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“THE ROAD FROM EXPLANATION TO EXPLORATION, AND BACK…”



Traditionally, travel from exploration to explanation is called  
“Scholarly Publishing” if its dry, and “Public Outreach,” if it’s beautiful.

Explore Explain



It’s much harder to go the other way.

Explore Explain



Explore Explain

And, the best roads are two-way.



This is all possible, and happening now. 

Not for everyone, though. 

see “New Thinking on, and with, Data Visualization”  
(Goodman, Borkin & Robitaille  arxiv.org/abs/1805.11300) 

 
Learn more in our next episode… 
“CONNECTING DATA, LANGUAGE AND PICTURES”

EXPLORATION       

https://arxiv.org/abs/1805.11300


Slides & video: scholar.harvard.edu/agoodman/presentations/road-exploration-explanation-and-back 
Just video: tinyurl.com/AGExploreExplain 

Want a fuller story? Try “The Road from Explanation to Exploration, and Back” 

AG’s talk at the 2018  
NAS Cybernetic Serendipity Colloquium 
links below

https://scholar.harvard.edu/agoodman/presentations/road-exploration-explanation-and-back
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“CONNECTING DATA, LANGUAGE AND PICTURES”



Fiducial 
M(gas)

Optimistic 
M(stars)

Optimistic 
M(gas)

Fiducial 
M(stars)

Figure Caption: The solid/
solid black line shows the 
optimistic case for M(stars)/
M(gas). The orange lines show 
the same quantities, for the 
fiducial case.  
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d3po

Communication

Cognition

enabled by d3.js (ja
vascript) o

utputs

many thanks to Alberto Pepe, Josh Peek, Chris Beaumont, Tom 
Robitaille, Adrian Price-Whelan, Elizabeth Newton,  Michelle 

Borkin & Matteo Cantiello for making the PotF posible. 

WATCH a DEMO video, and find S/W links, 
on          YouTube at tinyurl.com/PotF-Demo 

https://www.authorea.com/users/23/articles/8762-the-paper-of-the-future
https://www.authorea.com/users/23/articles/8762-the-paper-of-the-future
https://www.authorea.com/users/23/articles/8762-the-paper-of-the-future
https://tinyurl.com/PotF-Demo
https://tinyurl.com/PotF-Demo


try these at tinyurl.com/RadWave

 interactive 3D figure produced using glue & plot.ly; 
shown as screenshot

PUBLISHING’S INTERACTIVE CUTTING-EDGE & (AUGMENTED) FUTURE

a b gc d e f

open on 
mobile 

device using 
unique code

aim mobile 
at blank 

space in real 
world

hold Merge 
cube in free 

hand 

rotate 3D 
space by 

rotating cube

bring closer 
or farther to 
zoom in/out

use slider to 
scale view 
relative to 

cube

place on 
surface for 
hands-free 

viewing

Screenshots from demo (video) for Handheld AR Figure from an upcoming AAS Journal article 

AUGMENTED REALITY 
PROPOSED TO NSF 

11-2020

PUBLISHED IN 
NATURE 
1-2020 

ALVES ET AL.  
(THE RADCLIFFE WAVE)

interactive 3D figure produced using glue & 
WorldWide Telescope, shown as 2D still

http://tinyurl.com/RadWave
https://www.nature.com/articles/s41586-019-1874-z


PUBLISHING’S INTERACTIVE CUTTING-EDGE & (AUGMENTED) FUTURE

scan this… …see this

AUGMENTED REALITY 
PROPOSED TO NSF 

11-2020

BIALY ET AL. 2021



PUBLISHING’S INTERACTIVE CUTTING-EDGE & (AUGMENTED) FUTURE

AUGMENTED REALITY 
PROPOSED TO NSF 

11-2020

DEMO DATA WILL APPEAR IN BIALY ET AL. 2021,  AR TECHNOLOGY WILL PREMIERE IN ZUCKER ET AL. 2021
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“TEN QUESTIONS TO ASK WHEN CREATING A VISUALIZATION”



Arzu Çöltekin 
10QViz co-founder   
(with Alyssa Goodman)





10QVIZ.ORG

http://10QVIZ.orG
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“DATA, DIMENSIONS, DISPLAY”



 
“DATA, DIMENSIONS, DISPLAY”



1D: Columns = “Graphs” 
2D: Faces or Slices = “Images” 
3D: Volumes = “3D Renderings”, “2D Movies” 
4D: Time Series of Volumes = “3D Movies”

1D
2D
3D
4D

 
“DATA, DIMENSIONS, DISPLAY”



 
“DATA, DIMENSIONS, DISPLAY”

http://www.worldwidetelescope.org/webclient/default.aspx?wtml=http://www.worldwidetelescope.org/wwtweb/ShowImage.aspx?reverseparity=False&scale=18.5163711997&name=Bar-pt1-pl003_sm&imageurl=https://farm4.staticflickr.com/3820/11760827015_cb3707ebfa_o.jpg&credits=alyssa+goodman+(All+Rights+Reserved)&creditsUrl=&ra=54.3098782184&y=625&x=798&rotation=-179.802212007&dec=31.431266374&thumb=http://farm4.staticflickr.com/3820/11760827015_c769e30f70_q.jpg&wtml=true#/place=Open_Collections.Bar-pt1-pl003_sm.0&ra=3.62066&dec=31.43127&fov=19.44308




 
“DATA, DIMENSIONS, DISPLAY”

http://www.worldwidetelescope.org/webclient/default.aspx?wtml=http://www.worldwidetelescope.org/wwtweb/ShowImage.aspx?reverseparity=False&scale=18.5163711997&name=Bar-pt1-pl003_sm&imageurl=https://farm4.staticflickr.com/3820/11760827015_cb3707ebfa_o.jpg&credits=alyssa+goodman+(All+Rights+Reserved)&creditsUrl=&ra=54.3098782184&y=625&x=798&rotation=-179.802212007&dec=31.431266374&thumb=http://farm4.staticflickr.com/3820/11760827015_c769e30f70_q.jpg&wtml=true#/place=Open_Collections.Bar-pt1-pl003_sm.0&ra=3.62066&dec=31.43127&fov=19.44308
http://www.worldwidetelescope.org/wwtweb/ShowImage.aspx?reverseparity=False&scale=18.5163711997&name=Bar-pt1-pl003_sm&imageurl=https://farm4.staticflickr.com/3820/11760827015_cb3707ebfa_o.jpg&credits=alyssa+goodman+(All+Rights+Reserved)&creditsUrl=&ra=54.3098782184&y=625&x=798&rotation=-179.802212007&dec=31.431266374&thumb=http://farm4.staticflickr.com/3820/11760827015_c769e30f70_q.jpg


 

mm peak (Enoch et al. 2006)

sub-mm peak (Hatchell
et al. 2005, Kirk et al. 2006)

13CO (Ridge et al. 2006)

mid-IR IRAC composite 
from c2d data (Foster, 
Laakso, Ridge, et al.)

Optical image (Barnard 1927)

 
“DATA, DIMENSIONS, DISPLAY”



AstronomicalMedicine@

3D Viz made with VolView

 
“DATA, DIMENSIONS, DISPLAY”



glue
multidimensional data exploration

 
“DATA, DIMENSIONS, DISPLAY” glue

multidimensional data explorationIN 

V. 2021—FULLY INTERACTIVE & TIED TO EVER-WIDER DATA VIA WWT SKY BROWSER
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“BIG DATA VS. WIDE DATA”



 

mm peak (Enoch et al. 2006)

sub-mm peak (Hatchell
et al. 2005, Kirk et al. 2006)

13CO (Ridge et al. 2006)

mid-IR IRAC composite 
from c2d data (Foster, 
Laakso, Ridge, et al.)

Optical image (Barnard 1927)

WIDE DATA



Temperature Foreground amplitudes from Commander, Planck Data [Feb 2015]

WIDE DATA

http://www.cosmos.esa.int/documents/387566/425793/2015_FGAmpl/a3cec4dc-7e13-45df-b5d2-01df97905bc0?t=1423087421731


3D dust from  
Gaia + photometry 

(optical/IR)

“3D” molecular gas  
from CO  
(radio)

4D maser VLBI 
(radio) 

3D geometric  
models

glue
multidimensional data exploration

WIDE DATA DISCOVERY: THE RADCLIFFE WAVE



EVEN “BIGGER & WIDER” DATA: ORION IN GLUE
“3D” molecular gas  

6 different lines 
(radio)

infrared imagery at 
3 colors stellar catalogs

glue
multidimensional data exploration
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video by Tom Robitaille, lead glue developer 
glue created by: C. Beaumont,  M. Borkin,  A. Goodman (PI), T. Robitaille,  C. Zucker, et al. 

LINKED VIEWS OF HIGH-DIMENSIONAL DATA, 
IN PYTHON glue

multidimensional data exploration



3D

2D

Data Abstraction

Statistics

0

25

50

75

100

figure, by M. Borkin, reproduced from Goodman 2012, “Principles of High-Dimensional Data Visualization in Astronomy”

LINKED VIEWS OF HIGH-DIMENSIONAL DATA

http://adsabs.harvard.edu/abs/2012AN....333..505G


glue
multidimensional data exploration



glue
multidimensional data exploration

LINKED VIEWS OF HIGH-DIMENSIONAL DATA, 
IN PYTHON



standard data 
loaders

custom data  
loaders

standard 
1D, 2D & 3D 

plots

custom  
plots

pl
ug

-in

Data 
File 2

Data 
File 1

Data 
File N

…

define new variables, 
import/export insights, 

interactive plots for the web, 
save state, all from GUIbu

ilt
-in

?

link data files’ 
attributes

highlight live or 
algorithmic selections 

with Boolean logic

custom buttons, features

user config.py file 
(loaders, colors, plot types, +)+o
pti

on
s

access to all matplotlib functions 
through built-in IPython terminal

run & interact with glue from  
Jupyter notebook & other tools

glueviz.org 

glue
multidimensional data exploration

glue-ing data 

glue-ing plots 

glue-ing tools 

http://glueviz.org


Data 
File 2

Data 
File 1

Data 
File N

…

glue-ing data 



SEE “DATA, DIMENSIONS, DISPLAY” AND “BIG DATA, WIDE DATA”  FOR MORE ON THIS EXAMPLE

glue
multidimensional data exploration

glue-ing plots 



standard data 
loaders

custom data  
loaders

standard 
1D, 2D & 3D 

plots

custom  
plots

pl
ug

-in

Data 
File 2

Data 
File 1

Data 
File N

…

define new variables, 
import/export insights, 

interactive plots for the web, 
save state, all from GUIbu

ilt
-in

?

link data files’ 
attributes

highlight live or 
algorithmic selections 

with Boolean logic

custom buttons, features

user config.py file 
(loaders, colors, plot types, +)+o
pti

on
s

access to all matplotlib functions 
through built-in IPython terminal

run & interact with glue from  
Jupyter notebook & other tools

glue-ing tools 



glue
multidimensional data exploration

REMEMBER, “DIMENSIONS” NEED NOT BE ORTHOGONAL 
(OR EVEN SPATIAL)

video by Chris Beaumont
glue created by: C. Beaumont,  M. Borkin,  A. Goodman (PI), T. Robitaille,  C. Zucker, et al. 



Video courtesy of Maarten Breddels, consulting developer

pyter

COMING NEXT: GLUE IN THE BROWSER



glue
multidimensional data exploration

glueviz.org 
 

http://glueviz.org
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The wise words of Edward Tufte  
Key concepts from  
The Visual Display of Quantitative Information, Tufte 1983

Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

http://www.edwardtufte.com/tufte/books_vdqi


Graphical Excellence – displays should...

• show the data  

• induce the viewer to think about the substance rather than about methodology, 
graphic design, the technology of graphic production, or something else  

• avoid distorting what the data have to say  

• present many numbers in a small space  

• make large data sets coherent  
• encourage the eye to compare different pieces of data  

• reveal the data at several levels of detail, from a broad overview to the fine structure  

• serve a reasonably clear purpose: description, exploration, tabulation, or decoration  

• be closely integrated with the statistical and verbal descriptions of a data set 

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



William Playfair (1759-1823)

Graphical Excellence



Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



http://www.climatechange.govt.nz/science/what-is-climate-change.html
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http://www.aeronomie.be/en/topics/earthsystem/atmosphere-layers.htm

ozone layer

Graphical Integrity & “The Lie Factor”

http://www.climatechange.govt.nz/science/what-is-climate-change.html
http://www.aeronomie.be/en/topics/earthsystem/atmosphere-layers.htm


Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



Chartjunk & Subtraction

http://www.theusrus.de/blog/yet-another-pie-chart/

http://www.theusrus.de/blog/yet-another-pie-chart/


Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



Data-ink Ratio
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from AG  
example  

used in

http://www.amazon.com/Visual-Strategies-Practical-Scientists-Engineers/dp/0300176449


Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



Multi-functioning graphical elements



Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



Data density



Data (over?) density

http://weatherspark.com/#!dashboard;a=USA/MA/Boston

http://weatherspark.com/#!dashboard;a=USA/MA/Boston


Graphical Excellence

Graphical Integrity  
& “The Lie Factor”

Data-ink Ratio

Chartjunk  
& Subtraction

Multi-functioning  
graphical elements

Data density

Small multiples

Edward Tufte’s Ideas 
from The Visual Display of Quantitative Information, Tufte 1983



Notes for & re-productions of Siderius Nuncius

Galileo Galilei 
(1564-1642)

Small multiples



Composite 

Table* 

*how AG met ET, 1995

G
oodm

an et al. N
R

A
O

/V
LA

 Proposal, 1994

from left: Jonathan Corum, Edward Tufte, 
Alyssa Goodman, Mike Bostock (2015)
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