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Donna J. Cox, M.F.A.

Astral Projection:
Theories of Metaphor, Philosophies of Science,
and the Art of Scientific Visualization

This thesis provides an intellectual context for my work in computational
scientific visualization for large-scale public outreach in venues such as digital-
dome planetarium shows and high-definition public television documentaries. In
my associated practicum, a DVD that provides video excerpts, | focus especially on
work | have created with my Advanced Visualization Laboratory team at the
National Center for Supercomputing Applications (Champaign, lllinois) from
2002-2007.

I make three main contributions 1o knowledge within the field of computational
scientific visualization. Firstly, | share the unique process I have pioneered for
collaboratively producing and exhibiting this data-driven art when aimed at popular
science education. The message of the art complements its means of production:
Renaissance Team collaborations enact a cooperative paradigm of evolutionary
sympathetic adaptation and co-creation.

Secondly, [ open up a positive, new space within computational scientific
visualization’s practice for artistic expression--especially in providing a theory of
digi-epistemology that accounts for how this is possible given the limitations
imposed by the demands of mapping numerical data and the computational models
derived from them onto visual forms. | am concerned not only with liberating
artists to enrich audience’s aesthetic experiences of scientific visualization, to
contribute their own vision, but also with conceiving of audiences as co-creators of
the aesthetic significance of the work, to re-envision and re-circulate what they
encounter there. Even more commonly than in the age of traditional media, on-line
social computing and digital tools have empowered the public to capture and
repurpose visual metaphors, circulating them within new contexts and telling new
stories with them.

Thirdly, I demonstrate the creative power of visaphors (see footnote, p. 1) to
provide novel embodied experiences through my practicum as well as my thesis
discussion. Specifically, | describe how the visaphors my Renaissance Teams and |
create enrich the Environmentalist Story of Science, essentially promoting a
counter-narrative to the Enlightenment Story of Science through articulating how
humanity participates in an evolving universal consciousness through our embodied
interaction and cooperative interdependence within nested, self-producing
(autopoetic) systems, from the micro- to the macroscopic. This contemporary
account of the natural world, its inter-related systems, and their dynamics may be
understood as expressing a creative and generative energy--a kind of
consciousness--that transcends the human yet also encompasses it.
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Preface

In this thesis, I offer an extended account of my unique academic arts and science
research practice, in which [ collaborate with professionals from a variety of disciplines to
create and present animated computational scientific visualizations—what I call
visaphors'--as part of large-scale outreach projects through high-definition documentary
television programming and ultra-high resolution shows for new, high-tech museum
venues such as digital domes. In the words of Tom Lucas, a collaborator of many years
and principal of Thomas Lucas Productions,” my work is focused on “giving millions of
people a glimpse of the processes that shape our universe” (Lucas, 2008; see Appendix). 1
make three claims to contributing new knowledge to the domain of computational
scientific visualization through this thesis:
o [ share the unique process | have pioneered for collaboratively producing and
exhibiting computational scientific visualization for the broader public in mass
VENuces.

e 1open up a positive space, for the first time, within scientific visualization’s
practice of computational science for artistic expression, especially in providing
a theory for how this is possible given the limitations imposed by the demands
of mapping numerical data and the computational models derived from them

onto visual forms.

' I have coined the term “visaphor” to denote the specialized visual metaphors employed in
computational scientific visualization. Visaphors are rendered digitally from
supercomputer numerical data. To concrete representations, they map data that are
founded upon and derived through compound disciplinary assumptions (such as in the
field of mathematics), systems of information, models of science, and approximation
methods (Oreskes, Shrader-Frechette, and Belitz, 1994; Shrader-Frechette, 1994,
Hesse, 1996; Hallyn, 2000; Lakoff and Nunez, 2000; Nunez, 2000; Reed et al., 2005).

2 Thomas Lucas Productions: http://www tlproductions.com/credits.html.



* Il demonstrate the creative power of visaphors to provide novel embodied
experiences through my practicum as well as my thesis discussion.
Specifically, I describe how the visaphors my Renaissance Teams and | create
enrich the Environmentalist Story of Science, essentially promoting a counter-
narrative to the Enlightenment Story of Science through showing how humanity
participates in an evolving universal consciousness through our embodied
interaction and cooperative interdependence within nested, self-producing
(autopoetic) systems, from the micro- to the macroscopic.
My contributions to new knowledge must be understood within the context of my
computational scientific visualization practice.

At its broadest level, visualization makes the “invisible visible.” | work within an
area of scientific visualization that aims to make visible new understandings of natural
phenomena. In our current practice, we visually interpret, represent, and present large-
scale computational models of scientific hypotheses. These models are derived from the
practice of computational science. Computational science--which has come to be known
as the third pillar of scientific inquiry (Reed et al., 2005)*--solves large systems of physics
equations, generating billions of numbers, within the virtual laboratory of supercomputers.
Computational scientists distinguish themselves from computer scientists both through
their focus. Computer scientists are concerned with software or hardware innovation,
while computational scientists are focused on a science domain to which such technologies
might be applied for discovery. Computational scientists’ method of inquiry depends upon
scientific visualization for its digi-epistemology, a term | have coined that resonates with

Ken Golberg’s notion of “tele-epistemology,” which theorizes the distance between a

* Theory and experimentation being the first two pillars of scientific inquiry.
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viewer and a remote technology through which something is viewed (2001). Scientists
develop heuristic models of phenomena based on empirically derived data. Then, together
with visualization artists, they work to debug and reveal models from massive, obscuring
blocks of geometrically chunked data. From these models, artists develop visualizations--
such as data-informed depictions of supemova explosions or tornado formation (see the
Practicum Compilation DVD for examples of visualizations | have developed).

I distinguish this computational science approach from others used in scientific
visualization in two ways. Firstly, | have expanded my work beyond that major form in
which practitioners--such as those featured in The Visual Mind: Art and Mathematics
(Emmer, 1993), including myself--create visual representations of algorithms and
databases or directly model purely mathematical theorizations. Secondly, | distinguish the
focus of my current work from the development of scientific visualization tools used for
data discovery and interrogation, which are, as a result, mainly employed in refining
models and creating visaphors for audiences within specialized communities. My research
group does create interactive visualization tools (see Practicum Compilation DVD for
examples of Virtual Director™) to aid in the making of visaphors, but these tools are used
to support our process for making visaphors intended for outreach, and so concentrate,
again in Tom Lucas’s words, on “new heights of drama and aesthetics” (Lucas, 2008; sce
Appendix).

Currently, my visaphor work is aesthetically designed and directed to the broader
public, as a means of popularizing scientific research and contemporary science narratives.
Scientific visualization products such as visaphors arc gencrally thought of as a type of
scientific communication among ourselves, their creators; our collaborators, the scientists,
who provide the computational models; and the popular science educators, who produce

infotatnments that incorporate a varicty of visual methods, including illustrations,
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animations, and data-driven visualizations. As a seminal and leading artist in the field of
computational scientific visualization, | have created a unique process for producing and
exhibiting scientific visualization for the broader pubic in mass venues such as digital
planetarium domes and high-definition educational television programs. The process
includes special techniques for treating computational data and the coordination of
interdisciplinary Renaissance Teams that combine the expertise of artists, scientists, and
high-definition feature or museum site educator-writer-producers. 1 describe this process
(see Chapter 2) and its products (see Practicum Overview and Detail) as the first of three
major contributions | have made to the field. This contribution is widely acknowledged
among my colleagues, as is shown by Paul Fishwick’s introduction to my 1988 article
“Using the Supercomputer to Visualize Higher Dimensions: An Artist’s Contribution to
Scientific Visualization,” reprinted in honor of Leonardo’s 40™ anniversary:

“Donna J. Cox’s article [...] is a seminal contribution, not only to Leonardo, but to

the idea that teams of artists and scientists can and should work closely together in

“Renaissance teams” [...] Based on Cox’s pioneering work, one is left to speculate

how future research can leverage relatively new media... We are lefl with the

conclusion that the best research to push science forward will involve these

Renaissance teams.” (Fishwick, 2008, p. 390)

The second major contribution | have made to the field of scientific visualization
is—for the first time—the opening up of a positive spacc within its practice for artistic
expression, especially in providing a theory for how this is possible given the limitations
imposed by the demands of mapping numerical data and the computational models derived
from them onto visual forms. I justify this expanded view by arguing--as Brian Harley
(2001) has in the case of maps within the study of historical geography--that scientific
visualization does not simply hold a mirror to nature and so require only accuracy, clarity,

and standardization from us as practitioners. Practitioners within scientific visualization

have tended to resist considering themselves artists, preferring to be thought of as



communicators instead, but there seems to be some lessening of resistance since the turn of
the millennium. Two relatively recent books have attempted to formally establish new
regions of the techno-arts through codifying rclevant practice in all of its variations and
naming the individual artists who have led their development. Stephen Wilson’s
Information Arts (2002) revisits “the relationship of art to scientific and technological
research, exploring the pioneering work of artists with emerging research” (p. 5). [ am
included as a pioneering artist within “Digital Information Systems / Computers” as well
as “Algorithms, Mathematics, Fractals, Genetic Art, and Artificial Life,” in contrast with
such areas as “Biology” approaches; “Telecommunications”; or “Kinetics, Sound
Installations, and Robots.” Within my current field of concentration, Digital Information
Systems / Computers, | am distinguished as an artist working in “Information
Visualization,” in contrast with others working in “Virtual Reality”; “Motion, Gesture,
Touch, Gaze, Manipulation, and Activated Objects”; “Speech Synthesis, Voice
Recognition, and 3-D Sound”; and “Artificial Intelligence.” Although I share with other
informational visvalization artists the common goal of making the “invisible visible” by
representing data such as the information of the first internet image (Dodge and Kitchin,
2001), my current work differs from theirs in emphasis as well. Within the “Information
Visualization” section of “Information Arts,” my work differs from those practicing in
complementary but distinctive fields, such as “Surveillance,” “Databases and Research
Processes,” and “Information Organizations and Structures.” In contrast, my focus is on
the visualization of computational science, this ecmerging, supercomputer-simulation
scicnce, with its technical, artistic, and epistemological challenges.

I am always conscious of these differences in working with colleagues in the
scientific visualization arts, what we sometimes refer to as “data-viz.” My collaborator,

Felice Frankel at Harvard, for example, focuses on imaging and message communication.
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In particular, she addresses visualization issues surrounding photographs, illustrations, and
scanning electron microscopes (Wilson, 2002). In contrast, Paul Fishwick’s important
work explores mathematical modeling and reveals the aesthetics of computer-science
algonithms through visualization (2006). Both Franke! and Fishwick produce
visualizations intended for specialized research audiences. In contrast, my practice uses
scientific computational models that have been developed in conjunction with domain-
expert scientists (e.g., astrophysicists, atmospheric scientists) to heuristically research and
represent scientific hypotheses and discover new visual forms for presenting their science
stories to popular culture: large-scale, general audiences.

| distinguish my work from my fellow practitioners in another way, as well. Paul
Fishwick’s Aesthetic Computing (2006), in contrast to Wilson’s Information Aris, defines a
hybrid field that “is concerned with the impact and effects of aesthetics on the field of
computing” (p. 3}, in which aesthetics is defined as “sense perception and the associated
cognitive state of a person who is under the influence of an aesthetic experience” (p. xiii)
and computing is taken to be broadly synonymous with computer science in all of its forms
(p. 5). Fishwick distinguishes aesthetic computing from the information arts by their
differing goals. Aesthetic computing seeks to “modify computer science through the
catalysis of aesthetics” rather than to employ digital methods to crcate new,
communicative forms (information arts) or new artistic expressions or forms of art
(computer arts, digital arts media). Although my thesis discussion and practicum draw on
information arts principles, it would be accurate to say that they represent an aesthetic
computing approach. Fishwick classifies types of aesthetic computing by their modality,
how they “interface and interact with objects”; their cu/ture, how they “manifest” in
relation to “specific artists, art movements, and genre:” and quality, how they incorporate

“general aesthetic qualities” (p. [3). My invited, chapter-length contribution to the volume
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treats “metaphoric mappings” as a basis for the “art of visualization” and appears in the
“Art and Design” section (Cox, 2006, pp. 89-114), rather than in sections devoted to topics
such as “Philosophy and Representation,” “Mathematics and Computing,” and “Interface
and Interaction.” In the chapter, I discuss how visualization artists use a creative
metaphoric mapping process when mediating, filtering, and using data to communicate
scientific theories. The process 1 have developed to do so is represented in the volume
because of its importance in contributing to the practice of aesthetic computing, especially
in terms of the modality of visaphors as embodied metaphors that may be experienced
familiarly in terms of culture--as modemn scientific illustrations or animations in telling
science stories--even as they evoke a range of general aesthetic qualities, including beauty,
wonder, imaginative projection, and a re-envisioning of the perceived real.

The third major contribution | have made through my work is not limited to the
field of scientific visualization, but it does provide an example of what we may create
within the scope of our funding and project obligations and with the tools and media at our
disposal. That is, | have worked through my most recent scientific visualizations to enrich
the Environmentalist Story of Science, essentially promoting a counter-narrative to the
Enlightenment Story of Science that describes how humanity participates in an evolving
universal consciousness through our embodied interaction and cooperative
interdependence within nested, self-producing (autopoetic) systems, from the micro- to the
macroscopic (Margulis and Sagan, 1986; Maturana and Varela, 1980, 1987; Barlow, 1991;
Waldrop, 1992; Kauffman, 1995). | have donc so not through directly altering project
narratives, in either their scripts or the sweep of their complete visual offerings, but
through incorporating and manipulating visaphors: the specialized, data-informed visual
metaphors that are themselves aesthetically composed of nested, autopoctic systems.

These visaphors enact for audiences a vital, sensory expericnce that they then incorporate

7



into their embodied selves and manifest in the systems of which they are a part--including

our highly situated and partial reality that is ever subject to vision and revision.



PRACTICUM

The art that is coming will give formal expression to our scientific conviction.

---Franz Marc

(from Man and his Symbols, Carl Gustav Jung, 1968, p. 302)



Practicum Qverview

My artistic work in computational scientific visualization is acsthetically designed
and directed to the broader public as a means of popularizing scientific research and
contemporary science narratives. | direct the Advanced Visualization Laboratory team
(AVL) at the National Center for Supercomputing Applications (NCSA) in creating
cinematic visaphor sequences (superficially similar to animated clips or short films) for
large-scale outreach and distribution in popular culture venues. These visaphor sequences
serve as digital imagery in ultra-high resolution, immersive digital dome shows and high-
definition television documentaries—with audiences that number in the millions.

A cinematic visaphor sequence (what throughout this thesis 1 refer to simply as a
“visaphor”) is an animated, computer graphics imaging (CGl), time-based visualization of
computational science that | collaborate with a Renaissance Team of scientists,
visualization artists, and technicians to generate. Our visaphor development process is
unique to computational scientific visualization and the methods | have pioneered for
creative production within the field (this process is described in Chapter 2). My
Renaissance Team and 1 also collaborate with science producer-writer-educators to
incorporate our visaphors into large-scale outreach projects (i.e., various types of
distributed exhibits and shows). The process we use to contextualize our work is similar to
those used to incorporatc complex, artistic, digital elements in the production of full-length
feature films. However, visaphors are not simply digital special cffects, such as those
presented in Hollywood movies. They incorporate research from peer-reviewed

computational science studies and applied computer graphics visualization techniques.
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Our visaphors must be incorporated into large-scale projects strategically, so that
they complement the documentary’s narrative and its visual style, from camera work to
color values to subtle renderings of metaphoric development customized for the
production. In the body of work presented here, we were aware from the start that the
visaphors we created would be incorporated into a larger project. Our visaphor sequences
are also sometimes shared with smaller and more specialized public audiences as is,
without incorporation into large-scale projects. For example, we exhibit visaphor
sequences in art exhibits and conference demonstrations for specialized audiences.

Our cinematic visaphor sequences are most often viewed by the public through
their incorporation into ultra-high resolution digital dome shows at museum-based
planetariums and IMAX theaters and into high-definition television documentaries created
for NOVA and aired on PBS (Public Broadcasting Service) or created for and aired on the
Discovery Channel. They are embedded within documentaries in combination with visual
elements created by other project contributors (e.g., illustration, live action) and enhanced
through yet other contributors’ non-visual elements, such as voice-over narration, script,
and music or sound effects.

Practicum Package

For the Practicum, | have submitted two DVDs, one a compilation of excerpts from

a number of projects and the other a single project from end-1o-end, the Black Holes

digital-dome show promotional DVD. The_material on these two DVDs constitutes the

practicum submission intended to meet the requirements of my docioral degree.

(1) Practicam Compilation DVD
1. General Visaphor Sequences
2. Virwal Tools

Excerpts from:

12



3. Hunt for the Supertwister: Chasing Nature's Most Powerful Tornadoes PBS NOVA
show

4. Black Holes: The Other Side of Infinity digital-dome show (round format)
5. Monster of the Milky Way: A Supermassive Black Hole PBS NOVA show

On the Practicum Compilation DVD, [ have placed cinematic visaphor sequences
by themselves, to clearly distinguish them from other documentary elements of completed
shows, demonstrate important concepts, and illustrate the development of this new an
form. Some of the sequences provided under General Visaphor Sequences (such as the
Monterey Bay Ocean) have not yet appeared in large-scale projects, but have appeared in
smaller art exhibits. | have provided demonstrations, too, of collaborative tools we have
developed for creating visaphors with colleagues near and far.

The Practicum Compilation DVD also provides excerpts from three large-scale
outreach productions to demonstrate the collaborative contexts within which my visaphors
have been embedded. | have organized these excerpts under show scenes (in which
visaphors are embedded) and visaphor sequences (isolated from surrounding scenes to
clearly distinguish them from other show material).

I want to stress that these visaphor sequences are the final aesthetic results of a
process that begins with massive data derived from scientific simulations run on
supercomputers. These visaphors require concentrated human effort and creative vision to
produce. Many of these visaphor sequences require months of exploration of
computational data and iterative aesthetic render tests before final sequences can be
realized. For example, in creating the tomado visaphor sequences on this Practicum
Compilation DVD--some of which were later used in the large-scale outreach project Hunt
Jor the Supertwister-- we collaborated with NCSA Senior Rescarch Scientist and

University of lllinois Professor of Atmospheric Sciences Bob Wilhelmson and his team,
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who simulated a 200 mph-wind, massive tomado similar to the one Manchester, South
Dakota suffered in Summer 2003 using NCOMMAS (NSSL Collaborative Model for
Multiscale Atmospheric Simulation). Starting with sensor data from the recorded pre-
storm conditions near Manchester, the science team ran calculations on NCSA’s IBM p690
computing cluster to produce a 100 x 100 x 25 km virtual domain of super cell storm and
tornado activity, resulting in 650 billion bytes of data. Using a human-intensive, highly
iterative process, my team at AVL and | then translated that data into a dynamic, high-
definition, animated visualization of the tornado's birth and growth. To render these
visaphor sequences, we used a visualization cluster composed of 40 dual-processor 2.4
GHz Intel Xeon nodes, cach with 2GB of RAM and about 100 gigabytes of local disk
space, plus seven I/O nodes with about 290GB of shared disk space apiece. Without
access to such supercomputing resources, our rendering work would have taken 970 days
of dual-processor CPU processing (NCSA, 2004). As usual, we produced much more
visaphor footage than was actually used in the NOVA show and conducted many digital
tests that are also not shown here.
(2) Black Holes Digital-Dome Show Prometional DVD

Black Holes: The Other Side of Infinity is a promotional DVD released by Spitz’
distributor for the digital-dome show, with round dome formatted version, rectangular TV
version, and other promotional materials that include interviews with key production
personnel. Black Holes: The Other Side of Infinity was a Denver Museum of Nature and
Science (DMNS) digital dome show narrated by Liam Neeson that previewed in February

2006; it was designed to be experienced “live” within an immersive large-scale

* Since 1945, ES Spitz, Inc. has been an international leader in digital-dome and opto-
mechanical dome manufacturing (http:/spitzinc.com/). In its first 18 months of distributing
Black Holes, ES Spitz, Inc. licensed the show to more than 30 theaters ranging in size from
the nearly 300-seat venue in Chicago’s Adler Planetarium down to 50-seat university
theaters: http://www.spitzinc.com/fulldome_shows/show_blackholes/index.html].
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environment. NCSA’s news release describes the show as one that “takes viewers on a
thrilling ride to the inside of a supermassive black hole. On the search for black holes
across deep space, viewers encounter a range of phenomena visualized by NCSA,
including a depiction of the beginning of the universe, the Big Bang, endless seas of dust
and gas drawn together by gravity to form the first stars, the collision of two galaxies that
cross paths in the vastness of space, and a virtual trip into the center of the Milky Way”
(NCSA, 2006). To capture the content and supporting materials of the digital dome show,
I have submitted the Spitz, Inc. distributor’s promotional DVD, which was created to
promote the DMNS digital dome The DVD offers two versions of the show: a dome
master version (with a rounded field) and a TV-show format version (with a rectangular
field). In addition, the DVD provides extra material, including interviews with primary
contributors. | am credited as Co-Producer of the show as a whole and NCSA Producer
and Art Director. Currently, fifty-one digital-dome museums have licensed the show (see
Appendix: Spitz distribution release, October 2008).
Other Material

In addition to the two DVDs provided in the Practicum package, I refer the readers
to two DVDs informally that, like the Black Holes digital-dome show promotional DVD,
are professionally packaged. | refer to these DVDs to help readers better understand the

context of my work, but they do not constitute a submission for meeting degrec

requirements:

Hunt for the Supertwister: Chasing Nature's Most Powerful Tornadoes: PBS
NOVA DVD with the full HD television show, scene selections, and other material.

Monster of the Milky Way: A Supermassive Black Hole: PBS NOVA DVD with the
full HD television show, scene selections, and other material

15



Since excerpts from these feature-length productions are provided on the Practicum
Compilation DVD, and [ will return to this work frequently throughout my thesis

discussion, | next give a description of each show.,

Hunt for the Supertwister: Chasing Nature’s Most Powerful Tornadoes aired as a
high-definition NOVA television episode on PBS in March 2004. NCSA’s news
release describes the show as focusing “on the search for understanding nature's
most violent tornadoes, from daredevil storm chasing in tomado alley to simulating
severe weather with the computational resources and visualization expertise
of...NCSA.” | am credited as Co-Producer of the show as a whole. | also
produced and served as art director for NCSA, although the credits do not
specifically name these roles. | initiated this project with Tom Lucas and directed
the team during production. Full credits are provided by PBS on-line at

hitp://www.pbs.org/webh/nova/tornado/credits.himl.

Monster of the Milky Way aired as a high-definition NOVA television episode on
PBS in October 2006. The Nielson ratings for this show indicate approximately
three million viewers (see Lucas Nielson PBS show ratings in Appendix) at its
premier. [ am credited as Co-Producer for NCSA and as NCSA Producer and An
Director. The DVD is a packaged version of the NOVA episode. A complete

script and credit list can be found at

http://www.pbs.org/wgbh/nova/blackhole/credits.html.

Black Holes and Monster of the Milky Way demonstrate to readers how my team’s

carlier work is sometimes adapted for later projects, since sequences used in Black Holes
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were reused with revised sequences in Monster of the Milky Way. We anticipated doing so
from the start, since the projects were developed together as The Black Holes Project,
which was partially funded through a National Science Foundation (NSF) informal science
education grant as well as a grant from NASA. [ initiated the project with Tom Lucas of
Thomas Lucas Productions, a firm that specializes in high-end scientific education shows,
and served as co-principal investigator to his principal investigator role. In this case, the
resulting large-scale, creative production outcomes differed in form: Black Holes is an
ultra high-resolution digital-dome show (also developed in collaboration with Gates
Planetarium) and Monster of the Milky Way is a high-definition, public television show
(also developed in collaboration with PBS). NSF reviewers delighted in the fact that we
proposed this repurposing of computational scientific visualizations in order to be efficient
and consistent, although the two shows’ targeted audiences were cut from very different
cultural fabrics.

The DVDs submitted to meet practicum requirements for the thesis demonstrate
some of the forms in which my visaphor work and that of the team I direct reach audiences
in the millions. They also implicitly demonstrate the range of roles in which | have
worked and the variety of resources | have marshaled to realize these collaborative visions
for scientific outreach and education. Of this accomplishment, Tom Lucas writes,

“l know of no other tcam anywhere in the world that has worked at such a

consistently high level to visualize science for public presentation. Part of your

success, | believe, is that you have built a team of artists and programmers who are
steeped in science. [n addition, you have used your successes to gain a high degree
of support from your university. Your ability to marshal visualization and
computational resources at your institution has led to collaborations on a global
scale.” (Lucas, 2008; see Appendix)

A complete list of large-scale outreach projects | have done since 1996 is given in the

Practicum Detail.



Practicum Detail

In its first sections, this document details the contents of the Practicum Compilation
DVD, submitted in the Practicum package in partial fulfillment of the requirements for the
doctoral degree. The Practicum Compilation DVD includes a set of general visaphor
sequences as well as scenes and scene sequences excerpled from three feature-length
shows, two of which are not included in the practicum submission in their entirety: Hunt
Jor the Supertwister: Chasing Natures’s Most Powerful Tornadoes (2004); Black Holes:
The Other Side of Infinity (2006), which has also been submitted in partial fulfiliment of
the requirements for the doctoral degree; and Monster of the Milky Way: A Supermassive
Black Hole (2007). Entries for the scenes and scene sequences included from each show
also give details about the show, including my credits and contributions.

[n its second section, the document establishes a context for this body of work by
giving a history of this most recent stage of my career, in which | have focused on creating
supercomputer-supported, cinematic, computational scientific visualizations (what | simply

call “visaphors” in the thesis text) for large-scale outreach.

Section 1. Advanced Visualization Laboratory Cinematic Computational
Visualization Sequences
(selected and arranged on Practicum Comptlation DVD as part of the main
practicum submission to fulfill requirements for doctoral degree)

A. Practicum DVD General Visaphor Sequences
1: General Visaphor Sequences

1.1 Intellibadge™ Project
1.1.1 Dynamic Bar Chart
1.1.2 Garden Metaphor
1.1.3 Video of SC 02



1.2 Tornado & Ocean
1.2.1 TornadoChaser
1.2.2 Domefest 2005
1.2.3 Monterey Bay

1.3 Star-Galaxy Formation Black Holes Project
1.3.1 First Star Goes Supernova
1.3.2 Galaxy Formation of Milky Way Spiral

1.4 Colliding Galaxies
1.4.1 Colliding Galaxies, Museum of Science & Industry Project
1.4.2 Colliding Galaxies, The Black Holes Project

1.5 Milky Way Virtual Flights
[.5.1 Virtual Voyage from Milky Way to Virgo, Runaway Universe
1.5.2 Flight to the Milky Way Galactic Center, The Black Holes
Project

1.6 Evolution of the Universe
1.6.1 Evolution of the Large-Scale Universe, Runaway Universe
1.6.2 Evolution of the Universe, The Black Holes Project

2: Virtual Tools
2.1 Virtual Collaboration, BBC excerpt
2.2 IGRID-Universe

B. Practicum

Compilation DVD Show Excerpts

(ordered from least to most recent)

Project Name:

Hunt for the Supertwister: Chasing Nature’s Most Powerful
Tornadoes

Date Premicred: first premiered March 1, 2004

Where:

Show Credits:

Show Content

repeat showings in 2005, 2006, 2007

NOVA Public Broadcast Corporation (PBS) High Definition (HD)
television broadcast
Distributed on PBS NOVA DVD video

NCSA Computation and Visualization Co-Producer
credits: htip://www.pbs.org/wgbh/nova/tornado/credits.html

: “NQVA profiles the deadliest of tornadoes—superiwisters—and
investigates prediction methods. On May 3, 1999, one of the most
powerful tornadoes ever recorded carved a path of complete
destruction near Oklahoma City. To scientists, the supertwister held
sobering lessons about the future for rapidly expanding cities in
tornado-threatened areas. Most tornadoes form suddenly and with
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little warning. But now meteorologists are on the verge of a
breakthrough that may solve the puzzle of how these killer storms
spawn and where they are likely to strike. NOVA follows
stormchasers as they probe the tornado’s deadly secrets. Also
included is Lou Wicker of the National Severe Storms Laboratory,
who is creating computer models in collaboration with scientists at
the National Center for Supercomputing Applications
(NCSA)/University of Illinois, that provide exciting insights into the
intricate sequence of steps that goes into spawning a twister using a
supercomputer model. The visualizations of this supercomputer
mode! were designed and computed at the NCSA by Donna Cox and
her Advanced Visualization Laboratory team” (PBS NOVA
promotional text).

Visaphors appcaring in the televised and distributed show:

I. Glyph Tornado visaphors (rendered with various camera moves)
Realistic Night-Rendered and Alternate Tormnado visaphors
Volume-Rendered Tornado visaphors (with various camera moves)
Glyph Wind Shear visaphor

Doppler Radar-Rendered visaphor

Spotlight Vortex-Rendered Tornado visaphor

Al

Practicum Compilation DVD scene excerpts and visaphor sequence log:

3: Hunt for the Supertwister
PBS NOVA show cxcerpts
*visaphors embedded within scenes of surrounding material and audio
**visaphor sequences only

(menul)
*Scene | Prologue excerpt (38 sec.)
**Sequence 1-3: Glyph Tornado visaphor only
**Sequence 4: Alternate visaphor only

*Scene 3 excerpt (1 min. 52 sec.)
**Sequence 1: Volume-Rendered Tornado visaphors only
**Sequence 2; Glyph Tornado visaphors only

*Scene 4 excerpt (1 min. 35 sec.)
**Sequence 1: Glyph Wind Shear visaphor only
**Sequence 2: Alternate Night-Render Tornado visaphor only

(menu2)
*Scene S excerpt (2 min. 37 sec.)
**Sequence 1: Volume-Rendered Tornado visaphor only
**Sequence 2: Glyph Tomado visaphor only
**Sequence 3; Alternate Doppler Radar-Rendered visaphor only
**Sequence 4: Spotlight Vortex-Rendered visaphor only
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*Scene 6 excerpt: Production End Credits

My Contributions:
e Helped initiate project, introducing Tom Lucas and NCSA staff
o Directed Advanced Visualization Laboratory group 1o create
visaphors provided for the show
e Served as NCSA Scientific Visualization Project Director for the
show
e Approved visaphor development
e Collaborated directly with Thomas Lucas, the overall show Director,
and with computational scientists

Further Project Details:
http://www.teachersource.com/Books SoftwareAndVideos/NOVAVide
os/HuntforSuperTwister NovaVideo.aspx

Project Name; Black Holes: The Other Side of Infinity
= n.b. feature-length promotional DVD also submitted in partial
fulfillment of practicum requirecment =

Project Format: two recorded show versions on a single DVD: large-scale digital
dome version and television format version

the live show, an immersive experience, is not directly recoverable
on DVD, but was reproduced in part at the thesis defense in the
University of Plymouth’s Immersive Vision Theatre, March 2009.

Date Premicred: February 2006

Where: full dome digital planetarium live show (25-minute runtime):
Denver Museum of Nature and Science
Gates Digital Planetarium Dome Show
Denver, Colorado

distributed promotional DVD video (enclosed; contains two,
differently formatted versions of same show)

Show Credits: Co-Producer
NCSA Producer and Art Director

Show Content: “There’s a place from which nothing escapes, not even light,
where time and space literally come to end. It’s at this point, inside
this fantastic riddle, that black holes exert their sway over the
cosmos ... and our imaginations.

In this Museum-produced show, zip through other-worldly
wormholes, experience the creation of the Milky Way Galaxy, and
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witness the violent death of a star and subsequent birth of a black
hole. Mathematical equations, cutting-edge science, and Einstein’s
theories fill in holes along the way, providing the most complete
picture yet on this mysterious phenomenon. Can you feel the pull?”
(DMNS promotional text).

Visaphors appearing in the distributed show:

Milky Way, alone and with various composites and lens effects
First Star Formation and Going Supernova

Virtual Voyage from Milky Way to Virgo Cluster of Galaxies
Big Bang Expansion

Colliding Galaxies I

Computed Star Orbits in Milky Way

SR LN =

Practicum Compilation DVD scenc excerpts and visaphor sequence log:

4: Black Holes: The Other Side of Infinity
digital-dome show excerpts
*visaphors embedded within scenes of surrounding material and audio
**yisaphor sequences only

*Prologue
**Sequence |: Milky Way Galaxy in Galaxies
**Sequence 2: Supernova
*Sequence 3: Milky Way with Earth-Satellite Composite
**Sequence 4: Virtual Voyage from Milky Way to Virgo Cluster
**Sequence 5: Big Bang Expansion
**Sequence 6: First Star Goes Supermnova
**Sequence 7: Colliding Galaxies |
**Sequence 8: Star Orbits in Milky Way
Sequence 9: a: **Virtual Voyage through Milky Way
b: * Milky Way with Hamilton Lens Effect
Production End Credits in TV Format

My Contributions:
e Helped initiate project with Tom Lucas
e Served as Co-Principal Investigator on the original National Science
Foundation proposal: The Black Holes Project
e Designated NCSA Scientific Visualization Project Director, directing
Advanced Visualization Laboratory group
o Closely directed and approved all NCSA visaphor development
» Provided input on script, other scientific visualizations, and illustrations in
the show
o Contributed “hands-on” development of various shots, including first star
going supernova and evolution of universe
* Provided input on choreography, color, and final approval for all shots for
the show
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Distribution:

Project Name:

Date Premicred:

Where:

Show Credits:

Show Content:

Collaborated directly with Thomas Lucas, the overall show Director;

computational and consulting scientists; and Denver Museum of Nature and
Science producers and production staff

Spitz, Inc. continues to distribute the show worldwide; it has now
appeared at 51 planetariums (see Appendix). (The show’s visuals
can be adapted to appear in different types of planetarium
environments).

Monster of the Milky Way: A Supermassive Black Hole

original PBS broadcast date: October 31, 2006
multiple broadcasts since October 2006

NOVA Public Broadcast Corporation (PBS) high definition (HD)
television broadcast
distributed on NOVA PBS DVD video (enclosed)

NCSA Producer and Art Director
NCSA Co-Producer
credits: htip://'www pbs.org/webh/nova/blackhole/credits.himl

“Astronomers are closing in on the proof they've sought for yecars
that one of the most destructive objects in the universe—a
supermassive black hole—Ilurks at the center of our own galaxy.
Could it flare up and consume our entire galactic neighborhood?
Join NOVA on a mind-bending investigation into one of the most
bizarre corners of cosmological science: black hole research. From
event horizon to singularity, the elusive secrets of supermassive
black holes are revealed through stunning computer-generated
imagery, including an extraordinary simulation of what it might look
like to fall into the belly of such an all-devouring beast. Over 12
different scenes of data-driven scientific visualizations showing
astrophysical phenomena are included” (PBS NOVA promotional
text).

Visaphors appearing in the televised and distributed show:

S b -

%0 ~

First Star Formation and Going Supernova

Large-Scale Evolution of the Universe

Formation of the Milky Way Galaxy

Colliding Galaxies I and I

Astrophysical Jet

Flight 10 the Center of the Milky Way, and various other Milky Way
camera treatments

Virtual Voyage from Milky Way to Virgo Cluster

Big Bang Expansion

Active Galactic Nuclet
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10. Colliding Galaxies |
11. Computed Star Orbits in Milky Way

Practicum Compilation DVD scene excerpts and visaphor sequence log:

5: Monster of Miltky Way: A Supermassive Black Hole
PBS NOVA show excerpts
*visaphors embedded within scenes of surrounding material and audio
**visaphor scquences only

(menul)
*Scene | Introduction with embedded visaphors (2 min. 38 sec.)
**Sequence 1: Milky Way with Satellite Composite
**Sequence 2: Evolution of the Universe
**Sequence 3: Hamilton Lens Effect in Milky Way Galaxy
**Sequence 4: First Star Goes Supernova
**Sequence 5: Colliding Galaxies

(menu2)
*Scene 2 excerpt (3 min. 46 sec.)
**Sequence 1: Big Bang
**Sequence 2-4: Milky Way Galaxy
**Sequence 5: Milky Way with Hamilton Lens Effect

*Scene 3 excerpt (2 min. 55 sec.)
**Sequence 1: Star Orbits in Milky Way
**Sequence 2: Milky Way with Hamilton Lens Effect

(menu3)

*Scene 4 excerpt {4 min. 0 sec.)
**Sequence 1: Milky Way with Hamilton Lens Effect
**Sequence 2: Galaxies with Black Holes
**Sequence 3: Big Bang
**Scquence 4: First Star Goes Supernova
**Sequence 5: Milky Way Galaxy Formation
**Sequence 6: Colliding Galaxies
**Sequence 7: Astrophysical Jet

(menud)

*Scene 5 excerpt (5 min. 3 sec.)
**Sequence 1: Milky Way Galaxy
*#*Sequence 2: Milky Way with Hamilton Lens Effect
**Sequence 3: Astrophysical Jet with Hamilton Lens Effect
**Sequence 4: Astrophysical Jet
**Sequence 5: Colliding Galaxics
**Sequence 6: Milky Way Formation
**Sequence 7: Galaxies with Black Holes

Production End Credits
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My Contributions:
e Helped initiate project with Tom Lucas
e Served as Co-Principal Investigator on the original National Science
Foundation proposal: The Black Holes Project
e Acted as NCSA Scientific Visualization Project Director, directing
Advanced Visualization Laboratory group
¢ Closely directed and approved all NCSA visaphor development
o Contributed “hands-on” development of various shots, including First Star
Going Supernova, Evolution of the Universe, and Milky Way Formation
e Provided input on choreography, color, and final approval for all shots for
the show
e Collaborated directly with Thomas Lucas, the overall show Director,
computational and consulting scientists

Section 1. Carecr History in Large-Scale Outreach Projects
(ordered from least to most recent)

To give readers a sense of how my work in creating and directing visaphors has
developed into large-scale, public outreach projects, I list here those which have had this
audience appeal as a primary focus. In these productions my NCSA visaphors (i.e.,
computational scientific visualizations) have been featured as significant creative
components.

I initiated doctoral work under Roy Ascott in 2000, but my professional focus in
this area began in 1996 with Cosmic Voyage. In the projects listed below, | have served as
director/art director and producer/co-producer of the NCSA visaphors and, in some cases,
also of the production as a whole. | define these roles in Chapter 2.

o Cosmic Voyage, IMAX Film, 1996, Smithsonian Air and Space Museum,
Washington, DC Co-Producer of Scientific Visualization and Director of
Pixar Sequence

s Runaway Universe, NOVA television show2000, Producer and Art Director

of NCSA 3D Cosmic Visualizations; NSF funded project “Mapping the
Universe”.
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Passport to the Universe, Digital Dome Show, premiered January 2000,
Hayden Planetarium, American Museum of Natural History, New York
City, Director of NCSA Computational Visualizations

Unfolding Universe, Discovery Channel high-definition television show,
2002, Director of NCSA visualizations, Producer of show as whole and Art
Director of NCSA 3D Cosmic Visualizations

Search for Life: Are We Alone?, American Museum of Natural History,
New York City, Digital Dome Show, premiered June 2002, American
Museum of Nartural History, New York City, Director of NCSA
Visualizations

IntelliBadge™, IEEE Supercomputing, November 2002, Baltimore,
Maryland, Director of entire project and team responsible for project

Hunt for the Supertwister: Chasing Nature's Most Powerful Tornadoes,
NOVA high-definition television show, March 2004, NCSA Computation
and Visualization Co-Producer

Black Holes: The Other Side of Infinity, Dome Show, , premiered January
2006, Denver Muscum of Nature and Science, Co-Pl on original Black
Holes Project NSF grant, Co-Producer of project as whole, and NCSA
Producer and Art Director

Monster of the Milky Way: A Supermassive Black Hole, NOVA high-
definition television show, February 2006, Co-PI on the original Black
Holes Project NSF grant, NCSA Producer and Art Director, and NCSA Co-
Producer

The Fragile Planet, Dome Show, premiered September 2008, Morrison
Planetarium, California Academy of Science, San Francisco, credited for
creation of NCSA Milky Way and extragalactic sequences.

Monster Black Hole, National Geographic high-definition television show,
premiercd December 7 2008, NCSA producer

IBEX: Search for the Edge of the Solar System, Dome Show, Dccember

2008, Adler Planetarium, Chicago, Illinois, NCSA Director Advanced
Visualization Lab, Milky Way sequence
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THESIS

What is truth? A mobile army of metaphors [...]

-- Friedrich Nietzsche

(“On Truth and Lie in an Extra-Moral Sense,” 1873;
trans. Walter Kaufimann)

29



Astral Projection: Theories of Metaphor, Philosophies of Science, and the Art of
Scientific Visualization'
Introduction

In its broadest sense, visualization involves the process of “making the invisible
visible--a phrase that scientific visualization artists have 1aken as their unofficial motto. It
appears frequently in the pages of the field’s flagship publication, Leonardo: The Journal
of the International Society for the Arts, Sciences, and Technology (Wilson, 2002;
Bermudez et al., 2005; Fishwick, 2006; Malina, 2006). Visualization has been an
important human activity for tens of thousands of years. From cave paintings to virtual
CAVE™ environments (Cruz-Neira, Sandin, and DeFanti, 1993}, the process of making
the cognitive imagination visually tangible using culturally-dominant technologies is one
of the most consistent behaviors of humankind. Culturally-dominant technologies have
ranged from primitive carving tools in Paleolithic times to sophisticated digital computers
in our own. The power of visualization can be demonstrated in diverse areas such as
religion, government, and commerce, as well as science and popular culture.

As a research artist-scientist at the National Center for Supercomputing
Applications (NCSA), I have a long history of researching and advancing the field of
scientific visualization. Since 1985, when research-based supercomputing was just
beginning, | have organized “Renaissance Teams” to collaborate with scientists and

technologists in the creation of visualizations for scientific discovery as well as mass

' In some mystical traditions, astral projection is a form of spirit walk, or “out-of-body"
experience, in which the astral body, or semblance of soul, is supposed to leave the
body to travel amidst esoteric regions, connected only by a “silver cord.” 1 evoke this
experience figuratively here, to suggest the digi-cpistemological relationship betwcen
the visaphoric manifestation of science stories and the artists’ and audiences’ embodied
experiences of them.
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public venues (Cox, 1988a, 1988b, 1989, 1990, 1991, 1996, 1998, 2000a, 2000b). This
expertise enables me to formulate this thesis from a unique professional perspective.

I do not lightly use the label “unique™ with regard to my work or my larger contributions to
the field of scientific visualization. To establish the basis for this claim, | begin by
explaining the precise nature of the field in which | work.

I work within an area of scientific visualization in which we visually interpret,
represent, and present large-scale computational models of scientific hypotheses. My
latest contributions focus on visualizing large-scale, scientific computational models that
are derived from computational science. Computational science, which has come 1o be
known as the “third pillar of scientific inquiry” (Reed et al., 2005), solves large systems of
physics equations within the virtual laboratory of supercomputers. The objective of this
new scientific methodology is to describe and predict natural phenomena (Wilhelmson,
1988; Kaufmann, 11l and Smarr, 1993; Bartz, 1998; Reed et al., 2005). This method of
inquiry depends upon scientific visualization to debug, reveal (from massive, obscuring
blocks of geometrically chunked data), and heuristically develop the models that result
from this processing. The heuristic representations of these models are visaphors, a
specialized, high-tech form of visual metaphor.

The visaphors I develop to tell the science stories of these models are designed to
capture the imagination and interest of the broader public—in part to provide a means of
popularizing cutting-edge scientific research. By the broader public, | mean that we are
attempting ultimately to reach not hundreds or thousands, but millions of viewers. Our
digital-dome show Black Holes: The Other Side of Infinity has been seen by more than 1.4
million people who attended at over fifty planetariums (see Appendix). A letter from Mike
Bruno (who works for the show’s distributor, Spitz) anticipates a much larger circulation

over the lifetime of the show (Bruno, 2008; see Appendix). By all dome-show distribution
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standards, Black Holes is a blockbuster. According to Neilson ratings, the NOVA show
later developed from this digital-dome show, Monster of the Milky Way, had three-million
viewers on the night of its first broadcast alone Halloween, 2006. (PUBTV ONLINE,
2006; see Appendix).

Currently, | lead strategic directions for the Advanced Visualization Laboratory
(AVL), which | founded. AVL’s mission is to work closely with scientists and science
communities to create scientific visualization methods and techniques, develop and use
interactive visualization applications for data analysis, design and implement
visualizations, and work directly with remote collaborators using high-speed networks and
advanced visualization systems. Our scientific visualizations aesthetically present science
for informal, educational, and public outreach via museum venues (such as digital-dome
planetariums), documentary broadcast television, and other public forums.2 As scientific
outreach, their purpose is to inspire as well as to inform.

For the past fourteen years, | have also directed outreach visualization efforts at
NCSA, direcling scientific visualizations that are data-driven, aesthetically designed, and
cinemalically presented. A representative selection of these visualizations serves as the
practicum portion of this thesis. With the ecxception of the last visualization listed
(Monterey Bay), which stands alone, they have been featured as important creative
components that are embedded within collaborative productions (the most recent and
significant of my career):

o [ntelliBadge™, IEEE Supercomputing, 2002 (live cvent)

2 AVL’s mission statement appears on its website: http:/avl.ncsa.uiuc.edu.
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o Hunt for the Supertwister, NOVA, 2004 (television feature) — with
additional twister visualizations not included and later versions created for
research

The Black Holes Project

o Black Holes: The Other Side of Infinity, Gates Planetarium (Denver), 2006
(dome show)

e Monster of the Milky Way, NOVA, 2006 (television feature) — note:
includes visaphor sequences from the Black Holes: The Other Side of
Infinity dome show, plus new work produced for this television feature

e Monterey Bay Ocean Flow, NSF Grant, 2004 (Orcutt and Smarr, 2008, Cox
subaward)

As a pioneer in the field, | have created a unique process for producing and
exhibiting scientific visualization for the broader pubic in mass venues. To this process,
forming and leading interdisciplinary Renaissance Teams is especially crucial. 1 have
found that to bring such complex, collaborative visions to life, my creative practice as an
artist must be complemented by my work as a producer, director, and researcher. In the
Black Holes: The Other Side of Infinity planetarium show, for example, | brainstormed
with external collaborators, helped write the grant proposal for funding, provided input on
the script, and critiqued most of the scenes (not just those visualized). My team and |
visited the Denver Museum of Nature and Science (DMNS) Gates Planetarium and
participated in scientific, educational, and evaluative reviews of the show while it was in
progress. With DMNS, | developed a university contract, dealing with issues of copyright,
royalties, and intellectual property. As producer, | was involved in all of the day-to-day

administrative, financial, and project management aspects of AVL’s contributions to the
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production. Not only have | produced and directed scientific visualizations for
productions, but | have also served as art director of individual scenes because of my
responsibility for their aesthetic treatment. When directing the art of scenes, | participate
in their creation, production design, color, and cinematic treatment. In many projects, |
also provide hands-on, digital color control and camera control of scenes (see Practicum
Detail).

My primary goal in theorizing and describing my practice in this thesis is to open
up a positive space within computational scicntific visualization for artistic expression,
especially in providing a theory for how this is possible given the limitations imposed by
the demands of mapping numerical data and computational models derived from them onto
visual forms. When we contextualize the production and reception of visaphors within the
arts, we gain a scnse of their cultural origins and impact. The aesthetic forms of visaphors
circulate within larger cultural narratives, translated and transformed through the active
participation of our audiences in their understanding, reuse, and re-embodiment (they are
incorporated into viewers’ sensc-memories). Visaphors return to us changed and re-
energized, grown vast and diverse through having traveled the circuits of our cultural
networks, like the ancient tales once carried from many homes to many abroads along the
old Silk Road.

The grand narrative scientific visualizations arc most apparently used to help tell is
the Story of Science, a secular, modern mythology (Swimme and Berry, 1992; Bicrlen,
1994). Since the mid-seventeenth century, the European Enlightenment Story of Science
has celebrated scientific heroism, especially its objectivity and rationalism, its progress in
improving human reason and conquering the unknown, The story has been critiqued in our
time as reductionist. However, a newer version that refiects contemporary

environmentalist values now seeks to promote increased value for and sensitivity to the
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natural world and an awareness of our potential for choosing positive outcomes for the
biosphere as a whole. This version of the grand narrative revises our understanding of
evolutionary science, of emergence in the universe. Rather than evolution’s culminating in
a human pinnacle, evolution incorporates humanity as an emergent system within the
autopoetic layers of the universe (Margulis and Sagan, 1986; Maturana and Varela, 1980,
1987; Barlow, 1991; Waldrop, 1992; Kauffman, 1995). This new story of the universe
establishes both our fragile place in the dynamic order of things and our expanded
awareness of the universe as greater than the sum of our collective imagination. Rather
than dominating nature, humanity comes to play a role in “enabling the Earth and the
universe entire to reflect on and to celebrate themselves, and the deep mysteries they bear
within them, in a special mode of conscious self awareness” (Swimme and Berry, 1992, p.
1). This new worldview is one of many possible worldviews, but it gains much power
from the perceived agency scientific inquiry lends to us and from the self-conscious
awareness of our world-making through the metaphoric maps of computational science.
We once created a multitude of vital cosmic realities through mythic stories, tales in which
we figured-- whether we knew it or not--as creators as well as creation. Today, we are
reinventing the sacred through participating once again in creating a new cosmological
view of the universe, one enabled through the mythology of science {Kauffman, 2008).
The Western Environmentalist Story of Science is no more told in a single, unified
account than the traditional Enlightenment version, but taken across multiple instances its
principal, repeated elements form a modern mythology. A unifying theme of this
mythology that [ embrace is a re-cvaluation of the nature of the human and our relationship
to the natural, especially at the systemic level, as we consider what it means to be a small
part of the universe in its complexity and immensity and how the systems of which we are

made up and in which we participate foster cooperative interdependence. When we
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become aware of compulational scientific visualization as an art, and when we popularize
that art, we open up a hermeneutic circle between the distributed, institutionalized powers
in our culture that authorize, fund, and proscribe key forms of knowledge and the publics
that have some degree of agency for reevaluating, resisting, repurposing, and revising
them. In coming to accept cur field as an art and our role within it as artists, we too stand
to gain a self-conscious place within this hermeneutic circle, and the potential to alter our
praxis, even if subtly, such as by a shift in emphasis. An awareness of ourselves as artists
who are culturally constructing a new view of the universe creatively and ethically
compels us to become self-conscious of the stories our work is used to tell and, in turn, the
stories we tell through our work.

The scientific community and the scientific visualization experts who identify with
it have resisted reading the cultural significance of the images we create. As | will discuss
later in more detail (Chapter 1), they focus on technical and perceptual issues. Art
historians have also been slow in breaching the gap. James Elkins, in The Domain of
Images, admits that art historians need to expand their visual analytical domain beyond
traditional, fine art subject matter and embrace new subject areas such as science,
commerce, and technology (1999). Barbara Stafford in Good Looking: Essays on the
Virtues of Images emphasizes this research deficit in imaging studies: “In a world literally
raining images—whether pouring out of museums, channeled through television, video,
software programs, and digital disks, or streaming from multimedia monitors and optical
displays—neither traditional nor new art histories have emerged as practical guides” (1996,
pp. 86-87). In addition to this call for an analytic shift in art history, we sec an expansion
of imaging research imperatives in the context of human consciousness (Ascott, 2003,

2006; Stafford, 2007) and epistemology (Goldberg, 2001).
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To the knowledge of the author, no arts scholars have embraced computational
scientific visualization, especially that which is used for mass public outreach. To educate
the scholarly arts community about this aesthetic medium, this thesis reverse-engineers the
process of creating computational scientific visualizations. To share the value of the field
and provide new knowledge about our scientific, digital, and visual culture, it leverages
theoretical studies in other domains that include visual metaphorical mapping, theories of
evolution, and the science of emergence.

As members of post-industrial, Western societies--as experiencers of and
contributors to the “information age,” the “age of the internet” and of the “consumer”--we
inhabit image-glutted cultural landscapes. We learn 1o see before we learn to read, and we
learn to read images as well as text, if not better. Info-visualization is a way of organizing
the incoming, "kaleidoscopic" flood of perceptions and concepts. "Quantity” is a concept
that we use daily, and quantifying physical experience for cognitive ends is important to
organizing our conscious world. We want to understand what proportion of people die at
our age, how many calories affect our bodies, how much gas will cost, and what fills our
cup. Our motive for understanding information in visual form goes much beyond
academic inquiry. The graphical display of quantitative information is important to both
the individual and society. Understanding the full implications of this data visualization
praxis is necessary to our evolution and provides an expanded view of who we are and
where we are going as a species.

Data visualizations, including scientific ones, increasingly feature as important
elements in our cultural landscapes. To become cuiturally literate, we need to understand
what they are and how they function semantically and semiotically (Kallick-Wakker,
1994). The primary goal of the visualization community 1s to help generate insights for

decision-making. In a general sense, visualization can be defined as the mapping of data to
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a representation resulting in a digital, sensory model--primarily a visual model. This
mapping transforms numerical or symbolic information into visual information that people
can use to understand, document, synthesize, analyze, hypothesize, and communicate. The
transformed data includes a system of numbers that provides measurable, quantitative
information and may also include computational and scientific models; sensor output from
instruments; and geographic, statistical, and contextual information (Ellson and Cox, 1988;
Anderson, 1989; Keller and Keller, 1993; Cleveland, 1993; Rosenblum et al., 1994; Ebert
et al., 2000; Kniss et al., 2002; Woolman, 2002; Gaither et al., 2005; Chen et al., 2008). In
what is perhaps a mark of materialist fundamentalism within data-viz practice, these
graphic representations are commonly referred to as “data-driven,” because they are
derived from often abstract and complex numerical data and its structuring, rather than
from the less mediated and more directly observed phenomena used by artists to create
such non-data-driven visualizations as hand-drawn scientific illustrations. Yet, we ought
instead to think of scientific visualizations as driven only partially by data: the mapping
process still allows room for aesthetic manipulation and artistic agency. The models
visualized from data are displayed using qualitative as well as quantitative information.
Because the models represent data qualitatively, artists working in this domain gain a
relative autonomy from the base assumption of mimetic representation.

Data visualization can be divided into two broad areas that employ advanced, three-
dimensional (3D), computer-graphics imaging (CGl), synthetic techniques to display data-
driven, quantitative and qualitative information: information visualization and scientific
visualization, with which | am concerned hereafter. The two areas have much in common:
both are informed by dynamic and static data and both involve mapping one domain of
symbolic information onto a digital visual model. They share important methods in

common when they process numerical data. They are both concerned with issues of

39



mapping information, reducing visual complexity, and 3D-CGI synthetic modeling and
rendering. The main distinguishing factor between these areas is the nature and source of
their data. Information (or data)
visualization includes data analysis and
presentation across a variety of disciplines,
including science, medicine, engineering,

geography, business, and finance (Card,

Figure 1. Scientific visualization of a natural . .
phenomenon, a severe thunderstorm. The underlying MacKinlay, and Shneiderman, 1999; Ware,

computational data is structured.
2000). Scientific visualization mainly
provides visual models of natural phenomena that humans recognize, such as galaxies,

fluid flows, and thunderstorms (Rosenblum et al., 1994) (Figure 1). Information

visualization provides data-driven, graphical models to represent abstract information such

as demographics, statistics, genomics
(Figure 2 and 3), and descriptive databases

(Card et al., 1999; Ware, 2000). In

contrast, scientific visualization, such as

computerized, axial tomography (CAT) in

: i |
*E'EE F’ E :Ef! medical imaging produces results in
Figure 2. Information visualization of NCSA
genomics visualization preject. The underlying
unstructured data is organized into phylogenetic tree
structure (white on black).

digitized slices of data that can be
reconstructed into 3D digital visual models.
This bifurcation in visualization research is reflected in the IEEE Visualization conference

structure, which now provides a separate track for Information Visualization.
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“But raw computation speeds represent only one facet of the third pillar.
Computational science enables researchers and practitioners to bring to life
theoretical models of phenomena too complex, costly, hazardous, vast, or small
for ‘wet’ experimentation. Computational cosmology, which tests competing
theories of the universe’s origins by computationally evolving cosmological
models, is one such area. We cannot create physical variants of the current
universe or observe its future evolution, so computational simulation is the

only feasible way to conduct experiments.” (p. 13)

CGil visualization is the only virtual view into this digital laboratory. Yet, such
visualizations also deluge our popular visual culture and have a broad cultural impact
through all technologies of reproduction and transmission, from the periodical press to
virtual-reality games.

In this thesis, 1 focus on the circulation of scientific, data-driven visualization
within popular culture, rather than on its use as a mode for scientific experimentation--a
topic that merits its own, extended treatment. As a means of scientific communication for
popularizing theories, hypotheses, and conjectures to near disciplines as well as lay
audiences, digital, data-driven visualizations have come to permeate society; they have
become an important part of visual culture. Large audiences view them on television, at
the movies, and in immersive, digital-planetarium shows. Well-respected, scientific
journals such as the American Science and the English Nature and popular magazines such
as National Geographic regularly feature these visualizations of scientific thought. They
are powerful informants due to the scientific and technological authority they wield.
Within modern societies, they originate and perpetuate essential strains of our cultural
imaginary, those that have come to depend on scientific narratives. In this way, they act as
powerfully to shape culture and its developments in our post-industrial societies as
mythological artifacts once did in pre-industrial ones. In a very real sense, they help to

construct our modem mythologies, those that can never be experientially proven (Jung,

1959), especially those that rely on the scientific saga of the creation of the universe.
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I am particularly interested in computational scientific visualizations’ and their
metaphorical and cultural interactions. Scientific communication employs visaphors to
represent simulated theories and hypotheses of material phenomena for scientists, but
through science education also proliferates and culturally reinforces these concepts to the
public. Visaphors are distinguished from other types of visual metaphors in that they are
rendered digitally from numerical data. To concrete representations, they map data that are
founded upon and derived through compound, disciplinary assumptions (such as in the
field of mathematics), systems of information, models of science and approximation
methods (Oreskes, Shrader-Frechetie, and Belitz, 1994; Hesse, 1996; Hallyn, 2000; Lakoff
and Nunez, 2000; Nunez, 2000; Reed et al., 2005). Visaphors also differ from other hand
or digitally illustrated visual metaphors because of their specialized computational and
quantitative nature. They provide twenty-first century maps of uncharted numerical
territories (Bertin, 1983; Harley, 2001; Akerman and Karrow, 2007). The media that are
used to manifest these visual metaphors—advanced computer graphics technologies—and
sometimes to display them—such as planetarium digital domes--further impact their
potential for artistic manipulation, means and modes of production, and audicnce
interaction (Berton,1990; Crary, 1990; Ascott, 2003; Sherman and Craig, 2003; Bowman
and McMahan, 2007; McConville, 2007). To create visaphors, the visualization artists
incorporate aesthetics as an inherent part of a very complex process where data has been
mediated and filtered and is used to communicate scientific theories. Their aesthetic power
is grounded in their representation of embodied metaphorical mappings and the systemic,
epistemological structures that inform them and are informed by them (Lakoff and
Johnson, 1980, 1999; Cox, 2006).

As my primary argument, then, | appeal to the data-viz community to broaden our

view of the power and purposc of the visaphors we create. Historically, we have located
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their value in their ability to clearly and accurately translate and represent data, or in their
capacity to convert computational, scientific models into visual forms. That is a view |
once held. | have come to find, however, that as a new, artistic medium visaphors have the
potential to generate insights into humanity’s previously unsuspected evolutionary
capacities and contribute to a deeper understanding of our place in the universe (De
Chardin, 1959; Margulis, 1986). Visaphors function alongside other metaphoric
knowledge maps to provide epistemological scaffolds that enable us to both express and
experience a sense of reality that is always already a socially embodied construction. They
empower us to interactively participate in collective, cybernetic, autopoetic systems
(Ascott, 1968, 2001; Maturana and Varela, 1980, 1987; Packer and Jordan, 2001). Our
self-conscious interaction with these systems contributes to the evolution of our greater
consciousness. Through this enlightened position, we become fully able to appreciate the
impact of the scientific visualization arts. We gain insight into how the audiences who
engage with our community outreach efforts interact with, enact, and recycle visaphors as
well as into how the visaphoric aesthetic emerges from our collective, symbiotic brains as
an evolutionary, bio-cultural, technological phenomenon.

I continue to value the contributions data-viz makes to scientific practice and
popular science education (Gordin and Pea, 1995; Davies, 2008). | continue to support the
data-viz field’s sense of best practices, employing many of these techniques today. In fact,
these practices reflect the natural process of generating consistency, facilitating learning
and rapid comprehension. However, [ have also come to believe that the current goal of
scientific and data visualization--to reveal an objective universe through the absolute,
accurate translation of data—is an illusory one. [ have lost faith in this positivist mission,
having now accepted the argument that all data and information is mediated and filtered in

some way: instrumentally, computationally, or interpretively. Rather than lamenting this
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contingency, | celebrate the potential for empowerment that this awareness provides to
anyone working with visualization systems. I write this thesis in order to make a case for
how our work goes beyond the ways in which we have previously understood our
endeavors. | encourage us to embrace a novel exposition of the power of visaphor art to
reveal emergent properties from science and to be an emergent property of culture.

This argument brings a new perspective to the entire visualization production
process, one that is collaborative and enables great synergies. [t portrays the production of
visaphors as a collective activity undertaken by the creative, interdisciplinary, research
colony of the Renaissance Team, whose activities go well beyond the more functional and
capital-driven ends of commercial art. Created by directors, managers, designers,
scientists, and technologists, the visaphoric arts employ some of the most advanced, high-
performance technologies of science today, for cultural as well as scientific ends.
Visaphors possess a collective power--not in spite of collaboration, but because of it
(Bermudez et al., 2005; Prophet and d’Inverno, 2006; Sandin et al., 2006). From hybridity
and diversity, they germinate and gather strength.

This argument also brings a new perspective to the outreach and dissemination
process for the visaphoric arts. They have the potential to communicate much more than
basic science education and promotion (Gordin and Pea, 1995; Davies, 2008). As a result,
this emerging art requires an expanded distribution space beyond traditional art exhibitions
or even the Hollywood entertainment industry. | have worked to deliberately expand the
reach of visaphors to science museums; educational IMAX fiims; large-scale television
projects; digital domes; and far-reaching, distribution avenues such as internet TV. This
proliferation interacts with the embodied minds of millions, the amalgamated collective,
gaining maximum impact within our visaphorically reinforced sense of “reality.” In

particular, | use visaphors to expose emergent properties of complex systems of both
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meaning and matter, showing how emerging patterns of systemic interdependence and
cooperative exchange run right through evolution.

Visaphors are a distinctly modem, advanced-technology art. They have a special
relationship to modern computational scientific models, but the processes that yield their
construction and comprehension are set within a wide historical discourse that concerns the
nature of reality and the metaphorical and scientific processes used to engage with it.

From the field’s inception, visualization experts have been predisposed toward scientific
materialism. Yet, | have found convincing the constructivist challenges to this position,
especially as they have been expressed within metaphor studies and its correlates within
cognitive science {Rosch and Lloyd, 1978; Varela, Thompson, and Rosch, 1991;
Indurkhya, 1992; Lakoff and Johnson, 1999; Stafford, 2007). The epistemological shift |
have made and hope to convince other to make enables a different view of data-informed
visualization and scientific mathematical models. [ exploit this new perspective here to
reveal the complex processes of cognitive and social construction through which visaphors
emerge and operate. In a profound, new way, the visaphor aesthetic awakens our visual
appreciation of the inherent beauty and symmetry in cosmological models and scientific
simulations, marking a hybrid path in our cultural evolution.

Visaphors themselves are emergent properties within a self-sustaining visual
metaphoric feedback system, which enables viseotelecommunion. This cybernetic process
reveals itself in the visual history of our mythologies and in the scientific creations of
today. Visaphors cnable us to participate in the self-conscious building of mythological
scaffolds, from our modern technology perspectives, enabling us to evolve new,
metaphorical territories. Visaphorizing is a self-conscious aesthetic that enables us to
participate in a new kind of scientifically-based mythology, one that continues to cut its

stories from the fabrics of existence and to enable cosmic discoveries, universalized

46



ontologies, and existential explorations. Viseotelecommuning, in this case through
visaphorizing, is a process of the universe looking at itself, collectively reflecting upon its
own evolution.

Visaphors operate within a field (Ascott, 2006), reaching deep into human
consciousness, providing a clear marker of our symbiotic brain and the evolutionary
processes of consciousness. Visaphors both enable an exposition of this universal process
and benefit from this evolution of our embodied realities (Maturana and Varela, 1987).
They reveal how the universe is not made up of discrete phenomena, but multiple layers of
systems that emerge from individual components. | have felt myself to be a part of this
extraordinary, bio-cultural, technological evolution. Visaphors are a celebration of who we
are in the universe; they help us negotiate our embodied nature. Such an art form has the
power (o inspire us to reevaluate our place in the larger universe: our evolution, our
interventions, and our unsuspected capacilties.

The argument is organized as follows:

Chapter | makes a case for evolving the view of scientific visualization from a
practice that represents reality to one that constructs it through digi-cpistemological
aesthetics.

Chapter 2 describes the collaborative and technical process 1 pioneered for
creating visaphors--demonstrating that this process is inseparable from the resulting
visaphors’ aesthetic, epistemological, and ideological dimensions.

Chapter 3 establishes a ground for understanding the interactive dimension of
visaphors through explaining how metaphors are made and understood through cognitive,
rather than purely, linguistic processes. | use this ground to argue that visaphors construct
and are constructed by a viseotelecommunion between our embodied minds and our

contemporary, scientifically-authorized social myth of reality.
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Chapter 4 clucidates the philosophy of science tradition out of which visaphors
have emerged to provide a basis for my argument that visaphors are specially suited to
visually theorizing emergence because of the nested, self-generating systems they portray.
A constructivist account of scientific knowledge is championed over the positivist and
empirical theories that have historically validated the mission of data-viz. This account is
rooted in a minor tradition (i.e., De Chardin, Varela, Margulis) that elaborates new
evolutionary processes, including cooperative, autopoetic systems and their apprehension
through an expanding human consciousness. The justification of this tradition provides a
new and different basis for authorizing a broader mission for the visaphor arts, since |
claim that visaphors and the technologies that support their creation and proliferation are
natural extensions of these evolutionary processes.

Chapter 5 describes how visaphors have inherited the conventions of invented
communications systems historically, politically, and technologically in order to expose
the mechanisms that make artistic intervention in the form possible as well as their cultural
significance. Special attention is given to visaphors’ adoption of cartographic conventions,
as visaphors and maps both engage in mapping processes. The final section of Chapter 5
relates the function of visaphors to historical mythologies and archetypal forms, Visaphors
narrate our contemporary societies as historical mythologies once did ancient cultures,
populated with fanatastic chimeras of art, science, and technology. Visaphors evince a
powerful worldview, one of many possibilities.

Throughout the thesis, 1 illustrate concepts in the scientific visualization arts--from
design to production to final product to reception and interaction--with examples drawn
from my own body of work. | focus especially on those projects provided in the

Practicum.
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Chapter 1: The Evolution of Scientific Visualization: Shifting Paradigms from
Representing to Constructing Reality

Scientific visualizations differ from other types of scientific illustration in that they
are intensively informed by digital data. Computer-mediated visualization is a relatively
young technology. After the first vacuum-tube computers were invented during the middle
of twentieth century (Greenia, 2000), data-driven scientific visualization developed in
tandem with computer-graphics imaging (CGI). A small portion of scientific researchers
used these nascent computer technologies to model natural phenomenon, However, CGI-
synthetic methods were primarily exploited by the entertainment industry in the 1970s.
Hollywood Director George Lucas invested in CGl research, resulting in computer image-
synthesis algorithms that were enslaved to photo-digital realism and special effects cinema
production. Early CGl researchers published many of these foundational techniques in the
S1Ggraph (Special Interest Group in Graphics, Association of Computing Machines)
conference proceedings (Machover and Hart, 1999). However, the most advanced CGl
algorithms remained the proprietary property of production companies. Most basic
research scientists did not have access to advanced CGI algorithms or graphics computers
in order to visualize their complex numerical data.

It was not until the dawning of supercomputing that CGl-synthetic methods
expanded to include techniques particuiar to advanced scientific computational challenges.
During the last half of the twentieth century, the CGI raster-hardware industry matured,
three-dimensional (3D) CGI synthesis sofiware advanced, computational science
expanded, and a community of developers coalesced around the burgeoning concepts of
data-driven scientific visualization (McCormick et al., 1987; Friedhoff, 1989; Foley and

Ribarsky, 1994; Rosenblum et al., 1994). In 1985, the National Science Foundation (NSF)
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established five academic supercomputer centers, and they embarked upon the task of
making supercomputing and new technologies available for basic research, especially
computational science.

By 1987, NSF had convened a panel to report on Visualization in Scientific
Computing (McCormick et al.,, 1987). The report led to a major initiative in the research
and advancement of scientific visualization. Eventually, Hollywood-style visualizations
gave way to mathematically rigorous, interactive visualization software {(Brown, 1989-
1990). Over the last twenty years, data-driven scientific visualization has developed into a
language with its own conventions and visual methods, such as 3D glyphs (Elison and
Cox, 1988) and interactive, progressive-disclosure techniques. By 1990, new conferences
were devoted solely to research for visualization in scientific computing (Patrikalakis,
1991; Rosenblum et al., 1994; Chen et al., 1996). A particular power of scientific
visualizations is that they need not be presented in isolation; researchers can use them to
integrate scientific and contextual information into “smart” applications that combine
descriptive and spatial knowledge discovery (Stoev et al., 2001; Peltier et al., 2003).

Perhaps, however, in reaction against the field’s early artistic and entertainment-
directed origins, most science publications discussing computing and supercomputing are
given to advancing technical research and focused on mathematical algorithms that make
computing more efficient or provide alternate solutions to existing technical problems:
ACM SiGgraph Computer Graphics Proceedings; IEEE Visualization Proceedings; IEEE
Image Processing Conference Proceedings (Munzner et al., 2006). This predominate
professional orientation grew out of the first IEEE Visualization conference in San
Francisco in 1990, for which | served as one of the organizers. Computational scientists
and computer scientists attempting to understand simulation data pervaded the early days

of IEEE Visualization; computer scientists specializing in computer graphics continuc to
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dominate the visualization field. The plethora of data, whether generated from computers
or gathered observationally, has driven the growth and focus of the visualization field,
leading its study and practice to center on converting encoded numerical information into
technology-mediated visual forms that human beings can understand in order 1o make
decisions. Until the last decade, the research mantra has been “better computer science
algorithms.” Now, applied perception, human computer interfaces, and data analytics
promise to yield a better understanding from the onslaught of data. The onus of making “a
good visualization” is on the expert in his/her transformation and display of the data, which
is supposed lo represent as accurately as possible some found reality.

The dominant computer science publications, when not focused on technical
issues, have tended to focus on perceptual design approaches for information visualization
(Gershon, 1990, 1994; Ware, 2000). In books such as The Visual Display of Information
and Visualizing Data (Tufie, 1983), and the proceedings of IEEE Vis, the primary goal of
visualization is to communicate information, pulling that information from data and
presenting it in an objective perceptual form. In Colin Ware’s Information Visualization:
Perception for Design (2000), for example, the primary goal is to develop a science of
visualization using a perception-based approach. Psycho-perceptual (e.g., optics, visual
attention, spatial perception) and neuroscience discussions are used to consider design,
interface, and problem solving. The role of the artist and designer is limited to clarifying
information and providing consistent design strategies. Ware’s work suggests a growing
emphasis on perception studies in the scientific visualization field, a sense that although
computer science and analysis algorithms are vaiuable and play an important role in
scientific visualization, they are not necessarily the primary goal of visualization experts

today, which is, rather, represented by this 2005 conference presenter in the field:
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"With a large collection of developed algorithms and techniques at hand,
visualization researchers are now coming to grips with the fact that it is not
devising an algorithm that is the critical problem, but rather how to map data to
display in such a way that people can see important patterns. In other words it is

about perception.” (Ware, 2005, p. 707)

Granted, over the years, more publications have begun to cover issues of
representation in scientific visualization (Tufie, 1983, 1990; Cox, 1989, 1990, 1991; Lynch
and Woolgar, 1990). However, their view of representation remains too restricted. Also
worth noting is that the scientific visualization community has tended to focus on the
development of its own practice as it impacts experts within the visualization and
associated scientific communities, a significant bias in the field’s theorization. The
community’s process of honing, selecting, and validating for general audiences in popular
contexts is much less understood and well-defined. This is evidenced by the
overwhelming number of data-visualization publications devoted to technical issues rather
than epistemological ones.

Even as late as the 2005 IEEE Visualization conference, discussions of the future
of visualization focused on the use of “good” design practice to guide visual techniques
and methods to evaluate visual techniques. One contributor noted in the proceedings, "One
of the enduring fundamental challenges in visualization research is to determinc how best
to portray a set of data so that the information it represents can be accurately and
efficiently understood. Both design and evaluation have key roles to play in this process"
(Interrante, 2005, p.706). To me, this suggests that artists and designers are still valued as
playing a role in providing additional visual tools for the scientist, a claim I made in favor
of interdisciplinary collaboration as early as 1985 in order to make a case for the
contributions of artists and designers within the field. We now see more artists

participating in the field of informatic arts than ever before (Wilson, 2002). Few

visualization conference researchers, however, have expanded upon historical, political, or
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other humanistic issues (Kallick-Wakker, 1994; Manovich, 2008). Without a doubt, my
contributions to the outreach of scientific visualization have led me to become concerned
with their importance as cultural and humanistic phenomena.

The assumption that we are discovering objective truth in data rather than both
serving as and engaging with active participants in constructing meaning through
metaphorical thinking does not support most of the research agendas described above
(Kallick-Wakker, 1994). The positivist perspectives of funding agencies, such as the
National Science Foundation (NSF), influence visaphor definition, creation, and
presentation. As a result, data-viz primary research publications and conference agendas
remain narrow. To my knowledge, within standard scientific visualization discourse,
cognitive conceptual metaphors and cognitive networks are not attended in the context of
making or interpreting data-driven visualizations within conferences such as IEEE
Visualization Conferences, where the focus is technical: effTicient algorithms or perception
issues. The mainstream of the visualization community has dedicated little discourse to
the deep philosophical traditions underlying visual metaphorical understanding,
concomitant cultural biases, and cognitive conceptual networks that influence the
interpretation of the human-in-the loop.

The design and evaluation, the creation and consumption of visaphors is an
iterative process across the visualization community, which has established the goal of
rendering self-consistent visual metaphors. As is the casc with linguistic metaphors, when
visual metaphors are used more consistently, they move across the metaphoric continuum
from the conventional to the novel (Indurkhya, 1992). To gain currency, visaphors require
“buy in” and common use. Over the past twenty years, visaphors have developed their
own self-consistency, or conventionality. Their continuity is based upon the community

honing their consistency through approval and use. That approval is framed in terms of
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applied perception research: “My bottom line is that visualization researchers are in the
applied perception business whether they know it or not” (Ware, 2005, p. 708). The basic
assumption behind this tenet is that visualization experts are discovering an objective
reality rather than participating in its cognitive construction.

I grant that the mainstream visualization community has engendered important
research in using this approach, yielding successful results in areas such as the comparison
of multivariate datasets from different sources and the development of computer graphics
techniques for feature extraction, graph fitting, and visual probabilistic inference
(Cleveland, 1993; Kaufmann et al.,1993). At the beginning of my research as a
visualization artist in the 1980s and 90s, | approached the visual display of quantitative
numerical data in much the same way in which the visualization community continues to
direct research. Early on, [ pioneered with Kodak researcher Dr. Richard Ellson the 3D-
CGI representational technique of using glyphs to indicate elements (such as direction and
temperature) in sctentific simulations (Ellson and Cox, 1988). Over the years | have
directed my team to develop and use advanced graphical techniques from research as a part
of our visualization process and pipeline. My main objective was to take the numerical
data as information and encode that information into digital graphical displays to aid
humans in the understanding of data so that they could analyze and reason about it. I have
been very successful in working with scientists and helping them to discover new aspects
of their computations through our visualization process (see Drs. Brian O’Shea and
Michael Norman’s letters in Appendix).

Yet, after twenty years as a scholar and artist in the data-viz arts, | have come to
view visaphors as more than the accurate representation of data, and | hope to encourage
this expanded view within the field for artists, scientists, and computer scientists. | now

recognize that data-viz cannot fulfill the illusory aesthetic goal of hard realism: to
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objectively portray the external as it is, with no biases or altering interpretation. |
understand the assumptions behind the numerical heuristic models, the contingency of
much data, and the paradigmatic perspectives through which they are visualized. Rather
than mourning the loss of this surety, | have come to recognize that we create meaning
through our conceptual metaphorical maps (discussed in Chapter 3). The construction and
consumption of visaphors is a process of finding our place in the universe; it is a part of
our collective cybernetic process (discussed in Chapter 4).

Acknowledging the constructed and aesthetic nature visaphor is not to say that the
data-viz community’s perceptual understanding of visaphors and related best practices for
creation are irrelevant or minimal in value. The visaphors that flourish are those that are
fueled by their consistency and usefulness. It is to say, however, that visaphors can and do
offer us more when we expand our account of them, awakening our philosophical
awareness and artistic vision. To make the most of this potential, the data-viz community
and imaging scholars need to learn more about how visaphors draw upon cultural and
psychological constructs and, through their public outreach, are re-inscribed and re-
circulated by general audiences. In some sense, data-driven scientific visualizations are no
different from other forms of art in employing visual conventions, maneuvering within a
visual rhetoric, and expressing (some degree of their) informational and (to a larger extent
their) emotional content metaphorically, iconographically. Yet, we also need to consider
how visaphor, as a special form of aesthetic practice, contributes to human experience.

I believe that visaphoric art reaches deep into human consciousness, providing
more than just an effective, objective display of information. Even in terms of perceptual
theories of visaphor-processing by audiences, the data-viz arts need to explore how,
because of their special relationship to a modeled external real, visaphors may in fact be a

result of our perception that is being mediated by higher-order consciousness and
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unconscious perceptual states. For example, the common experience of driving a car on
“automatic pilot” while not being consciously aware of traffic illustrates one of these
unconscious perceptual states (Carruthers, 2007). Lynn Margulis and Dorian Sagan’s
definition of the human brain as symbiotic suggests that the very conduits of our
consciousness are constructed by autopoetic systems. They ask whether it is
“so farfetched afler all that bacterial symbionts created biospheric information
pathways as important as quantum mechanics or the theory of relativity? In a sense
we are ‘above’ bacteria, because though composed of them, our power of thought
seems to represent more than the sum of its microbial parts. Yet in a sense we are
also ‘below’ them. As tiny parts of a huge biosphere whose essence is basically
bacterial, we--with other life forms--must add up to a sort of symbiotic brain which
it i1s beyond our capacity to comprchend or truly represent.” (Margulis and Sagan,
1986, p.152)
Pattern recognition is more than the clear and accurate indication of patterns on a visual
display, the goal of good scientific visualization technique. 1 betieve with Margulis that
our ability to create and transmit patterns, as well as to perceive them, is a marker of our
symbiotic brain, which---through metaphor--conceptually networks our embodied
experiences (our sense of materiality) with present and historical human cultures. Patterns
denote significance, and, at the same time, achieve significance through denotation. We
experience them as embodied, metaphorical maps that, when we reflect upon them, expose
the nature of our own embodied reality. Thus, when we evoke patterns in our ar, we are
not just conveying information; we are exposing what we assume coheres and the forces
and processes that achieve coherence (as I discuss in Chapter 5). We are revealing the
cognitive construction of our visaphorical reality. Visualization is our consciousness
reflecting on itself, and is an extension of ancient life processes injected into our most
advanced technologies. Of this macrocosmic impetus to evolve consciousness, Margulis

and Sagan write:

“In one of life's giant, self-referential loops, changing DNA has led to the
consciousness that enables us to change DNA. Our curiosity, our thirst to know,
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our enthusiasm to enter space and spread ourselves and our probes to other planets

and beyond represents part of the cutting edge of life's strategies for expansion that

began in the microcosm some three-and-a-half billion years ago. We are but

reflections of an ancient trend.” (1986, p. 22)

We are not driven merely to survive in the most limited and physical sense, but to
discover and experience, to understand and know.

Yel, this adaptive strategy is creative and potentially innovative, not just reactive.
The complex interplay of our collective, symbiotic brains plays a role in our making sense;
we create sense rather than merely finding it. When we create visaphors, we are not just
transforming numerical data into encoded bits of information for humans to perceptually
consume. Visaphors operate and reveal social and cognitive interactive processes; much
like an iterative fractal mathematical function or an iterative Escher drawing, they provide
a cybernetic feedback mechanism that reinforces their generation while revealing the
process (Wiener, 1954; Ascott,1968; Heims, 1987), what | will later discuss as
viseotelecommuning (in Chapter 4). Visaphors engage viewers in a process of active
participation, of semantic and, more specifically, semiotic co-creation.

Visaphors are useful in deepening the human experience through connecting us
with our collective, or field, humanness, and providing a technoetic pathway to a deeper
self-knowledge (Ascott, 2006). To this end, the numerical data of computational science
may be seen, for instance, as revealing truths of the universe not so much in terms of their
accuracy in delineating natural phenomenon but in their mystical revelations of cosmic,
universalized ontology and the existennial explorations it enables (Kauffman, 2008). Such
an art form, with its potential for re-envisioning the “whatness” of our exisience, inspires
us to continue to evaluate our place in a larger created, how we arc evolving, and how we

can intervene in our nature and its potentialities. [n this sense, a self-conscious visaphor

aesthetic can help us to commune with our humanness, as a collective reflection and not
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merely as (what Morrison defines) as a ‘cognitive art’ (Tufte, 1990, p. 9). Visaphors
reflect our evolving collective consciousness. They are tangible artifacts of our meaning-
making that serve to both suspend our disbelief as well as generate new meaning, novel
faith.

The most valuable aspect of the new visaphor aesthetic I propose is its power to
awaken our cognitively and intuitively enlightened selves, granting us insight into our as
yet unsuspected capacities. Data-viz’s collective cosmological models and scientific
simulations embody a hybrid reality—mathematical and cultural--that we compose,
manipulate, and employ, one that generates rhythm, symmetry, and beauty on its own
terms, and not just in mimicry of a supposedly unmediated natural world. Visaphors are
hybrid art forms that emerge from the complexity of our modern social systems that are
formed, in part, through our advanced technology. These hybrid art forms narrate our
contemporary societies as historical mythologies once did ancient cultures, populated with
fantastic chimeras of art, science, and technology. The supercomputer data models that
we ourselves determing are yet another component of the complexity of our universe. As
we might appreciate the glorious diversity and awesome power in nature and its
complexity, we may also appreciate the power and complexity of the process of making
and consuming visaphors,

We should make it our mission to participate self-consciously in the building of
such mythological scaffolds, which--from the perspective of our modern, technologically
advanced community--stage a new mythology. Although the dominant secular mythology
of today is the Story of Science that capitulates to Enlightenment values, we can self-
consciously reinscribe it to express more contemporary values that go beyond
anthrocentricism and a competitive view of relationships to and within nature. Constructed

by collaborative and diverse Renaissance Teams from interdependent autopoetic systems,
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visaphors become an ideal medium for embodying this Environmentalist Story of Science.
Visaphorizing marks a thread in the course of human evolution, another path on the way to
understanding the deeper meaning of existence and being. It takes its place among the
making and consuming of great historical artifacts in the history of humanity, from the
fertility goddesses of 5000 B.C.E. left quietly in their hidden shrines to the most virtual
embodied experiences that are vividly displayed in today's digital cathedrals of science
(Gadon, 1989; Baring and Cashford, 1993). Visaphors play a part in our symphonic,
conscious ¢volution. Like the pre-modern myths they resemble, they persist as the

collective cultural property of humanity, evolving new metaphorical territories.
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Chapter 2: Scientific Visualization Arts: Collaborative Methods, Data
Transformations, and Design Strategies

The basic process for creating art using conventional media, such as oil paint, is no
doubt well known to educated and art-savvy readers. Since the process for creating this
relatively new form of computer-support, data-driven art is not, | spend the following
chapter elaborating on the collaborative, technical, and design aspects of the artistic
process for working in this medium that [ have played a significant role in pioneering. As
I have suggested earlier, many of these technical aspects are not separate from the making
of meaning or construction of knowledge that informs the creation of visaphors and—
perhaps, ultimately, their reception and recirculation. Even as | describe the more concrete
dimensions of creating visaphors, | will elaborate how the technological and
interdisciplinary construction of visaphors within a particular industry, with its own usual
bases of funding, impacts the art of data-driven scientific visualization. | am especially
interested to show how the work visualization artists do with data demonstrates its

contingency and, ultimately, its representational plasticity.

Renaissance Teams and Cybernetic Partnerships: The Data-Viz Workshop

From the European cult of the individual and its Romantic view of exceptional,
imaginative genius, we have inherited an image of the lone artist who creates in isolation
within an impoverished studio, moved to express a personal vision that may remain poorly
understood until someone recognizes his vision (the pronoun is meaningful). However, the
laboratory-driven environment of scientific visualization--in which artists, scientists,
technologists, and technology work in partnership—shows how limited and limiting this

model can be (Vamedoe and Gopnik, 1990; Cox, 1992, 1993; Shanken, 2005). Since
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1985, | have collaborated with scientists and computer technologists to visualize scientific
data from supercomputer simulations at the National Center for Supercomputing
Applications (NCSA) at the University of Illinois at Urbana-Champaign. [ coined the term
"Renaissance Team" to describe the team of specialists, including artists and designers,
who collaborate to solve problems in the visualization of data (Cox 1988a, 1988b). The
complex informational, aesthetic, and technological demands of creating visaphors often
require the expertise of many people (Brown, 1989-1990; Cox, 1990, 1991, 2000, 2003a,
2003b; Foley and Ribarsky, 1994; Prophet and d’Inverno, 2006; Sandin et al., 2006). For
Unfolding Universe, which first aired on the Discovery Channel in June 2002 (Kahler et
al., 2002; Cox, 2003b), for example, we created over seventeen scenes using data from five
scientists and several different rendering applications. Research to automate the design
process has been limited and often intended to integrate design into the software pipeline
(Brown, 1989-1990; Robertson, 1991; Ribarsky, Ayers, and Mukherjea, 1993; Beshers and
Feiner, 1994; Kruger, 1998; Ware, 2008). One can see in contemporary science this
movement toward collective problem-solving,.

When well coordinated, Renaissance Teams ensure that the one does not get lost in
the many. Rather, the one is encouraged to find its own, unique contribution to the whole.
The complexity of this bio-cooperation can build layer upon layer in overlapping
autopoetic systems, such as Margulis and Sagan describe:

”An organism constantly exchanges its parts, replacing its component chemicals

without ever losing its identity. This modulating, ‘holistic’ phenomenon of

autopoesis, of active self-maintenance, is the basis of life; in order to preserve key
aspects of their identity within their boundaries and respond to the challenges of

self-preservation.” (1986, p. 56)

From the moment in my scientific visualization practice when | began to take on complex,

large-scale problems, | realized I could not thrive through working in isolation. [

conceived of Renaissance Teams as a means of meeting these demands, drawing upon
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what | now understand as evolutionary collaborative tendencies. Initially in my work as a
computer artist, | had regarded the computer as a partner. Today, | see the computer as a
powerful electronic enabler, but the true collaborators are the people with whom 1 work.
To echo Margulis and Sagan, Renaissance Teams are active organisms in the constant
process of exchanging parts and co-participating in the recombination of creating the visual
imaginary. A collective group with a diversity of expertise is both autopoetic and forward-
thinking. Renaissance Teamwork implies a symbiotic process, one that is especially
crucial for artistic production within unconventional settings, which is the case with
aesthetically-oriented scientific visualization within scientific domains. The strategy
makes especially good sense as a long-term approach for interfacing creative cultural
workers, their expertise and products, with those of scientific ones, who are better funded
and institutionally sustained. Margulis and Sagan reason that “superficially weak
organisms have survived in the long run by being part of collectives™ (1986, p. 124). Yet,
the power of Renaissance Teams is not only in their collective nature, but also in their
hybridity: they reach across disciplinary boundaries to form mutually beneficial processes
and outcomes. Because of the effort’s hybrid cooperation, the outcome of the team’s
collaboration is greater than its decomposable functions (Cox, 1991, 2003, 2006).

A challenge for the arts community may be to see workshop environments and their
creative products as viable artistic research cfforts, rather than as compromised by
commercial or, especially in this case, academic disciplinary interests that reducc the work
to the purely informative and functional. Collaboration is central to many art-technology
endeavors such as filmmaking and the performance arts. Since the 1960s, artists and
scientists have collaborated in research laboratories for research, demonstration, and art
(Knowlton, 1965), producing technological innovations as well as creative digital films.

Bell Telephone Laboratories researchers invented the first computer-produced movies,
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using computer-controlled display tubes on an automatic microfilm recorder to generate
moving images. Since those early experiments, new high-tech research environments for
data-viz have evolved, providing new models for collaboration in academia and industry.
Edward Shankin has reviewed a variety of research institutions and universities that now
house facilities and provide funding for artists to work on interdisciplinary, collaborative
teams in tandem with scientific and technical researchers. For example, the Canadian Banff
New Media Institute, Austrian Ars Electronica Center, and Swiss Artists in Labs program
provide fertile, interdisciplinary research environments. Shankin confirms the expansion
of these interdisciplinary centers, affirming that the “European Union (EU), local
govemments and advanced scientific research centers in Europe continue to provide
substantial support for interdisciplinary research involving artists at full-service media art
centers, museums, exhibitions and symposia, and in partnerships with industrial and
academic research programs” (2005, p. 415). In Degrees of Freedom: Models of
Corporate Relationships, Sara Diamond outlines promising collaborations that have led
corporations to explore new models of funding for art-technology-scientific innovation
(2005). The promising trend toward facilitating this type of collaborative environment is
also expressed by such research collaboratories as (art)n in Chicago (Sandor and Fron
2002), SmartLab (2008) and USC Institute for Creative Technologies (2008).

These collaborative technological explorations bring into sharp relief many issues
of and opportunities for funding and copyright. Trans-domain research investments have
led digital artists working within such collaborations to challenge copyright vagaries and to
negotiate intellectual property rights in new ways (Harvard Law Review, 1994). Some of
the new funding models being attempted are more successful than others, but clearly it is
necessary to have funds to fuel the development of high-technology, interdisciplinary

experiments. To encourage this development in the U.S_, in 2007 the National Science
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Foundation (NSF) developed an experimental new funding opportunity for
interdisciplinary collaboration among creative practitioners and computer scientists:
CreativelT. An important reason for this increased investment in data-viz is the general
recognition that huge problems, such as climate change, require resources at multiple
institutions and the expertise of many disciplines to explore and attempt to solve them
(Reed et al., 2005).

Large creative productions for public venues such as a digital, full-dome
planetarium show or PBS NOVA high-definition television show likewise require the
expertise of a diverse collection of talented individuals: artists, designers, educators,
writers, actors, and producers. In addition to working collaboratively with such groups, the
data-viz artist who runs a workshop nceds the management and production skills to realize
complex and coordinated artistic visions. Negotiating issues of funding, intellectual
property, and collaborative etiquette among team members requires special skills. [ have
played a critical role, for example, in NCSA / University of lllinois participation in The
Black Holes Project by negotiating contract, copyright, royalties, and intellectual property
issues with the University and museums. Without these contributions to The Black Holes
Project, the scientific visualizations of supercomputer-based computational science would
not have been possible. Thus in data-viz, the aesthetic practice of artists is intertwined
with their roles as project managers, directors, technologists, and researchers. In the
collaborative-arts industries, these skills are qualities assigned to the “producer.”

The idea of artist as “producer” can be related to Russian constructivism in the
1920s and its sense of the revolutionary and political function of the artist within an
industrial environment (Gough, 2005). The Russian constructivist movement included
artists like El Lissitzky and Laszlo Moholy-Nagy, who promoted the idea that the most

important art was produced for socially salutary purposes. The constructivist artist was
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viewed as a producer of social change who required practical skillfulness, ranging from
industrial design to production management. In expansion of these ideas, Walter Benjamin
has explicitly argued that technological change alters the operation and social impact of the
artist or author as producer (1979). He explicitly couples technology to political change:
“technical progress is for the author as producer the foundation of his political progress”
(1978, p. 230). Benjamin focuses attention on photography; [ extend these artist-as-
producer and politico-technological relationships to the more advanced technologies and
computational science of visaphors as collaborative and post-industrial art forms that have
soctal-politico impact.

At the same time, creative industries coupled with the revolution in digital
information technologies and trends in mainstream popular culture have codified the role
and process of artist-as-producer. In High & Low: Modern Art and Popular Culture, Kirk
Varnedoe and Adam Gopnik argue that “the story of the interplay between modern art and
popular culture is one of the most important aspects of the history of art in our epoch”
(1991, p. 19), tracing the impact of creative industries such as advertising, mass media,
comics, and other “low” forms of art. In the collaborative, entertainment arts, the producer
plays a pivotal role. Film, music, television, and similar productions require different
levels of artist-as-producer responsibilities, ranging from project initiation to project
direction in all phases of production. These creative productions require teams and
collaborative methodologies in which the role of artist-as-producer is codified not only as a
function of politics and technology, but also of the artistic process across culture. | extend
these ideas to include the impact that digital immersive and scientific computational
technologies have had on the role of artist-as-producer and the collaborative methodology
used to create and distribute visaphors. For cxample, in large-scale collaborative outreach

projects such as The Black Holes Project, the artist-as-producer orchestrates teams and
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creative processes. The artist-as-producer must take into account creative impact across
the public domain, too, since, as | argue in following chapters, such projects spread
through culture beyond mere educational intent.

The artist as project manager, as producer, is in many ways inseparable from the
artist as aesthetic practitioner, as visionary and creator. At all the phases of the projects [
describe throughout this thesis, for example, | have been directly involved in the creative
process. As art director, my responsibility includes directing aesthetic and technical
treatments of the scientific visualization scenes for each project. As co-producer, | oversee
the creation, production design, color, and cinematic treatment of the scientific
visualization scenes and other project scenes. These components are imbedded in the
creative product. On many research projects, | also provide hands-on, digital manipulation
of production parameters such as the creation of color transfer functions or compositing
elements. Together with my team, [ collaboratively brainstorm with external collaborators
to provide input for and critiques of the script, storyboards, scenes, and evaluations.

Creating scientific visualizations from computational science presents many
additional challenges that transcend the traditional entertainment arts. Computational
simulations must align within a scientific narrative as it is being developed for a show.
Scientific visualizations are designed and rendered from large-data, supercomputer
simulations using some of the most advanced technologics available while retaining the
highest quality standards for aesthetic and cinematic treatment in order to provide
production quality necessary for gencral audiences. We confront the truth and beauty
paradox in our everyday operations.

Scientific researchers—such as those at the Electronic Visualization Laboratory
(EVL) at the University of Illinois at Chicago--particularly value artists for the presentation

skills they bring to collaborative projects. Scientists focus on peer-reviewed scientific or
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technical journal publications as a primary venue for communicating work and building
reputation for earned expertise. In the art world, artists gain experience and rewards from
large exhibitions; they hone skills to manage the complexity involved with them (Sandin et
al., 2006). The research artist, too, gravitates toward public outreach, exhibitions, and art
Jjournal publications. Artists exploring technology choose to publicly demonstrate their
emergent technological inquiry in such venues as SIGGRAPH Emerging Technologies or
other high-technology conference exhibitions, but also in public spaces: museums,
planetariums, television shows, and film. As a result, artistic collaborations with scientists
are so valued and mutually beneficial that they often remain stable, spanning many years.
EVL has spawned artist/scientist collaborations for thirty-three years, and | myself have
worked with some scientists for over twenty (Cox, 1986).

Artists can also collaboratively bond with digital technologies. These may be
viewed along a continuum: as merely elaborate tools for expressing a creative vision or,
given their “intelligence,” a responsive, albeit submissive, partner in the creative process—
an apprentice who never attains mastery, but with some training, provides savings in basic
labor, and, not to carry the analogy too far, assists with the transportation and physical
display of the master artist’s creation. The visualization pipeline is an iterative process: a
human-computer feedback loop. The visualization expert or scientific user of visualization
tools generally preprocesses data; attaches data to modeling schema; and renders data for
insight, decision making, and communication. This process enables the expert or user to
explore different aspects of the data and refine its visualization. Interactive, real-time
software applications provide for the iterative interrogation of data sets (Douglas et al.,
2003). Time evolution is a dimension of many data sets; thus visualizations can also take
the form of animated sequences of images. However, computational constraints; high-

resolution, advanced 3D-CGI rendering techniques; and multiple-terabyte data sets often
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require batch-mode rendering for animations. Various visualization applications and

environments are being developed to address these issues.

Mapping Numbers into Pictures

For data visualization artists, the most important question when beginning a project
is typically this: “How can the numbers and loosely correlated facts be designed and
transformed into a visual model that makes sense o viewers?” Data mapping is the
essential binding of symbolic input to a visual graphic according to some conventional
transformation technique. Each scientific discipline either has its own set of established
conventions or, if a “young” science, is evolving them. Well-established astronomy
practice uses the convention of star catalogues, while young neuroscicnce is developing the
new method of brain atlases. Each scientific community develops consistent, descriptive
visualization languages to support its conventions, with coherency and predictability for
viewers being primary goals.

Data-driven scientific visualization also has a visual language expressed through
conventions. Traditionally, it has been based upon the science of visualization; i.e., the
analysis of human visual and perceptual systems. For adherents, this approach promises to
yield computer-rendered data visualizations that will enable people (o better understand
more visual information or make informed expert decisions. The field is a developing
system of guidelines and principles, based upon analytical and calibration methods that
include what colors to use, how shape-forms present information, and what affects human
perception of visual information (Beck, 1966; Ware and Beatty, 1988; Duncan and
Humphreys, 1989; Gershon, 1994; Healey, 1996; Ware, 2000, 2008; Rogowitz and Kalvin,

2001).
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However, as | argued in the first chapter, my view is that visualization is more than
perception science and data transformations; it also involves a critical process of
interpretation and signification. Experience, habits, cultural contingencies, and discipline-
specific preferences affect how people see, use, and interpret pictures (Berlin and Kay,
1969; Berger, 1977; Rosch and Lloyd, 1978; Lakoff and Johnson, 1980; Gregory, 1990;
Varela, Thompson, and Rosch, 1991; Stafford, 1999; Brown, 2003). Choice in the
representation and mapping of data affects the interpretation as well as final quality of the
visualization. For example, glyphs are iconic representations derived from data (Ellson and
Cox, 1988). The visualization artist has a range of freedom within which to construct and
design these abstract glyphs. These choices correlate to the data sources used and
techniques employed to convert numbers to visual CGI models, a process [ will describe
below, but they also rely on archetypal visual associations that circulate within culture

(such as using arrow forms 1o indicate directed motion or flow).

Data Sources, Transformations, and Techniques

In general, the two primary sources of scientific numerical data are observational
and computational. Observational sources include instruments (¢.g. telescopes, CAT) and
collected or acquired data such as census statistics or textual descriptions. Modeled
computational data result from digital scientific and mathematical models that solve
physical equations using approximation methods (Wilhelmson, 1988; Kaufmann and
Smarr, 1993). The concept of “raw” data is misleading, because it suggests a clean, pure
immediacy of the numbers. All compulational science data used as a foundation for
creating scientific visualizations are mediated and filtered through digital transformation or

compression techniques, because most of these scientific data sets are extremely large and
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complex—up to multiple terabytes across multiple dimenstons—making one-to-one visual
mapping to digital screen space impossible. Scientists and scientific visualization artists
are all keenly aware of how this mediation and filtering of data informs design choices,
from computational mathematical models to data-gathering instruments and sensors to the
visualizations of the data derived from them. Here, | present a basic set of these techniques
to demonstrate this process of transforming and filtering data for data-driven, CGI
visualizations. My team has adapted standard approaches. Our most recent research
represents incremental improvements and attempts to address the data challenges
recognized in the field today (Munzner et al., 2006).

The formats and structures across observed and computed numerical data are
diverse, presenting one of the greatest challenges to visualization (Norman et al., 1999;
Reed et al., 2005). Many visualization systems accommodate a variety of data readers and
conversion algorithms (Schroeder et al., 1992; Fruhauf et al., 1994; SCIrun, 2001). Efforts
to design common data formats, standards, and metadata tagging have been successful
(Rew, 1990; Kapadia and Yeager, 1999; Folk et al., 2001; Yeh et al., 2001; SRB, 2003).
Visualization methods can employ higher-level, contextual data attributes to organize and
specify data objects and enable scientific interchange (Hibbard, Dyer, and Paul, 1992;
Rogowitz and Treinish, 1993; Rajasekar et al., 2003). This attention to data classification
is productive; it fosters a wider variety of data flow visualization applications, discovery
environments, and grid applications (Reed, 2003).

Although standards need to be adopted within and acress disciplines, the variety of
cross-disciplinary scientific data structures continues to necessitate customized
preprocessing in the visualization pipeline. Visualization employs a number of data types,
or means of organizing basic data, including scalar arrays, vectors, meshes, volumes,

dimensions, and positions. Dimensional data, for example, may be comprised of any
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1982; Geller and Huchra, 1989; Norman et al., 1999; Cox, 2000, 2003). Upper-left and
upper-right of (Figure 7) show a large-scale structure refining to form a filamentary web of
gas and stars.

Lower-left and lower-right of (Figure 7) are later frames in the same simulation that
show birthing stars and protogalaxy interaction as the camera zooms in to view these fine-
scale features of the simulation (see Practicum Compilation DVD, |: General Visaphor
Sequences, Evolution of the Universe, 1.6.1) . The AMR numerical technique yields a 3D
data structure that is locally unstructurcd but employs the simplicity of a rectilinear grid
(Berger and Oliger, 1984; Weber et al., 2001). Local adaptive refinement on a rectilinear
3D grid produces a greater level of complexity and computational efficiency.

In contrast, scattered data such as those found in text information (Schumaker,
1976; Rosenblum et al., 1994) and bioinformatics are not structured; they cannot be
mapped to a Cartesian or 3D rectilinear grid. (Figures 2 and 3) are a visualization of
unstructured data sets yielding probability matrices and relational phylogenetic trees; these
data are not ordered according to 3D spatial position. Although most sensor-equipped
instrumentation, such as MR, produces structured data sets that are regular, dense, and
3D--with attributes associated at each point in the volume--some instrumental data can also
be unstructured, scattered data, such as in the form of sparse data samples from roving
oceanic ships equipped with sensors.

Whether data is structured or scatiered / unstructured, there is almost always too
much data to be displayed on the screen. Reducing visual clutter is an important part of
the computational scientific visualization process and means directly making choices about

what data should be shown and, from an artistic perspective, how.
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Reducing Visual Clutter: Progressive Disclosure

Since the enormous data sets common to science preclude a visual, one-to-one
mapping to digital screen space, visualization techniques for reducing dimensions have
been developed. Discrete values from an n-dimensional data domain are mapped onto
pixel colors. Figure 4 exemplifies how color can be used to map distinct components of a
tornado simulation. Figure 5 shows the color legend that corresponds to the color-mapped
components. Imagine here, for example, that an artist maps three numbers from scientific

data to three corresponding colors he / she has chosen:

1,2,3 > red, green, blue

However, cven after the large, base data set has been significantly compressed with such
standard techniques, the problem remains that on-screen graphics appear too cluttered,
noisy, and incomprehensible. As a result, sophisticated techniques have been designed to
efficiently “cull” occluded CGI elements (Durand et al., 2000). Progressive disclosure is
an important method for reducing visual clutter and enabling the continuous, in-depth
exploration of the data set. Progressive disclosure is an overall approach that enables the
interactive remapping of data, viewing data from arbitrary angles, and revealing data sets
at various resolutions and levels of detail.

Progressive disclosure employs filtering techniques such as feature and data
extraction, polygon reduction, multi-resolution models, scaling, and feature visualization.
Sub-sampling continuous or very large, discrete data sets is necessary for most
visualization in order to provide a global view that remains an accurate approximation.

Regular- or irregular-interval sub-sampling can reduce the underlying 3D data field,
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visually capture the continuous function of the data (Jiang et al., 2001; Shaffer and
Garland, 2001), and demonstrate efficiency through providing a fast overview. However,
sub-sampling errors and interpolation techniques can lead to misleading artifacts (Carr et
al., 20601). Multi-resolution modeling, polygon reduction, and feature simplification enable
access 1o fevels of detail and enhance interactivity in the visualization pipeline (Walter and
Healey, 2001). Advanced, multi-resolution modeling for high-resolution, irregular grids
provides a method for zooming into spatially subdivided regions of interest, to represent
them at higher resolutions and finer scales (Gross, 1994; Kobbelt ¢t al., 1998).
Progrcssivély disclosing the level of detail enables a smooth transition from coarser to
finer representations and manages data complexity.

Many progressive disclosure techniques depend upon interactive, disk data
retrieval. Novel data representation schemes and adaptive techniques have been developed
to increase efficiency and allow access to structures in an increasing order of smoothness
(Machiraju ct al., 1998). Techniques have also evolved for representing multi-resolution
volumetric data for interactive and realtime techniques. Data compression using discrete
cosine transformations for volumetric scalar data can decrease rendering time by a
significant factor and enable more efficient geometric computations (Gross, 1994; Shaffer
and Garland, 2001). Likewise, hardware rendering techniques provide increased efficiency
for interactive and batch-mode volume rendering; this research is fueled by technological
advances (Westermann and Ertl, 1998; Chen et al., 2008).

I turn now to focus in more detail on a particularly uscful method of progressive
disclosure, feature extraction. Multidimensional data and unstructured data often require
feature extraction to reveal complicated, embedded processes. Feature extraction is a form
of interactive filtering in which a ““feature” is defined as anything that is interesting in the

data (another editorial decision). The practice is based on the assumption that not all data
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needs to be represented directly; derived data relatioﬁships, attributes, or variables can
provide what information is deemed important (Van Walsum et al., 1996; Hubeli and
Gross, 2001).

Glyphs are commonly now used to show features of the data. Glyphs are symbolic
/ iconic, graphical objects that are “bound” to data with attributes such as shape, color,
size, position, and orientation. They have evolved in 3D computer graphics as part of the
literal, visual language of visualization. Most people understand glyphs in terms of a
literal translation of the data; however, as with geographic maps, they once had novel
origins. A Kodak research scientist and I developed one of the first 3D CGI glyphs (of
plastics) in 1988 (Ellson and Cox, 1988; Keller and Keller, 1993). Glyphs have since
become an especially important scientific visualization technique that artists use to
represent complex data, as well as an essential part of many visualization environments
(Ellson and Cox, 1988; Haber and McNabb, 1990; Foley and Ribarsky, 1994; Ware, 2000,
2008).

At AVL, we employed glyphs in creating our visualization of the tornado for Hunt
for Supertwister. The other visualization artists in my team and | began our dynamic
rendering through engaging in an iterative work process with scientists, making editorial
(i.e., mathematical and graphical) and aesthetic alterations to the data set and its modeling.
Figures 4-6 illustrate the glyphs we used to express the turbulent and complicated airflow
in an atmospheric simulation of a tomado. These simulations are “idealized” models. The
original, large-scale data set in Figure 6 is a three-dimensional (3D) cubic volume of
gridded cells (418 x 418 x 80). Each of these 14-million cells has seven associated,
dependent variables of microphysical data, such as ice and rain.

1. volume of data (98-million numbers) = visual model

2. subset of the data - glyph
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A typical method for rendering complicated flows in process--where salient
features may be hidden by turbulent clutter--is to release particles within the flow field and
trace the arrangements of the particles. Imagine that clusters of leaves are released into a
dust devil in your yard; these imaginary leaves have no friction or weight. They simply
follow the airflow and trace the pattern of the invisible wind. Visualizing tracer particles
as glyphs helps the artist to correlate flow features within the associated microphysical data
in a clear, easily understood way. The colored, spherical balls and stream tubes in Figure 6
are glyphs that are used to represent flow in the temporal evolution of a severe
thunderstorm. The spherical glyphs function like tracer particles to indicate the positions
of air currents within the flow. The stream tubes provide a history of the flow. On the lefl
quadrants of Figure 6, the siream tubes trace a short “history” in the life of individual
particles during the time of the simulation. In contrast, in the right upper quadrant of
Figure 6, stream tubes trace a long “history” of tracer particles, providing a more complete
view of flow geometry. In Figure 6, the stream tubes and spheres have been colored by
color scales in each quadrant to indicate when they are flowing upward (positive vertical
velocity)} and downward (negative vertical velocity).

Figure 4 shows another example of feature extraction performed through
computing and coloring derivative particle data from another 3D structured data set of a
simulation that produces a tornado. Again, visualizing the tracer particles as glyphs
clarifies and helps correlate and distinguish features within data-field quantities. The data
glyphs represent are partial and selective; they are derived through mathematical
approximation methods, which involve sampling choices and the testing of various
thresholds. These methods are expressed through operative nules called algorithms. In

Figures 4-6, the derivative particle trajectories are computed by integrating the velocity
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field using a fourth-order Runge-Kutta algorithm (Davis and Rabinowitz, 1984).
Velocities between grid cells are tri-linearly interpolated and registered with other
dependent variables. As discussed earlier, Figure 4 shows vertical velocity values mapped
by color onto glyph stream tubes. Pressure values are mapped onto the spherical balls that
locate the central tornadic rotation. The ground plane shows cone glyphs that indicate
wind speed and direction by the tilt of the cones. The ground plane is colored by
temperature. Figure 5 shows color legend details. These glyphs represent extracted
features from the primary, volume structured data set. Features are emphasized in each of
the four quadrants through color. Like Figure 6, the derivative particle trajectories in
Figure 4, have been computed by integration. Velocities between grid cells are
interpolated and registered with other dependent variables. This approximation algorithm

calculates the trajectories of the vertical velocity showing updrafls and downdrafis of air.

flow of air traced in space-time > glyph position-orientation

color values of up-down or pressure = glyph local surface

In Figure 6, iso-surface thresholds are derived from the 3D-grid data using a Marching
Cubes algorithm (Lorensen and Cline, 1987), which is an approximation method for
extracting surfaces from a volume. The grey transparent films in all quadrants of Figure 6
show a selected numeric threshold to show cloud droplet and ice crystal formation. The
right lower quadrant of Figure 6 also shows colored iso-surfaces colored by pressure
values. That is to say that at each point on the iso-surface, a color scale shown in the
quadrant is mapped to the iso-surface 1o indicate a pressure value scale. The blue-orange

iso-surface indicates variables of rain, snow, and graupel. The interior hole in the
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atmospheric surface shows the highest pressure (yellow) where the tomado is beginning to

form.

boundary of microphysical variables = iso-surface thresholds

pressure values = color on the iso-surfaces

In progressive disclosure processing, decoupling computer-intensive techniques is
often more efficient than processing them together. Extracting features--such in the case
above with releasing particle trajectories through large, time-varying flow fields--can be
time-consuming due to calculation and disk input/output requirements. With sufficient
processing and memory, users can interactively place probes in data, release particles, and
visualize the results. Decoupling the particle-advection calculation to run on a fast parallel
machine with quick access to large data sets enables efficient, interactive exploration of
particle trajectory visualizations. Recently, we have seen a blending between
observational CGI techniques and computer graphics rendering. However, most of this
research is for experts and scientific analysis (Li, Fu, and Hanson, 2008).

We have created a variety of tools, software, and utilities to handle the visualization
issues described above. Figure 8 indicates some of the new tools we developed for the
Hunt for the Supertwister and The Black Holes Project to design, color, cull, choreograph,
and render multiple terabytes of computational data into a variety of output formats. In

Figure 8, left upper and lower quadrants show tools for coloring tomado and AMR data,
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relationship to the original data. When we developed the above AMR evolution of the
universe visaphor, for example, we used data from a scientific numerical model that
incorporated the known physics of a closed system: a simulation developed by scientists to
describe and compute astrophysical objects in the early universe. Much of the research
that provides the basis for astrophysics calculations are based on evolving computational
algorithms relating to nuclear research that began during World War 1. John Von
Neumann and Herbert Weiner developed much of the mathematics used to describe
nuclear reactions and to symbolize and calculate them inside of nincteenth-century
computers. The extension of this work in simulation has led to calculations that today
provide solutions to equations that describe the evolution of the universe, such as what is
likely to have been the nature of the first star or evolution of the universe (see Practicum
Compilation DVD, I: General Visaphor Sequences, Star-Galaxy Formation, 1.3 and
Evolution of Universe 1.6). The resulting visaphor provides yet another transformation of
this data, one that adds as much of a hermeneutic layer as did its original simulation.
However, despite the aesthetic and hermeneutic nature of visualizations, professional

conferences tend not to focus on considering them as such (Chen et al., 2008).

Camera Considerations

After visaphors are designed and created, visualization artists choreograph camera
movement around and through them. In doing so, we must consider the shape and
dimensions of the viewing surfaces onto which they will be projected. For example, the
visaphor scenes for a digital-dome show like Black Holes are much longer in screen-time
length, and the camera is choreographed to move slowly and majestically, when compared

to the relatively short time-length edits used in the Monster of the Milky Way PBS NOVA
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show (compare in Practicum Compilation DVD, 4: Black Holes: The Other Side of Infinity
digital-dome excerpts with 5: Monster of the Milky Way PBS Show excerpts). Why is this
so? The digital dome encloses the entire visual field within a moving image. As a result,
audiences cannot easily tolerate fast visual motion of the camera viewpoint, as our own
experience working and designing choreographies inside the CAVE™ and Hayden'’s
digital dome have demonstrated. Too much motion creates simulator sickness, a dizzying
condition of disorientation often experienced in virtual reality, similar to motion sickness
during actual physical movement in a vehicle (Zyda et al., 1997; Sherman and Craig,
2003). Then, too, audiences may prefer grander visual gestures in the immersive digital
dome since its visual language tends to be understood in terms of large-venue cinematic
arts (Berton, 1990; Wright, 1990; Yu et al., 2007). In contrast, the rectangular television
screen on which most PBS NOVA viewers watch Monster of the Milky Way does not
enclose the visual field unless the viewer is only inches from the screen. As display
systems advance, home television screens will get larger and may someday be stereo.
More now than ever before tend to be HD-enabled. However, we have learned that
television audiences prefer faster edits, shorter shots, and swift movement in that delivery

format, which is likewise more typical of small-scale cinematic arts.

Repurposing Visaphors for Other Projects

When intellectual property considerations allow, visualization artists often reuse
scenes they have created for one project in a concurrent or later project. The repurposing
of existing visaphors and their camera work may include revisiting the visaphor’s
rendering to produce alternate renders with changed elements, from colors to glyphs to

dynamics. Camera choreography, scene length, visual scale, and other features may
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change as well. For example, my AVL team and | developed a data-informed, simulation-
augmented model of the Milky Way in collaboration with scientists for Runaway Universe.
We decided to repurpose the scene in which the model appeared for The Black Holes
Project. However, into the new scene dynamics for our highly detailed flight into the
center of the Milky Way, we needed (o integrate Dr. Andrew Hamilton’s Black Hole Flight
Simulator (BHFS) application output (see Practicum Compilation DVD, 4: Black Holes:
the Other Side of Infinity, Sequence 9 b and 5. Monster of the Milky Way Scene |
Sequence 3). The BHFS is a sophisticated ray-tracer simulation that solves Einstein’s
cquations to create a “lensing” effect of a black hole over a background (known as the
Hamilton Lens Effect). In collaboration, we visually integrated the virtual flight through
the Milky Way with BHFS digital-image output through scene design, choreography, and
color. We collaborated to transition from the Milky Way to the BHFS “lensing” effect in
developing several shots. This collaboration was challenging. Yet, it was well worth the
care: this scene provided the climactic ending of the planetarium show (see Practicum

Compilation DVD, 4: Black Holes: The Other Side of infinity, Sequence 9 b).

Designing Visaphors for Popular Audiences: A Case for Digital Domes

Up to this point, my discussion of design considerations in transforming and
presenting data has often assumed that the end audience for the visualizations produced
would be made up of experts. Such experts are already trained 10 understand conventional,
scientific visualizations and to interpret the data on which they are based. Public outreach
gives data-viz artists additional considerations, for the data presents a whole, new level of
abstraction, its own multilayered, metaphorical reality. Information visualization and

immersive environments for muscum audiences are emerging areas of research that are
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gradually gaining more attention in terms of audience differences (Hinrichs, Schmidt, and
Carpendale, 2008). Understanding visaphors requires that audiences interact imaginatively
not only with its creator (or Renaissance Team of creators), but also with his or her
discourse community and its most basic assumptions. Certainly, science educators might
be encouraged to incorporate visaphoric literacy into their curricula for students beginning
at very early ages. Media education is crucial in our information age.

Data-viz artists may also assist untrained, general audiences, those who are not
readily familiar with the scientific presentation of ideas, in understanding visaphors
through grounding them in everyday spatial and temporal experiences. For example, |
believe that the NSF Net visaphor® (in this case, a static image) I created has been so
successful--having been reproduced continually over the past 15 years for public
consumption--because of its grounding in a spatial map of the United States. This familiar
ground helps the invisible national network of internet connectivity and hubs seem less
abstract (Figure 10).

Books such as Atlas of Cyberspaces by Martin Dodge and Rob Kitchin (2001)
illustrate the need for, and begin to provide an education in, reading visaphors. Digital-
dome environments also provide a special opportunity for reaching a broader public, to
enable them to experience scientific visualization and to teach them about computational
science, its importance in contemporary science, and the role visualization plays within it.
As part of this effort, the one-hour NOVA special Runaway Universe, which aired in HD

format on PBS in November 2000 and again in July 2001, tells the story of how scientists

3 See, for example, the following sites, where the image appears in a variety of contexts:
http://www.visualcomplexity.com/vc/project_details.cfm?index=17&id=17&domai
n=; http://www livinginternet.com/doc/merit.edwmapcredit.html;
http://www.nsf.gov/news/news_images.jsp?cntn_id=110776&org=NSF;
http://www.mappingcyberspace.com/gallery/colourplate1d.html
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location, and the cultural associations with that location can provide important
communication contexts for visaphors that influence audiences. Planetariums seem a
“natural” cultural fit for the science-education media that incorporate our scientific
visualizations. They evoke the oxymoron of a sacred secular space, with their technically
enhanced dome opening onto projected or virtual heavens. From the Etruscans’ first
architectural domes in 500 B.C.E. (Lehmann, 1945) to our state-of-the-art, contemporary,
immersive, digital, full-dome theatres, people have been enthralied with the inspirational
power, architectural beauty, and visual adornments associated with domes. In his review of
dome environments, David McConville sees domes as a profound expression of the sacred
that crosses culturcs; we can only suppose because of their association with the sky and,
so, the heavens: “From Buddhist stupas to Islamic mosques to Christian cathedrals, these
structures have been used as places of ritual, indoctrination, and transcendence” (2007, p.
69). Buckminster Fuller developed dome technology as a way of using art and science to
“extend and expand upon experience*(Snyder and Vesna, 1998, p. 290). In modem times,
cinema and dome architecture have collaborated periodically to provide the public with
stimulating experiences in both art and science (Mitman, 1993; Robertson, 2002; Tracy,
2007; Yu et al.,, 2007).

In addition to sacred associations, planetariums evoke both a classroom and a
cinema--where audiences expect to be edified as well as entertained—but on a more
spectacular scale, with greater sensation and potential for emotional responsc. The
relationship between cinema and popular scientific outreach is not new. Before the early
twentieth-century growth of domes around the world, we find a long history of the tie
between science demonstrations and public outreach in the form of expositions such as the

World’s Columbian Exposition held in Chicago, Illinois in 1893. The historical
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connection between these types of grand, public science demonstrations and early cinema
is well described by Michael Punt (2000).

Historically, one of the most successful astronomical dome projection systems was
the Zeiss optical star projection system, which was developed by the founder of the Carl
Zeiss Optical Co. in 1846. The Zeiss system was employed by the Adler Planetarium in
Chicago, the oldest in the western hemisphere, as early as 1930. Many planetariums
followed suit during the 1930s, including the Hayden planetarium in 1935. Although
popular, the Zeiss projection system, often called a “star ball,” had its limitations. It only
projected astronomical content, such as stars and constellations.

Digital-dome projection environments at planetariums are the most recent vehicle
developed to provide large audiences with an educational science spectacle. They combine
the architectural surround of a dome with the digital cinematic qualities of CGI imagery. In
the contemporary digital dome, however, there is an important connection between the
full-dome spatial/temporal environment and the computer graphics camera that enable
audiences to take virtual tours. Digital-dome projections of CGI affect the viewers much
like digital cinema and provide the visualizations artists with the powerful cinematic and
metaphoric language that has developed through cinema over the years (Whittock, 1990).
Due to human peripheral motion vision, the digital camera combined within the dome can
create an immersive experience, emulating stereoscopy. In the digital dome, human
peripheral motion vision may be affected by the moving spatial content, resulting in an
immersive, stereo-like, embodied experience (Arnheim, 1974; Anderson, Drasdo, and
Thompson, 1995; Walker, 2005).

Museums, in contrast, tend to serve as halls of memory in which Western cultures
and those influenced by them to exhibit the (supposed) sum of human civilization, its

experiences and knowledge of the social and natural world. Although the movement of
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valued for their capacity to support important telematic art exhibitions and interactive,
remote collaborative capabilities, such as Virtual Director™,

My AVL team and | have focused strategically on the digital-dome technologies
for displaying visaphoric art in order to provide this powerful, embodied experience. We
have collaborated with three of the top United States planetariums (measured in terms of
sophistication of programming and technical specifications) that have rebuilt or redesigned
to create digital domes: Hayden in NYC, Gates in Denver, and Morrison in San Francisco.
We have also recently worked closely with Adler in Chicago, which is the oldest
planetarium in the United States (Stephenson, 2005) and one of the largest and most visited
(Neafus, 2008); it has just upgraded its dome technology. Digital-dome technology
couples the flexibility and advancements of digital cinema with the spatial and
transcendent power of dome immersion for large audience venues and scientific
expositions. In the Black Holes digital-dome show for Gates Planetarium, for example, we
designed and projected live-action integrated with computational science for the first time
in planetarium exhibition history.

To illustrate the potential of tele-immersive experiences to reach audiences, and
to instance a process by which it can be realized, 1 next provide a brief account of my work
for three high-resolution immersion projects: Cosmic Voyage, an IMAX film for which we
developed the Virtual Director™ application, in part to support collaboration at a distance;
two space shows and a permanent installation for the Hayden Planetarium, for which we
consulted on the projection systems; and the Black Holes digital-dome show, for which we

formally evaluated audience response.
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Cosmic Voyage and Virtual Director™

In order to create new aesthetic experiences, supporting technologies must
sometimes be developed. The fifieenth'century invention of linear perspective necessarily
required new, mathematically-based techniques on canvas and paper for conveying depth
(from horizon line to vanishing point). Scientific visualization’s invention of fluid spatial
dynamics has likewise necessitated new techniques for manifesting such novel
representations. This was the case when, in 1994, | signed on as Associate Director for
Scientific Visualization and Art Director for the PIXAR / NCSA segment of a large-scale
film project, Cosmic Voyage, an IMAX science-education movie about the relative scale
of things in the universe that was first shown at the Smithsonian Institute, which helped to
fund its creation. Because computational science and visualization played an important
role in the making of Cosmic Voyage, the technical and creative demands we faced were
significant. We employed the advanced technologies of supercomputing and visualization
to artistically render images of galaxies colliding in swirling, paint-like effect, destined for
projection on an IMAX screen. A typical IMAX screen is about 70-feet across, making the
movie more than ten times the film emulsion area of a regular Hollywood 35-millimeter
movie. In our design, we accounted for the fact that IMAX totally surrounds the audience
with image and audio; viewers are immersed in a powerful, if partial, sensory experience,
one that, even more than is the case with conventional cinema, inspires their
consciousnesses to leap from the world of the theater to that shown on the screen and
perhaps even vibrantly beyond its silver surface.

Adding to the project’s challenge was our need to collaborate with a global

Renaissance Team of artists, scientists, and technologists to realize an unprecedented
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of their own “flight” and orientation in a shared virtual space over scientific visualization
data. We have used Virtual Director™ to simultaneously collaborate with scientists at the
Stephen Hawking laboratory in Cambridge, UK and scientists at University of California
(see Practicum Compilation DVD, 2: Virtual Tools, 2.2). William Wulf defined a
“collaboratory” in 1989 as a “center without walls, in which the nation’s researchers can
perform their research without regard to physical location, interacting with colleagues,
accessing instrumentation, sharing data and computational resources, (and) accessing
information in digital libraries” (Wulf, 1993, p. vii). Our virtual design provides each user
with an independent point of view, enabling the user to navigate independently while
creating and sharing camera paths. Uscrs share the visual “space”; they see the same
environment, but they can fly to different locations within that space. Using Virtual
Director™ software, a user is represented over the network as an avatar and can see other
avatars (i.e., other collaborating users) floating and flying in cyberspace.

The experience of using Virtual Director is wondrous, and not only because of the
power over environment that such virtual spaces and technological extensions of agency
allow. People understand new technology by appropriating understandings from other
concept networks, and in virtual reality environment-cyberculture from the existential
realm of the divine. The original Sanskrit meaning of avatar was the “incarnation of a god
on earth.” In virtual reality, the term originated in the mid-1980s with the Ultima game
series (Morabito, 1986). Within virtual domains, an avatar is the incarnation of a human
entity in virtual space; as with Hindu deities, a single human may take up multiple avatars
within the same “world,” or across them. But these entities are more than human. We
describe avatars as “floating” and “flying,” signifying powers granted them beyond our
own. In myth and dream, from Greek mythology to Renaissance art, the experience of

flight has been a universal theme, an expression of our desire for heavenly voyages. In

97



History of Telepresence: Automata, Illusion, and Rejecting the Body, theorist Oliver Grau
writes of how “We yearn for omnipresence—a state of transcendence, a variation of
gnosis” (2000, p. 235). He suggests that “the idea of the transcendental abandonment of
the body follows from the primeval notion of the migration of souls, as expressed in
Buddhism or in the Upanishads " (pp. 236-237). In cyberspaces such as this collaboratory,
we may thus think of ourselves as experiencing virtually embodied and mythic flight in an
age of spiritual machines (Jung, 1959; Christ, 1997; Kurzweil, 2000). Given the subject of
our work in Cosmic Voyage, these experiences were only intensified by imaginatively
taking flight among the stars through the Milky Way, because they manifested an ancient
connection between the night sky and the brain, between myths and astronomical
experiences (Krupp, 1991, pp. 3-4).

Virtual Director™ was crucial to the realization of Cosmic Voyage, which was
nominated for an Academy Award in 1996. The film has, Director Bayley Silleck and |
estimate, been experienced by 6-million viewers (personal communication, 3 December
2008) and continues to be shown around the world, sold on DVDs, and accessed over
Internet television providers such as YouTube. Following this success, we have
continued to use Virtual Director™ as a tool to create and collaborate on a variety of
visaphor projects (Cox, 1996; Thiébaux , 1997; Cox, Patterson, and Thiebaux, 2000; Cox,
2000ab, 2003abc). We used Virtual Director™ to work interactively in real-time from our
CAVE™ at the University of [llinois with scientists and stafT at the Hayden Planetarium
digital dome in New York City, designing and choreographing camera paths through
synthetic astrophysical space. The British Broadcasting Company, which filmed our
remote virtual collaboration, named it one of the best uses of virtual reality to date (British
Broadcasting Corporation, 2002; see Practicum Compilation DVD, 2:Virtual Tools 2.1).

At iGrid2002, we demonstrated an interactive Virtual Director™ remote collaboration
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2001). In Virtual Director™, we sought not only a means for manipulating our virtual
artistic media or enabling collaborating between experts, but also for engaging in
interactive aesthetic play with audiences, across the United States and around the world.
The Hayden Planetarium has used Virtual Director™ for interactive public shows in the
evening, empowering the audience to control the digital dome and the model of the Milky

Way.

Hayden Planetarium and Digital-Dome Projection

In my above account of Cosmic Voyage, | have focused mainly on how we enabled
Renaissance Team collaboration through our development of Virtual Director. In this
section, | focus on the role my team and | played in consulting for the projection system
for Hayden Planetarium’s new digital dome, which prepared the way for showing our
collaborative productions Passport to the Universe, Search for Life, as well as the Big
Bang Theater exhibit. Within our field of artistic practice, the projection, transmission,
and display of the work must be carefully designed and evaiuated. This is a crucial
dimension of the work to which we give detailed, extensive attention, since it determines
the quality of the audience’s experience.

Hayden Planetarium was an early adopter of digital-dome technologies. Funded by
donations and government grants, the American Museum of Natural History (AMNH)’s
Hayden Planetarium in New York City opened its doors in October 3, 1935, making it
fourth oldest planetarium in the United States. Like the Adler and other established
planetariums, the Hayden boasted a Zeiss system that could accurately project locations
and rotating stars, constellations, and other astronomical objects as seen from people on

Earth. By 1993, however, the Museum recognized a need to revamp. The Museum and
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donors provided $210 million to build the Frederick Phineas and Sandra Priest Rose Center
for Earth and Space, with a new Hayden Planetarium that would become the Rose Center’s
central jewel. In 1999, the planetarium was outfitted with a Zeiss Mark X upgrade for the
Zeiss projection system, which was then the most advanced available. The star ball could
simulate 9100 stars through glass fibers, resulting in white light with ten times the
luminescence of Zeiss projectors in most planetariums. However, as is the case with all of
Zeiss projectors, viewers were limited to a geocentric view of the universe. Stars and
planets rotated on a 2D sphere.

To compensate for this limitation, the Museum installed in the same dome a digital
projection system (driven by a Silicon Graphics supercomputer), on which my team
consulted. Hayden had sought our expertise and experience with digital projection in part
because we had an established reputation for scientific visualizations, especially those
generated through supercomputing and Silicon Graphics virtual reality-applications
development. We had become involved in this form of applications development in the
early 1990s, when the University at lllinois at its Chicago and Urbana-Champaign
campuses was pioneering virtual reality and high-speed network connectivity. My team
and I had developed Virtual Director’ ™ and contributed to ImmersaDesk (1994) and
Infinity Wall (1995) applications developed at the Electronic Visualization Laboratory
(EVL, UIC) that also enable collaborations over high-speed networks for a variety of
approaches to art and science (Cruz-Neira, Sandin, and DeFanti, 1993; Bryson, 1994;
DeFanti, Brown, and Stevens, 1996; Czemuszenko et al., 1997; Leigh et al., 1999;

Sherman and Craig, 2003) (see Figure 14).
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Ultimately, we collaborated to create two space shows at the Hayden’s new digital
dome. These shows were composed of digital-image playback layered with audio and
music. The first, Passport to the Universe, narrated by actor Tom Hanks, opened at the
Millennium 2000 New Year’s donor celebration. The second, The Search for Life,
narrated by actor Harrison Ford, opened in February 2002. Both of these 17-minute long,
high-resolution digital shows provided an immersive experience to approximately 440
people, the capacity of the Hayden Planetarium’s audience seating. For them, we created
digital visualizations of the large-scale structure of the universe as well as the local galactic
structure near the Milky Way. Brent Tully, an astronomer from University of Hawaii,
provided mapped locations of galaxies from telescopic data. My NCSA team and 1 created
digital images of a voyage through the cosmos arriving at the large-scale structure of the
Universe. The shows continue to be popular.

For the Hayden, we also created a pecrmanent instaltation with the Big Bang
Theater exhibit, which occupies the lower hemisphere of the digital-dome structure. The
“Big Bang" is a scientific metaphor for the modem story of the first instant of the universe.
Modem Big Bang theorists believe that the universe formed over 15-billion years ago
when the hot, dense gas that resulted from a massive explosion formed stars and proto-
galaxies that congregated along filaments. Astronomers view today’s galactic filamentary
structure of the universe through telescopes. Choreographer Robert Patterson, software
developer Stuart Levy, and [, alongside astrophysicist Dr. Michael Norman visualized over
500-gigabytes of simulation data to show the evolution of the universe following the Big
Bang (Figure 7). We repurposed the data used for Runaway Universe and we customized a
special treatment for the Hayden Big Bang exhibit. (see Practicurn Compilation DVD
1:General Visaphor Sequences, Evolution of the Universe 1.6.1}. An audience of as many

as 200 people can peer over a railing into a large, bowl-shaped digital display to view our
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visualization. Looking into the Big Bang digital-display bowl is reminiscent of peering
into a boiling caldron in which hot gases produce strings of galaxies. Poet Maya Angelou
narrates, while the audience watches the formation of the universe. Ironically, this
scientific narrative of creation draws upon the latest technology and scientific theory, thus
seeming to authorize this modem creation myth as fact rather than fancy. It becomes a
creation story without anthropomorphized agents shaping the universe and our world
within it, and yet it is a creation story that can only be told by the creative intervention of
cybemetic agents. More discussion on modern creation stories will follow in Chapter 5.
Today, Hayden Planetarium continues to employ Renaissance Teams, influenced
by many of the processes that we have established to collaboratively visualize
computational science. I strongly believe that such collaborations produce a synergy of
expertise that we might call collective intelligence, which helps us to solve complex
problems by examining them from a variety of perspectives and experiences. They also
drive us to refine our work, to be responsive to audiences from the design to the delivery

stages.

Black Holes Digital-Dome Show and Audience Response

One of the primary reasons that an NSF review panel recommended funding for
The Black Holes Project was because its vision transcended former planctarium
productions to incorporate an extensive, large-scale visualization effort directed (o a public
audience. At the time we proposed The Black Holes Project, few other dome outreach
programs focused on data-driven visualization. The Black Holes Project was the first of its
kind to focus its show on the importance of scientific simulation as a new tool for

scientists. By featuring the results of scientific simulations as a central component of the
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scientific narrative, the show brought to public audiences tangible educational benefits
from the art of scientific visualization and computational science (Yu et al., 2007). The
development and design of data-driven visualizations and non-data graphical illustration
sequences for the Gates Planetarium, Denver Museum of Nature and Science (DMNS)
digital-dome planetarium program were afterward revised and redirected to create a PBS
NOVA show, which would reach a larger audience, but one that differed demographically.
The two shows produced for The Black Hole Project were directed to different
audiences because the programming for planetariums and PBS NOVA already had
established demographics. These established demographics, moreover, covered the two
poles of popular science education, from the relatively science ignorant to the science
literate. We had a significant pedagogical challenge before us. A primary conceptual goal
of The Black Holes Project was to acquaint audiences with gravity, one of the most
compelling forces of our cosmos. In science, gravity is an invisible and powerful force that
affects the experience and evolution of the universe at all scales. In both shows developed
for the project, the contemporary scientific understanding of gravity was conveyed through
the presentation of scientific visualizations, which employed gravitational physics;
scientific illustrations; and story. A historical sequence of discoveries traced the
widespread acceptance of the existence of black holes, armiving finally at how Einstein’s
theory of relativity posited a curved space and time in which gravity bends light until light
is non-existent, and the resuiting black holes influence the evolution of the universe,
including the formation of galaxies and stars (Boslough, 1985; Kaufman ,1991; Lederman,
1993; Glanz,1998, 2000a, 2000b; Adams and Laughlin, 1999). The shows’ narratives self-
consciously highlighted the computational and visualization technologies that have

spawned an intellectual and philosophical revolution in how scientists understand gravity
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and our universe (see Appendix for DMNS Promotional Materials and Black Holes: The
Other Side of Infinity Promotional DVD).

We designed the digital-dome show with a primary planetarium audience of
school-age children (accompanied by their teachers and families) in mind. As public
institutions, most museums (including DMNS, where Gates is located), provide significant
discounts to enable children from diverse backgrounds and poorer school districts to
experience planetarium shows. Since the typical time for a planetarium show is 23
minules--timed to enable the smooth flow of a few hundred people in and out of the theater
for each one-half hour of the Museum’s business day--we decided that only a few major
concepts could be effectively communicated and understood by non-expert audiences.

We designed the planetarium show to give a basic introduction to black holes, but
the PBS NOVA show that drew upon materials from the digital-dome show was, in
contrast, designed for adult audiences who are classified by the programming staff as
“scientifically aware.” A project website that provided additional educational materials at
both audience levels was timed to open with the NOVA broadcast premier. The content of
NOVA websites is coordinated regularly with U.S. national-science-curriculum standards
in order to facilitate ease of use in the classroom. NOVA also provided tecacher materials
for its program through this site (see Appendix and Black Holes: The Other Side of Infinity
Promotional DVD).

An external agency, Multimedia Research of Bellport, New York, performed a
thorough, summative evaluation of the dome show (see Appendix). The agency’s
summative evaluation was based on randomly selected digital-dome show attendees: focus
groups of 6-12 individuals designed to represent a cross-section of the target demographic.
The evaluation covered audience responses to scientific concepts, visualizations, narrative

flow, and various other aspects of show design. To test the audience’s improved
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awareness of targeted scientific concepts, their knowledge about them was assessed before
and after the show experience. The agency also selected random museum visitors to
interview after viewing the show; it continued to track these visitors after, to assess the
show’s long-term educational impact and affective response. The WestEd Company of
San Francisco, California, also performed an evaluation of the effectiveness of the
provided teacher materials.

Since the dome show was intended to tour, production evaluation was performed at
both small and large planetariums to ensure a broad representation of potential audiences.
During production, the project team found a level of audience interest that justified
including higher-level content. This approach was later validated by the results of the
summative evaluation for audiences in the lower-age range. According to the report,
viewing the show “significantly increased 4th and 5th graders’ understanding” of black
holes. Before viewing the show, only 12% -16% of students gave correct answers (o the
questions “What is a black hole?” and “How do scientists know black holes exis1?” After
viewing the show, those numbers jumped to 60% and 63% respectively. The study
concluded that the show “successfully both entertains and educates the upper elementary
age student” (see Appendix; Flagg, 2006, p. 217-235). We credited some of this success to
production testing, which had identified problem scenes and given us an opportunity to
revise the clarity of their message.

During production testing, we also learned that audiences (unanimously) wanted to
know when they were viewing data-driven scientific visualizations that have been
developed with numerical models, rather than concept itlustrations that have been drawn
without such rigorous data mapping. The focus group unanimously agreed that they
wanted to know the difference between scientific data and an illustration. We changed the

script to accommodate this evaluation, which, for us, validated a key purpose of the show.
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The later NOVA show received its own evaluations during production and after.
Most production testing was conducted by Tom Lucas in cooperation with NOVA staff,
and funded by NASA’s GLAST project. AVL staff and | participated in this iterative
review process. Prior to beginning principal photography, Multimedia Research sent the
treatment to independent, expert reviewers. They commented on the clarity of the
presentation, the strength of its story lines, and its probable achievement of overall science
education goals. Once the program had been assembled into a rough cut, it was shown to
adult and high school focus groups across the United States. This summative evaluation,
performed by Knight-Williams Research Communications of Sacramento, CA, had the
goal of determining how audiences responded to both the overall story and individual
scenes for clarity and effectiveness of presentation. Focus groups were also asked to
consider specific elements such as the scientific visualizations, graphics, on-screen
characters, and attractiveness of the content. Audiences judged that the NOVA program
was a success. Knight-Williams Research’s final report found that “The program
addressed many difficult and abstract science concepts, yet was still enjoyed by and
successful with a diverse viewing audience, one that extended beyond the traditional PBS
viewer, science/nature show enthusiast, or astronomy buff”(sec Appendix; Knight-

Williams and Williams, 2007, p. 237-258).
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Chapter 3: Scientific Visualization in Translation: Understanding Visaphors as
Metaphorical Interactions and Autopoetic Systems

Linguistic and visual metaphors recombine like DNA to provide a rich cultural
environment in which scientific narratives proliferate and thrive. Visaphors are a distinctly
modern, high-tech art form, but the metaphoric process through which they are constructed
and understood has been a topic of study and debate since ancient times. From the
recorded beginning of that conversation, we can trace a radical split between logical
positivists / realists and relativists / constructionists. In early debates in mathematics
between Plato and Aristotle, for instance, we find these oppositions: on the one hand, math
is an organizing principle found in the universe; on the other hand, math is a construction
of the human mind. In the first chapter, | established the bias toward logical positivism
and hard realism within the data-viz community and argued the value of broadening our
view. In this chapter, [ explain the foundation of relativist / constructionist understandings
of metaphor and establish how such an understanding can enrich our sense of visaphors.

In the first half of twentieth-century Western philosophy, logical positivists such as
Bertrand Russell held that precision in literal language and mathematics was the most
appropriate tool for describing reality and doing science (Whitehead and Russell, 1910-
1913). To such nonconstructivist thinkers, metaphor was a linguistic trick that obscured
our ability to discover “true” reality accurately; it was not appropriate for scienlific
discourse. In contrast, the constructivist position has held that epistemological access to
reality may be found through mental construction. Constructivist psychologist Jean Piaget
theorized that children develop in stages through a process involving mental constructions:
“To invent is to combine mental, that is to say, representative, schemata and, in order to
become mental the sensorimotor schemata must be capable of intercombining in every

way, that is to say, of being able to give rise to true inventions” {1936, p. 341). Reality for
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the constructivists with whom | align myself is always mediated through minds and bodies.
Human knowledge and its signifying systems, such as language, are considered essential
dimensions of this mediation of experience, its comprehension and record, although some
thinkers claim language is formative to thought and some mark it as an afler-effect.
Wittgenstein's later work, which also stands in opposition to logical positivism
{Wittengenstein, 1953), is thought to have initiated the linguistic turn. From this position
in 1953, Benjamin Whorf argued that language shapes the worldview of its speakers.

Modem metaphor studies come 1o us by a different route, through [.A. Richard’s
iconoclastic and positivist rejection of rhetorical studies’ understanding of metaphor as a
device, a purely linguistic phenomenon (Black, 1962; Richard, 1965; Sacks, 1978). In
Richard’s 1936 lectures on the philosophy of rhetoric, he declared a connection between
verbal metaphor and thought: "Thought is metaphoric, and procecds by comparison, and
the metaphors of language derive therefrom” (Richard, 1965, p. 94). Richard sought to
expand metaphor theory into a science and opened the philosophical door that resulied in
an interdisciplinary theoretical discourse. By the 1960s, Max Black argued against
Russell, Wittgenstein, and Whorf, introducing his interaction theory of metaphor. Black’s
view engendered a broad dialogue, eventually exposing the study of metaphoric processes
1o the scientific light of cognitive studies,

In the second half of the twentieth century--with the advent of computational
science and digital visualization, and with the success of math-based systems for
describing the world in all its material and immaterial phases—we might have expected
some kind of resolution to the debate between constructivists and positivists. However, it
has not proven possible to reconcile this great divide. As a result, these polarities continue
10 be reflected in contemporary discourse on thought, language, and metaphor. Over the

last five decades, researchers have generated more than 10,000 articles and books on
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metaphor and related studies. Most of these writings have followed in Richard’s tradition,
focusing on linguistic metaphor and its expression of cognitive processes.

Beginning in the 1980s, George Lakoff and Mark Johnson famously re-
contextualized metaphor as being more about how people cognitively process thought than
how we verbalize it; this paradigm shift enabled a constructivist position within metaphor
studies. The landmark work of George Lakoff and Mark Johnson, Metaphors We Live By
(1980), demonstrates how metaphorical ideas can become embedded in culture: we
become unaware that they shape our reality and, simultaneously, limit possibilities. For
example, Lakoff and Johnson argue that Western European cultures habitually understand
and communicate the concept of “mind” (1999) through contemporary, everyday language.
They expose the metaphorical correlates that provide the basis of Anglo-American analytic
philosophy and the linguistic foundations of assumptions that thought can be represented
by mathematical, logical symbols. In Meraphors of Memory, Douwc Draaisma visually
demonstrates cultural metaphors of mind throughout history. In particular, he argues that
cultures and individuals reflect popular preoccupations through their metaphorical
inventions, oflen attempting to understand or cxplain the brain in terms of the newest
technology domain. He demonstrates a variety of historical metaphors for operations of the
mind (2000). I[n the industrial age, mind was both a machine and an electrical transmitter
and conductor. When cinema was new, the brain was described as working through
cinematic processes, such as projection and registration. Now, we tend to describe the
brain as a computer. This, too, although a useful figuration runs the risk of limiting our
conception of the brain and so may limit studies in cognitive science and related
disciplines (as we shall see in Chapter 4). In my view, the brain is much more than a

computer; the metaphor fails to capture the scope of human agency.
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Today Lakoff and Johnson continue to articulate the terms in which metaphor is
most discussed. The dominant understanding of metaphor derived from their work is that
of concept mapping, which focuses on metaphor as a cognitive process by which we
understand one domain of information in terms of another. We map context-dependent
properties from one concrete expression to another, both of which are richly defined
(denotatively and connotatively) within systems of beliefs, or concept networks. In other
words, a metaphor triggers interpreters to comprechend the target domain in terms of the
source domain. This partial and directional mapping of properties from concept networks,
called “highlighting,” is not comprehensive, but selective, and not arbitrary, but
determined by preconceived cultural understandings. 1t is within this trans-domain
mapping process that new meaning can be generated (Black, 1962).

In Philosophy in the Flesh: The Embodied Mind and a Challenge to Western
Thought, LakolT and Johnson provide detailed analyses of linguistic metaphors and their
genesis to create a sort of DNA map of basic conceptual metaphors and their relationship
to culture and consciousness (1999). Lakoff and Johnson provide convincing evidence that
much of our conceptualization and related linguistic metaphoric representations of the
world have evolved from our embodied experiences. They claim conventional metaphors
(as opposed to creative, or inventive, ones) are embedded in our culture--the equivalent of
socially embodied experiences--to the point that we interpret their meanings literally.
They give “time is money” as an example of a conventional metaphor that has become
embedded in American culture. We understand time in terms of money and concepiualize

1%

time as being “spent,” “saved,” or “wasted.” Such basic, conventional metaphors help
structure our everyday thinking and behavior. For example, “argument is war” formulates

how we think about arguing. We “defend,” “strategize,” “‘attack,” and “defeat” arguments.
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If our culture had adopted “argument is illness,” then an argument would be “diagnosed”
and “treated” (LakofT and Johnson, 1980).

Ultimately, Lakoff and Johnson’s work maximally stretches the theory of
metaphor: Here, “reality” becomes a metaphorical mapping and all knowledge is gained
through the embodied experience of this mapping. Even positivist methods for arriving at
assessments of the real, such as mathematics, can be viewed as embodied metaphoric
constructions derived from experience (Lakoff and Nunez, 2000), thus preparing us to
view data-driven visualization and scientific mathematical models not as objective
{natural, real, true, static) depictions that mirror the real, but as representations of an
experienced reality that are socially and, so, perceptually mediated. Whereas Lakoff has
primarily been concemed with the verbal and conventional end of this range, visual
metaphor theorists have primarily focused on the figurative, or novel end, of it (Gombrich,
Hochberg and Black, 1972; Forceville, 1994, 1'996).

Indeed, metaphors can be generative, as well as derivative. In Metaphor and
Cognition: An Interactionist Approach, Bipin Indurkhya introduces the metaphoric
content-continuum as a spectrum from the most familiar, literal conventional metaphors to
novel, figurative metaphors (1992). Verbal metaphors such as 'books are fresh fruit' are
more figurative and novel than “time was well-spent,” which is interpreted as literal
language. Most theorists agree that novel metaphors can eventually evolve to become
conventional as a culture accommodates the metaphor and reduces novelty to literality.

| extend the metaphoric content-continuum to visaphor creative process, especially
in associating standardization and consistency with literality. New, data-driven visual
tropes eventually evolve into conventional methods through audience consumption and
recycling. For example, CGI Doppler maps are now mainstream media aids in weather

news around the world. These visual tropes were introduced into popular culture after the
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advancement of Doppler radar and its by-products in World War [l (when it was used to
activate proximity fuzes). Audiences acclimated and absorbed these forms into their
conventional visual language. For example, the data-driven visaphor in Practicum
Compilation DVD 3: Hunt for Supertwister, Scene 5, Sequence 3 shows how
computational data from an F3 tornado can be visualized in a two-dimensional pseudo-
colored slice that emulates familiar Doppler weather maps. The novel visaphor of a
computational tomado engenders an absolutely fresh perspective of a tornado, an almost
arresting view to some who first see it immersively, as we are told. However, the more
familiar Doppler—based visual enables audiences to recognize and comprehend some
features of this novel visaphor more quickly and easily. As novel visaphors are consumed,
absorbed, and recirculated--as Doppler maps have been--they too will move to the more
conventional range of the metaphoric content-continuum. The visualization artist is
empowered through both technology and imagination to create anything across the range
of conventional to novel visaphors, even though the underlying data may remain
consistent, A target visaphor can be designed to fall at different peints along a metaphoric-
content continuum from conventional, which tend to be taken literally and rationally, to
creative, which engage viewers in aclive, emotional, and often more intuitive processing. |
will use the IntelliBadge™ project to show how my team and [ created visaphors that span
the metaphoric-content continuum. IntelliBadge™ was a special radio frequency people
tracking project funded by NCSA, 1EEE, and vendors (Cox, Kindratenko, and Pointer,
2003). In Figure 17, 1 compare two IntelliBadge™ visaphors designed to show real-time
data changing during the radio frequency location-tracking of conference attendees (see
Practicum Compilation DVD 1:General Visaphors, InteiliBadge™ Project Visaphors, 1.1.2
and 1.1.2) Figure 17 shows two separate layouts for visualization displays distributed

throughout the convention center. People self-selected from ten categories of interest at the
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Colors correspond to areas of interest, such as blue for “visualization” and magenta for
“applications.” The same tracking data is mapped to a visaphor called “How Does your
Conference Grow?” in Figures 17 and 18. Each room is represented as a flower; the
colored petals shrink and grow according to the flow of people entering and leaving the

rooms:

total aggregate professional interests in "data” =» length of yellow in bar graph

total aggregate professional interests in "data™ = size of yellow petal in flower

The dynamic, digital bar chart in upper (Figure 18) is a conventional visaphor. Despite
novel beginnings, bar charts (as well as graphs and maps) have been used in our visual
culture for so many years that they now constitute a literal translation of data. Although
these visual tropes can be used poorly, they still comprise one of the most common
graphical means to present “factual” data (Tufte, 1983). In contrast, the botanical, iconic
representation is a figurative, novel visaphor. The garden visaphor’s freshness transports
viewer imagination beyond the familiar to ideas they had not thought possible to
experience. Audience participants in the IntelliBadge™ Project provided exceptional and
positive feedback in response to the garden visaphor. We informally interacted with
viewers and captured some of their interactions on video (see Practicum Compilation
DVD, |:General Visaphors, IntelliBadge™ Project Visaphors, 1.1.3). We have provided
this demonstration to numerous audiences. They describe the garden metaphor as
“delightful,” “fun,” “playful” and “surprising.” Analogizing attendees who were rushing
through the conference convention center as ants was particularly endearing. This novel
visaphor widened attendees’ view of what constitutes data visualization by visually

associating familiar social behaviors with novel graphics. Through conventional and novel
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visaphors, identical data revealed that attendees spent most of their time in technology
exhibits rather than lectures, However, it may be that viewers’ interpretation of convention
behavior was affected by whether they viewed the flower or bar chart. Although the
scientific measurement of audience response to differing visaphors awaits future research,
for my purpose here, the point remains. The same quantitative data can be creatively
mapped to alternate visual models; the artists’ intent empowers that process. In “How Does
Your Conference Grow?” visaphors portray attendees’ movement through space through
actual, real-time data; at the same time, attendees’ responses to environment are creatively
recontextualized through visaphor.

Meaning, metaphoric or otherwise, cannot be made in a vacuum; 1t is an inherently
social process. Here, | find it useful to examine communication and meaning in relation to
information theory, since this is the dominant theory in computer science today. In The
Mathematical Theory of Communication, Claude Shannon and Warren Weaver (1949)
demonstrated the efficacy of a quantitative approach to information theory. A broad range
of disciplines continue to employ and improve upon the underlying mathematics today,
especially in the information technology domain of computer science. Applications areas
include mass telecommunications, mobile communications, computer information systems,
bioinformatics, and computational linguistics. The original theory employed many verbal
metaphors that have become popular concepts in how we think about communication
today. For example, we “transmit messages” and “receive signals.” However, Shannon
and Weaver never intended the term “information” to include meaning: “The word
information, in this theory, is used in a special scnse that must not be confused with its
ordinary usage. In particular, information must not be confused with meaning” (p. 8).
Within this information theory, messages are distinguished in terms of transmission. From

an engineering point of view, signals are treated the same whether they are loaded with
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meaning or nonsense (Reddy, 1993). The mathematical approach to information theory has
been undeniably successful in computational applications; however, in real-world studies
of communication, this one-way signal processing is deficient in helping us to understand
how complex images are understood as information.

In contrast, Forceville adapts his theory from psychology and communications
research, taking into account three key sites of meaning-making: human agency in
communicators, information context for the message, and active interpretation in audience
members (1996, pp. 67-82). Given this theory, the process of creating a visaphor, data is
organized into information with the intent to inform. However, human agency must be
considered at the transmission and receiving points of the communication process as well,
since visaphors are consumed in a variety of circumstances and they often help to provide
a new world view. People “read” visaphors in different ways depending upon the context
of the presentation and their own orientations toward information and context. Thus, the
intent to inform may or may not be successful, and information can be lost. This aspect is
particularly relevant when considering presentation forums such as the FHayden
Planetarium or Public Broadcast Service television. However, the intent to inform, to
transmit data, so that it is accurately received by an audience, is a limited and limiting way
to understand communtcation, whether scientific, artistic, or a hybrid of the two.

[nteractionist communication theory adds 1o our understanding of how metaphor
affects the generation of knowledge, which includes not only information, but information
within a system of associations, both denotative (definitional) and connotative (ideological,
associational, and emotional / atmospheric). Interaction theories in cognition studies
sometimes take a constructivist point of view. In Metaphor and Cognition: An
Interactionist Approacih (1992), Indurkhya addresses the greatest paradox in the

constructivist view of cognition and metaphor. How is it that humans construct reality and
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access reality through filters of language and culture and at the same time are constrained
by the structure of an external world? Most interactionists and constructivists deny a pre-
existing structure of the external world, yet recognize the constraints of the physical. This
is a contradiction and paradox that Indurkhya attempts to clarify in his interactive cognitive
network approach. His study in cognitive systems and metaphor takes the view that
cognition is a process of interaction between a cognitive agent and its environment. The
cognitive agent constructs the world by building cognitive concept networks, but this
construction is not arbitrary. Although Indurkhya acknowledges that concept networks
must respect the ferociousness of reality, he adheres, finally, to the position that all
knowledge is metaphorical. This thesis employs Indurkhya’s analysis to dissect why the
creation of visaphors can be metaphorical, culturally contingent, yet non-arbitrary and
effective. Given the domain of digital data, however, visaphors posc yect another layer of
complexity that Indurkhya does not address. His study is limited mainly to verbal
metaphor; it only touches on the non-verbal in a disappointingly cursory mannecr.

Charles Forceville’s Pictorial Metaphor in Advertising (1996) employs Max
Black’s interaction theory to provide one of the most complete analyses of visual metaphor
to date, although Forceville limits his study to billboard content. Since Forceville assumes
advertising is an attempt to communicale a message, he is predisposed to consider the
explicit communicative nature of visual representations. Forceville claims that techniques
such as the verbal anchoring and contextualization of images help to determine how
viewers understand a visual metaphor’s message. These visual conventions send
(typologically) generic cues to viewers, invoking vicwing protocols that help them to
interpret the visual messages in already normalized ways

In visual terms, Forceville analyzed the mapping of characteristics from a visual

source domain onto a visual larget domain. For example, an advertisement shows a person
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with a pair of earphones that look like bricks. The text of this advertisement and the visual
Juxtaposition imply that most earphones are heavy and that the earphone product being
advertised would be light. Viewers cognitively select characteristics from the conceptual
domain about “bricks” (source domain) and map these characteristics onto the conceptual
domain about “earphones” (target domain). This mapping process is partial and non-
arbitrary. We do not map the “bricks” characteristics of “clay baked” or “rectilinear.”
Rather, we get a new understanding of “earphones” in terms of “bricks” by mapping
“heavy, hard, and uncomfortable” (Forceville, 1996, pp. 126-129)

As with the visual advertisements that Forceville analyzes, visaphors target specific
audiences and are meant to communicate. Although most discussions of visaphors focus
on what and how they communicate literally, they 100 convey emotion and indirect
ideological content. Visaphors may also range from the literal to the figurative, and they
may be presented across a broad spectrum of media, from television to periodicals, which
impact how they are presented, who their audiences are, and how their audiences may be
trained or inclined to view the material. Visaphors--again, like advertisements--draw upon
a broad range of conventions to generate meaning and guide interpretation, such as those
that govern representations in the sciences and those borrowed from other domains,
including the commercial, political, and humanist.

Display media provide yet another substrate for determining how visaphors
communicate meaning. Visaphors can be interactive sofiware applications as well as

digital animations. Visaphors can be displayed on a variety of devices that range
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discovery and technological progress that challenges and retools received human
knowledge, agency, and experience. (I discuss the The Black Holes Project display of
visaphors in a digital-dome context in Chapters 2, technically, and 5, metaphorically.)

How, then, can we better understand visaphors through taking up the constructivist
view of metaphoric processes and, in particular, Lakoff and others’ claim that metaphoric
mapping is the very process through which we structure our epistemologies, such that our
sense of reality itself and all the ways we chart it are determined by metaphorical maps? |
begin to answer this question with a return to Lakoff and Johnson. According to Lakoff
and Johnson, many cognitive functions and structures, and most operations, are below our
conscious awareness, residing in the cognitive unconscious (1999, p. 3). For example, our
visual and auditory processing systems are formed by complex neural connections and
physical electrochemical interactions of which we are unaware. From fundamental
associations of our bodies, such as looking up, we formulate higher-level concepts. Qur
daily language, it has been demonstrated by Lakoff and Johnson, is linked in layers of
metaphorical maps that refer to early spatial orientations, with our gravity-bound, planetary
experiences among them. We might call these “experientially-grounded” mappings
(Lakoff and Johnson, 1999, p. 47). The experiences we humans share in common,
universally—experiences of our very embodiment, such as the weight of gravity--are
expressed through linguistic structures across languages. These are what Lakoff and
Johnson term “primary metaphors.”

However, we also create complex metaphors, ones that cross conceptual domains,
through bootstrapping higher levels of abstraction from the lower- level metaphoric
structures that are most closely connected to our sensorimotor capacities. Complex
metaphors are those that are most often used to capture emergent ideas. What is most

significant for us here is that visaphors are often complex, built by data-viz artists from
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primary metaphors to help theorize and communicate theorizations about highly interactive
and muitidimensional processes. The visaphors that | create and present are founded in the
computational scientific process, which are themselves complex, multidimensional, and
ever emergent, We shape our reality through such conceptual maps, with the mind
generating their formal structures and our thoughts giving them dimension and depth. In
this way, the body is not involved in perception merely as an elaborate, organic sensory
array; the body shaping conceptualization at its very root, determining the very nature of
metaphor and the reality it at once describes and makes possible (Lakoff and Johnson,
1999).

A crucial claim here is that the embodied mind does not distinguish between
perception as based within bodily senses and sensory data that are engaged during the
process of conception (i.¢., the generation and use of concepts). In other words,
conceptualization, 100, is a bodily process--not a separate mental function worked through
in some disembodied, super-effect called consciousness. We find this notion of an
embodied mind and its construction of embodied reality reflected in Lynn Margulis and
Dorion Sagan’s Microcosmos evolutionary theory of the human brain as symbiotic: a
complex bio-organism with a higher purpose, awareness, and complexity of existence that
has evolved from individual cells that organize, cooperate, and interact (Margulis and
Sagan, 1986). Margulis has argued, for example, that orientation-sensitive cells are a part
of the brain's visual system and that the complexity of our brain has evolved through the
cooperation and symbiosis of these cellular colonies. Thus, spatial-conceptual
relationships, the kind reproduced in primary metaphors, may in fact be an emergent
property of the symbiotic brain. Sensorimotor responses and cognitive metaphoric
conception may be linked through a biological lincage to primal connections over millions

of years of cellular differentiation, symbiosis, and evolution. Perception and conception,
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then, are integrated embodied experiences. The study of the color visual system, in
particular, helps to establish this connection. "We have seen that basic-level concepts
depend on motor movement, gestalt perception, and mental imagery, which is carried out
in the visual system of the brain,” Lakoff and Johnson write.

“We have seen that color is anything but purely mental, that our color concepts are

intimately shaped not merely by perception as a faculty of the mind but by such

physical parts of our bodies as color cones and neural circuitry. And we have seen
that spatial-relations concepts are not characterized by some abstract, disembodied

mental capacity but rather in terms of bodily orientation.” (1999, p. 37)

This new understanding of complex metaphors as products of an embodied mind
makes possible a sense of how visaphors not only reveal relationships between primary
metaphors or simulate and communicate complex information, but also how they can
expose emergent systems of both meaning and matter, systems that can be further explored
for their own interactions and synergies. In Gédel, Escher, Bach: An Eternal Golden
Braid (1979), Douglas Hofstadter discusses how subtle trends within fields that express
neurological structures--mathematics, symmetry, and intelligence--reveal that self-
reference allow systems to acquire meaning. Though 1 differ with Hofstadter’s formal
logic approach, which simply equates cognitive functions with software components, |
agree with his “strange loops” metaphor with which he characterizes emergent
phenomenon at many different levels of a complex, hierarchical system. “The ‘Strange
Loop’ phenomenon occurs,” he writes, “whenever, by moving upwards (or downwards)
through the levels of some hierarchical system, we unexpectedly find ourselves right back
where we started” (p. 10). Consciousness is a self-referencing strange loop that emerges
from clustered, hierarchical components. Strange loops pre-date Varela’s autopoetic
embodied mind or Margulis’ evolving symbiotic brain, yet the underlying premise remains

the same. To make his point, Hofstadter creates an analogy between an ant fugue—in

which a colony of ants acts as a unit, but is made up of individual members—and the
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mind——in which its component parts chime together to produce the epiphenomenon of
consciousness.

We find such metaphorical coherencies in other simulations of natural phenomena
within the field of the data-viz arts. For example, when scientists study tomadoes in the
atmospheric sciences, they tend to see the component parts in a system (e.g., wind
temperature, pressure, velocity, direction) coming together to create the unit, or
epiphenomenon, of the tornado. The scientists who study a tornado event become so taken
with it as a whole and separate entity that they discuss it in terms of its birth and death, its
being and power—as if each tornado were a living thing, complete unto itself.

When we visualized a tomado for the PBS Hunt for Supertwister, we
metaphorically mapped data about its physical components and their behaviors to
numerical models in the attempt to understand how a tornado forms. In the resulting
simulation, complex processes came together into an overarching unity that we labeled
“tornado.” The numerical model might be viewed as a mathematical mapping of a
collective experience we conceptualize as weather. The numerical model may also be seen
as providing the source material for yet another metaphorical mapping of a constructed
experience into a visual artifact, a visaphor. The brilliant colors, the geometric shapes, the
evolving flow visaphorically recapitulate a collective, metaphorical consistency upon
which humans can collectively agree through their cyberception, i.e., technologtcally-
augmented perception.

The visaphor is a tool, an invention, and a technology--like writing or mapping--
that both refuels and reinforces our concepts about a torado. The visaphor of a tornado
shows the interaction of all these colorful, abstract processes through a trans-disciplinary,
creative practice that incorporates current scientific assumptions, mathematical modeling,

movie-making techniques, and embodied experience of human beings. Yet where does the
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tornado begin and end, and how do we locate its singularity, its coherence? The tornado is
the collective of many components that we experience according to our level of
understanding and our scale of experience. The tornado as a thing in itself is a property
that emerges from large-scale processes in atmosphere. Like eddies in a pool of water,
tornados may arise and pass away within a larger body of natural forces. Yet the tomado
as a force, a power, affects its surroundings and environment. One of our great scientific
challenges 1s to integrate an understanding of small-scale features, like a tornado, into
large-scale geological and atmospheric processes, incorporating such phenomena as ocean
temperatures and solar winds. Yet, beneath the powerful swirl of tomadic events, nano-
phenomenon also emerge in their own worlds as separate layers of existence, as processes
of strange loops that are infinite in all directions. As is the case with all natural
phenomena, here we see interacting layers of autopoetic systems. Biodiversity is replete
with examples of overlapping, self-maintaining systems, nested within each other.
Organisms survive upon the continental shelf to survive within the gut to survive within
the human to survive within society and its technological dynamic to one day exist on a
planet within the solar system in a galaxy far away. The interaction of autopoetic systems,
and their integration of increasingly higher (and lower) levels of organization, can be seen
throughout all of life and the universe. To express the magnificent branching structure of
this intellectual, conscious ecology of autopoctic systems, Hofstadter uses the metaphor of
a chiming, repetitive, and coordinated audio pattern of a musical fugue. The many act as
one in concer. A symbiotic unity is born of an accumulation of operations of many
individual components, like an orchestra with different instruments that all resonate
together. Because of their visual metaphorical layering, visaphors have a special aesthetic

capacity to express the complex dynamism of autopoesis, especially when animated.
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The creation, propagation, consumption, recirculation, and repurposing of
visaphors may also be considered an autopoetic system, one I will refer to
viseotelecommuning. Viseotelecommuning is the feedback mechanism through
visualization that feeds and reinforces conceptual metaphors in culture. In life, it is the
process of the universe looking at itself, the co-opting of bio-organisms and technology to
collectively reflect the stories that we tell about our understanding of the universe and
oursclves. The audience is made up of bio-organisms that internalize sensual and
intellectual experiences through their cyberception (Ascott, 1994, 2003) and retransmit
them 10 collective culture through casting their own cybernetic tentacles over cyberspace.
Through visaphors, we shape the environment, and we are shaped by it. Visaphor
audiences are not only carriers, but they are also catalysts. They visually, intellectually,
technoetically devour; they regurgitate, replicate, and disseminate. Through
viseotelecommuning, biological beings and their intellectual, techno-scientific offspring

participate in a grand cyberceptive cycle of collective invention and reflection.

cycle of data and constructed conceptual reality:

perceived input data 2 construct conceptual model = build visual model or
artefacts =» public presentation = increase support and funding for world view =
build technologies and instrumental data = simulatc models of nature => construct
theories = output physical models = share and test models 2 modify conceptual

maps = modify perceived reality = modify input data

Viseotelecommuning has been ongoing since humans first invented and used tools /
technology to make artifacts imbued with predictive powers, whether mystical / magical,

or scientific. The same process at work in this hybrid domain between the arts and sciences
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is found in myth making; like myths, visaphors are fundamentally engaged with defining
cultural narratives. Such collective accounts of existence even share basic structures for
organizing relations between what are perceived as essential states of being: tree-forms and
hierarchies. Through visually hamessing metaphor’s power to transform disparity into
coherence, visaphors establish a cognitive telecommunion between our embodied minds

and our social myth of the real.
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Chapter 4: An Emergent Scientific Paradigm: Visaphorizing Our Evolving
Consciousness

The traditional view of the history of science describes scientific progress as a
series of men and women developing better methods to do science. The dominant
narrative traces--from Galileo to Newton--an advance from observation and
experimentation to theorctical research. Revisionist historians amend this view with
sociological and paradigm-shifting significance (Kuhn, 1962; Holton, 1973; Latour and
Woolgar; 1979; Stepan, 1986; Jaki, 1990; Martin, 1991; Keller and Longino, 1997). While
some empiricists have recognized and feared the power of the scientific image--tending to
view visualization as a negative process whereby scientific objectivity is lost --many more
have ignored the influence and popularization of visualization in science (Lynch and

Woolgar, 1990; Baigrie,1996).

The Importance of Visualization to Science

The history of scientific illustration marks the importance of visualization to the
development of the sciences, not only for pedagogical demonstration, but also for
cognition, theorization, propagation, and promotion. Visualization--defined as the process
of creating and using images and visual models--has been employed by great scientists
since our earliest efforts to philosophically and practically study the natural world. Before
the computer, hand drawings and diagrams scrved as conceptualizing, documenting, and
didactic tools for early science. Historical scientific illustrations bifurcate into two primary
types: those that represented natural phenomenon, such as drawings of plants, and those
that represented more abstract concepts, such as tree diagrams (Brown, 1996). This

bifurcation echoes the split in data visualization: scientific and information visualization.
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Text accompanied the most important, unforgettable illustrative visualizations. As printing
technology evolved, the sophistication and proliferation of illustrations evolved.
Historians of these early scientific visualizations often oppose an empiricist account of
scientific progress that suggests only experimental observation has been of value to the
evolution of science since the seventeenth century. Many historians of science have
successfully argued that artists’ concepts and imagery have helped to form scientific
knowledge and methodology--that images can serve, and have served, as positive,
functional elements in scientific epistemological formations (Grombrich, 1973; Topper,
1996; Hallyn, 2000; Brown, 2003). Others have also made the case for the contributions
of visualization to the formations of specific scientific disciplines such as archeology,
geology, and chemistry (Knight, 1996; Moser, 1996; Ruse, 1996).

Not surprisingly, the Renaissance, with its revival of classical learning and renewed
interest in the study of nature as such (expressed as material, and not just spiritual,
phenomena), was a watershed for the use of scientific and technological illustrations. The
wide use of scientific illustration during the Renaissance suggests, even then, a dynamic
interplay between image, science, and the public. The role and influence of visual models
upon the process of conceiving, developing, and communicating scientific knowledge is
well documented (Hall, 1960; Latour, 1979; Jones, 1990; Caudill, 1994; Peterfreund, 1994;
Baigrie, 1996; Brown, 2003). During the sixteenth century, botanical, anatomical, and
biological books with illustrated text proliferated. Copernicus, Kepler, and Descartes
created drawings and visual models that not only documented observations, but also
augmented undersianding and conceptualization. Historians have argued that artists’
concepts and imagery helped to form scientific knowledge and methodology during the
Renaissance, and artists directly contributed to the popular view of rendered reality during

the period (Topper, 1996).
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From the time of the Renaissance forward, scientific illustration has continued to
play a major role in scientific study, education, popularization, and promotion. The
nineteenth century was another important developmental period in the search for visual
structure in science and nature (Crary, 1990; Alverson, [991). Many of the
representational devices developed then are incorporated in modern, data-driven digital
visualizations (Novacek, 1994; Woolman, 2002). One such instance: Darwin’s
representation of natural systems as tree-form diagrams, such as phylogenetic trees. These
tree-forms remain a part of the visual language of geneticists today, although sophisticated
digital technologies have replaced crude drawings to re-visualize genetic systems (Figure
2). As technology has progressed, scientists have also come to employ photographic
imagery from instruments such as telescopes and microscopes. By the twentieth century,
radiography flourished, coupled with computer image processing techniques. Many
scientific fields advanced with the use of radiographs, from medicine to crystallography.

The practice of visualization was also impacted by the ubiquitous influence of
Hierarchy Theory, which grew as an interdisciplinary way to organize and describe forms
and processes in nature, physics, and complex systems. In Structural Hierarchy in
Science, Art, and History, Cyril Stanley Smith defines hierarchy not as a power principle
of master to slave, but rather as an ordering pattern found throughout the universe. In fact,
Smith posits a balance between “anarchy” and “hierarchy”: “It would be good to avoid
both terms for they are overloaded with political emotion, but I know of no better word
than hierarchy to convey the idea of an interpenctrating sequence of structural levels”
(1978, p. 11). Branching and bifurcation are, for example, structural patterns that are
ubiquitous in nature, radiographs, scientific and mathematical models, and technological

structures (Whyte, 1951; Whyte, Wilson, and Wilson, 1969; Auger, 1986; Feekes, 1986;
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Ahl and Allen, 1996). This attempt to organize forms and processes has grown directly
from the onslaught of technology-mediated scientific images.

We now live in a golden age of scientific visualization. Yet, even those scientists
who value and employ scientific visualization in their own work, and who support its use
in popularization efforts, tend to view visualization as a transcription of the empirical real.
Visaphors are usually viewed as having a specific, self-evident intent by their creators to
quantify, qualify, and convey digital information in visual form. They are valued for their
ability to map mathematical models accurately, to display as realistically as possible actual
phenomena, to expose an aspect of matenial substances and forces as they are known (or
theorized) to exist or occur. Scientific authorities made anxious by challenges to scientific
“truth,” and eager to assert their own claims of scientific advancement, are thus all the
more inclined to police a perceived boundary between (objective, evidenced) fact and
{subjective, constructed) fiction, as well as contributions to science made by approved

experts, as opposed to those made by their collaborators from outside fields.

Mediating Perception: From Tele- to Digi-Epistcmology

In the philosophy of science and technology, we can identify a paradigm shift in the
nineteenth century from unmediated observational methods toward an extreme reliance on
technology-mediated empirical methods for defining the real--what Don Idhe calls
“instrumental realism”:

“The focal point at which instrumental realism emerges is the simultancous

recognition of what [ have called the technological embodiment of science, which

occurs through the instruments and within experimental situations; and of the larger

role of praxis and perception through such technologies.” (1991, p. 99)

Significantly, in this paradigm, technology is no longer merely applied science; it takes a

leading role in the process of doing science. The instruments, from microscopes to
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telescopes, become "readable technologies” (p. 106); undeniably, they alter and augment
perception. The very design of scientific instruments for sensing and generating data
mediates and influences research outcomes. For example, when gathering wave lengths
from telescopes, scientists map color onto black and white images, a process that affects
the perception and ultimately, interpretation of the image. Of this, Idhe writes, “In false-
color projects, the deliberate introduction of color makes visible that which ordinarily
would be either invisible or too lightly contrasted to notice” (p. 74). Similarly, whether
researchers observe through telescopes or microscopes, they expand upon the eye-brain
system, employing technologics that mediate direct expericnce, observation, and empirical
findings. Ken Goldberg, in The Robot in the Garden (2001), describes the study of
knowledge acquired at a distance as “tele-epistemology.”

Whether technologies are used in science or entertainment, from IMAX cinema to
the CAVE™ to digital domes, technologies affect perception and interpretation (Grau,
2008). Science participates in technological embodiments as part of its process of doing
science, from picking up rocks on Mars to manipulating nanobots in the human body. As
we expand our distance from direct experience, scientific realism cannot avoid the
cpistemological questions raised by technologically mediated observations.

Computational science provides yet another extension and mediation of how we
perceive and understand our universe, in some ways more extreme than those developed
historically. Supercomputers provide a digital laboratory of a different kind than the tele-
technologies Ken Goldberg describes. Computational science could be metaphorically
compared ta these other tele-sciences; however, there is a fundamental differcnce. The
digital laboratory of computational science is not directly coupled to human senses in the
same way as a scanning microscope is coupled to the eyes or remote robots are coupled to

the hands. Computational science instead couples supercomputers with cognitive
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constructs of data that has been derived instrumentally, using our symbiotic brains. This is
my own, enriched yet differentiated way of understanding the old concept of computer
science as a symbiosis between mind and computer (Licklider, 1960; Dyson, 1997). Asa
result of this dynamic, computational science has an epistemology all its own, what [ will
call a digi-epistemology, which is manifested through its method of creating simulations,
models of natural phenomenon, that are defined in terms of mathematical hypotheses.
Significantly, digi-epistemology’s first-order, embodied experience is provided by
digital visualization, which realizes scientific theory through manifesting it in a sensory
form. Like other tele-technologies, visaphors give us a “glimpse” into a world that is
impossible to experience otherwise. Yet the source can only claim to be purely digital; it is
not directly coupled to any natural phenomenon. By claiming for digital visualization its
own epistemology with regard to computational science, we gain a new field of research
opportunity for understanding how we derive knowledge from this purely digital

foundation. Visaphoric art forms provide an essential domain of inquiry for this research.

The Contingency of Data and Construction of Scientific “Truth”

Our visually-oriented scientific culture in the West has come of age during a digital
revolution where images and numbers merge. One would think that this merger would
silence critics of visualization’s value to scientific discovery. Yet, that tension continues to
impact the theory, practice, and funding opportunities [or scientific visualization and its
artists. Although the mathematical models that are represented in scientific visualization
intended for expert audiences have enabled significant predictive powers, some scientific
circles continue to find such methodology too speculative. Scientists do not yet understand

fully why mathematics works to predict phenomena, other than to claim that it is the
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primary tool for discovering self-evident “reality.” Dr. Larry Smarr, astrophysicist, says
that we must take mathematics on “faith” (personal communication, 2001). In practice,
computational science reveals that the supercomputer mathematical models are not self-
evident definitive results; rather, they are heuristic processes for seeking and best fitting a
problem solution.

Within data-viz theory, many positions can be generalized into two distinct
polarities. On the one hand, nature in all her glory waits to be discovered with
unambiguous scientific precision. The mathematicians, scientists, and philosophers of
logical positivism in the twentieth century promoted literal language and mathematics as
being the most relevant and important tools for science. The underlying, deep assumption
of logical positivism is that mathematics and literal language can describe reality. At the
opposite end of this philosophical position prevails the central idea that reality itself is
always mediated and the result of a mental model is that human beings construct reality
through perception, language, culture, and other belief systems. (I have already discussed
this division at length in Chapter 3).

Historicizing the use of images within the scientific process has led many modem
philosophers of science—their humanist orientation being key--to recognize and even
express awe at the power of the scientific image (Latour, 1979; Lynch and Woolgar, 1990).
They have gone so far as to claim that our scientific culture is a “visual” culture,
historically as well as today. Revisionist thinkers in the history and philosophy of science
such as Thomas Kuhn (1962) and Mary Hesse (1966, 1980) have challenged traditional
scientific accounts of progress that are grounded in logical-positivist tradition. They have
examined the subculture and discourse of science to reveal metaphorical and paradigmatic
shifts that exceed the bounds of objectivity but enable creativity. As a result, many

contemporary philosophers of science—if not the majority of scientists themselves—
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Compilation DVD 1: General Visaphor Sequences, Star-Galaxy Formation Black Holes
Project, 1.3.1 and §.3.2) and (Figure 20).

Richard Rorty's neopragmatist position—articulated in Philosophy and the Mirror
of Nature (1979)--establishes a means for contemplating the contingency of our ontology:
a growing sense that philosophy cannot establish a ground of truth, but that our sense of
truth is fundamentally constructed, mediated. From the perspective of our species-level
intelligence, Rorty reasons that we are entrapped by the very biologically and culturally
contingent beliefs and values within which we operate: our milieu, our environment.
Rorty’s stance is a response to traditional Western philosophy’s historical goal of
attempting to resolve our "reality” with our experience. As we have approached
modernity, our tendency is to no longer find a separation between body and mind,
collective and individual, environment and phenomenon. This view is now found
throughout contemporary thought, in the humanities via metaphor theorists such as LakofT
and in the sciences via cognitive scientists such as Varela. Thomas Kuhn has been
particularly influential in arguing for how our networks of assumptions provide a basis for
many of our basic scientific theories. For example, the anti-foundational turn we find in
Rorty may be seen as derived from the continuing cultural impact of Einstein’s theory of
special relativity (which asserts that time and space are perceived differently by observers
in different states of motion). Thus, scientific certitude is challenged not only by later
discoveries that revise our understanding of the natural universe—its nature and principles
of operation—but also by the socially-constructed nature of knowledge, including
scientific knowledge; the processes by which it is constructed and communicated; and their
cultural, political, and economic determinants (Heims, 1987; Ihde, 1991; Buchwald, 1996;

Dubow, 2000).
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In computational science, data and the knowledge produced from it may be
considered even more removed, and therefore contingent, from that which is
instrumentally derived. Scientists who employ computational methods attempt to validate
their numerical models by testing the model for known, internal inconsistencies or
computational defects. Validation refers to checking the computational code for obvious
errors, but it cannot validate the truth value of the scientific model. However, as they work,
these scientists continue to improve their computational models in order to produce better
results that can predict natural phenomena (Oreskes, Shrader-Frechette, and Belitz, 1994).
While numerical models can never be proven to be true by logic, they can be confirmed
with other kinds of data. In Science, Oreskes, Shrader-Frechette, and Belitz state,
“Numerical models are a form of highly complex hypothesis. Confirmation theory requires
us to support numerical simulation results with other kinds of scientific observations and to
realize that verification is impossible” (p. 642). The authors explain that the numerical
model cannot be verified or validated, only confirmed: "What we call data are inference-
laden signifiers of natural phenomena to which we have incomplete access” (p. 642).

Why do computational scientists continue to improve numerical models even
though they cannot be formally validated or verified? Numerical models have succeeded
in studying natural phenomenon; they provide a new scientific methodology to address the
complexity of nature. These models help us to discover, explore, and learn in combination
with other types of observations. Numerical models provide enough accuracy and
understanding of natural processes to contribute knowledge that is inaccessible in either
time or space. For example, in astrophysics, numerical modeling augments scientific
telescope observation and provides another tool to further analyze, understand, and support
observational data from telescopes (Kaufmann and Smarr, 1993; Reed et al., 2005).

Computational numerical modeling provides a heuristic approach: to discover and lcarn by
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numerical testing through trying out numerous solutions. This heuristic approach provides
experience-driven knowledge, which is very close to the exploratory research-in-practice
approach that artists use, even if most of us do not employ numerical methods to develop
our models.

However, even those made uncomfortable with such computational science’s
method at a remove must acknowledge that instrumental approaches provide no
compensating certitude. The history of the interpretation of the Milky Way is replete with
soctal misconstructions, paradigm-shifting egos, and technology-mediated errors (Jaki,
1990). Even today’s advanced telescopes and satellites provide incomplete data. Our best
telescopic mappings of the stars nearest to our sun include expansive ranges of potential
error as a function of technological limitations or statistical approximations.

My own view of visaphors complements a philosophy of scientific knowledge as
constructed and contingent. Granted, visaphors map from an empirical, objective source
domain, or as close to such a domain as we can achieve, given that the data obtained and
the models derived from it are based on active theories. Yet, not all of the data is mapped.
Just as a storyteller may select some incidents to recount and others to elide, scientific
visualization artists and the scientists with whom they collaborate make choices about
what data will be modeled and mapped and what will not (as [ have already described in
Chapter 2). This selective modeling and mapping is not arbitrary. The selection of some
data points and the imposed or understood relationship to others is a process of active
meaning-making; it performs a semantic function. Perhaps even more importantly for the
purposes of this argument, as is the case with any metaphorical construct, an artist
expressing visaphors has the choice to represent modeled data within a range of
conventions, from those that may be taken as expected and literal to those that appear

novel and figurative (as | have discussed in Chapter 3). Further, when visaphors map daia
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models to a representation, both artist and audience draw upon a complex source domain
for constructing and interpreting it, one that includes not only the culture of science, but
also whole concept networks derived from intellectual and popular cultures. The specific
characteristics used to visually represent data--such as color, shape, scale, and
movement—thus perform a semiotic function. They don’t just inform; they signify.

How visaphors shape our sense of scientifically-authorized reality, and how much,
is of vital importance. The popularity of data-viz and its public presentation have
increased dramatically since the advance of computer graphics, supercomputing, and the
Internet. Millions of people flock to view visaphors that enhance scientific narratives on
television, in museums, in planetariums, and online; they also happen across them all the
time without necessarily realizing it in journalistic as well as educational media. Because
visaphors carry the “weight of scientific accuracy,” most people believe that visaphors
represent the “true” view of reality. However, data is not sacred, and visaphors are
approximation models, not reality. We must never forget that the map is not the territory--
there are always alternate ways of viewing the universe. In the process of creating
consistency and organizing information, in the process of securing scientific authority, we
tend to abandon the creative possibilities, and the promise of new intellectual discovery,

that could be enabled by scientific visualization.

An Alternative Philosophy of Science: The Evolution of Consciousness

To understand how computational scientific visualization and its visaphors differ
from other forms of visual communication, we must understand something about the
symbolic economy of science—not the matter of science, but the construction of science as

an epistemological domain, a construction that can vary based on its assumptions about the
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nature of existence. In my data-driven art, | have sought to represent not isolated
phenomena, but the autopoctic nature of our world and its surrounding universe. As early
as 1966, in “Behaviorist Art and the Cybernetic Vision,” visionary Roy Ascott anticipated
such a transformative, self-organizing art in describing what | characterize as his
cybernetic turn from modernism (Ascott, 2001). In a prophetic embrace of cybernetics and
environmental technology, Ascott predicts a new technology-charged environment in
which an artist may “come to terms with his world, shape it and develop it by
understanding its underlying cybernetic characteristics” (p. 101).

My own understanding of visaphors’ special aesthetic has evolved through my
engagement with an ambitious but minor intellectual tradition in the philosophy of science
that arose in the latter half of the twentieth century, one that has constructed an account of
how evolution, complexity, and consciousness relate to one another and change together
over time. The philosophers of this tradition are predisposed to view the natural world as
made up autopoetic systems that emerge from the convergence of individual clements to
form the one, and then multiply into the many. Unity becomes diversity; diversity
becomes unity. For these thinkers, this emergent pattern of matter- and life-shaping forces
runs right through evolution. From energy-bound atoms to living organisms, isolated
elements assemble into new order.

Paleontologist and Jesuit priest Pierre Tielhard De Chardin was the first to
articulate a belief in the evolution of consciousness from a scientific point of view. His
major work, The Phenomenon of Man, was published posthumously to popular success
(first in French in 1955, and four years later in English translation). De Chardin’s
argument figures universal evolution as a single process that drives toward increasing
levels of complexity and consciousness. Throughout his book, De Chardin uses the term

“consciousness” in its widest sense: “From the most rudimentary forms of interior
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perception imaginable to the human phenomenon of reflective thought” (1959, p. 57). De
Chardin suggests that from atoms to the large-scale universe and back down to the
infinitesimally small, “from this primitive and essentially elastic quantum, all the rest has
emerged” (p. 72). In essence, the universe is in a continual process of remaking itself. Its
increasing organizational complexity reveals a more complex interior “within”—in the
broadest sense, a consciousness. From each disciplinary vantage point, and through
external observation, De Chardin finds the universe reveals an evolving complex system, a
unified totality with boundless energy--as if it were going somewhere. De Chardin’s
description of this all-pervasive universal tendency toward “complexification” (p. 48)
anticipates Maturana and Varela’s autopoesis: “Each clement of the cosmos is positively
woven from all the others: from beneath itself by the mysterious phenomenon of
‘composition,” which makes it subsistent through the apex of an organized whole; and
from above through the influence of unities of a higher order which incorporate and
dominate it for their own ends” (p. 44).

For De Chardin, the universe has a double aspect: the within, consciousness, co-
evolves with the without, external matter. On this point, he writes, “things have their
within; their reserve, onc might say; and this appears in definite qualitative or quantitative
connections with the developments that science recognizes in the cosmic energy” (p. 54).
In the universe’s evolutionary processes, inanimate particles aggregate into life
components, which in tumn aggregate and ramify through differentiating layers of spatial-
temporal scales of experience (what he calls “levels” or “spheres™). Biological processes
lead to the incredible diversity of species and phyla and eventually to humanity and
culture. De Chardin writes, "On the one hand the individual unit is lost in number, on the
other it is absorbed into the collectivity, and yet in a third direction it stretches out in

becoming. This dramatic and perpetual opposition between the one bomn of the many and
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the many constantly being born of the one runs by through evolution” (p. 111). This
continual interaction between multiplicity and unity seems to move evolution forward
through a “groping” mechanism (p. 110). In The Tree of Life: the Biological Roots of
Understanding , Maturana and Varela expose this tendency in what they define as “natural
drift” in which each organism and its environment undergo a continual transformation in
relation to one another (1987, p. 100).

How does this happen? De Chardin believes the within is constituted by inanimate
component particles that evolve more complex and emergent properties, ultimately into
human thought, a critical transformation. Consciousness reveals itself,” he writes, “as a
cosmic property of variable size subject to a global transformation” (1959, p. 59). This
moment of transformation is akin to phase transitions between different states of matter,
such as the instant when a pot of heated water reachcs the boiling point, its agitated
molecules releasing roiling bubbles and steam vapor that suddenly become visible to the
eye. The rise of consciousness as human thought is for De Chardin a critical state of
transition. Astrophysicists studying black holes also see this critical point of transition,
referring to it as a “singularity”: the point of no return for the gravitational pull around a
black hole. De Chardin believed that the transition to human thought was a critical point in
the history of the evolution of life: “But in depth, a great revolution had taken place:
consciousness was now leaping and boiling in space of super-scnsory relationships and
representations; and simultaneously consciousness was capable of perceiving itself in the
concentrated simplicity of its faculties” (1959, pp. 168-169). This process may be taken
one step further. Ultimately, through scientific thought and investigation, “evolution at last
becomes conscious of itself” (p. 20). De Chardin’s cvolutionary view anticipates
Margulis’s stance on the symbiotic brain evolution of higher consciousness (Margulis and

Sagan, 1986, p. 22). Significantly, theorists of this tradition believe that in some twist or
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evolutionary inversion, the human collective self-reflects upon its own evolutionary
processes.

Exampled in the sciences, De Chardin would say that physicists study the without
of material matter, such as the formation of galaxies or the existence of gravitational pull in
the universe. The physicist focuses only on what can be observed, measured, or modeled.
Science’s assumed restriction of the phenomenon of consciousness to the higher forms of
life has long served as a rationale for eliminating it from models of the universe (1959, p.
55). In my collaborative experience with scientists, | have likewise found that science asks
simple questions and constrains experiments to the measurable materiality of the without.
As an artist, my goal is to explore and expose the within and make this invisible within
visible and accessible to others. Visaphoric art exposes the attenuated extension of our
evolutionary processes and thetr autopoetic systems (Chapter 5 will further explore this
aspect of visaphoric art).

Although De Chardin does not play a central role in mainstream evolutionary
theory, he cannot be entirely discounted. He has influenced important contemporary and
later thinkers and anticipated scientific themes and technologies, such as complexity theory
and the globally conscious connectedness of the Internet. During his time, there was little
agreement among biclogists as to the axis of evolution or the line between animal instincts
and human thought (1959, p. 164). What is agreed today is that life-forms increase in
neural complexity, when all of life is understood as a cognitive system (Maturana and
Varela, 1987). This assumption is central to De Chardin’s thought: "Whatever instance we
may think of, we may be sure that every time a richer and better organized structure will
correspond to the more developed consciousness” (1959, p. 60). For him, “Life is a major

transition in this evolution. Life marks a major threshold in the rise of consciousness”
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(1959, p. 153). The arrival of modern, thinking homo sapiens marks yet another threshold
in this on-going evolution of consciousness.

Most contemporary scientists would probably view De Chardin’s concept of the
“within” with skepticism. [ view it as prophetic, scientific poetry, a description that
resonates with scientific themes from Lynn Margulis (1986), Francisco Varela (1997) and
Stuart Kauffman (2008). To me, as an artist, the “within” represents those invisible
processes that push toward coherence, that begin to emerge a unifying property. This may
not be clearly observable, yet they can be revealed through art. What is more, [ believe De
Chardin captures the essence of how we personally experience progression toward the
future as we humans ride the arrow of time. We must give him credit for sharing his
personal, embodied experience of scientific knowledge. Although one cannot deny that De
Chardin’s poetic vision impinges upon his philosophy and colors his scientific approach,
many of his ideas resonate with modem scientific thought in a variety of science domains,
including cognitive science.

When De Chardin describes ascending neural complexity in evolution, he invokes a
well-documented biological phenomenon: the aggregation of colonics of cells and the
ascending complexity of the chain of life that reflects complex, self-organizing, self-
sustaining bio-organisms and bio-organic systems. Simple bio-organisms differentiate
through more complex and added mechanisms, and organize into more complexity. The
richer and more complex the structure, the more advanced the consciousness. Greater
complexity of the organism yields more advanced mechanisms that in tumn contribute 1o
the whole system. A defining characteristic of more complex bio-organisms is that of
"groping.” Groping is directed chance, an interaction between organism and environment.
De Chardin lauded pure scientific research, seeing it as a sophisticated extension of this

“groping” mechanism. What is striking is that both scientific and artistic inquiry
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incorporate this “groping” experimentation. The artistic process is one of essentially
playful exploration, where “trying all” is not as constrained as the funding-constrained
process of trial and error in the research avenues of science.

De Chardin, in his own groping, was enacting a process of scientific discovery,
even though his process was more akin to that of Descartes, in the tradition of rationalism
rather than empiricism. To be fair, De Chardin would have disagreed with such a
characterization. He argued that his treatise was founded on scientific “seeing”
(expenimental observation), rather than philosophical ruminations. "To harmonize objects
in time and space, without presuming to determine the conditions that can roll their deepest
being: to establish an experimental chain of succession in nature, not a union of
‘ontological’ causality; to see, in other words, and not to explain” (1959, p. 58). De
Chardin’s assertion that he is describing what he finds externally rather than arriving at his
conclusions internally, and that he is not addressing reasons for the phenomena he
describes but merely reporting them, does seem to secularize his approach and make it
complementary to modem scientific methodology. In fact, his approach was too scientific
and secular for the Vatican to allow him to publish during his lifetime. His desire 1o see,
and not to explain, captures my own intent when I collaboratively create visuals to be
experienced and embodied. The embodied experience of scientific visualization stimulates
metaphorical knowledge, and may in turn both reflect and contribute to our evolving self-
consciousness. The visualizations | produce in collaboration with others are the artifacts of
our collective, cognitive culture.

Other scientists hold views that are in sympathy with De Chardin’s. His sense of
the universe evolving toward greater consciousness 1s also found in James Lovelock’s Gaia
hypothesis (Barlow, 1991) and the natural theology of Freeman J. Dyson in /nfinite in All

Directions (1988). Dyson, a physicist, proposes that consciousness is expanding across the
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universe in alternative forms in addition to human beings. Since De Chardin’s “within”
reveals itself through increased complexity, especially relevant in life forms, his views find
complements in the cooperative, symbiotic evolution championed by Lynn Margulis and
the autopoesis described by Francisco Varela.

To move this tradition forward in time to the near present, | turn to Varela. Like
De Chardin, Varela studies possibilities for the transformation of human consciousness
(Varela, Thompson and Rosch, 1991, p. XVI ), but with a Buddhist orientation (rather than
a Catholic one) and from a contemporary biclogical and cognitive perspective. Varela’s
view is narrower, centering on the evolution of the human mind, rather than the evolution
of the human species as a whole. In The Embodied Mind: Cognitive Science and Human
Experience (1991), Varela and his colleagues focus on individual cognitive experience as a
phenomenon that emerges from complex organizational processes. Varela points out how
self-organization defines a layering and emergence of higher-order properties in complex
organisms. Elemental components come together, forming what can be perceived as a
complex whole. Together with Humberto R. Maturana in Autopoeisis and Cognition: The
Realization of the Living, Varela names this process “autopoesis” (1980). Autopoesis
defines a spontaneous, dynamic, self-organizing, self-producing process that yields an
autonomous, self-maintaining unity. For example, a cell or a corporation is autopoetic.

In The Tree of Knowledge: the Biological Roots of Human Understanding (1987)
Varela and Maturana refine and expand this definition, echoing De Chardin’s critical
singularity when the conditions were right for life to burst over the planet earth: “All the
available evidence leads us to believe that once conditions were ripe for the origin of living
syslems, they originated many times, that is, many autopoetic unities with many structural
variants emerged in many places on the Earth over a period of perhaps many millions of

years” (pp. 50-51). “Itis possible,” Varela writes, “then, to sce the notion of a heap or pile
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as a metaphor for what we would now call a self-organizing process” (Varela, Thompson,
and Rosch, 1991, p. 98) The collective experience of society and its culture is more than a
heap or a pile; it is autopoetic. Autopoetic complexity circles in on itself. At each new
threshold, a distinctive “within” ascends as this consciousness reveals its own evolution
through its historical trails and self-reflective collective. This dialogue with itself is part of
the evolving consciousness of the entire system. Varela contends that individual
components interact in a bidirectional way with their environments. Individuals affect
their environmental systems, shaping them as much as these environments shape the
individuals of which they are composed. Thus, he rejects the metaphor of the mind as a
passive, symbolic processing unit, or computer (Varela, Thompson, and Rosch, 1991, pp.
7-9, pp. 40-42). Individual seif-reflection is not solipsistic; it participates in a dynamic of
collective construction and response (p. 27, p. 39).

Varela and Maturana distinguish this evolutionary process from allopoiesis: the
process by which self-maintaining unities also produce something other than themselves.
From individual cells that produce substances of benefit to their host organism to human
social collaborations, such as Renaissance Teams, allopoietic unities not only promote
cooperation, but also resist excessive individualism and compartmentalization—Ilimiting
tendencies cultural theorist Roy Ascott has warned against in the Telematic Embrace:
Visonary Theories of Art, Technology, and Consciousness (2003) in promoting “art based
in scientific metaphor” (p. 341). Indeed, by considering the range of human cultural
production, including science as well as the arts and humanities, we gain the potential for a
more relevant, modern aesthetic as well as a more informed, self-conscious scientific
practice.

Another contemporary scientist who works in this new evolutionary tradition is

Lynn Margulis. In Microcosmos: Four Billion Years of Microbial Evolution {1986),
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Margulis and Dorion Sagan find power and promise in the collective and the cooperative,
rather than the individual and the competitive. Like De Chardin she conceives of
autopoetic systems as the basis for all known life; like Varela, she understands highly
complex, autopoetic systems as evolving toward consciousness, as in her theory of the
symbiotic brain. Margulis claims it is through symbiosis, and beneficial coexistence, that
life has evolved (Margulis and Sagan, 1986, p. 91}. She argues against the idea of
“survival of the fittest,” like many who recognize that Darwin meant survival of the
“fecund” (and not the cutthroat competitive slaughterhouse often characterized in our
popular science infotainment media, such as Animal Planet). She points out that emergent
life required cooperation to prevent cxtinction, giving the example of the single organic
cell, which is an autopoetic system that has been recombined from bacterial predecessors
that learned how to cooperate. Early bacteria coevolved into complex, self-sustaining
colonies, recombining as they did so like hybrid mythical creatures: unicorns and griffons,
mermaids and centaurs. For Margulis, the complex human brain demonstrates an
evolutionary outcome of symbiotic bacterial life, and human thought is a superorganismic
outgrowth of the biosphere. The symbiotic brain is more than the human brain; it is a
collective phenomenon that continuously stretches from its bacterial genesis forward
through modern, technological advances (Margulis and Sagan, 1986, pp. 151-152). Her
grand view is that of an evolving cosmos on a vast scale, a supercosm, where cooperation
is as important, and perhaps ultimately more important, than competition.

As is the case with many other modern eco- and post-human thinkers, Margulis
does not give special significance to human beings; they do not serve as a pinnacle of the
evolutionary rise. She grants that the last 50,000 yecars has uniquely produced what we
might think of as culture: the crecation of artifacts, narratives, and ritual--a marked

achievement of homo sapiens. However in terms of biological evolution, she places
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humans squarely in the ape phyla; they are not an extra-natural phenomenon. Margulis
believes that humans are egotistical about their place in the universe. On this, she writes,
“Our powers of intelligence and technology do not belong specifically to us but to all of
life. Intelligence and technology, incubated by humankind, are really the property of the
microcosm. They may well survive our species in forms of the future that liec beyond our
limited imaginations" (Margulis and Sagan, 1986, p. 24). Indeed, humanity’s intellectual
egotism led Renaissance societies to resist revolutionary Copernican thought that the earth
was not the center of the cosmos, and continucs to limit present-day constructions of the
real, which cannot help but continue to be culturally mediated, even though they are
understood as objectively derived, or scientific. My Renaissance Team approach
recognizes the value of the human collective and positions our collaborative work in the
larger social network of this ideological ecosystem.

Through her own biological lens, Margulis views evolution as a continuing process
without any particular summit or end. It is a potentially infinite process, determined by the
continual replication and survival of the microbial world. The microbial world has existed
and survived through millions of years on this planet, in the environment and as
constructed in various species, including thousands of years within and as part of human
life forms. Like Freeman Dyson, Margulis believes consciousness is spreading through the
universe in microbial proliferation; cvolution will probably leave humans behind. For
Margulis, humans and our works, including technology, are merely an extension of
microbial evolution. Our development of technology is what Margulis would refer to as a
“coevolution.” The universe, biclogically speaking, re-expresses its functionality through
various forms, and technology is onc of them. Whether the function is expressed through
the co-cvolution of pinchers on a Dungeness crab or the robotic pinchers on autonomous

vehicles, the whipping motility in a paramecium or the nuclear-powered propellers of a
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submarine, the universe evolves and recapitulates. For example, the same evolutionary
motility expressed in spirochetes 3,000 million years ago is expressed through space
shuttles today. Bacterial communication and transmission is reflected in human perceptual
acceleration such as speech and extended through radio and modern communication
systems.

Just as spirochetes may have formed microtubules that eventuaily formed the
symbiotic, human brain, Margulis wonders whether “groups of humans, sedentary and
packed together in communities, cities, and webs of electromagnetic communication, are
already beginning to form a network as far beyond thought as thought is from the
concerted swimming of spirochetes” (Margulis and Sagan, 1986, p. 153). Both Margulis
and De Chardin anticipated global communication as an extension of evolutionary
processes. We have few conceptual metaphors to help us grasp the outcomes of such
networked social and electronic communication collectives. As a result, Margulis
speculates, “We stand no more chance of being aware of the totality of such a form of
group organization than do the individual components of brain cells--microtubules, the
putative remnants of spirochetes--understand their own mission in our human
consciousness” ((Margulis and Sagan, 1986, p. 153).

A crucial mission of the visaphor arts, then, is to produce novel ways for us to
contemplate not the impact of technology on society-—as the problem is so often phrased—
but the evolution of our technology as a cybernetic extension of ourselves, inseparable
from our own becoming. Visaphors provide us with a medium for evolving and
acknowledging the evolution of humanity--not as a life form separate from a natural order
or superior to it, but as a species whose collectively embodied mind has been formed
through planetary forces and, as we stretch farther beyond our earthly bounds, perhaps

cosmic forces as well.
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[ find Margulis’s argument for a continuity of human evolution from primeval
capacities through human resourcefulness and into technological innovation compelling.
Having felt myself a part of this extraordinary bio-computer-human process, | have wanted
to contribute to the evolution of culture and its solutions of large-scale problems in the
world. From very early on, it was apparent to me that interdisciplinary teams would be a
better approach than as a single artist. This approach is better because it recombines
intellectual ideas and disciplinary expertise. In scientific visualization, a diversity of skills
is necessary to address visualization across a variety of scientific domains. In manaéing
such collaborations, | sometimes feel like a conductor of an orchestra. Each position plays
a part, providing a unique contribution to the whole piece. [ direct the orchestra, but each
player plays a crucial role in the symphony. Cooperation and collaboration are key. This
process of collecting, re-combining, and recirculating is a pattern that emerges from the
universe: the recombination of DNA, of matter, of ideas permeates evolutionary processes
(Maturana and Varela, 1987).

An impediment to our cybernetic evolution is the separation we continue to
propagate between art and science. This systemic segregation can be felt from funding
mechanisms to university reward systems. The divide has not always been so extreme.
Over the course of Western civilization, the divergence and convergence of art and science
has been in flux: an evolving, autopoetic pattern of diversity and unity. Both art and
science provide valuable frameworks for apprehending, revealing, exploring, and
visualizing this stuff of the universe. The advent of computer graphics has enabled new
means of image making, icon making, and storytelling. 1t provides a new cultural ground
for the convergence of art and science, yielding a psychologically and socially powerful
instrument. The cybernetic art of scientific visualization satisfies our tribal need for myth

and creates mythic futures (Ascott, 2001, p. 160). This primal human need may have been
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set by our microcosmic beginnings, a need to capture that grand vision of the one being a
part of the many--a part of something much bigger than oneself--the need to express and
experience creation stories that are validated by our “high priests” of science. [ see myself
as participating in the synergy and flow of a universe in motion, re-enacting its flux on
biological and technological scales. The telematic art of scientific visualization is not so
much the process of revealing existing physical reality through data as it is the process of
providing a visual glimpse into the internal, evolutionary processes that express themselves
through the creation and consumption of cyberceptive perspectives.

Visaphors provide us with emergent metaphors that extend our symbiotic brains
into cybernetic communion. Through our use of digital devices, we extend our
perceptions, imaginations, connections. The human, scientific brain attempts 1o capture
nature through mathematical metaphors generated and recycled into digital symbols,
terabytes of numerical, symbolic data that form a metaphorical layer through the medium
of computer graphics. Visualization artists re-metaphorize these mathematical symbols
into image-based, sensual renditions that humans can re-consume and re-process through
their experiential, embodied minds. We stream these visuals electronically, chemically,
and digitally over computers and networks to projected display devices that mimic bio-
visual processing in nature. Digital pixels are rendered and fed back to other humans in
colorful, light-filled, immersive environments that satisfy sensual as well as basic, tribal
instincts. Our transmission of metaphor through digital devices generates a collective
consciousness, expanding our scientific and larger, cultural metaphorical systems.
Scientific visualizations and related narratives provide the story of our genesis and our
evolution. They bootstrap our awareness and feed our imaginations. They provide an

alternative conscious experience of the universe around us, helping us not to fix a reality so
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much as they help us to realize the maya, or deluding power, of our existence, especially
its dynamicism and interdependence, its impermanence and change.

As a telematic visualization artist, | participate in life's strategy of capturing and
visually reflecting back on itself. The process of making the invisible visible is what “life
is doing.” The art of scientific visualization is another grand, self-iterative loop in nature’s
strategy to “see” itself. Like an Escher painting, the evolving universe iteratively mirrors
itself from our bacterial ancestors through humans through technology and back again into
the “moist media” (Ascott, 2001, pp. 363-366) of our evolving culture. Ascott envisions
this self-evident reframing of consciousness through art in his mantfesto. “Art,” he writes,
“is a form of world building, of mind construction, of self-creation, whether through digital
programming, genetic code, articulation of the body, imaging, simulation, or visual
construction. Art is the search for new language, new mectaphors, new ways of
constructing reality, and for the means of redefining ourselves” (p. 365). What we
construct is what we can understand through our limited perspective, perception,
conception, and interpretation with our collective, symbiotic brain. But the grand
evolutionary process, the “way,” has been marching on through multitudes of overlapping
autopoetic systems and recapitulating through metaphorical thinking within humans.

Through the techno-scientific, visually embodied experiences | help to create
within digital domes, museums, television, and the Internet, | participate in the creation of
an experiential, cultural cyber-reality imbued with the persistence of myth. Visaphors are
not merely visual rhetorical devises, nor are they confined in their importance to scientific
communications. As tribal signs, they serve our needs for understanding and placing
ourselves within a framework of existence. They are the shadows of human engagement
with the imagined actual that we sketch on our new CAVE™ walls; the kaleidoscopic

windows opening out onto creation that illuminate the digital cathedrals of our science
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museums; the constellated domes beneath which we invent new stories, prophecies, and
dreams. In our cosmic scientific visualization productions, such as The Black Holes
Project, we take our audiences beyond the speed of light to worlds they can only
experience through a new, collective imaginary. We generate new tribal artifacts of our
shared, cognitive culture.

Why, logical positivists might argue, is the making of visaphors a valid
epistemological act? Their data is contingent upon layers of assumptions, the
supercomputers used to create them are inadequate for computing closed systems, and our
very interpretation perceptually of what we find is relative to our species-level intelligence.
As Rorty, Hofstadter, and so many others have argued, we cannot create and we cannot
consume visaphors from without the human perspective: we are locked within it.
Visualizations, like other types of data-driven imagery, tell the tales of their practical use
and informing politics, of cultural assumptions and methods of communicating them.
They are useful not because they give us a concrete view of absolute truth / reality; they
are useful and pragmatic because of their consistency in helping us to navigate the world,
within the communities and systems of beliefs within which we operate. They help us to
make sense of the world by serving as metaphorical props, helping us to reach much larger
concepls and categories of understanding, and giving us a creative medium for expressing
new ideas. Like Shiva’s dreams that create the world, visaphors materialize that which we

too are dreaming.
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Chapter 5: Scientific Semiotics: Mapping Matter, Making Meaning, Emerging Myth

The forms visaphors take are largely determined by scientific culture and its
informing dominant paradigms (which continue to be those of the Western
Enlightenment). Through implication and juxtaposition, they impact our understanding of
everyday reality, much as linguistic metaphors have been demonstrated to do. We benefit
from recognizing that data-viz is a culturally contingent process and that the information it
communicates is further filtered through our technological media. In preceding chapters, |
have been arguing that the process of data-viz is metaphorical in nature, despite its
depending on a process that maps hard data to “realistic” representations of that data. In
this chapter, | will explain to what degree and in what ways scientific visualization artists

are free to aestheticize the visualizations they help to create.

Communicating Partial Truths

The visual models we create help us understand one domain of information in
terms of another, but these are not one-to-one mappings. Information is edited or lost, and
this provides us with aesthetic choices as well as ethical considerations. When planning a
digital dome production, my choice as a visualization artist is to avoid showing the
distracting error bars (Figure 21). To enhance the public’s immersive experience, we ofien
eliminate such didactic references. This is an aesthetic choice, not a deliberate intent to
hide information. My artistic intent is to provide an embodied, aesthetic experience within
the dome, to temporarily suspend disbelief and to cultivate what Joseph Nechvatal calls

“Immersive intelligence” (2001). Nechvatal argues that virtual, immersive art shifts
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tend to announce dramatized recreations of historical incidents but do not announce the

editorial and creative nature of scientific modeling. A given target visaphor and its source
data are embedded within concept networks that have inherent implications, beliefs,
assumptions, and approximations that inform the artist’s aesthetic decisions, including the
adaptation of conventional dala-viz representations such as glyphs. People learn how to
“read” the image from their familiarity with the conceptual networks evoked. Although
scientists are most comfortable discussing visaphors in terms of their data, the original
information from which a visaphor is derived has actually been lost. It is not accessible to
viewers, nor is its absence, in most cases, divulged to them. The concemn here is that
audiences who lack scientific media literacy can be misled or misinformed, whether the
authors of scientific media mean them to be or not.

To demonstrate how information provided to lay audiences is manipulated and
partial, [ provide an example of an extraordinarily popular visualization we created at
AVL. Figure 10 shows one of the first visualizations of the Internet, a visualization study
of the NSF Net. In the upper portion of Figure 10, the partial boundary around the U.S. is
skirted by a 300-foot virtual cliff made possible through 3D computer graphics; it drops
into blackness without Mexico, Canada, or water. In the lower portion of Figure 10, a
conventional earth map is used as a background for the backbone (white) and client
networks. The color map indicates the flow of network traffic measured in millions of
bytes. The source domain’s concept network is, as usual, expressed only indirectly. Even
technologically savvy viewers must learn to “read” the visual information this cyberspace
map expresses, with its quantifiable color scale as a literal translation of data. A
background in scientific discourse and information visualization certainly helps. The
image also represents metaphors that developed in the technical community as a way of

describing the internet in its early days. When the network was first being built,
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technologists called the primary connections the “backbone.” The white “backbone” is
itself metaphorical, connoting human physical attributes: the thing that holds other things
up and provides spinal connections (neural routes of “communication”). Not only may a
lay audience perceive this visual metaphor as naturalized, but they may also be unaware of
the non-present, source-data concept network, with the usual cultural biases, technological
beliefs, geographical and mapping conventions, approximations, and even unintentional
errors, misspelled words, and hand-corrected routing information. They will be unaware,
too, that information has been suppressed, such as classified military networks, and
excluded for convenience and readability, such as wireless satellite connections on mobile
trucks and the entire evolving technology and political system we simplify into the term
“digital data.” The target visaphor’s concept network likewise has its unrepresented
assumptions, editing methods, geographical biases, and mapping conventions, which may
not strike lay audiences. For instance, this cyberspace map ignores the United States’

international neighbors and the global phenomenon the Internet has become.

Manipulating Signs

Visaphors are aids to understanding and the communication of it, but taking their
relationship to informing data too literally undermines our creative possibilities. Thal
being said, visaphors cannot be arbitrary; they have to work in a physical dimension or in a
pragmatic sense; otherwise, people will not value or use them. Maps must enable us to
navigate space, such that we get to where we want to go, and maps have to be consistent
with our physical explorations. Thus, in expanding our sense of the crealive potential for
metaphors, we are, in effect, opening ourselves back up to alternative approaches to

mapping the real. Alternative approaches to historical map-making may have been
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abandoned for a number of reasons, including consistency. Our tendency of adhering to
standardized systems of signification reflects the long-held desire for a universal language-
-especially in the modem era, a scientific one.

Even as linguistic translation is not mere transcription, the “art” of visualization
involves a creative translation of data into visual representations; it is a more complex
aesthetic decision-making process than mere mapping. This process of translation is
similar to the manipulation of signs in semiotics (Hawkes, 1977; Bertin, [983). Although
in scientific visualization the visual metaphors, or icons, are directly bound to data, the
artist makes choices about which symbolic icons, or visual metaphors, to use in
representing that data, given the design constraints of computer-graphics technology and a
range of symbolic conventions and their meanings that are familiar to the sciences and its
internal and external audiences. Most of the time in the creation of visaphors, the data is
large and complex. Thousands of spatial and temporal numbers are mapped. As the data
to be mapped increases in complexity, so too do artists’ choices of visual techniques for
rendering that data.

In Chapter 2, | have already suggested how, through the creative invention of
glyph-mapping, the artist can have a transformative influence on a visual model, as was the
case with the IntelliBadge™ Project. 1 demonstrated there how artists can metaphorize
data along a continuum from the literal and expected to the novel and surprising. To
further build upon this idea, I want to also claim that the creative design of a novel glyph
can be “transferrable.” For example, my team and [ adapted the flowing stream tube
trajectories and bubbling iso-surfaces we developed to depict tomadic air motion and
clouds to represent the flow and accumulation of water in Monterey Bay, California. The
Monterey Bay visualization was funded by the NSF as part of the LOOKING project,

which studied ocean current and temperature (Figure 22). This example reveals not only
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information, often to the side, as abstracted, explanatory or superadded glosses, plotting
phenomena such as demographic distribution.

Thematic maps failed to progress in the nineteenth and early twentieth centuries,
since statistical mathematics displaced more visual approaches to conveying information
(Akerman and Karrow, 2007). As a result, the full-blown, logical extension of
cartographic information abstractions, thematic maps, arose at the same time as computer
graphics under the influence of John Tukey (1962) and others like him. Thematic maps in
cartography are especially closely related to scientific visualization in that a spatial (often a
geospatial) context provides the basis for dependent data, whether statistical or scientific.

Visaphors are visual models made of selected, thematized, and ordered data:
mappings, if not always maps. Like maps, visaphors are artifacts that reflect a culture’s
technological accomplishments in a given cra. Both attempt to visualize, or illustrate,
features of an external, material reality that have been determined using observational and
extrapolative methods. Both play a role in educating and inspiring the public about the
state of nature and how it may be reflected in human nature and socicty. As pre-
computational data-driven visualizations, maps—their history and composition--can help
us to understand some of the design operations and social functions of computer
information visualizations.

Over the last thirty years in cartographic studies, the scholarly view of maps has
become increasingly interdisciplinary and ideological. Map historians have come to
understand that, in addition to their basic functionality as navigational aids and territorial
determiners, maps communicate artistically and culturally. Many maps are considered
works of fine art and decorative design. The decorative devices on maps often express

more than their immediate purpose, lacitly communicating cultural values. Revisionist
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cartographic history takes into account alternative maps and mapping methods, including
their propaganda politics and social impact (Harley, 2001; Akerman and Karrow, 2007).
Mapping is a metaphorizing process, one that is culturally determined. Today's
“universal” methods for spatially quantifying information have roots in Western, first-
world civilizations that are more dominant, not more intelligent, than Eastern, third-world
ones. Geographic maps are excellent examples of how literal, conventional visual
metaphors have developed into coherent and consistent systems. Their novel origins have
been lost over time due to their familiarity and cultural accommodation. In the history of
maps, texts written before the sixties show a cuitural bias toward Western mapping
conventions (Bagrow and Skelton,1985; Black, 1997). For example, in History of
Cartography, Leo Bagrow reveals this bias in his criticism of “primitive” peoples’ map
making abilities:
Another prerequisite for map-making—an aptitude for drawing—is not present in
all races, and where such a gift exists it does not necessarily include the ability to
draw maps. It has been observed that, in general, races given to stylization of
animal or human figures and to omamentation of their utensils draw either no maps
or very bad ones. Talent for drawing, though not dependent on a certain stage of
development or degree of intelligence, can be gauged by the way in which objects
are represented. A primitive savage’s drawing is often like a child’s; the object
engaging his attention is placed in the foreground, large and unconnected 1o other
objects around it. Neither child nor savage immediately observes perspective.
There is no uniform method of representing objects; some are in plan, some in
elevation.” (p. 25)
Yet, the Western origins and conventions of the maps Bagrow and Skelton favor are as
historically situated as any other system of signification. Cartographic projection systems,
lines, and legends can be traced back to a disciple of Aristotle. A revised history of maps
alters how we view various traditions of representation and widens our understanding of

their political, technological, and epistemological implications (Black,1997; Dubow, 2000;

Harley, 2001).
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Pre-modern, indigenous peoples across the world have navigated land and sea with
competency and accuracy, but they have used a different variety of materials and visual
idioms. Certain Western cartographers’ criticisms “that these savages couldn't draw in
perspective” are unfounded. The Marshall Islanders, for instance, designed intricate
patterns from palm fiber and shells to represent wave-crests, navigation sites, and mariner's
direction. These accurate and useful maps provided alternate visual metaphors for
navigating land and water (Akerman, 2007, pp. 57-58). Likewise, Aztec and Mayan maps
were accurate, although they employed different projections and icons than European
maps. Cortez conquered the Aztec civilization using their indigenous maps painted on
cloth. Afterwards, invaders systematically destroyed these early Meso-American maps,
replacing them with Spanish ones. We can locate a variety of visual methods that enabled
different groups of people to navigate their terrain, find locations in the land they explored,
and mark their territories with alternative measuring devices. Navigating the highways of
life would involve very different visual icons, projections, and embodied experiences if
Aboriginal culture had colonized the world instead of European (Said ,1985, 1998;
Diamond, 1999). Astronomical maps are some of the oldest in civilization. The first star
maps were painted on prehistoric cave walls (Lewin, 1993). Many indigenous peoples
mapped the night sky. For example, Aboriginal bark paintings depicted as fishermen the
familiar stars we take to be Orion’s Belt (Morphy, 2001). Likewise, the Mayans mapped
stars, symbolizing the Milky Way as a cosmic monster (Freidel, Schele, and Parker, 1993).
These instances show how astronomical maps characterize the mythic imaginary of the
dominant power that produces them.

Contemporary astronomy and its astrophysical maps of the universe also reflect the
conventions from which they have evolved, even if they have become transparent to us.

We draw upon the astronomical mapping conventions that were developed at the dawn of
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telescopic star catalogues (Ferris, 1982; Geller and Huchra, 1989; Jaki, 1990; Kaufmann,
1991). With our twenty-first century scientific visualization techniques, we integrate
digitally-mediated star catalogue data and the spatial relationships it expresses with a
standard CGI Renaissance-perspective projection to build a 3D, virtual Milky Way (Figure

23 and Figure 24). The flights we choreograph through our virtual galaxy are exemplified

Figure 23. Virtual Flight from Milky Way to Virgo Cluster, Ruraway Universe version, first frame.
From the carth-centric view, we sec the three-star belt of the Orion constellation. We “lift” off through
the galaxy and visit ncbulac and other points of interest on our way out of galaxy to Virgo.

in the Practicum Compilation DVD (see 1.5 Milky Way Virtual Flights, 4: Black Holes:
The Other Side of Infinity digital-dome excerpts, and 5: Mounster of the Milky Way PBS
show excerpts). Like the historical maps used for colonizing the world, our modern
astrophysical maps inspire and motivate our audiences to further explore and occupy
unfamiliar territories (Haynes, 1997). Through such modemn, virtually experienced, digi-
epistemological mappings, we may reinforce a dominant worldview of technology-
informed scientific fact, when in truth science is in a continual process of modifying and

interpreting results.
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it has been invented, rather than being a foreseen need" (1999, pp. 245-246). We might
expect, then, that post-industrial societies such as our own--with abundant resources and a
significant number of professional and serious hobbyist technophiles who range across
communications media in production and consumption--would provide a perfect site for
the invention and continuing evolution of visaphor.

As is the case in Margulis and Sagan’s evolutionary theory, Diamond considers
technology to be an evolution from nature, an expression and extension of the natural,
which is itself a mapping from one domain to another, a metaphor. From a biological
point of view, the mechanism for the cellular, or microbial, transmission of genetic code is
similar to writing, maps, and visaphor. They are reproductive technologies that facilitate
the spread of concepts. Visaphors may, in particular, be viewed as evolving through an
autopoetic, symbiotic process that Diamond understands as characteristic of human
societies; the “amalgamation” of smaller societies into larger, complex ones. For human
beings, amalgamation is similar to the biological principle of symbiosis, in that it describes
diverse components unifying in such a way that the unit preserves complexity and diversity
within its midst. However, Diamond helds a more negative view of cooperation than
Margulis, viewing it as a means of minimizing external threat: "amalgamation occurs [...]
in either of two ways: by a merger under the threat of the extemnal force, or by conquest”
(1999, p. 289). He uses as an example the Cherokee Indian confederation of the eighteenth
century that was organized to resist European territorial incursions. These different senses
of cooperative motivation are not mutually exclusive; they may be determined in response
to environmental factors. Applying this reasoning to our own era, we can see how the
growing ubiquity and globalization of telecommunications is leading to the development of
new media, which are now more than ever before supported in their invention (e.g., the

open source software movement) and dissemination (e.g., social networking and sharing).
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The visaphor arts in particular--as time-based, data-based, experiential maps--have
depended for their evolution and transmission on the digital geography and ecology of the
Internet, which has provided an especially fertile environment (Smith and Kollock, 1999),
one that has grown out of creative synergy as well as commercial competition.

When we view data-driven scientific visualizations as a modern evolution of
cartographic invention, we gain the ability to see how visaphors draw upon the visual
language of map making, employing the conventions of visual geography. Not only have
cartographic conventions influenced how visaphors depict information and arrange their
audiences’ sensory experiences, but they also influence how audiences cognitively process
and perceptually experience visaphors. In the modern era, the mechanical reproduction of
maps has spread their visual language far beyond cartographers. Contemporary
communications technologies, from television to the Internct to cinematic environments,
have only further assured that today’s audiences are more and more capable of reading

such visual signs.

Viseoteleccommuning

Visaphors may be thought of as abstract, multilayered cultural artifacts that
incorporate color, spatial motion, and numerical symbolism to communicate a wealth of
knowledge and scientific obscrvation. They transmit cultural matter with greater vitality
and dimensionality than that “old saw” of a Grecian um. The embodied audiences who
interact with visaphors serve as individual carriers who recycle this visaphoric experience
back to culture. Visaphors have permeated our culture as icons, much like the NST Net
(Figure 10) visualization study of the Internet, which is still being repurposed and recycled

through our visual, cultural library (Dodge and Kitchin, 2001). Especially in our age of
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mechanical reproduction and telecommunications, visual metaphors take on viral qualities
as they travel from one host to another, rescripting their visual DNA. Visaphors draw from
scientific-numerical metaphors, storytelling, artistic rendering, and cultural context to
provide feedback into our collective, cultural agency. This intense, digital
telecommunicative interaction that | call “viseotelecommuning” is a vast, symbiotic
operation.

Viseotelecommuning is similar to Norbert Wiener’s understanding of the
cybernetic: a social-communication feedback process (Packer and Jordan, 2001). Such a
cybemetic process plays a role in what George Dyson has analyzed as the evolution of a
global intelligence (Dyson, 1997). Technology is not only an extension of human beings,
but is also an integral part of our evolutionary process. Complexity Theory has looked at
how technology and economics evolve as evolutionary co-processes. | believe that,
similarly, in contemporary society the combination of telecommunications and computers
is symbiotic with human evolution. The creation and consumption of visaphors is a
woven, golden thread that can be traced through the fabric of our modem, cyberspace
environment. Itis also a thread that can be traced as a viscotelecommuning mechanism
that has shaped the creation and consumption of visual artifacts since humans began to
make tools. In particular, this cybernetic process—a nexus that converges man and
machine, technology and biology--involves the incorporation of scientific simulation and
its accompanying symbolic-numerical math (math metaphors), usc of supercomputers and
digital technology, power of high-speced networks, and human agency (embodied minds
that metaphorize and visaphorizc).

As part of this cybernetic process, audiences do not passively consume visaphors.
Collectively an audience and the individuals within it interact with the digital reality

painted on the techno-digital environment. The color of a supernova or colliding galaxics
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does not exist in alienation on the computer screen. These images catalyze physical and
cognitive capacities in the embodied audience. As the displays provide transmitted light
from radiating red, green, blue projector guns, the experience of the individuals is both
subjective and objective. The audience brings to the table both individual and collective
agencies. Agency is a crucial, emergent property of this collective, aesthetic experience.
The audience’s viseotelecommunion is not about sensation alone, disengaged from
context. While attending a digital dome show, the audience experiences a scientific
narrative; visaphors are placed in a defined and storied context. As a result, the audience’s
visceral interaction with visaphoric art is related to previously experienced cultural patterns
and patterns observed in nature. Thus, the visual has the potential to enable audience
agency, allowing individuals to dislocate and relocate during a scripted experience. For
example, the natural pattern of the splash will be recognized, felt, by audiences regardless
of context--even, say, when mapped onto a cosmic one. We recognize a splash from our
embodied experience with water. However, we also recognize the numerical digital and
pixilated splash of a supernova or big bang. Our species-level, embodied experiences
provide visceral references as we negotiate these metaphorical maps. Similarly, colors
provide a point of reference for us as we make the leap from our instrumental, postmodern
reality to a technoetic one--the technoetic being the juncture between art, technology, and
the mind as theorized by Roy Ascott (2006). Our technoetic reality is one we digitally
construct, acquiesce lo, participate in, and confound. Like natural patterns such as splash
and color, visaphors play a role in helping us to negotiate cybernetic spaces. They do not
passively represent reality; they interactively support us by weaving golden threads of
embodied understanding, of digi-epistemology, from the individual to the cultural, from

our personal, sensorimotor cellular structures to our shared, grand accumulation of
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knowledge about the universe. In this sense, visaphoric mapping is a mystical
transformation, a visual alchemy.

Yet, this visaphoric alchemy helps to demystify science for the general public
within the context of the shows’ scientific narrative. It is the visaphoric relationship to the
story that exposes the scientific processes. For example, in the Hunt for Supertwister PBS
show, Monster of the Milky Way PBS show, and Black Holes: The Other Side of Infinity
digital-dome show, the visaphors are set within stories about the social process of people
“doing” science: hunting for supertwisters or discovering black holes. The narrative
features visaphors as part of the discovery adventure. Visaphors not only provide a
virtually embodied experience, they also act as windows into the esoteric computational
process, bringing numeric symbols alive with motion, color, and physical dynamics. The
narrative context enables people to participate in scientific problem-solving and
strengthens the power of the visaphor through its participation as a character within the
story (Latour, 2002, p. 22).

We may conceive of visaphors as “immutable mobiles” in Bruno Latour’s sense of
the term (1979). We can present, read, or combine them within other contexts (Figure 19).
In contrast to the background of a scientific story, visaphors can play an important role
within interactive contexts such as a museum kiosks or interactive websites. For example,
my AVL team and I are re-investing the tornado visaphor we used for Hunt for
Supertwister in a new “Science Storms” interactive kiosk at the Chicago Museum of
Science and Industry (which is set to go live in Spring 2010). Such interactive applications
of visaphoric art are beneficial to teaching the public about the computational scientific
visualization process; it complements our work in public shows (Gordin and Pea, 1995).
Such interactive learning contexts arc important and deserve an in-depth treatment, which

is beyond the scope of this thesis.
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Signifying Embodiment

For the remainder of this chapter, | will discuss some of the most important systems
of embodied signification visaphors employ, with a special emphasis on color. 1
emphasize color because it tends to be a ubiquitous but oflen overlooked aspect of
signification in scientific illustration, and most especially in data-driven visaphors, in
which most lay audiences and some specialists viewing outside their domain are unaware
of the choice ranges available to data-viz artists, such as when satellite images are
recomposed and colored, seeming to display unaltered photographic data. 1 also emphasize
color because it has special meaning for me. Color has dominated my work from painting
through photography to digital imaging. | began my artistic career as a colorist and have
long considered the impact color has on viewers, its sense of extra-linguistic immediacy;
ability to convey emotion and energy; and potential for plasticity, especially when
manipulated with shape and motion over time. In my early work | explored color as a
function of scale by creating computer-generated images of a finite size that scale up to
wall-size collages that | call “compulages.” | have since expanded upon this idea of color
filling the visual field and exploited this phenomenon on large-scale and immersive
environments such as IMAX screens, high-resolution digital domes (Cox 2003a) and 4K
stereo theaters.

In my later work, | have become especially interested in color as a great case study
in the boundaries of “reality” and collective and personal experience. Color negates
neither a physical reality nor subjective experience. By pointing up the “fuzzy” boundaries
between them, it provides us with a better understanding of how sensory perception

functions. Color perception straddles a philosophical edge that crosses many soft and hard
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sciences, yet it is not a well understood phenomenon after all our psychological and
scientific research. Color begs the question of “reality” and whether we construct or

discover it.

Color as a Case Study in Perception and Mapping:

Along with data modeling, color provides one of the two basic elements that make
up more complex metaphors. When applied through visualization, color may be
understood as a basic visaphor. Color functions as an essential dimension of visual
mapping, as numbers are scaled from a computational model to some model on the screen.
Put another way, cyberinfrastructure (Cl) is the technological fabric that enables a new art
of scientific visualization. The CI environment is a cybernetic workbench, and
supercomputcer data is the raw matenial used to construct things upon it. Simulations and
visualizations sometimes take days or weeks to solidify there. As [ work, the computer
enables me to orchestrate millions of colors and to compress space-time from billions (o
millions of light years. The hours pass quickly during the virtual experience of testing and
cooking color combinations within a million pixels, while | intermittently check the trays
in the oven.

Up through the present, studies in scientific visualization have tended to emphasize
perceptual color response. However, visaphors involve two types of color response:
perceptual and conceptual; immersive and cyberspace environments evoke both, between
their pixel radiation and numerical symbology. Studics in color perception have
established that both physical and mental properties consign color in humans. The
sensation occurs as an internal, physical, and perceptual process within the human visual

and mental sysiem. [t is a perplexing phenomenon. Things in the universe do not posscss
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color as they appear; rather humans create color within their individual psychological
experiences from a variety of external stimuli. Color sensation can create its own
perceptual structure, or it can help delineate pre-existing morphology. Color perception is a
selective faculty; that is, not everyone can experience it in the same way. A significant
portion of the human population, for example, eight percent, is color-blind (Bucke, 1961;
Birren, 1978).

The colors we generate from digital technologies recapitulate the colors that we can
behold. The experience of colors with which we are already familiar provides an iterative
dimension of the metaphor, although their application may be novel, even surprising, given
a particular animation event or context. As a data-viz artist, | am constantly reminded that
color is inherently illustory. In computer graphics, | wield a multi-mitlion color palette.
My artistic / design / scientific intent determines how scientific data, as raw material, will
host this color. As I make these choices, | am also aware of how color is one of the most
used and stimulating devices in art practice. From Kandinsky to Monet to Albers, color is
the artistic tool within which both clarity and illusion emerge (Albers, 1963; Itten and
Birren, 1970). In conventional scientific visualization terms, color can confuse as well as
reveal data; in my view, however, color plays an even more significant role.

Within the arts, we accept that color scrves as a symbolic medium for emotional
expression, which has been a long-standing convention across world cultures, and one
theorized and employed through modemity by expressive artists (Arnheim, 1974;
Kandinsky, 1977). Color and its perception have especially informed my image-making
research and practice. For me, color design is an arca of study that combines art and
science, technique and technology. Johann Wolfgang Goethe, an artist, and Michel
Eugene Chevreul, a scientist, discovered simultaneous color contrast because they werc

cnamored with color (Chevreul, 1839; Goethe, 1840). Although an appcaling artistic
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device, it can be an obstacle to scientific visualization. As an artist working in traditional
media, | have exploited simultaneous contrast in acrylic paint and photography. With care,
I have explored and incorporated simultaneous color contrast as an effect in my
scientific/artistic visualizations through digital pseudo-color.

Pseudo-color is a term that describes a process that is often used in the making of
scienttfic images. Pseudo-color is a digital or telescopic filtering method for delineating
the range of density values and thus morphology in an image.” Psuedo-color is in many
ways a mis-metaphor because, in a perceptual sense, all phenomena are falsely colored
through the discrete perceptual system. Color is an outcome of our relative experience
rather than an inherent property of the object and its surroundings. Our shared subjectivity
yields the illusion of objectivity; and this shared subjectivity renders the world into very
luscious and useful visual stuff. Yet, this illusion of objectivity is always already a social
construct. In The Need of Perception for the Perception of Needs, Heinz Von Foerster
(1989) dispenses with the sacred notion of human observational objectivity in arguing that
the biological basis of color and other sensations is created mentally by operations in the
nervous system: “It is here that the quantities of sensation are transformed into the qualities
of perception, where each of us creates the world as he or she perceives it” (p. 225). Ina
perceptual sense, color i1s a metaphor. We perceive one thing in tenms of another. We
internally map color within our visual system. Qur everyday personal “experience” of
color is mediated by fashion, habit, history, health, and situated awareness. Color may be
illusory, but for most people it is an essential characteristic of being human and necessary
for negotiating the world. The study and control of color continually reminds me of the

evolution of consciousness and the illusory nature of the universe.

* Telescopic data receives color through a selective filtering process. In digital computer
graphics, pixel look-up tables of red, green, and blue combinations provide color
within the scientific data.
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The cognitive and psychological study of color demonstrates important interplay
between subjectivity and objectivily, pointing to the relativity of our conceived experience
of external reality (Berlin and Kay, 1969). The study of color from various disciplines
accentuates and confirms the relativity of our perceived reality. Some psychologists
suggest that color response is an evolving universal faculty within culture and
consciousness (Albers, 1963; Bucke, 1963; Berlin and Kay, 1969). Others theorize that
color demonstrates powerful psychological, biological, and emotional effects through its
historical emphasis across cultures (Itten and Birren, 1970; Birren, 1978; Ware, 1988;
Healey, 1996; Rogowitz, 2001). Modern medical and consciousness studies continue to
suggest the experience of color is relative (Carruthers, 2007). Color is one of the most
studied yet fugitive of perceptual phenomenon.

From the perspective of some cognitive approaches, consciousness is much more
than our perception of the qualitative senses. We are reminded of Black’s interactive
theory of metaphor as Lakoff and Johnson describe the interactive, and so inherently
metaphorical, nature of color. They emphasize how color does not exist in the world
externally, despite our perceived experience of it as something we find outside of
ourselves:

“Color concepts are ‘interactional’ concepts; they arise from the interactions of our

bodies, our brains, the reflective properties of objects, and electromagnetic

radiation. Colors are not objective; there is in the grass or the sky no greenness or
blueness independent of retinas, color cones, neural circuitry, and brains. Nor are
colors purely subjective; they are neither a figment of our imaginations nor

spontaneous creations of our brains.” (Lakoff and Johnson, 1999, pp. 24-25)
Varela, Thompson, and Rosch take a similar approach in The Embodied Mind (1991),
describing color perception as a structural coupling between the body and the environment.

They use color to show how perception forms a mysterious interface between an

autopoetic unit embedded within an environment (which can also be another autopoetic
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system). The perception of color, they argue, has evolved and adapted as part of the
physiology of the brain, the mind, and its interaction through sensorimotor processes
within the environment. Humans have evolved a trichromatic neural color capacity that is
particular to primates. Because our structural coupling between our neural-visual system
and the environmental is very different from other species, we inhabit a different type of
embodied reality, but our color reality is no more valid or “real” (pp. 181-184).

The fact that color does not exist apart from us, “out there,” sends a powerful signal
of our postmodemn existence, one complemented by the Heideggerian-based,
phenomenological thought of Maurice Merleau-Ponty (what he called “being-in-the-
world”) and grounded in the contemporary scientific and cultural studies that followed
after (Merleau-Ponty, 1962). The act of coloring scientific visualizations as we render
them is, then, not so much a process of re-discovering or revealing an existing, concrete,
material reality as it is a process of constructing that reality.

For example, in Practicum Compilation DVD 3: Hunt for Supertwister PBS show
excerpts, Scene 5, Sequences 1-4 we use dramatic color differences to structure the
visaphors. In Scene §, Sequence 1: Volume-Rendered Tornado visaphor (Practicum
Compilation DVD 3:5.1), we employ voluminous, dark-charcoal grays, reminiscent of on-
coming storms. In Scene 5, Sequence 2: Glyph Tornado visaphor, color brilliantly defines
the artenal, inner mechanisms of the tomado. On the other hand, Scene 5, Sequence 3:
Alternate Doppler Radar-Rendered visaphor references two-dimensional Doppler views of
the same data-driven storm, visually attaching the audience to familiar weather patterns.
Yet, Scene 5, Sequence 4: Spotlight Vortex-Rendered visaphor focuses a bluish searchlight
on the ethereal vortex that shapes a ghostly tornado, providing an alternate data-driven
construction. Color psychologically and perceptually informs these diverse visaphoric

models of the same simulation data.
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segments used conventionally in coloring images derived from instruments. Typically,
science educators tend toward conservative color palettes, based on a history of muted,
supposedly realistic hues in science illustration (despite the fact that, for example, actual
internal human anatomy fails to register for most viewers in pastels). When given license,
I prefer more striking, vivid color ranges: jewel tones and complementary contrasts.

Creating visaphors, including coloring them, is a metaphorical act of becoming,
groping as directed chance, using our tools and current, collective knowledge for sense-
making and discovery. We are participating in collaborative processes that emerge from
artistic, scientific, and technological discourses and practices. Color enables visaphors to
cross between these domains to delineate shape, deploy numerical values, differentiate
forms, and further reinforce other visual metaphors. Color not only maps numerical
symbols into pixel values, but it is also maps scientific models to their cultural contexts
and expectations.

Visaphors circulate within their own color reality, one that is relative to their
consuming audiences as well as to their creators. An audience does not passively consume
them, When an audience sits in a digital dome and experiences a visaphor, its members’
bodies interact with the digital reality painted across the immerse environment. The
visaphor engages viewers in a multi-sensory experience, one that individuals perceive and
conceive in their own ways through filters of personal embodiment and psychology, as
well as any cultural filters they may have internalized over time. The experience creates a
feedback effect between the audience and the visaphor: the color of the supernova does not
exist in alienation from them on the computer screen. Colors are realized through
interactions between the physical and cognitive capacities in the embodied audience. While
the displays provide transmitted light from radiating red, green, and blue projector guns,

the experience of individual viewers is both subjective and objective.
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Color design is essential to our practice. My team and | created, for example, a
powerfully colored, animated sequence of the first star going supernova (Figure 20) for
The Black Holes Project (see Practicum Compilation DVD General Visaphor Sequences,
Star-Galaxy Formation, 1.3.1). [ colored the visaphor to suggest a fetal star germinating
within a seething red-orange nursery of hot gas, contrasted against the bubbling, distant
background of the immersive, hemispherical, digital screen. After the star bursts forth, its
short life ends in a pinwheel of complementary red and gold blowing debris and dust
particulates to the periphery of our visual field and beyond. Because what the audience
sees relates to their sensorimotor experiences of other things, they experience the images
viscerally--despite the fact that we are viewing a data-driven sequence that shows the
dynamics of stars and gas mixing over a span of millions of years. Through the audience’s
embodied experiences, they are predisposed to relate sensually to the view of color spilling
and mixing on a three dimensional surface (Figure 20). The audience groks the visaphor
without having to analyze it as a muliilayered outgrowth from metaphorical mappings that
originate in both the art and science of scientific visualization. Given that the visaphor’s
viewing context is an educational, scientific narrative in a museum, the audience might
have received a lesson in cosmic evolution that is mainly cerebral, informative, spare. Yet,
I deliberately mix the colors on the screen to provide them with an enveloping, sensual
experience. Even the motion of the camera, as it smoothly penetrates this act of becoming,
is intended to augment the audience’s sense of their flowing radiantly together. This

sensual flow is experiential, subverting formal and didactic expectations.
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similarity to the sign language of maps and their frequency in representing science stories.
Visualization artists can enhance the immediacy and comprehensibility of their work
through emphasizing the conventional and associating novel elements with the familiar.
We may, for example, adopt techniques from popular cinema in order to render science
stories more clearly and vividly, such as focusing on the most significant aspect of a
phenomenon with a camera “close up.” For example, Figure 26 demonstrates this
cinematic language when viewing the two tonadoes: one view is a “close-up” and the
other is at a voyeur’s distance. The impact is greater during the immersive dome
experience (compare Practicum Compilation DVD, 1: General Visaphor Sequences, 1.2.1
and 1.2.2). Audiences understand popular media methods for relating and dramatizing
narrative; they readily interpret projected perspectives and fictionalized scenarios--the
hypothetical extensions of embodied experience.

In addition to drawing upon familiar cultural mediations of experience, visaphors
created for popular audiences may also choose to emphasize actual, embodied experiences
that are accessible to all, and use those experiences to evoke sensation and emotion that
may express or reinforce ideas. As in the case of color, our relationships to space and time
are mediated by our sensorimotor faculties within the environment. The interaction of the
two shapes our perception, and in return our perception shapes how we conceive of our
environment. "Every living being categorizes.” Lakoff and Johnson write, “Categorization
is therefore a consequence of how we are embodied” (1999, pp. 17-18). In other words,
our sensorimotor-neural structure and conceptual structure share integrated processes. A
human being perceives, organizes, stores, and recognizes basic categories as single mental
images that they can sort into further mental classifications. We classify what we perceive
into mental constructs so that raw sensual “input” does not overwhelm our cognitive

system. We simplify these categories into conceptual and verbal container abstractions, or
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the speed of light so that they can make a virtual tour from our Sun to reaches of space,
clusters of galaxies, beyond the Milky Way. Space and time are distorted artfully:
metaphorically remapped to an embodiment on a human scale (Figure 27). We do not
necessarily use the same scale of time, however, for all visaphors, not even cosmic ones.
The time scale we used for our visaphor of the universe’s evolution is very different. For
example, Figure 27 shows the relative space-time of various visaphor sequences. Compare
the visual experience of the Evolution of the Universe, Runaway Universe (Practicum
Compilation DVD, 1.6.1) with the Evolution of the Universe, Black Holes Project
(Practicum Compilation DVD, 1.6.2). The underlying simulations are similar in time and
scale; however, we provide a distinct experience through complementary color and
cinematic treatment.

Yet, the resizing of phenomena to a human scale does not tell the whole story of
how and why a scientific visualization artist chooses to manipulate cinematically the
plastic media of space and time. As I have claimed above, the ways in which we represent
space, lime, and their continuum also serve to define the science story that a visualization
tells. In The Black Holes Project, we consciously developed visual metaphors to convey
Einstein’s understanding of space-time, especially how it is warped by the incredibly dense
presence of black holes. In Runaway Universe, we visually metaphorize the unexpected
speeding up and continued dispersal of galaxics following the Big Bang (a scientific
discovery that runs counter to our common sense view of the tapering of energy and its

effects on matter following an explosion).
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Scale / Projection:

In scientific visualizations, the range of scale with respect to size can go from the
microscopic to the macroscopic, whether the phenomenon being represented is the
mechanism of a nanobot or the heart of a galaxy. Visualization artists are conscious of this
type of scale as both an informal spatial rubric for comparing the relative size of things and
as a formai technical ratio between a unit of spatial measurement that is mapped to an
equivalent unit of actual size in some phenomenon. We provide a scale not merely to
document the physical dimensions of phenomena, but to orient audiences, providing an aid
that helps them relate a representation of the natural world to their own embodied
experiences of it. Since the empirical revolution in Western mapmaking, which occurred
in the seventeenth century, a record of scale has been viewed as an essential inclusion,
nearly as essential as the lines of latitude and longitude that fix a place to the globe
(Bagrow, 1985; Akerman and Karrow, 2007). However, the typographical reminder of
scale inscribed upon a visualization—call it a map—also reminds viewers that they are
viewing a construct and that they should therefore undergo the cognitive exercise of
interpreting it as an abstraction at a remove from lived experience. They are made self-
aware of its qualitics of projection and distortion. In the visaphors I direct for immersive
displays, | have made a conscious decision not 1o impose a reminder of scale, despite its
explicitly educative value. Likewise, | omit color scale or other diagrammatic elements
associated with particular conditions, despite their usefulness in orienting general
audiences. Even when incorporating a grid plane, the intent is suggestive rather than
denotative (see Practicum Compilation DVD 3: Hunt for Supertwister PBS show excerpts,

Scene 3, Sequence | Volume-Rendered Tornado visaphor only).
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Visaphors designed to be experienced, to have wide appeal and visceral impact,
suffer from cumbersome and didactic numerical scales. What we lose in the precision that
interests experts, we may gain in the intuitive understanding of popular audiences. | have
arrived at this practice through experience. When we collaborated on our first space show
with the Hayden Planetarium in New York City, the educational committee encouraged the
inclusion of scale markers. They used diagrammatic idioms to flip through numbers to
impress upon the audience the jump in scale and the evolution of time as the camera
moved viewers through a tour of the universe. However, in The Black Holes Project, my
AVL group and | avoided scales and diagrammatic elements. My artistic intent was to
provide an immersive experience for all of our visaphor segments. We were conscious that
some key elements of scaling remained invisible to the audience. In fact, in observed
telescope reality and scientific calculations, galaxies are very, very far away from cach
other in astronomical proportions. In order to give viewers a visually stimulating encounter
and a coherent sense of flight, we needed to shrink the distance we showed between
galaxies, although we did so to scale so that the relative distances are prescrved. In
practice, we chose to scale the galaxies themselves, rendering them four times larger than
actual in order to shrink the vacuous space between them (see background galaxies in
Figures 23 and 24). In the Practicum Compilation DVD’s General Visaphor Sequences,
Milky Way Virtual Flights, Virtual Voyage from Milky Way to Virgo Cluster, Runaway
Universe (1:5.1), scale has been manipulated to give the audience a smooth, integrated
experience of movement from our central point in the Milky Way, out of our galaxy in,
and into thousands of galaxies beyond on the virtual voyage to the Virgo Cluster of
galaxies. | grant that in doing so, we lose an opportunity to convey some information and
may have exaggerated other information. This may be of particular concern to those who

view scientific visualization as a rare opportunity to educate the public about scientific
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fact. However, we must ask ourselves what the goal of such large-scale scientific outreach
is--a qualitative experience of the universe or a numerical/quantitative one? Given the
data-driven nature of computational scientific visualizations, we could say the numbers are
already mapped into a visualization’s motion dynamics.

Yet, I believe the key justification for such data transformations is that when
visualizations provide more immediately embodied experiences, they are more readily
understood and more deeply felt by audiences than they would be in symbolic form. We
can give audiences a very effective sensc of the power of an F3 tornado’s extreme wind
sheer without displaying its kilometers per hour. What is more, sometimes the cultural
images we choose to associate aesthetically with certain scicntific oncs can deepen
audience impact, even when they are not strictly scientific or informational. Representing
the birth of a new star as a Buddhist mandala, for example, may express something of its
wonder and cosmic significance that scientific simulation alone cannot. We ought to
acknowledge to ourselves that although the science stories we tell matter, their numbers
can be meaningless when the goal is to create an experience for viewers, one that is
ultimately not about scale but flight and attraction, arrest and sensation. Much like
indigenous human stories imbued rituals and maps with a sacred aura, an aesthetic power,
visaphors reciprocate vast cultural power when embedded within a human scientific story

and an immersive embodied experience.

Orientation / Perspective:

Determining orientation is a conscious decision in the making of visaphors, one
that is informed by conventions in popular, artistic, and scientific domains upon which we
draw. Most technological innovations, such as writing and map making, proliferate

through copying rather than pure innovation. Even the invention of new technical forms is
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often rooted in non-technical behaviors and habits of thought and behavior. Writing, for
example, evolved from pictures and pictograms; the efficiency of writing systems goes
back even further: it is tightly coupled to pre-existing patterns of speech: phonetic
alphabets (Robinson, 1999). We find this copying tendency in the making of modem
digital maps. As I discussed in a previous chapter, this is particularly true of the ways in
which they mimic cartographic conventions.

Scientific visualizations in general usually begin by orienting audiences within the
familiar. In visualizations showing a process occurring within a spatial paradigm, the
audience’s view is initially focused on a familiar place. In virtual cosmic voyages,
audiences “take off” from earth, our solar system, or the Milky Way, which resonate with
an abstracted sense of home. In the Runaway Universe, Virtual Voyage from Mitky Way to
Virgo Cluster, we begin by orienting the camera’s point of view, and thus the audience’s,
at a familiar place, earth (see Practicum Compilation DVD General Visaphor Sequences,
Milky Way Virtual Flights, Virtual Voyage from Mitky Way to Virgo Cluster 1:5.1). From
this orientation, we look abroad into space, outer space. We see the Orion constellation, a
familiar demarcation in the North American night sky (Figure 23). We then “lift off"
through the rich, stellar regions of our galaxy. Along the way, we visit an itinerary of
familiar astrophysical objects, such as nebula, images that have been retrieved by NASA
and proliferated to a greater public. We capture "points of interest” along the way as we
finally pass through our galaxy and out to super clusters of galaxies in their variety—
spiral, elliptical, and otherwise—exploring territory that modern scientific instruments can
only partially reveal.

The implicit geocentricism such journeys reproduce may be meant to case viewers
into an educational experience, building from what is understood and accepted to what is

more alien and difficult to grasp. However, as | also demonstrated in my earlier discussion
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of Eurocentric mapping conventions, such an orientation is loaded with political
significance, communicating human dominance within the vast universe.

Through such virtual, digital technologies, we provide an embodied experience of
phenomena that can only be experienced through imaginative extrapolations from known
data and the theories that inform them. This, too, is a kind of orientation that scientific
visualizations can assume, as artists fill in the blanks of the known, erasing regions where
dragons be, replacing them with conquered epistemological territories. Qur speculative
physical and intellectual explorations are displaced through visual narratives of scientific
conquest.

In doing so, we encourage audiences to inhabit a shared metaphorical reality of
modern techno-scientific culture, one that, in many ways, serves the same purpose that
spiritual myths and early maps of the world once did. As with many early pre-modem
maps of uncharted territories and the spiritual imaginary, we view space and time unfold
from an axis of the familiar. Even as we express our powers of epistemological conquest
through fabricating a complete map of the unknown, we express a contradictory anxiety:
our virtual maps reproduce, in their geocentric orientation, a premodem sense of space. Of
this sense, Denis Cosgrove writes, “most nonmodern world maps thus normalize the
center, banishing the strange and abnormal to the edges [...] The center of the mapping is
‘home,’ the lamiliar space of everyday life, while the world's boundaries are the edges of
known space; they do not encompass the globe" (Cosgrove, 2007, p. 71). The point of
view we adopt in visaphors, then, may be understood as a form of self-reference; in it we
mirror a universe that reflects ourselves. Such viewpoints expose the power of
assumption: within visaphors perspective remains invisible to the digital eye, expressed

only as gaze and a virtually embodied motion as the gaze moves and rests--a relative,

190



human perspective from which to launch ourselves, still safe within the cognitive

framework of our own cultural constructions, into the unknown.

Networks of Relations: Conceptual Connections

If the orientation of viewers is an artistic choice that is loaded with meaning, so too
are the social constructions of place viewers encounter in visualizations as well as the
connections between and paths through them. Geographical maps, to which visualization’s
mappings are analogous, show both geographical locations and the networks between
them: rivers and roads, trade routes and migratory paths. They also show networks of
relations that separate them into discrete units, such as national boundaries or grids of
measure (longitude and latitude). Philosophically, maps help us te define our experience
of navigating a common space (Akerman and Karrow, 2007).

By their very operational form, all maps visually metaphorize the phenomena they
define. The neighbor's property line that can and must be verified by common,
technological instruments defines its accuracy by the quantifiable standards of land survey
and civil engineering. Yet, the property line is an abstraction, and an objectification, of a
division that does not occur in nature. The further removed from direct bodily experience
such an abstraction happens to be, the more room it allows for proliferating metaphors, and
more complex ones at that. The idea of a place such as the Rocky Mountain National
Forest is delineated by a map, not a fence (Schulten, 2007, p. 178, p. 182). Maps thus
provide us with a metaphor for embodied spatial coherence. Because scientific
visualizations tell science stbrics that are aircady at a remove from embodied experience,
they generate such complex metaphors. When we create a map of the cosmos, for

cxample, we establish a sense of place, suggesting, at a minimum, that the vast distances of
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space can be made sensible to us. We populate that space with material elements (planets,
stars, nebulae) that, through stories about their agency and change over time, take on
qualities of characters acting in a cosmic tale upon a mythic stage. What do our depictions
foreshadow? How do they characterize the actions that have come before? What are the
limits of our ability to reveal and predict, and why do we undertake to do so? Images
communicate such concepts, which may complement or resist, encapsulate or expand upon
voiced or typographical documentary narration.

According to Matthew Edney, “three issues--social needs, power relations, and
cultural conventions--underpin the production and use of all maps” (2007, p. 119). When
we map through scientific visualization, we therefore need to consider not only what
spaces and places, routes and boundaries, connections and separations we depict, but also
what social needs, power relations, and cultural conventions they metaphorically express.
Through their symbolic fixing of place and property, geographical maps have supported
the political and economic purposing of land (Cohen, 2002; Edney, 2007, pp. 130-139).
Topographical maps, which might be taken as purely scientific, have aiso been drawn for
and put to use for such purposes--e.g., to record natural resources for future collection and
to note advantageous military routes and positions. Within the documentary setting of
scientific visualizations, the phenomena, or territories, we map arec most obviously claimed
as the territory of science. In fixing them within an empirical epistemology, we add
nuance to our shared view of reality. However, al the same time, we denaturalize and
objectify natural phenomena and we seem to make a claim of static and objective truth.
We provide a vehicle for political and economic uses, which may range from the benign to
the exploitative. We cannot be held responsible for anticipating all such potential uses, but

we do need to consider how visualizations may be dislocated from their original contexts
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and recirculated within institutional discourses as well as the informal culture of our
audiences.

Consider, for example, how most historical maps were concerned with charting
new territory and orienting people toward it (a view from where they were to where else
there was in the world). Such maps provided inspiration to explore new territory. For
example, Lewis and Clark's map of the Louisiana Territory inspired people to journey to
the new land (Cohen, 2002; Schulten, 2007, pp. 174-182). The map served as a promotion
for colonization of the United States after the Civil War. Our visaphoric maps likewise
may be thought of as secking to inspire the public to explore new concepts about science
and the cosmos. Visaphors inspire a curiosity about the unmapped territory through the
wonder of simulations and God’s eye views. They promote interest and study, stewardship
and interrelation, but also potential conquest.

From a popular audience’s perspective, geographical maps not only identify place,
but also help us to find our way through it (Akerman, 2007). When we present a scientific
visuahzation, we must also be conscious of the routes with which we provide viewers (o
find their way through new territory, especially epistemological territory that is expressed
in visual forms. Travel maps in contemporary culture tend to show a large political region
(city, county, state, country) connected by a network of routes. They provide a wide angle
view so that viewers can see the entire network of relations at once. The wayfinding they
encourage is active in one sense: map users may readily see routes and choose between
them. The territory between routes is not fully elaborated and the routes themselves are
already established; they give viewers no sense of discovery. Visually, the focus becomes
the ordering of knowledge; practically, the focus is on operationalizing it. In scientific
visualizations, we may make different aesthetic choices in how we enable viewers to find

their way through the maps we show, and the choices we make position viewers differently
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toward the map and potentially the phenomena the map represents. In the Black Holes
digital-dome show, for example, we deliberately chose not to develop a visaphor that
revealed a complete network of the territory we would enable viewers Lo virtually navigate.
We sought to give viewers an embodied experience of flying through space in a shuttle
with invisible walls, propelled forward by their visit o points of interest along the way. In
doing so viewers became cosmic travelers participating in a guided tour of a virtual
universe. They are not in the driver’s seat, but they are given a more active sense of
exploration, of encountering much more directly virtual phenomena and the scientific
knowledge they embody. These cosmic voyagers participate in the cultivation of the
cultural imaginary and perhaps enhance visual faculties as well. In Mental Imagery
Cultivation as a Cultural Phenomenon: The Role of Visions in Shamanism, clinical
psychologist Richard Noll reviews the cultivation and potential adaptations of mental
imagery across cultures from Buddhist visualizations to Renaissance European alchemy
(1985). Perhaps visaphors will cultivate visual and mental capacitics beyond standard

learning expectations and heighten our “immersive intelligence” (Nechvatal, 2001).
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Myths and Informing Narratives: Mapping Worldviews

The digital revolution and its near ubiquitous presence in mass media have brought
together an even greater correspondence between science, technology, the visual arts, and
popular culture than existed historically. Science is more visual than ever due to new
enabling technologies and instruments, and the popularity of science—especially as an
account that establishes and authorizes what is valued and real--has increased dramatically
in the twentieth century, and continues into our own. Concurrently, popular culture has
become increasingly visual, reflecting the increasingly visual capabilities of mass media
and social networking technologies. It, too, has become a venue for establishing value and
even what is real, at least in terms of urban legends and contemporary, alternative beliefs
that, although not scientifically documented, are sometimes accepted as fact.

Modemn educational theorists have sought to join the two together through the
concepts of informal education that takes place outside of the classroom and ubiquitous
learning that employs distributed technology for engagement. Yet, scientific and popular
cultures are already in communion with one another through the circulation of myth and
the images that help us to populate, claborate, and make sense of experience. The very
culture-stories we tell about the nature of ourselves and our exislence permeate the
discursive boundaries between the two, despite differences in authority and epistemology.
Although popular audiences may not understand in detail or even the fundamentals of the
scientific content of a visaphor, they readily understand its use of conventions borrowed
from cultural forms with which they are familiar, storics and images they recognize.

Cinematic visaphors, for example, often tell a story of birth and death, of creation

and dissolution, since they typically show a phenomenon in all its complexity forming,
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existing, and returning to a previous point of disintegration, in which contributing systems
to the phenomenon as complex system cease to interact in a higher-order, generative way.
This formal tendency implicitly associates visaphors with myths of existential beginnings
and endings, etymology and eschatology. The science stories visaphors tell make literal
sense of the cyclical nature of phenomena, from the birth of stars to their explosions or
implosions, from the formation of supercell storms to the diminution and cessation of
twisters. Yet, the story is given emotional and cultural associations through how it is
depicted visaphorically. A twister’s formation may be shown as a violent clash of
disparate environmental forces or as the harmonious attraction and interaction of natural
clements. [t may be made to appear monstrous, imbued with a terrible intelligence, or
naturalized as an instance of elemental chance, a ternble accident associated tacitly with so
many others of different kinds. It may be shown as a formally realistic natural
phenomenon or anatomized fantastically with glyphs so that it seems no more dangerous
than the diagram of a machine gun at rest.

We may be inclined to view science and myth as separate from one another as
modern and ancient societies are by time. However, in The Myth of the Eternal return,
Mircea Ehade makes a compelling case for acknowledging some continuity in how we
story the existential (1971): such narratives answer compelling emotional needs that, in
remaining relatively constant over time, return us to similar bases for consolation. In a
well-known illustration of mythic return, Eliade associates Einstein’s theory of relativity
with archaic rituals of regeneration: enacting symbolic events that embody the cyclical
nature of time and the cosmos, and thus signifying their determination of human existence
and experience. Einstein’s theory of relativity recapitulates such a view by expressing how

our environment and our relationship to it are mediated directly by space-time.
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Thus, although visaphors and their informing systems of data and mathematics are
created explicitly to communicate scientific knowledge, we may expect to find that the
creative imaginary they employ calls upon a catalogue or library of visual forms that are
culturally-dependent in meaning, arising again and again in our visual history. Like other
visual art forms, visaphors participate in recirculating archetypal images that are rooted in
myth. The sacred Mayan ceiba tree, the Buddhist bodhi tree, and the Christmas tree that
Joseph Campbell (1974) identifies as such an archetype (of the sacred wisdom-bearing
tree, a site of apotheosis) are iconographic, pivotal points of transformation that are now
replicated in tree diagrams in computer science, evolutionary phyla (Novacek, 1994;
Moser, 1996), and hierarchical theory {Whyte, Wilson and Wilson, 1969; Smith,1978;
Feekes, 1986; Ahl and Allen, 1996). The earth mother, or harvest goddess, transforms into
the Gaia of scientific hypothesis (Gadon, 1989). As our cultures evolve, so too do the
mythic forms we use 10 express our existential understandings of ourselves and our
relationship to the world around us, from clay pots and golden charms to teleimmersive
projections (Cox, 2003). Such archetypal images, together with their symbolic
associations, even serve as aclors within postmodern critiques of science (Keller and
Longino, 1997), such as in a recent debate in evolutionary biology between selfish genes, a
view of evolution based in anthrocentric heredity, and the Gaia Hypothesis, a view of
evolution grounded in terrestrial balance (Margolis and Sagan, 1986; Barlow, 1991). Even
in such contemporary scientific discourse, we find expressed the ancient tensions between
humanity and immense, external systems beyond our control or grasp.

The divide between scientific and popular narratives, at the level of story, is not as
great as we might suppose. Scientific theorics of creation are often viewed as having
displaced mythic ones, having more legitimacy because of their foundation of objective

inquiry and empirical results (Levi-Strauss, 1963, p. 230; Segal, 1999). In the beginning of
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the scientific method, academics struggled to rid themselves of crippling subjective
folklore (Jaki, 1990; Caudill, 1994). Yet, the Big Bang, one of the most widely accepted
scientific theories of creation, can be demonstrated to be a theoretical exercise; its absolute
experimental proof is impossible (Adams and Laughlin, 1999; Lakoff and Nunez, 2000).
Moreover, in scientific theories of creation of the universe, we find some fascinating
parallels with myths (Bierlin, 1994). For example, the role of water in many creation
myths is consistent with the scientific primordial soup. If creation myths are widely held
beliefs that are impossible to substantiate, then technoscience provides our contemporary
creation myths--not in isolation from early myths but in response to them (Jung, 1959).
Through the scientific visualizations we circulate, we are perpetuating reinvigorated
archetypes, retelling the greatest myths of creation, of life-and-death, the macrocosm and
the microcosm, and of our era as part of an ongoing, collective experience.

Visaphoric artforms are valuable documents of our dominant technoscientific
culture, but they will inevitably be revised, as with any set of creation myths. They emerge
from our groping, our biases, our paradigm shifts, our unitics and diversities. Intellectual
agnosticism predicts paradigms (such as the Big Bang), but these too are provisional,
because science, art, and the humanities are subject to revision. Yet, to say these new
accounts are conditional is not to say they are insignificant. Visaphors provide raw
material for historical analysis; they are the unsuspecting futures of our following
generations’ consciousness studies and continuing cultural library. They evince a powerful

world view, one of many mythic possibilities.
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(or presentations of other forms of creative and performing work)
2000-2007

Publications (chronological by year)

Cox, D. (2000) "Myth Information: Toward a Science of Consciousness”
[Abstract]. Journal of Consciousness Studies, 10-15 April 2000, University of
Arizona-Tucson.

Cox, D. (2000) “Visualizing the Virtual Cosmos with Hayden Planetarium and HD
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New York, Wiley, pp. 123-152.
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Cox, D. (2005) “Visualizing the Cosmos.” In: INSAP Inspiration of Astronomical
Phenomena. Fifth International Conference Proceedings, 26 June-1 July, 2005,
Adler Planetarium, Chicago, IL, pg. 52; invited speaker, Friday, 1 July 2005.
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Fishwick, P. ed. Cambridge, MA, The MIT Press, pp. 89-14.
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SIGGRAPH 2000 Animation Festival: "Passport to the Universe," Excerpt from
Hayden Planetarium NYC Digital Dome Space Show, Hayden Planetarium,
AMNH, August 2000.

SIGGRAPH 2001 Computer Animation Theater: "Evolution of the Universe:
Large-scale Structure and Galaxy Formation." HD Animation, Electronic Art and
Animation Catalog, published by ACM: New York, August 2001, p. 222.
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May 21-Nov, 2001: http:/www.idrama.com/Press/prNLMExhibit.htm

“(art)” Virtual Visions: three decades of collaboration” Group Show, Papilloma
Virus Pschologram (1990), Catalogue No. 28, Brunnier Art Museum, lowa State
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Multi-Dimensional Imagery: 3D Pixels Realized, Collaborative Artwork by Ellen
Sandor (art)", Featured Collaborator, Kemper Room Art Gallery, Illinois Institute
of Technology, November 9, 2006-January 20, 2007. See Chicago City Arts
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Presentations:

“Concept, Image, Movement.” Interfacing the Future, Plenary Session, Third
Annual Digital Arts Symposium, University of Arizona College of Fine Art, Apnl
6-7, 2000, Tucson, AZ.

“Visualizing the Cosmos: Hayden Planetarium Project.” Alliance Chautauqua 2000
in Kansas over the Access Grid, August 1, 2000, Lawrence, KS.

“The Necessity for Visual Literacy in Virtual Reality Visualization Research.”
Keynote speaker, General Session, International Visual Literacy Association
Conference, lowa State University, October 11-14, 2000, Ames, IA.

“The Myth Information in Visualization and Virtual Reality,” Stieren Arts
Enrichment Series and Trinity University, Stieren Theater, October 30, 2000, San
Antonio, TX.

“Structural Symmetries in Myth and Supercomputer Science.” Symetries
Structurelles Dans le Mythe et les Supercalculateurs,” “L’Art a L’ere Post-
Biologique, Ecole Nationale Superieure des Beaux-Arts, December 12, 2000, Paris,
France.

“Myth Information,” E-naissance: New Configurations of Mind, Body, and Space
Conference, Galleria D’arte Moderna ¢ Contemporanea di Torino (GAM),
Supported by the Fondazione Fitzcarraldo, Caiia-Star Public Symposium, March
28, 2001, Turin, Italy
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*“Renaissance Teams, Visualization, and Virtual Reality,” General Public
Presentation at the Hayden Planetarium, American Museum of Natural History,
June 28, 2001, New York City.

"Visual Metaphors for Tracking People: Visualization and IntelliBadge."
Symposium Proceedings, Nomadic Transitions/ Thinking about Art, Hochschule
fur Gestaltung und Kunst (University of Art and Design). Conference Proceedings
and Abstracts Published by Kongress-Themen und Zusammenfassungen, pp. 3, 63.
April 10-12, 2003, Zurich, Switzerland.

“Beyond Computing: The Search for Creativity,” Keynote for SC2003
Conference: Igniting Innovation, November 18, 2003, Phoenix, Arizona, November
18, 2003. 3000 attendees at keynote.

“Visualization and Visual Metaphors,” Plenary Session April 29, 2004, El
Congreso Internacional, “Desafios para la Identidad Ubicua” Celebrado at
Cibe@art-Bilbao, Festival Ciberart-Bilbao, April 26-29, 2004, Bilbao, Spain.

“CyberQutreach: Designing Scientific Data for Non-expert Audiences.” Keynote,
TeraGrid Conference. lune 14, 2006.

“CyberQOutreach: Non-Expert Audiences and the Design of Scientific Data.”
Initiative in Innovative Computing at Harvard Distinguished Seminar Series,
Harvard University, October 16, 2006, Boston, MA.

Pancl Presentations

“Visualizing the Cosmos: Smoke or Mirrors” SIGGRAPH 2000 Conference, panel
chair and participant, published abstract in the SIGGRAPH 2000 Program and
Buyer’s Guide, page 44, published by the ACM SIGGRAPH 2000, 27"
International Conference on Computer Graphics and Interactive Techniques, Ernest
Morial Convention Center, July 25-27, 2000, New Orleans, LA.

"The Art of Scientific Visualization, Data Representation, and Renaissance
Teams," Informatics Seminar, April 26, 2001, University of llinois at Chicago.

"The CAVE and Beyond: VR Art in Museums and Galleries," SIGGRAPH, August
15,2001, Los Angeles, CA.

“Metaphoric Mappings,” and “Emergent Systems,” presentation in round table
sessions, UC DARNet 9/11 - N2: Art, Science & Technology in Times of Crisis
Conference, UC Digital Arts Research Network, Tuesday, Nov. 13, 2001,
University of California at Irvine and Thursday, Nov. 8, 2001 UC at Santa Cruz.

“Universe” remote virtual collaboration demonstration between the Stephen
Hawking Lab at Cambridge University, UK and UCSD, presented on a stereo
interactive display, iGrid 2002, Sept. 23-26 2002, Amsterdam, Nederland,

“Streaming Super High Definition Video from Chicago to Los Angeles over
Internet2 Backbone™ Abilene Internet 2 Fall Members Meeting, demonstration and
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presentation (provided ultra-high resolution visualizations at 3840x2048resolution
and streamed from Chicago over high-speed interet to the University of Southern
California Zemekis Theater), October 28-30, 2002.

“Visualizing the Global: Computer Modeling, Ecology, Politics,” panelist and
organizer, October 16, 2003, Beckman Institute, University of Hlinois.

“The Moving Image: What Do We Learn from Simulations, Modeling, and
Animation,” Image and Meaning (IM2) Workshop, June 23, 2005, Getty Museum,
Los Angeles, CA.

Streaming Video and International Real-Time 4K Digital Cinema, iGrid2005,
September 25-30, 2005, San Diego, CA.

“Visualizing Scientific Information: The Mixture of Science and Art.” Association
of American Universities (AAU), October 11, 2005, Champaign, IL.

“Chew on This: A Trillion Bytes for All Science and Engineering”, Designing Data

for Public Outreach.” American Association for the Advancement of Science,
Friday, February 16, 2007, San Francisco, CA.
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November 25, 2003

professor Donna Cox

Director, Advanced visualization Laboratory
National Center for Supercomputing Applications
12085 W. Clark St, Room 2034

Urbana, IL 61801

Dear Donnd,

I wanted to give you a quick update an “Black Holes: the Other Side of
Infinity” and let you know that it continues to bo a strong performer.
Siace 1ts launch at Denver's Gates Planctarium in Spring 2086, we have
licensed "Black Holes” to more than S@ theaters around the world,
making it onc of the most widely distributed shows of the past fow
years. To date, “Black Moles® has beon translated into seven languages
{with more to come) and has been seen by an estimated 1.4 million
viewers,

These numbers will continue to grow as the show is picked up by new
venues secking high-quality content. Approximately 100 new fulldoze
theaters are opening.every year, and all are looking for shows that
will drive attendance ‘and generate buzz - "Black Holes” certainly does
both! Recent launches .include the Einstein Planctarium at the Natienal
Air B Space Muscum in D.C. and the nowly refurbished Cosmonova at the
Swedish Huscum of Natural History in Stockholm.

Please extend my thanks to your entire team for helping to make “Black
Holes: the Other Side of Infinity" such a success, and best of luck on
your next project.

Sincerely,
SPITZ, INC Nos @L«.
RO, fos 198 ! )'[,(,eu_ O
00 Brandywine e Mike Bruno

Cnd ford. Pr1gY);  Creative Media Director
T 6i4y.sqn SPItE Fulldome Show Distribution

Fx 610459, 3%0
Emil spiu@splzine.com
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November.d, 2008

Professor Donna Cox

National Center for Supercomputing Applications
University of [llinois

1205 West Clark Streel

Urbana,-linois 61801

Dear Donna,
1 am writing to summarize my working relationship:with you over the yeurs.

I first npproached you in 1996 to contribule to a major three-part 1elevision series we produced
for the.U.S. Public Broadcasting Service (PBS) titled ““Mysterics of Deep Space.” I had seen
your wark on the IMAX film “Cosmic Voyage™ and saw that you and your team had developed
techniques for visualizing scientific daa at a level of detail and quality 1 had not seen before.

Our collaboration has continued through nine productions since. Amang the early highlights was
the highly successful. PBS program “Runaway Untiverse.” It was the first high-prafile American
science special to be prodhiced in high-definition video, It féaured a range of unique:
accomplishments in scientific visualization, including Mights through accurate. 3D maps of the
local region of the universe extending out 10 a disiance of 300 million light years.

On many of our productions, you and your team have played a roll that goes far-beyond simply
producing visualizutions. As an ¢xample, your work gn “Hunt for the Supenwister” for PBS :ind
the BAC took viewers inside a groundbreaking thunderstenn simulation. Your team aided
scicntists in their quest to understand the “trigger” for a tomado by nuining the data, then
visualizing the “micro-events” thought 1o be responsible,

Qur most recent collaboration included a series ol progmims exploring the cosmic dark sicle:
hiack holes. They include an ultro-high resolution full-dome planctarium show, an educational
film for the National Science Foundation, and two prime-time television specials -- each
exploring the workings of Nawre’s strangest and most extrenie realing,

In these programs, your visualizations have reached new heights of drama and aesthetics. For the
first time, they are giving millions of people a glimpse of the processes thal shupe our universe.
They are also exposing viewers o the results of large-seole coputer studies, now considered a
major branch of sciemific investigation.

23-25 SPRING STREET, SUITE 302, O5SINING, NY 10562 @ PHONE {914d) 762-8040 FAx (914) 762-5044
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I know of no other team anywhere in the world that has worked at such o consistently high tevel
to visualize science for public presentation. Part of your success, [ believe, is that you have built
o team of antists and progremmers who are steeped in science. 1n addition, you have used your
successes to gaih a high degree of suppon from your university. Your ability to marshal
visualization and computational resources has led to collaborations on a global scale.

Another reason for your success is your ability to master new technologies. from large screen
IMAX and digial planetarium image production o stereoscopic techniques. Together, we are
now about (o launch o mew full-dome produetion about the climate in collaboration with the
California Academy of Sciences. We are dlso planning to move into producing a series of films
for 3D digital cinemas now being built in science centers and museums around the world.

Best regards,

1p, Lueo

Thomas Lucas
Producer/Director
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Dccember 19, 2008

Professor Donna Cox

National Center for Supercomputing Applications
und School of Art and Design

Univereity of lllinois ol Urbana-Champaign

Dear Donna;

I am delighted and honored to write o letter of support for your Ph. D, disscriation. Since we began
collabomting on scientific visualizations in astrophysies and cosmology 22 years ago, your work has been
the most fnithful to the science, the most ambitious in its conception and execution, and the most beautiful o
behold of any that [ know of. I have found our many projects to be stimulating and rewnrding, but I am
particularly impressed with the vision and passion you have brought (o them. As a acientin, | view your
productions ag no less than the culturnl artifacts of our time, depicting the siate of scientific knowledge about
the universe using the best and most appropriate means of expression; computer animation, For weliveina
dynamic, complex, and beautiful universe, and what better way to convey that than with state-of-the-art
computer animation?

Qur collabomative visualization projects have helped me extrect scientific understmnding from unfathomable
piles of supercomputer simulation data. As I reflect on the projecis we have done together, [ see a record of
my own trojectory as g computationa) astrophysicist ag well. | have been driven by the need to see the
predictions of physical theories aboul our universe. This began with our 1987 SIGGRAPH Film and Video
Show entry “Astrophysical Jer", which for me revealed the subile details of two-dimensional fluid dynamics
encoded in the Euler equations. As tho scope, scale, and complexity of my simulations grew, go did our
scientific visualizations. These have been particularly valuable for better understanding the owput of my
cosmological simulations, which are not only three-dimensional and dynamic, but else span a large range of
spatial scales. There are basically no tools for visualizing the results of euch simulations, and therefore the
work we did on “Rwwrway Universe” (on galaxy formation) and “Monster of the Milky Way™ (on the first
gtars) werce particularly insightful.

The techniques you and your Renaissance Team have developed for animating and tmversing multi-scale
data from my cosmological adaptive mesh refinement simulations are highly innovative, and produce the
most artifact-free renderings of the data that 1 am aware of. Your recent animations on the formation of the
Milky Way revealed new details abont hierarchical structure formation not previously appreciated by me or
other scientists regarding the dynamics of gaseous disks. These discoveries, made through scientific
visualization, are motvating 9 Ph. D. thesie project of one of my cutrent gruduate students.

Beside their saientific value, your scientific visualizotions have been a wonderful 100l to inform the public
nbout the universe around them. | personelly have been highly motivated by the fact that our projects will
reach a large andience through film, television, nnd planctarium sky shows. 1 am delighted by the fact that
our visualization of the formation of galaxics has been scen by millions of children and adults in the Big
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Bang Bowl at the Hayden Planetarium, NYC. Qur collaborations have wonderfully realized a goal we share,
which is reaching a larger audieice with our science and art.

Finally, T would like to recognize the importance of the Renaissance Team concepl which you pionecred at
Illinois lo these many years ago, and have nurtured so beaulifully over the years. Yours is the only group [
am aware of that has worked exclusively with computational scienlists over so many yews and in such a
wide array of disciplines. The corpus of your creative work is a testument to the genius of this ide, a5 it has
brought us the best and most beautiful exemplars of scientific communication. ! am thinking here not of my
own work, but the spectacular visualizations of thunderstorm dynamics with Prof. Bob Wilhelmson,

Only a powerful, sustaining vision such as yours could have made this happen despite the challenges of life
and funding. You have realized this vision, and of that you should be very proud. I feel privileged to have
come into the orbit of your vision and experienced the creativity of your Renaissance Team on more than
one occasion. | wish you the best completing your Ph. D. dissertation.

Sincerely yours,

Michael L. Norman

Distinguished Professor of Physics

Director, Laboratory for Compulational Astrophysics
Chief Scientific Officer

San Diego Supercomputer Center

Page 2 of 2
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December 5, 2008

Dear Donna,

I have collaborated with you and your group for more than a decade, starting
when | was on undergmduate astrophysies student working with Professor
Michael Norman at the National Center for Supercomputing Applications. and
continuing through today, where | find mysell an nssistant professor in the
Department of Physics and Astronomy at Michigan State University. My area of
expertise is the use of large-scale simulations of cosmological structure, which
includes the formation and evolution of stars, galaxies, and the web of gaseous
tilements that connects these structures; Over the more than a decade that we
have known each other, we have collaborated on many projects to visualize
simulations of these phenomena, in ways that are useful for both domain experts
{that is, astzophysicisis) and Inypersons alike. You and your research group at the
Notional Center for Supercomputing Applications have been incredibly
innovative in the ways that you visualize my simulations, and have enabled me to
discover new things in my data that 1 would not otherwise have seen were it not
for our collaboration. For example. your visualization of my simulation exploring
the formation of o Milky Way-sized galaxy vastly increased my undersianding of
how "hierarchical structure formation® - that is, the formation of larger galaxics
by the merger and accretion of smaller galaxies - takes place, and clarified that
there are two different fundamental mechanisms by which gataxies acquire their
mass. This increase in my vnderstanding would have taken much longer if not for
your group’s work,

I would also like to comment on your group's visualization of scicntific data sets
as a means of conveying information to non-expert audiences. As a scientist at o
public institution, whose research funding comes from public sources, | feel that 1
have an obligation to explain the meaning and value of my work to the public.
When on¢ is considering a subject as esoteric os astrophysics, which deals with
scales measured in light-years and cons, this can often be an incredibly difficult
task. As a resull, your visualizations of my work (and the work of other
astronomers and astrophysicists) have been an extremely useful way of conveying
meaning. Through our collabomtion. you have created visualizations of my
simulations that manage to convey a tremendous amount of information while
still being true to 1he detailed, technica! meaning of the caleulations. 1 think that
this is due in large part to the "Renaissance team” that you have created at UIUC,
which combines artisis and progremmers in a closely-knit group that encoumges
deep interaction and synergy between people with a diverse range of talents, and
which has resulted in the creation of sophisticated tools that enable you to
visualize dato in unprecedenied ways. These unique visunlizations have been
shown on television and in internationally-known museums, including the Adler
Planctarium in Chicago and the Hayden Planetarium at the American Museum of
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Natural History in New York Cily, and have touched the lives of ‘millions of
people that otherwise never would have been aware of the research done by
myself and other computational scientists, To the best of my knowledge, you and.
your tcam are the only group that works in such close, extended collaborations
with scientists in o broad range of disciplines, which is onc of the many reasons
that you are so well-respected in the scientific outreach community.

In summary, [ think that the work that you and your team at the University of
lllinois are doing is novel, and results (rom your creation of o "Renaissance team”
of aortists and programmers that has cxtended. decp collaborations with
computntional scientists in ‘o range of disciplines. These collaborations have
cnabled mysell and other scientists to explore their data in unique and otherwise-
impossible ways, and allows the presentation of esotcric concepts to the public in
an casily accessible way. | enthusiastically support your receipt of a doctoral
degree, and look forward to seeing the results of our future endeavors together!

Sincerely,

B O e

Dr. Brian W. O'Shea
Professor
Michigan State University
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EXECUTIVE SUMMARY

SUMMATIVE EVALUATION OF BLACK HOLES WITIL ADULTS AND TEENS
MULTIMEDIA RESEARCH, JUNE 16, 2006

With support from the National Science Foundation, Denver Muscum of Nature end Science and
‘Thomas Lucas Productions have produced a planctarium fitm entitled, Black Holes: Tha Other
Side of Infinity. The 20-minute full-motion program uses scientific. simulations and data-based
animations to illustrate the death of stars and the birth and chamcteristics of black holes,

The summative evaluation focused on appeal to and impact on adult and 1een muscum visitors.

Mcthed

A quasi-experitnental separate-sample pretest/postiest design was used to evaluate the film in its

natural theater setting. ‘A random sample of 126 adults and teens completed qlmslionnnircs prior

lo vicwing the film and a different random sample of 142 compleied qucstionnaires after view-
ing. ‘The pre and post viewing groups did not differ significantly on classification variables of

gender, cthnicity, age group, cducation and number of planctarium films éver séen. A small sub-

sct volunicered Lo answer follew-up questions via email one week after their planetarium visit.

Appeat

‘The most positive nspects of tho film according to most (459%) respondents arc the animation,
visuals and gruphics. Another 35% like best the informative quality of the film. Smaller por-
tions of the sample like the clear and mtcr\.‘ilmg ctplun'mons {15%%); the experiential quality
{13%4), narration (926); and celors (8%3). On the other hand, respondents feel the film is too short
(21%6); confusing (1385}, or tacking in infortnation (119%).

Comprehension

Open-cnded response questions reveal that viewing the planetariwn film significantly improves
understanding of what & black holc is and hew scientists know that black holes exist. In addition,
o truc-falsc test indicates that viewers lcam other specifics about black holes; for example, that
btack holes are not dark inside and that our galaxy has o supermassive black hole at its center.

Subsequent Activity
Of viewers contacted via email one week after their visit, 71956 had recommended the film to oth-

ers, 10% had read, scen or heard something in other media that relates to black holes and 325 had
visited a website related 1o black holes.

In conclusion, the summative cvaluation shows that Black Holes: The Other Side of Infinity suc-
cessfully both entertaing and educates adulls and teens.
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INTRODUCTION

With support from the National Scienco Foundation, Denver Museum of Nature and Science and
Thomas Lucas Productions have produced a planetarium flni entitled, Black Holes: The Other
Side of Infinity. The 20-minute full-motion programn uses sciemific simulations and data-bascd
animations to illustrate the death of stars and the birth and chamecteristics of black holes.

The summative evaluation reported here focuses on the following major outcomes:
* To what cxtent and in what ways did the film appeal to viewers?

* To what extent did the film achicve its imtended viewing goals?
« Did viewing the film influence the audience beyond the muscum visit?

METHOD

Research Design

A quasi-cxperimental separate-sample pretest/posttest design was used to cvaluate the film in its
natural theater sciting. Over a period of three days at the Denver Musceum of Nature and Science,
researchers recruited random viewers older than 12 years and stratified by gender. A random
sample completed questionnaires prior to viewing the film and o different random sample was
surveyed afler viewing. A small subsct of the samples volunteered to answer follow-up questions
vin email onc week after seeing the film.  Scvernl chamcteristics of the population and treatment
{i.¢.. the planctarium film) fed to the decision to use this research design.

First, the population to which we wish to gencralize ere self-selected museum visilors whose in-
tenlion i3 Lo view a planctarium film. Locating an cquivalent control group who would nat view
the film is virtually impossible. There are no comparable museum visitors from whom the
reatment (the film) could be withheld, The best control group is o sample of museum visitors
who intend Lo view the [ilm but have not yet dono so.

Secondly, we cannot assume that the scientifically predisposed muscn visitors would be unfa-
miliar with the film contem, thus it is important to include a pretest that estoblishes what the
audicnce knows prior to seeing the film. Pretesting and posttesting the same sample, however, is
not an acceptable progedure, because the pretest given just prior to viewing sensitizes the audi-
ence to the content of the film and affects their posttest results. The separate-sample design
controls for the main and interactive cffects of testing.  Once group is tested prior to seeing the
film and a randomized equivalent group tested after secing the film.

‘Third, mandom sampling is logistically simple in the theater enviroament where the audience
lines up before showtime. Randomization is used to eliminate systematic bias between the pre-
viewing sample and the post-viewing sample. As argued by Campbell and Stanley (1963), "the
most adequate all-purpose assurance of lack of initial biases between groups is randomization®

Multimedia Research T Summative Evaluation
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(p- 25). In this evaluation, because of limited numbers lining up in the preshow area within 15
minutes of showtime, o stratified systematic random sampling procedure is used,. ‘This means
that the first male and first female respondent is selected through the usc of a random' number
between 1 and 5 (using a random-number table) and then every second male and female after
that firut random person is also recruited.

Finally, the drawbacks of this research design, in' genernl, are its failure to control for history,
maturation, mortality and the interaction of these. However, in this specific case, where the film
treatment is-only 25 minutes long and the'audience is captive, thers is little chance of changes in
groups duc to history, maturation, or mortality; thus, these arce non-issucs for this cvaluation.

In conclusion, the separate-sample pretest-postiest design is considered the strongest approach
for evaluating the planctarium film in the natural theater setting with a random sampling of the
population of viewaers.

Proccdure

During a non-holiday period of Friday-Sunday in April, 2006, the sample was recruited from
visitors, 13-and oldsr, as they lined up for the film at the Gates Planctarium, Denver Muscum of
Nature and Science. The recruitment for the previewing sample allemated with recruitment for
the postvicwing sample over the course of 31 shows. Typically excluded from recruitment wero
school groups, single adults accompanicd by children below the ageof fivé and edilts who were
part of a group of five or more. As ticket holders lined up for the show,-a random number de-
termined who was firs1 opproached for recruitment; thereafter every second male and female was
reeruited. All visitors were offered a free IMAX theater ticket in return for completing a pre-
viewing or postviewing questionnaire. ‘Ihe previewing respondents completed the ten-minute
qucstionnaire on clipboards while standing in line. The postviewing sespondents were provided
with colorful Ieis to help identify them in the exiting erowd and completed the fiftcen-minute
questionnaire af tables set up near the exit door.

Qucstionnalres

Prafl questionnaires were twice pilot tested over two weckends with a tota) of 56 adulis and
tcens, assessing readability, length; clarity and feedback on phrasing of truc-false statements.

Demopraphic and Background Variables, Both the pre-viewing and post-viewing questionnaires
established respondents’ status with respect lo five classification variables: gender, age group,
ethnicity, education, number of plangtarium films ever seen.

Film Appenl. Postvicwing respondents rated film appeal on a varicty of descriptors and ex-
pleincd what they liked and did not like about the {ilm and why.

Eilm Kngwledgs, Postvicwing respondents mted the film’s clarity of presentation and influcnee
on knowledge. Both the previewing and postviewing questionnaires included a knowledge test
1o assess understanding of film content: 1wo open-ended questions (as best you can, explain what

Multimedia Research 2 Summative Evaluation
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a black holc is and how scientists know that black holes exist) and ten “true-false-don't know™
guestions, as follows:

Influence of the fitm bevond the miseurp visit, Emaited questions, one weck later, asked

(1) Did you recommend the show to anyone - family, friend, colleague? If so, what did you say
about it?

(2) Since secing the show, have you visited any websites related to black holes?

(3) Since secing the show. have you read, seen or heard anything in OTHER MEDIA that relates
to black holes? '

(4) Have you taken any other actions that relate to seeing the "Black Holes” film?

Sample

Three researchers recruited over a non-holiday period of 1 weekday and 2 weekend days during
9 weekday shows and 22 weekend shows. Weekend respondents represented 83%% of the final
samplc. The total number of usable questionnaires (N=268) included 126 previcwing question-
naires and 142 postviewing questionnaires, Information from demographic and background
questions was vsed to determine whether the two independent samples (pre and post) should be
tooked ot a5 having come from the same population. Chi-square analyses revealed that the pre
and post viewing groups did not differ significantly with respect to the classifications of gender,
cthnicity, age group, cducation, and thc number of planctarium fitms cver seen. The distribution
of the sample on these classification variables is presented in Table 1 on the next page.

The sample, os planned, includes cqual gender distribution, 2195 teen and 24%5 minority repre-
semtation. Colorado’s census statistics indicate 25% minority population and 35%5 in Denver. OF
our adult sample, 5525 are college graduates compared with 3336 in the Colorado population and
35% in Denver. One-fifih of 1he respondents wero secing their first planctarium film, and 299%%
were very experienced viewers, having seen four or more shows,

‘Table 1. Demographic and background variables (N = 268)

Vaniabie Categories Percent
Gender Female b
Ethnieity White ‘e
Minority 24%
Age Group Teens 2i%
Teen: Range =13-19; Meon = 16 Aduhts ™

LAl Range = 2082 Mean= 40 L
Education Cuncntly ingmde 16%
Completed HS o lesa 1%
Some college k4
College gruduate 20%
Number of planctinum shows cver This is my fust show. 21%
scen Ons other show, 18%%
2-3 other chows n%
Four a7 more shows. pat 7]
Multimedia Rescarch S Summntive Evalustion
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= Of'the 213 adult respondents, 121 {57%4) volunteered legible email ad-
dresses for n week-1mer follow-up contact. Volunteers were emailed the following questions: 1.
Did you reconumend the show to anyone - family, friend, colleaguc? If 5o, what did you say
about i1? 2, Since sceing the show, have you visited any websites related to black holes? 3. Since
secing the show, have you read, séen or heard anything in OTHER MEDIA that relates to black
holes?.4. Have you tuken any other actions that relate to sceing the "Black Holes” film?. Of the
121 volunteers, 31 (26%5) responded within two weeks of the email request. This sub-sample is
representative of the full sample’s demographics except that the sub-sample includes 6596 fe-
malcs.

Data Analysls

Chi-square, Fisher's Exact tests and two-sample p-tests are used where appropriate for statistical
analysis. All relationships are analyzed for statistical significance, which is reparted if p values
aro lcss than .05. Variables explored include grade and gender. Qualitativa responses arc sorted
and anafyzed by keyword and key phrase.
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RESULTS: APPEAL

Quantlintive Rotings

Alfker viewing Black Holes: The Other Side of Infinity, respondents rated on a scale of 1 to 7
certain entertainment qualities of the show. Table 2 below presents the mean ratings for the filin
for each pair of descriptions; in the order présented in the quastionnairé.

Respondents were quite positive about the overall entenaiiiment value of the film. There were
no sub-sample rting differcnces for oge group, gender, cthnicity or educational background.
Howover, frequency of exposure to planctarium shows significantly influenced the entings:
Those who had only seen this show and/or onc other planetarium'show gave significantly higher
ratings on all the deseriptors comparad with those who had seen two or more other shows,

Tablc 2. Appeal ratings of film

1 ]2 3 Ja Is (s |7
Disliked the show 6.1 Liked the show
Visually dull 6.4 Visually exciting
Boring story 5.7 Enpaging story
Decreased my curiosity 6.0 Increased my curiosity
Will not reccommend 6.1 Will recommend

What was Liked about Film

In an open-cnded question, viewers were asked what they liked about the Black fiolas: The
Other Side of Infinity and why. Table 3 helow presents the major eategories of what viewers
liked mos, in order of most to least frequently mentioned categories for the sample.

The majority (4520) of respondents focused on graphics, animation or visuals as the most posi-
tive aspect of the video. Another 35%5 liked hest the infermative quality of the film. Smaller
portions of the sample liked that the explanation was clear (15%6), the experieniial quality (13%8),
the narration {925), the colars (824) and the scction on Einstein and space-time (595).
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Table 3. What viewers liked about Black Holes!

Categories 9% - Examples of Responsas
Graphics, Animation, 4545 '+ 1 really liked oll of tho visun! explanations of Super Novas and their biack holes.
Visusls Iam o visual learncr 50 it wos very interesting.

* The grophics wero good.

* The visual effects, very cool to watch.
* The visuals were spectocular.
oo S R ANIMAtiON, prmphics.
Informative 35% "+ Informative on'a difficult subject.
« Makes you think nnd discover new ideas.
. lnfm-rnmmml widened my knowledge of Muky Wiy

Explaration clear, inter. 15% » F.vplnmad o complex issue about a8 well os passible.
esting « Simple explanation of what we were looking at.

* Very interesting.

* Concise presentation,
Experienta] quality’ 13% =1 ltced how it feht like you were there,

» [l made you feeliniv

Narration 9%+ Namation excellent.
D T T T TR T T TR T PP T PP T PR Y ..-.-uu..Gmm“m LLTELLTT
Colors 8% 'Hﬂ.cllwmlmsbccmucl}wy\\mcod
“Einstein Space-Timesec- 5% 1 liked how they campnrcd ittothe \'my Einstein mw o biack hole as o fnbric of
tion gme.
+ Very much liked the visual representation of Einstein's theories | had never
been able to renlly understand the *meat and potetoes' of space-time.
+ The explanation of Einstein's time/space theory. | had not thought abou it in
repards to black holes before.

! Percentages have been rounded off and add up to more than 1007 because viewers listed more than
one category liked.
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What was Not Liked about Film

Table 4 presents categorics of what viewers did not like about Black Holes: The Other Side of
Infinity. Omesfifth of viewers like all of the film; another fifth felt it was too short. Smaller por-
tions of the audience felt confused by the fitm (159%), wanted more information (1195) or dis-
liked part of the physical experience of the plunetarium (1094).

Table 4. What viewers did not like abowt Black Holas?

Categoriss %6  Examples of Responses

Likeditoll 2%

Tooshar T21%V Tt was too short. T ) '
eerenmsiezersns oD PO, et to0 shoxt, nbrupt, especinlly. for the price. |
Confusing 15% » There was not o good definition of o black hole; that is, one | can relate to,

*» Wormhole not clear.

+ 1 got lust eround the time of the wormhole and had o hard time distinguishing
between what wos scientific fact and whot was o hypothesia,
* The pant where they were explaining bending space and where they showed the
picture of Einsicin wmk.imloflnrdwwtdcmwul.-
+ Just secing the lights of black hole didn'y give me o tig picturc. Maybe labels?
- No points o referenes after owr galy.
Sull have questions, ward | 1124+ Wanted o know a bil mare, cold ndd more explanation partly about Binstein's
more information theary and what ccientists think now.
* Could have explained o litle bit meore about Hawaii work.
* Needed more an how black holes ore being studicd
* Not much new information was given. 1 already knew o lotof it
Ending very nbrupt - leaves o lot of questions open.
-ldxdnllﬂ.chowthu':wusno:chsm:mlhecnduflhuho“ Ifeltlike inthe
eszeeengreztessens e cesemsmgren s mesesessenns OIS 2L 61 theory” and o ot i3 91l 1o be proved,
Physical space, expeni- 1% 'Myrh:chdutbuﬁ'an uymslolook\.lpmdh:kmmcuan
aice » My seat,
+ Made me a linile sick fecling:
= Misic was 100 lowd [t mede me jump.

2 Percentages have been rounded off and add up to more than 10095 because viewers listed more than
one category nol liked.
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RESULTS: COMPREIENSION

Quontitative Ratings

After viewing Black Holes: The Cther Side of Infinity, respondents rated onascaleof 119 7
certain content qualities of the show. Table 5 below presems the mean ratings for the fitm for
cach pair of descriptions. Respondents wero modémtely positive about comprehension of the
film content. There were no sub-sample rating differences for age group, gender, clhmcny or
educational background, However, freguency of cXposure to planctarium shoivs significantly
influenced the ratings: Those who had only scen this show and/or onc other planciarium show
gove significantly highcr ratings on béth descriptars compared with those who had scen two or
morc other shows.

Table 5. Comprchension ratings of film
1 (2 [3 Ja Ts Je [7

Confusing presentation 5.6 Clear presentation
Lcamed nothing 5.5 Leamed a lot
Impact on Knowledge

Recall of main content points as presented in Rlack Holas: The Other Side of Infinity was as-
sessed via two open-cnded questions and a 10-point Truc-False-Don't Know test,

What Is a black hole? Panticipants explained as best they could what a black hole is. In order to
assess whether those wha had seen the film gave responses with better accuracy and fewer mis-
conceptions than those who had not experienced the show, answers werc first coded dichoto-
mously according to six contens categories in Table 6 below. Two response examples are given
under each category. The percent of responses in each category is given for the pre-viewing
sample (column 2) and the post-viewing sample (column 3).. Signilicant Fisher ¢xact tests are
indicaled in column 3 for the whole sample and columns 4-9 for sub-samples. Significance
(S1G) means that the frequency of the calegory for previewing and postviewing respondents dif-
fered beyond chance; for examiple, in row 3, column 9, minorities who had viewed the film were
more likely than minoritics who had not seen the film to respond that black holes are a punciure
in space-time.
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Table 6. Response catepories for what o black hole is

1 2 3 4 5 6 7 ] 9
Category for what o bhck hole Is All [ AD | Adult | Teen | Femnle | Male | White | Mi-
Pre | Pod nor|
A star dies, implodes, collapses, goes | 31% | 54%
supemova, remnants of dead str; c.g., SIG | 316 - siG - Si¢ -
End product of a dead stor:

Remnant of supernove; collnpsed core of star.

prd

A puncture, holc or dent in space-time; | 1% | 13%

A hale in space-time. sic| s10 | - sic |sic| sie | sie
A nip in the fabric of space-time...
Immense gravity, cnonmous gravita- 0% [ 25% | - . SIG - - -

tional putl, gravity to the max; o.g.,
QOravity to the max.
A massive foree of gravity that lorces cvery-

thing into d.

Light, matter cannot escape; ¢.g., % | N

Aphace in sxeoe where nothing. not even siG SIG | - - SIG . SIG
light, can eseapo it.

Nothing escapes black holes noteven light

Very dense, malter packed denscly, 16% | 10% | - - - - - -
massive concentration of matter; c.g..

An areo of extremely dense space...
Puoint of incredible density...

>
.
.
'
.
.

Asingulanity, e.g,; 5% | 4%
A singulerity in gpace...
... resulting i en infinitely smnll singularity.

Prior to seeing the film, respondents were most likely to write that black holes arc the result of a
collapsed star (3195). significantly more respondeits {54%) described black holes in this way
after sceing the film. The film also showed a significant influcnce on viewers' likelihood 1o de-
scribe a black hole as a punciure in space-time (195 pre vs. 13% post).

Similar percentages of respandems both betfore and after secing the film described black holes as
having immense gravity, extreme density, and o singularity. After sceing the film, significamly
fewer respondents wrote that light or matter can not cscape a black hole (226 pre vs. 1155 past).

Sub-samples, Afler the planciarium cxperience, females were signilicantly more likely o point
out that biack holes are the result of a dying star, that they puncture space-time and have enor-
mous gravilalional pull. After secing the show, males and minority respondents were signifi-
cantly more likely to write that black holes are a hole in spacc-time and less likely 1o write abowt
light not escaping a black hole.

To explore quantitative differences in understanding of what a black hole is, responses scored
based on their comrectness and number of idcas provided: Correct includes two or more comect
ideas with no inaccuracies (3 points); Mosily correct inclides two correct ideas but may include
additional inaccurate statements (2 pts); Panially correct includes one correct idea but may in-
clude inaccurntc statements (1 p1)
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‘The mean achievement score after seeing the film is 1.2 for the postviewing sample, significantly
higher than the mean score of 0.9 for the previewing sample.? Viewing the planetarium show
significantty increascd understanding of what-a black hole is for the sub-sample of females (pre=
0.4 vs. post ='1.1) but not for 1eens, males or minoritics.

How do sclentists know that black holes exist? Participants explaincd as best they could how
scientists know biack holes cxist. ‘In order to assess whether thosé who had scen the film gave
responses with better accuracy and fewer misconceptions than those who had not experienced
the show, answers were coded dichotomously nccording to categarics in Table 7 below. Eight
catcgorics of varying levels of comrectness were applicd to responsces. Two response examples are
‘given under cach categery. ‘The percent of responses in cach category is given for the pre-
viewing sample (column 2) and the post-vicwing sample (¢olumn 3). Significant Fisher exact
tests arc indicated in column 3 for the whole sample and columns 4-9 for sub-samples. Signifi-
cance (SIG) means that the frequency of the category for previewing and postviewing rospon-
dents differed beyond chance; for example, in row 1, column 6, females who had viewed the film
were more likely than femalés who had not seen the film 1o respond that scientists know black
holes exist because of their effect on motions of stars.

3Two sample | - test, p< 01,
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Table 7. Response categories for how reientists know that a black hole exists

1 1 3 4 5 [ 7 8 9

Cutegory for how sclentists know o black All | All | Adult | Teen | Female | Male | White | Mi-
holes exist Pre | Post norl
EfTect on environment, motions of 4% | 5% | SIG . SIG | SIG | SIG -
stars; ¢.g., SIG
They can sec stars are being thrusted quickly

into orbit around tha center of our galaxy.
By using telescopes they ean see stors orbiting

around the hole.
Gamma rays; c.g- 6% | 14%% | SIG - SIG - SIg .
Qamma roys fram exploding star shoot out.- 50

ond are detected.
They emit gamma radintion,
Usc theory, camputers; ¢.g., P | 2; | SIG - Sig - SIG SIG
They have identified them using Eimtein's sio

theories.
Throuph simulations.
Supcmovee; o.g., 1% | 6% - - . - S1G -
They know they exist by satching for stnrs SI19

that go supemaova.
Becmese they have recorded/seen whin the

super novas happen.
Uso telescopes, satellites; 2d% (3% - - . - . SIG
From powerful telescopes.
They know beemusc of the SWIET tel
Light bending, c.g.; N% 4% | - |86 | - [s6 | - .
The bending of light townrd o black hole. sig
They watch light from stars bend or dissppear

through space.
Light, objccts fall in; c.g, 10t | 24 | SIG - SIG - . -
From inference anly. Obscrving actions of SIG

materiels moving into ths event horizon,
Things arc pulled imo it.
Effects of gravity; e.g.. 6% | 4% - . - . R N
Qruvitational foree.
By gravitntional patll of the meas around the

black hole,

Prior to seeing the film, respondents were mast likely 1o write that scientists know that black
holes exist through their use of telescopes or satellites (2420). This rclatively non-specific an-
swer remained popular after secing the film (3296) but the difference in frequencies is not sig-
nificant,

The film emphasized tho work of Andrea Ghez measuring the accelcration of stars around a pos-
sible black hule. Afler secing the film, audicnce members were significantlly more likely to write
that scientists know that btack holes exist through their ¢ffect on motions of stars (299%), Sig-
nificantly fewer (4%5) participants suggested this possibility prior to viewing the show.
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The roles played by Einstein’s theory and computer simulations in knowing that black holes exist
was identified by significantly more respondents after secing the film (27%%) than prior to sceing
the film (9%%).

That gamma ray= arc indicative of the existence of black holes was noted by 1494 of those who
had scen the film, significantly mor than by thoso who had not yst seen the show (6%6).

Small portions of those waiting in line to see the film provided answers that reflect misconcep-
tions such as scientists know black holes exist becausé they sce light bcndmg around n black hole
(1 l%) or sec llghl and/or objects fulling into a black hole (10%). ARerv wwmg the filin, fro-
quéncics of responses in both of these culegorics decreased significdntly (4%%, 2%5; réspectively),

Sub-samples. After the planetarium experience, females were significantly more likely to say
that gcientists kiow that black holes exist because of the motions of surrounding stars, the detece
tion of gamma rays, and the use of theory and computers. Thoy were significantly less tikely to
think that scientists sce light or objécts falling into black holes. After sceing the show, males
were significantly more likely o write that scientists know that black holes exist because of the
motions of surrounding stars and Jess likely to write about light bending as an indicator of a
black hole. Minorities who saw the show were significantly more likely than non-viewers to
note Lthat scientists use telescopes or satellites to detect black holes and use Einstein’s theories
and computer simulations.

To cxplorc quantitative differences in understanding of the previewing sample and the post-
viewing sample, responses were given points based on their level of cormeetness: effect on envi-
remnent (4 poinis), spectra/gamma rays (3 pts); theory/computers (2 pis); telescopesfsatellites (2
pis); supemovae (2 pis); light bending (1 pt); light/objects falling in (t pt); gravity (1 pt). The
mcan achievement score after secing the film is 2.9 for tho whole sample, significamly higher
than the mean score of 1.2 prior to secing the film.d All sub-samples scorcd significantly higher
on post-viewing responses than on pre-viewing responses. Viewing the planctarium show sig-
nificantly increased everyone’s understanding of how scientists know black holcs exist.

1 Two sample § - test, p < .0001.
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True-False Test. In the True-False-Don’t Know test, "Don't Know” was provided as a possible
answer but was scored os "incorrect.” Figure 1 compares the distribution of test scores for the
previewing and postviewing samples, showing a positively skewed distribution for the posttest
5COrCE.

Figure I. Distribution of Test Scores for Pre- and Post-viewing Samples
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The mean achievement score for the postviewing group is 7.1, significantly higher than the mcan
score of 4.4 for the previewing group. All postviewing sub-samples scored significantly higher
than their equivalent previewing sub-samples (see Table 6 of sub-sample means below):

Table 6, Mean T/F scores for sub-samples

Pre | Post Pre | Post Pre | Post
Adult|43]17.2 | Male 52|75 | White 4.5]73
Teen | 4.6 1 6.7 | Female | 3.6 | 6.8 | Minority | 4.1 | 6.7

Males scored significantly higher than females on the pretest (5.2 vs. 3.6) and the posttest (7.5
vi. 6.8), but no other pre or posttest differences occurred for gender, age, education, ethnicity
and frequency of viewing planetarium films.
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Figure 2 provides a more detailed presentatian for individual test items. Significantly. more film
viewers chose correct mpon..es compared 10 non-viewers for cvcry slatement but one ('black
holes arc passageways 10 other universes®).? Seven of the 10 stataments were answered correctly

by 75% or more of the postvicwing audicnce.

Figure 2: Percenl comrect responses for each true-false statement before and after viewing film
[ Pro% Comect{n = 126)
[0 : Pest % Corretd (n = 142)
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3 The section of the film covering the content of the T/F statement “Black holes arc passageways to othes eaiverses”™
was aleo identified an confasing for viewers in the formative ovaluation focus gronp stdy, Oct. $, 2003, by Foous
Cuest Market Resenrch,
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RESULTS: SUBSEQUENT ACTIVITY

Of 121 adult participants who volumeered their email addresscs for fusther contact, 31 (26%6)
responded within two weeks of being comacted. Of this sub-sample, almost three-quarters rec-
ommended the film to others and dnc-quarter noted taking other actions related to the film -
most frequenty including the topic in conversations, Few had visited a website related to black
holes or had read, scen or heard something in other media that relates to the topic,

* 71% of respondents recommended 1he film 10 others:

1 elways reeanmend people go to the planctarium. [ am o huge fan... my ded founded Custom Microwave, and the
company warks with NASA, Ball, JPL, 5o it's been o pant of my life.

1 did recommend it to severnl people fom my work, and fricnds. ' [ told them how fascinating it was to ke some
different theories that ecicntins have developed, and what we know about the earth and black holes.

| enjoyed the show very much and recommended it to my friends. They nre majoring in ghysics ot the locol univer-
sity end thought they might find it interesting.

I have spoken to severa! people sbout secing the Black Hole show and recommended o ono adult with 3 chiliren os
worthwhile to sco.

1 recommended it to o friend who was scading o bio on Einstein. | snid he'd like the movie becsuso it put it into good
visual perspective.

I recommended it to my adult children. I told them that it was bemrifully done; of grent interest; vast subjent.

| recommended it to my co-workers. It wos 0 good "movice® to see, it is something different for the kids to see other
than the usual Disney mavies

T was withmy 30 year old son when [ saw the show, We islked briefly shout it We both like it but we both [clt we
were left with a fecling that we s1ill had questions. |

Recommended it to friends, mentioned that the screen wis big and the film was educational

Recomm erided to cotlengues, said it wes b good way 10 get brond perspective on BHs, and tham my children liked it

Said thm it was on interesting vicwpoint and well put together, the images wese mnazing.

To friends | told them it would enthanoe their knowledge and interes in black holes

We talked to 2 people about it and said it was very colorful. We enjoy the '60 minute in spece’ lectures. By can-
trost, the BH film contains much less information than do the lectures, 5o we did not recommend it based on that
eniterion.

1 mentioned 1o severol frends that | had scen 8 coo! show at the IMAX on black holes, | discussed the show with the
friend I viewed it with. Wonderful visun! effects, but show lefl me gill hungry for more infermation, more depth,
move details.

Yes and we thought it was very good and informative!

I told the people in my immediste office that it was good and they should go see it,

1 snid it was very informative on Black Holes,

| said it was very interesting,

I was in Denver for o (riend's wedding, gave my extra ticket fof an IMAN tohim, We recommended sceing BH to
him and his wifc.

My colleagues m work.

1 did recommend the movic to a friend.

I reammended it to my sister, her husband, end our neighber.

%+ Since sceing the show, 326 had visited a website related 10 black holes - respondent printed
the film viewing schedule for friends to sce the film.

2 Sinco sceing the show, 1085 had read, seen or heard something in OTHER MEDIA that re-
lates to black holes. Two respondents were reading Brian Greene's “The Elegant Universe,”
and onc respondent watched a related show on the Science channel.
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< Since secing the show, 26%6 noted other actions that relate to secing the "Black Holes” film:

Had o comvérsation with my boyfriend, whe knows o lot more than mé about science, about the film; binck holes and
the implicaticns of other space phenomenon. The topic has came up severnl times since.

1 sourded very smart at o party recenly when § explained that thero was a super giam biack holo at the center of the
galaxy. Then we gat into the idea of wormholes and Smce Odysecy...

I talked to my brother about i, who is o rocket scientist.

Ive thought about the film and astranamy more in general. Pve olso noticed I vefer to the black holes in my canver.
sation, es metaphors or similes. Just laat night 1 was explaining how Argentine tinge sucked me inas if it were o
blazk hole.

1 have decided 1 will try tosce the anc adventised shout the Search for other Life.

Just added intetest the next time | see an article thay would retae.

We actually are planning on taking time a1 the library because those we went with seem to be enthmlled to discover
cven more,

[ homeschoo! my kinderganener end we are doing o unit about space and black holes, so we have books end movies
on the subject. My san is enpecially interested in black hales, 30 we nge cugvently loaking for pictures or simu-
Inted picnres of them to make
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Introduction

Monster of the Milky Way is o one-hour NOVA program designed to stimulate interest and inform the
public about the history, science,-and future of black holes as a cosmic force. Produced by Thomas
Lucas Productions, the program targets general prime time and PBS adult viewers as well as secondary
school audicnces. ‘The project also includes a number of ancillary educational resources, including o
website and educational materials designed to oxtend and deepen'the NOVA viewing experience.

Approximately six months after the broadeast premicre of AMonster of the Milky Way, Knight- Williams
Research Commumications, an independent evaluation [irm, conducted a summalive cvoluation to
assess the extent to which the NOVA television program and project website accamplishied the informal
science education goals described in the proposal to The National Science Foundation (NSF). The
evaluation examincd the cxtent to which the Monster of the Milky Way televisian program!;

¢ Provided odults and high school youth (ages 15-18) with an overall appealing, engaging, clear
andd eomprehensible viewing experience.

* Increased their understanding of what black holes are, how black holes forin, how black holes
may afTeci the matter surrounding them, and the role of black holes in the universe.

* Increased their appreciation of the nature of the event horizon that surrounds black holes—that
nothing within the horizon. including light, can escape its gravity.

* Increased their awarencss that onc of the most destructive objects in the universc—a super
massive black hole-—cxists at the center of our own galaxy.

+ Increased their awareness of the current methods astronomers use to research black holes.

s Incrensed their interest in and curiosily about black holes and led them to think nbout black
holes in o new way.

s Subscquently motivated them to think about or further explore topics featured in the program,

The evatuation assessed impac1 by mndomly assigning o planned sample of adult and youth
participants to cither a control (non-viewing) group that anly complcted project quesiionnaires or a
vicwing group that watched the program and completed questionnaires. The evaluation then
compared the results of assessments completed by both the viewing and control groups at the
beginning and end of the evaluation period.

The evaluation also explored the added valuc of 1the website, as an ancillary educational resource
designed to deepen and supplement viewers™ leaming from the television program, focusing on the
overall appeal, usability, and leaming value of the site.

! Goals arc adapted from those stated about the NOVA program on the project website

2 Kongh-Wikize s Reac arch Communications
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Method

Evaluation degign and recruiting

Knight-Williams recruited a planned sample of high school youth as well as adult PBS and general
primetime viewers from diverse nural, urban, and suburban arcas of the country, with the additional
goal of including equal gender representation and approximately 30%% minoritics. Recruiting
occurred through the assistance of evaluation associates with direct access 10 potential viewers with
the appropriate larget sudience demographics and viewing habits, All adull participants were
screened for a minimal level of familiarity and interest in PBS and science/nature programming
while youth were screencd lor enrollment in grades 10-12, Professional scientists, science teachers,
and those with previous exposure to Monster of the Milky Way were not cligible to participate.

Procedure

As noted in the introduction, the evoluation used an experimental pretest/posttest cantrol group
design to essess educational impact. Evaluators randomly assigned participants to two groups
(viewing vs. control) stratified by gender and age 1o achicve o balanced distribution.  Although o
totn) of 2] participants were originally recruited for the cvaluation, o total of 180 participants
completed both pretest and positest questionnaires within the timeframe allotted for the evaluation,
reflecting a response rate of 86%%. This total included 101 participants in the viewing group and 79
participants in the control group. Reasons offered for non-completion involved inability to mect the
project deadline duc to unexpected travel, sickness, or work/school conflicts.

The evaluation procedure worked as follows:

Viawing group: A total of 101 panticipants viewed Monster of the Milky Way a1 home
during o timcframe that generally reflected the original broadeast time (weekday
cvening). One weck prier t vicwing the program, participants in this group
completed a pro-viewing guestionmaire. This group also completed a post-viewing
questionnaire immediately after viewing the program.

Aller completing the post-viewing questionnaire, participants were then askad to
freely explore the project website over the course of a two-weck period. Viewers
were then contacted to complele a follow-up survey that explored the extended
influences of the TV program and their experiences at the website. A tota] of 96
viewers completed this supplemental evaluation in time for inclusion in the report.

Non-axposure conrrol group. A totnl of 79 panicipants served in a “non-exposure™
control group which neither watched the NOVA program nor visited the projest
website. Panticipants in this group were only asked 1o complete questionnaires at the
beginning and end of the evaluation period in accordance with the Viewing group
schedule.

‘The evaluntion then compared the results of the Viewing and Control groups as outlined

under Analyses. To case the burden of the evaluator’s requests, participants were provided
with honorariums for successfilly completing all of the evaluation activitics on schedule.
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Questionnaires
The project questiomaires (“pretesl,” “postiest,” and follow-up survey for viewers) were
administered online and contained nmultiple question sets.

The pretest asked all evaluation participants abowt their:

» Dcmiographic and other background information including: gender, age, race/ethnicity,
educational background, occupational status, television viewing hobits, and interest in and
knowledge of astronomy and black holes.

+ Knowledge of the content addressed in Aonster of the Milky Way relating to black holes (as
specificd on page 1) in the form of truc/false, multiple choice, and open-ended quesiions.
Asscssment items wero developed in collaboration with the project director and afier
reviewing the program script to ensure consistency in language. Assessment items were pilot
tested with 10 adults and youth fitting the target audicnce profile for readability,
comprehension, and case of completion. Items were randomly presented throughout the
assessment rather than presented according to content arca,

Cn the posttest, panticipants in the control and viewing groups were again asked about the questions
listed under the preceding bullet point. Viewers were additionally asked about the following issucs
rclating 1o the program:

*  With whom they watched the Afonster of the Milky Way program and whether and how their
viewing was disrupted.

¢ The extent 1o which they: liked or disliked the programming; perceived the content us boring
or interesting; found the presentation visually dull or exciling; found the storytelling boring
or cngaging, found the presentation clear or confusing; and fcll the programming had too
much or too littte information, toe much or too litile science. and too much or too littlc
explanation of scientific principles.

» What they liked and disliked about the progrem.

» How much they felt they leamed from Afonster of the Milky IVay and what they felt were the
most interesting things they leamed.

»  Whether and how they felt the program caused them to think about black holes in a new or
different way.

e Wheiher they expected they would recommend the program to others.

» How successful they felt the programming was in communicating: what black holes are; how
black holes form; that black holes shape the universe around them in important ways; the
different methods astronomers can use 1o research black holes; how scientists are proving
that a super massive black hole exists a1 the center of our galaxy; that cur black hole is a
ticking time bomb - it"s calm now but explosive down the line: and the dilferent carcer
opportunitics that exist in astronomy and science.

+  Whether the program increased or decreased their interest in black holes, the methods
scientists use 1o study black holes, scicnce in general, and science related carcers (youth
only).

o Whether they felt they leamed anything new about scientists from waiching Monsier of the
Milky Way and perceived that the scientists were good role models for youth (youth only).

The follow-up viewer questionnaire focused on:

» ‘The longer-term appeal and perceived value of the NOVA program.
+ The natwre and scope of viewers™ thouglhts and conversations about black holes with family,
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friends, and co-workers.

¢ What viewers did nt the website, what they liked and disliked about the website, what they
lcamed, and whether their experiences motivated them to take additional actions to leam
moro about topics featured in the program.

Analyses

Stntistical analyses were conducted on all quantitative data generated from the evaluation to
examine the impact of the program and relationships with the demographic and background
variables measured. Demographic and background variables included: gender (female v3. male),
aga (youth 15-18 vs. adults 19 and above), frequency of watching PBS (daily ar weckly vs. monthly
or less than monthly), frequency of watching scicnee/nature shows (daily or weckly vs. monthly or
less than monthly), overall interest in astronomy (litile or no interest vs. moderate or a lot of
interest) and knowledge of astronomy (little or no knowledge vs. moderate or a lot of knowledge).
QUiven the relatively small number of purticipants in the meiol/ethnic groups represented, results
related to this demographic factor were not cxplored.

To explore for possible significant differences between and within groups the analyses used Chi-
square and t-tests as appropriate. 2 Statistically significant findings (hereafler referred to as
“significant™) a1 p £ .05 are reported in the text. To help determined whether a significant difference
was a dilference of practical concemn, cffect sizes were also computed using Cohen’s  measured.
As noted by Tahlheimer and Cook (2002) “whereas statistical tests of significance tell us the
likelihood that experimental results differ from chance axpeciations, effect-size measurements tefl
us the relativa magnitude of the experiment treatment, They tell us the size of the axperimental
effect.” 1 Effect sizes for the significamt differences between groups are reported in the 1ext where
appropriate. Following Cohen's interpretation (Cohen, 1992),3 .2 is indicative of a small effect, .S a
medium cffect, and .8 a large cflecl

_ Content analyses were performed on the qualitative datn generated in the open-cnded questions on
the pretests, posttests, and follow-up viewer questionnaire. All analyses were conducted by twao
independent coders. Any differences that emerged in coding were resolved with the axsistance of n
third coder.

2 When examining subgroups with two categonics, Lovone's test was used to determine whether 2-tample t-
tests or Pooled i1-tests were appropriato for testing the means of the measured variables.

3 dis defined as the differcnce beiween the 2 means divided by the pooled standard deviation for those
means.

4 Thalhieimer, W. and Cook. S. (2002). How (o calculate effect sizes from published rescarch: A simplified
mecthodology., iVork-leaming Research, p. 2.

5 Cohen, J. (1992). A Power Primer. Paychological Bulletin, 112 (1), 155-159.
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Sample demographic and background information

A total of 101 viewing and 79 control group participants completed questionnaires that
subscquently formed the basis for this evaluation report.  Chi-square analyses showed that the
viewing and control groups did not differ significantly with respect to the demographic or
background variables measured in the evaluation, including: gender, age group, race, cthnicity,
occupation, educalion, frequency of vicwing PBS, frequency of viewing NOVA, frequency of
viewing science/nature shows, or perecived interest in and knowledge of astronomy.

The viewer portion of the sample included:

e About the same percentage of females (49%5) and males {519%).

* A wide mnge of ages, spanning 15-67 years, with an overall mean age of 29.

s About the same percentage of adults (53%) ages 18 and ¢lder and youth participants (47%6)
ages 18 and under.

s A racial disiribution comprising 7296 Whites and 2826 minoritics, including: 5% African-
American/Black, 5% Asian, 2% Native Hawaiian or Pacific Islander, 196 Native American
Indian/Alaskan Native, and 1736 mixed-mace viewers: One-sixth (15%%) of the group reported
that they were of Hispanic origin.

A comparable pereentage of employed individuals (42%5) and students (4795).

A combination of regular and sometime viewers of PBS progrums, with 4035 reporting they
watched PBS cither daily or weekly, 1936 reporting they wotched monthly, and 4293
reporting they watch fess than monthly,

+ A combination of regular and sometime viewers of science/nature programs, with 36%
reporting they watched such programs cither daily or weekly, 35%2 reporting they watched
monthly, and 3095 reporting they watched monthly or less than monthly.

* A combination of regular and sometime viewers of NOVA, with 42% reporting they watched
such programs cither regularly or occasionally, 35% reporting they watched scldom, and
22% reporting they never walched NOV AL

+ A combination of individuals interested in astronomy, with morc than half (539%6) saying they
were moderately or very interested in this subject, 2196 reporting some interest, and 272
reporting little or no intercst.

« A combination of individuals reporting they knew a little or nothing abowt astronomy (6295),
while 24%6 reported some knowledge of the subject, and 15%% reported they had a moderate
amount or & lot of knowledge about the subject.

e A very high percentage of individuals (97%%) who said they had heard of black holes before,
yct a somewhat smaller percentage of individuals who belicved that black holes are real
(759%4) versus only in science fiction (259%).

* A combination of individuals who said they knew littlz or nothing about black holes (66%%),
with 2295 reporting they had some knowledge about black holes, and 1225 reporting a
moderate amount or a lot of knowledge.

6 Although a tota) of 210 participants were initially recruiled for the evaluation, 30 participants did not
camplety the cvaluation requiremunts on schedule and were excluded from the snalysis. Reasons reported for
lack of complction included sickness, unexpected travel, or work/school conflicts thai precluded participants
from completing the evalvation requirements on time.
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Findings

Part 1: The Viewing Context:
With whom viewers watched Monster of the Milky Way
and whether their viewing was disrupted

‘The evaluation genernlly found that the majority of viewers watched the program alene, and without
disruption. Most also said that they didn't watch the program when it aired in October because they
didn’t know about it More specifically:

2 The majority of viewers (67%) watched the NOVA program alone, Just over one-sixth
(17®5) said they watched the program with a friend while smaller percemages repened
watching with a spouse/partner (820), child (596), or some combination of spouse/partner,
friends, or children (3%5).

= Whilc nearly three-quarters (72%) satd they watched the progrom without disruption,
the remaining viewers caperienced some disruption that briefly interrupted their viewing
experience. The most frequenily mentioned disruptions were: answered phone or door (9%3) or
bricily fell aslecp/zoned out (6%5). Other disruptions mentioned by individual viewers {13%%)
included one of the following: made snack, tended to family member, was distracted by dog
barking, or had to fix DVD pausing on graphics.

¥ When asked why they didn't watch the Monster of the Milky Wap program when it olred
on PBS during Octaber, more than four-fifths (86%) of the group said they didn’t know
about the program. Just a few viewers (5%6) said they knew nbout it but were unable to watch
at the time it aired, and one viewer {1%5) said the subjcct matter didn™ appeal.

Part 2: Viewers’ assessment of the averall
appeal and entertainment valuc of Monster of the Milky Way

"The program was very well received by the adult and youth audience of viewers randomly assigned
to watch the Monster of the Milky Way. These viewers generally liked the program, found the
content and storytelling interesting, and agreed that the program was visually exciting, They were
also comsistently able to aniculate various things they liked about the program and felt they were
likely to recommend the program to others. More specificatly:

& Viewers generally reported they lked the progrum. When asked to ratc how they much
they liked or disliked the program using n scale of 1 (disliked overall) to 7 (liked overall) the
mean mting for the vicwing group as a whele was 5.8. Adults rated their liking of the program
significantly higher than did youth and more frequent viewers of PBS rated their liking of the
program significantly higher than did less frequent viewers.
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S When asked 1o discuss what they most liked about the program, four major themes
emerged across viewers® responses, with the largest group of viewers (39%) applauding
the progiam’s use of visuals, and in particular the use of grophics, animation, nnd
photography. Viewers described these visual elements as dramatic, outstanding, amazing,
and/or begutiful, with many further noting that they helped them understand the subject
matter of black holes. One-third (33%6) of the viewers, meanwhile, said they liked leaming
new information about black holes, especially relating to what they are, how they form, how
they work, and/or how scientists study them. Ona-filth (2123) proised some aspeet of the
program's story-telling approach, and in particular its usc of druma, mystery, analogies, humor,
and/or i1s clear and casy-to-follow explanations. Finally, a somewhat smaller percentage of
viewers (17%6) said they enjoyed the scienlists featured in the program, describing them as
knowledgeable, enthusiastic, engaging, personable and/or ns effective contmunicators.

S When asked to describe what, if anything, they disliked about Monster of the Milky Way
no one Issue stood out as o major problam for the majority of the group. The most
common complaint was mentioned by one-quarter (25%5) of the vicwers and involved their
desire for additional explanation or information where scientific concepts seemed hard to
understand, confusing, or less frequently, contradictary or over-reaching, Other dislikes were
mentioned by less than ene-sixth of the viewers and focused on something relating to the:
featured scientists (13%0), visuals (823), viewers® perception that the narration or scientists
sometimes repeated or over-explained information (824), the characterization of black holes as
“monsters” (3%6) or viewers’ uneasiness abow the dangers tha black holes pose (3%6). Other
individual viewers cach expressed the view that the program was too short or tha the editing
was somewhat choppy, edgy, er MTV like. Ncarly one-third (30%6) of the viewers indicated
there wasn 't anything they disliked, with many instead adding genernl praise for the program.

¥ Viewers genernlly agreed that Monster of the Milky Way provided interesting content.
When asked to rate how imeresting they found the content using a scale of 1 (boring)to 7
(interesting), the mean rating for the viewing group as a whole was 5.9. There were a few
subgroup differences for this item, however. Iirst, adults rated their interest in the program
content significanily higher than did youth. Second, viewers who rated themselves as more
knowicdgeahblc about astronomy rated their interest significantly higher than did those who
rated themselves as less knowledgeable. And finally, more frequent viewers of PBS rated their
interest in the program content significantly higher than did less frequent viewers. Among the
viewers who commented on the appeal of the content, most enthusiastically commented that
they found the subject maiter on the order of fascinating or mesmerizing.

2 Viewers generally agrecd that the program presented engaging storytelling. When nsked
10 rote the program’s starytelling on a scale of | (boring) to 7 {(engaging). the mean rating for
the viewing group as a whole was 5.4. A couple of subgroup ditterences were found for this
item in that adults micd the storytelling significantly higher than did youth and more frequent
vicwers of PBS mted the storytelting significantly higher than did less frequent viewers.
Among the many adults and vouth who chese to comment on the program’s storytelling
approach, the majority offered positive remarks. Some characterized the presentation as
interesting or entertaining, while others appreciated that the scientific information was
accessible or that the scientists were engaging. Meanwhile, a few adults and youth took issue
with some aspect of the program's storyiclling. ‘The aduits in this case described the metaphors
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as overusced, the cditing as chappy in places, or the music as cheesy or too geared to a younger
crowd. Youth meanwhile described the presentation as ocecasionally dull, repetitive, too leng,
or featuring scientists with dull voices.

S Viewers genernlly agreed that the progrmm was visually exclilng. When asked 10 rute the
program’'s visual excitement on a scale of 1(visually dull) to 7 (visually exciting), the mean
rating for the viewing group as a whole was 6.0. As with the rating for storytelling, aduhs rated
the program's visual excitememt gignificantly higher than did youth and frequent viewers of
PBS rted the visuals significantly higher than did less frequent viewers. Morcover, viewers
who mied themselves as more knowledgeable about astronomy rated the visunls significantly
higher than did thoso who rated themscelves as less knowledgeable. In their explanations of their
ratings, scveral adults and youths praised the program’s visual qualitics, most often noting that
they were appealing. beautiful, eye-catching or helped them to understand the subject matter
presented. Just a few viewers, all adulis, pointed 1o something about the program’s visuals that
they distiked, most often focusing on graphics or clips being overused, confusing, or relatively
unappealing conipared to those featured in previous progrmmming viewed.

9 Viewers agreed thot the progrom was worthy of recommendation. When asked to rate
their likelihood of recommending the program using a scale of 1 (would not recommend) to 7
{would recommend), the mean rating for the viewing group as a whole was 5.9. There was one
subgroup difference found for this item whercin adults indicated they were significantly more
likely to recomntend the program than did youth.

Part 3. Viewers' assessment of Monster of the Milky Way's clarity, density of
information, science, and science explanations, and success
in presenting seven themes about black holes

Viewers gencrally concurred that the program was clear, and struck the right balance in terms of the
amount of information, science, and scientific explanations provided. Vicwers also generally felt
that the program was successful in communicating the seven informal science education themes
asked about in the evaluation. More specificalty:

S Viewers genernlly ngreed that the progrmm offered a pretty cear presentation. When
asked to rate how clear or confusing they found the program using a scale of 1 (confusing) to 7
{clcar), the mean rating for the vicwing group as a whole was $.6. Four subgroup differences
were found for this item as lotlows. First, adults rated the program’s clarity significamly
higher than did youth, Second, more regular viewers of science/nature programs rated the
program’s clarity significanily higher than did less frequent viewers. Third, viewers who rated
themselves as more knowledgeable about astronomy rated the clarity significantly higher than
did those who rated themselves ns less knowledgeable. And finally, more frequent viewers of
PBS rated the clarity significantly higher than did less frequent PBS viewoers.

9 Vicwers also generolly felt that the amount of information presented in the program was
nbout right. When asked to rate the amoun of information on a scale of 1 (too litile) to 7 (too
much), the mean rating for the viewing group as a whale was 4.3, One subgroup dillerence
was found for this item as viewers who rnted themselves as less interested in astronomy rated
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the amount of information significantly higher than did those who rated themselves ns more
interested in the subject. Most of tho adults and youths who commented on their information
density ratings indicated they fel the balance was gencrally abowt right for them. Several of
their commems focused on the value of the supporting visuals presented. A few viewers
meanwhile, all adults, said they would have preferred even more depth 1o the amount of
information presented in the program. Just a few viewers suggested the level or amount of
information was toe high, noting lack of prior fumiliarity with black holes or astronomy in
general.

Viewers generally ngreed that the amount of sclence was about right. When asked 10 rate
the amount of information on a scale of 1 (too littlz) to 7 (too much), the mean rating for the
viewing group as a whole was 4.3. One subgroup difference was found for this item s youth
ruted the amount of science significantly higher than did ndulis.

Viewers generally further agreed that the program offered just enough explanation of
scientific principles, When asked to mitc the explanations on a scale of 1 (100 litile) to 7 (too
much), the mean rating for the viewing group as a whole was 4.0. There were no subgroup
differences for this item. Most who commented on their rating reiterated that they found the
program clear or casy to follow. Some viewers however, particularly youth, felt there were
some concepts they would have liked to see explained in greater detail, such as: the use of x-
rays, what Einstein thought about black holes, basic concepts in astronomy and physics, and the
mcaning of terms like ‘cosmos.”

Viewers rated the propmm as successful In presenting seven different black hole and
astronomy science themes, although some themes reccived higher mean ratings than
others. Using a scale of 1 (not at all successful) to 7 (extremely successful):

®  Viewers generally rated the progmm as very successful in presenting what black
holes are (mean rmating, 6.0). Two subgroup differences were found for this item. First,
adults rated the program's success in presenting what black holes are significantly higher
than did youth. Sccond, viewers who rated themselves os more interested in astronomy
rated the program’s suceess in presenting this topic significantly higher than did those
who rated themselves as less interesied in this subject.

®  Viewers generally rated the program as moderately to very successful in presenting
how black hules form (mean rallng, 58).  One subgroup dilTerence was found in this
vase, as adults mied the program’s success in presenting this topic significantly higher
than did youth,

® Viewers also rated the program us moderately to very successful in presenting that
black heles shape the unlverse around them [n important ways (mean rating, 5.8)
Here again, adults rated the program’s success in presenting this topic significantly higher
than did youth.

® Viewers also rated the program s moderately to very successful In proving that a
super massive black hole exists at the center of our galaxy (mean rating, 56). Once
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ngain, adults rted the program’s success in presenting this topic significantly higher than
did youth. None of the viewers chose to explain their ruting of this theme.

Viewers again roted the program as mederately to very successful In presenting the
different methods astronomers can use to rescarch black holes (meon rating, 5.5)
Adults again rated the program’s success in presenting this topic significanily higher than
did youth. Also, viewers who rated themselves as more knowledgeable about astronomy
rated the program's success in presenting this topic significantly higher than did those
who rated themselves as less knowledgeable.

Viewers generally felt the program was moderntely successful In showing that our
black hole Is u ticking time bomb — it’s calm now but explosive down the line (menn
rating, 5.0). Here again. adults rated the program’s success in presenting this topic
signiftcantly higher than did youth.

FInally, viewers felt the program was sonewhat successful In presenting the different
carecr opportunitles that cxlst in astronamy and selence (mean rating, 3.9). In
contrast to the age-group findings reported for the previous themes, however, in this case,
youth rated the progmm’s success significantly higher than did adulis. Among the several
adults to comment on their ratings, most noted that they didn't recall this focus in the
program, although e few acknowledged that the program did demonstrate or showease
scientists’ talents and methods of work, or noted the program’s inclusion of female
scientists.

Part 4. Vicwers' learning from Monster of the Milky Way

To understand the lcaming value of Adonster of tho Ailky Way, viewers were asked to: ratc how
much they fclt they leamed from the program, rate it’s effcct on their level of curiosity, deseribe the
most interesting things they leamed from the program, describe whether and how the program
causcd them to think about black holes in a new or different way, and describe what they leamed
about scientists from the program. Additionally, to estimate viewers’ understanding of black holes
ard other scicnce content presented in the program, participants in both the viewing and control
groups were each asked to complete a combination of true-false and multiple choice items about
specific themes presented in the program {described in the report). The results from the above sct of
assessments are summarized below.

D Vicwers felt the program had high learning value for them personally. When asked to rate

how nuch they felt they learned from Afenster of the Milky Way on a scale of 1 (leamed
nothing) to 7 (learned a lot) the mican rating for the viewing group was 6.0. No subgroup
differences were found for this item. Several youth and a few adults commented on their ratings
of the program’s leaming value, gencrally noting that the program: answered questions they
had abow astronomy, taught them aboul topics with which they were previously unfamiliar,
increased their interest in black holes, and/or led them to think funther abowt research on black
holea.
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2 Viewers also felt the program generally increased their curiosity. Again using a scale of |
(decreased curiosity) to 7 (increased curiosity), the mean rating for the viewing proup was 3.7,
One subgroup difference was found for this item as adults felt the program’s cfTect on their
curiosity was significantly higher than did youth.

S Viewers generntly felt that the program increased rather than decrensed their Interest in
learning more about: black holes, sclentlfic methods to study black heles, and sclence Iin
general. Using scales of 1 (decreased strongly) to 7 {increased strongly) the topic of “black
holes™ received the highest mean rating (5.9), followed by the “methods scicntists use to study
black holes™ and “science in general” (both at 5.4). Several subgroup differences were found
as follows:

¥ Imterest jn black holes; Adults rated their interest in leaming about black holes
significantly higher than did youth,

¥ Interest in methods: Adults rated their interest in Jeaming about the methods scienlists use
lo study black holes significantly higher than did youth. Viewens who rated themselves as
more inlercsted in astrononry rated their interest in leaming about this topic significantly
higher than did thosc who rated themsclves as less interested in astronomy.

¥ Interest in seience; Adults rated their interest in learning about scienee significontly higher
than did youth. Also, mere frequent viewers of science/nature programs rated their
interest in leaming abowt seience significanly higher than did less frequent viewers,
Similarly, more frequent viewers of PBS roted their interest in leaming more scicnce
significantly highcr than did less frequent viewers, Finally, viewers who rated themaselves
as more inlterested in astronomy rated their interest in leaming about science higher than
did those who rated themselves as less interested in astronomy.

2 Youth viewers who were addlifonally asked to rate thelr interest In science carcers as a
result of watching the program tended to ngree that the program somewhat incrcased
thelr Interest In this regard (mean rating, 4.8). Youth who rated themselves as more
interested in astronomy rated their interest in lenming aboult science careers higher than did
those who rated themselves as less interested in astronomy.

2 When askcd te describe the most Interesting things they Icamed from watching Mensier
of the Mitky Way, ull of the viewers discussed at least one thing that Interested them und
many mentioned two or more things. The majority of thelr respenses focused on
information they fcarned about: black hole “behavior™ or how black holes work, the
impact of black holes on the universe around them, the methods sclentists use to study
blnck heles, and/or information about the size, prevalence, and/or formation of black
holes. ‘The largest percenlage of viewers, however, nearly two-fifths (38%9%) of the group, said
they were interested in information presented in the program about how black holes work, most
oflen pointing to facts or concepts they learned about gravitational pull, how black holes emit
energy, the fact that nothing can ¢scape them, and/or that they play an organizing role in
universe., Nearly one-third (3025) of Lhe viewers, meanwhile, were interested in information
presented on black hole research, focusing on the methods scientists use to study them,

12 ww-wm—- Research Consunications

248




Mecanwhile, more than once-quarter (27%4) of the viewers discussed learning the fact that back
holes exist in every galaxy, with many of these viewers further noting that black holes are
found in the center of larger galaxics. Finally, smaller percentages of viewers, lesa than onc-
tenth of the group in each casc, said they were interested in information they leamed about how
big black holes are (98%), how black holes are fermed (9%0), thal there are many blzck holes
(69%), and/or the prediction that the Milky Way and Andromeda galaxies will eventually collide
(6%%).

S Secing the program significantly nffccted viewers' self-assessed understanding of black
holes. Participants in both the viewing and conirol groups were asked to mig their level of
understanding of "black holes™ al pretest and again at posttest using a scale of 1 (don’t
understand at all) to 7 {could ¢xplain to cthers). At pretest both viewing and control group
participants gencrally indicated they had litile understanding of black holes (3.1 vs. 2.9
respeclively). The two groups” mean scores were not significantly different. Al posttest,
however, the mean rating for the viewing group increased to 5.0, which was significantly
higher than the group’s prctest mean rating of 3.1. Morce importantly, the viewing group’s
nean postiest rating was significantly higher than the conirol group’s postiest mean raling of
3.0, with the effect size being 1.38, considered a large effect.

Thene were two subgroup differences found for this question relating to interest in and
knowledge of astronomy. Viewers who rated themselves as more knowledgeable about
astronomy rated their level of understanding of black holes significantly higher than did those
who ratcd themsclves as less knowledgeable. Moreover, vicwers who rated themselves as more
interested in astronomy rated their level of understanding significanily higher than did these
who rated themselves as less interested in this subject.

> All but one-tenth of the viewers (88%) felt that the program led them to think about black
holes In a new or different way. When asked to explain the change, five main themes emerged
across their responses. Two-thirds (61%5) of the viewing group, about an equal number of
adults and youth, indicated that as a resull of viewing the program they had a much clearer
understanding of 1he fact that black holes are real, exist in outer space, and aren’t just pant of
science fiction. Many of these viewers further elaborated that they teamed basic inlermation
that dispelled previous myths they proviousty held abot black holes and/or that helped them to
more concretely understand what black holes are, how they form, where they are located, end
that there arc many. Nearly onc-quarter (2225) of the vicwers, mostly adults, felt they had a
greater appreciation of the importance of black holes to the universe. Meanwhile, one-sixth
(149%) of the viewers, about an equal number of adulls and youth. were of the opinion that the
program increased their fear of or concem about black holes, as reflected in their responses
characterizing black holes as seary. monsirous, or dangerous. More than one-tenth (1298) of the
vicwers, mostly youth, felt the program gave them a heightened sense of the sheer power of
black holes, particularly relating to how they pull in matter and emit energy.  Several viewers
(893), mosily adults, fett the program decreased their fear or concern about the dangers posed
by black holcs, most often noting that they leamed that they have no control over black holes or
that black holes won't affect them or their children. Finally, a handful of vicwers (625), all
youth, said they felt the pragram did not change the way they thought about biack holes, cither
noting a lack of interest in the subject or that they didn’t leam much new informalion,
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S Secing the program significontly affected vicwers’ estimation of the fmpact black holes

have on the universe around then. To estimate the impact of AMenster of tha Milky IWay on
viewers' estimation of the impact black holes have in shaping the universe around them
participants in both the viewing and control groups were asked to rate how much of an impact
they thought black heles have in shaping the universe around them on a scale of 1 (no impact)
to 7 (great impact). At pretest the viewing and control groups on avernge both estimated that
black holes have a moderate impact {mean ratings 4.7 vs. 4.5 respectively). The two groups’
mean scerces were not significantly different. At posttest however, the mean rating for the
viewing group increased to 6.1, which was significantly higher than the group’s pretest mean
rating of 4.7. Morc importantly, the vicwing group’s mean positest rating was significamly
higher than the control group’s posttest mean rating of 4.7, with the cffect size being 1.0,
gencrally considered a large effect. There was one subgroup difference for this item os adulis
rated the impact significantly higher than did youth,

Viewers were also invited to explain their ratings, One-third (35%6) of the viewers explained
that black holes swallow, suck, pull in, or devour matter, planets, or galaxies. One-fifth
provided general non-speeific answers that generally noted that black holes have a role in
shaping the universe around them without specifying how. One-sixth (1525) obscrved that
black holes afTect the size and/or organization of galaxies or the unjverse, One-tenth (1026)
noted that black holes change the trjectory of stars or orbits, while a few vicwers cach said that
black holes: are located at center of galaxics (735), spew out energy (695), clean debris (3%4),
andfor gave another response. Finally, a lew viewers (596) wrotc that they didn’t know how
black holes shape the universe around them.

Comparing the two groups’ overall scores on o 27-point assessment that included o seres
of true/false and multiple cholee questions, the evaluation found that viewlng the program
significantly improved viewers’ knowledge of black holes and biack hele research. Out of
n possible scorc of 27 points, the viewing group, on average, scored 9 points at pretest while the
contro] proup scored 8 points. The two groups” scores were not significandy different. At
posttest however, the viewing group’s mean score increased 1o 20 points, which was
significantly higher than the group’s pretest mean score of 9. Even more impartanily, the
vicwing group's mecan posttest score was significantly higher than the control group’s positest
mean score of 9, with the effect size being 1.77, genenally considered a large efTect.

Three subgroup differences were found within the viewing group’s overall assessment scores at
pasttest. First, adults scored significantly higher on the assessment than did youth (22/27 vs.
16/27). Second, viewers who raled themselves as more knowledgeable about astronomy scored
significantly higher than did those who rated themsclves as less knowledgeable (22727 va.
19/27). And hinally. viewers who rated themselves as more interested in astronomy alse scored
significantly higher than did those who rated themselves os less interested (21727 vs. 18/27).

Looking at viewers' performance on the four specific content arcas of the assessment, the
evaluation further found viewers showed significant improvement in each case. The findings
for cach assessment are provided below, relating to: a) the locution and existence of black
holes, b) the formation of black holes, ¢) how black holes work. and d) black holes research and
methods of study.
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a) Learning related to the location and existence of black holes

To estimate viewers' leaming about content presented in the program abeut the location end
existence of black holes, participants in beth groups were presented with 4 true/false questions
and | multiple choice question. The truc/false statements included: Only a fow galaxies in the
universa have black holes (false): Black holes are typically found in the center of plancis like
Earth or Mars (falsa); All tha big galaxies in the universa hava a black hole al their center
(trree), and Block holes have not yet been located in our galaxy (false). The multiple choice
question asked participants 1o indicate where black holes occur, with the cormrect response being
“outer space.”

The evaluation found that secing the program significantly improved viewers' knowledge of
the location and existence of black holes as measured by the five questions asked on the
asscssment. At pretest the viewing group scored an average of 2.2 out of a possibte 3 points
while the control group scored an averuge of 2.0 points. The two groups® meun scores were not
significantly different. At postiest; however, the viewing group's mean score increased to 4.3,
which was significantly higher than the group’s pretest mean score of 2.2, Even more
importantly, the viewing group's mcan posiicst score was significantly higher than the control
group's posticst mean score of 2.2, with the cffect size being 1.62, generally considered a large
effect. Omne subgroup difference was foumd within the postiest scores of the viewing group in
that that adulis scored significantly higher on this portion of the assessment than did youth.

b. Leaming related to the formation of black holes

To estimate vicwers® lcaming about content presented in the program relating to the formation
of black holes, participants in both groups were presented with 3 true/false questions: Black
holes form in the death of large stars (irue): Scientists beliove that our sun will one day turn
into a black hole (false); and Black holes are the reninants of collapsed/dead stars (true).

Secing the program significantly improved viewers' knowledge of the formation of black holes,
as measured by the three questions asked in the assessment. A1 pretest the viewing group
scored an average of 1.2 points out of a pessible 3 points while the control group scored an
average of 1.] points. The two groups' mean scores were not significantly different. At
postiest, however, the viewing group's mean score increased 10 2.0, which was significamly
higher than the group’s prelest mean score of 1.2, Even more importanily, the viewing group’s
mean posttest score was significantly higher than the control group’s posttest mean score of 1.3
with the cffect size being .78, genernlly considercd a medium effect.

With respect to subgroup dillerences amaong the viewem' positest scores, three were found.
Adults scored significantly higher on this portion of the assessment than did youth, Also,
viewers who rated themselves as more knowledgeable about astronomy scored significamly
higher than did those who rated themselves as less knowledgeable, Finally, viewers who rated
themselves more interested in astronomy scored significantly higher than did those who rated
themsclves less interested.

¢, Leamning related (o how black holes work
'Fo estimate viewers' leaming about content presenied in the program about how black holes
work, participants in both groups were presented with 6 truc/false questions and 2 multiple
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choice questions, The truc/false siatemems included: When matter fulls toward a black holo t
gcis sucked stroight in (falsg); Whon somathing folls Inic a black kole, it eventually comos back
out (false); Black holes have a region surrounding them bayond which nothing can ascape, not
even light true); Black holes are like cosmic vacuum cleancrs that clean the dust and debris
that accumulata in outer space (fulse): Black holes emit or shoot energy outward (true); and
Black holaes hava periads of high activity and low activity (trug). One of the two multiple cheice
questions asked participants whether scicrdists think that the black hole at the center of the
Milky Way galaxy is generally active or inactive at present, with the correct response being
“active.” The second mulliple choico question asked viewers to select which of several
respanse options can escapo from being pulled into o black hole, with the correct response
being “nothing can escape.”

Sccing the program significantly improved viewers” knowledge of how black holes work as
measured by the cight questions asked on the assessment. At pretest both the viewing and
control groups scored an avernge of 2.3 points out of a possible 8 points. At postiest, however,
the vicwing group’s mean score increascd to 5.5, which was significantly higher than the
group’s pretest mean score of 2.3. Even more importantly, the vicwing group’s mean score of
3.5 was significantly higher than the control group’s posttest mean score of 2.3, with the effect
size being 1.7, considered n large cffect. There was one subgroup difTerence found for this
item at positest within the viewing group as adults scored significantly higher on this portion of
the assessment than did youth.

d, Leaming related to black holes research nnd study methods

To estimate viewers® knowledge of content presented about black heles rescarch and methods
of study, participanis in both groups wers presented with 1 crue/false question and 2 multiple
choice questions. The true/false statement was: Black holes were described by the theories of
Albert Einsiein (true). One of the two multiple choice questions asked participants how
scicntists determine whether thene’s a black hole in n certain pant of n galaxy, with the correct
responses being: “Clock the speed of stars moving around its suspected location,” “Look for a
jet of high energy particles,” and “Look for sudden flare ups of radintion.” The second
question asked panticipants which of several methods scientists use to study black holes, with
the correct responscs being: radio receivers, x-ray detectors, telescopes. and computer
simulations.

Sceing the program significanly improved viewers™ knowledge of blzck hole research and
mcthods of study as measured by the 3 questions asked on the assessment. At pretest the
viewing group scored an overage of 1.2 points out of a possible 8 points, while the control
proup scored an average of 1.8 points. The two groups™ mean scores were not significantly
diffcrent. Al pestiest, however, the viewing group’s mean score increased o 5.5 which was
significantly higher than the group’s pretest mean score of 1.9 Even more importantly, the
vicwing group’s meun postiest score was significantly higher than the control group’s pusttest
mean score of 2.1, with the effeet size being 1.5, generally considered a large effect.

Two subgroup differences were found among the postiest scores within the viewing group.
First, adults scored significantly higher on this portion of assessment than did youth. Second,
viewers who rated themsclves as more interested in astronomy scorcd significantly higher than
did those who rated themselves as less interested.
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d. L.caming related 1o miscellancous attributes of black holes

To cstimate participants’ leaming about miscellancous altributes of black holes, participants in
both groups were presented with 2 true/false questions and 1 multiple choice question. The
truc/false statements included: Black holes ara invisible and Black holas ara thought to be tha
density of water. The muhiple choice question asked viewers whether they thought black holes
aro real or only in science fiction.

Seeing the program significantly improved viewers® knowledge of miscellancous attributes of
black holes as measured by the 3 questions asked in the assessment. At pretest both the
viewing and control groups scored an avernge of 1.4 points out of a possible 3 points. The two
groups’ mean scores were not significantly different. At posttest, however, the viewing group's
mean score increased to 2.4, which was significantly higher than the group’s pretest mean score
of 1.4. Even more importantly, the vicwing group's incan postlest score was significantly
higher than the control group’s posttest mean score of 1.3, with the effect size being 1.3,
generally considered a large effect. One subgroup difference was found among the posttest
scores within the viewing group in that adulis scored significantly higher on the assessment
than did youth.

> About three-fifths of the viewers (58%) percelved that they leamed somethlng new about
sclentists from the program, while about two-fifths (39%) felt they hadnt. Those who felt
they leamed something new were asked to explain what they leamed. No one theme stood ot
for a majority of the viewers, but tour different themes were represented across their comments,
One-fillh of the viewers (2028) felt they lcamed that scientists can be very passionate,
dedicated, andfor enthusiastic about their worle  More than one-tenth meanwhile (1393) felt the
program gavo them o greater appreciation for the idea that scientists are actually normal people
and have a sense of humor, are personable, imaginative, and not always arrogant  Several
vicwers (1123) felt they leamed about scientists® research methods. And finally, a few more
vicwers (395) felt they acquired a greater awareness that seientists are from diverse
backgrounds.

= Most (80%) youth viewers ngreed fhat the scientists fentured in the progmm were good
role models for people thelr age, with the main reasons belng: that they show passion or
dedication for their work (392%), that they are intelligent (20%), or that they come across
as normal people (9%6). A small group of youth (2086) mcanwhile felt that the scientists were
not good role models for people their age. The most common reason. mentioned by one-tenth
(109%) of the youth, was that they seem generally out of touch with youth or have a differem
perspective, A few youth (7%6) explained that youth don’t have much interest in astronomy.
Finally, a couple of youth (4%%) fclt the scientisis were too old.

D When viewers were asked if there was anything clse they wanted to share about their
experience viewing Monster of the Milky Way, more than two-fifths (45%), slightly more
adults than youth, praised the program’s overall appeal and informative value. Several
viewers (112%), all adults said they showed the program to someone ¢lse or would recommend
iL. Severnl more viewers (1124), about an equal number of adulis and youth, offered comments
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relating to NOVA more genenalty. Several vicwers (996) mostly adults said they would like te
see more prograrming on astronomy or black. A few more viewers, mostly adults, appreciated
thnt the program was put togzther in a way that was easy for them to understand/follow (3%6) or
felt the program left them with unresolved or now questions. A couple of adult viewers (2%3)
observed that they felt the title of the program was misleading or thres (hem ofl. Finally, one
youth praised the program for its interesting topics and suggested the use of more youth in the
progruimn to appeal to n younger audicnce.

Part 5: The extended Influences of Monsters of the Mitky Way

Al vicwing participants were asked to complete o follow-up onlinc survey within two wecks of
viewing the program that asked them (o reflect on any thoughts or conversations they may have had
about materiad presented in Monster of the Milky Way since viewing. The evatuntion found that
more than two-thirds (66%) of the viewers reported that they had continued to think about
Manster of the Milky Way in the weeks since they viewed the program. More than half (53%)
sald that they had discussed the program with fricnds, family, or co-workers. Nearly one-fifth
{18%) sald they had secn somcthing en TV that had reminded them of the program. Several
viewers sald that they had read something in a magnzine, book, or online (7%) or heard
something on the radio (7%6) that reminded them of the program.

More specifically:

> More than two-thirds (66%5) of the group reported that they had discussed the program
with their significant others, family, frfends, roommates, and/or co-workers. Mosi often
these viewers said they discussed information thay leamed abowt black holes or they generally
praiscd and/or recominended the program to a spouse, pareni{s), or fricnd(s)

> Nearly one-filth (18%) reported that they had seen something on television or In a movie
that made them think about something in the program. Eight viewers, a combination of
adults and youth, cxplained that they had watched televisions programs as diverse as Star Wars,
Star-Trek, Ilistery Channel programming on cither the Bermuda Triangle or black holes, or
other NOVA or Discovery channels programs. A few viewers, mostly adults, said they watched
0 movic such as Zathura, or they saw a movie in scicnce class, from Netflix, or in some other
context. A few others adults and youth said they were reminded of the program when viewing a
television edvertisement for one of the following: NOVA, s new movic called Sunshine, or even
8 beer commercial.

S Severnl (7%) viewers said they had read something in a newspaper, magazine, book, or
other publication that miade them think of the program. These viewers talked about reading
infarmation in a hook or website ahout 1opics as diverse as dusi, global wamiing, and/or an
artist intcrested in over-looked objects or scencs.

S Severnl (7%) viewers, mostly adults, indicated they had heard something on the radio that

mad¢ them think of the program. These viewers talked about listening to Decp Purple, Pink
Floyd, NPR. or othcr talk radio programming.
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Part 6: Viewers’ fecdback on the Monster of the Milky Way website

Afler completing the NOVA program evaluation, participants in the viawing group were requested
to visit tha Monsicr of the Mliky Way website on'the PBS.org site

htipitewr, phy omAvghh/povablackhole! at their convenicnee within a two-weck period. At the
conclusion of the two-week period. they were asked to provide feedback on the website and to
sefleet on what they did at the site, The evaluation found that viewers generally visited ot feast
one section of the site, explored at least one link, and had in-depth fecdback to offer on thelr
experience using the website, as follows:

=]

=)

=]

2

The amount of time virwers spent visiting the site ranged from a low of 2 minutes to a
high of 120 minutes, with the average for the group belng 33 minutes, Two subgroup
differences wero found however. First, adults reported speiding moré ime on the website than
did youth (39.0 vs. 26.5 minutes, mean rutings). Also more frequent viewers of PBS programs
reported spending more time on the wehsite than did less frequent vicwers (43.0 vs. 27.0
minulcs, mean ratings).

The maost frequently visited section of the site was Birth of Black Hole, visited by three-
quarters of the group (75%). This was followed closely by Tiny Black Heles and
Catalugue of the Cosmas (11% cach)and then Black Heles Explained (68%). Somawhat
less frequenly visited were Inside an Enigma (57%5) and Galaciic Ixplorer (54%a).

The most frequently visited links were NASA’s Imagine the Universe!, vislted by Just
under one-third (29%) of the group, followed closely by Death Star (27%) and Runaway
Universe (26%). Other links were visited by less than onc-quarter of the participant group as
follows: Black Holes: Gravity's Relentiess Pull (23%), Introduction to Black Holes (23%3), and
Amazing Space (18%%).

\When asked to describe what, If anything, they liked about the website nnd then to
explain why they liked each thing, two-fifths (39%) of the viewers, slightly more ndults
than youth, sald they liked the layout or format of the website, most often describing it as
well organized, casy 1o navigare, and/or having a.clean design. Onc-quarter (26%5) of the
vicwers, about the same number of adults and teens, liked the grophics and other visuals
featured on the website, most often describing them as amazing, deautifird, andfor informariva.
Ona-fifth of the viewers (20%5), about two-thirds adulis, liked the opportunity to hear the
scientists talk about their work and/or about black holes, Not guite enc-fifth of the viewers
(179%), about the same number of youth and aduls, appreciated the links 1o other resources or
additional information. One-sixth (1623) of the vicwers, about the smne number of adults and
youth, liked that the website was informative and contained in-depth information that
supplemented content presented in the television program.

When asked to describe what, If anything, they disliked nbout the website, very fow
viewers pointed to unything they disliked ohont the site, with only a few youth (4%)
describlng the site as generally boring or dull and a couple of youth (2%) deseribing the
website as lacking animatlon.
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2 Using scales of 1 to 7 viewers indicated they generally liked the Monster of the Milky Way
website (mean, 5.7) ond thought it provided Intcresting content (mean, 5.3). In their
cxplanation of their ratings, a few adulls praised the websitc content, most often noting that
they found the subject matter interesting.

& Viewers genemlly ogreed that the webslte was visually exciting (mean, 5.6). Scveral adults
and youth praised the websile's visual qualitics, most often noting that they were interesting,
colarful, exciting and/er helped them to understand the subject matter presented. Several
viewers, ahinost all adults, pointed to something about the program’s visuals that they disliked.
In these cases viewers indicated they felt the visuals were simplistic, unstimulating, too small,
or lacking detail overall.

2 Using senles of 1 to 7, viewers genernlly agreed that the website offered o clear
presentation (mean, 5.9) und that the webslte was easy to use (mean, 6.0). One subgroup
difference was found in this case as adult viewers rated the websile's case of use higher than
did youth.

9 Viewers also generally ngreed that it was easy to locate information that Interested them
on the website (mean, 59).  One subgroup difference was found for this item as more
[requent viewers of scicnce/nature programs rated the website higher on this feature than did
less frequent viewers.

= Using scales of 1 to 7, where a rating of 4 Indlcated “nbout right* viewers generally
agreed that the webslite offcred about the right amount of Information (mean, 4.3), setence
(mean, 4.3), and Inteructlon (nean 3.9%

= When asked 1o describe the most interesting things they learned from the website, just
over two-fifths (43%) of the participants, about an equal number of adults and youth,
discussed leaming new information about black holes. Mos! often they focused on leaming
about mini-black holes or more in-depth information about binck holes relating to their role in
the universe, how they form, how they are studicd, and how they work. A few participams also
mertioncd leamning aboul astronomy more broadly. While most participants didn"t specify
arzas of the site where they leamed this information, a few did, pointing to Catalogne of the
Cosmos. One-[ifth (20%5) of the vicwers, almost all adults, enjoyed leaming about the scientists
featured in the scientist interviews, panticularly relating 10 their discoveries or their views and
lives as a scientist. Mos! often they praised Andrea Ghez's interview, and the information she
prescnicd about her work end how she became a scientist, Steve Ritz was also mentioned by a
cauple of viewers. One-fifth (2023) of the viewers, abou an cqual number of ndults and youth,
felt they keamed [rom the visuol clements of the site, particutarly the slideshow and other
images offered on the site. A handlul of participants (635), including a cambination of adults
and teens, said they enjoyed the teacher resources. Several youth (826) said they enjoyed
leaming abowt NOVA/TV schedule information provided on the website. A couple of youth
(296) were interested in carcer information they gleaned from the website as in: Girls in a mola
career. How 1o gel there. Scverl viewers (990) commented that they didn’t leam anything new
of interest from the website, most often nuting that the website didn’1 seem to them to ofTer
more than they already leamed from the program.
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® Usling scales of 1 to 7, viewers generally agreed that the website further Increased thelr
understanding of black holes (5.7 mean rating) as well as thelr corfosity (mean rating,
5.4} Adults rated their increase in understanding and curiosity higher than did youth, More
frequent viewers of science/nature programs also rated their increase in understanding higher
than did less frequent viewers. Several adults explained their ratings noting that it reinforced
the content of the program and was a good companion to it. Several more appreciated the
opportunity to be able 10 find in-depth information and nddress questions they had from
vicwing the program. Many vicwers, mostly adults, specifically commented that the website
increased their curiosily to learn more about black holes. Several adults felt their curiosity
wasn’t increased, however, and exptained their individual reasons, including: lack of interesy,
tack of personal relevance, preference for the television program over the website, or difficulty
in correlating the website and television program.

Final Remarks

Taken together, the above findings demonstrate that the AMonster of the Milky IWay NOVA program
appenled to the 101 viewers recruited for the eveluntion and had a significant impact on their
knowledge of and belicls about black holes and black hole rescarch. Thesc viewers generally liked
the program, feh the storytelling was engaging. thought the content was interesting, and agreed that
the program was visunlly exciling, clear, and struck the right balance in terms of the amount of
information, scicnee, and science principles provided.

While no significant gender differences were found amang the evatuation findings, numerous other
subgroup differences emerged. Most notably, nsany age group differences were found, particularly
concerning the program’s perceived appeal, clarity. and motivational value, as well es its overall
cducationa) impact, Adults tended to assign AMonster of the Milky Way higher ratings than did youth
and they generally scored higher on the 27 point assessment designed to evaluate viewers® leaming
gains [rom the program. Similarly, those reporting higher levels of knowledge of and interest in
astronomy tended to score higher on the assessment than did those reponing lower levels of
knowledge and interest, yet intercstingly, these individuals didn’t generally rate the program more
favorably. Converscly, more frequent viewers of PBS tended to rate the program more favorably
than did less frequent viewers, al least with respect to content appeal, visual ¢xcitement,
storytelting, and clarity, yet did not outperform less Frequent viewens on the content assessment,

Despite these varied subgroup differences, overall Monster of the Milky ¥ay was still generally well
received by nnd successful with individuals of varying ages, television viewing habits, and
knowledpe of and intarest in astronomy. As noted at the outsat of the report, the participant group
as a whole had little prior familiarity with astronomy and black holes in particular, and was not
predominately cemprised of comnmitted PBS and science/nature viewers, but rathier a combination
of regular and oceasional viewers of these programs. This wide range of television viewing habits
represented in the sample, however, neither diminished the overall appeal of Monster of the Milky
i¥ay nor its success in achieving its goals. The program addressed many diflicult and abstract
scicnco concepts, yot was still enjoyed by and successful with a diverse viewing audicnee, onc that
extended beyond the traditional PBS vicwer, science/nature show enthusiast, or astronomy buff.
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Beyond the immediate impact of the program, the cvaluation also found that Afenstar of the Milky
Way cantinued to influence viewers more than nwo weeks after viewing The majority of viewers
reported thoy weroe still thinking about some aspect of the program; more than half said that they had
discussed tho program wilh fricnds, family, or co-workers; and roughly a third had cither seen
something on TV, read something in a magazine, book, or online, or heard something on the radio
that reminded them of the program.

Finally, the evaluation further found that the Monster of the Milky IWay website met the project's
goal of deepening and supplementing viewers® leaming from the television program.  Viewers
overwhelmingly found the website to be appealing, clear, and usably;, were able to articulate how it
supplemented their leaming about black holes after watching the NOVA program: and (el it
increased their understanding of and curiosity about black holes.

258




PUBTY OMUINE - Mutered Crids Show Report

Carrfago Analysis

Cablo Analysis

PUBTV.ONLINE

Motorod Grids
Mctored Reports

Sweap Analysis
Swoop Roparts

Metered Grids

Nows & Forums
Homwo

Provided by TRAC Medla Services

Metered Show Repon

1170172006 11:52 AM

All Stations F eRPRapart ([ Cocmiond

Markot

Nova
Monster of the Milky Way - #3314
Oct 31, 2008
Primary Station Report

Station
KOPB Portland OR
WNED Buftalo NY
KPBS San Diego CA
KUED Salt Lako UT
KCPT Kangas City MO
WMVS Miwaukee WI
KVIE Sacamento CA
WKNO Memphio TN
WQED Fittsburgh PA
wviz Cleveland OH
KCTS Seatlle WA
KLVX Las Vogas NV
KERA Dallas TX (1Lpm)
WTTW Chicago IL (Lem)
WGCU Fort Myets FL
WHRO Norfolk VA
KLRN San Antonio TX
KNME Albuquerque NM
KRMA Denver CO
wosuy Columbus OH
WJCT Jacksonville FL
WNPT Nashville TN
KETA Oklahoma OK
WNET New York NY (upm)
KTCA Mnneapolis MN
WNMFE Orlando FL
KETC &. Louis MO
WFYI Indianapolis IN
KQED San Frangisco CA (Lpm)
KCET Los Angeles CA (1pm)

Rank
23
49
27
a5
AN
34
20
44
22
17
14
43

;]
k<]
84
42
a7
45
18
3z
50
30
45
1
15
19
21
25
5
2

Stant Time
8:00 PM
8:00.PM
8:00 PM
7:00 PM
7:00 PM
7:00 PM
8:00 PM
7:00 PM
8:00 PM
8:00 PM
8:00 PM
8:00 PM
7:00 PM
8:00 PM™
8:00 PM
8:00 PM
8:00 PM
8:00 PM
7:00 PM
8:00 PM
8:00 PM
7:00 PM
7:00 PM
8:00 PM
7:00 PM
8:00 PM
8:00 PM
8:00 PM
8:00 PM
8:00 PM

http: fwww publv,netimetered gridifdaibihow, i pPINoweade s 59523584 4Nowdate = 10/ 3170684 = 10731/ 20068 me w 204 markel e

Rta
4.9
4.1

4.1

a7
3.2
a0
28
28
2.7
28
25
24
24
23
23
22
22
22
2.1

2.1

2.1

2.1

2.0
20
20
19
18
1.7
1.7
1.7

Shr

WWWwowWwewaowweouwowwaeweowaoeasssasn boooomhh ~vNoog o

Page 1012

259




‘PUBTV ONUNE - Brternd Grids Show Repan

wrTvs
WBIQ
WGBH

Delralt MI (LPu) 1 8:00 PM 17 3
Birmingham AL 40 7:00 PM 1.7 3
Boston MA (wew) 7 8.00 PM t7 3
Cinclnnati OH 33 8:00 PM 1.5 3
Phoenb AZ 13 8:00 PM 16 2
Tufsa OK 62 7:00 PM 16 3
Richmond VA 61 8:00 PM 18 2
Phliadelphla PA (Lem) 4 8:00 PM 15 2
Raleigh Durham NC 20 8:00 PM 1.4 2
Allanta QA (LPH) 9 8:00 PM 14 2
Knoxville TN 60 £:00 PM 1.4 2
Austin TX 52 7:00 PM 1.3 3
Hauttord €Y 28 8:00 PM 19 2
Loulsville KY 48 8:00 PM 12
West Palm Beach FL 38 8:00 PM 1 2
Phoenix AZ 13 11:00 PM 11 3
Sacramento CA 20 11:00 PM 08 3
Miami FL 16 8:00 PM 07 1
Groensboro NC 47 8:00 PM 0.7 1
Groenvillo SC 36 8:00 PM 04 1
Charlotte NC 26 800 PM 04 1

Avg: 2 3

Top8 Avg: 2 3.2
Waighted Avg: 2

* Tho standard broadcast day Is.6am - 6am. Because the Nielsen day runs 2am - 2am, tho GRPs lor
yestarday run 6am-2am. All olher days are 6am - 6am.

Tho loltoving markets swliched to LPM data as of: BN: 4/25/2002, NY: 4/8/2004, LA: 4/20/2004, CH:
7/8/2004, SF: 9/30/2004, DC: 6/30/2005, PH: 6/30/2005, DE: 1/5/2006, DL: 1/5/2006, AT: 6/20/2006

Roport Genoratod: 1142000 £.53:12 Al
PUBTV OHLINE © 1093 All Rights Rescmvad
Your Source lor Public Tefevdson Liaings intommation

NP Fuwnr pUbty ARt/

.oreds/ de«3952 3384 wd 10/31/068d=10/31/2006&1Ime =208 markets

1170172006 11:52 AM

Paga 2 of 2

260
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BLACK HOLES: THE OTHER SIDE OF INANITY Collaborator Blographles

NARRATOR: LIAM NEESON

Liam Neeson continues to take on challenging roles and has become one of the teading international motion-picture actors
today. The lilsh-born Neeson origtnally sought a career as 2 teacher, attending Queens College, Belfast, and majoring in phys-
Ics, camputer science, math and drama. His Interest quickly shifted to theates, and in 1976 Neeson began his acting Career
with the prestiglous Lync Players Theatte In Belfast,

Neeson Is recognized for his many memorable roles. He staried in the box-office phenomenon Star Wais: Episode I—The
Phaniom Menace (1999), playing the rofe of Qul-Gon Jinn, the Master Jed! Knight who bestows his Force-ful wisdom upon
Obl-Wan Kenobl and the young Anakin Skywalke:, In addition, Neeson was nominated for an ACademy Award for his
portiayal of Oskar Schindler In Steven Spielberg$ highly acclalmed Schindler’s List, and has appeared In other ¢ecent hits such
as Batman Begins, Kinsey and [ove Actually.

COMPOSER: RICHARD FIOCCA

Composer Richard Fiocca has a long list of award-winning film and television credits, including scores for PBS, H80, the BBC,
and all the major US networks, Recent work inciudes theme and scoring for the CBS newsmagazine 48 Hours, the Discovery
Channel/Animal Planet’s into the Liors Den, the IMAX feature Wildfire, and muslc and sound design for the Oscar winning
HBO decumentary Liberatton: A Survivor Remembers, He also composed the score for CBSTV's groundbreaking speciat on the
Werld Trade Center attack 9/11. Recent collaborations with Thomas Lucas Include Mysterdes of Deep Space and Vovage to the
Milky Way, both for P8BS,

Fiocca has also created an extensive oeuvse of concert works: his String Quartet Na 1 in D was performed at the Kennedy
Center inWashingion, DC, and his Serenade for Clarinet was recently featured at the Contemporary Composer's Concert at
Carnegle Hall. He s currently working on The Fourth Way, an orchestral tone poem based on the life and teachings of the
Russtan mystic and splritualist G.L Gurjteff,

A frequent vislior to Prague as both a conductor and composel, Flocca recoided the scoie for Black Holes: The Other Side of
Inflnity with the Czech Screen Orchesua,

DIRECTOR: THOMAS LUCAS
Thomas Lucas has completed mere than 20 major documentary films for NOVA, PBS, the Discovery Channel and other net-
works. He speclalizes in productions that make use of special effects and high-end computer animations,

Lucas got his start In 1985 with the production of a documentary for NOVA called "Tornadeo!* The Alm became one of the most
popular productions In NOVA's history, reaching an audlence of tens of millons. It was also cited by Michae! Crichion as the
Inspitation for the 1996 motlon picture Twister. LuCas' other productions have explored such diverse subject matter as the
mystedes of deep space, cannibalism, Cyborgs, the 1988 Yellowstone wiidhres and hammerhead sharks, among other topks.

Black Holes: The Qtner Side of Infinity Is Lucas’ fust planetarlum show, Using adapiatlons of the sclentific visvalizattons fiom
Brack Holes, Lucas ks directing a NOVA program called "Monster of the Milky Way* that will be broadcast on PBS in 2006,

-MORE-
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EXECUTIVE PRODUCER: JOSLYN SCHOEMER

Schoemer was bitten by the astronomy bug in 1990 when attending a lecture about wormholes end black holes. Alter
1eceiving her undergraduate degree in asirophysics and math, she discovered o passion for shating the exciiement of

astronomical discoveries and the exploretion of space with the generél public through films, exhibits ond educational

progrums. She ecelved a M5, in museum and field studies, with sn emphash on informal science education,

Schoemer has worked on a veriety of space science education projects for informal leerning institutlons. These include exhibits
2nd progeaims at the Srnithsonken’s Natonal Alr and Space Museum in Washington, DX, Inchuding Voyagd, a scele-moadel solet
syswzm permanently instatied on the Nauonal Mall She cooidinated spoce projocts for the Challenger Center for Space Science
Education, the Univarsity of Colorado Natural History Muscum and the University of Colorade’s Fiske Planetarium. Schoemer
Joined the Denver Museum of Nature & Sclence in 1959 as o project manager ond wotked on devebping the Museum’s parma-
nent space science exhibition, Space Qdyssey. Block Holes: The Other Side of Infinity Is he first ell-digital planetarium show.

SCIENCE DIRECTOR: DR, ANDREW )5, HAMILTON
Dr. Antlrew 1.5, Hamilton is a fellow of JILA (luinerly the Joint Instiwute for Labaratory Aswophysics), and a professot inthe
Departiment of Asttophysical and Planewry Sciences at the University of Colorado at Boulder, where he has woiked since 1986.

Though Hamlton's background is in mathematics and astrophysics and he has published about 60 papers ¢n subjects ang-
ing from supernovas 1o cosmology, his students helped plque his interast in black holes. Their stiong desire to understand
relauvity led HamEiton to develop his first scientifically accurate genesal relativistic visualizations of black holes in 1996. With
the he!p of 6ne of his acceterated intoductory astronomy classes, Hamilton used those visualizations 1o create a highly
popular show on black hotes that debuted at Fiske Planetarium ot CU in 1897, This content was adapted for a Web page
called “Falling into a Black Hole” which has recelved more than a million visitgrs since it went online in 1997,

Hamilion continued to 1efine his visualization technigue with the development of the “Black Hole Flight Simulsior“during

a yearlong sabbatical with the Denver Museumn of Nature & Science in 2001 and 2002, The simutatos, an elabotate sofiware
program, takes eal, computational data about black holes and translates it into the images that are the centerplece of Black
Holes: The Other Side of infinity.

SCIENCE DIRECTOR: DR LYNN COMINSKY

Dr. Lyan Cominsky has been a professor of physics and astrongmy at Sonoma State University since 1986, and curtently ¢ hairs
the Departments of Physics and Astlonomy, and Chemistry. At SSU, she lso ditects the aducation and public outreach (E/PQ)
group that develops science and mathematics curncutum resourcas for giades K-12, and is primarily sponsored by NASA.

Comunsky is a scientific coinvastigator and leads the educauon and public outieach team far the Swaft Gamma-ray Burst
Explorer Mission, launched by HASA on November 20, 2004, and featured In Black Holes: The Gther Side of Infinity. Svaft ts
studying gamma-tay bursts, the biggest exphosions observed in the unliverse today. Comingky serves in a similar capacity on
MASA's Gamma-tay Large Area Space Telescope (GLAST } mussion {expected w0 launch in 2007}, and on the Furopean Space
Agency’s XXM-Newton mission, which studies X-1ays from black holes, neutron stars, supernova iemnants and stellar corona.

NCSA PRODUCER AND ART DIRECTOR: DONNA J. COX

Danna ). Cox is a professo of ant and design at ihe University of lilinois at Uibana-Champaign and dizecior of visualizaton
at the Navonal Center for Supercomputing Apphcations. Her collaborative scientific visualizations are featured in a variety
of large-format venues araund the world, intluing the Academy Award-nominated 1997 IMAX film Cosmic Voyage, and on
1we American Museuin of Hatural History planetarum shows, Pessport to the Universe and The Search for Lde: Are We Alone?
She and her team also provided the thrdhing visuals used in the NOVA programs "Hunt for the Supertwaster® and “Runaway
Untvarse®on PBS.

Coxs passion 15 bringing cultural scientific narratives 1o a wice tange of audiences thiough innovative and 3esthetic presen-
tations of dasa-driven scientific simutations. In addition 10 her ige-scale productions, Cox has authoted many arueles on
the use of visualization in science, art, and information design.
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The History of BLACK HOLES: THE OTHER SIDE OF INAINITY

Black Holes: The Other Side of Infinity breaks new ground In fts conignt and ks approach to visuallzing real science. Behind
this remarkable achlevement is a team of talented people, collaborators who martled thelr unigue speclalties and capabili-
tles to create a final show that Is much greater than the sum of its parts.

A number of factors led to the production of the show. As part of an ambitlous overhaul of its facllity that bagan in 2000,
the Denvel Museum of Nature & Sclence initiated a radical redesign of one of its malnstay aturactions, Gates Planetarlum,
Construction crews rebullt the planetarium fiom the ground up. The.old reclining seats were replaced with stadlum seats,
the dome was tHited to surround the audience with the picture, and engineers installed a 20-channel sound system and 11
state-of-the-art digital projectors. This system projects more than one millton plxels onta the dome, producing ulira-high
resolution images and vivid cotors that are beyond compaie. The new Gates Planetarium opened in the summer of 2003
and remalns one of the best Immeisive digitat dome theaters In the world.

While construction on the planetarlura was underway, Lhe need for stiong sclentific and educational content to display In
it became clear, In 2001, the Museum approached Dr. Andrew LS. Hamlltor, a professor tn the Department of Asttophysical
and Planeiary Sclences at the University of Colorado at Bouldes, about creating someathing that might work. For several
years, Hamiiton had been perfecting simple animations of black holes based on the equations of Albert Einsteln’s general
theory of relativity. But now he wanied 1o create something far more detalled and spectacular. The concept of the Black
Hole Flight Simulator was born. Dutlng a yearlang sabbatlcal at the Museum tn 2001 and 2002, Hamilton wrote and ieflned
this unusual plece of seftware, which now has more than 100,000 iines of code.

The Black Hole Flight Simulater does something that has. never been attempted before. It takes the real, computational
sclence of black holes, and 1ranslates It Into accurate Images. "At the start, | had little Idea of what the insides of black holes
would look lIke—I don't think anyone had much kdea, sald Hamilton. But as he woiked on his software, a clear and beautl-
ful pictute emerged. "It has been a thilll to see art emerging from Elnstelns equatlons,” he sald,

The idea of taking the Black Hole Fllght Simulator and using It to create a show for-Gates Planetarium gained momentum
when an Independent documentary producer named Thomas Lucas got involved. Lucas had some exclilng news when he
approached Hamilton: NASAS Gamma-ray Laige Area Space Telescope (GLAST) mission was willing to provide some seed
money for 3 planetatium show about black holes, and the well-respected PBS sclence show NOVA was also Interested In
developing a program about the subject.

For Lucas, making a show about black holes was something he had been thinking about for a long time, $0 he leapi at the
chance 1o do It."As 3 filmmaker, | know that every project | really belleve In has Iis beginnings In 2 single moment In time;
he sald. "That moment for Black Holes: The Other Side of Infinity was on a day In June 1954.1 unfolded the newspaper and
read that sclentists had used the newly chilstenad Hubble Space Telescope to peer into the ¢entet of an Immense nearby
galaxy known as M87. There they found a supermassive black hole weighing In at 4 billlon times the mass of out sun, Even
as a sci-fi fan, | had never imaglined anything like this®

-MORE-

263




The History of Black Holes: The Other Side of Infinity
2-22

The pieces ware starting (o come together—a state-of-the-arl planetarium; 2n intriguing 2nd educationsl subject to
explose; stunning, unusual visuals; and an.experienced director who wanted o do the project. Now all that was needed
was mote money and the right people to make the show a reality.

Using its clout as an institution devoled to informal science cducation, the Denves Museum af Natuje & Science
applied for a grent fiom the Natlonal Sclence Foundation Lo support the project. The effort paid off handsomely. The
NSF awarded 51.2 million to the Museumn and its collaborators 1o produce the show that would eventually become
Black Holes: The Other Side of Inflruty.

Rounding oul the 12am of collaborators is a visuatization team from the National Center for Supeicomputing Applications at
the University of Ilinois at Uibane-Chempaign led by professor Donna Coc Lucas has wotked with the NCSA team on seversl
of his previous sclence documentarias, including the sward-winning NOVA productions "Runsway Universe® and "Hunt for
the Supertwister”

Cox and her team are widely known as pioneers in visualizing scientific daw and supercomputer simulations using high-end
graphical techniques. Drawing on NSF-funded computing resources ot the NC3SA, the team managed multiple terabytes of
data to create the beautiful, sclentifically accurate images for Black Holes: The Qther Side of Infinuty.

*Most of the production graup was accustomed to designing programs for the television screen. The dome Is a funda-
mentally different experence said Joshyn Schoemer, the executive producer of Black Hoies: The Other Side of Infinity. "For
this project, we opiimized every ltame of the show for the hemispherical sceeen, We evaluated the composition of every
shot and edited the show to maximize the viewer expetlence of ‘being there. This extriaordinary effon ensuzes that the
audience is surrounded and participating In the action.”

In addition to NCSA and its team of visuahization specialists, Black Holes: The Other Side of Infinity drew on the talents of
scientific advrsors, graphic artists, wiiters, a planetarium ope:ations team, composers, sound designers, cinematographers
and educaters. In charge of disuibution Is Spliz, Inc.. a planetasium manufzclunng compeny with experlence marketing
planetarium shows across the world, Of courte, having actor Liam Neeson agree to contribute his commanding voice 1o the
project was acoup for the pradusnon team, and an essential element to bring the show alive for audlences. The original
wote composed by Richard Fiocca provides an elegant finishing wuch.

The entire produt ion process tonk three years (o complete, and now that the show has (aken shape, the crew i excited
vith the final product. Director Lucas describes the production as "a wonderful collaboration in which the guiding principle
was ¢teating the highest quality show we knew hows!

“Black Holes: The Other Side of infinity is for me the culmination of a dream many years In the making, said Hamllion. The
show mariies science and art in & new way that compromises neithet. In particular, the show breaks new ground in visuak
Izing azcurately whai Einstein’s equations pradict about what really happens insids black holes, What actually happens looks
nothing like, but is &t ieatt as fantastic as, 2ny Hollywood rendering!
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Denver Post, The (CO)

Black holes get turned inside out CU astronomer's
work with planetarium a scientific thrill-ride

February 1, 2006
Sectlon: DENVER AND WEST
Page: B-01

Katy Human

Denver Post Staff Writer

In 2 1992 eplsode of the cartoon Ren & Stimpy, a black hole sucks up the characters’
spaceship and hurls it onto the surface of a very strange planet.

Clouds float by In psychedelic shapes. Ren’s eyes slip off his head, Stimpy's nose comes off
on his finger.

"It’s a beautiful, artistic Interpretation of black holes, which warp everything,” sald
University of Colorado astronomer Andrew Hamilton, who studies black holes. °I loved it.”

Hamilton's own viston |s different.

The physicist started with Einstein’s theory of general relativity - a set of 100-year-old
equatlons that suggested black holas could exist - and used mathematics to paint a reallstic
portrait of the Inside of one of space’s most Intriguing objects.

Exploding stars can form black holes that create such a strong gravitational pull that not
even fight can escape.

The results of Hamilton’s and his colleagues’ two-year effort will go on display Feb, 10 at
the Denver Museum of Nature & Sclence, In one of the most sclentifically accurate
planetarlum shows deveioped.

"Black Holes: The Other Side of Infinity” was produced by the museum, Hamilton and
independent director Thomas Lucas, from New York. Actor Liam Neeson narrated the show,
which will be offered to International audiences after a Denver debut.
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“In the planetartum world, It’s 8 megabuster,” sald Joslyn Schoemer, a Denver Museum
projed manager and cxecutlve producer of the show.

The 23-minute planctarium produdion and a related NOVA television show were funded In
part by $1.5 milllon In gronts from the Notlonal Sclence Foundation and HASA.

The show is a vertigo-Inducing mindblower, with an astonishingly detalled - and accurate -
fly-through of the Milky Way Galaxy. Stars explode In black-hole generatlng supernovas.,
Nebulas are born. Kayakers are pulled down a black-hole-fike waterfall,

it took weeks to generate sequences on pewerful supercomputers, sald art direder Donns
Cox, b researcher at the Hatlonal Center for Supercomputing Appllcations at the Unlversity
af Illinols at Urbana-Champalgn.

“we are all filled with anticipation,® sald Nel) deGrasse Tyson, director of the Hayden
Planctarium at the Amcerican Museum of Natural History In New York,

The Hayden is one of a few dozen U.S. planetariums technlcally capabie of running Denver's
new show, The Denver museum has twice leased Hayden-produced shows, Schoemer sald,
but the opposite has never happened - yet.

Lucas, the show’s director, sald Hamiiton Is “completely obsessed - obsessed with general
rejativity and the equations of Elnsteln.”

What Hamilton did that was new was lo ask what EInsteln’s equations sald about black
holes’ Interlors. Many sclentists, authars and artists have depided what (t might be ke to
be caught on the edge of a black hole’s relentless pull.

But what happens once gpace falls Inside, spinning faster and faster as it approaches the
unimagtnably dense Interior?

Objects sp!n around a center generate centrifugal force, Hamilton explained, which
eventually counterads the massive gravitationa) pull of the black hole’s center. That can
“fiing matenal back out,” where It collides speciacularly with material spinning Into the
black hote.

It becomes violently unstable,” Hamifton sald. "And we belleve that huge Instabllity creates
extremely hot plasma.

“And so you'd die,” he said. “vaporized.”
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