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Digital Full-Domes: The Future of Virtual
Astronomy Education

Dr. Ka Chun Yu
Curator of Space Science

Denver Museum of Nature & Science

Although digital video full-dome
theaters have the potential for show-
ing a wide range of content, debate
continues on how appropriate they are
for astronomy education [1]. Such
debate is not new. More than twenty
years ago, Charles Hagar decried the
fact that planetariums displaying
video within their domes were trying
to compete against first class Holly-
wood productions, and failing at it [2].
Given the expense involved in con-
verting to full-dome theaters and the
work necessary to create new visitor
programming, operators and managers
at traditional optical-mechanical plan-
etariums may wonder whether the
positives outweigh the negatives when
taking the digital plunge. Since the
main focus of planetariums has histori-
cally been that of astronomy educa-
tion, what are the educational benefits
of a digital system over its analog
counterpart? Is the new technology
actually worth it from an astronomy in-
structional point of view?

Before addressing how digital domes can
be of use, it must be acknowledged that
astronomy is a subject that has historically
been difficult to teach. Although U.S. educa-
tion standards identify astronomy topics as
being important for K—12 science literacy [3,
4], most college students including many
preservice teachers retain misconceptions
that are not easily changed by standard class-
room instruction (e.g., [5-8)).

The difficulty of understanding astrono-
my is due in part to concepts involving

This is the first of four invited articles on
the special topic Digital Domes and the
Future of Planetariums. This topic will
conclude in the next issue of the Planetar-
ian. To become more involved in shaping
the digital future of our profession, please
see Steve Tidey’s Forum on page 40, and
visit my Digital Frontiers column on page
53 of this issue. -Ed Lantz

2001 Colorado Blvd.,
Denver, Colorado 80205 USA
kcyu@dmns.org

Abstract

Even simple concepts in astronomy
are notoriously difficult for the general
public to understand, since many
ideas involve three-dimensional spatial
positional relationships and orienta-
tions between astronomical objects.
However much of the teaching materi-
als used in astronomy education are
2D in nature. Digital video full-dome
planetariums have the potential to
bridge the comprehension gap, using
3D virtual simulations in immersive
environments that not only provide
spatial context but may enhance
learning in ways not possible via other
techniques.

geometries and orientations of celestial bod-
ies in three dimensions. Students have to
build conceptual knowledge about a three-
dimensional (3D) physical space while being
taught using two-dimensional (2D) textbook
materials. Many educational researchers
have therefore advocated the use of 3D mod-
els as being crucial for astronomy learning [9,
101

A suite of technologies especially appro-
priate for creating representational 3D mod-
els of physical phenomenon are the artificial
realities or virtual environments. Virtual
environments (VEs) are computer-generated,
3D environments that a user can interact
with and navigate through. A carefully con-
structed VE allow users to gain direct experi-
ence about a place or phenomenon that
would otherwise be difficult or impossible to
observe in real life. When astronomy VE

1. Such as UniView from SCISS-American
Museum of Natural History [11] or the Den-
ver Museum of Nature and Science’s Cosmic
Atlas[12}

software! is run immersively in a full-
dome theater, the illusion of the artifi-
cial reality is further enhanced by the
wrap-around projection that surrounds
the user with imagery on all sides.. As
the following review will show, the
combination of VE and full-dome tech-
nologies result in a unique opportunity
for astronomy instrucgon that is not
possible in any other milieu.

Misconceptions in Astronomy

Many involved in astronomy educa-
tion are aware of the video A Private
Universe, which shows the broad scope
of misconceptions involving explana-
tions of the seasons and the phases of
the Moon among Harvard graduates
[13]. For those familiar with basic
astronomy, it is hard to imagine how
phases of the Moon can be so extraordi-
narily difficult for people to under-
stand. But more than five decades of
research have shown how pervasive
such errors are, with the same mistaken
notions concerning lunar phases appearing
from grade school children to undergraduate
teachers in training, and in every country
where this topic has been studied (e.g., [14-
23)). As a further indicator of how perplexing
this concept is, techniques for teaching lunar
phases have had mixed success. Many studies
have post-instruction understanding rates
far below 50% [5, 24-271.

Phases of the Moon is not the only subject
that is difficult to teach. Astronomical mis-
conceptions by children and adults have
been studied for a medley of topics, includ-
ing the shapes and nature of orbits, the scale
of the solar system, the Sun, distances to the
stars, the Milky Way, the Big Bang, gravity,
and the shape of the Earth [21, 28-33].

Studies of children’s common perceptions
of the shape of the Earth are particularly
revealing. Their misconceptions can be
startling to those not familiar with the edu-
cational research literature. Children at the
K-3 level have been found to have a diverse
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set of mental models for the
shape of the Earth [19, 21, 34].
These include (Fig. 2) [a] a flat rect-
angular surface that people reside
on; [b] a flattened round disc; [c] a
hollow sphere inside of which is a
flat surface where people dwell;
[d] a sphere flattened at the top
and bottom where people can
live; [e] a dual Earth consisting of a flat
inhabited surface and a round Earth that is
up in the sky; and [f] a spherical Earth with a
population over the entire surface. Only in
the last model is the concept of gravity cor-
rect. In most of the other models, gravity is
seen as a force with a single universal up and
down direction.

These mental models give a hint to the
thinking processes of schoolchildren. Their
models are the result of views that make
sense to them. In the case of the Earth, their
fundamental axioms include: the ground is
flat, and objects including the Earth will fall
down if not supported. When children learn
from authority that “The Earth is round,”
they incorporate this new fact into their pre-
existing model. A child who initially starts
with a flat, rectangular Earth in his mind will
modify his model into a disc-shaped Earth.
Stella Vosniadou [21, p. 230] points out that
the “dual Earth” model - a round Earth float-
ing above a flat ground plane - can be attrib-
uted to children being shown pictures of the
round Earth floating in space. They synthe-
size this new element without actually
discarding their old mental model of a flat
Earth plane where people live.

Such results are consistent with construc-
tivist theory in education [35, 36], which
states that people are not merely blank slates
who automatically take in the knowledge
taught to them. Instead they actively con-
struct knowledge: they build mental models
based on past experiences and everyday
observations, in addition to formal instruc-
tion. However once a model is constructed
for a phenomenon, it is difficult to displace.
Information from additional teaching can
merge into the mental model, and further
modify it, but the original framework is
rarely thrown out entirely. Developing
instruction to correct for tightly held mis-
conceptions is therefore a difficult task. The
teacher has to be aware of what alternative
mental models students hold, and has to cre-
ate a curriculum that directly addresses these
misconceptions. In order for students to
replace their old models with scientifically
correct viewpoints, they must become dis-
satisfied with their original mental model.
And for new concepts to take hold, scientifi-
cally valid concepts must be taught so that
they appear intelligible, plausible, and fruit-
ful enough to lead to new discoveries [35].

Since the main focus of planetariums has
historically been that of astronomy educa-
tion, what are the educational benefits of a
digital system over its analog counterpart?
Is the new technology actually worth it from
an astronomy instructional point of view?

Three-Dimensional Astronomy
Teaching

Traditional astronomy teaching is made
even more difficult by the fact that much
classroom instruction involves 2D pictures,
charts, slides, and written descriptions in
textbooks. For instance, most of the past

research on teaching phases of the
Moon have used 2D drawings and
diagrams (e.g, [19, 20, 24, 25, 37]). It is
usually up to the student to concep-
tualize 3D abstractions using 2D
descriptions. Using hand-held physi-
cal models of the Moon can help
[38], but generally, it is a difficult
task to translate and orient oneself
to the perspective of another Solar System
object, and look back at the Earth.

Computer 3D modeling and visualizations
have therefore been suggested as critically
important tools for learning new astronomi-
cal concepts and correcting naive but non-
scientific notions [9, 39]. A prime strength of

Figure 1: Virtual environment simulations running in the Gates Planetarium’s real-
time computer system at the Denver Museum of Nature & Science: (top) DMNS’
Cosmic Atlas software showing the view above Phobos and Mars; (bottom) a 3D geo-
logical simulation of the Earth’s mantle plumes displayed with an all-purpose
model-loader.
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computer-based simulation is the ability to
change frames of reference. With immersive
visualizations, users can have frames of refer-
ence that are external as well as internal to
the simulated model. When a user is looking
at the simulation from the outside, she has a
global or exocentric perspective about its in-
dividual components. When a user is inside
the model with its components all around
her in an immersive display, this egocentric
view reveals not just detail at the local level
but makes the user feel as if she was actually
in the space, as opposed to merely observing
it. Having both perspectives can provide
greater benefit than either alone [40]. The
Virtual Solar System project at Indiana Uni-
versity and the University of Georgia allow-
ed students to build their own solar system
models in the computer, and gave them the
ability to observe and change vantage points
interactively. Those enrolled in classes using
the software showed significant gains in
learning of lunar phases and eclipses [10, 41,
42].

Another challenge in astronomy teaching
concerns the distances to objects in space.
Although the distance to objects in near
Earth orbit (roughly 100 kilometers above
ground) are well within most people’s per-
ceptual experience, most other measure-
ments are vastly larger. The magnitude of
distances to other planets, stars, or galaxies
and their lack of any connection to personal
experience is probably why the general pub-
lic holds many misconceptions about astro-
nomical sizes and distances [21, 31, 32].

Computer visualizations that encompass
both small and large scales may be especially
advantageous for understanding astronomi-

cal distances. For instance, the misconcep-
tion that the space shuttle has visited the
stars [31] or that the stars are located in the
solar system [43], can be addressed by a virtu-
al simulation that compares the scales of
objects near the Earth to those elsewhere in
the solar system and to distances to the stars.
Side-by-side comparisons of human-scale
spacecraft to large rocky planets and even
larger gas giants would be difficult with
physical models, but can be performed easily
in a VE by “zooming out” to view increasing-
ly larger objects. At least one study has taken
advantage of the capability of VE software to
switch frames of reference in such a way, and
was able to correct students’ notions about
the shape and size of the Earth [44].

Finally most astronomical phenomena are
also time-dependent. They require not just
the understanding of spatial positions and
orientations, but how those change over
time. As a result, animated movies showing
time-varying astronomical phenomena are
now common in multimedia instructional
materials that come with college astronomy
textbooks [45]. Although such animations
can show a physical phenomenon at differ-
ent times, the perspective is usually fixed to
a single vantage point. Only a VE simulation
gives the user the freedom of moving to
multiple perspectives in time as well as space.

The Psychology of Immersive VEs
The benefits of computer-generated reali-
ty systems in education have been studied
by many researchers. For instance, Chris
Dede and his collaborators have highlighted
a number of advantages of VEs for learning
complex spatial concepts, such as those

Figure 2: Examples of some of the most common notions of the shape of the Earth
by schoolchildren. Only the last depiction is scientifically correct.

often found in the physical sciences [46—48].
They include immersion which can increase
student engagement; the ability to view 3D
models from multiple frames of reference
which can give additional insights into any
phenomenon that occurs in a 3D physical
space; and the increased student motivation
from interactions with a well designed VE,
even after the initial novelty has worn off.

Researchers have also discovered that visu-
alizations of complicated data sets in immer-
sive VEs can be more effective than the same
visualizations in a non-immersive VE [49].
Test subjects using highly immersive VEs
show better task performance and have
higher satisfaction levels than those in non-
immersive VEs [501.

Furthermore, large display systems (such
as those found in digital domes) can increase
the psychological sense of presence [51-541.
Presence (or “telepresence” as originally
coined by Marvin Minsky twenty-five years
ago [55]) is defined as the sense of “being
there,” where a user responds psychological-
ly to a mediated environment as if that envi-
ronment was local, not remote [56-58]. By
using various psychological and physiologi-
cal measures of presence, researchers have
shown that increasing presence is correlated
with an increase in attention [59], in the per-
suasiveness of the mediated message [60],
improvements in memory and retention [61-
63], and enhancements to task performance
and navigation within a VE [54, 64]. There-
fore any increase in presence can potentially
increase the effectiveness of the content that
is being taught [65].

Other parameters that increase the sense
of presence happen to be suited perfectly for
the new generation of full-dome theaters.
These include improving image resolution
[66, 67], widening the field-of-view (FOV) of
the display [67-69], and enlarging the physi-
cal size of the display [70, 71]. Desney Tan and
his collaborators have shown the impor-
tance of not just increasing the FOV, but
increasing the dimensions of the display sur-
face. In a series of papers, they showed that
even when the same angular size of display is
used, subjects using the physically larger dis-
play perform better in virtual navigation
and spatial orientation [72-74].

The Future

Although traditional planetariums have
been in wide use for many decades, studies of
their effectiveness in astronomy teaching
versus normal classroom instruction have
had mixed results. Past research has shown
improved performance in the planetarium
[75-78], no difference between the two [79,
80], and better performance in the classroom
[81, 82]. Because these studies involved tradi-
tional analog planetarium presentations
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using mechanical star machines, their exper-
imental subjects learned in an immersive
dome, but did not benefit from any VE visu-
alizations.

In recent years, advocates in the full-dome
community have argued the qualitative
advantages of the full-dome theaters, based
on their large FOVs, and the educational
potential of the technology. However only a
handful of quantitative studies have looked
at the effectiveness of domed displays (e.g.,
[68, 83]). A critical study at the Houston
Museum of Natural Science showed signifi-
cant improvement in comprehension from
immersive full-dome 3D visualizations over
2D and non-immersive teaching methods
[84]. But clearly more work needs to be done
to quantify the advantages of immersive
learning for astronomy education.

As suggested by the literature review
above, immersive VEs combined with full-
dome theaters may be a powerful tool for
education. Not only astronomy but any
other subject requiring complex spatial
understanding may gain from visualization
software running in such venues. If visual
immersion also has quantifiable benefits,
then full-dome theaters may offer instruc-
tional value that is not possible even if the
same VE software were used in a “smart”
classroom.

Digital full-domes are not usually regarded
as true virtual reality (VR) systems?. How-
ever, they have far greater educational
potential than traditional VR systems such
as CAVEs and head-mounted displays. These
mainstays of VR research are still expensive
enough to be restricted to academic research
settings and to industrial labs. They are also
constrained by design the number of people
they can accommodate at any one time.
Although full-dome theaters are also expen-
sive, they are built with large audiences in
mind, and can be used for social and collabo-
rative learning.

A growing number of full-dome theaters
have been constructed at museums and sci-
ence centers as part of planetarium renova-
tions. Planetariums have built-in audiences
numbering in the tens of millions [85], and as
more institutions “go digital,” the impact of
full-domes on informal science education
worldwide can be enormous. However the
specific nature of this impact has to be prop-
erly quantified. (We at the Gates Planetar-
ium have already started looking at research
projects to study the best way to use immer-
sive full-domes for teaching astronomy.) The
techniques discovered must also be dissemi-

2. Virtual reality is usually associated with —
in addition to visual and aural immersion —
stereoscopic displays, head-tracking sensors,
and full user interactivity.

nated to planetarium educators, managers,
and operators for them to be globally effec-
tive. Only by doing so can the successes from
this new technology be leveraged for greater
support and recognition for the entire full-
dome community. Armand Spitz is oft quot-
ed as calling the original Zeiss planetarium
“the greatest teaching instrument ever in-
vented” [86]. Digital video full-domes clearly
have the promise to uphold that tradition.
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