resulting axis breaks can be marked up in vanous styles
on the final image to clearly mark the disruption.

Every aspect of the final image is customizable and
output can be generated in either bitmap or SVG format,
For example, the thickness, outline and color of the
idecgram track is customizable, as are the corresponding
features of the cytogenetic bands, The radial position for
each idecgram can be independently set. Each data track,
and individual primitives within a track, has an associated
2-depth value, which controls how elements stack. Finally,
every data type format characteristic, such as coler,
thickness, data value, label and visibility, can be adjusted

. the lrgest Conbutng stacked o
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Figwes D3 and D4 show the same daty
set, Det normalized by the sem of each
'S slached elements.

Alhough Crcos does not perform any
Gata anaiyss, features such i variable

by dynamic formatting rules based on data position and
other format values at run-time (Figures C1-C3). These
rule sats are stored in the configuration files and separate
the definition and storage of formatting rules from the raw

i
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The World-Wide Telescope, an Archetype for Online Science

Jim Gray

Microsoft Research
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Abstract Most scientific data will never be directly
examined by scientists; rather it will be put into online
databases where it will be analyzed and summarized by
computer programs. Scientists increasingly see their
instruments through online scientific archives and analysis
tools, rather than examining the raw data. Today this
analysis is primarily driven by scientists asking queries, but
scientific archives are becoming active databases that self-
organize and recognize interesting and anomalous facts as
data arrives. In some fields, data from many different
archives can be cross-correlated to produce new insights.
Astronomy presents an excellent example of these trends;
and, federating Astronomy archives presents interesting
challenges for computer scientists.

Introduction

Computational Science is a new branch of most disciplines.
A thousand years ago, science was primarily empirical.
Over the last 500 years each discipline has grown a
theoretical component. Theoretical models often motivate
experiments and generalize our understanding. Today most
disciplines have both empirical and theoretical branches. In
the last 50 years, most disciplines have grown a third,
computational branch (e.g. empirical, theoretical, and
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Alex Szalay

The Johns Hopkins University
Szalay @jhu.edu

statistics among sets of data points in a metric space. Pair-
algorithms on N points scale as N°. If the data increase a
thousand fold, the work and time can grow by a factor of a
million. Many clustering algorithms scale even worse.
These algorithms are infeasible for terabyte-scale datasets.

The new online science needs new data mining algorithms
that use near-linear processing, storage, and bandwidth, and
that can be executed in parallel. Unlike cument algorithms
that give exact answers, these algorithms will likely be
heuristic and give approximate answers [Connolly,
Szapudi].

Astronomy as an Archetype for Online Science
Astronomy exemplifies these phenomena. For thousands of
years astronomy was primary empirical with few theoretical
models. Theoretical astronomy began with Kepler is now
co-equal with observation. Astronomy was early to adopt
computational techniques to model stellar and galactic
formation and celestial mechanics. Today, simuktion is an
important part of the field — producing new science, and
solidifying our grasp of existing theories.

Astronomers are building telescopes that produce terabytes
Inn tha AlAd
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- How (context and)
e John Huchra
fixed the Universe...
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John Huchra's Universe

John Huchra, former president of the American Astronomical Society, passed away on October 8, 2010.

of

4

This WorldWide Telescope Tour was created to thank
John Huchra (1948-2010) for the knowledge and cheer he gave us all.
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Microsoft” Research

WorldWide Telescope Ambassadors Program
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John Huchra's Universe
About the WWT Telescope Ambassadors Program

WorldWide Telescope (WWT) is a rich visualization environment that functions as a
virtual telescope, allowing anyone to make use of professional astronomical data to
explore and understand the universe. As of early 2010, the new WWT Ambassadors
Program is recruiting astronomically-literate volunteers, including retired scientists
engineers—all of whom will be trained to be experts in using WWT as a teaching tool.
Ambassadors will give volunteer presentations at public libraries, community centers,
museums, and schools, demonstrating WWT's power to help laypeople visualize and

understand our universe. Friends of John Huchra

have released a new WWT
Tour to honor John and his
Read more work. The Tour primarily
focuses on John's quest to
map the Universe in three
dimensions. You can view

. . the Tour here.
John Huchra's Universe

/ patudom

John Huchra, former president of the American Astronomical Society, passed away on October 8, 2010. Ubcaming

John's colleagues at the Harvard-Smithsonian Center for Astrophysics, in collaboration with the creators of WorldWide « Cyberlearning Tools for
Telescope at Microsoft Research, have created a new, interactive, WWT Tour to honor John and his career. The Tour STEM Education
primarily focuses on John's quest to map the Universe in three dimensions. It is 12.5 minutes long. Conference

Mar. 8 - Mar. 9
Cambridge Science
Festival

Apr. 30 - May. 10

The Tour is best experienced inside the WorldWide Telescope program itself. (Note: You must have the version of WWT
released on 1/13/2011 to view all of this Tour's content. You can download it from here.) As viewed within the WWT
program, the Tour content is interactive, allowing users to pause and explore the parts of the Universe featured in the tour,
explore web hyperlinks, and more. For those who do not have the desktop client, the Tour has been posted as a video as
well.

Video (Interactive WWT features will be disabled)
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Gains in Student Interest and Understanding
(“Traditional Way” vs “WWT Way"”)

Group B (Traditional) Group A (With WWT)
Nbefore=77; Nofter=75 Nbefore=75; Nafterzp'
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Effect Size: Gain (or Loss) in Units of Pre-Test Standard Deviation
(Error bars show * | Standard Error of the Mean)
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Principles of high-dimensional data visualization in astronomy

A.A. Goodman~
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Received 2012 May 3, accepted 2012 May 4
Published online 2012 Jun 15

Key words cosmology: large-scale structure — ISM: clouds — methods: data analysis — techniques: image processing —
techniques: radial velocities

Astronomical researchers often think of analysis and visualization as separate tasks. In the case of high-dimensional data
sets, though, interactive exploratory data visualization can give far more insight than an approach where data processing
and statistical analysis are followed, rather than accompanied, by visualization. This paper attempts to charts a course
toward “linked view” systems, where multiple views of high-dimensional data sets update live as a researcher selects,
highlights, or otherwise manipulates, one of several open views. For example, imagine a researcher looking at a 3D volume
visualization of simulated or observed data, and simultaneously viewing statistical displays of the data set’s properties
(such as an z-y plot of temperature vs. velocity, or a histogram of vorticities). Then, imagine that when the researcher
selects an interesting group of points in any one of these displays, that the same points become a highlighted subset in all
other open displays. Selections can be graphical or algorithmic, and they can be combined, and saved. For tabular (ASCII)
data, this kind of analysis has long been possible, even though it has been under-used in astronomy. The bigger issue
for astronomy and other “high-dimensional” fields, though, is that no extant system allows for full integration of images
and data cubes within a linked-view environment. The paper concludes its history and analysis of the present situation
with suggestions that look toward cooperatively-developed open-source modular software as a way to create an evolving,
flexible, high-dimensional, linked-view visualization environment useful in astrophysical research.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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|. for immediate insight
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Warning
“details of control can make or break such a system”
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UNIVERSE3DI:

page Read Edit View history - o Search
Navigation What is Universe3D.org?
Home The intention of Universe3D.org is to host links to web content that enable the enhancement of our three-dimensional view of the Universe.
3D Viewers
Jatasets Recently added Dataset The Milky Way
Images
F;:‘f’g':’“"";"?;" & SLOAN Digital Sky Survey (? The Sloan Digital Sky Survey or SDSS is a
esentatons
Pec major multi-filter imaging and spectroscopic redshift survey using a
eOine - . . .
dedicated 2.5-m wide-angle optical telescope at Apache Point Observatory
in New Mexico, United States. The main galaxy sample has a median
More redshift of z = 0.1; there are redshifts for luminous red galaxies as far as z
= 0.7, and for quasars as far as z = 5; and the imaging survey has been
Calendar involved in the detection of quasars beyond a redshift z = 6.
Announcements
Hel
Astronomy News
_P_ . —_————bbbb b m 0 mu 0 T Y ————————
Toolbox
o June 26, 2012: Astronomers use supercomputer to explore role of dark
What links here matter in galaxy formation
Related changes e June 25, 2012: Moon to pass by Mars tonight
Upload file e June 24, 2012: Astronomers find planets so close they 'see' each other
Special pages in night sky
Printable version e June 14, 2012: Huge Asteroid to fly by Earth
Permanent link e June 13, 2012: Astronomers may have discovered the oldest galaxy in
the Universe

e June 5, 2012: Last Transit of Venus for the 21st century

Announcements
_m-—m

o July 05, 2012: Website moved to the URL universe3d.org!

e June 11, 2012: Website moved to MediaWiki!

e December 5, 2011: Site established!
To make good on Alyssa Goodman's promise at the "Milky Way 2011"
meeing held in Rome this past September, the site "universe3d.org" has
been established. By 2012, it will be populated with links to existing data

A Roadmap to the Milky Way

(artist's concept)

NASA / JPL-Caltech / R, Hurt (SSC-Caltech) 52008100
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Challenge #3:

What does
“Publication-Quality”
Graphics Mean in an
Interactive 3D World!?

LETTERS

CLUMPFIND segmentation

Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to >CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of T,,;, (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x—y locations of the four ‘self-
gravitating’ leaves labelled

Fig. 1. The 3D visualizations v pace.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. re not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sens: y of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (aand b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (—0.5km s

data, CLUMPFIND typically finds featur:
above but close to the ph Iresolution of the data, and i ults can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set® can be used to
show either that the frequency distribution of clump mass is
as the initial mass function of stars or that it follows the much s

s function associated with large-

ntary Fig. 1).

rs before the advent of CLUMPFIND, ‘structure tree
were p sed as a way to characterize clouds” hierarchical structure
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using 2D maps of column density. With this early 2D work as inspira-
tion, we have developed a structure-identification algorithm that
abstracts the hierarchical structure of a 3D (p—p-v) data cube into
an easily visualized representation called a ‘dendrogram’’. Although
well developed in other dat fields'™"?, it is curious that the
application of tree methodologies so far in astrophysics has been rare,
and almost exclusively within the area of galaxy evolution, where
‘merger trees’ are being used with increasing frequency”’.

Figure 3 and its legend explain the construction of dendrograms

ematically. The dendrogram quantifies how and where local m
ima of em merge with each other, and its implementation
explained in Supplementary Methods. Critically, the dendrogram is
determined almost entirely by the data itself, and it has negligible
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2¢).

A dendrogram of a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (¢,) and luminosity
(L). The volumes can have any shape, and in other work'* we focus on
the significance of the especially elongated featur en in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that M = Xi3coLlizco, where X3¢0 =8.0 X 10* cm*K ™ "km™'s
(ref. 15; see Supplementary Methods upplementary Fig. 2).
The derived values for size, ma relocity di on can then be

ity at each point in the hierarchy,
al parameter, s = 5 *RIG. Mum-
fthe tree (Fig. 2, yellow highlighting)

2 (where gravitational energy is comparable to or larger
tic energy) correspond to regions of p where self-
gravity is significant. As o, only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields', its me
value should only be used as a guide to the longevity (boundedness) of
any particular feature.

al ma

Test level

tensity level

Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D da
analogue of the tree shown here, only constr
than ‘point’ intersect It has been sorted and flattened for representation
at page, as fully representing dendrograms for 3D data cubes would
require four dimensions.

©2009 Macmillan Publishers Limited. All rights reserved

Goodman, Rosolowsky, Borkin, Foster, Halle,
Kauffmann & Pineda, Nature, 2009



