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Seeing Science
Data Visualization in g
Modern Research
(and teaching!)

What kind of Alyssa A. Goodman

c redentialS are Harvard University (HCO...IIC)

Smithsonian ASmeR&ysical Observatory

\/I Z-e- Qb those?? Scholar-in-ResidemeesdGBH
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Relative Strengths

v

N

Creativity
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Pattern Recognition
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What...

...Is easier now than before?

fast computation, animation, 3D

...was easier before than now!

craftsmanship

...should be easier in the future?

modular craftsmanship, linked views
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“Easier”
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Data * Dimensions ¢ Display




(in 1854)

Displaying
“high-dimensional” data

with

“multi-functioning
graphical elements”
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What Computers Can Let us Craft

Elements...
v Maps

v Tables
RGraphs

v Charts

Vv lllustrations

v Combinations
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Galileo Galilei
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William Playfair
(1759-1823)

Playfair, lithography
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Profit shares of eight mobile phone vendors by Horace Dediu

100%

75%

50%

Profit from Mobile Phones ($ billion) (global, eight vendors)

25%

© Asymco

0%
Q2/2007 Q4/2007 Q2/2008 Q4/2008 Q2/2008 Q4/2008 Q2/2010 Q4/2010 Q2/2011 Q4/201

$9

During the first quarter this year HTC, RIM and Nokia all
surprised investors with bad news. The effect is evident in
the share price of these companies which, in the case of
RIM and Nokia is around book value, and in the case of
HTC, neared 12 month lows and a 70% drop from peak.

These “misses” in earnings and expectations are on top
of the already woeful news from Sony Ericsson and
Motorola, which have not had profits for years and LG,
which has been borderline since late 2009.... $3

$ Billion Operating Profit
&

Q2/2007 Q4/2007 Q2/2008 Q4/2008 Q2/2008 Q4/2008 Q2/2010 Q4/2010 Q2/2011 Q4/2011

http:/lwww.asymco.com/2012/05/03/the-phone-market-in-20 | 2-a-tale-of-two-disruptions/

Tuesday, July 31, 2012


http://www.asymco.com/2012/05/03/the-phone-market-in-2012-a-tale-of-two-disruptions/
http://www.asymco.com/2012/05/03/the-phone-market-in-2012-a-tale-of-two-disruptions/
http://www.asymco.com/author/asymco/
http://www.asymco.com/author/asymco/

Charles Joseph Minard, in color
(1781-1870)

Minard, color lithography

\MERIOU) - AR AMERIOL)
DL NORD A : SN : DU NORD

r
¥ Al
WIERIQUE DU SUD Ny AMERIQUE DU St )

Tuesday, July 31, 2012



I I

Re-birth
N dark pigh-D Vis

I

i

. g

(@

: @)

1 { O

] o

I e

\ e

=

& E
2 8 .
» b o
¢ £ 2
) JC [7,)
e v ©
9 O %
2 a
Q O .
4 N

> @)
o ¥ ia)
£ &£ 9
5 & <
|||| U|'U|||| -
1500 1600 1700 1800 1900 2000

Year

adapted from Friendly," The Golden Age of Statistical Graphics,’ Statistical Science, in press (2008)
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Data * Dimensions ¢ Display




“High-dimensional” or “Multivariate” Data
and High(er) Dimensional Displays

This map displays 2 quantities as a function of 2 spatial dimensions.
...Is that 4 dimensions?
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“High-dimensional” or “Multivariate” Data
(Astronomy=Biology)

o o

( —\‘ jClick to rotate )

gravitating

|*\l-*’g

o0 °(:’ 5, Homo sapiens (human)
.4 1.4 D0 Pan troglodytes (chimpanzed)
— Pan pariscus (bonoba)
00: Gorila gonlla vestorn lowland gorily)
l\:n;opmaw, Pyomasus (Bormsan cmngutan)

0 > H)(obaa. syuacryl... (island slamang)
Lz Hylobatos leucogenys (white-chocked gibbon)
94 Hyfobatas agils abvbartis (aglke gbbon)

E Colobus gueraza oolobus monkey)
Trachypdhocus francoisi (Francois' lead monkaey)

10 .— Ceorcocebus atys {sooty mangaboy)
M;c;ra mulatta irheaus monkoy)
-OC! Hy"rocabm patas (patas monkey)
Covcopithocus athiops (Arcan gresn monkiy)
Mopethecous talapoin talbpoin (talapoin monkey)

03 C Lagotirix iagotricha (cormmon woolly monkey)
Alclos gooffroyd (black-handed spidor monkey)

P¥R kinaso domain

Goodman et al. Nature, 2009
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0 0 Aoctus tnivirgatus fowl monkey)

g s Calithrix jpochus (common mamoset)
Saguinus labiatus (red-chasted moustached tamarinj
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Elde et al. Nature, 2008

Gibbon Orangutan



How much are we j S g——
held back today by -
digital tools?
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Projects

2011

How can we advance
the digital tools for
scientists?

Dataverse
Network

collaborators/contacts at CfA
Seamiess Astronomy:Alyssa Goodman Ondine Astronomy Group, CfA Data Archives: Gus Muench ADS Group:Alberto Accomaxzxi
WorldWide Telescope Ambassadors: Pat Udomprasert High-Dimensional Data Visualization & Interaction: Michelle Borkin
Wolbach Library Lab at CfA 1 Christopher Erdmann VAO at CfA: Pepi Fabbiano Socil Networks in Sciencet Alberto Pepe

Questions about using the Viz-e-Lab? Contact Sarah Block, 5-7331, sblock@cfa.harvard.edu
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~ Astronomical Medicine
Y ) am.iic.harvard.edu

Alyssa Goodman (IIC/CfA/FAS)
Michael Halle (lIC/SPL/HMS)

Ron Kikinis [(SPL/HMS]
Douglas Alan (IIC)
Michelle Borkin (IIC
Jens Kauffmann [CfA/IIC]
Erik Rosolowsky (CfA
Nick Holliman [(U. Durham]
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Themes
Speaker:
Talks

Translations

TED Fellows The TED Fellows Directory > Michelle Borkin

2009

ST AORARE AP Arery Visy

TEDSlobal 2009

Blo The Inaugural Sydney International Workshop
TPTRRTIPIRRI O Synergies in Astronomy and Medicine
interdisciplinany
and image anah
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mm peak (Enoch et al. 2006)
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“Astronomical Medicine”

“KEITH” “PERSEVS”

mage ske S0 x 274 thiteen0 24511
View sive 1305 » 733 thirteenCO_249 14
Wl 63 WW. 127 thirteenCO_249 14
thiteenCO_249 14

(1 |

;
;“o.c.:' '.‘2: Angle 0 e i : m;;:;:z
“Z” is depth into head “Z” is line-of-sight velocity

(This kind of “series of 2D slices view” is known in the Viz as“the grand tour”)
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mm peak (Enoch et al. 2006)
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Astronomical 1= C®NPLET
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Astronomers are
not alone...

high-D data sets are e S
cvery where in science '; ! :

I ’ *- .....‘ >
Yoo 2 L

Goodma Bt ar" 20078 A M a2
Astrophysics

ATROPHY

e
(20 L5
DEFAULT AMYLOID . = MEMORY

-

ACTIVITY DEPOSITION < NETWORK

‘)

\**

'»/
:

Buckner et al. 2005 METABOLISM

DISRUPTION Borkin et a/._ 2011

Brain Science Blood Flow
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What...

...Is easier now than before?

fast computation, animation, 3D

...was easier before than now!

craftsmanship

...should be easier in the future?

modular craftsmanship, linked views
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The “Easier” Future, for Everyone
Modular Craftsmanship & Linked Views

The Future we can see from “now’’...

more display modes available (3D PDF, touch interfaces, stereo+)
re-usable tools/mashups (Many Eyes, Google Maps+, crowdsourcing)

live, interactive linked views (DataDesk, Tableau, GapMinder, WWT...)

Unsolved Questions...

(feasibility of) templates/language (e.g. Grammar of Graphics)

improved graphical representation of uncertainty

Tuesday, July 31, 2012



Tuesday, July

CLUMPEND sagmentation

Figwe 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND” feature-
idontificstion slgorithms as applied to Y CO emission from the L1448
region of Perseus.a, 3D vis mall ration of the surfaces indicted by colours In
the dendrogram shown in ¢ Pusple Bastrates the small st scalle el
gravitaing stuctarces in the region carrapoading to e kacs ofthe
dendr ograns; pink shows the smallest surfaces that contan dstingt self
gravieatng laves wihin themy and grem corr esponds 1 the surface in e
das cubecontaining ol Gc significant anission. Daadr agras brandhes
comrespondng 1o sdf -gravitaing objects have been Nghlghted in yd low
over the range of T, (man beam temparsture) test-Jovel value for which
the viriad per ameter is less than 2 The x-y locations of the fowr “clf
gravieatng leaves ldbdled with bl lard balls are the same as those shown in
Fig 1. Thed Dvinsuli sstions sho w pos ticn-position- vdodty (p-p-v)pxe
RA, right ascension dec, decination. For comparison with the ity of
dendr ograms (¢) to track hi erarchical structure, d shows apseudo

dandr agram of the CLUMPFIND scgmentation (b), with the same four
lebds used in Fig | and in a As ‘clumgs” ase not allowed 1o belong 10 larger
sractures, each pseado-branch in d issimgly a series of lines connecting the
macimaers anission vd e incadh dump to the SiresholM value A wery large
number of dumps appears in b becas e of the snsi gty of CLUMPFIN D10
noise and small-scale structur ¢ in the data. In the anline PDF version, the 3D
cubeas (8 and b) can be rotated toany oricatation, snd surfacescmn be tarned
onand off (inter xction sequires Adobe Acsodat version 7 .08 or higher). In
the printed ver sion, the front face of each 3D cube (the Bome” view in the
inter ctive online version) camesponds cxactly 1o fic paxch of sk yshown in
Fig L.and velocity with respect 1o the Local Stndard of Rest ina cases rom
front (=05 kms ') toback (S kms '

data, CLUMP AND typicall y finds featuses ans Emed range of acales,
above but close to the physical resolution of the data, and s resul tscan
be overly dependent on inpet parameters. By tusing CLUMPFIND s
two free parameters, the same mal ecular-line data set® can be used to
show cither that the Fequency digtribation of dump mues is the same
as the nitial mass function of stars or that it follows the much shal.
lower mam function amocisted with lergeacale moleculer donds
(Supplementary Fig. 1)

Four yeans before the sdvent of CLUMPFIND, ‘structuse teees™
were proposed a3 2 way to characterize douds” hieraschical structure

display modes

NATURE Vol 000|00 Martth 2008

using 2D maps of column density. With this early 2D work as inspira -
tion, we have developed 2 struaureddentification slgneithen that
abstracts the hierarchical structure of a 3D (p-p-v) data cube into
an easly visualized sepresentation called 2 “dendrogram™®. Although
well developed in other da taintendwe felds''", it is curious that the
application of tree methodolog les 5o far inastrophysics has been rare,
and almost exchusively within the ares of galaxy evolution, where
‘merger trees’ are belng used with incressing frequency’.

Figure 3 and its legead explain the construction of deadrograms
schematically. The dendrogam quantifes how and where local max-
ina of emicdon merge with aach other, and its mplementation it
explained in Supplementary Meathods. Critically, the dendrogram is
determsined almost estirely by the dats iteelf, and it hae negligible
sens itivity to algoeithm parameters. To make graphical peesentation
posshle o paper and 2D screens, we ' flatten’ the dendrogeams of 3D
data (see Rg 3 and its lkegend), by sonting their Dbrancher’ to mot
croe, which o iminstes dimsenonasl information on the x 2xn while
preserving all imformation abowt coamectivity and hierarchy.
Numbered bllised Il lahds i the figures let the reader masch
features between a 2D map (Fig. 1), an nteractive 3D map (Fg. 22
online) and 2 serted dendrogram (Fig. X).

A dendrogram of a spectral line data cube allows for the etimation
of key physical properties associsted wih vdumes bounded by kio-
aurfaces, such a¢ radins (R), velociy dispersion (2,) and luminosity
(L). The vol umes can have any shape, and in other work'* we foces on
the tignificance of the especially elongated festures seen n L1448
(Fig. 22). The baminosity is an appeosimate prony e mas, such
that M. = Xixolisans where Xogon = 80X 0¥ emn* K" lam ™ 's
(ref 15; see Supplementary Methods and Sepplementary Fig 2).
The derived val vet for e, man 3nd vdocity dispertion can then be
used to estimate the role of self-gravity at each paint in the hiemarchy,
viacskulation of an ‘observel’ virial pa mameter, a0, = Sa, RIGM.
In principle, extended portions of the tree (Fig. 2, yellow highlighting )
whete 24, < 2 (where graviationsl energy it compasshle to or larger
than kinetic energy) amrrespond 1o regions of p—p—v space whereself-
gravity iseguificant, A, only sepresents the ratio ofkineticenergy
to gravitational energy at one point in time and does nat explicitly
capture exiernal over-prasure andioe magnetic Aelde ¥, its mestused
valu e should only be used as 2 guide to the longevity (boundedness) of

any particel ar festure

Figure 3 | Schematic lustrati on of the dendrogram process Shown is the
wastroction of a dendrogram from a hypothetical cne dimensio nal
emission peofile (black). The dendrogram (Huc) can be conatracted by
‘dropping’ a text constant emission level (purple) from dove I tiny steps
(exaggerated in size heve, light lnes) untdl ol the local maxima and mengens
are found and consected as shown The intersection of & testlovel with the
emission is a set of podnts (for example the hght purpl e dots) in ane
dmensdon a phoar curve in Swo dimensions, and an kosurface in firee
dscnsom The dendrogram of 3D dats shown in Rg X i thediseat
analogee of the tree shown here, anly constructed from S sosarface’ rather
Han ‘point’ inter sections. It has bean sorted and f2tmed for regr sentation
on & Bt page, as fully repe cscntng dandr ograma for 3D data cabes would
require fow dmensions

@2008 Macrnillan Publichers Linited All rights reserved




display modes

“Off the Desktop”

Slideshow: Tabletop Computers Continued
By Meredith Ringel Morris

First Published December 2008

PHOTO: HAO JIANG, DANIEL WIGDOR, CLIFTON FORLINES, AND CHIA SHEN

UBITABLE: Users can interact with surface computers through auxiliary
devices, such as laptops, phones, and PDAs. The display on the auxiliary device
can convey private or sensitive content to a single user, while group-
appropriate content can appear on the tabletop display. Chia Shen and her
colleagues at Mitsubishi Electric Research Laboratories, in Cambridge, Mass.,
have explored auxiliary interactions with surface computers in their UbiTable
project, in which two people with laptops collaborate over a tabletop display.
Recently, Shen expanded the UbiTable into an interactive room called the
WeSpace. People can share data on their laptops with other people in the
room, using both a table and a large display wall. Here, three Harvard
University astrophysicists discuss radio and IR spectrum images using the
WeSpace.

movie courtesy Daniel Wigdor, taken at MERL, Kendall Square, Cambridge, 2007
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2011

How can we advance
the digital tools for
scientists?

Dataverse
Network

collaborators/contacts at CfA
Seamiess Astronomy:Alyssa Goodman Ondine Astronomy Group, CfA Data Archives: Gus Muench ADS Group:Alberto Accomaxzxi
WorldWide Telescope Ambassadors: Pat Udomprasert High-Dimensional Data Visualization & Interaction: Michelle Borkin
Wolbach Library Lab at CfA 1 Christopher Erdmann VAO at CfA: Pepi Fabbiano Socil Networks in Sciencet Alberto Pepe

Questions about using the Viz-e-Lab? Contact Sarah Block, 5-7331, sblock@cfa.harvard.edu

Tuesday, July 31, 2012
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DataDesk (est. |1986)
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John Tukey’s “Four Essentials™ (c.1972)

Selection

Brushing Linking

Results...
|. for immediate insight
2. as visual source of ideas for statistical algorithms (. refation to svm)

Warning
“details of control can make or break such a system”

Watch the PRIM-9 video at: http://stat-graphics.org/movies/prim9.html



http://stat-graphics.org/movies/prim9.html
http://stat-graphics.org/movies/prim9.html

Exemplar: Linked Dendrogram Views in IDL

4

Video & implementation: Christopher Beaumont, CfA/UHawaii;
inspired by AstroMed work of Douglas Alan, Michelle Borkin,AG, Michael Halle, Erik Rosolowsky
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The “Easier” Future, for Everyone
Modular Craftsmanship & Linked Views

The Future we can see from “now’’...

more display modes available (3D PDF, touch interfaces, stereo+)

live, interactive linked views (DataDesk, Tableau, GapMinder, WWT...)

Unsolved Questions...

(feasibility of) templates/language (e.g. Grammar of Graphics)

Tuesday, July 31, 2012
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takeasweater?
Alyssa A. Goodman

oo Software development. 2010-12
i Bill Barthelmy, Harvard FAS
“izs” Academic Technology Group

L

WGBH collaborators. 2008-9

WGRH | . mm o e m
‘“—-& Annie Valva, Howard Cutler, et al.

Data providera. 201Ll-1¢
Eric Floehr of ForecastWatch
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mondrian's primary colors

Harvard Undergrad Art & Architecture concentrator Emily Xie’s
Spring 2012 final Project from Emprical and Mathematical Reasoning 19, “The Art of Numbers”
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Harvard Undergrad Art & Architecture concentrator Emily Xie’s
Spring 2012 final Project from Emprical and Mathematical Reasoning 19, “The Art of Numbers”
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Projects

How can we advance
the digital tools for
scientists?

Dataverse
Network

collaborators/contacts at CfA
Seamiess Astronomy:Alyssa Goodman Ondine Astronomy Group, CfA Data Archives: Gus Muench ADS Group:Alberto Accomaxzxi
WorldWide Telescope Ambassadors: Pat Udomprasert High-Dimensional Data Visualization & Interaction: Michelle Borkin
Wolbach Library Lab at CfA 1 Christopher Erdmann VAO at CfA: Pepi Fabbiano Socil Networks in Sciencet Alberto Pepe

Questions about using the Viz-e-Lab? Contact Sarah Block, 5-7331, sblock@cfa.harvard.edu
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Microsoft® Research
VWWorldWide el €SCOPCE Experience WWT at worldwidetelescope.org

w Guided Tours Search View Settings
ollections All-Sky = ays > 1 of 3 >

r’ /—! " ———— -
N zed Sky S SFD D < [S: In 2ZMASS: T A k 3
Seamlessly explore
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telescopes in the world  Fypert fed tours of o Control time to study how
the Universe o . the night sky changes

View and compare
images from across the
electromagnetc spectrum

Finder Scope
Classification:

Much more than “just” » Spiral Galaxy f X
the Sky at night! 2 ! in Andromeda '
NGC224 . . :
3D features can take Finder Scope links to Context bar shows
you to other planets, I Wikipedia, items of interest in Context globe
stars & galaxies. pec: 41:16:00 Distance:  publications, and data, ‘ current field of view ShO’WS whgr ¢
Alt: 70 : 06 : 26 Rise: s0 you can learn more you're looking.
Az: 275 : 42 : 17 Transit:
Set: 00:35 :
& == Image Credits: : A‘.dromeda 26
Sky ¥  Digitiz Data provided by two NASA satellites, the . 1of 3 P ‘1
Infrared Astronomy Satellite (IRAS) and the —— }
= Cosmic Background Explorer (COBE). Processing \
Vi s et o - . J
Research Show Object " Close NGC221 M31 . ) e —
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wwtambassadors.org

Microsoft” Research

WorldWide Telescope Ambassadors Program

About My Account | Find Tours Resources Log Out _

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. T

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; Nofterzp'
What is your level of : 9 "

interest in Astronomy’

What is your level of | of D Uty

interest in Science’

How much factual knowledge b ‘ a\

do you have about astrorn~ a“
How much *- ‘er tk l .

bl CO ~visualize

—+100n relationships? e— J— — —

How interested are you in

. e —
using a real telescope’
| | | | | | |

-0.5 -0.25 0 0.25 0.5 0.75 1.0

Effect Size: Gain (or Loss) in Units of Pre-Test Standard Deviation
(Error bars show * | Standard Error of the Mean)
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Seeing Science

Data Visualization in
Modern Research
(and teaching!)

Alyssa A. Goodman
Harvard University (HCO+IIC)

\/ Smithsonian Astrophysical Observatory
| Z-S- Qb Scholar-in-Residence, WGBH

Tuesday, July 31, 2012


http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427
http://vimeo.com/25248427

Projects

2011

The next challenges...

Dataverse
Network

collaborators/contacts at CfA
Seamiess Astronomy:Alyssa Goodman Ondine Astronomy Group, CfA Data Archives: Gus Muench ADS Group:Alberto Accomaxzxi
WorldWide Telescope Ambassadors: Pat Udomprasert High-Dimensional Data Visualization & Interaction: Michelle Borkin
Wolbach Library Lab at CfA 1 Christopher Erdmann VAO at CfA: Pepi Fabbiano Socil Networks in Sciencet Alberto Pepe

Questions about using the Viz-e-Lab? Contact Sarah Block, 5-7331, sblock@cfa.harvard.edu

Tuesday, July 31, 2012



Challenge #1: 3D Selectd

. 4 LN
J

N L .

\4

Ho
Ho

Tuesday, July 31, 2012


http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page
http://www.k-3d.org/wiki/Main_Page

Challenge #2:Too many windows...
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Challenge #3:

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

x (RA)

(L) Click to rotate )

CLUMPFIND segmentation

Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to >CO emission from the L1448

n of Perseus. a, 3D visualiza f f: indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the lea
dendrogram; pink shows the smallest surfaces that contain di
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 with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations show position—position—velocity (p—p—v) space.
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. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emi ralue in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes s can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In

ion, the front face of each 3D cube (the ‘home’ view in the

interactive onlir
Fig. 1, and velocit
front (—0.5km

above but close to the ph

be overly dependent on input paramet LUMPFIND’s
two free parameters, the same molecul: be used to
show either that the frequency distributi f the same
as the initial mass function of stars or that it follows the much shal-

UMPFIND, fstructure trees”
were p sed as a way to characterize clouds” hierarchical structure

64
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using 2D maps of ¢
tion, we have developed a structure-identification algorithm that
abstracts the hierarchical structur a 3D (p—p-v) data cube into
an easily visualized representation called a ‘dendrogram’’. Although
well developed in other data fields'™"?, it is curious that the
application of tree meth gies so far i 0 as been rare,
and almost exclusively within the area of gala lution, where
‘merger trees’ are being used with increasing frequency’.
Figure 3 and its legend explain the construction of dendrograms
matically. The dendrogr: antifies how and where local ma>
ima of emi merge with each other, and its implementation i
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
cr vhich eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarch;
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
ical properties associated with volumes bounded by iso-
(0,) and lumin 4
(L). The volumes can have any shape, and in other work'* we focus on
the signif of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an aj or mass, such
that My, (13c0L13c0, Whe . K 'km™'s
(ref. 15 s
and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter, o, 6,2 R/ GMymn.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p—p—v space where self-
gravity is significant. As o, only represents the ratio of kinetic energy
ational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields', its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.

(p_

ensity level

Figure 3 | Schematic illustration of the dendrogram process. Shown is the

ruction of a dendrogram from a hypothetical one-dimensional

on 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
set of points (for example the light purple dots) in one

sion, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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