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Figure 1: Visualization detail displaying unevenly distributed data in Venus’s atmosphere, utilizing Voronoi cells and Value

Suppressing Uncertainty Palettes.
ABSTRACT

Missing and sparse data and the associated uncertainty are in-
evitable in science, and their accurate portrayal in media is essen-
tial for upholding scientific transparency and credibility. Yet, in
an era of conflicting information and deceptive sources, revealing
uncertainty can be seen as unfavorable, in particular for science en-
gagement media. Our study focused on conveying incomplete data
on Venus’s upper atmosphere to an adolescent audience using a
scientific visualization designed for a planetarium’s dome. Through
a comparative study of visualizations with an unprocessed versus
a processed dataset, we found that translating data into a Voronoi
diagram can make the concept of sparse data understandable and
aesthetically pleasing to a broader audience, yet it can come at
costs of lower perceived details and accuracy. Additional results
hint that participant’s preference for visualization can differ from
their perceptions of clarity and that neither the preference nor
the clarity appears to be linked to participants’ science literacy.
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Finally, we discuss the potential to design immersive science media
experiences in planetariums and dome settings.
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« Human-centered computing — Visualization design and
evaluation methods; Scientific visualization.
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1 INTRODUCTION

Uncertainty is a core aspect of science. Factors like measurement
precision, experimental design limitations, simplification of com-
plex phenomena, and incomplete data are just a few aspects that
introduce uncertainty within a single scientific study. Furthermore,
because scientific theories are revised or refined, the interpretations
of data may change over time. Scientists are aware of this uncer-
tainty; they recognize it and embrace it as a fundamental element of
the scientific process. Yet, despite the awareness, there are several
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reasons why communicating uncertainty to the public remains a
challenge [72], of which the lack of expression formats is one.

Poorly communicated uncertainties are often susceptible to mis-
interpretation by the general public and can lead to overconfidence
and distrust in science [45]. Given that the current information land-
scape is saturated with inconsistent messages (which can magnify
yearnings for a sense of definite clarity [60]), it is not surprising
that scientists are concerned that the portrayal of uncertainty can
lead to inducing negative feelings and reducing in trustworthiness
[38]. Yet, effective communication of uncertainty is argued to play
a crucial role in maintaining public trust in science [16]. This was
highlighted during the COVID-19 pandemic when communicat-
ing uncertainties was reported to mitigate the negative impact of
exposure to conflicting information [12], whereas not mentioning
uncertainty led to decreased trust in science and a decreased will-
ingness towards vaccinations and nonpharmaceutical interventions
[4].

While there has been an increasing interest of scholars to reveal
missing data and uncertainty through traditional, single screen-
based science engagement media, such as science news visualiza-
tions and weather forecasts [42, 74, 77], its application in other
types of science engagement media, such as digital dome theaters
that are often used in planetariums, are under-explored. Such digital
domes, however, have seen a growth in applications [71], and with
the uptake of portable lower-cost dome projections, it is expected
to further expand [34]. The levels of audience engagement in dig-
ital domes can be remarkably high due to the immediacy of the
mediated, nonlinear exploration of more or less real-time data [84].
Indeed, because the user is surrounded by the screen on most sides,
the experience is more immersive than the display of visualization
on a traditional computer or projection screen [37].

In this multifaceted study, we bridge design, media experience,
science communication, and science education in the context of
planetary science, to investigate how to reveal incomplete data
through scientific visualizations. Incomplete data, a particularly rel-
evant aspect of scientific uncertainty, comprises both missing data
(unexpected gaps in the dataset) and sparse data (a low density of
data points). To the best of our knowledge, no studies exist that ask
similar questions due to the interdisciplinary nature of our work.
We explore the visualizations within a planetary science project
that researches the atmosphere of Venus and aims to communi-
cate its findings to an adolescent audience in the dome of a public
planetarium (Figure 1). Following calls from scholars emphasizing
the need for evidence-based, audience-driven insights in science
engagement media [44], we adopted a Research through Design
approach [86], and developed two dynamic scientific visualizations
that are part of the narrative of the planetarium’s lecture. After
several iterative design cycles informed by feedback from the au-
dience and scientists, our contributions include: 1) implications
for the design of visualizations that reveal uncertainty in science
engagement media settings, 2) empirical evidence of how two dif-
ferent types of uncertainty representations influence perceptions
of clarity, accuracy, and overall attractiveness, and 3) insights and
reflections on our design process to create science media content
for immersive dome experiences.
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2 RELATED WORK

In the following, we discuss the challenges towards i) the design of
content (i.e. revealing missing data in scientific visualization and
the specific requirements of astronomical visualizations) science
engagement media experiences, ii) the role of the setting, and iii)
the influence of context.

2.1 Visualizing Missing Data and Uncertainty

Visualizing missing data and uncertainty is a complex challenge in
data representation, requiring a delicate balance between conveying
the dataset’s limitations and maintaining clarity in the presentation
[77]. While the inclusion of missing data and uncertain information
in scientific visualizations is on the rise across domains [42], there
is no universal approach. Various techniques such as emptiness,
fuzziness, and explanation are employed to signify missing values
[5], while indicators like error bars, confidence intervals, or color
gradients communicate the level of uncertainty [61]. Still, design-
ing the visualizations so that they are understandable to the lay
audience remains a challenge [61, 74], and authors might omit to
communicate uncertainty for various reasons: 1) scientists might
assume that uncertainty is already widely recognized as common
knowledge, 2) uncertainty may be seen as unnecessary detail or as
too difficult for a lay audience, 3) scientists might be worried that
discussing uncertainty opens the door to criticism or 4) they might
not know how to express uncertainty [30].

2.2 Presenting Astronomical Visualizations

Astronomical data are captured by instruments operating across
the entire electromagnetic spectrum, from x-rays over the visual
spectrum to radio waves. Data from all of these wavelengths can
be used to create scientific visualizations [68], often requiring a
transformation of information that is beyond the visible spectrum
to a visually attractive image [69]. This process can involve artistic
decisions to appeal to a non-expert audience [53]. Space agencies
supply their images with captions to detail the visualization content
and how was it created [81]; however, this additional information
can get lost over time. For example, it has recently come to the
public’s attention [33] that the depiction of Neptune, deep blue in
contrast to the pale blue color of Uranus, is not accurate [41], some-
thing that was well-known within the planetary science community.
Lay audiences are not often exposed to the interpretations that lie
behind the construction of astronomical images [75]. Consequently,
these constructed depictions may be perceived by viewers as true
to nature [27]. This perception is partly rooted in a photographic
heritage often linked with unaltered documentation [6], it may also
be because the individual creators of these constructed depictions
are often not credited [27].

In planetariums, visuals depict celestial objects based on limited
available data. For example, the map of Venus’s visible atmosphere
released by the National Aeronautics and Space Administration
(NASA) and used by planetariums, including European Southern
Observatory’s Supernova planetarium [57] is based on a single
visible-frequency image, captured in 1974 by Mariner 10 mission
[79], which was cloned to cover the entire sphere [73]. This il-
lustrates that, while these renderings are done based on the best
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available scientific data at the date of making, they often involve
artistic decisions to fill up incomplete data.

2.3 Designing Science Engagement Media

Social media took over the traditional media channels as the public’s
primary reference concerning science and technology. While this
trend enhances information accessibility, it also poses challenges
for non-experts in making informed science-related decisions [10].
As such, public spaces such as planetariums prove to be vital venues
where the lay audience gets to interact and be immersed in curated
learning resources for astronomy and space exploration education
[47, 59]. They employ the ‘exploranation’ concept, a combination of
exploration and explanation [84]. Notable examples of explorana-
tory designs include interactive visualization tables in museums,
e.g. to explore the inside of an ancient mummy [84], interactive
exhibits to visualize data on climate change [15] and interactive
public virtual reality experiences to convey the concept of nan-
otechnology in relation to data [40]. Furthermore, the projection
dome (as the central tool planetariums use to deliver content as
immersive visuals [85]) is deployed to illustrate complex astronom-
ical concepts in an attractive [43], and relatable [64] manner. When
applying the closed, sensory experiences domes provide, this envi-
ronment enhances the educational content [78]. Despite the growth
in dome use [71], few studies exist that focus on the unique design
challenges in creating content that effectively utilizes the dome’s
experiential properties [70].

2.4 Revealing uncertainty in Science
Communication and Education

Scientific visualizations serve as tools in both science communica-
tion and science education; therefore, it is important to contextual-
ize both settings. Science Communication is, as an area of research,
younger and less established than science education from which it
could learn [9]. Unfortunately, uncertainty tends to be neglected in
both fields.

In Science Education, uncertainty is often presented in a vague
form or even deflated [1], making it difficult for students to grasp
how ‘real’ science operates [35, 45, 55]. One noteworthy exception
is the acknowledgment of the tentativeness of science (i.e., scien-
tific knowledge remains subject to change and is never absolute
or certain). Tentativeness is a part of the Science Education con-
cept ‘Nature-of-Science’ (NoS) [51], encompassing what constitutes
science, how it operates, and its limitations.

From science education literature [20, 50] it is clear that both
students and teachers [2] mostly have a naive understanding of NoS.
Yet, getting students beyond a naive understanding of NoS is essen-
tial for countering scientism and skepticism [29]. However, while
tentativeness represents a part of uncertainty in science, there are
many more. Therefore, further clarification and contextualization
of NoS are needed [32], incorporating philosophical and historical
perspectives [56].

3 METHODOLOGY

We designed two distinct segments to visualize the identical dataset
of Venus’s atmosphere and contrasted them in a comparative study.
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One showed the data in a scientific visualization that is relatively un-
processed, referred to as the Unprocessed Segment - USeg, whereas
the other contains processing, referred to as the Processed Segment
- PSeg. Regarding the designation, it is essential to underscore that
raw data, of course, necessitates processing for effective visual-
ization; in our approach, the USeg retains a comparatively lower
degree of processing and interpretation compared to the PSeg.

To develop the visualization segments, the study adopted a Re-
search through Design approach [86], i.e., the design was presented
through iterative design cycles (DC) to relevant stakeholders, includ-
ing adolescents and teachers (n = 139; DC1-2, DC4), and scientists
(n = 8; DC3), and their input was evaluated and adapted to address
shortcomings and build upon previous successes to improve the
design. We selected adolescents as the primary demographic target
due to curriculum-related factors (scientific disciplines are typically
introduced during the later stages of secondary education, thereby
NoS introduction becomes relevant). Moreover, adolescents who
participate as part of school visits include individuals who may not
have otherwise attended independently, which broadens the visual-
izations’ reach. The DC1-2 and DC4 were shown in the planetarium
to high school classes, and we switched the order of presenting
USeg and PSeg between schools to mitigate possible anchoring
biases. DC3 was screened remotely to a group of scientists.

The study is descriptive with a large qualitative component. Data
in DC1-2 and DC4 were collected through a survey that evaluated
1) the participants’ preference, 2) their perception of clarity in con-
veying the message “There is missing data in the data collected
on Venus,” and 3) their understanding of missing data in science.
Because the latter might be confounded by a prior interest and fa-
miliarity with science, we also measured 4) the participants’ Science
Capital [7]. Following calls to evaluate whether to gather additional
information such as gender or ethnicity [18], we omitted to collect
the data because we focused on entire school classes without ex-
cluding anyone based on demographic factors. We also aimed to
create an inclusive environment where all participants could engage
without concerns about being labeled or stereotyped. The survey
questions and the Science Capital analysis logic and workflow can
be found in Appendix A.1 and A.2. DC3 data were collected through
interviews, asking for perceptions of the visualizations’ clarity and
overall attractiveness. The process resulted in an optimized design
and insights contributing to theory. An overview of the cycles, in-
cluding the location, method of gathering the feedback, and the
composition of participants, is depicted in Table 1.

The survey (DC1-2 and DC4) was administered online using
Microsoft Forms and made accessible by a QR code, which allowed
participants to use their mobile devices to complete the survey,
bypassing the low light conditions of the planetarium. We themati-
cally analyzed the responses through inductive open coding and
removed entries that were either completed before the screening
concluded, or did not provide qualitative reasoning behind their
choices. To adhere to the European data protection regulations, we
restricted the data collection only to those aged 16 and over and had
participants give their informed consent at the start of the survey.
The study was examined and approved by the ethics and privacy
committees of our institution before the start of the data collection.
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Table 1: Overview of the design cycles process.

Design Location Audience Method
Cycle
Students (n = 5),
DC1  Planet. lobby Teachers (n = 1) Survey
Students (n = 10),
DC2  Planet. dome Teachers (n = 1) Survey
DC3 Remote Scientists (n = 8)  Interview
DC4  Planet. dome Students (n = 111), Survey

Teachers (n = 11)

4 PLANETARIUM CONTEXT
4.1 Environment

The planetarium for which we designed the science visualizations
has a level dome with a 23-meter diameter, a concentric seating
arrangement for up to 300 people, and a unidirectional digital pro-
jection system. Fifty percent of its visitors are students attending
as part of school groups to experience an educational activity [58].

4.2 Content

The current content offered in the Planetarium’s dome consists
either of film projections or live lectures supported by software
simulation, both featuring smoothly rendered realistic visuals. The
astronomical software used for the lectures is SkyExplorer 2021
by the RSA Cosmos. The developer markets SkyExplorer as having
“the most realistic rendering in the industry” [22]. The software
allows the presenters to showcase the night sky and photorealis-
tically illustrate celestial objects like stars, planets, and satellites;
however, it does not explicitly show missing data (Figure 2). The
designs that are used in our study depart from the existing realistic
imagery of the planetarium.

4.3 Interactivity

Currently, the narrators at the Brussels Planetarium interact with
the audience through questions and answers, where the questions
can be initiated both by the presenter or, to a lesser degree, by a
member of the audience. The Q&As are typically limited to directive
questions to advance the lecture or transition to the next topic.
Our study was built to expand upon the existing operations, so
it includes narration but does not allow for advanced forms of
interactivity that stimulate discussions and directly influence the
content that is presented.

4.4 Structural Limitations

The visualization design for planetariums faces an additional chal-
lenge due to the architectural properties of their dome shape: pro-
jecting rectilinear images onto the domed ceiling introduces hemi-
spherical distortion. The Planetarium employs directional projec-
tion to mitigate this effect; nevertheless, the distortion is particularly
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Figure 2: Planetariums tend to use photorealistic imagery
that does not explicitly show missing data. Pictured is a depic-
tion of Saturn during a lecture of the Brussels Planetarium.

Figure 3: An example of the impact of the viewer’s position
on the distortion of a rectilinear image in the dome: The left
image is captured from the center of the seating, while the
right image is taken from the left edge of the auditorium.

apparent with images including straight lines, which is more pro-
nounced for viewers seated towards the periphery of the theater,
as illustrated in Figure 3. We applied subtle pincushion distortion
to compensate for the dome curvature.

4.5 Data

We worked with data collected by the SOIR (Solar Occultation Infra
Red) instrument [54] aboard the ESA Venus Express spacecraft
between 2005-2016. The data are vertical profiles of the upper at-
mosphere (altitude 60-220 kilometers) consisting of temperature,
pressure, and the density of the following chemical species: CO3,
H30, HC], and HF. The data is sparse and it has, due to the elliptical
orbit of Venus Express, a prominent gap in the coverage between
the +40 and +60 degrees latitude, which is noticeable on a rectangu-
lar 2D scatterplot of the data (Figure 4). This form; however, is not
suitable for showing in the dome, due to the dome’s rounded format.
Besides the distortion inherent in the structural limitation described
above, presenting a bordered scatterplot on a 360-degree screen
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Figure 4: A plate carrée projected scatterplot of the locations
where the SOIR instrument gathered data on Venus’s Atmo-
sphere.

can reduce the audience immersion, and it further compromises
the plot’s accuracy and interpretability.

5 DESIGN CHOICES

Two distinct visualizations were designed: the USeg approach pro-
vided an unaltered depiction of the data points in their original
spatial arrangement, the PSeg enhanced interpretability by reveal-
ing the dataset’s underlying patterns. We focused on revealing the
data on a rotating photorealistic representation of Venus, a decision
directed by the existing visuals and conditions of the planetarium, as
well as insights from our preparatory interviews and observations
that informed the initial design. As the starting point, we utilized
NASA’s cylindrical map of Venus’s visible atmosphere derived from
the Mariner 10 mission [73], warped it on a sphere programmed to
spin around its Y-axis, and positioned the camera perpendicular to
the equator.

USeg. Our first version of the scientific visualization, running on
the Processing software [67], removed the visible cloud layer to
show Venus’s surface based on NASA’s Magellan scans [49]. Above
the surface, we rendered columns in the data’s locations to show the
vertical profiles (Figure 5a). However, through discussions between
the authors emerged that this prototype could be susceptible to
misinterpretation: When the columns had sufficient scale to hold
any details to distinguish the species, their proportion was too large
relative to the planet; moreover, the gap between the columns and
the ground was small enough to imply that the data came from
Venus’s surface. If the columns covered the appropriate area where
the data were collected, they became invisible. These findings led
to abandoning the representation through the columns and the
surface imagery.

The following version used a Python code to scatterplot locations
on a transparent 3D sphere by using Matplotlib [39], NumPy [36],
and Pandas [62] libraries. Pandas read spherical coordinates from
CSV files, NumPy converted them to Cartesian coordinates, and
Matplotlib plotted them on the sphere. Initially, we plotted each
element as a point with corresponding colors; however, similarly to
the first version, this suffered from a spatial proximity saturation:
the data collection locations were so close to each other that it
rendered the points unclear. We then simplified it by plotting the
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Figure 5: Initial iterations of the unprocessed segment show
simplifications from vertical profiles with surface texture (a)
through scatterplot distinguishing species (b) to a one-color
version that reduces possible misinterpretations (c).

location data for all species in one color and introducing an outline
for locations that overlap (Figure 5b).

The transparent sphere showed points simultaneously from both
the front and back sides, reducing clarity. Hence, we opted to make
the sphere opaque with a black fill color to maintain a neutral ap-
pearance for the sphere and plotted the locations without additional
information (Figure 5c). This ensured the visualization remains com-
prehensible without the need for a legend, as introducing one could
disrupt the immersive experience by being susceptible to the dome
distortion, and text would introduce further constraint by the lim-
ited number of characters viewers can read per second (whereas
graphic visualization enables the simultaneous processing of the
entire two-dimensional information space) [31].

PSeg. A common cartographic practice to display spatial data on
Earth is through Choropleth maps, which use pseudocolor corre-
sponding with an aggregate summary of geographic data. Choro-
pleth maps are also frequently featured in school materials [82].
However, they need the plane to be divided into distinct districts,
usually defined by geographical or political boundaries, so they
cannot visualize data without divisions, as is required here. Heat
maps, on the other hand, might be promising, as they present val-
ues and ranges as a continuous spectrum that does not rely on
discrete cells [83]. We deployed heat maps in spatial and grid lay-
outs, rendered through geometric and mapping Python libraries
Cartopy [17], Matplotlib [39], NumPy [36], Pandas [62], and SciPy
[80]. However, with the sparse dataset we worked with, we found
that both spatial and grid heat maps did not offer the resolution to
have a narrative quality (Figure 6a and 6b).

To address the challenges associated with sparse spatial data
on the undivided plane, we adapted a Voronoi diagram [8], which
provided cells that correspond to the area closest to a particular
coordinate, indicating the areas where the data are distributed. Re-
gions with higher population density result in smaller Voronoi
cells, while areas with lower population density manifest as larger
cells. We utilized the same Python libraries as for the heat maps to
visualize the data using Voronoi cells: Matplotlib customized the
plot layout, Pandas loaded latitude and longitude data, NumPy pro-
cessed them, Cartopy formed a PlateCarree Projection, and SciPy
calculated the Voronoi diagram. We assigned a color to each cell
where the saturation is inversely proportional to its size and thus
proportional to the data density. This allows viewers to interpret
and comprehend the spatial relationships and divisions without
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Figure 6: Initial iterations of the unprocessed segment: The
spatial (a) and grid (b) heat maps did not offer the resolution
to show the data distribution on a sphere, so we adopted
Voronoi cells (c).

Figure 7: The effect of different grids on the missing space:
Angled lines (left) clarify the volume of the sphere, and using
meridians and parallels (right) provide additional informa-
tion on the locations of the poles.

understanding the mathematical principles underlying Voronoi dia-
grams (Figure 6¢). Then, we adapted Value Suppressing Uncertainty
Palettes, known for enhanced interpretability compared to bivariate
maps [21], to emphasize the data distribution further. To do so, we
suppressed the diagram’s cells with low-density values with black
color, which also created a neutral base comparable to USeg.

Refining the Segments. Plotting the data on a sphere made the
coverage gap between +40 and +60 degrees less noticeable. To keep
the focus on this gap, we adjusted the camera position to be per-
pendicular to the 35th parallel north latitude. We also incorporated
a white grid on the neutral sphere to emphasize the space without
data. This design choice aligns with the principles of wabi-sabi aes-
thetics in the digital realm, embracing the beauty of imperfections
and the transience of data representation [48]. The grid serves as
a subtle yet intentional element, accentuating the spaces where
the data are absent, aiding in clarity for the viewer. The first draft
composed lines in 45 degrees; however, driven by the aesthetic de-
cisions of authors and a recommendation of a planetary researcher,
we ended up using a grid of traditional parallels and meridians. The
application of longitude and latitude lines also clarified the location
of the poles without the need for introducing an axis (Figure 7).
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Figure 8: Animation phases of the segments during the DC2.

Transitions. To transition from the photorealistic representations
to our uncertainty visualization, we initially created an animated
transition through a scanning stripe that revealed the data. However,
we dropped it in favor of a crossfade transition, which improved
simplicity. For USeg, the plotted points initially appeared atop the
cloud layer; subsequently, the cloud layer faded out to reveal the
neutral sphere with the white grid lines of parallels and meridi-
ans. In PSeg, the cloud layer crossfaded into the original Voronoi
diagram and followed with increasing contrast and suppressing
the low-density polygons, which revealed an identical grid to the
USeg. We also accentuated the border between highlighted and
suppressed areas with a white outline. The animation steps were
programmed in Arena [25] and are shown in Figure 8.

Narration. Our narration complemented the existing narrative
of the Planetarium’s lecture. The limitations of visual observation
when studying Venus were emphasized, as well as the importance
of satellite missions to collect comprehensive data. It introduced the
locations where the Venus Express gathered atmospheric data, their
uneven distribution, and the challenge scientists face to construct
a cohesive model of Venus’ atmosphere even if there are gaps in
available data. The full script is available in Appendix A.3.

6 RESULTS

We will first discuss the quantitative data from DC1, DC2, and
DC4, and then present the qualitative data on segments’ preference
and clarity for each DC, together with DC-specific discussions and
implications for the design. Detailed distribution of quantitative
data on visualization preference and perceived clarity across each
cycle can be found in Appendix A.4.

In DC1, DC2, and DC4, we collected valid responses from 139
participants; 126 were 16-24 years old, and 13 were 25 and over. The
majority (n = 74) saw the message, that there is missing data in the
data collected on Venus, as somewhat or very clear, compared to
29 somewhat or very unclear. Most participants indicated PSeg as
both the segment that they prefer (n = 87) and perceived as clearest
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Figure 9: Alluvial diagram of the participants (n=139, DC1,
DC2, DC4) preference and clarity. While most are congruent,
35 participants prefer a different segment to the one they
think is clearer.

(n = 80); 35 people preferred a different segment than the one they
saw as clearest (Figure 9).

Most participants (n = 88) reported that missing data in science,
in general, is ‘very frequent’ or ‘frequent, 33 answered ‘common,
and 7 answered ‘rare’ or ‘very rare. 89 participants saw the gaps in
the collected data about the atmosphere on Venus as ‘enormous’
or ‘large, and 21 as ‘small’ or ‘minimal’’ 97 participants said that
the available data on the atmosphere of Venus, even with the gaps,
is ‘very useful’ or ‘useful;’ 11 participants said that it is somewhat
or very useless. Participants’ Science Capital levels were as follows
‘high’ = 4, ‘medium’ = 98, and ‘low’ = 37. There was no observed
correlation between participants’ Science Capital levels and their
preferred segment, or the segment they perceived as clearer. The
Science Capital levels also did not correspond with participants’
understanding of the message.

6.1 DC1:pilot study

Four students and the teacher indicated their preference for PSeg,
citing clarity as the motive, while one student preferred USeg. Three
students reported that they preferred a different segment than the
one they perceived as clearer. Student #8 preferred USeg, because
“[it] is more detailed. It gives off a more professional, scientific view on
the topic...;” however, Student #8 also reported that “[PSeg] is more
obvious with the coloured areas, so you need to focus less on the dots”
Student #12 preferred PSeg, because “[it] made it more clear... where
the points made it harder to imagine; [however, USeg] only showed
the parts where data has really been collected and didn’t average it
out, so the surface area looks much more empty... [PSeg] looks much
more filled” In total, three students stated that PSeg is clearer in
showing missing data, while two students and the teacher stated it
about USeg.

Three students pointed out that PSeg appears to have more data
than USeg: “The [PSeg] gives the impression of an higher average of
exploration because it covers whole areas,” - Student #9; “You see...
that we have more data [in PSeg] than in [USeg]... I disliked that in
[PSeg] it looked like we have almost more than a half investigated,
but if you see [USeg] you see it’s not the case,” - Student #11. One
student (#10) referred to the visualization as “ground data”

Discussion and Implications for the Next Design Cycle. We noted
the remarks about the difference in the data amount between USeg
and PSeg and the association with the ground as worrying; however,
we felt like the group was too small to draw conclusions from.
As this iteration exhibited no discernible failures in the survey
functionality, we proceeded to transition the study into the dome.
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Figure 10: Scientific visualization in DC3-DC4. Left: Pseg;
Right: USeg.

6.2 DC2: Possible Misconception

All (n = 11) participants cited clarity and visual appeal as their
reason for preference; all but one indicated a preference for PSeg.
Every participant stated that PSeg was clearer: “[PSeg] gives a clearer
representation because... Fields are easier to comprehend than a lot of
single dots,” - Student #18; “...It is a lot easier to convey how much is
missing because of the highlighted area compared to just the location
points,” - Student #23. Similar to the statements in DC1, two students
in DC2 perceived that PSeg shows more data than USeg.

Discussion and Implications for the Design. As we recognized that
students continued to overestimate the amount of data in PSeg, we
discontinued the research data collection in this DC to refine the
design of the segments. We superimposed the unprocessed location
points on the Voronoi diagram, underscoring the congruence of
the dataset with the USeg dataset. We also simplified the transition
from the cloud layer to the data layer of both USeg and Pseg by
skipping the middle step and going directly to the “highlighted
stage,” and optimized the colors to have the segments as compara-
ble as possible. Furthermore, while making adjustments, we also
addressed the student’s comment from DC1, who linked the data to
the ground. We removed PSeg’s lines accentuating the border be-
tween highlighted and darkened areas, decreased the contrast, and
applied light Gaussian blur to smoothen the edges instead. These
changes made the visualization gradual to maintain the non-rigid
nature of the atmosphere. The resulting scientific visualizations are
depicted in Figure 10.

6.3 DC3: scientists’ input

Scientists (n = 8) reported that the clarity of USeg surpasses that
of PSeg; therefore, they would not use PSeg to communicate their
work to other scientists: “Scientifically I don’t know how we could use
[PSeg] ... I have a feeling that, for other scientists, we’d not use this, -
Scientist #2. This was due to the complexity of Voronoi’s calculation;
three scientists said that it was new to them. However, they also
found that PSeg as “... a good visualization to make [the message]
accessible” and that the version with the points superimposed on
Voronoi “carries the message pretty well” - Scientist #1.

Discussion and Implications for the Next Design Cycle. Since the
scientists did not express worries about accuracy, we proceeded to
include the visualizations in DC4.
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6.4 DC4: emerging preferences

When reasoning for their preferred segment and perceived clarity,
both USeg and PSeg decisions were driven by visual appearance
and clarity. The aesthetics of the USeg was described as “beautiful
to look at] - Student #175, and that “[USeg] appealed to me more
and it’s more fun because in the atlas or other things we only look
at images [like PSeg],” - Student #142. PSeg was described as “[the
message is] shown in a bigger and more obvious way,” - Student #173,
and that “The color gives more clarification, visual aid,” - Student
#192. “...it is more visual and is better to understand,” - Student #184.
Teacher #172 called PSeg as “a bit old-fashioned”

The clarity of USeg was described as that it “allows you to view
and analyze the data more easily, - Student #159, and that it “provides
a better overview of the specific points examined. The planes are too
general,” - Student #163. “You don’t have any other things [in USeg]
to confuse with the dots,” - Student #154 added. On the other hand,
PSeg was described as that “It feels clearer and more organized. I
understand the concept better, - Student #197. “I think [PSeg] is
better to understand and see [the] pat[t]ern where they still have to
do research,” - Student #155. “You have more correct insight of what
[PSeg] says,” - Student #108. Comparing the segments, Student #154
said, “I find the [PSeg] a bit chaotic, the points are more accurate.” “It
is a lot more detailed) Student #94 added. At the same time, Students
said that “[PSeg] was more accurate than [USeg] and I understood
the overall theme better,” - Student #201, and “With polygons, [PSeg]
is clearer, - Student #168.

The qualitative data also hinted at other patterns without any
specific inquiry prompting students’ remarks. Students were sur-
prised at the small amount of data: “I realized how little data we
have about the atmosphere of Venus,” - Student #68. “...I thought there
was more [data], Student #194. For Student #173, the surprise was
emotional: “I kinda learned that [Venus] is very much not known and
that’s sad.” One student (#160); however, reported that the amount
of data was more than expected: “We already know a whole lot
about Venus, mor[e] than expected”. Students also recognized the
temporality and that there is still progress to be made: “...we haven’t
learnt all there is to learn.” - Student #90, and that “...Science ensures
that we can achieve more in the future, - Student 492, and that “It is
important that we know that we do not know everything... - Student
#103. Student #109 highlighted that one could see the distribution
more clearly because there was a grid. Only one student (#46) said
that PSeg shows more data than USeg.

7 DISCUSSION

7.1 Visualization Challenges

7.1.1  Perceiving Usefulness of Sparse Data. Previous research shows
that authors might fear that showing missing data can undermine
the audience’s trust in the presented data [38]. However, our results
showed that the majority of students in our study saw even small
amounts of data as useful for contributing to scientific understand-
ing. This viewpoint aligns with studies indicating that emphasizing
missing values in graphs is generally preferable to minimizing or
omitting information [76], and that transparency about uncertainty
is desirable [16]. Nevertheless, some students expressed surprise
at the extent of missing data in our scientific visualization, high-
lighting a potential lack of awareness among the general public
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regarding the prevalence of missing data. This underscores the need
for heightened efforts in communicating incomplete and uncertain
data to the public.

7.1.2 Deploying Voronoi Diagrams for Sparse Datasets. We learned
that common cartographic methods, such as heat maps or clus-
ters, may not effectively convey the underlying patterns when data
points are sparse. We worked with a Voronoi diagram as a possi-
ble method to provide spatial partitioning based on the given data
points, maintaining physical meaning. According to our results, it
also introduced an attractive visual form, which concurs with prior
research that has demonstrated the Voronoi diagrams as useful
artistic tools [46]. However, the complexity of Voronoi diagrams
can lead to misinterpretation and misconceptions. The audience
might expect that bigger equals more (such as the size-weight illu-
sion [63]); yet, the Voronoi diagram partitions the most data-dense
areas into the smallest cells, whilst the largest cells represent the
least populated areas. We applied choropleth color coding [82] to
the Voronoi cells to ensure that cell size is not the sole indicator of
data density, and increased the scientific visualization’s relatability
to a lay audience. The overall preference for the Voronoi diagram
(PSeg) in our study underscores that it was successful, and that
overlapping the Voronoi diagram with a scatterplot reduces the
misinterpretation of the data quantity (from five out of fifteen stu-
dents in DC1 and DC2 to one out of 111 students in DC4). However,
while Voronoi diagrams retain the precision and accuracy of the
data, our study also showed that converting them into a geometric
representation can mask the clarity offered by the scatterplots: cer-
tain individuals from both the public and scientific communities
expressed a belief that Voronoi diagrams are a less clear and less
detailed representation than scatterplots.

Still, the Voronoi diagram appears to be an advantageous option
to make the concept more understandable and aesthetically pleasing
to the broader general audience than the scatterplot, which can
also overwhelm or confuse the adolescent audience. The overall
higher perceived clarity for the Voronoi diagram (PSeg) in our study
shows its potential for conveying complex data and invites further
research to help mitigate the challenges of perceived clarity and
details.

7.1.3  Visualizing the Element of Absence. Our findings indicate that
the utilization of a grid effectively communicated the concept of
incompleteness, concurrently amplifying the visual representation
of missing data and providing supplementary context, including the
positioning of the poles. This contrasts previous research findings
that grid lines can clutter graphs [3]. It highlights the usefulness
of further research into visualization techniques tailored for the
unique setting of the planetarium which differs from the traditional
2D visualizations.

7.1.4  Link Between Clarity and Preference. Previous research on
information visualization design suggests clarity and preference are
linked [66], and laypeople attach more value to the clarity of designs
than to their attractiveness [65]. While the majority of participants
in our study confirmed this by selecting the visualization with
higher perceived clarity as their preference, the results also show
that almost a fourth does not equate these two (Figure 9). It invites
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more research on the link between aesthetics and clarity and how
each influences lay audience’s engagement and learning outcomes.

7.2 Scalability and Application

Discussing missing and sparse data is relevant in all science com-
munication settings, and our findings primarily address science
museums, science centers, and other institutions dedicated to sci-
ence education and engagement. While the Voronoi application
could be utilized for conventional 2D-based displays, we focused
on delivering visualization where common 2D plots fail — a dome
in our case. The visualization characteristic that allows use on
curved surfaces expands the application to cultural venues and
productions using prominence-gaining immersive environments,
including 3D omniglobes, AR/VR/XR devices, and video mapping,
further broadening the reach and impact [28].

7.3 Designing for Planetariums

Addressing the needs of the audience, institution, and the tech-
nical constraints of the dome structure requires a specific design
approach to ensure a meaningful and informative experience. We
outline challenges below as those that should be further developed.

7.3.1 Catering to Expectations. Designing scientific visualizations
for science engagement media presents unique challenges due to
the interplay of visitor expectations of education and entertainment
[23]. As such, in our design process, we perceived little opportunity
to create an experience that diverges substantially from science
communication conventions, as we might consider for the setting
of an art museum, for instance. However, we recognize this study to
be one of the first to push the boundaries of these conventions and
see opportunities for future research to explore artistic approaches.
In fact, humans seem to intentionally seek novel and stimulating
sensory experiences [19], which can make for more memorable
experiences [52]. While we did not measure novelty in our study,
our results hinted that the ways we presented incomplete data were
not expected.

Visitors anticipate seeing truths in museums [26], which, in plan-
etarium settings, can translate to expecting the depictions of the
planets to be true — even more so if they are visualized as pho-
torealistic renderings [27]. Revealing the gaps in data that those
depictions are based on can create a novel angle on the truth. Ef-
forts to embrace missing data in planetariums are sparse and only
recently explored [24]. We argue that unveiling the incomplete
datasets and the scientific journey behind the depictions can pro-
vide insight into the scientific process, which can form a more
memorable experience than seeing only the photorealistic imagery
and help progress the visitors’ understanding of NoS.

7.3.2  Deploying a Dome to Enhance Immersivity. Our study de-
parted from the existing realistic imagery of the Brussels Plane-
tarium that shows planets “as seen from space,” which limits the
immersion to a directional view of the screen. Yet, when the plan-
etarium shows the night sky, it adopts the perspective “as seen
from Earth,” which fully utilizes the dome and creates 360-degree
immersion. Perhaps this could also be applied to displaying plane-
tary atmospheric data. After all, for spherical data, like data on the
atmosphere of planets, the curved dome allows for a direct mapping
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of the data on the dome screen. It thus eradicates the distortion
associated with common mapping projections of curved data on a
flat plane [11]. Moreover, it also allows visitors to be immersed in
scientific visualizations.

7.3.3  Supporting Interactivity. Our observations of the Brussels
Planetarium lectures showed a gap between the interactive oppor-
tunities and the interactions provided. The current engagement
with the audience through directive questions is a low level of inter-
activity. Preparatory notes from this study pointed to a demand for
interactive experiences, which corresponds with other researchers
advocating for the audience to be able to steer the content [14], and
identifying domes as a unique immersive environment supporting
drop-in play interactions and blended physical-virtual play [34].
Incorporating open-ended questions, such as some that were
part of our survey, could be an attainable start to adapting the ex-
isting lectures into a more interactive form. Still, we suggest future
research may look into novel and advanced interactivity methods
that retain planetariums’ collective and immersive experience while
supporting critical reflection on the information shown.

7.3.4  Overcoming technical and operational challenges when cre-
ating content. In the Brussels Planetarium, the presenters need to
write a script in the built-in software to prepare the visualizations’
trajectories and order to accordingly illustrate their lectures. They
use a tablet to trigger this script. We observed the interface’s com-
plexity makes the software a challenging tool for the presenters to
master. Furthermore, the utilization of tablets relies on delicate in-
put and uninterrupted connectivity with the master computer; dur-
ing our observations, experienced presenters had to troubleshoot
its functionality. Such an environment means that implementing
new visualization ideas into everyday use is challenging. As digi-
tal domes’ applications are increasingly deployed [71], as well as
portable domes [13], future research should explore how prototyp-
ing can be easily facilitated within such settings, and how software
can allow for flexibility.

7.4 Portraying Nature of Science

We identified that recommendations for NoS instruction do not
explicitly deal with uncertainties and incomplete data, even though
the research on NoS is in line with the emphasis on transparency
in scientific methods and results. After all, science is a reliable
source of knowledge that, with its self-correcting nature, offers
trustworthy tools to navigate uncertainties [45]; we suggest more
refinements of NoS categories to include these elements in NoS’
recommendations for instruction.

Planetariums could serve as a prime venue for introducing the
public to NoS, as they have a large educational function and are reg-
ularly attended by schools, bringing in adolescent audiences who
might be not intrinsically interested in science. The omnipresent in-
complete data in astronomy could facilitate discussions on missing
and sparse data, uncertainty, and their integral part in astronomy
and science in general. However, introducing elements of NoS into
science engagement media is not well documented in literature.
Our work offers first steps and insights in this regard; however,
portraying NoS in venues such as planetariums requires further
research and clarification.
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7.5 Capturing Science Capital

The mean Science Capital score of students from our survey was
43.04, which is in line with the mean of 43.65 from the study by
Archer et al. [7]. Contrary to our hypothesis, the levels aligned
neither with perceived clarity nor with students’ overall preference
of the visualization in our study. We also noted that the qualitative
data indicated differences in scientific literacy across the partici-
pants who had similar Science Capital scores. As such, we found the
score division into three levels (high, medium, low) insufficient, and
we encourage further research on the conceptualization of Science
Capital. For now, we think Science Capital is not the best framework
to use for studying to what extent scientific background, interest,
or literacy impacts the relations with scientific visualizations.

7.6 Limitations

The study was done with high school groups at the end of a plane-
tarium program with lengths ranging from 1.5 to two hours, which
could have impaired the responses by the declining attention span
of students. Furthermore, while the online survey was offered in
three languages (Dutch, French, and English), the narration was
done in English. We made efforts to make the narration easy to
understand; yet, we recognize that language could have introduced
a barrier for some students to participate. We checked whether
this was the case by going through the qualitative data to identify
responses that did not recognize the main message of the anima-
tion to see if they correlated with the language used for writing
responses. The understanding levels, however, were equal across
the languages.

8 CONCLUSION

In this study, we focused on a scientific visualization of incomplete
data in the dome environment of the planetarium; a science en-
gagement media venue combining an immersive experience, an
out-of-classroom learning with a lecture format, and the authority
of an established science education institution. We examined how
to visualize and highlight incomplete data to adolescents. Using a
Research through Design approach, we designed and evaluated two
scientific visualizations presenting identical datasets on a sphere in
raw and processed forms. The former employed a scatterplot, while
the latter utilized a Voronoi diagram with choropleth color coding
using uncertainty palettes to suppress the lowest-density values.

In a comparison study involving 126 high school students and 13
teachers, we measured understanding, clarity, and preference for the
visualizations. We found that the Voronoi diagram can lead to lower
perceived accuracy and details, but appears to be advantageous in
making the concept more understandable and aesthetically pleasing
to the broader general audience. The implications show the Voronoi
diagrams as a suitable method for visualizing sparse data across a
plane with no divisions, and grids to highlight empty space.

We advocated for further research to refine explicit ways of
communicating incomplete data and scientific uncertainty, by por-
traying it not merely as a negative aspect but as an integral and
constructive element of science. Lastly, we delved into the chal-
lenges of designing content for planetarium domes, describing the
current gaps in the fields of interactivity and science education,
with a particular emphasis on addressing uncertainty.
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A SUPPLEMENTARY MATERIALS

A.1 Survey Questions (DC1, DC2, DC4)
A.1.1  General.

e Indicate Language: [EN, NL, FR]

e If you agree and wish to participate, please check all the
boxes below. [Items detailing informed consent.]

o Please state your age:

e Optional: I would like to be informed about the results of this
research, the researchers may contact me for this purpose at
my e-mail address:

A.1.2  Understanding the visualization.

® You just watched a short segment. What is the main message
you take away from it?

e How clear was that message? [5-point Likert scale from ‘very
unclear’ to ‘very clear’]

e What else is the segment telling?

o The message that we tried to convey is that there is missing
data in the data collected on Venus. How clear was this
message from the segment? [5-point Likert scale from ‘very
unclear’ to ‘very clear’]

A.1.3  Perception on missing data.

o The gaps in the collected data about the atmosphere on Venus
are: [5-point Likert scale from ‘minimal’ to ‘enormous’]

e Missing data in science in general is: [5-point Likert scale
from ‘very rare’ to ‘very frequent’ or ‘I don’t know’]

e Given that the data has gaps, how useful do you think the
data is for developing our scientific understanding of the at-
mosphere of Venus? [5-point Likert scale from ‘very useless’
to ‘very useful’ or ‘T don’t know’]

e Why do you think that?

e What else would you like to add/comment on?

A.1.4  Preferences for the visualization.

o Please mark which version did you prefer: [USeg or PSeg]
e Why do you prefer it?

A.1.5  Clarity of the visualization.

e Which segment was more clear in showing that there is
missing data in the data collected on Venus’ atmosphere?
[USeg or PSeg]

e Why do you think this one is more clear in communicating
the message?

e Did you learn anything new after seeing the second segment?
If yes, please explain.

e Was there anything you disliked? If so, what and why?
(please indicate which segment your comment is about.)

A.1.6  Science Capital.

(1) Who do you talk with about science? (Tick as many as appro-
priate) [ Friends’, ‘Siblings (brothers or sisters)’, ‘Parents or
guardians’, ‘Extended family members (grandparents, aunts,
uncles, cousins)’, ‘Scientists’, ‘“Teachers’, ‘Other (please spec-
ify)’, or ‘No one’]

(2) Do you know someone who works in a job using science?
Who are they? (tick as many as appropriate) [‘Parents or
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guardians’, ‘Siblings (brothers or sisters)’, ‘Extended family
members (grandparents, aunts, uncles, cousins)’, ‘Friends or
neighbours’, ‘Someone I know from my community’, ‘Other
(please specify)’, or ‘No one’]

(3) When you are NOT in school, how often do you talk about
science with other people? [5-point Likert scale from ‘Never
or rarely (once a year)’ to ‘Almost every day’]

(4) When not in school, how often do you read magazines or
books about science? [5-point Likert scale from ‘Never or
rarely (once a year)’ to ‘Always (every day or every other
day)’]

(5) When not in school, how often do you go to a science centre,
science museum or planetarium? [5-point Likert scale from
‘Never’ to ‘At least once a month’]

(6) When not in school, how often do you visit a zoo or aquar-
ium? [5-point Likert scale from ‘Never’ to ‘At least once a
month’]

(7) How often do you go to an after-school science club? [5-point
Likert scale from ‘Never’ to ‘At least once a month’]

(8) One or both of my parents/guardians think science is very
interesting. [5-point Likert scale from ‘Strongly Disagree’ to
‘Strongly Agree’]

(9) One or both of my parents/guardians have explained to me
that science is useful for my future. [5-point Likert scale
from ‘Strongly Disagree’ to ‘Strongly Agree’]

(10) Iknow how to use scientific evidence to make an argument.
[5-point Likert scale from ‘Strongly Disagree’ to ‘Strongly
Agree’]

(11) It is useful to know about science in my daily life. [5-point
Likert scale from ‘Strongly Disagree’ to ‘Strongly Agree’]

(12) My teachers have explained to me science is useful for my
future. [5-point Likert scale from ‘Strongly Disagree’ to
‘Strongly Agree’]

(13) My teachers have specifically encouraged me to continue
with science after graduation from high school. [5-point
Likert scale from ‘Strongly Disagree’ to ‘Strongly Agree’]

(14) A science qualification can help you get many different
types of job. [5-point Likert scale from ‘Strongly Disagree’
to ‘Strongly Agree’]

A.2 Scoring of Science Capital

In the first question, participants could score +.5 points for each
response, unless ‘No one’ was selected (=0 points). Possible gain: 0-
3.5 pts. In the second question, participants could score +2 points for
‘Parents or guardians’ and +1 point for each other response, unless
‘No one’ was selected (=0 pts). Possible gain: 0-7. The remaining
questions had five possible answers, scored as follows:

OptionA = PossiblePts X —1
OptionB = PossiblePts X —.5
OptionC = PossiblePts X 0
OptionD = PossiblePts X .5
OptionE = PossiblePts X 1

PossiblePts for questions 3-5,7,8-10, and 12-14 was 2, and for ques-
tions 6,8,11 was 1. Possible gain +21.
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Table 2: Visualization Preference vs. Clarity

# Students + # Teachers DC1 DC2 DC4
USeg is preferred 1 1 43+7
PSeg is preferred 4+1  9+1 68+4

USeg is clearer 2+1 0 50+6
PSeg is clearer 3 10+1 6145

The Science Capital points add up to a scale from -21 to +31.5,
which was converted to a scale of 0-105.
x+21
31.5+21
The score is categorized by thirds: range of 0-34.5 = ‘low’, 35-69.5 =

‘medium’, and 70-105 = ‘high’ [7].

Converted = X 105

A.3 Narration Script

“When we look at the planet Venus from afar, we can tell its color,
and we can see some patterns in its atmosphere. However, just by
looking, we cannot determine the upper atmosphere’s composi-
tion and detailed information about the forces there. That is why
there have been satellites that have traveled to the planet and col-
lected data for us, to improve our understanding. Here, you can see
the locations where a satellite Venus Express collected data about
Venus’s atmosphere, such as temperature, pressure, and compo-
sition of elements. We see that while we have data about many
places, we do not have data about many others and they are not
equally distributed. And so, scientists face a challenge now to use
the data with the gaps, to create a model of Venus’ atmosphere.
With that model, we would be able to show not just what it looks
like but also what the atmosphere is made of”

The narration was identical for both the USeg and the PSeg, with
the single difference being that the narration for the PSeg included
that: “[Venus Atmosphere data are] calculated into polygons: the
brighter the color, the more data is gathered there. The areas with
little or no data are darkened, and polygons with higher data density
are highlighted”

A.4 Survey Quantitative Results (DC1, DC2,
DC4)
See Table 2.
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