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cientific storytelling involves constructing a coher-

ent narrative to effectively communicate a topic in

science. Just like a story,! an effective visualization

has a setting, characters, and a plot. The setting is

the relevant background information the viewer needs to

know to put the visualization into context. The characters are

the visual representations that capture the viewer’s attention,

and the way they interact and evolve over time represents the

visualization’s plot. Whether creating a traditional story or a

visualization using storytelling elements, creators must care-
fully consider its intended purpose and target audience.

Effective scientific storytelling can serve a variety of

purposes. First, it can help uncover the subtle and complex

patterns found in scientific datasets. By mapping values and

parameters to visual representations, scientists can gain an
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intuitive understanding of their system of study. In other
words, a visualization can tell a story to researchers about
how their data is behaving. Presenting this data in differ-
ent ways tells the story from different perspectives, and be-
ing able to study a system from multiple viewpoints is nec-
essary to gain a complete understanding of the underlying
phenomena.

Second, scientific storytelling can be used as a means of
presenting new findings to the scientific community. In this
case, domain scientists have already uncovered new infor-
mation from their data and wish to share it with their peers.
Consequently, an effective presentation must be able to in-
tuitively describe their results to a group of educated scien-
tists who might not be experts in the specific area of study.
Such a visualization must place the discovery in context
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can understand and appreciate its importance.

Finally, scientific storytelling is an effective way

of educating the general public, including children.
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Figure 1. A flowchart describing the major steps involved in designing an
of this type of visualization focus on using simple  effective visualization. In some cases, we have to go through numerous

Unlike the previous two cases, in which results are
presented to scientists, many of the characteristics

visuals and constant interactivity to maintain
viewer interest and excitement. In many cases, the
general public (especially children) lose interest in a
topic if it’s too diflicult to understand or presented
in a mundane fashion. As a result, the medium,
such as an interactive museum exhibit, must be
able to educate its users through active engagement
that nurtures their natural curiosity.

In chisarticle, we present three different projects
that each use scientific storytelling to achieve one of
the above described goals: a visualization of par-
ticle accelerator data for domain scientists, a
presentation of fusion science findings for general
scientists, and an interactive exhibit of plankton
populations for the public. Although each ex-
ample uses techniques from scientific storytelling,
the design considerations we use depend heavily
on both the area of study and the target audience.
Figure 1 shows an overview of the process involved
in developing an effective visualization. As we dis-
cuss in the following examples, certain visualiza-
tion types will rely more heavily on different steps
in the workflow.

Visualization of Particle Accelerator Data for
Domain Scientists

Our first example is a visualization of particle ac-
celerator data designed specifically for domain sci-
entists. We focus on the steps involved in designing
such a visualization and what characteristics can
make it effective for scientific discovery. Finally, we
describe the challenges we faced working with accel-
erator data and how we chose to overcome them. The
visualization takes the form of a video that we de-
signed and pregenerated. In the future, we plan to in-
vestigate how we can use other techniques® to create
a system that lets scientists generate their own videos
based on any desired viewing angles or parameter
selections.

Background Information

We teamed up with researchers at the SLAC Na-
tional Accelerator Laboratory who are studying the
effects of dark current in their acceleration devices.
They use a simulation called ACE3P to simulate

electromagnetic dynamics in cryomodule devices.
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redesigns based on input from scientists or typical viewers.

These devices consist of a set of resonating cavities
driven by a radio frequency (RF) antenna. Elec-
tromagnetic field fluctuations build on themselves
within the cavities and accelerate charged particles
to near light speed.

One issue with these devices is the presence of
dark current, in which charged particles are emit-
ted from the cavity surfaces and can enter the ac-
celerating beam. The unstable motion of these par-
ticles can cause them to become deposited down-
stream, resulting in a collision with device walls
that could cause damage. A complete understand-
ing of multiple aspects of the simulation data is
necessary to study this phenomenon. Consequent-
ly, we developed a comprehensive visualization of
the data, which, through the form of a visual story,
can intuitively show scientists how their simulation
behaves.

Designing a Visualization for Domain
Scientists
One advantage of developing a visualization di-
rectly for domain scientists is that they’re already
experts in their particular field. Not only do we
not have to worry about presenting relevant back-
ground information, but their interest in the topic
matter is guaranteed. We can instead focus on
representing the details within the data and tai-
lor the visualization directly to their needs. This
is done through multiple discussions about the
specific phenomena and types of patterns they’re
looking for in their data. Our goal is to highlight
as many of these patterns as possible throughout
the visualization. Maintaining maximum scien-
tific accuracy is of utmost importance because
such a visualization could lead to new scientific
discoveries. When considering the workflow in
Figure 1, creating such a visualization relies most
heavily on the data curation and initial design
steps with heavy input from the scientists. It then
goes through a few redesigns based on evaluations
with the scientists.

Figure 2 gives an overview image of our parti-
cle accelerator visualization. Because it’s important
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Figure 2. An overview of the particle accelerator visualization. From top to bottom: three zoomed-in views of the cryomodule geometry
showing the background electric field strength and simulation particles colored according to their starting location and momentum, two
zoomed-out views showing the full device with the same simulation particles, a phase space plot of the particles comparing momentum
and radial distance, a view looking down the cryomodule device, and a color legend.
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to view multiple aspects of the data simultaneously,
we divide up the screen space into various sections,
each presenting the data from a different perspec-
tive. Each view is carefully designed based on the
scientists’ needs and helps explain the system’s un-
derlying dynamics. Furthermore, animating the
visualization allows us to intuitively represent data
evolution over time.

Each of the parameters represented in the top
views of Figure 2 serves a unique purpose. The elec-
tric field is what drives the particle motion, and it’s
important to see how the particles adjust their mo-
tion as the field changes over time. Because the par-
ticles are already moving at near light speed, adding
energy increases their momentum rather than their
velocity. Particles with more momentum can result
in more damage to the device. The particle’s start-
ing location is also important because the end result
of a particle’s motion (a collision with the device
wall) is based heavily on its initial conditions. Col-
oring particles this way helps identify such trends.

The bottom views present alternate ways of
looking at simulation behavior. We use a phase

space plot to show trends between nonspatial par-
ticle variables (radial position versus momentum).
Figure 3 shows a larger version of this plot as well
as the complex wake-like structures that can ap-
pear in such a view. Finally, we provide a view
looking down the cryomodule device to indicate
any potential variations in its rotational symmetry.

Overall, this visualization is characterized by
a diverse set of detailed views into the simulation
data. Because it’s targeted at an audience consisting
of expert scientists, the visualization is designed to
present as much information as possible. Through
repeated viewings of this information-dense “sto-
ry,” scientists can gain multiple insights into their
data from just a single visualization.

A video of the visualization is at https://www.
youtube.com/watch?v=3_5Vj_R9de8.

Challenges Specific to Particle Accelerator
Data

One of the main challenges of working with the
accelerator dataset involved handling the elongated
simulation domain associated with a cryomodule
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Figure 3. An alternate view showing a larger version of the phase space plot of the particles (radial position versus momentum). Many
wave-like fluctuations in the plot can give insights into the underlying dynamics of the particle motions. Particles are colored according to
their starting location with spatial context given in the two views above.

device. Because the domain is very long in one
dimension, it’s difficult to show detailed views of
the data while also presenting an overview of the
simulation as a whole. Consequently, we chose to
use our split screen space to show both zoomed-out
contextual views and zoomed-in detailed views of
the most important simulation parameters. In this
way, a viewer can gain the benefit of both perspec-
tives simultaneously. Furthermore, automatically
panning the zoomed views along the cryomodule
device to follow the bulk of the simulation particles
lets us capture as many details as possible through-
out their evolution.

In addition, certain simulation parameters,
such as the particle momentum, change by many
orders of magnitude throughout the simulation,
making it difficult to choose appropriate axis
ranges in the phase space plot while still high-
lighting subtle trends at both the start and end
of the simulation. We therefore dynamically scale
the axis range at key points throughout the simu-
lation according to values of the majority of the
particles. This lets viewers see the minor varia-
tions occurring near the start of the run as well
as the larger trends that present themselves near
the end of it.
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Presentation of Fusion Science Findings for
General Scientists

Our next example involves a visualization we creat-
ed to aid fusion researchers in presenting their latest
findings to the scientific community. Through the
design process, we were also able to help the scien-
tists verify their results and gain additional insights
into their discovery through our chosen representa-
tions of the data. Although the visualization in this
case also takes the form of a video, its design is sig-
nificantly different from the previous example. We
focus here on what characteristics make this type
of visualization different and what design choices
we made to effectively demonstrate fusion results
to nonexpert viewers. We also describe the types of
challenges involved in visualizing fusion data.

Background Information

We worked closely with scientists at the Princeton
Plasma Physics Laboratory (PPPL) who asked us to
help present their new discovery at the 2015 Super-
computing conference. Their findings were gener-
ated by XGCl, a massively parallel fusion simu-
lation for tokamak devices.* These devices are a
promising way of electromagnetically confining the
high temperature plasmas necessary for harnessing
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There are two types of particle trajectories
in tokamak plasma:

“passing” and “trapped” particles
categorized in accordance with their
ability to pass through the high magnetic
field side (inboard) of the tokamak.
Particles with insufficient speed to

penetrate the stronger magnetic field
region mirror back to the outboard side,
and become “trapped” particles.

Trapped particle

Passing particle

Figure 4. An image showing the difference between a trapped trajectory
(orange) and a passing trajectory (blue) within a tokamak device. A projection
of each of the two trajectories is also placed onto a white plane on the

left side of the device. While the trapped trajectory reverses directions
several times and is confined to the outer portion of the device, the passing
trajectory is free to continuously circle throughout all parts of the tokamak.
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fusion energy on Earth. However, more research is
necessary before these devices can become practi-
cal enough as a reliable source of energy.

The research team at PPPL focused on studying
the bootstrap current, which is caused by a strong
flow of charged particles throughout the tokamak
device. These charged particles are often classified as
either trapped or passing based on the shape of their
orbits through the domain. In the past, it was thought
that only passing particles can carry the bootstrap
current. However, experimental results have always
shown a strong bootstrap current in the outer/edge
region of tokamaks, which contains very few passing
particles. Recent simulation results have shown that,
in the edge region, most of the current is actually car-
ried by particles exhibiting a trapped trajectory.” This
new understanding of the bootstrap current in toka-
mak devices can be used by experimentalists to ana-
lyze and predict edge confinement and stability.

New Findings for General Scientists

Unlike the previous example, the scientific discov-
ery has already been made, allowing us to focus
the visualization on a relevant subset of data and
choose the most appropriate visual representations.
However, a general scientific audience might not
have the same level of expertise and will require
some background information to put the discovery
into context. Consequently, a large portion of our
visualization is dedicated to explaining various as-
pects of the system of study before presenting the
actual discovery. Referring back to Figure 1, this
type of visualization relies first on the initial de-

sign step based on what aspects of the discovery
the scientists wish to portray. This then involves a
handful of redesigns based on evaluations from the
scientists as well as some typical viewers who are
less familiar with fusion science.

The visualization is split up into two main com-
ponents. First, background information is given to
familiarize viewers with details about the area of
study. Instead of overwhelming them with an in-
depth introduction to the field, we instead choose
to quickly explain only the most relevant pieces of
information necessary to understand the discovery.
This is done through visuals and explanatory text.
Second, the discovery itself is explained along with
a simple visualization of the relevant simulation data
subset that revealed it. Once again, explanatory text
is used to guide the viewer and explain the impor-
tance of the discovery. In this way, the nonexpert
viewers themselves can identify the same trend in the
data that was discovered by the scientists. This helps
reinforce their understanding of the new findings.

One of the fundamental pieces of information
necessary for understanding this discovery is the
difference between the trapped and passing trajec-
tories. Because the difference depends heavily on
spatial motion, we visually explain this distinction
by animating the motion of a trapped and pass-
ing particle throughout the tokamak geometry,
as shown in Figure 4. Accompanying text helps to
guide the viewer’s attention through the visual ani-
mation and further explains this distinction. Fur-
thermore, this representation helps to show viewers
why the outer regions of tokamak devices are made
up primarily of trapped particles.

To explain the discovery, we present the data
subset that the scientists used to make the discov-
ery in a simplified form so that it can be interpreted
by the viewer as shown in Figure 5. In this case, we
use a heatmap of the bootstrap current on two cut-
ting planes in the tokamak geometry. One plane
represents the current produced by the trapped
particles, while the other represents the current
produced by the passing particles. The viewer can
clearly see that the current in the outer/edge region
is much stronger for the trapped case as they make
up most of the bootstrap current. We also supple-
ment this with a line plot showing the current as a
function of radius for each of the trajectory types
as well as their combined total current. Once
again, explanatory text helps guide the viewer and
explains the significance of this discovery.

Unlike the previous example, this visualization is
characterized by its use of simple but effective visuals
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A new analytic formula for the bootstrap
current has been constructed from
numerous XGCa simulations run on Mira.
This formula can be used in reduced
models and by tokamak experimentalists
in analyzing and predicting the tokamak
edge confinement and stability.

Figure 5. A view of the bootstrap current within the tokamak device projected onto two cutting planes. The plane on the left shows the
current caused by the trapped particles, while the plane on the right shows the current caused by the passing particles. From the slices,

it's clear that the bootstrap current in the outer/edge regions of the tokamak is much higher for the trapped particles, indicating that they
make up most of this current. A line plot on the top right section shows the current as a function of radius for each of the trajectory types

as well as their combined total current.

to explain a scientific discovery and relevant back-
ground information. This is because it’s targeted at
explaining a discovery to nonexpert scientists. In-
stead of being information dense, it focuses on tell-
ing a “story” in a more traditional sense by guiding
the viewer through a series of visual examples.

A video of the visualization is at https://www.
youtube.com/watch?v=alibTeOoyeE.

Challenges Specific to Fusion Data

Justlike the cryomoduledevice, the tokamak device’s
simulation geometry presents a major challenge.
In chis case, it’s because the device’s donut-like
shape is inherently prone to occlusion. Unless it’s
viewed directly from above or below, one side of
the device will block the view of the other side.
However, we can exploit the device’s circular sym-
metry by cutting away certain portions and pro-
jecting patterns onto cutting planes. Although
parts of the domain are no longer shown, the major
trends seen on the projections represent the entire
device volume.

www.computer.org/cise

Another challenge involves the data’s low tem-
poral resolution. Because fusion simulations tend
to incorporate massive amounts of particles, data
1/O becomes a heavy strain. Consequently, scien-
tists are able to save information for only a limited
number of time steps. This, coupled with the fact
that the particles tend to move at high speeds in
a loop-like fashion, makes it difficult to construct
accurate and visually understandable trajectories.
Simply using a linear interpolation scheme that
connects the temporally distant points with lines
results in a self-intersecting mess with sharp angles.
We therefore implemented an alternative interpo-
lation method that followed the curvature of the
electromagnetic fields in the device. This smoothed
out the trajectories and provided a more accurate
representation of particle motion.

Interactive Exhibit of Plankton Populations for
the Public

Our last example describes an interactive museum
exhibit that uses visualization as a tool for visitors
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Figure 6. Museum visitors interacting with the plankton visualization. The
custom-built table houses a Dell OptiPlex 990 and a 55-inch MultiTaction
Cell. It’s placed in an open area so that visitors can access and interact with
the visualization from all sides. Labels placed around the table help guide
and inform the viewer about exhibit content.

74

to explore large datasets.® This visualization is de-
signed for the general public, especially for chil-
dren. We describe the process of developing such
an exhibit from start to finish and the key charac-
teristics that separate it from the previous two ex-
amples. Finally, we describe the unique challenges
involved with using scientific storytelling to pres-
ent information to this type of audience.

Background Information

This exhibit was developed through a close collabo-
ration with the Exploratorium, a “hands-on” mu-
seum located in San Francisco, and the Center for
Microbial Oceanography Research and Education
(C-MORE). It represents one of three portions of
the Living Liquid project, which aims to visualize
ocean life, with this particular exhibit focusing on
plankton. The data was provided by MIT’s Darwin
Project, which utilizes sophisticated supercomputer
models to simulate the distribution of various phy-
toplankton species over time.”

The Exploratorium primarily focuses on using
interactive exhibits to explain phenomena from the
fields of art, science, and human perception for visitors
who are at least 11 years of age. Unlike a traditional
classroom, the museum has an informal learning en-
vironment in which visitors” experiences are described
to be unmediated, short, and episodic. In particular,
in the life sciences portion of the museum, visitors
only spend an average of 30 seconds at each exhibit.
These characteristics of the learning environment
present several design challenges when creating an

exhibit based on guests who often have limited time
and little to no domain knowledge of the data.

This project’s main goal was to have visitors use
visualization as a tool to analyze large, authentic
data through sustained inquiry. The ideal outcome
is for a viewer to explore the data by asking ques-
tions, making comparisons, and evaluating their
hypotheses. Because the exhibit is designed for the
general public, it’s important to incorporate back-
ground information into the visualization while
avoiding distractions from the data to be explored.
Consequently, design considerations must focus
more on maximizing data understandability rather
than accuracy details. This is one of the few exhib-
its that leverages visualization as a tool to allow
visitors to behave like scientists. As a result, it has
sparked the development of other exhibits that use
a similar format, such as an exhibit the lets users
explore the behavior of marine predators.®

Designing an Exhibit for the Public

Because the museum experience is unmediated,
the exhibit design must be comprehensive and self-
contained, from the visualization to the interaction
design to physical aspects such as the printed labels
that help guide visitors. Situated in a dynamic envi-
ronment, the exhibit must attract visitors, especially
in a setting with variable crowd densities and other
interesting exhibits present. The visualization design
must also consider that the visitor will likely spend a
short amount of interaction time and have varying
levels of interest and prior experience with the scien-
tific content. Referring back to the workflow in Fig-
ure 1, this type of visualization relies most heavily
on the evaluation step because it’s difficult to predict
how a viewer will respond. It’s typical to go through
a large number of redesigns based on how a museum
visitor interacts with the prototype.

To minimize the decoding load on the visitor,
we employ a visualization design guided by prin-
ciples from education and cognitive thinking. We
also use tangible user interfaces (TUIs) that bring
aspects of the visualization to the physical domain.
We conducted a study to determine the most effec-
tive type of TUI for interacting with the exhibit,’
but the design process was iterative and guided by
the results of formative evaluations.

The visualization runs on a Dell OptiPlex 990
with a MultiTaction Cell that can detect mul-
tiple finger touches as well as fiducial markers us-
ing infrared sensing. A custom-built table houses
the 55-inch display shown in Figure 6. Multiple
visitors can approach the table from any side and
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begin interacting with the exhibit simultaneously.
The visualization displays a world map with swirl-
ing patterns of color, each representing a different
plankton type. This plays and loops dynamically as
a timeline displays the current time of year. Labels
on the outer edges of the table help guide and in-
form the viewer about the nature of the data.

Visitors can interact with the exhibit by using
the physical viewing lens shown in Figure 7. This
lens can be placed anywhere on the ocean and
shows icons representing the morphology and rela-
tive size of the different types of plankton in that
area over time. If the lens is placed on land, the vi-
sualization reminds the visitor that plankton can’t
be displayed. An infrared-reflective fiducial marker
engraved on the lens indicates its position and ori-
entation; a virtual interface follows under the lens
and can display more information on each plank-
ton species. Three are available for viewing by mul-
tiple visitors at any time.

The information presented by this visualiza-
tion example is much more distilled compared to
the previous two examples, which were tailored to
professional scientific audiences. Instead, this de-
sign process involves creating the proper abstrac-
tions for visitors to effectively explore and analyze
the data. This exhibit makes use of interactive visu-
alization and TUIs to capture the attention of the
general public and encourages involvement in an
informal learning setting. Although the content is
presented with the focus of understandability over
scientific robustness, this type of visualization still
grants visitors the flexibility of choosing to learn
more about the information, regardless of their in-
terests and background.

A video describing the exhibit is at www.explor-
atorium.edu/visit/east-gallery/plankton-population.

Challenges Specific to the Museum Setting

Unlike the previous examples, in which many of the
challenges involved a domain-specific area, most
challenges in this case come from developing a vi-
sualization for visitors who likely have no prior
knowledge of the domain. One major challenge is
finding visual encodings for the data that require
very little deciphering and cognitive load on the
viewer. Consequently, it’s more important to pres-
ent the information understandably, even at the
expense of simplifying details in the data. For ex-
ample, the swirling colors used on the world map
only represent the most dominant plankton type in
that location. This is a simplification against using
too many colors to represent areas that have many
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Figure 7. A close-up of one of the physical viewing lenses used as a
tangible user interface to view the types of plankton species in various
parts of the ocean. An infrared reflective fiducial marker engraved on the
lens lets the table know its position and orientation. This is coupled with a
virtual interface that moves under the physical lens and can provide more
information about each species.

combinations of species in the same location. It isn’t
until users choose to explore the data with the view-
ing lens that they notice more complex mixtures of
species. Furthermore, very simple glyphs represent
the relative size and shape of plankton species in the
viewing lens, whereas the actual plankton species
can have more detailed differences.

Another challenge comes from the long iterative
process necessary of designing an effective exhibit
that uses visualization for scientific storytelling. Be-
cause interest and usability are the key factors, nu-
merous evaluations were conducted before deciding
on the topic matter. In eartlier evaluations, noninter-
active animations of different parameters in the data
set were presented to visitors in various forms. The
results have guided our decision to display dominant
plankton populations on a global 2D map. Another
challenge involves determining the right abstrac-
tions that will guide viewer interpretation, without
placing too many constraints on a viewer’s ability to
freely explore the data. This is achieved by layering
the accessibility to different types of data, allowing
viewers to focus on simple relationships before mov-
ing on to more complex details.

We find that to create an effective visualiza-
tion, design decisions must primarily focus
on the setting and target audience. When produc-
ing a visualization for domain scientists, there’s no
need to provide background information or to try
to hold viewer attention. When presenting results
to general scientists, a visualization must follow a
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more traditional story narrative by presenting key
concepts in a particular order, whereas designing
a museum exhibit for the general public requires
a new approach altogether. Such a visualization
must focus primarily on capturing viewer interest
through simple visuals and dynamic interactions.
In general, an effective visualization using scien-
tific storytelling must find an appropriate balance
among background information, interest-inducing
dynamics, and in-depth details into the data. B
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