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DYNAMIC VISUALIZATIONS AS TOOLS FOR SUPPORTING
COSMOLOGICAL LITERACY

Dissertation Abstract

Zo¢ Elizabeth Buck

My dissertation research is designed to improve access to STEM content through
the development of cosmology visualizations that support all learners as they engage
in cosmological sense-making. To better understand how to design visualizations that
work toward breaking cycles of power and access in the sciences, I orient my work to
following “meta-question”: How might educators use visualizations to support
diverse ways of knowing and learning in order to expand access to cosmology, and to
science? 1In this dissertation, I address this meta-question from a pragmatic
epistemological perspective, through a sociocultural lens, following three lines of
inquiry: experimental methods (Creswell, 2003) with a focus on basic visualization
design, activity analysis (Wells, 1996; Ash, 2001; Rahm, 2012) with a focus on
culturally and linguistically diverse learners, and case study (Creswell, 2000) with a
focus on expansive learning at a planetarium (Engestrom, 2001; Ash, 2014).

My research questions are as follows, each of which corresponds to a self-

contained course of inquiry with its own design, data, analysis and results:

1) Can mediational cues like color affect the way learners interpret the content in

a cosmology visualization?
2) How do cosmology visualizations support cosmological sense-making for

diverse students?
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3) What are the shared objects of dynamic networks of activity around
visualization production and use in a large, urban planetarium and how do
they affect learning?

The result is a mixed-methods design (Sweetman, Badiee & Creswell, 2010) where
both qualitative and quantitative data are used when appropriate to address my
research goals. In the introduction I begin by establishing a theoretical framework for
understanding visualizations within cultural historical activity theory (CHAT) and
situating the chapters that follow within that framework. I also introduce the concept
of cosmological literacy, which I define as the set of conceptual, semiotic and
cognitive resources required to understand the scientific Universe on a cosmological
scale. In the first chapter I use quantitative methods to investigate how 122 post-
secondary learners relied on mediational cues like color to interpret dark matter in a
cosmology visualization. My results show that color can have a profound effect on
the way that audiences interpret a dynamic cosmology visualization, suggesting a
closer look at learning activity. Thus in the second chapter I look at how the
visualizations are used by small groups of community college students to make sense
of cosmology visualizations. I present evidence that when we look past linguistic
fluency, visualizations can scaffold cosmological sense-making, which I define as
engaging in object-oriented learning activity mediated by concepts and practices
associated with cosmological literacy. In the third chapter I present a case study of an
urban planetarium trying to define its goals at a time of transition, during and after the

development of a visualization-based planetarium show. My analysis reveals several

vil



historical contradictions that appear to impel a shift toward affective goals within the
institution, and driving the implementation of visualizations, particularly in the
context of immersive' planetarium shows. I problematize this result by repositioning
the shift toward affective goals in the context of equity and diversity. Finally in my
conclusion I present broad recommendations for visualization design and

implementation based on my findings.

1 Immersive visualizations and shows refer to three-dimensional images that appear to surround

the audience.
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Introduction: Cosmology, Visualizations and Research Overview

In the introduction to my dissertation I justify my choice to focus on cosmology
visualizations by arguing for the importance of developing a cosmologically literate
citizenry, pointing out the increasing reliance of cosmology educators on dynamic
visualizations, and highlighting the lack of literature on either topic. In doing so, I
introduce and define the “dynamic visualization” and the construct of “cosmological
literacy.” I then critically examine traditional theoretical perspectives for
understanding cosmology learning and dynamic visualizations, and introduce
cultural-historical activity theory as a more nuanced and productive theoretical tool.
Finally, I provide an overview of my dissertation design, going through each chapter
in turn to tie together their diverse methodologies within a single mixed-methods

research design.



Cosmology as fundamental science content

Developing a “scientifically literate” citizenry has moved to the top of
political and educational agendas over the past decades (American Association for the
Advancement of Science [AAAS] Project 2061, 1993; Obama, 2014), driving an
interest in research on how to develop scientific literacy through effective teaching of
fundamental science content. Cosmology is fundamental science content; it is the
study of the structure, organization and dynamics of the observable universe.
According to the American Association for the Advancement of Science (AAAS),
“finding our place in the cosmic scheme of things and how we got here is a task for
the ages — past, present, and future... If being educated means having an informed
sense of time and place, then it is essential for a person to be familiar with the
scientific aspects of the [U]niverse and know something of its origin and structure”
(AAAS Project 2061, 1993).

Until 1997, cosmology was regarded as a very uncertain field of astronomy,

plagued by persistent theoretical inconsistencies” that made it “extraordinarily

2 One of these inconsistencies was the existence of stars seemingly older than the universe. In
1997-98 the Hipparcos satellite determined that the distance to many old stars had been
underestimated. This meant that the old stars were brighter and therefore younger than

previously thought, approximately 12-13 billion years old. The discovery of the accelerating



difficult for physicists to take seriously any theory of the Universe” (Weinberg, 1993,
p 131). Butin the past decade, results from experiments like the Wilkinson
Microwave Anisotropy Probe (WMAP) and the Sloan Digital Sky Survey (SDSS)
have lent support to a standard cosmology known as Lambda Cold Dark Matter
(ACDM). ACDM is now widely recognized as serious scientific theory, elevating
the status of cosmology content in the eyes of the scientific community. Today, being
familiar with cosmology content such as the Big Bang is recognized as a fundamental
part of scientific literacy (NGSS Lead States, 2013), with the potential to “~convey the
preciousness of the cosmic experiment on planet Earth...[and] reveal solutions to the
problems that confront us personally and globally" (Primack & Abrams, 2006).

Yet national and state standards have continued to de-emphasize large scale
cosmology—whereas in 2006 over 45 states included Earth's orbit and seasons, the
phases of the moon, and the eight classical planets in their curriculum standards,
fewer than 20 states included the structure of anything outside of the Solar System
(Palen & Procter, 2006). The Next Generation Science Standards (NGSS), which

were developed by a consortium of 26 states’ and are likely to be adopted by many

expansion of our universe put the time passed since the Big bang at approximately 14 billion
years, resolving the old star inconsistency.
3 These states are: Arizona, Arkansas, California, Delaware, Georgia, Illinois, lowa, Kansas,

Kentucky, Maine, Maryland, Massachusetts, Michigan, Minnesota, Montana, New Jersey, New



states over the next several years, include knowledge of the force of gravity in
determining the structure of the Universe, the existence of many galaxies beyond our
own, and evidence for the Big Bang, but only for middle school and high school
students who have chosen to take astronomy courses (NGSS Lead States, 2013). It is
not surprising then that the few studies on cosmology learning have found that
participants struggle to conceptualize and articulate what lies outside our solar system
(Raphling & Keane-Timberlake 1997; Prather et al. 2002; Schoemer 1999; Sadler
1992). As the nation looks to expand science literacy, states prepare to adopt the
NGSS, and educators turn to new technologies to introduce science content, we need
to know more about how learners make sense of our Universe across relevant
learning environments, and how we can support the development of cosmological

literacy in order to expand access to science for all students.

York, North Carolina, Ohio, Oregon, Rhode Island, South Dakota, Tennessee, Vermont,
Washington, and West Virginia. Over 40 states have shown interest in the standards. However at
the time this dissertation is being written, only six states have adopted the standards: California,

Kansas, Kentucky, Maryland, Rhode Island, and Vermont. (Wikipedia, 2014)



Defining cosmological literacy

I define cosmological literacy as the set of conceptual and semiotic resources
required to understand the scientific Universe on a cosmological scale. This includes
descriptive* knowledge of the forces, bodies and systems involved in basic
cosmology, and the ability to apply this knowledge appropriately. I use the term
literacy in a purposeful way: 1) to invoke the popular phrase of “scientific literacy;”
2) to establish a distinction between proficiency in descriptive cosmology, and
numeracy (Steen, 2001), which is also an integral part of cosmology; and 3) to
suggest a connection to the Freirian definition of literacy as "a creative act that
involves the critical comprehension of reality" (Freire & Macedo, 1987, p 156)°

Cosmological literacy can be divided into four facets: systems, forces,

observability and scale. Systems refers specifically to the components and

*I use the qualifier “descriptive” here to indicate that I am not referring to a mathematical or
numerical understanding of the physics of cosmology, but rather a more qualitative
understanding of the basic structure, scale, and properties of the Universe as we know it.

5 As such, I hope that cosmological literacy, like reading and writing literacy, can be "a vehicle by
which the oppressed are equipped with the necessary tools to reappropriate their history,
culture, and language practices" (156), by giving learners the tools to interpret scientific
cosmology critically in relation to their own cosmologies, and providing access to scientific

institutions embedded in systems of power and privilege.



organization of the Universe, forces to the role of gravity and the dynamics of
gravitational systems, observability to the limitation of our current technology and the
relationship of what is visible to what is invisible, and scale to deep time/space.
These facets were used to bound my literature search, to choose appropriate
cosmology visualizations, and in the construction of my framework for defining
practices associated with cosmological literacy.’

Systems: Cosmology includes knowledge of various celestial bodies and
systems, including how they are organized, and some of their properties. Our
Universe can be organized into systems of increasing scale, bounded by gravity on
local scales (planetary systems, star systems, galaxies, galaxy clusters), and at the
largest scales, anisotropy after the Big Bang.” The largest systems that are
gravitationally bound are clusters of galaxies. On very large scales, superclusters of

galaxies surround cosmic voids. Regions bound together by gravity have stopped

6 These four themes are based on the goals as dictated by planetarium educators (Small &
Plummer, 2010) and national science education standards (NSF, 1996; NGSS Lead States, 2013).
They were developed in consultation with cosmology visualizer Nina McCurdy and cosmologist
Joel Primack, and modified to align with the content of the Next Generation Science Standards
(NGSS).

7 Anisotropy is the property of being directionally dependent, and can be thought of roughly as

the “clumpiness” of material in the early Universe, as opposed to a smooth, uniform distribution.



expanding, but the superclusters are not bound by gravity, and they are expanding
faster and faster. In the NGSS, this facet aligns with the cross-cutting concept
Systems and system models, described as follows: “Defining the system under
study —specifying its boundaries and making explicit a model of that system —
provides tools for understanding and testing ideas that are applicable throughout
science and engineering.”

Forces:® Cosmological literacy includes knowledge of how celestial bodies
and systems interact with each other through gravity, and an appreciation for how this
interaction dictates much of the structure of the Universe. In the NGSS, this facet
aligns with the following standard for middle school students: Develop and use a
model to describe the role of gravity in the motions within galaxies and the solar

system’ (NGSS Lead States, 2013). All matter in the Universe, visible and invisible,

8 While gravity is the most pertinent force for basic descriptive cosmology, it is not the only
important force in the Universe. Electromagnetic radiation shapes the formation and evolution
of stars, among other things, and the Weak and Strong forces are key to understanding the
moments after the Big Bang, and the matter that makes up the Universe.

9 From the NGSS: [Clarification Statement: Emphasis for the model is on gravity as the force that
holds together the solar system and Milky Way galaxy and controls orbital motions within them.
Examples of models can be physical (such as the analogy of distance along a football field or

computer visualizations of elliptical orbits) or conceptual (such as mathematical proportions



interacts through gravity, as does radiation such as visible light. The research on how
students think about gravity has revealed that their ideas are heavily based on context
(Palmer, 2011). In other words, while most students can talk about gravity and
predict its effects on the things they see every day, they do not transfer this
knowledge to cosmological systems consistently (Smith & Peacock, 1992; Sneider &
Ohadi, 1998; Bar et al., 1994; Nussbaum & Novak, 1976; Nussbaum, 1979; Sneider
& Pulos, 1983). Many students link gravity with air (Berg & Brouwer, 1991; Borun
& Massey, 1993; Ruggiero et al., 1985; Reynoso et al., 1993; Bar et al., 2007). Thus
this facet of cosmological literacy requires knowledge of gravity in the context of
cosmology, and an explicit understanding of how interactions on a local scale (e.g.
gravity between two celestial objects) can create large-scale patterns that act in non-
intuitive ways. This aligns with the NGSS cross-cutting concept Patterns, described
as “Observed patterns of forms and events guide organization and classification, and
they prompt questions about relationships and the factors that influence them” (NGSS

Lead States, 2013).

relative to the size of familiar objects such as students' school or state).] [Assessment Boundary:
Assessment does not include Kepler’s Laws of orbital motion or the apparent retrograde motion of

the planets as viewed from Earth.]



Observability: Descriptive cosmology includes knowledge of some of the
limitations of our observations, including what little we know about the invisible
components of the Universe. These components include dark matter, dark energy,
and their relationship to the Big Bang. Most of the Universe is made of dark matter.
Large dark matter “halos” permeate and surround all galaxies, and hold them together
gravitationally. Even though cosmologists can’t see dark matter, they can measure it
by the effects of its gravity. It might be detected directly in underground
experiments, through NASA’s Fermi Gamma Ray Space Telescope or other
instruments, or created at the Large Hadron Collider in Geneva. Einstein’s theory of
gravity (general relativity) allows space to repel space via dark energy, which is now
making the universe expand increasingly rapidly. The invisible Universe is tied to the
visible through gravity, and the repulsive effects of dark energy. Although dark
energy and dark matter are not mentioned in the NGSS, this facet of cosmological
literacy is closely tied to the nature of science (NoS), emphasized in the NGSS, and
the fundamental scientific tenet of uncertainty (Buck, Lee & Flores, 2014).
According to supplementary NGSS documents: “Indeed, the only consistent
characteristic of scientific knowledge across the disciplines is that scientific
knowledge itself is open to revision in light of new evidence. “ In addition, this facet
requires an understanding of the visible Universe, including radiation such as the
cosmic microwave background, heat left over from the early Universe. Because of
the limitations of deep space, radiation is the primary tool used by astronomers, and

analysis of radiation such as spectra can tell us a lot about the Universe. This aligns



with the NGSS standard for high school students: Construct an explanation of the Big
Bang theory based on astronomical evidence of light spectra, motion of distant
galaxies, and composition of matter in the universe. '’

Scale: Cosmological literacy requires an understanding not just of the various
systems and how they are organized, but of the scale of these systems, and how that
effects them and their interactions. For example, the effect of dark energy versus
gravity changes on large scales: whereas gravity dominates on the scales with which
we are familiar, dark energy dominates on the scale of superclusters. For experts,
understanding of deep time and or space is associated with mathematical practices
such as logarithmic scales, and metacognitive practices such as compartmentalizing
various cosmic systems, but for learners who are treating the Universe qualitatively,
scale through time and space can be very difficult to conceptualize (Tretter, Jones,

Andre, Negishi & Minogue, 2006; Dodick and Orion, 2003). This facet of

10 From NGSS: [Clarification Statement: Emphasis is on the astronomical evidence of the red shift
of light from galaxies as an indication that the universe is currently expanding, the cosmic
microwave background as the remnant radiation from the Big Bang, and the observed
composition of ordinary matter of the universe, primarily found in stars and interstellar gases
(from the spectra of electromagnetic radiation from stars), which matches that predicted by the

Big Bang theory (3/4 hydrogen and 1/4 helium).]
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cosmological literacy is aligned with the NGSS cross-cutting concept of Scale,
proportion, and quantity, described as follows: “In considering phenomena, it is
critical to recognize what is relevant at different measures of size, time, and energy
and to recognize how changes in scale, proportion, or quantity affect a system’s
structure or performance.”

These facets incorporate a number of fundamental cosmological concepts and
categories, and are inextricable from one another. For example, gravity is responsible
for the organization of the Universe, is an important link between the behavior of
invisible matter and visible matter, and its impact is highly dependent on the scale of
the system. Tremendous progress has occurred recently in the scientific community
toward understanding cosmology, including our first picture of the size, evolution,
and structure of the entire visible universe that is supported in detail by a wide
diversity of observational data (Abrams & Primack, 2011). In the past decade,
cosmology has come of age, the standards are finally beginning to catch up, and it is
time to build a research base on cosmology learning and teaching, starting with

accessible, well-designed learning tools, like dynamic visualizations.

Visualizations as learning tools for presenting complex cosmology content

Much of cosmological literacy is very difficult to conceptualize visually: dark
energy, dark matter, gravitational interactions, and systems organized on scales far
too large to be viewed through a telescope’s eyepiece. Well-designed scientific
visualizations could help learners organize these complex concepts externally,

supporting them as they construct their own understanding. Scientific visualizations
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are representations of 3-D+ phenomena, simplified illustrations of complex real life
systems, sometimes animated dynamically over time or through space. In cosmology,
this often means the rendering of enormous data sets, either collected from
cosmological surveys, or simulated using observed cosmological parameters.
According to Friedman (2008):

[The] main goal of data visualization is to communicate information clearly

and effectively through graphical means. It doesn’t mean that data

visualization needs to look boring to be functional or extremely sophisticated
to look beautiful. To convey ideas effectively, both aesthetic form and
functionality need to go hand in hand, providing insights into a rather sparse
and complex data set by communicating its key-aspects in a more intuitive
way.

Thus while cosmology visualization is a functional medium for scientists as
they work to understand the Universe, it also has the potential to be visually stunning,
drawing in learners and showing them real-life phenomena they might never have
been able to imagine (Pefia and Quilez, 2001). Visualizations are can be learning
tools for presenting complex and rigorous cosmology content, without high linguistic
demand (Hegarty, Kriz & Cate, 2003). They are a flexible medium that can bring the
vast, invisible aspects of the Universe into students’ experience, and inculcate
students into some of the tools of science.

Over the past decade, modern software has made extending productions to 3D

theaters, flat screens, and the Internet comparatively easy (HiPACC website, 2014).
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As a result, real scientific visualizations have become one of the most utilized media
for presenting astronomy content in both informal settings and classrooms (Yair,
Mintz, & Litvak, 2001). This means that we need to know more about how we can
use visualizations to support learners as they coordinate multiple ways of
conceptualizing, knowing, and representing the Universe.

Visualizations can take advantage of “the power of alternative formats in
communicating ideas” (Lee & Fradd, 1998, p 17). Multi-media simulations and
visualizations have been shown to support science achievement in biology (e.g.
Kiboss, Ndirangu & Wekesa, 2004) and chemistry (e.g. Ardac & Akaygun, 2004), so
there is precedent to suppose that they might be used to support learning in
cosmology. We also know that such simulations and visualizations can serve to help
students generate their own mental images, and deepen their engagement in
conversations around the content (Wu, Krajcik, & Soloway, 2001; Hegarty, Kriz &
Cate, 2003). Yet we know almost nothing about how learners, especially those from
demographics who are typically underrepresented in science, are interpreting and
interacting with visualizations. These visualizations are made by scientists, and then
disseminated to the media and to learning institutions without being rigorously
studied with learners.

Cosmology visualizations are becoming increasingly popular in TV shows
like The Universe and NOVA. They have revolutionized planetariums, expanding
potential explorations from the night sky to the entire Universe. And they are

becoming more popular in the K-12 classroom (Yair, Mintz, & Litvak, 2001). Thus
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potential audiences for cosmology visualizations range in age from toddlers to
grandparents, in education level from no schooling to professional scientists, and in
linguistic background from monolingual fluent English speakers to multilingual,
recent immigrants who may be encountering English for the first time.

My research examines cosmology learning by exploring ways in which
visualizations can be used to support learners from mainstream and non-mainstream
backgrounds as they move toward constructing a scientific understanding of
cosmology content, and developing cosmological literacy. Studying how diverse
learners interact with visualizations can inform the development of these materials,
and guide educators in deciding how to utilize visualizations in their exhibits and
classrooms. In addition, I investigate the institutional context in which these
visualizations are embedded, looking for the challenges that arise in presenting
cosmology content, and the ways in which learners are served and/or not served by

the solutions to these challenges.

Cognitive psychology and conceptual change

In this section I will discuss traditional frameworks for evaluating and
describing learning, all of which rely on an out-dated “banking” or “transmission”
model of learning that puts an over-emphasis on the performance and attributes of
individuals. Not only do these theories provide an incomplete picture of what
learning looks like, they create and reify unnecessary divides between “scientific” and

“unscientific” that can contribute to student alienation from the world of science.

14



When policy-makers talk about the goals of science education, they tend to
focus heavily on student articulation of very specific content acquisitions. For
example in 2013, California fifth graders were expected to “know the solar system
includes the planet Earth, the Moon, the Sun, eight other planets'' and their satellites,
and smaller objects such as asteroids and comets” (CFCC, 2004, pg. 77). This goal
requires students to learn a set of vocabulary words and what category they belong to:
e.g. Neptune is a planet in the Solar System. Framing science learning as the
acquisition of such content requires a strict dichotomy, both of knowledge (wrong
content versus right content), and pedagogical roles (student versus teacher). In this
model, the teacher necessarily has ownership over the right answers, and the student
seeks to be able to reproduce those answers. This conceptualization has variously
been referred to as the “banking” model (Freire, 1970), the “teacher-centered” model
(Bransford, Brown & Cocking, 2000), or the “cultural reproduction” model
(Bourdieu, 1993). I will use the term “banking model,” in an attempt to emphasize
both the assumption that learning is linear, and the implications of such an
assumption in terms of bestowing cultural privilege. In such a model, education

becomes “an act of depositing, in which the students are the depositories and the

111n 2005 Pluto was reclassified as a dwarf planet, thus today this standard would read “seven

other planets.”
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teacher is the depositor” (Freire, 1970, p 72). On a large scale, this model perpetuates
colonial attitudes about “civilized” and “correct” ways to know and do, and results in
the reproduction of existing power structures. In the classroom, this model
effectively silences the learner and invalidates his or her opinions and ideas.

The banking model is a reflection of out-dated ideas about learning, rooted in
the experiments of psychological researchers in the early twentieth century known as
behaviorists. Behaviorists like Ivan Pavlov, John Watson, and B.F. Skinner put a
heavy focus on the conditions necessary to get subjects to reproduce the correct
response, primarily through the application of positive or negative stimuli to
encourage or discourage certain types of responses from the subject (Skinner, 1953).
For those who theorized learning this way, the process was less important than the
production of students who were more likely to reproduce the right answers. Thus
behaviorists put little to no focus on individual cognition, but rather on individual
performance.

Over the course of the twentieth century, education researchers refocused their
attention away from conditioning, toward the cognitive processes of the learner as
new content is acquired. This shift was heavily influenced by the work of
psychologists Jean Piaget and Bérbel Inhelder, who showed that the way that children
respond to stimuli is related to the way in which they think about the world (1969).
This view complicated the banking model by taking into account cognition, and
allowing for the role of the student in her or his own learning. By the 1980s, most

researchers and practitioners framed the learning process as students constructing
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their own understanding of the natural world, guided by the teacher, a model known
as “constructivism,” and rooted in cognitive psychology. This model emphasizes the
ideas that students already have about the natural world, and the role that this “prior
knowledge” takes in the construction of new knowledge.

At face value, constructivism breaks away from behaviorism, giving students
ownership of content and softening the strict dichotomy of student versus teacher.
However, traditional constructivism still holds to the basic structure of the banking
model: there is a right answer, which the teacher probably knows, and the goal is for
the student to leave the classroom with the ability to reproduce the right answer.
Thus the core model is still one of “banking” the correct answers.

Research from the cognitive psychology perspective seeks to reveal and
describe the knowledge that learners bring to the classroom before formal teaching
about a science content area has begun, so that teachers will be better informed on
how to change the wrong ideas into the right ones. This research typically involves
interviews and surveys designed to elicit student's “misconceptions" about a certain
topic. One famous example of this type of study was Schneps (1988), who released a
video titled “A Private Universe," where high school students and Ivy League
graduates alike are unable to reproduce the scientifically agreed upon explanation of

why there are seasons. Almost all the students interviewed explain that during the
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summer the Sun is closer to the Earth, while in winter the Sun is farther.'* This
consistent and resilient pattern of incorrect responses is what cognitive psychologists
would call a misconception. Some scholars object to this phrase, preferring less

n <<

accusatory descriptions like “prior knowledge," “alternative conceptions" or “existing
knowledge structures," but the paradigm is essentially the same: there is something in
students' heads that may or may not be scientifically accurate, and it is important to
reveal that something in order to alter it through teaching. This process of altering the
incorrect conceptions and replacing them with the correct ones is known as
conceptual change (Strike & Posner, 1985), and this model of learning has come to be
known as conceptual change theory (CCT). Teaching for conceptual change requires
confronting students with novel tasks for which their existing conceptions are not
adequate, creating a “cognitive conflict” that forces them to consider alternative,
scientific views of the natural world.

The vast majority of astronomy education literature takes a CCT perspective

(e.g. Schneps, 1988; Vosniadou & Brewer, 1992; Prather, Slater & Offerdahl, 2002),

seeking out and documenting student misconceptions. As a seminal example of such

12 The seasons are in fact caused by the relatively stable tilt of the Earth on its axis. This tilt
results in a change in the distribution of the concentration of sunlight over the curved surface of
the planet as it revolves around the Sun. During summer in the Northern Hemisphere, the Earth

is actually further from the Sun than during our winter.
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research, Vosniadou & Brewer (1992) used interviews and drawings to probe
children's ideas about the Earth. Their work revealed a variety of unscientific models
held by schoolchildren, including a hollow earth with the people inside of it, an earth
that is round like a pancake, a spherical earth with a sky above it and a spherical earth
with all the people standing on top. The taxonomy of misconceptions that Vosniadou
& Brewer created from this work are illustrated in Figure 1 below. Using these
revealed misconceptions, teachers can purposely design tasks for their students that
will produce cognitive conflict, leading to conceptual change; for example a teacher
might present students who drew a flat Earth with photographs of the planet taken

from space.

Figure 1. Taxonomy of children's conceptions of the Earth. (Vosniadou & Brewer, 1992, p 549)
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Conceptualizing visualizations from the CCT perspective

Cognitive psychologists conceptualize visualizations as a type of external
representation that stands for something else, thus taking on the function of a sign.
These representations are useful learning tools that students can use to lighten their
“cognitive load” while performing complex cognitive tasks that can lead to

 Schnutz et al. (2010) differentiates between two such

conceptual change.'
representations, descriptive and depictive. Descriptive representations use symbols,
which are arbitrary and understood according to convention. Depictive
representations use icons, which the authors insist are not arbitrary, but hold a
concrete analogous relationship to the actual phenomenon. Depictive representations
are more specific than descriptive ones. For example, a descriptive representation
might be a sign which states “No Pets.” This sign uses language (an arbitrary
convention) to get the message across, and applies generally to dogs, cats, birds, etc.
On the other hand, a depictive representation might be a sign which has a picture of a
large dog with pointy ears with a cross through it. This sign uses an image that
matches perception of a dog, and does not require someone to understand written

English, however it is very specific. It does not necessarily apply to cats and birds,

and perhaps not even to small dogs with floppy ears. Despite their specificity, the

13 This is know as “conceptual load theory.”
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authors point out that such depictive representations allow for higher “computational
efficiency,” and are more useful for making inferences. Dynamic visualizations such
as the kind I am investigating are depictive representations, because they present
images that match visual perceptions of astronomical objects/systems like stars and
galaxies.

While depictive representations are clearly useful tools, not all serve the same
function. Vosniadau (2010) suggests that depictive representations can be
categorized as either perceptual or conceptual models, and that this distinction is
important. A conceptual model depicts a phenomenon that is not experienced
perceptually, or is experienced differently than the depiction, for example a diagram
of the Earth, Moon and Sun when the Moon appears to be in the crescent phase from
the surface of the Earth, as seen in Figure 2a. A perceptual model matches our
egocentric perception of a phenomenon, for example a picture of the crescent Moon
in the sky, as seen in Figure 2b. The dynamic visualizations of cosmological
phenomena that I investigate in my research depict objects and events that cannot be
perceived from an egocentric perspective, only through theory-driven data
reconstruction, making them conceptual models. Conceptual models are often
counter-intuitive, and require domain-specific knowledge to understand (Vosniadau,

2010).
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Figure 2: a) Conceptual model of a waning crescent Moon depicting the Earth and Moon in space, and
b) perceptual model of a waning crescent Moon, depicting the apparent shape of the Moon in the sky.
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Moving Past Conceptual Change Theory

Conceptual change theory provides a useful framework for describing
different kinds of visualizations, and I carry the vocabulary of descriptive, depictive,
perceptual and conceptual into my own work. What is valuable about CCT is that it
has shown us over and over that learners hold a variety of robust conceptions about
the world, and that the process of changing these conceptions is more complicated
than just telling someone the right answer. However, when it comes to understanding
the hows and the whys of human learning, CCT falls short.

There are five major reasons why I think it is time to move past the conceptual
change theory line of research, and the cognitive psychology framework for
understanding learning that is associated with it. Firstly, in order to produce
generalizable results, CCT research typically assumes that explanations are
independent of context. Not only does this ignore the situated nature of cognition
(Lave & Wenger, 1991) but it can obfuscate the implications of a set of results. For

example, Panagiotaki et al. (2009) sought to investigate claims that the
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misconceptions revealed by Vosniadou & Brewer (1992) may be the result of
research methods (confusing prompts, ambiguous tasks). Their tasks were rephrased
to eliminate confusion and the study was replicated. Sure enough, the authors found
that the reworded prompts resulted in fewer misconceptions.

Secondly, CCT still relies on knowledge dichotomies, which is not consistent
with the constructivist principles upon which it is based (Warren, Ogonowski &
Pothier, 2005). If learning is a continuous process of construction and reconstruction,
using building blocks of prior knowledge and new knowledge provided by peers
and/or a teacher, then what is inside students' heads should vary along a broad,
multidimensional spectrum of thinking, not fall into discrete categories of “scientific”
and “unscientific.”

Thirdly, CCT investigates individual student performance, on the assumption
that the most important processes involved in learning are the higher order mental
functioning of the individual. This ignores the fundamental role of social and cultural
processes in mediating knowledge construction (Wertsch, 1994; Wells, 2002), and the
cognition that occurs regularly in the spaces between individuals, peers and their
environment (Vygotsky, 1978).

Fourthly, CCT frames the diversity of everyday experiences and resources
brought by diverse learners as discontinuous with scientific reality, and therefore as a
barrier to learning, rather than as a resource (Lemke, 2001; Warren, Ogonowski &
Pothier, 2005). With this perspective, those students from non-mainstream

backgrounds, who come to the classroom with non-mainstream perspectives and
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ways of knowing, are going to have the most “barriers” to be replaced, require the
most “work,” and are going to be pushed away from science, where some of their
new perspectives could have been valuable resources.

Finally, and perhaps most telling, instruction based on CCT that is designed to
challenge and replace conceptions has not been shown to be effective for all learners
(Smith et al., 1994; Limén, 2001; Zimmerman & Blom, 1983; Stathopoulou &
Vosniadou, 2007). As Lemke (2001) puts it: “An apparent assumption of conceptual
change perspectives in science education is that people can simply change their views
on one topic or in one scientific domain without the need to change anything else
about their lives or their identities...changing your mind is not simply a matter of
rational decision making. It is a social process with social consequences.” (p 301).
Clearly if we seek to both truly understand learning in context, and diversify the
landscape of science, we need to take what is useful from CCT and move past it,
furthering our research and practice from the banking model to which CCT adheres.
As a result many modern science education researchers have turned to sociocultural
theory to conceptualize learning (Lemke, 2001; Buxton, 2006), which I have found to

be a very productive theoretical frame.

Cultural-Historical Activity Theory (CHAT)

Sociocultural theory originally emerged from the work of Lev Vygotsky in the
early decades of the twentieth century. Previously, learning was conceptualized
theoretically as a simple transmission of knowledge from a source to an individual

subject. In that paradigm, all learning takes place in the mind of the learner,
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maintaining the traditional Cartesian duality between human consciousness and the
rest of the world. Although theorists like Piaget complicated the transmission process
to consider cognition (Piaget & Inhelder, 1956), the focus remained on the mind of
the individual learner, distinct from societal structures.

Vygotsky’s (1978) conceptualization of learning transcended this duality by
introducing the concept of mediation to the stimulus-response cycle. Mediation
occurs when cultural artifacts act as a two-way filter between the immediate sensory
input and the response from the person. This model is commonly depicted as a triad
between stimulus, response and cultural artifacts or tools, as in Figure 3 below.
Vygotsky’s two-dimensional triad model complicates the previously linear
relationship between external and internal activity: not only do cultural tools mediate
external activity, the external activity in turn mediates internal mental function. For
example, the use of language (a cultural tool) to articulate thought (an external human
activity) alters the way we think (internal human activity), which we then articulate

through language.

Figure 3. Vygotsky's triad of stimulus (S) and response (R), mediated by cultural artifacts, tools and
signs (X).

S R

X

Vygotsky’s work is now considered to be the “first generation” of a
sociocultural model of learning known as cultural-historical activity theory, or CHAT

(Engestrom, 1987). The second generation is attributed to Vygotsky’s colleague and
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student, Alexei Leont’ev. Leont’ev (1974) expanded Vygotsky’s model beyond the
individual to consider collective human activity. Whereas in Vygotsky’s (1978)
discussion of learning we could not consider the actions of a learner without
including cultural artifacts, Leont’ev proposed that in we cannot consider the
mediated actions of the learner without considering the more general collective
activity in which both the action and the artifacts are embedded. Leont’ev used the
example of the “hunt” to illustrate this: a man performing the action of running
toward prey, yelling and waving his arms might confuse the observer, without
understanding that the man is trying to scare the prey away from himself and toward
the other members of the hunting party, so that they can kill it. The man’s actions are
embedded in the larger activity of the hunt, and while the goal of his action is to
frighten the animal, the true object of his activity is to feed his family. Essential to
understanding the difference between actions and activity are the ways in which
humans divide labor, either implicitly or explicitly; some hunters take on the role of
“beater,” while others take on the role of “shooter.” In the classroom, a student and a
teacher take on very different roles, and may be engaged in very different actions in
the classroom (listening to a lecture, giving a lecture), oriented toward very different
short term goals (understanding the information, communicating the information), but
together these actions are embedded in the same activity, oriented toward the same
goal (student understanding of the information to the point that the student can

perform at a certain level on an assessment).
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Yr1jo Engestrom (1987) refined and expanded on this model in the second half
of the twentieth century with the introduction of a graphical model of the collective
activity system that emphasized the “relationship” between mediation and the other
components of an activity system (Engestrom 1999, p 29). Such a model is shown in
Figure 4 below. The uppermost tip of this triangle is a reformulation of Vygotsky’s
original triad, representing the mediated action of an individual (or several
individuals). The base of the triangle represents the rest of the collective activity
system, in which the action is embedded. The activity is directed toward an “object,”
which is a distinct idea from the more short term “goals” of individual actions. The
oval indicates that object-oriented actions are always, explicitly or implicitly,

characterized by ambiguity, surprise, interpretation and sense-making (Engestrom,

1999).
Figure 4.The structure of a human activity system (Engestrom, 1987, p. 78).
MEDIATING ARTIFACTS:
TOOLS AND SIGNS
OBJECT
SUBJECT SENSE,
MEANING OUTCOME
RULES COMMUNITY DIVISION OF LABOUR

This second generation of cultural-historical activity theory has been the basis of
much research on learning over the past several decades. Research that takes on
CHAT as a theoretical approach should take the activity system as a unit of analysis,

thus reframing social, historical and cultural context as an integral part of the
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phenomenon under study, rather than as a “container” for that phenomenon, or
something tangential to it.

As sociocultural theory moved out of Soviet Russia, and became a more
popular theoretical approach internationally, critics began to point out that CHAT was
insensitive to diversity, and thus not truly applicable in cross-cultural contexts (Cole,
1988; Griffin & Cole, 1984; Engestrom, 2010). In response to this, a third generation
of activity theory has begun to emerge, one in which analysis takes into account
dynamic networks of activity systems, with a focus on how these systems dialogue
with and challenge one another (Engestrom, 2010). The graphical model for
understanding a simple (n=2) network of activity systems is shown in Figure 5 below.
Within such a model, the object motivating activity becomes a “moving target,” a
complex and shifting element constructed, deconstructed and reconstructed by

activity systems and the interactions between them.

Figure 5. Two interacting activity systems. (Engestrom, 2010, p. 56).

MEDIATING MEDIATING
ARTIFACTS OBJECT, OBJECT, ARTIFACTS
/ OBJECT, OBJECT
SUBJECT SUBJECT
RULES ~ COMMUNITY  DIVISION DIVISION  COMMUNITY  RULES

OF LABOUR OF LABOUR

OBJECT,
Engestrom (2010) stresses that such systems are inherently “multi-voiced,”

incorporating multiple perspectives and interests, and situated within communities
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with varied repertoires of practice (Gutierrez & Rogoff, 2003; Lave & Wenger,
1991). They are constructed within a historical context and shaped by the passage of
time, and can only be understood “against their own history.” Historicity is
particularly important when considering those places where tension and contradiction
arises. Contradictions, defined by Engestrom (2010) as “historically accumulating
structural tensions within and between activity systems,” are a vital location for
understanding the dynamics of these systems and the networks in which they are
embedded. It is through contradictions and the reactions they provoke over time, that
activity systems are modified and changed significantly, and at the points of change
are the potential for new forms of activity, or expansive learning.

In this dissertation, I use all three generations of activity theory to inform my
methodology, by looking at mediational cues involved in their interpretation (first
generation), making sense of visualizations in small groups (second generation), and
redefining shared objects arising from contradictions around visualizations (third
generation). I will begin by situating visualizations within the CHAT framework,

drawing from the literature on human-computer interactions.

Visualizations as tools within the activity system

According to Lemke (2001), sociocultural theory has shown us that “the core
sense-making process at the heart of scientific investigation...critically involve
instrumentation and technologies, in effect distributing cognition between persons
and artifacts, and persons and persons, mediated by artifacts, discourses, symbolic

representations, and the like” (p 298). Visualizations are one such technology, a
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means for distributing cognition, heavily mediated by symbolic representation among
other things. Although there is little to no literature looking at visualizations from the
perspective of CHAT, there is a solid body of research on the role of computers in
human activity. Computers are very different than visualizations in many ways; for
example computers are “interactive” learning tools, in that the user can manipulate
the stimuli being offered by the computer in real time, while the visualizations studied
here present stimuli that cannot be directly manipulated by the passive observer.

Still, I believe that the shared novelty of computer and visualization technology, in
addition to the spaces and contexts in which they are often presented (screens in
classrooms, museums, etc) make this a fruitful connection to draw.

Like visualization research, early research on learning using computers came
out of cognitive psychology, and focused primarily on individual user-computer
interactions. However, in the mid 1990s, learning scientists began to realize that both
human beings and computers developed and are developing in the process of cultural
history, and thus can only be understood within the context of human activity
(Kaptelinin, 1996). While earlier research focused only on human actions (e.g. she
used the mouse to click on the word processor icon), Leont’ev suggested that actions
cannot be understood without understanding the object-oriented activity in which they
are embedded (e.g. she wants to tell a story). This required a shift in perspective
away from ‘“computer-human-interaction,” to “computer-mediated-activity” (Bgdker,
1996). In the same way, rather than theorize the human-visualization-interaction, I

focus on human activity mediated by visualizations, and activity oriented toward
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making sense of the visualizations. In other words, I see the visualization as taking
on a dynamic role within the activity system, both mediating, and being mediated,

orienting, and being oriented toward.

Research Overview

My research comes from a sociocultural perspective, which sees learning as a
complex, situated, social process (Vygotsky, 1978; Lave & Wenger, 1991). To
support this process, we need to understand it, and to understand it, we need to
identify and describe the activity systems involved in the learning. By focusing on
mediation, sense-making, and context, I aim to move cosmology education research
further from the tradition of uncovering learners' incompetence, toward uncovering
learners' competence, and “exploring ways in which such competence can be
supported to promote development of robust understanding of the physical world"
(Warren et al., 2005, p 122). My methodological goal is to improve access to STEM
content through the development of cosmology visualizations, rather than perpetuate

current patterns of access.

Research Questions

To understand better how to design visualizations that work toward breaking

cycles of power and access in the sciences, I orient my work to following “meta-
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question”: How might educators use visualizations to support diverse ways of
knowing and learning in order to expand access to cosmology, and to science? This
question engenders several general lines of inquiry.'"* First: what mediational cues
best support all learners in figuring out visualizations? This line of inquiry suggests
simple experimental studies that test the effect of changing various design elements
on individual learners’ ability to reproduce scientific explanations of the
visualization. From this line of inquiry, we can learn about how to make basic
modifications to visualizations that will enhance their usefulness as learning tools.
But this does not tell us about the learning process, and thus the second line of inquiry
asks: how do visualizations support the cosmological sense-making'” of diverse
learners? This suggests a qualitative analysis of learner activity oriented toward
making sense of cosmology visualizations. From this line of inquiry, we can learn
more about how to use visualizations in learning contexts, and their potential as
learning tools for culturally and linguistically diverse students. The final line of
inquiry takes a broader perspective, looking at some of the challenges and realities of

creating, implementing and assessing visualizations in context by asking: how do

14 Keep in mind that these are not research questions yet, but simply research pathways that suggest
three distinct methodologies.
15 [ define cosmological sense-making as activity mediated by the concepts and practices associated

with cosmological literacy.
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visualizations function as learning tools in an institutional context? The importance
of context in this line of inquiry suggests a case study design to investigate the use of
visualizations within an institution where visualizations are being used and/or
produced.

In the chapters that follow, I follow each of these lines of inquiry from a
sociocultural perspective to address my meta-question. The methodologies that
emerged from these three lines of inquiry informed the development of more concrete
research questions, below. Each of the following research questions corresponds to a
self-contained chapter:

1) Can mediational cues like color affect the way learners interpret the content in

a cosmology visualization?

2) How do cosmology visualizations support cosmological sense-making for
diverse students?

a. What concepts and practices associated with cosmological literacy
emerge when community college students are making sense of
visualizations while engaged in object-oriented activity in small groups?

b. What strategies are employed by diverse learners in a community college
classroom to make sense of cosmology visualizations?

3) What are the shared objects of dynamic networks of activity around
visualization production and use in a large, urban planetarium and how do

they affect learning?
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a. How does the historical context of the planetarium create contradictions
in the activity and discourse around visualizations, and how does
manifest itself in the object of activity?

b. What is the object of visualization-mediated visitor activity at the
planetarium, and how does this fit within the larger network of activity?

c. What knowledge resources are visitors drawing on in order to mediate

activity around figuring out visualizations?

Research Paradigm

My research comes from a pragmatic philosophical paradigm, which rejects
the incompatibility of post-positivist and interpretive methodologies. Pragmatists
take “the current meaning or instrumental or provisional truth of an expression...to be
determined by the experiences or practical consequences of belief in or use of the
expression in the world” (Murphy, 1990, cited in Johnson & Onwuegbuzie, 2004).
This outcome-oriented perspective accepts the validity of both experimental and
interpretive methods, suggesting that the researcher “choose the combination or
mixture of methods and procedures that works best for answering your research
questions” (Johnson & Onwuegbuzie, 2004). Thus while I locate my research within
a theoretical perspective that sees knowledge as situated, I do not see this stance as
invalidating the usefulness of statistical analysis in attempting to understand social
phenomena. The result is a mixed-methods design (Sweetman, Badiee & Creswell,
2012), where qualitative and quantitative data collection are occurring concurrently to

address my research goals.
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Sociocultural theory emphasizes that all human activity functions on multiple
scales, “from the physiological, to the interactional to the organizational to the
ecological” (Lemke, 2001), which informed my decision to collect data at multiple
levels: from individuals, to families/friend groups, to the institution, using a
combination of surveys, interviews, activities, and observations, suggesting a
concurrent mixed-methods design. My progressively wider scope of analysis echoes
the development of activity theory over the past one hundred years, as outlined above,
starting with Vygotsky's triad of stimulus, response and mediation, expanding
outward to include parts of the second generation activity triangle, and finally
incorporating third generation networks of activity connected by shared objects.
Chapter one addresses the impact of mediational cues like color on learner responses
to a survey after viewing a visualization (e.g. Carvalho & Sampaio, 2006)). Chapter
two addresses the activity of diverse learners, in particular with regards to their sense-
making during object oriented activity (e.g. Moschkovich, 2002). Chapter three looks
at a dynamic network of activity systems through the third generation CHAT lenses
of historicity, contradictions, multi-voicedness, and the potential for expansive
learning (e.g. Ash, 2014). A graphical overview of the way my research design sits
within activity theory can be found in Figure 6. In the next section I summarize each

chapter briefly to provide a broad overview of the structure of the dissertation.
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Figure 6. Dissertation design within the structure of activity theory.

Chapter 1
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Dissertation Summary

The three chapters of this dissertation can be treated as self-contained research

papers, each following one of the lines of inquiry outlined above, situated within

progressively expanded views of the CHAT framework. In the first chapter I use
quantitative methods to investigate how 122 post-secondary learners are relying on

color as a mediational cue to interpret dark matter in a cosmology visualization. I

employ an alternative treatment post-test only experimental design, in which
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members of an equivalent sample are randomly assigned to one of three treatment
groups, followed by treatment and a post-test. Results indicate a significant
relationship between the color of dark matter in the visualization and survey
responses, implying that aesthetic variations like color can have a profound effect on
learning activity oriented toward interpreting a dynamic cosmology visualization. I
look more closely at such activity in chapter two.

In the second chapter I look at how the visualizations are used by small groups
of community college students to make sense of cosmology visualizations. Because
sociocultural theory tells us that learning is primarily an active, social process, and
that knowledge is socially constructed; and because visualizations are primarily a
passive, individual medium (Small & Plummer, 2010), I have developed an activity
that encourages students to work collaboratively, and engage actively toward the
construction of an “improvable object” (Wells, 1999; 2002). I present evidence that
visualizations can scaffold cosmological sense-making, which I define as engaging in
object-oriented learning activity mediated by concepts and practices associated with
cosmological literacy. The visualizations allowed the students, many of whom were
language minorities, to grapple directly with cosmology content while practicing the
language of science. The students used hybrid language and analogy to make sense
of the visualization. In light of these findings, I argue that carefully incorporating
visualizations into learning environments can improve access to cosmology content
for learners, particularly those who come from a cultural or linguistically diverse

background. I investigate just such a learning environment in chapter three.
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In the third chapter I present a case study of an urban Planetarium trying to
define its goals at a time of transition, during and after the development of a
groundbreaking planetarium show. I analyze the dynamic, historical patterns activity
at the Adler Planetarium, where cosmology visualizations play an increasingly central
role in the production of planetarium shows and exhibits. My analysis reveals several
historical contradictions that appear to drive a shift toward affective goals within the
institution, and driving the implementation of visualizations, particularly in the
context of immersive planetarium shows. In my discussion, I problematize this result
by repositioning the shift toward affective goals in the context of equity and diversity.

Table 1 provides an overview of this dissertation summary. While each
chapter follows a unique line of inquiry, with its own theoretical framework,
methods, and results, taken together they tell us an important story about dynamic
visualizations as tools for learning. Visualizations can present complex content,
making the invisible visible and the unimaginable imaginable. This dissertation
reveals the potential of such a medium, as well as the challenges, and concludes with
concrete recommendations for the design and dissemination of visualizations across

settings.
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Table 1. Dissertation summary.

Chapter The Effect of Community Contradictions, Historicity
Title Mediational Cues College Students and Learning at an Urban
on Learner Making Sense of Planetarium

Interpretation of a | Cosmology
Cosmology Visualizations
Visualization
Research Survey methods Analysis of activity | Case study
Methods
CHAT First generation: Second generation: | Third generation: shared
framework | mediational cues sense-making in objects in dynamic
activity networks of activity
Research Can mediational How do cosmology | What are the shared
Question cues like color visualizations objects of dynamic
affect the way support networks of activity
learners interpret cosmological around visualization

the content in a
cosmology
visualization?

sense-making for
diverse students?

production and use in a
large, urban planetarium,
and how might they affect
learning?
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Chapter One: The Effect of Mediational Cues on Learner Interpretation
of a Cosmology Visualization

In this chapter I use quantitative, experimental methods to investigate how 122 post-
secondary learners are relying on color to interpret dark matter in a cosmology
visualization. I employ an alternative treatment post-test only experimental design,
in which members of an equivalent sample are randomly assigned to one of three
treatment groups, followed by treatment and a post-test. Results indicate a significant
relationship between the color of dark matter in the visualization and survey
responses, implying that aesthetic variations like color can have a profound effect on

audience interpretation of a dynamic cosmology visualization.
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Introduction: Dynamic visualizations

Dynamic visualizations'® are learning tools for presenting complex and
rigorous science content, without high linguistic demand. They are flexible media
that can bring the hidden aspects of the Universe into students’ experience, and
inculcate students into some of the tools of science. Multi-media simulations and
visualizations have been shown to support science achievement in biology (e.g.
Kiboss, Ndirangu & Wekesa, 2004) and chemistry (e.g. Ardac & Akaygun, 2004), so
there is precedent to suppose that they might be used to support learning in
cosmology. Visualizations can take advantage of “the power of alternative formats in
communicating ideas” (Lee & Fradd, 1998, p 17), especially for learners who come
from non-mainstream cultural and linguistic backgrounds. We also know that such
simulations and visualizations can serve to help students generate their own mental
images, and deepen their engagement in conversations around the content (Wu,
Krajcik, & Soloway, 2001).

Over the last decade, advancements in technology have made these tools
easier to produce and disseminate; modern visualizations are visually stunning and

incredibly accurate depictions of the Universe. As a result, real scientific

16 Although I use the term “visualization” for the remainder of the chapter, [ am referring to

animated data simulations, or dynamic visualizations, not static representations of data.
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visualizations have become one of the most utilized media for presenting astronomy
content in both informal settings and classrooms. Even astronomy education in the
K-12 classroom increasingly relies on high tech computer visualizations (Yair, Mintz,
& Litvak, 2001).

Typically the scientists who analyze the data are producing these
visualizations in ways that make sense to them, and take advantage of new
technology. Visualizations are socioculturally situated tools (Vygotsky, 1978), and
thus we cannot take it for granted that what makes sense to some will make sense to
others. There is very little research that provides guidance for how to produce
visualizations in a way that makes them more effective tools for supporting learning.
I am interested in better understanding visualizations as tools that support the
development of cosmological literacy (Engestrom, 1987; Nardi, 1996) in order to

guide visualization production to expand access to cosmology content.

Visualizations and Color

Learners bring a lifetime of experience and knowledge to the table (Piaget &
Inhelder, 1969), which makes a profound impact on how they interpret their world.
As a classic example, when presented with two images of a star, one red and one
blue, learners will take blue to mean cold and red hot, even after being taught the

opposite (Carvalho & Sampaio, 2006). This is because our sinks and showers, to
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which we are exposed multiple times every day, tell us otherwise. A lifetime of prior
associations is a powerful thing, and without attention to the social and constructivist
nature of learning'’ even the best explanations of color and temperature can be
ineffective in convincing learners that blue indicates a higher temperature than red. It
is vital that educators be aware of associations like this one, and work patiently with
students to support a deeper understanding of science content, especially for students
from non-dominant cultural and linguistic backgrounds (Lee & Fradd, 1998, Solano-
Flores & Nelson-Barber, 2001).

It is logical to assume that such prior associations with color come into play in
a variety of visualizations, in particular for the invisible aspects of the Universe, for
which all color assignments are inherently false. For example, dark matter is vital to
our understanding of the Universe (Abrams & Primack, 2011) and yet it is invisible.
Understanding the invisible aspects of the Universe is one facet of cosmological
literacy (see introduction). But there is no research that suggests how to illustrate
dark matter in a way that makes sense to people. The research I present here

investigates the effect of color on learners’ interpretation of dark matter in a cutting

17 As discussed in the introduction, my work comes from the neo-Vygotskian perspective that all
knowledge is socio-culturally constructed and that learning is situated. From this perspective,
teaching should be aimed at supporting students as they construct understanding through

activity that is mediated by social and cultural tools (Vygostky, 1978; Engestrom, 1987).
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edge visualization produced by the University of California High Performance Astro-
Computing Center (HiPACC) for the Adler Planetarium. The visualization, known as
the Constrained Local UniversE Simulations (CLUES), reproduces the formation of
dark matter structure of our local Universe over time.

The version of CLUES produced for the Adler Planetarium was originally
rendered in white and blue, with white representing dark matter and blue representing
empty space (as shown in Figure 7). In the summer of 2011, I spent a month at the
Adler gathering pilot qualitative data about CLUES and other visualizations
embedded in their new planetarium show. During this time, I noticed anecdotally that
several audience members appeared to be confused by which part of the visualization
was dark matter. This led me to the following quantitative research question: Can
mediational cues like the color of a cosmology visualization affect the way learners
interpret the content?

The quantitative research reported here was conducted in spring of 2012,
based on data collected from college students in California (both at a large research

university, and a rural community college).

Methods

Research Design

To test the effect of color changes on learner interpretation, I designed an
internet survey, which is attached in Appendix A. I gave this survey to 122 post-

secondary students in California. The survey played the CLUES visualization with
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accompanying explanatory text,'"® and then asked participants to respond to questions
about the visualization. Three versions of CLUES were tested: the original version,
which I refer to as “CLUES blue,” a color-inverted version in which the dark matter
looks brownish-orange, which I call “CLUES peach,” and a color-inverted version
where dark matter is represented in black on a white background, which I call

“CLUES b&w.” Snapshots from each version are included in Figure 7.

18 The explanatory text is included in Appendix A. The full visualization can be seen in its
original form at: (http://hipacc.ucsc.edu/v4/media.details.php?medialD=MzRiNjNkODYxYTIz)

or in all three forms on the online version of the survey instrument (www.buckfilm.com/survey).

45



Figure 7. Snapshots of the three versions of CLUES tested. From top: CLUES blue, CLUES peach,
and CLUES b&w. Courtesy of UC-HiPACC, NASA and the Adler Planetarium

Snapshot from CLUES Blue

Snapshot from CLUES Peach

Snapshot from CLUES B&W
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The research presented here is characterized by an alternative treatment post-
test only experimental design (Creswell, 2003), in which members of a sample are
randomly assigned to one of three treatment groups, followed by treatment and a
post-test. This design is illustrated in table 1. Participants were randomly assigned a
different treatment by a random number generator built into the entrance website.
Each group was shown a different version of the CLUES visualization with the same
explanatory text printed below, and then asked a series of standardized questions to
assess their interpretation of the visualization. These included four multiple choice
questions requiring participants to choose the color corresponding to 1) dark matter,
2) stars, 3) empty space, and 4) hydrogen gas, or to indicate that the component in

question was not visible in the visualization.

Table 2 Experimental design overview. Xn represents the three treatments, CLUES blue, CLUES
each, and CLUES b&w.

Group A:  Random Assignment ----------------- Treatment X1 ----------- Observation
Group B: Random Assignment ----------------- Treatment X2 ----------- Observation
Group C: Random Assignment ----------------- Treatment X3 ----------- Observation

Other questions included gender, race/ethnicity, first language, education level,
familiarity and interest in science and astronomy, and familiarity with similar
visualizations. Those participants who responded that they had been diagnosed with
colorblindness, or suspected they might be colorblind (n=2), were removed from the

sample.
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Sample

Participants (n=122) were drawn from four-year undergraduate students in
education classes, and community college students entering an introductory
astronomy class. 260 students were given the address of the survey, and asked to take
it on their own time. Response rate was 47%. The ethnic and linguistic makeup of
each treatment group was roughly equivalent, as shown in Figure 8 below. This
equivalence is a result of randomization, and lowers the probability of bias among the
sample groups. In an attempt to limit sample bias among the entire sample,
participants were recruited from both a major research University, which is majority
White and English Native, and a rural community college, which is majority Latina/o
and has a high percentage of English Learners. The result was a sample that more
closely mirrored the demographics of California than a study that focused on only one
school, especially for these two groups (Whites and Latina/os). The ethnic makeup of
the entire sample is summarized in Table 2. For comparison, the ethnic makeup of

California according to the 2011 census is listed in Table 3.
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Table 2. Racial/ethnic self-identification of the entire sample.

Racial/ethnic identification for the entire sample Percent of Sample
Black 2%

Asian 13%

Multiracial 14%
Hispanic/Latino 27%

White 40%

Table 3. From the U.S. Department of Commerce United States Census Bureau.

Racial/ethnic identification for the state of California Percent of Population
Black 6.6%

Asian 13.6%

Multiracial 3.6%
Hispanic/Latino 38.1%

White 39.7%
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Figure 8. Self reported ethnic and linguistic demographics for each treatment group.

ICLUES Blue
Is English your first With which ethnic background do you most closely identify:
language?
. Response
Answer Options Frreem
Hispanic/Latino 35.9%
BYes: | Black 2.6%
White 38.5%
@No. | Asian/Asian American 7.7%
Pacific Islander 0.0%
Native American/American Indian/Alaskan Native 2.6%
Multiracial 15.4%
Other (please specify) 7.7%
clues bw
Is English your first With which ethnic background do you most closely identify:
language?
n Response
Answer Options Percent
Hispanic/Latino 28.9%
BYes. | plack 0.0%
White 42.1%
BNo. | Asian/Asian American 18.4%
Pacific Islander 0.0%
Native American/American Indian/Alaskan Native 0.0%
Multiracial 10.5%
Other (please specify) 5.3%
clues peach
Is English your first With which ethnic background do you most closely identify
language?
n Response
Answer Options Percent
mYes. | Hispanic/Latino 19.4%
Black 3.2%
White 58.1%
BNo. | Asjan/Asian American 9.7%
Pacific Islander 0.0%
Native American/American Indian/Alaskan Native 0.0%
Multiracial 12.9%
Other (please specify) 3.2%

Measures

The treatment variable is a nominal indication of which of the three versions
of CLUES a participant was shown (see figurel), either “Blue,” “Peach,” or “BW.”

Outcome variables included nominal responses to each of the four specific
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visualization interpretation questions, which asked participants to identify: 1) dark
matter, 2) stars, 3) empty space, and 4) hydrogen gas."” Each question asked
participants to choose between the structure shown in CLUES, the background, or to
indicate that what was being asked about was not present in the visualization.
Finally, for ease of analysis, I created an ordinal variable summarizing each
participant’s responses to the visualization interpretation questions, which I called the
“interpretation index.” To create the interpretation index, I dichotomized participant
responses to the four visualization interpretation questions as either “scientific” (1) or
“unscientific,” (0) based on their agreement with the intentions of the creators of the
visualizers (i.e. structure is dark matter, background is empty space, no gas or stars
visible), and summed the scientific responses for each participant, resulting in an
ordinal number from O to 4, with 0 indicating no scientific responses, and 4 indicating
that all four responses as scientific. This index serves to summarize roughly how

well the participant has understood the visualization as a whole.

Data Analysis and Results

To test for independence between variables, [ used Pearson’s Chi-Squared
test. For this test, a chi-squared probability (p) of less than or equal to 0.05 (meaning

that there is a 5% chance that the relationship between categorical variables is by

19 Only dark matter and empty space were intentionally represented in the CLUES visualization.
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chance) is commonly taken as justification for rejecting the null hypothesis. Chi-
squared testing was used to test the following null hypothesis: the data collected
meets the distribution of a population where there is no association between CLUES
version and survey responses; in other words, a participant is equally as likely to
interpret the CLUES visualization scientifically regardless of the colors used in the
visualization. In this case, scientific interpretation is quantified by the interpretation
index, a summary variable of correct responses to four interpretation questions. 91
participants responded to every question in the survey, and were used for the bulk of
the statistical analysis. Table 4 below summarizes how many participants received
interpretation index scores of 0,1, 2, 3 and 4 for each of the three CLUES
visualizations. Recall that a score of 0 indicates no scientific responses, while a score
of 4 indicates that all four questions were answered scientifically.

Table 4 Summary of interpretation index scores across treatment groups.

Interpretation Index: | O 1 2 3 4 Sum
CLUES Blue 8 6 13 3 3 33
CLUES Peach 3 5 6 8 6 28
CLUES BW 2 4 10 3 11 30
Sum 13 15 29 14 20 91

Results of chi-squared testing are summarized in Table 5, below. Each of the
p-values in Table 5 represents the probability that the observed distribution of
frequencies corresponds to a distribution that matches the null hypothesis. In other

words, there is only a .03% chance that the higher frequency of correct responses to
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the question about dark matter from those who saw a visualization where the original
colors were inverted is due to sampling error from a population where the frequencies
are actually randomized. Thus it can be said with confidence that the color of the
CLUES visualization has an impact on learners’ interpretation of dark matter in that
visualization. However, the claim cannot be made that the color of the CLUES
visualization has an impact on learner’s interpretation of empty space in that

visualization, or ability to state that hydrogen gas is not present.

Table 5 Summary of calculated p-values.?

p-value for identifying dark matter as structure (significant) 0.000361

p-value for identifying stars as not present (significant) 0.048080143
p-value for identifying empty space as background (not significant) 0.638539422
p-value for identifying hydrogen gas as not present (not significant) 0.490919793

My results indicate that the there is a relationship between which color version
of CLUES the participant viewed and how that participant interpreted the
visualization. Respondents who saw the original version of CLUES (n=33), which
used white to indicate dark matter and blue to indicate empty space, were almost four

times more likely to misidentify dark matter in the visualization than those who saw a

20 The p-value is defined as the probability of obtaining a test statistic result at least as extreme
as the observed value. In this case the test statistic was chi-squared. A p-value less than or equal

to .05 is typically considered a significant justification for rejecting the null hypothesis.
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version of CLUES where dark matter was indicated by a color that was darker than
the background (n=58) as shown in the pie charts in Figure 9. Chi-squared testing
indicated that this result is unlikely to be by chance. Respondents who saw the
original version of CLUES were also only half as likely as other participants to
correctly indicate that there were no stars present in the visualization.

The interpretation index serves as an ordinal variable indicating how well the
participant has understood the visualization. Participants who saw a version of
CLUES where dark matter was represented by a dark brown color (CLUES peach)
were twice as likely to receive the highest interpretation score than those who saw the
original visualization (CLUES blue), as shown in Figure 10. Participants who saw a
version of CLUES where dark matter was represented by black on a white
background (CLUES bw) were more than three times as likely to receive the highest
interpretation score than those who saw the original visualization (CLUES blue), also
shown in Figure 10. This relationship between the treatment group and the

interpretation index was significant (p<.05).
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Figure 9. Colors chosen by respondents for both dark matter and stars for each CLUES sub-sample.
Correct responses (in green) for each visualization for dark matter are (in order): white, brown, and
black. The correct response (in green) for stars is that there are none visible. Note that the majority of
participants misidentified both dark matter and stars in CLUES Blue. On the other hand, the majority
of participants correctly identified both dark matter and stars in CLUES BW.

Using what you remember from the cosmology Using what you remember from the cosmology
CLUES presentation, what color is the dark matter in the image! presentation, what color are the stars in the image
above? above?
3%
= Dark blue (or 0 Elarkkblue for
black) ack)
Bl B White (or very = I\(V:Ittzl(or very
ue light blue) ight blue)
There is no dark M There ér.e no.
o stars visible in
matter visible in S
. R the visualization
the visualization
= Off-white (or very Off-white (or
light orange) very light
orange)
M Brown (or dark = Brown (or dark
Peach orange) orange)
There is no dark M There are no
matter visible in stars visible in
the visualization the visualization
= White (or off- W:'tte) (or off-
white) white
m Black (or dark = Black (or dark
B&W grey) grey)
There is no dark W There are no
matter visible in stars visible in
the visualization the visualization
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Figure 10. Interpretation indices for each treatment group (Blue, Peach, B&W). Index=0 represents
respondents who interpreted the visualization with the least accuracy, Index=4 represents respondents
who answered all four interpretation questions correctly.

CLUES Blue

CLUES Peach CLUES B&W

Implications and Next Steps

The major implication of these results is that seemingly superficial design
choices like the color chosen to represent various aspects of the Universe in a
cosmology visualization can have an effect on how learners interpret that
visualization. This effect is particularly strong for identification of dark matter,
perhaps because learners make a rational association between the term “dark™ and
darker colors. Similarly, the fact that learners identified dark matter as “stars” in the
CLUES Blues simulation can be attributed to a rational prior association between
bright points of light and stars. The following quote from a young girl who had just

seen a similar visualization illustrates the rationality of such an association:

Z: What do you think the white stuff is made of?

Young girl: Stars?

Z: What makes you think they are stars?

Young girl: Cuz stars I look at up at the sky from my house and I see stuff like that, it looks

like miniature Suns, which...are bulbs of light
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Right now, visualization development that comes out of scientific research
typically does not include research on interpretation, and thus decisions such as color
and speed are made by scientists and artists without the benefit of learner data. This
suggests the need for more research on learning using visualizations, both quantitative
and qualitative.

Well-designed learning tools in science educational settings require an
ongoing cycle of research and implementation. But too often, such a cycle serves to
perpetuate the status quo: researchers sample a mainstream demographic because they
are most visible in classrooms and informal education settings, and then based on that
research mainstream learners are better served, perhaps at the detriment of other, less
visible learners. The cycle described above is echoed in persistent inequitable access
throughout Science, Technology, Engineering and Mathematics (STEM).

Visualizations have the potential to be a very powerful medium for presenting
cosmology, a field that can seem removed from everyday experience without a visual
connection to the content. But to make visualizations a more effective medium for
communicating cosmology to all learners, decisions should be guided by research that
includes diverse learner voices. In the next chapter, I expand my view from product to
process by looking at the activity of diverse learners as they engage in cosmological

sense-making in activity oriented toward interpreting and re-creating visualizations.
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Chapter Two: Community College Students Making Sense of
Cosmology Visualizations

In this chapter I look at how visualizations are used by small groups of community
college students to make sense of cosmology visualizations. I present evidence that
visualizations can support cosmological sense-making, which I define as engaging in
object-oriented learning activity mediated by concepts and practices associated with
cosmological literacy. The visualizations allowed the students, many of whom were
language minorities, to grapple directly with cosmology content while practicing the
language of science. This process was facilitated by a drawing activity that served as
an improvable object, encouraging cosmological sense-making. The students used
hybrid language and analogy to make sense of the visualization, describing the
patterns and dynamics of the system even when they did not articulate scientific
vocabulary like “gravity.” This could be due in part to the potential for visualizations
to present complex information without necessitating complex vocabulary. In light of
these findings, I argue that carefully incorporating visualizations into learning
environments can improve access to cosmology content for learners, particularly

those who come from cultural or linguistically diverse backgrounds.
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Introduction: Inequitable access to science

Despite decades of effort to promote “science for all” (Barton, 1998),
culturally and linguistically diverse learners remain underrepresented in STEM post-
secondary education (Stoddart, Pinal, Latzke, & Canaday, 2002). This pattern of
inequity can be attributed to a history of compounding educational, economic and
social deficits (Ladson-Billings, 2006), including inequitable access to educational
opportunities throughout K-15, (Mosqueda, Téllez & Moschkovich, 2011) where
students from non-dominant cultural and linguistic backgrounds persistently and
disproportionally lack access to rigorous content in science (Oakes, Ormseth, Bell,
& Camp, 1990), and are more likely to be subjected to curriculum designed to “teach-
to-the-test” (Kozol, 1988). In urban schools where diverse students have historically
been most concentrated, we know that high-quality instructional materials that meet
current science education standards have been limited (National Science Foundation
[NSF], 1996).

In addition to those groups defined by traditional markers of diversity like

race and ethnicity, learners from non-dominant linguistic backgrounds (NDLB)*' are

21T choose to use NDLB to identify these learners in order to emphasize the heterogeneity of
linguistic backgrounds that differ from what is considered “mainstream” - European-American,

middle-class English as a primary language. This includes English Learners (ELs) of various ages,
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quickly becoming one of the largest non-mainstream demographics in the educational
landscape. In 2009, 21% of 5- to 17-year-olds in the United States (or 11.2 million)
spoke a language other than English at home (National Center for Education Statistics
[NCES], 2011). As changing immigration patterns bring these learners into public
schools and institutions, educators, administrators and politicians are unprepared, and
conservative forces continue to fight against change. The result is that NDLB
learners, particularly those marked as learners of English as a second language are
treated as deficient, and receive limited and watered down access to curriculum in
schools (Genesee, Lindholm-Leary, Saunders & Christian, 2005; Lee, 1999;
Callahan, 2005; Buxton, 1998).

In response to such inequities, scholars have called for exploration of
“multiple ways of knowing and doing science that are reflective of the social,
historical, and political context in which science has been constructed and in which
students learn that science” (Barton, 1998, p. 4). Such research needs to be aware of

students’ diverse backgrounds without essentializing them* (Lemke, 2001) and create

learners who are English Proficient and multilingual, and learners who speak English in a way
that is not recognized in schools as being “correct.”
22 Essentializing refers to the attribution of natural, shared characteristics, often implicitly

biological, to members of specific culturally defined groups (gender, ethnic, sexual-orientation,
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“expanded opportunities for students to find a place for themselves in this world as

1 participants” (Bouillion & Gomez, 2001). My own work

legitimate periphera
follows this line of inquiry by exploring the activity of students from non-dominant
cultural and linguistic backgrounds in a community college classroom, with the goal

of informing the design of educational tools that are more accessible to a broader

range of ways of knowing and doing science.

Culturally and Linguistically Diverse Learners and Cosmology

Cosmology is a cutting edge field with a proven potential for catching
people’s attention (see introduction), but like other science fields, it has traditionally
been dominated by European-American males. Although there is a large body of
research on various aspects of equity in the science classroom, almost no research
exists on equity in cosmology education, or even astronomy for that matter.
Astronomy and cosmology have been de-emphasized in the national and state content

standards on which K-12 standardized assessments are based (Palen & Procter 2006),

socioeconomic, linguistic, etc). Essentializing can result in thinking, speaking and acting in ways
that promote stereotypical and inaccurate interpretations of individual differences.

23 The use of the term “peripheral” here does not imply exclusion, but rather the evolution of
inclusion as a participant becomes more and more involved in various practices associated with

a community (Lave & Wenger, 1991)
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making it even less likely that culturally and linguistically diverse learners in “teach-
to-the-test” classrooms will be exposed to astronomy and cosmology content. This is
reflected in the statistics on who is receiving degrees in astronomy, where the gap
between mainstream and non-mainstream learners in higher education is even larger
than that in other natural sciences; a significantly smaller percentage of doctorates in
astronomy/astrophysics are conferred on non-white students than in computer
science, math, chemistry, physics or life sciences (National Science Foundation
[NSF], 2006), as shown in Figure 11 (National Science Board [NSB], 2000).

Figure 11. Science doctorates by field of study and race/ethnicity in 2006 (National Science Board,
2006)
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More pressing than closing this statistical gap, providing access to
cosmology, a complex and rigorous science content area, could open pathways to
success for diverse learners in all post-secondary science (Mosqueda, Lyon, Buck &
Maldonado, in press) through inculcation in the language and tools of science (Ash,
2003). This is particularly important for learners from non-dominant linguistic
backgrounds, for whom acquiring “science talk” (Lemke, 1990) can be tantamount to
a new language, characterized by its own vocabulary and style of talk (Shaw, 1997;
Stoddart et al, 2002, Gibbons, 2002, Lemke, 2011; Shaw, Bunch & Geaney, 2010).
Nor is the language of science homogenous across domains; for example the
definition of a “metal” is very different for a chemist than it is for an astronomer, and
neither definition matches that used in colloquial conversation.

Thus science learners who are also NDLB are being asked to learn not only
English, but English science talk, essentially a third kind of literacy (Lemke, 1991).
On top of this, students who are put into English as a Second Language (ESL) tracks
are getting access to watered-down academic content and are treated as deficient
(Buxton, 1998; Callahan, 2005; Oakes et al. 1990). Pease-Alvarez and Hakuta (1992)
synthesize the research on English Learners this way: “Don't worry about English;
they are all learning it; instead, worry about the instructional content; if you are going
to worry about language, worry about the lost potential in the attrition of the native
language, for all of the languages of the world are represented in this country” (p 6).
But instead, NDLB students are not getting access to any science content until they

are “mainstreamed,” at which point they are behind (Callahan, 2005; Buxton, 1998).
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In fact, tracking and course-taking are more significant indicators of achievement
than is English proficiency (Callahan, 2005; Mosqueada, 2010). NDLB students in
classrooms where the learning was both challenging and meaningful were more
successful than their peers in more traditional ESL classrooms (Genesee at al., 2005).
Unfortunately most science classes focus on teaching science knowledge
without emphasizing literacy and science language (academic discourse, social
discourse, cultural understanding) (Lee & Fradd, 1998). Educators need to be aware
of diverse experiences and patterns of communication (Moschkovich, 2011; Fradd &
Lee, 1999; Solano-Flores & Nelson-Barber, 2001) without essentializing cultural
traits, encouraging multiple ways of communicating and demonstrating knowledge,
rather than silencing students who do not communicate in a mainstream ways.
Effective teaching for these learners requires research-based tools that provide direct
access to science content while supporting the development of both English and

science literacy.

Methodology: Using Visualizations to Support Learners’ Competencies

Dynamic scientific visualizations could be particularly useful tools for
classrooms with non-dominant linguistic background (NDLB) students, as they
provide access to content without high linguistic demand. This does not exclude high
cognitive demand, and visualizations can be very challenging and productive learning
tools. We know that such simulations and visualizations can serve to help students
generate their own mental images, and deepen their engagement in conversations

around the content (Wu, Krajcik, & Soloway, 2001). While they are often
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accompanied by narration, an enormous amount of basic information about system
dynamics and structure can be coded in the imagery of the simulation alone
(Evagorou, 2009). Visualizations can take advantage of “the power of alternative
formats in communicating ideas” (Lee & Fradd, 1998, p 17). In figuring out the
science content, NDLB students can use their native language to have conversations
about things that they have seen, without being constrained by their lack of familiarity
with the concepts and vocabulary. Thus the content does not require immediate
mediation through specific vocabulary; rather, vocabulary can be introduced which is
mediated by the content, and which can eventually mediate interactions with that
content. That makes visualizations a rich jumping off point for hybrid classroom
discussions that can introduce students to new ways of talking and thinking about the
Universe. Visualizations are flexible learning tools that can bring the hidden aspects
of the Universe into students’ experience, and inculcate students into some of the
tools of science.

Access to scientific tools like visualizations that are designed to be inclusive
of diverse ways of knowing and doing science is a critical condition for the success of
traditionally under-represented students. Yet these visualizations are typically made
by teams of scientists, and then disseminated to learning institutions often without
being evaluated. In chapter one I showed the importance of the way that we present
visualizations in terms of cues like color that can mediate learners’ interpretation.
Well-designed learning tools in science educational settings require an ongoing cycle

of research and implementation. But too often, such a cycle serves to perpetuate the
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status quo: researchers sample a mainstream demographic because they are most
visible in classrooms and informal education settings (e.g. Baxter, 1989; Schneps et
al., 1988; Plummer, 2009; Lee et al., 2014), and based on this kind of research
mainstream learners will be better served, perhaps at the detriment of other, less
visible learners (Darder, 1991; Rodriguez, 2004; Moschkovich, 2002). Thus it is vital
that we study the ways in which learners from diverse cultural and linguistic
backgrounds are learning using these visualizations (Brown, 2004; Ash, 2003).

But before we begin such an investigation, we need to define learning. In
science education, learning has traditionally been framed as a process of overcoming
misconceptions, and replacing them with scientific knowledge, as described in detail
in the introduction. The vast majority of astronomy education literature takes this
perspective (e.g. Schneps, 1989; Vosniadou & Brewer, 1992; Prather, Slater, &
Offerdahl, 2002), known as conceptual change theory (Strike & Posner, 1985). But
the conceptual change framework is not always fair to the learner, whose prior
knowledge is treated as a barrier to learning, rather than a resource (Lemke, 2001;
Warren et al., 2005; Lee, 1999). Sociocultural theory suggests that learner’s ideas are
not misconceptions that need to be replaced, but logical and constructive and situated
ways of looking at the world that can be used productively in learning (Warren et al.,
2005). My research comes from such a perspective, which sees learning as a
complex, situated, social process (Vygotsky, 1978; Lave & Wenger, 1991). While
conceptual change frames everyday and scientific knowledge as discontinuous,

science education researchers with a sociocultural lens see the learning of science as a
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continuous process, and “everyday knowledge” not as a barrier, but as a potential
resource for learning (Warren et al., 2005; Lee 1999). Research focusing on the
academic activity of culturally and linguistically diverse learners can serve not to
serve these students better in the classroom, but can potentially break down pervasive
discourses that frame such students as deficient (Moschkovich, 2013). According to
Moschkovich (2006), “If we do not focus on the mathematical activity, then it may
seem that bilingual learners do not engage in mathematical activity, and we may thus
be contributing further to framing these learners as deficient. It is crucial to uncover,
bring out, describe, and analyze the mathematics that bilingual learners are doing and
that they are capable of doing” (p 5). Similarly in science, more research is needed
that reveals what culturally and linguistically diverse students are capable of doing, as
opposed to what they cannot do (Warren et al., 2005).

Thus I aim to move cosmology education research further from the tradition of
uncovering learners' incompetence, toward uncovering learners' competence, and
“exploring ways in which such competence can be supported to promote development
of robust understanding of the physical world" (Warren et al., 2005, p 122). As such,
I do not assess the scientific thinking of my students based on their articulation of the
“correct” answer, a form of assessment aligned with outdated banking models of
learning that rely on fragmented vocabulary memorization. Rather, I use the
framework of “cosmological literacy.” I defined cosmological literacy in the
introduction as proficiency in the concepts and practices required to understand the

scientific Universe on a cosmological scale, which I divided into four facets: gravity,
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organization, the invisible and the visible, and scale. These facets emphasize core
concepts, interactions, and patterns over the memorization of individual components,
which aligns well with the potential of visualizations to present dynamic and complex
systems holistically. Hogan and Fisherkeller (1996) suggest that ”such a perspective
reveals that students’ scientific thinking processes can be strong even when their
ideas and assumptions are scientifically naive” (942). Thus analyzing how students’
collaborative activity is mediated by concepts and practices associated with
cosmological literacy can reveal scientific thinking without getting bogged down in
specific pieces of fragmented knowledge. I define the construct of cosmological
sense-making as engagement in such collaborative activity.”* This allows my
research questions, below, to focus on how visualizations are supporting/not

supporting learners’ competencies, rather than on what students are doing wrong:

24 My use of sense-making is most closely aligned with that of Warren et al. (2001), who define
scientific sense-making as “a varied complex of resources, including practices of argumentation
and embodied imagining, the generative power of everyday experience, and the role of informal

language in meaning making” (p 532).
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1) How do cosmology visualizations support cosmological sense-making for
diverse students?

a. What concepts and practices associated with cosmological literacy
emerge when community college students are making sense of
visualizations while engaged in object-oriented activity in small
groups?

b. What strategies are employed by diverse learners in a community
college classroom to make sense of cosmology visualizations?

Answering these questions will suggest new ways to design and use visualizations in
classrooms that better fit the activity of non-dominant learners who have been

consistently left out of STEM in higher education.

Methods

Research Context: Community College

As cosmology content is rarely encountered in high school I have chosen to
focus on learning in community college. A high percentage of culturally and
linguistically diverse post-secondary students in California attend community college.
These are primarily Latino/Latina NDLB students who are generally not being
exposed to cosmology content in other places. Expanding access to cosmology in
community college through these visualizations could open up pathways to success in

post-graduate science for these students.
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This research was conducted at a satellite branch of a central California
community college. This branch is located in a small farm town with about 12,000
residents, and an 87.5% Hispanic population. Less than a third of the city’s
population speaks English as a first language at home. This high concentration of
learners from non-dominant cultural and linguistic backgrounds is representative of
the changing demographics of California’s community college classrooms. However,
it is important to note that cultural traits are not inscribed within individuals
(Gutierrez & Rogoff, 2003), and the conclusions drawn from this study cannot be
generalized to all Latino/Latina, Spanish- speaking learners, but should be used to
broaden our understanding of how these visualizations can be used to support
learning. Any study that frames itself in terms of race, class, gender, culture of
language should be explicit about the limitations of such notions, all of which “owe
their origins and historical prominence to explicitly political rather than scientific
agendas,” and “represent potentially misleading and harmful oversimplifications of
the complexity of human similarities and differences” (Lemke, 2001).

Participants were recruited from a community college course in introductory
astronomy, designed and taught by me. I worked with 41 participants, organized into
15 groups of 2-4. Every participant in this study was bilingual or multilingual,

speaking both English and Spanish to varying degrees. Several of these students
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attended class with their families, resulting in a mixed-age sample ranging from
middle school students to grandparents. Participants were mostly women, with only
seven males choosing to participate.” With students’ permission, I recorded their
activity within friend and family groups as they interacted with the one of three
cosmology visualizations, which are described in Appendix B. For students who felt
uncomfortable with the English narration, the visualization was played a second time,
with Spanish translation. Rough transcription was done by outside coders, and then
based on these transcripts I completed a fine transcription. During the fine
transcription process, data was double checked for accuracy, and gestures and
drawing activity were preserved whenever possible.” Activity and interviews in
Spanish were translated for the purpose of data analysis, while preserving how first

and second languages were used as resources for learning in the context.”’” 1 did all

25 This is at least in part a reflection of the gender makeup of my class, which is majority female.
26 Bilingual students’ use of gestures to convey meaning has been documented as important for
understanding their meaning making (e.g. Moschkovich, 2002)

. According to Moschkovich (2006), it is essential to preserve the use of language in the discourse of
bilingual speakers. She suggests that the researcher focus “on the ways in which individuals who use
more than one language operate along a continuum of modes. Thus, depending on whether they are
speaking to a monolingual or another bilingual, bilinguals make use of one language, the other

language, or the two together as they move along a continuum from monolingual to bilingual modes.”
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translation, in consultation with native Spanish speakers. The original Spanish
transcription is always presented in the data alongside the translation. Drawings,
video and field notes were preserved for all 15 groups for the purposes of analysis,
however due to poor audio and the logistics of fully transcribing/translating majority-
Spanish data, only ten groups were chosen for transcription and rigorous coding.

These ten groups were comprised of a total of 29 participants.

Introduction of The Improvable Object

Because sociocultural theory tells us that learning is primarily an active, social
process, and that knowledge is socially constructed; and because visualizations are
primarily a passive, individual medium (Small & Plummer, 2010), I have developed
an activity that encourages students to work collaboratively, and engage actively
toward the construction of an “improvable object” (Wells, 1999; 2002). An
improvable object can be a symbolic artifact, a document, or a material artifact.
Sociocultural theory tells us that human activity tends to be motivated by
participation in collaborative practices in which something useful is being produced
(Lave & Wenger, 1991; Engestrom, 2010). The improvable object serves this
purpose in educational settings, providing something on which subjects can
collaborate to produce something useful.

Traditional classroom patterns of discourse, a grammar that originated from
the banking model of learning, can suppress peer-peer learning opportunities, and
obfuscate the object of student activity (Wells, 1999). Without a clear object,

students fall into patterns of repetitive actions toward short-term goals (e.g. get the
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multiplication problems right, copy the sentence over and over). In Leont’ev’s
famous example of “the hunt” (see introduction), this would be like asking the hunter
to chase the prey in a specific direction, without establishing the object of capturing it
for dinner. Why would the hunter be motivated to participate? This can result in
students that appear “unmotivated,” to participate in the learning of de-contextualized
“facts” about the natural word.

To avoid falling into the trap of the banking model, we can structure
educational activity in such a way as to allow activity systems to play out naturally,
rather than streamlining the transmission of information from teacher to student.
According to Wells (1999), supporting object-oriented activity in the classroom
encourages ‘“progressive knowledge building,” in which students “not only develop
their understanding about particular topics but also master the modes of meaning
making and genres of discourse that mediate knowing in the different disciplines” (p
16). In other words, it establishes domain literacy, rather than the random acquisition
of facts within the content of the domain.

Wells (1999) identifies what he calls the improvable object as the focus of activity
oriented toward progressive knowledge building. Improvable objects create
“opportunities for students to bring their experiences and ideas to the topics being
investigated, while at the same time ensuring that the ensuing conversations
contribute to their curricular objects-in-view.” Wells (1999) identifies the following

six aspects of improvable objects:
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1. participants work collaboratively to improve them

2. they involve a real problem that requires discussion

3. they provides a means to an end, rather than being an end in themselves

4. they act as a focus for the application of experience

5. they act as a focus for the application of information

6. they inspire and focus a progressive discourse.
Wells explains that the improvable object serves as a focus for activity, whereby
“[t]he attempt to find a way of moving toward the goal or of creating and making
improvements to the product provides a joint focus for effort and attention and
stretches all concerned to ‘go beyond themselves’ in both skill and understanding.”
This movement “beyond themselves” is an operationalisation of Vygotsky’s zone of
proximal development (ZPD). When the activity system moves through the ZPD, we
can say that scaffolding is taking place. I use this definition of scaffolding below to

highlight and segment data where learning is taking place.

Data Collection and Analysis

My primary data source was video of each group of students engaged in
activity after seeing a cosmology visualization (described in Appendix B). To
introduce an improvable object into the activity, I provided participants with a piece
of paper and markers, with instructions to work collaboratively, and draw what they
“learned” in the visualization. The word “learned” is vague, and was not elaborated
on. It was chosen deliberately to provide a point of discussion among participants to

encourage dialogue around the content of the visualization. There is a precedent for
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using drawings in the literature, for example such drawings have been used to
investigate children’s ideas about the solar system (e.g. Vosniadou & Brewer, 1992;
Trundle, Atwood, & Christopher, 2006), families experience of museums (Crain,
2010), and students’ conceptions about cosmology (Coble et al., 2010). In addition,
this activity allows me to capture the participants engaging in a variety of natural
communication modes (talk, gesture, symbol). Emphasizing and valuing alternative
modes of communication is a strategy for effective assessment of diverse learners
(Moschkovich, 2007) and expands the ways in which participants can express their
competences (Warren et al., 2001).

This chapter is framed by second generation activity theory: thus the activity
system is my unit of analysis and I am not concerned with the actions of a single
individual, but how those actions taken together with the actions of other individuals,
mediated by tools, constitute learning activity (Engestrém, 2010). Using video
allowed me to capture the participants engaging in a variety of natural communication
modes (talk, gesture, symbol). The coding scheme discussed below is applicable to
the activity of students during the drawing phase, not to the interview afterward.
Interview data was used to contextualize and expand on themes that came up in the

drawing.

Macro-level analysis: Using scaffolding scenes to focus on learning

Sociocultural theory tells us that conceptions are situated (Lave & Wenger,
1991), and that knowledge is socially constructed (Vygotsky, 1978). While it is

important to note that this does not mean that learning always happens in groups, it
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does highlight the important role that collaborative activity plays in the construction
of new knowledge. To understand learning in small groups such as those I propose
studying here, I frame the process of collaborative knowledge construction within
cultural historical activity theory (CHAT). CHAT grew from the work of Vygotsky
(1978) in Russia, and is primarily associated with his colleagues Leont’ev and Luria
(Wertsch, 1981). Activity theory looks at all human behavior in terms of activity
systems, cooperative human interactions in which activity is mediated by tools and
artifacts, and oriented toward and object, or goal (Engestrom, 1987; Nardi, 1996).
Within this framework, the visualization takes on a role beyond that of passive
transmitter of knowledge. From this perspective, learning can be defined as changing
participation (Lave & Wenger, 1991) in activity embedded in a complex network of
dynamic activity systems. If we seek to understand how learning is supported by
cosmology visualizations, we need to expand the uni-directional visualization-learner
dyad, to see both learners and visualization as dynamic parts of an activity system
where new forms of participation are taking place.

Educators, parents and politicians are particularly concerned with the question
of “effectiveness.” Is a learning tool doing its job? When learners use the learning
tool, are they learning? The focus on effectiveness should not be surprising given the
limited availability of funds for advanced learning technologies, and the current
educational climate of accountability and testing. From a CCT point of view, the tool
is effective (learners are learning) if it encourages students to reproduce the right

answers, rather than the wrong ones. From a CHAT point of view, the unit of
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analysis is larger than the single individual, so such an analysis would be overly
simplistic. From a CHAT perspective, it is not interesting to ask ‘“are learners
learning from the visualization?” without specifying an activity for the visualization
to mediate. In other words, while it is perfectly legitimate to ask how a visualization
mediates student activity oriented toward completing a particular standardized test,
these results are not necessarily applicable to the ways in which the students may
discuss the visualization with her peers, or apply that visualization to interpreting the
dynamics of a different kind of scientific system. Thus, I do not find it useful to
define learning along the lines of performance on a standardized assessment. Instead,
I use the concept of scaffolding, an operationalization of Vygotsky’s ZPD, to
conceptualize an activity system in which learning is taking place.

The metaphor of scaffolding is an old one, first appearing in educational
scholarship in a 1976 paper by Wood, Bruner and Ross describing how adults served
as tutors for children learning to solve a problem involving the construction of a
pyramid out of blocks. The increasing use of scaffolding in education scholarship
throughout the next decade reflected a field-wide shift in the United States away from
the Piagetian framework (Piaget & Inhelder, 1969) of individual learner as the
“proximal locus of development” (Cole and Wertsch, 1996, p. 250) toward the
sociocultural point of view. After the publication of Vygotsky's Mind in Society in
the United States in 1978, scaffolding began to take on a new meaning in light of
changing views on how learning takes place. Through this lens, scaffolding has come

to describe the process of working within the “zone of proximal development” (ZPD),
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which Vygotsky (1978) defined as “the distance between the actual developmental
level as determined by problem solving and the level of potential development as
determined through problem solving under adult guidance or in collaboration with
more capable peers (1978, p 86).” Thus if someone more capable helps a child
achieve more than that child would have been able to on her own, the child is
working in the ZPD.

Researchers in the learning sciences conceptualize the role of artifacts,
particularly technology, centrally within the scaffolding process. In a special issue of
The Journal of the Learning Sciences published in 2004, Tabak (2004) posits that a
“synergy”’ between teachers, technology and tools can strengthen the scaffolding
experience. She argues that “software supports and teacher coaching...address the
same learning need and interact with each other to produce a robust form of support.”
This is in stark contrast to the original definition of a scaffold as an adult supporting
the learning of a child. Taking on such an expanded view of what constitutes a
scaffold means that a single learning setting, like for example a museum exhibit,
could have dozens of potential scaffolds for learning (e.g. signs, interactives, toys,
visualizations). These artifacts therefore serve both to mediate scaffolding activity,
and as objects of the activity.

Sherin, Reiser and Edelson (2004) argue that the new trend of using
scaffolding by “researchers in the learning sciences to describe features and functions
of technological artifacts, especially those of educational software” requires a new

framework for analyzing the effects of the process. They do not see scaffolds as
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“features of artifacts or situations, nor is ‘scaffolding’ something that may be
occurring (or not) in a given situation that we observe” (Sherin, Reiser & Edelson,
2004, p. 387), rather the emphasis is put on the interaction itself. Although the
authors do not specifically refer to CHAT, this is essentially refocusing the emphasis
of research onto the activity system, rather than on individual artifacts or subjects.
The metaphor of scaffolding acquires new depth and dynamic by
incorporating elements of CHAT. Theorizing from this perspective requires a view
of scaffolding that is multi-directional and “co-active” (Mascolo, 2005), occurring
when “elements of the person-environment system beyond the direct control of an
individual actor direct or channelize the construction of action in novel and
unanticipated ways (Mascolo, 2005, 187).” There is an emphasis here on ambiguity
and surprise, both essential characteristics of an object-oriented activity system
(Engestrom, 2010). This view centralizes the fact that responsibility for the
scaffolding is distributed equally within the system, and that knowledge is co-
constructed. The co-active scaffolding model imagines the ZPD not as a personal
space carried and cared for by the individual attached to it, but rather as a shared
space in constant flux, within which subjects in an activity system co-construct
meaning and knowledge (Mascolo, 2005; Granott, 2005). Engestrom (1987) defines
this new ZPD as “the distance between the present, everyday actions of the
individuals and the historically new form of the societal activity that can be
collectively generated” (pg 174). When an activity system moves through the

collective ZPD, this is scaffolding. Thus a tools that is functioning as a successful
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scaffold will be part of an activity system in which the activity is more than the sum
of individual actions. Such a system will use cosmology visualizations in unexpected
ways, and grow from internal and external contradiction and conflict (Engestrom,
2010) to promote novel forms of activity.

In order to seek scaffolding explicitly, activity can be segmented into
“scaffolding scenes... an enactment of mediated action by people toward some
particular goal or outcome” (Mai & Ash, 2013). Such scenes have been used to
analyze family activity at museums. Mai & Ash (2013) define a scaffolding scene as
follows:

Any interaction or exchange between at least two people that involves

guidance, leading questions or comments, and/or direct teaching... They

include identifiable exchanges involving at least two people that include at
least one turn. An exchange is defined as an initiation of talk or gesture that
solicits a response in the form of talk or gesture. Such scaffolding is designed

to fade over time, as learners have advanced in the collective ZPD (p 67).

Some of the processes traditionally considered indicators of scaffolding (from
Wood, Bruner & Ross, 1976) and used to identify scaffolding scenes in this study
scenes include:

* Recruitment and direction maintenance: Orienting the learner’s attention to
the task, and directing her/him to achieve a goal.
*  Simplifying the task: Simplifying the situation in a way that the learner can

handle the components of the process, and highlighting what is important.
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* Controlling frustrating and risk of failure: Reassuring and affirming choices
and actions, correcting errors. This can include “filling in” gaps in the
learners’ knowledge.

*  Demonstration: Modeling completion of the task.

A scaffolding scene will include one or more of these processes. In the next section, I
present and describe a scaffolding scene to illustrate how such processes appear in the
data. I define the boundaries of the scaffolding scene by identifying short-term yet
object-oriented actions within the activity, such as deciding the color of a component,
or labelling the timeline of the drawing.

Breaking up continuous activity into scaffolding scenes serves to segment data
in a way that highlights learning activity, without isolating individual actions from the
context of human activity. Scaffolding scenes that fit these criteria, and were related
to the visualizations (rather than side discussions regarding sharing, drawing
materials, etc.) were transcribed for coding. On average, each video of a group
activity from the data included 2-3 identifiable and transcribable scaffolding scenes.

Approximately 10% of data was lost due to poor audio quality.

Example from the Data: The Gonzalez Family

Through negotiating content and action, the drawing activity provided a space
where students were scaffolding each other in their collective ZPD, pushing each
other to notice and describe things they may not have alone. In this section I use a

scaffolding scene from the data to illustrate both the potential of visualizations as
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scaffolds, and the usefulness of a drawing activity in providing a space for students to
engage in scaffolding, functioning as an improvable object. The bounding action in
this scene, constantly being negotiated and renegotiated by the participants, is making
sense of the appearance of dust around the galaxies in the visualization.

Esmeralda®® and her children were all taking the class together. Her two sons,
Steven (16) and Joseph (14) were getting high school credit, and her daughter Sara
(12) was taking it for fun. In the scaffolding scene below, the Gonzalez family
negotiate and figure out the visualization they have just seen of two galaxies merging

narrated by Joel Primack (see Appendix B, Visualization 1).

JOSEPH: [Adding big dots by hitting the pen against the paper]

ESMERALDA: [Motions toward the corner]

SARA: Try not to <dab it in there> <???77> [makes a motion of using the pen with her hand]

JOSEPH: [Puts yellow pen away]

ESMERALDA: [Adds more blue dots]

JOSEPH: Those don't really have form..they're just like...

ESMERALDA: Mmmm, cuz then this one [points with brown pen, begins adding dots to

corner] this one had like a atmosphere...right?

28 All names in this dissertation are pseudonyms to protect the anonymity of participants, unless

otherwise stated
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JOSEPH: Mhhmm

STEPHEN: These are galaxies, galaxies don't have an atmosphere

ESMERALDA: No, but like, you said this one's got filler

STEPHEN: Yeah, dust

ESMERALDA: Here you go [she puts the blue pen down between Stephen and Sara,

implying it should be picked up...it is not yet]

STEPHEN: The dust was brown

ESMERALDA: Okay...you do that part

In this example we see Joseph drawing one of the galaxies with help of his
family. Sara guides her brother as he draws to resemble better what she remembers.
Joseph states that the galaxies don’t “have form,” and Esmeralda introduce the
concept of the “atmosphere,” a word she is using as a place holder for something she
has seen surrounding one of the galaxies. She adds blue dots to represent this
“atmosphere,” and Joseph agrees. Stephen reminds them that “galaxies don’t have
atmospheres,” to which Esmeralda goes back to the everyday concept of a “filler” that
Stephen had used to describe dust in an earlier scaffolding scene. She uses his
understanding of dust to reframe what she has seen. Stephen re-introduces the
scientific vocabulary word dust from the narration, and describes it as “brown,” to
which Esmeralda suggests that he add the dust to the drawing. From the start to the
end of the scene we see the family’s discussion of the galaxy move from “not having
form,” to having an “atmosphere” to being surrounded by a wispy mass of “dust,” a

more scientific explanation. Stephen, as the oldest son and highest achieving student,
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takes on the role of providing scientific vocabulary for his mother and siblings,
without stepping in and performing the task on his own, a form of scaffolding known
as controlling frustration (Wood, Bruner & Ross, 1976). Esmeralda takes on the role
of encouraging and directing participation in the activity for her kids, a form of
recruitment and direction maintenance (Wood, Bruner & Ross, 1976). The family
has moved through their collective ZPD, scaffolding one another.

This episode is an example of co-active scaffolding, an actualization of new
forms of human activity (Wells & Claxton, 2008) that would not have been possible
for an isolated individual. I break participant activity into scaffolding scenes in order
to highlight these new forms of participation in my analysis, places where “learning”
is taking place, and in order to segment larger activity into smaller units of activity

without losing context.

Micro-level analysis: Utterances

Within scaffolding scenes, I first coded interview data in chunks bounded by
relevant “utterances” (Bakhtin, 1986). Bakhtin emphasized the importance of looking
at speech in terms of the utterances, rather than linguistic form, claiming it to be the
“real unit of speech communication” (Wertsch, 1991, p 50). This distinction is very
important, because by moving away from the grammatically defined “sentence,” we
move away from the passive assumption that any unit of speech can be understood
fully on its own. The utterance, on the other hand, has borders defined by a change of
speaker, therefore implicitly contextualizing the unit of speech within a larger

interaction. By analyzing utterances, [ am working with the inherent dialogic nature
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of speech, rather than attempting to apply grammatical boundaries. For an utterance
to be coded, it needs to be participant dialogue, and regarding the drawing in some
way, or astronomy content, not discussion of participant details, background, etc.
This is in part to simplify coding and to keep participants as anonymous as possible.
In addition, gestures related to either science content or the action of drawing were
also coded as utterances, to preserve their importance as modes of communication
within the activity.

My intention in such micro coding within the scaffolding scene is to identify
the illocutionary force (Austin, 1962) of the utterance (or series of utterances).
Within the co-active person-environment system I described above, I see an utterance
as not just words, but human action, which realizes the purpose of the speaker in
deciding to speak in the first place (Wells, 1981). This purpose can generally be
classified as either give information, give action, solicit information, solicit action,
acknowledge information, or acknowledge action. This required only two levels of
coding: give/solicit, and information/action/acknowledge. I used these coding
categories to distinguish dialogue that negotiated science content from the
visualization (coded as give or solicit information), as opposed to dialogue that
negotiated how to represent the visualization on paper (coded as give or solicit
action). In order to maintain this distinction, which was more relevant to my analysis,
information about action was coded as action. For example, if a participant asks
“should we draw this here?” the utterance was coded as solicit action, because the

participant is asking a question related to the action of drawing, not to the information
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in the visualization. Dialogue or gesture not coded as utterances were preserved
within the scaffolding scene in order to maintain the overall integrity of the activity in

analysis.

Coding for cosmological Sense-making

I have defined cosmological sense-making (CSM) as engaging in object-
oriented learning activity mediated by concepts and practices associated with
cosmological literacy. In other words, CSM provides a name for when students are
using one or more of the four facets of cosmological literacy introduced earlier as
they figure out the content of a visualization. Thus my coding rubric for CSM is
based on manifestations through dialogic action (Wells, 1999) of one or more of the
four facets of cosmological literacy. Within each facet I have broken down the
various levels of sophistication with which a student might apply that concept or
practice to mediate action, providing hierarchical CSM “indicators.” The rubric for
these CSM indicators is given in Table 6 below.

I coded for each indicator regardless of scientific accuracy. For example, if a
student identifies “stars and galaxies” when the visualization was meant to indicate
clusters of galaxies, the utterance was still coded as first-level identifying components
(C1). Hogan and Fisherkeller (1996) justify such an analysis succinctly: “Teachers
who encourage students to build and evaluate their own ideas must expect that there
will be gaps and inaccuracies in students’ conceptions...we suggest that tracing the
elaboration of students’ ideas, accurate or not, yields information about the quality of

their reasoning processes... Such a perspective reveals that students’ scientific
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thinking processes can be strong even when their ideas and assumptions are
scientifically naive” (p 942). Thus such an analysis is sufficient to reveal scientific
thinking. In addition, I aim to put the focus of my analysis on what students can do in
order to inform new ways to support their competency, rather than putting the focus
on what they don’t know, as in traditional conceptual change research. Both the

scaffolding scenes and the drawings were coded for cosmological sense-making.

Emergent Coding

Several additional codes emerged from analysis based on the specific activity
of the participants, and were used to organize the data and reveal the strategies being
employed by the participants to answer my third research question. These included:

1) Various types of visual analogies used by participants to give information:
attributional (referring to aesthetic similarities/differences) or relational
(referring to dynamic similarities/differences) (Gentner, 1989; Gentner &
Markman, 1997).

2) The introduction of new scientific vocabulary versus the use of familiar
vocabulary, including utterances that use a bit of both. This kind of discourse,
which incorporates familiar, “everyday” talk with emerging “scientific” talk,
is known as hybrid language (Lemke, 1991; Ash, 2008).

The use of analogy (both attributional and relational) and hybrid (scientific/everyday,
Spanish/English) talk emerged from the data without my seeking them explicitly.
Both are supported in the literature, which is presented below in the discussion

section.
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Table 6. Coding for indicators of cosmological sense-making.

Coding symbol CSM indicators (cosmological literacy concepts/practices)
C System components and organization —

1- Identifying important system components (example: “La otra
que estaba aca”)

2- Explicit labeling of stars, galaxies, dust and other cosmological
bodies and systems (example: “that’s a galaxy”)

3- Description of component characteristics (example: “the dust
was bornw”), Identification of how components are related to
one another (example: “the filaments are made up of galaxies”)

G Gravity —

1- Describing the large scale movement of system components
through space (example: “all the stars...y la otra {the other}
are coming this way”)

2- Identifying or describing dynamic relationships between
components and between a component and the larger system
(example: “Se alejo, so se vino pa’ aca {they move away from
each other...it came over here}”)

3- Explicit reference to gravity as the motivating force (example:
“It comes together because of the gravity”)

D Invisible/Visible —

1- Identifying invisible components, or labeling visible
components of the model as invisible (example: “you can’t see
that in real life”)

2- Identifying dark matter or dark energy (example: “those are
dark matter, not stars”)

3- Attributing system dynamics to hidden components, such as
dark matter or dark energy (example: “the galaxies are inside
the dark matter halos because of the mass”)

S Scale —

1- Identification of cycles or change over time (example: “this
happens first, and this happens second”)

2- Identification of deep time/scale (example: “this happens after
billions of years”

3- Identification of the effects of deep time/scale on dynamics

(example: “it takes too long for it to travel all the way across”
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Results

My results can be summarized around three themes, each of which addresses a
research question. The first theme is about the role of the drawing activity as an
improvable object, the second is around cosmological sense-making, and the third is
around strategies for discussing and negotiating the scientific content of the
visualizations. In this section I will present my results, followed by several examples
from the data to illustrate these themes.

Theme I: Give/solicit action moves, indicating drawing activity, were almost
always accompanied by or immediately following a give/solicit information move,
indicating that they were explaining or describing something from the visualization.
This suggests that the drawing activity was prompting participants to engage in
activity oriented toward making sense of the visualization, functioning as an
improvable object within the system.

Theme 2: Students demonstrated several CSM indicators in their activity,
including a) the identification of system components like stars and galaxies, b) the
identification of gravitational dynamics like the movement of galaxies through space,
or the flow of stars in a galaxy collision, and c) the identification of cosmic
timescales. See Table 7. Noticeably, only one participant mentioned gravity during
the drawing activity in order to explain the dynamics of the visualization, despite
every single group being able to explain gravity during the post-drawing interview.
This was indicative of the dialogue of participants throughout the activity, which

relied on pronouns, analogies and everyday language as placeholders for scientific
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vocabulary so that the conversation could focus on the dynamics of the system, as
revealed in theme 3.

Theme 3: When negotiating content (coded as give or solicit information)
students were referring to the system dynamics of the visualization using hybrid
language (everyday/scientific, Spanish/English), even when the “correct” vocabulary
eluded them. This included the use of analogy to describe unfamiliar aspects of the
system using more familiar terms, such as relating gravity to magnets, or filamentary
structure to the nervous system.

In Table 7 and Figures 12 and 13, I summarize the number of participant
groups who manifested each cosmological literacy pattern, and the total number of
times a pattern was coded. Clearly identifying components was the activity that
students were engaged in most, primarily at level 2, meaning that they were assigning
labels to various elements of the visualizations. Second most popular was identifying
gravitational dynamics, both the dynamics of individual components, coded as G1,
and dynamic gravitational relationships, coded as G2. Some groups also spent time
making sense of the temporality of the visualization, particularly by organizing the

visualizations into discrete time-steps, coded as S1.
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Table 7. Coding summary for each indicator of cosmological sense-making.

Category Groups (n=11) Total counts
C1 11 113

C2 11 128

C3 5 37

G1 6 106

G2 8 88

G3 1 2

D (1,2,3) 0 0

S1 7 26

S2 2 2
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Figure 12. Bar graph of counts for each indicator of cosmological sense-making across the data set.
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Figure 13. Bar graph for each indicator of cosmological sense-making manifested by groups.
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In the table below, I summarize my findings across all ten transcribed
interviews. In the left column are the participants. In the center column are the

cosmological literacy indicators that they manifested in scaffolding scenes during the
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drawing activity. In the right column are the other strategies they employed during

the drawing activity in order to make sense of the visualization.

EZ];‘:iec?[;ants Patterns associated with cosmological Other strategies
literacy

Mariana and Diana C1,C2,G1,G2,S1 Hybrid language

Gonzalez Family C1,C2,C3,G1,G2,S1,S82 Hybrid language,

Attributional analogy

Juan, Michelle and C1,C2,C3,G2 Hybrid language,
Elena Attributional analogy
Maria and Yesmin C1,C2,G2,S1 Hybrid language,

Relational analogy

Alisandra and Lily

C1,C2,G1,G2,S1

Hybrid language,

Attributional analogy

Jorge and Laura C1,C2,C3 Hybrid language
Perez Family Cl1,C2 Hybrid language
Eugenia, Esperanza | C1,C2,C3,Gl1, G2,G3,S1,S2 Hybrid language,

and Ana

Attributional analogy

Beatriz, Sonya and

Paulina

C1,C2,C3,G1,G2,S1

Hybrid language,

relational analogy

Flor and Xochitl

C1,C2,G1,G2,S1

Hybrid language

Manuel and Jose

C1,C2
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Example 1: Mariana and Diana use hybrid language to talk about dynamic

relationships among components of the system

The first example from the data is a scene featuring Mariana and Diana, who are
mother and daughter. Mariana and Diana illustrate well how the use of hybrid
language facilitated their sense-making around the galaxy collisions visualization.
Note their use of both Spanish and English, and scientific and everyday vocabulary in
order to identify components of the system and their relationship to one another. The
visualization they saw of a galaxy collision is summarized in Appendix B,

Visualization 1. The first two rows make the coding explicit for clarity.

Utterance Action Coding

MARIANA: Y cuando las galaxias, y Give, Info C2 - Identify

cuando se funden juntas, no? {And when | Solicit, Info components (galaxies),
the galaxies, and when they fuse G2 — identify

together, right?} gravitational

relationships (they fuse

together)
DIANA: K the blue and the orange Give, Action C1 - Identify
[grabs the blue and the orange pens, Give, Info components (stars), G1
draws a red circle, and then blue dots - identify basic
around] and all the stars...y la otra {the component dynamics
other} are coming this way [she points at related to gravity
the bottom of the page] (coming this way)
MARIANA: La otra que estaba aca {The | Give, Info Cl
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other one was over here} [picks up the
red pen and draws another circle at the

bottom of the page]

Give, Action

DIANA: [Adds blue dots around the

second red dot] And then...

Give, Action

MARIANA: [picks up pencil] Estos se
junten {These come together} [draws
dashed line between galaxies] se juntaron

{They came together}

Give, Info

Give, Action

G2

DIANA: Asi, como... {Like this}

[writes]

Give, Action

MARIANA: Y esos paso no? {And these
pass, right? } [draws a one with a circle

around it] one step

Give, Info

G2,S1

DIANA: [writes “step” next to the 1]

Give, Action

MARIANA: And the second one

Give, Info

S1

DIANA: [labels empty spot as step 2]

MARIANA: Se alejo, so se vino pa’ aca
{they move away from each other...it
came over here} [makes a new red dot,
points around the red dot indicating that

her daughter should put blue stars]

Give, Info

G2,G1

DIANA: [draws blue stars around third

Give, Action

C2,G2
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dot} but then some of this one’s stars Give, Info
[points to second galaxy] come over here
[points to third galaxy]
MARIANA: Mhm Acknowledge,
Action
DIANA: So we have to draw this one Give, Action Gl
kind of like, backing out, no? Solicit, Info
MARIANA: si...so aqui? {yes...so Give, Action
here?} Solicit, Info
DIANA: No, como aqui {no like over Give, Action Gl
here}...okay and then some of it is Give Info
coming over here
MARIANA: Y los dos se volvio {And Give, Info G2

they both go around}

Mariana and Diana use hybrid language, moving in and out of Spanish and English,
and trying out different ways to describe the dynamics of the visualization that they
saw. Take Mariana’s first utterance, where she says that the galaxies fuse together.
She uses the Spanish word “fundir” - to fuse, which was used in the translation of the
narration of the visualization. Later, however, she uses everyday language to
describe the same motion, saying that the galaxies “se juntaron” - came together.

She is negotiating meaning here, using both everyday and scientific language to better

put what she has seen in a context she understands. She also comments on the motion
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of the galaxies away from one another, a motion which is not described in the
narration. This is an important and non-intuitive motion when understanding
gravitational interaction. The expectation is often that two objects will move directly
toward one another and merge immediately. Mariana has noticed the more complex
dynamics of this interaction, without it having been explained to her explicitly. But
she never uses the word gravity. This shows how important it is to listen to what
students are saying, to “listen past English fluency” (Moschkovich, 2009; 2011),
rather than relying on scientific vocabulary to establish what students are
understanding.

Mariana and Diana’s drawing is shown in Figure 14.
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Figure 14. Mariana and Diana's drawing.
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Example 2: Esmeralda, Steven, Joseph and Sara negotiate a galaxy collision

Esmeralda Gonzalez and three of her children were all taking the class
together. They also saw the galaxy collision visualization (Appendix B, Visualization
1) Esmeralda’s two sons, Steven (16) and Joseph (14) were getting high school credit,
and her daughter Sara (12) was simply taking it for fun, with encouragement from her
mother. Esmeralda is very focused on the logistics of who gets to draw what, in what
color and where. Her children are less focused on these logistics, and more focused
on what is being drawn, and how to illustrate the dynamics of the visualization. In
this first scaffolding scene, the family is figuring out what to draw, and in particular
how to represent a visualization that changes over time. This is an excellent example
of how participants demonstrated the systems thinking patterns of identifying
temporality. Led by Esmeralda, they decide to break the visualization into “stages,”
representing different points in time in the collision of the galaxies. Notice the way
the older son (Steven) provides the scientific vocabulary for his mother’s illustration

(e.g. “those are stars”) in order to identify system components.

Utterance Action Coding
ESMERALDA: When, do we do it at the different Solicit, Action S1
stages?

JOSEPH: [Motions drawing a circle on the page] Solicit, Action

SARA: I don't know

ESMERALDA: Right, cuz at the beginning... Give, Info

JOSEPH: Like do you want us to draw them... Solicit, Action
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STEVEN: Well which one do you remember the most?

Solicit, Info

JOSEPH: Like what?

Solicit, Info

ESMERALDA: Well I remember there was one that had | Give, Info Cl1
a lot of blue [making dots with blue marker on page] Give, Action

STEVEN: Those were stars Give, Info C2
JOSEPH: I guess we're doing that then... Acknowledge, Action
ESMERALDA: Well we can do this one [points at blue | Solicit, Action S1

dots she has made] and then we can do all the other
stages [points at the page in a circle, marking different

areas where different drawings can be made]

The Gonzalez family spends several minutes finishing up this drawing, and

discussing what colors to use for what, when their mother suggests that they move

onto the next “stage” of the visualization. A major discussion point in this scene is

the dust, a scientific vocabulary word introduced by the younger son. First the family

discusses the color of the dust, and then they discuss how it is distributed, not as

“spots,” like the stars were, but as “filler.” They modify the drawing in light of this

discussion to reflect the nature of dust better.

Utterance Action Coding
ESMERALDA: Okay and the next phase [Picks up red | Give, Action S1
marker from box, begins making dots in the same area]

JOSEPH: I think...the dust was... Give, Info C2

JOSEPH: [Picks up brown pen from box]
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STEVEN: Yeah it wasn't red, the dust was brown

Give, Info

C3

JOSEPH: [Adds brown dots as M is adding red dots in

the same area]

Give, Action

ESMERALDA: [Pulls hand with red pen away from

paper]

SARA: Yeah that’s why I got the brown

Give, Action

JOSEPH: [Still putting brown dots on paper]

SARA: [Puts both hands on paper to keep it from

slipping]

STEVEN: Dust more...is a filler

Give, Info

C3

ESMERALDA: <?>

JOSEPH: [Pauses dot-drawing]

STEVEN: So it wasn't so much spots

Solicit, Action

ESMERALDA: [Takes brown pen offered by younger

son|

STEVEN: You know what I mean?

Solicit, Action

ESMERALDA: [Slowly adding brown dots around

outside of drawing] Yeah

Acknowledge, Action

JOSEPH: <??7> know what you mean

Acknowledge, Action

ESMERALDA: [Dots start becoming dashes with

brown pen]

Give, Action

Note how the family negotiates the way in which the dust should be

represented, based first on the more superficial color choice, and then later on the role
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that the dust plays within the system, and how this affects the way it should look.
Esmeralda represents the dust as dots at first, until Steven gives information from the
visualization that the dust was actually “filler.” He then translates this information
into proposed action, suggesting that it shouldn’t be represented as “spots,” an
attributional analogy relating the content of the visualization to a familiar visual
pattern. His mother and brother acknowledge this, and Esmeralda changes her
representation on paper to better reflect what the family interpreted from the
visualization.

In this next scene from the same family, Joseph brings up the dynamics by
giving information about the galaxies “facing around” each other, Sara discusses how
to illustrate this dynamic on the paper, and Joseph suggests using a plus sign to
indicate the dynamic. Finally, we again see the mother taking on the role of
coordinator, splitting the paper into quadrants to allow multiple drawings, despite the
fact that her children had indicated that they wanted to illustrate the transition

between stages more fluidly.

Utterance Action Coding

JOSEPH: Well it had two kind of facing around Give, Info G2
<?7?>....,[uses hands to indicate the movement of

galaxies around one another]

SARA: So I think you have to draw the other one Solicit, Action Gl1
[motions her finger in a circle next to the blue-brown-

red galaxy they have drawn] the other one coming
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down...

ESMERALDA: And that was like...what color do you
think the other one was like [reaches into case, gets

yellow marker]

Solicit, I