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Estimating astronomical scales requires multiple complex mental processes, such as spatial thinking and
interpreting large numbers. As such, it is a nontrivial question how these estimates can be most efficiently
assessed. There is reason to believe that results from previous studies probing astronomical scale estimates
are possibly susceptible to effects inherent in the questioning methods used. In this study, an interactive
online survey was constructed and administered to 201 students in their last year of high school. To probe
their estimates of spatial scales in the Solar neighborhood, we formulated five questions, two of those
probing estimates on the relative sizes of astronomical bodies and three on the relative distances between
those bodies. These questions were formulated in two different ways, and the effect of these formulations
was studied. In one formulation, students were asked to numerically compare the magnitude of two sizes or
distances, while in the other, these estimates were made in terms of the travel time of an imaginary
spacecraft. After every answer, students were confronted with a customized visualization, which they could
either agree with and move on to the next question or disagree and reconsider their previous answer until
they agreed. Studying the effect of these visualizations on the students’ answers was another objective of
this work. Most students had difficulties estimating both the relative sizes of the considered celestial bodies
and the distances between them. The range of estimates covered many orders of magnitude for all
questions, and for the distance-related questions, there was a clear trend of underestimation. We found a
significant impact of question formulation on the magnitudes of student estimates. However, we found no
indication that one question formulation led to more reliable results than the other. The effect of the
visualizations was smaller than anticipated but noticeably larger for the size-related questions than for the
distance-related questions. Self-assessments of certainty were made by the students after every answer, and
those were found not to correlate with the accuracy of the answers. The implications of these findings are
discussed.
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I. INTRODUCTION

In our everyday lives, we often benefit from accurate
estimates of sizes and distances. By experience, we become
more skilled in interpreting the length of a 80 km trip or the
width of a 21 cm pizza. However, when the involved scales

extend beyond the boundaries of Earth, people can not rely
on personal experience anymore to make such estimates.
This is only one reason why it is so difficult for most (if not
all) people to make estimates on astronomical scales [1].
Another reason is the absolute vastness of the universe:
how to express an estimate for a distance you only know to
be “very, very large,” without any upper limit in mind? If
these scales are to be expressed in familiar units like
kilometers, then quickly we risk dealing with unfamiliarly
large numbers, and it has been shown that students have
difficulties grasping such large numbers [2–5].
Alternatively, one could turn to alternative units more
regularly used in astronomical contexts, like lightyears,
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but also those concepts have been shown to confuse
students [6,7]. Nonetheless, having a realistic idea of
astronomical scales is important for several reasons. Not
only does it enhance one’s appreciation for the vastness of
space and the relative smallness of Earth, but it also
stimulates an accurate interpretation of astronomical phe-
nomena [8,9] and plausibly helps put astronomical images
and discoveries into a more correct perspective. For
instance, when new exoplanets are being discovered in
the “vicinity” of the Solar System, a realistic comprehen-
sion of interstellar distances enhances the understanding
that those planets are not actually next door. Moreover,
reasoning about the vast scales involved in astronomy
requires spatial thinking skills [10], which are of great use
in multiple science, technology, engineering, and math-
ematics disciplines and are strongly correlated with logical
thinking [11]. Investigating students’ estimates on astro-
nomical scales has therefore not only relevance in
Astronomy Education Research but also potentially in
the adjacent field of Physics Education Research.
However, despite its importance, astronomical scales are
hardly covered in any high school classroom. As Lelliott
and Rollnick [8] write in their review on astronomy
education research over the period between 1974 and
2008: “Finally, there should be a greater focus on the
teaching of distance and size to help explain astronomical
phenomena. Although very few studies focused on this big
idea, it is crucial to so much of astronomy, from the size of
the Earth and the Solar System to their relationship to the
rest of the Galaxy and the Universe. Not only is this concept
under-researched, but it is under-taught.”
The above illustrates the importance of scale compre-

hension and why it is very difficult for most people to make
estimates on astronomical scales. Additionally, assessing
such estimates unambiguously is also a nontrivial task from
a research point of view. This becomes clear from previous
studies with children, adolescents, and adults, e.g., [12–18].
Those studies varied in the precise questioning methods
used, and while some findings are common, others differ
significantly between sources. In some cases, there is reason
to believe that the results of the surveys were influenced by
the precise formulation of the questions. We will elaborate
more on this point in Sec. II A 3, with concrete examples.
This study has three main objectives: First, we aim to

probe student estimates of spatial scales in the Solar
neighborhood by means of an interactive online survey.
These estimates are thought to provide insight into stu-
dents’ underlying mental models of the Solar System.
Second, we investigate the effect of different question
formulations on students’ answers. Third, we examine to
what extent these estimates are altered when the students
are confronted with a visualization of their answers.
We discuss current insights from the literature on the

astronomical knowledge of students and their perception of
astronomical scales in Sec. II. Moreover, we also specify

what is meant by the notion of mental models, and why
they can be expected to have a visual character. Then, in
Sec. III, we describe how this study was set up. In Sec. IV,
we summarize the main results of this work, and in Sec. V,
we provide an extensive discussion of those results.

II. BACKGROUND

A. Astronomical knowledge of students

1. Misconceptions in astronomy

When students enter a classroom, their minds are not
simply blank slates upon which new, scientific information
can be written. This was first mentioned by Piaget, who
discussed the notion of “preconcepts” to address children’s
intuitive understanding of the world, which is based on
their everyday experience [19]. Since then, several other
terms have been used to describe these student ideas, such
as alternative concept(ion)s [20,21], alternative frameworks
[22], intuitive theories [23], and misconceptions [24,25]
(the latter being the term we will use throughout this text).
Despite subtle differences in their exact meaning, there is a
general consensus that “this intuitive knowledge provides
explanations of natural phenomena which are frequently
different from the current accepted scientific explanations
and which tend to be resistant to change” [26].
The field of astronomy is no exception to this, as

numerous astronomical misconceptions have by now been
identified and described. Many of these misconceptions are
not limited to one specific geographical region or demo-
graphic group and can be held by children, adolescents, and
adults alike. A few examples of common misconceptions
are the Moon’s phases are caused by the Moon moving into
the Earth’s shadow [13,27–30], the Sun always rises
exactly at due east [29–32], stars are fixed and unmoving
as seen from Earth [33,34], the Sun is at the center of the
Universe [13,27,35,36], the day-night cycle is caused by
the revolution of the Sun around the Earth [13,28].
However, of more direct relevance to this work are
astronomical misconceptions related to scales, which are
discussed in the next section.

2. Misconceptions related to scale

Many astronomical misconceptions are closely related to
the sizes of celestial bodies and the distances between them.
For example, people tend to believe that the stars are closer
to Earth than Pluto, as Trumper showed with both uni-
versity students [37] and preservice teachers [13].
Lightman and Sadler [38] obtained similar results, as less
than half of their participating students could rank the terms
“space shuttle in orbit,” “planets,” and “stars” correctly in
increasing distance from Earth. The authors conclude that
students estimate astronomical distances based on visual
clues, placing brighter stars closer than dimmer planets,
without realizing that the former may be larger and brighter
but farther away.
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Several authors have reported flawed estimates on
astronomical scales made by their participants. For exam-
ple, many students believe that the Sun is the largest and/or
hottest star in our Universe (as shown with pupils between
12 and 18 years old by, e.g., Serttaş and Türkoğlu [36] and
Bitzenbauer et al. [39]). Furthermore, students systemati-
cally underestimate the vast distances in space, such as the
distance between the Earth and the Moon [14], the Earth
and the Sun [12,14,17], and the Sun and a close star
[12,13,17]. While these and other sources may agree on
these findings, there are also interesting differences to be
noted in their results. We will elaborate more on these in
Sec. II A 3. The above examples illustrate how many
students’ astronomical mental models are skewed on
multiple fronts.
As mentioned in the introduction, the main reason why

students struggle with the estimation of astronomical
scales is that they are nowhere near their everyday life
experiences. It is challenging to conceptualize the vastness
of our Solar System, let alone the entire Universe. When
forced to make estimates on such scales, people rely on
information they gathered through encyclopedia, text-
books, television, online media, or instruction at school.
However, such information is almost always accompanied
by visual representations that are inaccurate in terms of
scale. After all, it is simply impossible to depict the whole
Solar System—or even only the Sun-Earth-Moon system
—to scale on a regular-sized piece of paper or digital
screen in a useful way. Instead, astronomical images aim
to explain a certain phenomenon such as the Moon phases
by making a schematic depiction, where the main features
of interest are strongly exaggerated and distances are
usually minimized and disproportional. This practical
deformation is of course justified, necessary even, to
explain astronomical concepts and should in principle
not be problematic as long as students are aware of its
schematic nature. Unfortunately, that is not always the
case. Testa et al. [40] showed that students often have
difficulties interpreting astronomical textbook images,
taking certain features too literally. As such, textbook
images could reinforce or even create common miscon-
ceptions rather than correcting them.
For instance, one feature that is often drastically exag-

gerated in textbook images is the eccentricity of Earth’s orbit
around the Sun. Rather than highly elliptical, Earth’s orbit is
actually (almost) indistinguishable from a perfect circle.
However, this skewed representation may mislead students
[41] toward what could well be the most widely held
astronomical misconception of all: the belief that the seasons
are caused by a varying distance between the Earth and the
Sun [8,13,27–31]. Although the link between textbook
images and this particular misconception appears plausible,
it should be noted that no explicit confirmation has been
found in the literature. Nonetheless, the misconception is
clearly triggered by an erroneous idea of an astronomical

distance and the variation therein over the course of a year.
The astronomical phenomenon of the seasons is not by itself
related to scale, but this example neatly illustrates how
skewed ideas of sizes and distances can be a cause for other,
non-scale-related misconceptions. Thus, this example
stresses the importance of ensuring that students develop
an accurate understanding of astronomical scales.

3. Difficulties with question types

Many researchers have assessed student estimates on
astronomical scales while using very different methods. For
example, a number of studies used multiple choice ques-
tions to probe student estimates [12–16]. This method has
the advantages that it is time efficient and that results are
easily and reliably processed and analyzed. However, this
format forces students to choose between the provided
options, thereby reducing the flexibility to express their
own estimates. Moreover, the results obtained through
multiple choice questions are possibly influenced by the
provided set of options. This is especially true when those
options deprive participants of the possibility of under- or
overestimate. For example, Sadler [12] included multiple
choice questions to probe the distances between the Sun
and Earth and the Sun and a close star. These questions
were later copied by both Shore and Kilburn [14] and by
Trumper [13] in their surveys with students and teachers in
the U.S. and Israel, respectively. All these studies found
varying but nonetheless significant percentages of parti-
cipants underestimating both distances. However, in both
questions, the correct answer was the largest option,
making overestimations a priori impossible. When Mant
repeated one of these questions while including four
additional, larger options, he concluded that 50% of the
participants actually overestimated the Sun-Earth
distance [15]. Miller and Brewer [17] suggest that students
often do not know the values of these distances but only
know that they are surprisingly large. As a consequence,
they choose the largest available multiple choice option,
whatever that might be. This, of course, is equally unde-
sirable as offering the correct answer as the largest response
alternative.
As an alternative to the multiple choice format, open-

ended questions have also been used to probe students’
estimates on astronomical scales, either in a written format
or with interviews (see, e.g., [42,43]). This approach
provides more flexibility for students to freely express their
thoughts, without imposing a choice between options.
However, Miller and Brewer [17] notice that it is better to
avoid students estimating astronomical scales in terms of
everyday units like kilometers ormiles because “thismethod
confounds the students’ intuitive conceptions about astro-
nomical distances with their ability to understand large
numbers. Furthermore, some of the students could have
memorized the distance from the Earth to the Moon
without having a real understanding of the meaning of
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the memorized information” [17]. Indeed, as already men-
tioned, children and adolescents are known to have diffi-
culties grasping themeaningof largenumbers. This has been
shown through research on number line estimation (NLE)
tasks, in which young individuals tend to indicate the
position of numbers logarithmically instead of linearly
(see e.g., studies by Laski and Siegler [44] and Rips [45],
and references therein). When growing older, children
undergo a “representational shift” from logarithmic to linear
patterns of numerical estimates. This was first shown to
occur in children between second and sixth grade by Siegler
and Opfer [46], although not all authors agree on the
theoretical explanations of these results [47,48].
Nonetheless, it is clear from these findings that any method
involving large numbers to assess student estimates is far
from optimal since the validity of the results is undermined
by the inability of students to interpret those numbers. Also,
Rajpaul et al. [18] conclude that it is difficult to compare the
results of MC questionnaires with open-ended question
studies since those results are strongly linked to how the
questions are asked.
Questions in an open-ended format do not necessarily

require answers with large numbers. One method to avoid
these answers is to refer to a small-scale model of the
celestial bodies of interest. For instance, in their research
with 83U.S. undergraduate students,Miller andBrewer [17]
used an open-ended format in which they (hypothetically)
represented the Earth as a baseball at the doorstep of the
lecture auditorium. Students were asked to estimate the
distance to several celestial bodies on this scale, expressing
their answers either in some unit of distance or in terms of a
specific location or landmark. In this way, they aimed to
avoid the concerns of both multiple choice questions and
large numbers discussed above.While this method certainly
has potential, the data obtained in this way were not always
very specific. When students estimated the location of
objects to be “in Canada” or “out of town” for example,
it was up to the authors to translate this into numbers, thereby
requiring interpretation by the researchers. Moreover, this
approach assumes that students have an accurate idea of
distances in their direct environment, for example, those to
the next town or to a neighboring country. This assumption
may not be justified for all participating students.
In this work, we aim to assess student estimates of

astronomical scales, while keeping in mind all the caveats
discussed before. We want to investigate specifically how
these estimates are influenced by two factors: the use of
different question formulations and the presentation of
customized visualizations. The effect of different question
formulations on student answers has already been explored
by Favia et al. [49]. They conducted a survey of astro-
nomical statements based on common misconceptions with
over 600 undergraduate students at the University of
Maine. They found that the number of students proven
to hold a certain misconception is significantly dependent

on the precise formulation of that misconception. In this
work, we investigated whether similar effects could be
found while probing students’ estimates of astronomical
scales. We argue that these estimates are indicative of the
students’ mental models of the Solar System. We will
elaborate more on our methodology in Sec. III. However,
we first specify formally what is meant by a mental model
in Sec. II B 1. In Sec. II B 2, we argue why mental models
can be expected to have a visual character and how we
interpret them in the context of astronomical scales.

B. Mental representations

1. Mental models

The precise definition of a mental model differs between
sources. The term was first introduced in 1943 by psycholo-
gist Kenneth Craik, who stated that “people carry in their
minds a small-scale model of how the world works” [50].
Since then, many authors have suggested their own descrip-
tions and interpretations of what a mental model entails
precisely. For example, Johnson-Laird [51] writes that
“mental models are structural analogs of the world as
perceived and conceptualized.” In the context of system
dynamics, Doyle and Ford [52] state that “A mental model
[…] is a relatively enduring and accessible but limited
internal conceptual representation of an external system
whose structure maintains the perceived structure of that
system.” In the same article, Doyle and Ford give an
extensive review of various definitions used in the literature.
Ubben [53] argues that “mental models are individual types
of mental modal patterns that possess a functional potential
and are based on outside experiences.” In a more meta-
phorical sense, van Ments and Treur [54] describe mental
models as “a kind of blueprints or pictures in the mind that
can occur in various forms.”
In essence, mental models refer to internal representa-

tions that people form of the outside world through their
interaction with it [32]. In this article, we refer to these
internal representations whenever we make mention of
mental models, without losing ourselves in the semantics
of the exact terminology. Furthermore, we follow the ideas
of Corpuz and Rebello [55], which suggest that mental
models are private in nature and of Gilbert and Boulter [56],
which state that they are essentially inaccessible to research-
ers. Therefore, we can only obtain hints of its shape and
contents through a concrete expression of it, to which the
previous authors refer as “expressed models” [55,56].
Expressed models can provide valuable insights into the

underlying knowledge structure from which they are
generated [57]. Despite numerous studies on this topic,
no real consensus about the nature of this knowledge
structure has been reached. Instead, two prominent but
competing perspectives coexist regarding knowledge struc-
ture coherence: knowledge-as-theory perspectives and
knowledge-as-elements perspectives [58]. Proponents of
the former argue that intuitive knowledge consists of a
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coherent and systematic set of ideas, which can therefore
most accurately be described as an intuitive theory [26].
Advocates of the latter, on the other hand, state that
cognitive structures are made up of small individual units
of knowledge, which are incoherent in nature and often
cued by contexts [59]. These units of knowledge were
named phenomenological primitives, or p prims for short
[60]. Although these two views on internal knowledge
structures have long appeared incompatible, recent devel-
opments reveal progress toward reconciling the two theo-
ries. For example, Vosniadou and colleagues [61]
suggested that the framework theory approach can be less
cohesive than initially suggested and allow for the presence
of p prims in our knowledge system.

2. Visual representations

There are several indications that mental representations,
especially when connected to spatial scales, have a visual
aspect. For example, students’ understanding of magnifi-
cation and scale is tightly linked to spatial visualization
[11]. The study of Konkle and Olivia [62] gave people
memory, imagery, and perceptual preference tasks to
determine whether objects of different physical sizes also
had a different preferred visual size across participants.
They found that real-world objects indeed have a so-called
canonical visual size at which they are preferentially
imagined, drawn, and viewed. Moreover, it is stated that
this preferred imaginary size is proportional to the loga-
rithm of the assumed actual size of the object in the world.
Mental scaling and mental rotation involve cognitive

simulations of changing the size or orientation of a repre-
sentation of spatial stimuli [63,64]. Support for this claim
has been provided by several studies. For example, multiple
authors have shown how the time it takes to imagine a
rotated object is proportional to the degree of rotation of that
object (see, e.g., [65,66]). Similarly, the time required to
estimate the size of a magnified object is proportional to the
degree of magnification. This was shown in a study by
Szubielska and Balaj [63], who made participants explore a
toy object either visually or tactilely and subsequently
estimate the size of that object after a certain scaling was
applied. This estimate had to be expressed either verbally or
bimanually. The time necessary to make a size estimate was
found to increase with the degree of rescaling, not influenced
by the modality of perception. They also showed that the
estimation accuracy became significantly lower with
decreasing scale, but only when the estimate was made
bimanually and not verbally. These results support the
pictorial view on mental scaling, which is most commonly
explained through the metaphor of a magnifying glass used
to “zoom” into or out of an object.
Eye tracking studies showed how the cognitive experi-

ence of making a mental representation shares many
similarities with the experience of visual perception [67].
Johansson et al. [68] tracked the eye movements of

participants while listening to or retelling a story or
describing a picture, both in front of a whiteboard and
in complete darkness. They conclude that eye movements
reflect the positions of objects in all these tests. The
uncovered effect was equally apparent for visual and
auditory stimuli, and occurred both when watching a
whiteboard and while staring into absolute darkness. In
a similar study, French participants were asked to imagine a
map of France and name as many cities or towns as they
could. Again, eye movements correspond to the physical
location of the mentioned cities [69]. These studies provide
evidence for the analogical theory of mental imagery,
which states that “mental representations have a pictorial
nature that preserves the spatial characteristics of the
environment that is mentally represented” [67].
These indications for the visual (pictorial) nature of a

mental representation stimulate a careful evaluation of any
questioning method probing astronomical scales. The
studies discussed above suggest that when students are
asked to estimate a certain astronomical size or distance,
they are likely to construct a visual mental image upon
which they base their answers. For example, when asked to
compare the sizes of the Sun and the Earth, the student is
thought to construct a visual mental image of both objects
with what he believes to be the correct magnitude ratio. Of
course, this mental image can be scientifically correct but
also completely wrong. However, the translation of this
mental image into a numerical value—in this example, into
the ratio of the Sun’s radius to the Earth’s radius—could
very well induce a second source for error, in addition to the
error on the image itself. We argue that this second error
source is undesirable for research purposes, as it only
“blurs” the expressed mental model that we aim to study.
Therefore, our study included customized visualizations for
all questioned relative sizes and distances, to which the
students could compare their mental images. In this way,
we hope to make the students’ answers match their mental
image more closely.

III. METHODOLOGY

A. Online survey

The goal of the online survey was to capture students’
mental models about sizes and distances in space, and the
influence of different question formulations and visualiza-
tions on these models. From these influences (if any), we
aimed to extract information on the stability of the mental
models. As both the available time in classrooms and the
concentration timespan of students are always limited, a
concise set of relevant sizes and distances had to be
selected. To prevent extending our questionnaire toward
too extreme astronomical sizes and distances, we opted to
focus on the Solar System and its celestial bodies. An
exception was made for the distance to Proxima Centauri,
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the “nearest next star” to the Sun. The probed distances
were therefore:

1. Earth-Moon.
2. Sun-Earth.
3. Sun-Neptune.
4. Sun-nearest next star.
The choice for the first two distances is self-evident since

the Moon and the Sun are the two most apparent bodies in
the sky. The third distancewas chosen as a proxy for the size
of our Solar System, and the last distance was intended as a
general indication of the distances between different stars.
The sizes of interest were very much aligned with the

above distances. They were focused on the diameter of the
following objects:

1. Moon.
2. Earth.
3. Sun.
4. Nearest next star.
Obviously, estimating the size of Proxima Centauri is a

very difficult question for students. The goal of including it
here was not to obtain estimates on its size specifically, but
rather to check whether students realize that although stars
look small in the sky, they are actually all large bodies more
comparable to the size of the Sun than to that of the Moon,
Earth or other planets. We elaborate more on how we
approached this in Sec. III A 1.
Instead of questioning the absolute magnitudes of these

sizes and distances, we opted to assess their magnitudes
relative to each other. The motivation for this choice is
twofold. First, according to Tretter et al. [70], conceptions
of relative scale are often more accurate than those of
absolute scale. Their study investigated the size estimates
of 215 participants, ranging from fifth grade to doctoral
students. After having the participants estimate the size of
various objects in both absolute and relative terms, the
authors were able to deduce that information about relative
size was more readily understood than exact size. Second,
by questioning relative sizes and distances, we avoid the
difficulties of very large numbers that we addressed in
Sec. II A 3. We thus arrive at five ratios that we ask students
to estimate, three of which relate to distances and two relate
to sizes. They are:

1. Sun-Earth
Earth-Moon.

2. Sun-Neptune
Sun-Earth .

3. Sun-nearest next star
Sun-Neptune .

4. Earth
Moon.

5. Sun
Earth.

These ratios are approximately 400, 30, 9000, 4, and
109, respectively. Note that these are all relatively small
numbers, presumably well comprehensible for the partic-
ipants in this study.
A third consideration was whether the students had to

estimate the magnitude of the larger size/distance compared

to the smaller one or vice versa. Studies on number line
estimations (NLE) have pointed out that these two tasks
require different mental processes and solution strategies
[71]. In bounded NLE tasks, the left and right edges of a
line are both indicated with a number, and participants have
to indicate the position of a third number in between (e.g.,
marking 37 on a 0–100 number line). In the unbounded
NLE tasks, only the left edge has an indicative number, and
a second number is drawn closely next to it as a unit
measure of magnitude. Participants then indicate the
position of a third number, which is larger than both
indicated numbers (e.g., marking 37 on a number line that
has marks for 0 and 1). Bounded NLE is based on
proportion judgment, while unbounded NLE is magni-
tude-estimation-based [71]. Since the sizes and distances of
interest in this study are presented as relative proportions,
and since in an earlier pilot study a sample of students—
comparable to the participants of the main study—per-
formed quite well in a bounded NLE task,1 we opted to
work from larger sizes or distances toward smaller ones.
What we mean by this is that in the first quantification
question, participants started from the largest ranked size or
distance and were asked to comparatively estimate the
magnitude of the second largest ranked size or distance.
Thereafter, the second largest size or distance was used as a
measure to which the magnitude of the third largest size or
distance had to be estimated, and so on. As such, partic-
ipants were always asked to estimate the magnitude of a
smaller size or distance (the denominators in the above
listing) compared to a larger one (the numerators).

1. Structure and question formulations

Prior to estimating the magnitudes of the five ratios of
interest, students were asked to rank the relevant sizes and
distances from smallest to largest. Only thereafter, the
ranked sizes and distances were evaluated pairwise and the
ratios were quantified. This quantification was done
according to the ranking answers of every student; if a
student incorrectly ranked the Sun-Neptune distance as
smaller than the Sun-Earth distance, then the subsequent
quantification question would probe how much smaller the
former is than the latter.
For the considered sizes, the nearest next star was

included in the initial ranking questions of the survey
but omitted for the further quantification questions. The
goal was to see if the student realized that since it is a star, it
must surely be ranked larger than both the Moon and the
Earth. This is not a reasoning that can be assumed to be
shared by all participants, as the literature shows that many
students believe that stars are very small due to their tiny
appearance in the night sky [43,72]. Whether the star was

1We elaborate more on the performed pilot studies in
Appendix A.
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ranked smaller or larger than the Sun was not of primary
importance.
The distance “Sun-nearest next star” was included both

in the initial ranking question for distances and in the
subsequent quantification questions. This inclusion was
done because we want to probe for the misconception that
the next star lies within our Solar System [7,13,27], but we
also want to assess the distance between stars compared to
the size of a planetary system (here: the distance Sun-
Neptune) for students who do not hold that misconception.
We asked all students to estimate the relevant ratios

twice, using two different question formulations. The first
formulation, which we will henceforth name the “fraction”
formulation, is a straightforward numerical comparison of
the two sizes or distances. An example of a question in this
formulation is: “How many times smaller is the distance
Earth-Moon compared to the distance Sun-Earth?” To
avoid confusion, an example was added to these questions.
For the distance questions, that would be: “Example to
clarify: the distance Brussels-Antwerp (�50 km) is
approximately 4 times smaller than the distance Brussels-
Amsterdam (�200 km).” For the size questions, the frac-
tion formulation would refer to the radii of the two objects
to compare. An example of such a question is: “How many
times smaller is the radius of the Earth compared to the
radius of the Sun? Example to clarify: the radius of a tennis
ball (�3 cm) is about 4 times smaller than the radius of a
basketball (�12 cm).” By assessing estimates on relative
sizes in terms of radius and not in terms of area or volume,
we restrict the magnitude of the estimates as much as
possible, thus avoiding methodological caveats concerning
large number interpretation.
As a second question formulation, the same ratios were

probed with a formulation about the travel time of an
imaginary space rocket. We will refer to this formulation as
the “travel time” formulation. The previous distance ques-
tion would read in this formulation: “Imagine that it takes
an imaginary rocket one week to travel the distance Sun-
Earth. Then how long would it take this rocket to travel the
distance Earth-Moon?” Students were free to choose in
which unit(s) of time they wanted to answer, as long as the
total time of the answer was smaller than the travel time to
compare with (in this example, smaller than one week). For
size questions, students were asked to estimate the travel
time necessary to circumnavigate the celestial bodies.
Although this may not appear to be an obvious or intuitive
formulation to assess these sizes, it was chosen because it
felt more natural than the travel times necessary to cover the
bodies’ radii, while still preserving a close analogy to the
distance questions. Half of the participating students first
answered the questions in the fraction formulation and then
in the travel time formulation, while the other half worked
in the opposite order.
The mental processes to answer the two question

formulations can be expected to differ drastically. The

fraction formulation allows one to express a relative
magnitude as a dimensionless number, and no calculations
are required. However, with this formulation, we are not
entirely exempted from the difficulties concerning large
number interpretation. Although we are not working with
distance units like kilometers, the abstractness of the large
magnitudes of estimates may still be problematic for
students. This is especially true for the ratio Sun-next star

Sun-Neptune,
with a scientific value of 9000.
The advantage of the travel time formulation is that this

abstractness is completely erased. The travel times invol-
ved are very concrete, ranging from roughly a second
(or fractions of a second, if students underestimate) to a few
years. It could be argued that students are likely to have a
better intuitive understanding of how small one minute is
compared to a week than of the corresponding fraction,
roughly 1=10000. This hypothesis is supported by the
results of Makwela [73], who found that students tend to
spontaneously express large distances in terms of a journey
and (travel) time. Another feature of the travel time
formulation is that it is difficult to make calculations in
the minutes-hours-weeks system. Even if a student knows
that the ratio Sun-Earth

Earth-Moon equals roughly 400, he can still run
into trouble when estimating a travel time for Earth-Moon
compared to a travel time of one week for Sun-Earth.
However, this should not be seen as a mere disadvantage,
since performing such calculations is not an objective of the
survey itself. We want to obtain expressions of the mental
models of the students, not to measure their calculation
skills. In the example above, the student can demonstrate
his mental model by first estimating an appropriate travel
time and thereafter, if needed, by adjusting the subsequent
visualization until it displays an appropriate ratio.

2. Customized visualizations

After each response, a customized visualization was
shown to the student. This visualization was automatically
generated by the JavaScript software running the survey. For
the distance-related questions, this visualization consisted
of a simple line segment representing the larger distance,
and a supplementary red line indicating the smaller distance
as compared to the larger one. For the size-related ques-
tions, the visualization instead showed two disks, repre-
senting the relative size of the two celestial bodies. An
example of these visualizations is shown in Fig. 1, both for
distances [Fig. 1(a)] and for sizes [Fig. 1(b)]. When
confronted with this concrete to-scale model of their
answer, students could either agree with it and move on
to the next question or disagree and reconsider their
previous answer. As was explained in the survey, to
“Agree” was to indicate that, according to the student,
the shown visualization was a realistic representation of the
astronomical situation as they imagined it. If students
disagreed, they could change the previous answer as many
times as necessary and see the visualization change in real
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time. However, students must eventually always click
“Agree” before being able to continue to the next question.
For every question, both the initial answer (before any
visualization was shown) and the final answer correspond-
ing to the agreed visualization were stored in the database.
The goal of these visualizations was to distinguish

between what students initially answered and what they
actually meant, that is, what their mental representations
actually looked like. As discussed in Sec. II B 2, mental
representations have been shown to be (at least partly) visual
in nature. Therefore, matching their mental image to this
concrete visual image may be more natural for students than
matching it to a written answer only. Moreover, providing
this visualization may partly resolve the difficulties inherent

to the two question formulations. Even if students have
trouble with the abstractness of the fraction formulation or
with the nondecimal metric of the travel time formulation,
seeing and interacting with the visualization may still guide
their initial answers toward their true mental representation.
Therefore, if we would find a difference in our results
between the two question formulations, we could expect this
difference to be larger in the initial answers than in the
answers after visualization.

3. Certainty assessments

After (eventually) agreeing with the presented visuali-
zation, students were asked to self-assess their certainty.
This was done on a (quasi)continuous sliding bar, where
the far left corresponded to “very unsure” and the far right
to “very sure.” Alternatively, students could also choose a
“pure guess” option, in which case they were not asked to
give any indication of certainty on the sliding bar. This
option was included to distinguish purely random answers
from very uncertain answers, the latter of which could still
be based on some reasoning. For example, a student
remembering from class that the Sun is much farther from
Earth than the Moon could drastically overestimate the
ratio Sun-Earth

Earth-Moon and be very uncertain of it. However, this
answer would not be a completely random guess because
this student knows that e.g., a factor of 2 will surely not be a
realistic estimate.
Since students could always be quite sure that their

estimate would not be exactly correct, the phrasing of the
certainty assessment question had to be somewhat nuanced.
We did this using the following phrasing: “How certain are
you that the scientifically correct answer to this question
lies between [A] and [B]?” In all but one question, the
software automatically calculated the values as 50% and
150% of the student answer, respectively. For example,
when students estimate the ratio Sun-Earth

Earth-Moon at a value of 100,
they are then asked how certain they are that the correct
answer lies somewhere between 50 and 150. Only for the
question probing the relative distance between the Sun and
the next star and the Sun and Neptune, the calculation of A
and B was altered to 10% and 1000% of the student's
answer, because this question was anticipated to be more
difficult than the others, and the correct value was by far the
largest of all assessed ratios.

B. Sample

The sample for this study consisted of 201 students in
their last year of high school. The students were
approached by their teachers, and no specific selection
criteria for participation were applied. There were 64 boys
and 133 girls among the participants, and 4 students
indicated either to be nonbinary or that they would rather
not say. Most students were between 16 and 18 years old
(μ ¼ 17.2; σ ¼ 1.0). The data were gathered in seven
different schools in three provinces across Flanders,

FIG. 1. Illustrations of the visualizations as shown in the online
survey for (a) distance-related questions and (b) size-related
questions, translated to English.
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Belgium. The participating classes were informed on the
subject of the survey at the beginning of the lecture. They
were informed that participation was completely voluntary,
that no rewards would be granted upon completion of the
test, and that their answers would in no way impact their
grades. A written consent was signed by both the student
and the researcher, and verbal clarification on its content
was provided. The students could all enter the online survey
through a URL link and complete the task on their own
(school) laptops. They could take as long as they needed to
complete the survey, which in practice took between 20
and 30 min.

C. Analysis method

The survey was constructed using JavaScript code, written
in a Visual Studio Code editor (version 1.86.1). When
finished, the survey was deployed to an online server on
Netlify, and connected to an online database using MongoDB

Atlas, version 7.0.12. As such, a whole class of students
could fill in the survey simultaneously, and when they were
finished their answers were stored immediately in the
online database.
From the MongoDB platform, the data were copied into a

Notepad++ file and from there imported into a Jupyter Notebook

worksheet. All the analysis presented in this paper was
performed in that environment, coding in Python version
3.11.5. Before the quantitative analysis could start, the
strings were cleaned from unnecessary symbols like “{},”
and students who had skipped certain questions—because
they immediately agreed with a given visualization—were
assigned “None” values for those questions.
Descriptive analyses were performed to gain insight into

the characteristics of the data. The distributions of the
estimates to each question were described in terms of
medians and interquartile ranges rather than with means
and standard deviations, to neutralize the effect of extreme
outliers. To compare two sets of data, we used statistical
tests to decide on the significance of uncovered differences.
Depending on the precise datasets to be compared, we used
a binomial test, a t test, a Mann-Whitney U test, or a
Wilcoxon test. The choice of the statistical test used will be
mentioned and motivated with any specific result.
Statistical significance is always assessed depending on
p values. We differentiate between p > 0.05 (insignifi-
cant), p < 0.05 (weakly significant), p < 0.01 (moderately
significant), and p < 0.001 (strongly significant).
We present the results of the ranking questions in

Sec. IVA 1. We both investigate the correctness of the
size (distance) ranking as a whole and of every size
(distance) element individually. The answers to the
quantification questions are displayed the first time in
Sec. IVA 2. To discuss the effect of the customized
visualizations, the sets of answers before and after the
visualizations are compared in Sec. IV B, both in terms of
the magnitude of the answers and in terms of their accuracy.

Due to the coupled nature of the data, certain results
differentiating between travel time formulated and fraction
formulated questions are also presented in Sec. IV B.
However, a more focused analysis comparing the datasets
from the two formulations follows in Sec. IV C 1. In
Sec. IV C 2, we investigate potential differences between
the two question formulations in more detail. This includes
an analysis of the self-assessed certainty scores of the
students and the number of guesses made. Moreover, we
calculate certain correlations and Cronbach α scores.
Correlation in this work is always expressed by means
of a Pearson Correlation Coefficient, together with its
significance in terms of a p value.

IV. RESULTS

A. Students’ estimates

1. Ranking questions

The results of the two ranking questions are summarized
in Table I. The ranking of the sizes was considered correct
when the Moon was ranked as the smallest and the Earth as
the second smallest. The size of the Sun and that of the
nearest next star (Proxima Centauri) were considered to be
interchangeable, for reasons explained in Sec. III A 1.
These ranking questions proved to be more difficult for
students than anticipated, as only slightly more than half
(53.7%) of the participants succeeded in ranking both the
sizes and the distances correctly. Also, ranking the dis-
tances was more challenging than ranking the sizes, which
resulted in 60.2% of the students ranking the distances
correctly and 67.2% ranking the sizes correctly.
Figure 2 provides a more detailed view of these results.

This representation of the results of ranking questions is
based on Rajpaul et al. [18]. In both panels, the percentage
of students ranking a certain distance [in Fig. 2(a)] or size
[in Fig. 2(b)] at a certain position in the sequence is
displayed for each matrix element. Green and red cells
correspond to correct and incorrect answers, respectively,
and the degree of saturation matches the magnitude of the
percentages. From these figures, it becomes clear that most
errors in the ranking questions are related to the nearest
next star. On the bottom row of Fig. 2(a), we see that the
distance between the Sun and the next star is ranked as
either the smallest or second smallest distance in over 25%
of the answers. As a consequence, the other three distances
are often shifted upward in one place with respect to their
correct position, the frequency ranging from over 15% for
Earth-Moon to over 25% for Sun-Neptune.
The most apparent feature in the matrix of Fig. 2(b) is

the large percentage of students switching the sizes of the
Sun and the next star. However, since those two sizes were
assumed to be interchangeable, this result should not be
seen as disturbing whatsoever. More alarming is the find-
ing that over 20% of students ranked the next star as the
smallest of all celestial bodies. Consequently, both the
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Moon and the Earth are shifted upward one place in the
ranking for very similar percentages of answers. It therefore
seems that stars are confusing objects for many students.
They imagine stars to be very small objects, of which at
least one is situated very close to the Sun. This is in line
with the results of Sharp [72], even though his results
originate from interviews with much younger children,
between 5 and 11 years old.

2. Quantification questions

In Fig. 3, the student estimates for the ratio Sun-Earth
Earth-Moon are

displayed. In this graph, only the students who ranked the
Earth-Moon distance as smaller than the Sun-Earth distance
—with no other distances in between—were taken into
account. This is because, by the way the survey was built,
students who failed in that part of the ranking question did
not encounter this question further on in the survey. Of
course, that does not mean that only the 60.2% of students
ranking all distances correctly are displayed here; students
could e.g., rank the distances of this graph correctly but
then rank the Sun-Next star as smaller than both. This
particular error was made by 25 students or about 12.5% of
the respondents.
In this figure, dots correspond to data from the fraction

formulation of this question, and triangles correspond to the
travel time formulation. Red data points indicate pure
guesses, while estimates are colored according to the
assigned certainty. The red horizontal line shows the correct
value for this ratio, which is roughly 400. All data shown in
this figure were collected after the visualization was shown
and the student had agreed with it.
There are some evident observations to be made from

this figure. First, a very wide range of magnitudes is
estimated by the students, ranging from nearly 1 to
100 000. Also, most students are (very) unsure about their
answers, with roughly half of the data (48.7%) correspond-
ing to pure guesses. Third, it can be readily seen that most
students underestimate the ratio Sun-Earth

Earth-Moon.
Similar figures to Fig. 3 can of course be made for all 5

questions of the survey. These plots are shown in Fig. 13,
presented in Appendix B. The distributions of all dots in
those figures (corresponding to estimates or guesses made
for fraction-formulated questions) are represented as box-
plots in Fig. 4. The boxplots are placed at the location of
their scientific value on the x axis. The boxplots to distance-
related questions are striped to clearly distinguish them

TABLE I. Main results of the two ranking questions, showing
the percentages of students ranking the relevant sizes and
distances (in)correctly.

Sizes

Correct (%) Incorrect (%) Total (%)

Distances Correct 53.7 6.5 60.2
Incorrect 13.4 26.4 39.8
Total 67.2 32.8

FIG. 2. Results of the ranking question for the relevant
distances (a) and sizes (b) in more detail. Each matrix element
indicates the percentage of respondents who assigned a specific
rank (column number) to a specific item (row). The green cells
correspond to correct answers, while the red cells are incorrect
rankings. The degree of saturation is added to aid visual clarity,
with more saturation corresponding to more prevalent answers.

FIG. 3. Student estimates for the ratio Sun-Earth
Earth-Moon. The y axis is

plotted on a logarithmical scale, and the certainty of the
estimations are visualized through the colormap on the right.
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from the fully colored boxplots for the size-related ques-
tions. In the legend, the number of students that answered
the question of that ratio is mentioned. That number varied
for every question because it depends on the results of the
ranking questions, as explained earlier.
From this figure, it is readily observed how all relative

distances in this survey were strongly underestimated by
most students. The same does not hold for the two questions
on relative sizes, where we see more comparable amounts
of both over- and underestimation. Also, the wide spread of
the estimates appears to be a recurring characteristic.

B. Effect of visualizations

Figure 5 represents students’ answers before the visu-
alizations were shown. There is clearly a lot of similarity
between Figs. 4 and 5. The distance ratios are still under-
estimated, and there is still a wide range of estimates for all
questions. However, there are also some differences to be
recognized. For example, both boxplots related to size
questions seem to shrink toward the lower end after
visualization. This means that after seeing the visualization
with the two disks, several participants judged the contrast
in their sizes too large and reduced the initial answer.
The limited visible difference between Figs. 4 and 5 does

not indicate that no adjustments were made after the
visualizations. Table II shows the number of students
who adjusted their answers to each question. To display
these data for all questions individually, the results for
fraction and travel time questions must inevitably be
presented separately. However, the analysis comparing in
detail the results between the two question formulations
only follows in Sec. IV C.
Overall, just under one-third of the answers were

changed, both in the fraction formulation and in the travel
time formulation. Furthermore, the percentages of adjusted
answers are very similar between the two question for-
mulations on the level of individual questions as well.

However, there is some difference in the percentage of
adjustments between distance-related and size-related
questions. For the three distance-related questions com-
bined, roughly 25% of the answers were adjusted, while for
the two size-related questions this was 40% (for both
question formulations). Specifically for the question on the
ratio Sun

Earth, several students initially gave a relatively high
answer, but lowered their answer after seeing the two disks
with very contrasting sizes. This effect is more clearly
illustrated in Fig. 6. Note that in this figure, only the data
from the 78 students who altered their answers to this
question in the fraction formulation are shown.
As mentioned in Sec. III, half of the participants

answered the fraction formulated questions first and the
travel time questions second, while the other half worked in
the opposite order. The numbers of adjustments were
compared between the participants of both groups, for
each question individually. This was done using a

TABLE II. Numbers and percentages of students adjusting their
answer after seeing a visualization, for all questions and both
question formulations.

Fractions Travel times

Sun-Star/Sun-Neptune 39=127 34=127
30.7% 26.8%

Sun-Neptune/Sun-Earth 40=161 42=161
24.8% 26.1%

Sun-Earth/Earth-Moon 31=154 34=154
20.1% 22.1%

Sun/Earth 78=173 73=173
45.1% 42.2%

Earth/Moon 63=177 67=177
35.6% 37.9%

Total 251=792 250=792
31.7% 31.6%

FIG. 4. Distribution of student estimates to all five ratios,
originating from the fraction-formulated questions and gathered
after approval of the visualization.

FIG. 5. Same distribution of student estimates as Fig. 4, but for
data collected before any visualization had been shown.
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two-proportion z test, where adjustments were considered
as “successes” and the participants in each group as “tries.”
For all but two questions, the difference in the number of
adjustments was not significant, with p > 0.05. Only for
the questions probing Sun-Star

Sun-Neptune and Earth
Moon, both in the

fraction formulation, we found weakly significant
differences with p ≈ 0.044 and p ≈ 0.040, respectively.
In both cases, the proportion of students making adjust-
ments was larger in the group that treated the fraction
questions first. We therefore interpret that there was some
effect of fatigue on the number of adjustments, but it was
very limited overall.
A logical question to ask now is whether these adjust-

ments after visualization bring students closer to the correct
answers. The results answering this question are written in
Table III. It is important to note that in the analysis leading
to these results, correctness was evaluated as the logarith-
mic offset of the student’s answer to the correct value. For
example, for the ratio Sun-Earth

Earth-Moon, a factor of 2000 is
considered more correct than a factor of 40, since
logð2000

400
Þ < logð400

40
Þ. For completeness, we should add that

the use of “log” throughout this paper always refers to a
logarithm of base 10. Also indicated in Table III are the
levels of significance. These levels are calculated using a
two-sided binomial test, assuming the probability of
making an adjustment that improves the correctness of
the answer to be 50% under the null hypothesis. This is not
a trivial assumption, since the probability of improving the
initial answer depends on how close that answer is to
the correct value. However, we argue that this 50% can be
taken as a high-end limit, resulting in corresponding high-
end limits for the p values. The actual probability of
improving an initial answer is lower than 50%, since the
students first had to adjust in the correct direction (increas-
ing or decreasing their answer), and subsequently they had

to prevent overshooting the correct value by such an
amount that the answer would become more incorrect.
Choosing the right direction has a 50-50 chance, and the
prevention of overshooting further decreases the chance of
improving an initial answer. The binomial test was chosen
because it provides a simple yet robust way to evaluate the
effect of the adjustments and to decide on the statistical
significance of those effects.
Showing a visualization did not lead to a significantly

worse answer for the group of students who made adjust-
ments to any of the questions. This can be deduced from the
fact that all statistically significant results in Table III
correspond to percentages above 50%, meaning that the
majority of students have improved their initial answers.
However, of course, for all questions, there were individual
students who worsened their initial answers by making the
adjustment (for the Sun-Star/Sun-Neptune question in the
fraction formulation, this was even the case for 25 out of 39
students, which has p ≈ 0.1). Collectively speaking, adjust-
ing their answers therefore either had a zero net effect
(meaning there was no statistical significance) or improved
the correctness of the answers. For distance-related ques-
tions, visualizations appeared to be more effective in
improving initial answers within the travel time formu-
lation. For size-related questions, the visualizations had a
greater effect on the fraction formulation. Also note that for
all questions combined, the beneficial effect of the visu-
alizations is moderately or even very significant for fraction
and travel time questions, respectively.
A possible remark to these results is that by using

binomial testing, only the number of improved answers is
taken into account, and not the amount by which an answer
is improved or worsened. To counter this caveat, a parallel
analysis was performed while usingWilcoxon tests. This test
was preferred because the data before and after visualization
can be considered paired, and the nonparametric nature of

FIG. 6. Initial and final estimates for the ratio Sun
Earth, given by the

78 students who altered their initial answers to this question in the
fraction formulation after seeing the visualization.

TABLE III. Numbers and percentages of adjusted answers that
improve the correctness, for all questions. Significance levels:
*p < 0.05, **p < 0.01, ***p < 0.001.

Fractions Travel times

Sun-Star/Sun-Neptune 14=39 28=34***
35.9% 82.4%

Sun-Neptune/Sun-Earth 18=40 36=42***
45.0% 85.7%

Sun-Earth/Earth-Moon 21=31 23=34
67.7% 67.6%

Sun/Earth 50=78* 46=73*
64.1% 63.0%

Earth/Moon 46=63*** 39=67
73.0% 58.2%

Total 149=251** 172=250***
59.6% 68.8%
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the test rules out any dominance of extreme outliers. The
resulting p values from the Wilcoxon tests were at least as
significant as the ones in Table III for every question, and
occasionally even more significant.

C. Effect of question formulation

1. (In)consistency

While some students were very consistent in answering
the same question over two formulations, others gave very
different estimates. Moreover, they often assigned similar
self-assessments of certainty to both answers. This could
already be noticed by looking more closely at Fig. 3, where
the dot and triangle for a certain student were in some cases
separated by multiple orders of magnitude. The finding that
these individual inconsistencies are no exception is even
more clearly shown in Fig. 7. This figure shows the
correlation between the correctness of a certain answer
to a question in the fraction formulation and the correctness
of the answer to the same question in the travel time
formulation. As before, the correctness of an answer is
evaluated in a logarithmic manner, calculated as
logðStudent answerCorrect value Þ. The data in this figure show the answers
of all students, for all questions combined.
Data points on the red line are very consistent answers, in

the sense that they over- or underestimate a certain ratio by
the same amount in the two question formulations. Despite
multiple data points lying very far from this red diagonal—
and thus representing very inconsistent answers—the
correlation of this data is significant (p < 0.001) and large
(R ≈ 0.64). Therefore, students who tend to overestimate a
fraction-formulated question will generally also overesti-
mate the corresponding travel time question, and analo-
gously for students underestimating or giving accurate
answers. However, the figure also shows that there are
many more data points situated under the red diagonal than
above, more specifically this is the case for 66.9% of the

data. For all those data, the considered ratio was estimated
to be lower in the travel time formulation than in the
fraction formulation. This proved to be a general trend,
present for all question pairs. The strength of this trend for
every question individually is displayed in Table IV. The
significance levels are calculated by means of a binomial
test, assuming that the probability of a fraction answer
being larger than a travel time answer is 50% under the null
hypothesis. It is clear from Table IV that questions in a
fraction formulation lead to higher estimates than questions
in a travel time formulation. Given that the medians of the
answer sets to all ratios except Earth/Moon were clearly
below the correct value (see Figs. 4 and 5), this implies that
fraction formulations may also lead to more correct
answers. To verify this, we calculated the number of
fraction—travel time pairs in which the fraction answer
was more accurate (again, in a logarithmic sense). The
fraction answers indeed were found to be more correct than
the travel time answers, with significance levels of at least
p < 0.05 for all ratios except the Sun-Earth/Earth-Moon.
The significance levels were stronger for the remaining two
distance-related questions than for the two size-related
questions, because for the distance-related questions, there
was much more underestimation.
Similar to the results in Tables III and IVonly shows that

a significant number of answers was higher in the travel
time formulation, but not necessarily that the two datasets
differed by a significant amount. Since the answers of the
same student are compared between the two formulations,
and since there are definitely extreme outliers in the data,
the Wilcoxon test was once again used to complement the
previous results. The resulting significance levels were very
similar to the ones found with binomial testing, the only
difference being an occasional change from p < 0.05 to
p < 0.01 or vice versa.

TABLE IV. Number of answer pairs where the answer in the
fraction formulation was larger than the corresponding answer in
the travel time formulation. Significance levels: *p < 0.05,
**p < 0.01, ***p < 0.001.

Before visualization After visualization

Sun-Star/Sun-Neptune 101=127*** 98=127***
79.5% 77.2%

Sun-Neptune/Sun-Earth 117=161*** 109=161***
72.7% 69.6%

Sun-Earth/Earth-Moon 96=154** 95=154*
62.3% 60.4%

Sun/Earth 108=173** 116=173***
62.4% 67.1%

Earth/Moon 119=177*** 112=177***
67.2% 63.3%

Total 541=792*** 530=792***
68.3% 66.9%

FIG. 7. Correlation between the correctness of an answer in the
fraction formulation and the correctness of the answer to the
corresponding question in the travel time formulation, both
evaluated after visualization.
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Once again, it should be checked whether the order of
questions had any influence on the results of this section.
This was evaluated using a Mann-Whitney U test, compar-
ing the answers to all ten questions separately (five in each
formulation) between the participants answering fractions
first and those answering travel times first. The Mann-
Whitney U test was chosen because it is a nonparametric
test (so that the effects of extreme outliers are neutralized)
and because the compared sets of data were not paired.
Regarding the answers before visualization, there were
three questions in which the datasets differed significantly,
with p < 0.05. After visualization, this decreased to only
one question (on the ratio Earth

Moon in the travel time formu-
lation). Overall, the magnitudes of students’ answers did
therefore not nearly depend as much on question order as
they did on question formulation.
In Fig. 8, a clear example of this trend is shown. In the

discussion, we will elaborate on a possible reason for this
observation. More important now are its implications; if
one question formulation leads to systematically different
estimates than another, which set of answers should we
then take to represent best the students’ mental models? In
the next section, we seek indications in the data that one
formulation should be preferred over the other.

2. Search for a question formulation preference

As a first note to this section, we highlight that both
question formulations were already demonstrated to be
mutually compatible, to a satisfactory degree. To substan-
tiate this claim, we refer to Fig. 7, where an overestimation
(underestimation) to one question formulation was shown
to clearly correlate with a similar overestimation (under-
estimation) to the other question formulation. If this were
not the case, then the two question formulations would be
probing completely different things, and our research

objective to assess student mental models of astronomical
scales would essentially be jeopardized. However, despite
the correlation between answers to both question formu-
lations, there could still be indications in the data that one
formulation would be potentially preferable over the other.
As a first indication, the self-assessed certainty scores

were analyzed. Should students evince greater certainty in
their responses to one question formulation than to the
other, we expect that their answers to the former are more
reliable. Similarly, a smaller number of “pure guess”
answers for one question formulation would also increase
its reliability. However, no such differences were found
between the two question formulations, as illustrated by
Fig. 9. The answers to fraction and travel time formulated
questions were assigned very similar certainty scores
overall, as shown using both a t test and a Mann-
Whitney U test. These tests were preferred over the
previously mentioned binomial and Wilcoxon tests, as
now the two datasets could no longer be considered paired
(because the students making certainty assessments for a
question in one formulation could make a pure guess for the
same question in the other formulation). Both the t test and
the Mann-Whitney U test resulted in a nonsignificant
difference between the certainty scores in the two for-
mulations, with p > 0.05. Moreover, as can be inferred
from the legend in Fig. 9, an almost equal number of pure
guesses was made in the two formulations.
The certainty scores were also compared to the correct-

ness of the corresponding answers, for both question
formulations. If one formulation would result in a much
higher correlation between the certainty and the correctness
of the answers than the other formulation, that would
indicate a higher accuracy in the self-assessment of one’s
knowledge in the former formulation. However, as shown
in Fig. 10, only very small correlations between these

FIG. 9. Distribution of the self-assessed certainty of the
students, for both question formulations and all ratios combined.
The legend mentions the amount of answers with an assigned
certainty score, that is, the amount of nonguesses.

FIG. 8. Example of a question where a fraction formulation
clearly leads to higher estimates than a travel time formulation.
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variables were found (R ≈ −0.19 for fractions and R ≈
−0.07 for travel times), with weak or no significance
(p ≈ 0.021 for fractions and p ≈ 0.14 for travel times). This
was much to our surprise, as it was anticipated that students
would generally be more certain about more correct
answers.
While certainty scores were found not to correlate with

the accuracy of the answers, they did correlate over several
questions. That is, the certainty scores students gave to two
questions were found to be correlated, to varying degrees.
An example of this result is shown in Fig. 11, comparing
the certainties to the fraction-formulated questions on the
ratios Earth

Moon and Sun-Neptune
Sun-Earth . Students who indicated that at

least one of their two answers was a pure guess are
indicated by green data points, while students who did
not guess either answer are shown in blue. Pure guesses are
shown at a certainty value of −10. The correlation in this
example is significant with p < 0.001 both with and
without the green data points taken along in the calculation.
We found R ≈ 0.72 when only considering the blue data
points, and R ≈ 0.68 while also considering the green data
points. These values only slightly changed when altering
the certainty value of a pure guess, for example from−10 to
−1000. We conclude from the results of Fig. 11 that
students answering with great certainty to one question are
likely to also be certain about other answers, while Fig. 10
illustrates that such high certainties are not at all indicative
of more accurate answers.
A second possible criterion for a preference in question

formulation could be the number of adjustments made after
seeing a visualization. As explained in Sec. IV B, more
adjustments could point out that students find it harder to
align their answers with their mental model, therefore
making that formulation less suitable for administration.
However, this hypothesis was already debunked by the

results of Table II, where the numbers of adjustments were
shown to be very similar between the two formulations.
What Table II does not show is the extent to which the

students adjusted their answers. If the adjustments made
for, e.g., fraction questions were significantly larger than
those made for travel time questions, this would imply that
students have more difficulty aligning their (initial) answers
with their mental models when answering fraction ques-
tions. In Fig. 12, the magnitudes of the performed adjust-
ments for both question formulations are shown. The
magnitudes are expressed as Adjusted answer−Initial answer

minðAdjusted answer;Initial answerÞ.
The denominator of this formula represents the smallest
of the two given answers. This denominator was chosen to
obtain a relative measure of the correction magnitudes,
while maintaining an equal weight for increases and
reductions of initial answers. Note that with this formula,
a correction magnitude of 1 (−1) corresponds to a doubling
(halving) of the initial answer. Analogously, a magnitude of
10 (−10) indicates an increase (reduction) by a factor 11,
�100 by a factor 101, and so on.
We observed no significant difference in adjustment

magnitudes between the two panels of Fig. 12. As can be
seen from the two legends, there were slightly more
reductions in initial answers to fraction questions and more
increases in answers to travel time questions, but the two
medians lie comfortably in each others’ interquartile
ranges.
Finally, we explored the internal consistency of the

answers students gave across the test to both question
formulations. The objective was to investigate whether
students answering (relatively) correctly on one question
would also be likely to answer well on other questions of
the same formulation. This is in some way analogous to
what is shown in Fig. 7, where we investigated a correlation
between the correctness of two identical questions in
different formulations. Now, however, we take into account

FIG. 10. Correlation plot between the self-assessed certainty of
the student answers and the corresponding correctness, which is
expressed in terms of the orders of magnitude separating the
answer from the correct value. The data are shown for both
question formulations and for all ratios combined.

FIG. 11. Correlation plot between the self-assessed certainties
to the questions on the ratios Earth

Moon and Sun-Neptune
Sun-Earth , both in the

fraction formulation. Pure guesses to one or both questions were
assigned a certainty of −10.
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five different questions of the same formulation and
compare the results between the two formulations. As
before, we evaluated the correctness of every answer in a
logarithmic way to limit the effect of extreme outliers.
Subsequently, we computed the Cronbach α score as a
measure for internal consistency between the correctness of
all answers of a particular student. Additionally, we
performed a principal component analysis (PCA) to obtain
the explained variance (EV) of the first principal compo-
nent. Those two variables provide related, though slightly
different information. Cronbach α represents the true
internal consistency, extracted from the correlations
between all sets of student answers. A higher Cronbach
α score would indicate a better reliability of the whole set of
questions. The EV of the first principal component, on the
other hand, expresses how “aligned” the student answers
are in 5D space, thereby providing more insight into the
structure of the data. By calculating both variables, we aim
to gain a more complete view of the coherence level of the
datasets. While this part of the analysis may be considered
rather far-reaching, it is motivated mainly by the previous
nonsignificant results. The calculation of these variables
was deemed worthwhile to pursue because, as no formu-
lation preference was uncovered in terms of previously
considered data clues, a discrimination criterion was still to
be found.
The results of this analysis are shown in Table V. Results

are displayed for the answers submitted both before and
after visualization. Moreover, we also evaluate these
variables while using both the absolute values of the errors
(that is, j logðStudent answerCorrect value Þj) and the signed values.
Although there are some differences in these results

between the two question formulations, those are insuffi-
cient to cause an unambiguous preference for one question
formulation. The conclusion of this section is therefore that,
despite the fact that the two question formulations result in
measurably different estimates, we have found no indica-
tion that one formulation is more closely probing students’
mental models than the other.

V. DISCUSSION AND FUTURE RESEARCH

In this work, we constructed and administered an
interactive, online survey to 201 students in their last year
of high school. Their estimates of three relative distances
and two relative sizes of astronomical objects in the Solar
neighborhood were assessed. Two question formulations
were used: one numerical comparison which we named the
“fraction” formulation, and one formulation in terms of an
imaginary spacecraft which was named the “travel time”
formulation. The differences between the results of those
two formulations formed one of the main interests of this
study. Customized visualizations were shown after every
answer, with which students could either agree and move
on to the next question, or disagree and reconsider their
previous answer until they agreed with the visualization.
Additionally, self-assessments of certainty were collected
for every answer.
The first clear result of this study was that students in

general drastically underestimated all assessed distance
ratios. As we have only questioned these distances in a
relative sense, it would not be very accurate to state that
students underestimate these distances per se, but rather
that they underestimate the leaps in distance between
subsequent celestial bodies. For example, we have not
actually found that students underestimate the distance
from Earth to the Sun, but rather that they underesti-
mate how much farther the Sun is from Earth compared to
the Moon. More specifically, from Figs. 4 and 5, it can be
deduced that these underestimations become more severe
as the relative distance to be estimated becomes larger.
Additionally, the spread in answers also becomes wider
with increasing distance, most clearly seen by comparing
the interquartile ranges of the (striped) boxplots. These
results are in strong agreement with those of, e.g., Miller
and Brewer [17]. In future work, it would be interesting to
investigate whether this trend continues for even larger
distances, for example those between galaxies.
For the relative size questions, the observed trend is less

pronounced. The Earth/Moon ratio is estimated quite well

FIG. 12. Magnitudes of the answer adjustments, for all
questions combined. This magnitude is expressed as

Adjusted answer−Initial answer
minðAdjusted answer; Initial answerÞ.

TABLE V. Cronbach α values and EV scores of the first
component of PCA for both question formulations. Evaluations
have been done before and after visualizations, and with either
absolute values or signed values of the errors.

Fractions Travel times

Before visualization jErrorj α ¼ 0.27 α ¼ 0.42
EV ¼ 0.34 EV ¼ 0.35

�Error α ¼ 0.58 α ¼ 0.57

EV ¼ 0.41 EV ¼ 0.39

After visualization jErrorj α ¼ 0.36 α ¼ 0.51
EV ¼ 0.34 EV ¼ 0.38

�Error α ¼ 0.58 α ¼ 0.64
EV ¼ 0.40 EV ¼ 0.44
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by most participants, and the range of magnitudes of the
answers is relatively small. TheSun/Earth ratio has a larger
range of answers, and the number of students under-
estimating this ratio starts to dominate over those overesti-
mating. However, this dominance is not strong enough to
conclude that this ratio is underestimated as much as the
ones related to distances. We suspect that the degree of
underestimation would continue to grow when larger ratios
are assessed. After all, the range of magnitudes for the
probed relative sizes (up to roughly 100) was a lot smaller
than that for the relative distances (up to 9000). The more
moderate results for relative sizes may be a consequence of
this smaller magnitude span. Similar to distances, it would
be interesting to investigate in future research how this
trend evolves for larger sizes, for example, that of the Milky
Way. Of course, such questions could only be asked to
participants who are familiar with these structures, which
presumably does not hold for all secondary school students.
It is doubtful whether a canonical size as described by

Konkle and Olivia [62] (that is, a preferred size at which an
object is drawn or imagined, see Sec. II B 2) also manifests
itself for astronomical objects. Since their study concerned
objects that “can be viewed at a range of distances and thus
can be experienced at a range of visual angles within the
visual field,” celestial bodies are plausibly too large to fit
into this framework. The great range of size estimates made
by the students, and therefore also the range of sizes seen in
the visualizations with the two red balls, seem to confirm
this point.
Of all answers, roughly half were indicated to be pure

guesses. The assigned certainties of the nonguesses were
very diverse, with an approximately uniform distribution
for both fractions and travel times (see Fig. 9). These
findings, together with the broad range of student estimates,
suggest that many participants really struggled to answer
the questions in our survey. Clearly, many students simply
did not know the sizes and distances involved in our Solar
System, in which cases major inconsistencies between
fraction and travel time answers are hardly surprising.
This lack of knowledge was already clear in the results of
the ranking questions, with only 54% of the students
ranking both distances and sizes correctly. However,
students are not necessarily aware of their astronomical
ignorance, as shown by the absence of a strong correlation
between their self-assessed certainty and the correctness of
their answers. We therefore fully agree with Lelliott and
Rollnick’s [8] previously mentioned statement that the
topic of distances and sizes in astronomy is undertaught.
However, we should add here that a substantial amount of
recent research is being devoted to teaching methods that
improve students’ understanding of this topic. Efforts made
include the use of virtual simulations [1,41], zooming
videos [74], playing cards ranked by size [9], and plan-
etarium visualizations [75], with varying but overall prom-
ising results.

We found that the exact question formulation has a
measurable impact on student estimates of astronomical
scales. Answers originating from the fraction formulation
were higher than those from the travel time formulation, for
a significant percentage of the students and for all assessed
ratios. Moreover, many students were inconsistent between
their answers to similar questions in the two formulations,
with occasionally several orders of magnitude separating
the two estimates of the same ratio. Future researchers
probing estimates on astronomical scales should be aware of
the (subtle) impact that question formulations may have on
the study outcomes. Similar research probing estimates on
microscopic, atomic, or subatomic scales should consider
similar effects to potentially arise in these fields as well.
Coordinating assessment methods over different studies
could possibly avoid or reduce disagreements between the
results and conclusions of those studies.
At the time of writing, we have no substantiated

explanation for the higher estimates in the fraction formu-
lation than in the travel time counterparts. It appears likely
that the discrepancy results from different mental oper-
ations made by the students while answering both question
types. Based on observations during previously performed
pilot interviews, we hypothesize that students are more
reluctant to make large “jumps” in travel times than they are
to state large fractions. Inversely, students find it easier to
answer with a vast number for a ratio they know to be large
than to provide a similarly large ratio in terms of a travel
time. For example, one participant of the online survey
stated that the distance Sun-Neptune is 100 000 times
smaller than the distance Sun-Next star, probably because
he knows the ratio to be large and 100 000 is definitely a
large number. However, when the latter distance is said to
take 4 years of travel time, this student estimated the former
distance to take five days, probably because he also rates
that as a large contrast in magnitudes. However, 5 days is
only (roughly) 300 times smaller than 4 years. This student
indicated both answers to be nonguesses, with a certainty of
46% and 12% for the fraction and travel time questions,
respectively.
Despite the measurable difference in estimates between

the two question formulations, we have found no indication
that the results of one formulation better represent the
student mental models than the results from the other
formulation. A comparable number of guesses was made
for both formulations, the results of the self-assessments of
certainty were similar, and students behaved no differently
between the two formulations when interacting with the
visualizations. No differences were found in the internal
consistency of both sets of answers, and none of the
formulations resulted in a meaningful correlation between
the certainty of the answers and their correctness. As such,
we can give little suggestions on how questions on this
topic should or should not be formulated in future research,
except for the remarks made in Sec. II A 3. Rather, we must
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conclude that the expressed models of astronomical scales
in the Solar neighborhood are found to be subject to the
external factor of question formulation, but that both
formulations lead to equally valid answers. In future
research, the inclusion of a third question formulation
might shed new light on this topic.
None of the above findings can be attributed to the order

in which the questions were asked. For most questions,
there was no statistically significant impact of question
order on either the magnitudes of the estimates or on the
number of adjustments after visualization. For the ques-
tions where a difference was found, the p value was
generally only slightly below the significance threshold
(p < 0.05). We therefore neglect any potential effect of
fatigue in this discussion.
The visualizations caused roughly one-third of all

answers to be adjusted. This number was measurably
higher for the size-related questions than for the dis-
tance-related questions. This could indicate that size-related
questions were perceived as more difficult so that students
often needed more than one attempt to align their answers
with their mental model. Alternatively, it could also mean
that the visualizations for the size questions (with the two-
dimensional disks) were more immersive and therefore
more likely to trigger second thoughts than the visualiza-
tions for distance questions (which were essentially one-
dimensional lines). Additionally, it should be pointed out
that areas are perceived differently than lengths [76], and
viewers can generally state the ratio of two lengths more
precisely than that of two areas. Although student answers
to size-related questions are encoded as one-dimensional
radii, the ratio of the visualization is perceived in terms of
the areas of the discs. Even when the linear ratio is
explicitly mentioned, this could lead to a “deception of
message exaggeration/understatement” [77]. The discrep-
ancy between the linear answering format and the squared
perception of the visualizations may be another cause for
the more numerous adjustments in size-related questions.
For some but not all questions, a significant percentage

of the adjusted answers were improvements (see Table III).
This effect seemed to be more strongly present in the travel
time formulation for distance-related questions and in the
fraction formulation for size-related questions. For those
questions where the improvement effect was significant,
one could argue that providing students with the oppor-
tunity to interact with a visualization has a positive effect on
the results. Moreover, not including any visualizations in
those questions entails the risk of drawing too pessimistic
conclusions about the student’s knowledge. However, also
in those cases where the adjustments of answers were not
leading to significantly better estimates, there are reasons to
believe that the adjusted answers more closely represent the
students’ mental models (as elaborated on in Sec. II B 2).
Therefore, we believe these customized representations to
have an added value to the survey, regardless of whether the

adjustments improved student answers and regardless of
the question formulation.
With two-thirds of all answers not being adjusted after

seeing the visualizations, we should not be overly enthu-
siastic about its impact. For all those unaltered answers, it is
open to discussion whether the students immediately agreed
with the visualizations because there was an instant match
between what they were seeing and their mental model.
Alternatively, they could have agreed out of a lack of
interest in the survey, or because they simply did not know
the answer. From the data obtained through our study, it is
difficult to discriminate between these motives. Most
probably they all contributed to the results, but their relative
importance remains unknown. What further hindered the
gain of insight into this matter was the absence of any
correlation between the correctness of students’ answers
and the assigned certainties, as shown in Fig. 10. Highly
accurate but uncertain answers could either originate from a
lack of confidence or from lucky guesses (although these
answers were not indicated to be pure guesses). Similarly,
answers with low accuracy but high certainty could re-
present real misconceptions or display a general over-
confidence among some students. Indeed, varying
degrees of correlation were found between the self-assessed
certainty of students in two different questions, an example
of which is displayed in Fig. 11. This contributes to the
interpretation that these self-assessments of certainty tell us
more about the students themselves and their overall self-
confidence than about the correctness of their answers.
As argued by diSessa [78], p prims are fragmented in the

sense that they give rise to different responses to questions
that are fundamentally similar but differ in superficial
characteristics, e.g., they are phrased in different ways.
At first thought, one could thus argue that the different
answers resulting from different question formulations
indicate that internal knowledge structures are organized
more like an assembly of fragmented units of knowledge
than as a fully coherent framework theory. However,
supporting or falsifying any of the theories on knowledge
structure was not the aim of this work, and we will restrain
from taking any strong position in the debate. Nonetheless,
there are some important remarks to make on this account.
First, as Fig. 7 illustrates, most students were only mildly
inconsistent in their two answers to the same question. The
alignment of the data around the red diagonal line in the
figure, together with the large R and low p values, illustrate
how the majority of the answer pairs differ by less than one
order of magnitude. The question could be asked, then, by
how much do two answers need to differ in order to be
considered inconsistent?
A second remark to highlight is that our results merely

show how different question formulations trigger different
expressed models of the participating students. To extrapo-
late this difference to conclusions about the underlying
mental models of the students is nontrivial. It is possible
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that the mental models of the students are in fact stable, but
their expression is subject to the interrogation method.
While our survey was thought to be well constructed and
efficient, it generates purely quantitative data, which probes
the student models rather superficially. Further exploring
this matter and digging deeper into the nature and (in)
stability of these models requires more qualitative data in
the form of e.g., verbal interviews.

VI. CONCLUSION

Assessing estimates on astronomical scales remains a
nontrivial research objective. Not only do students
(but presumably not only students) struggle with making
such estimates, but the precise methodology also affects
their answers. In this study, we have shown this effect by
demonstrating how different question formulations lead to
measurably different answers. The magnitude span of the
estimates covered many orders of magnitudes for all
questions in both formulations, which complicated the
statistical analysis. However, regardless of which formu-
lation was used, we found that students systematically
underestimate the vastness of space, which is in agreement
with many previous studies (see Sec. II for references). As
these students’ estimates were found to be (to varying
degrees) inconsistent over the course of our survey, future
research should dedicate time and effort to exploring how
we can further develop such inherently unstable expressed
models. The inclusion of customized visualizations is
considered a valuable step in the right direction but did
not really lift the discrepancy in answers between the two
question formulations. In order to gain insight into this
topic, it is essential to uncover the reasons why students
give certain answers. For instance, does a student agree
with a visualization because he has limited enthusiasm for
the test or because the image truly matches his mental
model? Qualitative research is essential to better grasp
students’ reasoning while making these judgments.
Individual interviews are necessary to extract an in-depth
view of the students’ mental models on the scale of the
Solar System.
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APPENDIX A: PILOT STUDIES

Prior to the administration of the online survey presented
in this paper, two rounds of pilot interviews were per-
formed. In the first and second rounds, there were 17 and 14
participating students, respectively. These students were all
in their last year of high school at the time of the interview
and had the same (limited) astronomy instruction at school
as the participants in the online survey. In both rounds of
interviews, the addressed relative sizes and distances
were the same as the ones in the main study, as listed in
Sec. III A. Also in both rounds, participants were asked to
rank these sizes and distances in increasing order at the start
of the interview.
In the first round of pilot studies, the distance-related

questions were asked in the same travel time formulation as
discussed in Sec. III A 1, while the size-related questions
were asked by referring to a small-scale model of the
Moon, Earth, and Sun. An example of such a size-related
question was: “If we had a small-scale model of the Solar
System, and on this scale the Sun would have a diameter of
one meter, then what would be the diameter of the Earth?”
All these questions would be asked twice to each student.
In the first round of questions, we started out with the
smallest size (distance) and systematically worked toward
larger sizes (distances), while in the second round, we
worked in the opposite direction. After each question,
students were presented with a visualization of their
previous answer. These visualizations were very similar
to what was shown in the online survey (as illustrated in
Fig. 1) but now drawn manually on paper by the researcher.
In addition to these questions on astronomical scales, the

students in the first piloting round were also asked to
complete 23 bounded NLE tasks. The main goal of
including these questions was to investigate whether the
participants could correctly position the relevant ratios on a
line. Therefore, the correct values of all relevant ratios
(being approximately 4 and 100 for the size questions, and
30, 400, and 9000 for the distance questions) were all
included multiple times in the NLE tasks. The choice for
bounded over unbounded NLE tasks was a rather pragmatic
one since unbounded NLE tasks were deemed unfeasible
with such large values to be assessed.
In the second round of pilot interviews, both the

distance-related and size-related questions were first asked
in a fraction formulation and subsequently in a travel time
formulation. This is identical to the questioning formula-
tions applied in the online survey later on, as addressed in
Sec. III A 1. The change in questioning format with respect
to the first piloting round was made to create a closer
parallel between the distance-related and size-related ques-
tions. All questions were now asked by starting from the
largest size/distance and working toward the smallest one, a
choice motivated by the rather accurate performance of the
students in the NLE tasks during the first piloting round.
No more NLE tasks were asked in the second round of
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interviews. Instead, a self-assessment of certainty was filled
in by the students after every question in the form of a 1–4
Likert scale, including a “pure guess” option. By differ-
entiating between random guesses and (un)certain estima-
tions, we could obtain a more detailed idea of the student
mental models, which was more difficult with the data

obtained through the first piloting round. After this second
round of interviews, we felt confident enough to enter the
main study phase by questioning a larger number of
students. In order to do so in a time-efficient way, we
decided to move from individual interviews to an online
survey.

APPENDIX B: ADDITIONAL FIGURES

FIG. 13. Results of all quantification questions.
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