
 

Developing the use of visual representations to explain basic astronomy phenomena

Silvia Galano and Arturo Colantonio
Physics Division, School of Science and Technology, University of Camerino, 62032, Camerino, Italy

Silvio Leccia
Liceo Scientifico R. Cartesio, 80014, Giugliano, Naples, Italy

Irene Marzoli
Physics Division, School of Science and Technology, University of Camerino, 62032, Camerino, Italy

Emanuella Puddu
INAF, Astronomical Observatory of Capodimonte, 80138, Naples, Italy

Italo Testa*

Department of Physics “E. Pancini”, University Federico II, 80126, Naples, Italy

(Received 13 May 2017; published 15 June 2018)

[This paper is part of the Focused Collection on Astronomy Education Research.] Several decades of
research have contributed to our understanding of students’ reasoning about astronomical phenomena.
Some authors have pointed out the difficulty in reading and interpreting images used in school
textbooks as factors that may justify the persistence of misconceptions. However, only a few studies
have investigated to what extent usual textbook images influence students’ understanding of such
phenomena. This study examines this issue, exploring 13–14 year old students’ explanations, drawings,
and conceptions about three familiar phenomena: change of seasons, Moon phases, and solar or lunar
eclipses. The research questions that guided the study were (RQ1) how are students’ explanations and
visual representations about familiar astronomical phenomena affected by different image-support
conditions? (RQ2) How are students’ conceptions about familiar astronomical phenomena affected by
different image-support conditions? (RQ3) Which features of the used images most affected the
students’ visual representations and explanations of familiar astronomical phenomena? To answer our
research questions, we designed three instructional contexts under increasing support conditions:
textbook images and text, teaching booklets with specially designed images and text, only text. To
analyze students’ drawings, we used exploratory factor analysis to deconstruct drawings into their most
salient elements. To analyze students’ explanations, we adopted a constant comparison method
identifying different levels of increasing knowledge. To investigate students’ conceptions, we used a
mixed multiple-choice and true false baseline questionnaire. For RQ1, results show that the specially
designed images condition was effective in helping students producing informed drawings in
comparison to text-only condition for all phenomena, and more effective than textbook images
condition when one considers seasonal change drawings. Concerning RQ2, the specially designed
images condition was the most effective for all phenomena. Concerning RQ3, prevalent elements of
astronomy images that affected students’ explanations and visual representations were Earth’s elliptical
orbit; the position of the Sun with respect to the Moon orbit; and Sun, Moon, and Earth alignment. Our
findings confirm concerns about textbook astronomy images, whose features may interfere with the
identification of the relevant factors underlying the phenomena. Moreover, findings of this study
suggest that affordances of the specially designed images may play an essential role in scaffolding
meaningful understanding of the targeted phenomena. Implications for teaching through and learning
from visual representations in astronomy education are briefly discussed.
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I. INTRODUCTION

The use of visual representations in scientific commu-
nication and science education nowadays is well estab-
lished [1–3]. However, the debate about their effectiveness
in educational contexts has gone on for almost thirty years
(for a summary, see Refs. [4,5]). In the pre-Internet era,
many research studies found evidence to support the
effectiveness of graphics in the learning process [6–12].
At the same time, other authors have pointed out that
illustrations are not always adopted in an effective manner
in the teaching practice [13–16]. In more recent times,
the debate has shifted towards a more general analysis of
the use and design principles of visual representations
[17–20], including the role of images in science textbooks
[21–24] and the extent to which it is possible to learn
science from infographics [25]. However, the interest of
educational research in investigating the link between
students’ interpretation of images and their understanding
of the underlying scientific concepts has been quite limited
in contrast with such increasing availability of massive
iconic resources.
In this paper, we will investigate how high school

students read, interpret, and generate visual representations
in astronomy. The main reason for choosing this discipli-
nary area is that astronomy education and popularization
are historically based on images. For instance, science and
physics textbooks often feature both Sun-Moon-Earth
system diagrams and photographs to explain astronomical
phenomena. Similarly, planetariums and science centers
regularly offer to visitors realistic simulations of space
travels and explorations based on computer elaboration
of real photographs. Consequently, software packages
(Celestia, Starry Nights, Stellarium) are now increasingly
being included in teaching proposals about astronomical
phenomena [26]. Moreover, multimedia visual representa-
tions may foster astronomy literacy since they aim at
representing large-scale systems and at supporting students
in conceptualizing and representing complex phenomena
that cannot be experienced by first-hand, as the evolution of
Universe or cosmology [27].
Images are also fundamental tools for astronomers and

professional researchers in astrophysics, who extensively
use high-definition photographs obtained from Earth
telescopes and satellites (e.g., Hubble Space Telescope,
Hipparcos, Spitzer) to study the morphology of celestial
objects, for instance, galaxies, and inferring their physical
properties.
At the same time, however, astronomy is a subject

where students frequently retain a variety of alternative
conceptions, especially about basic astronomical phenom-
ena as the day-night cycle [28–30], the cause of seasons
[31–33], and the mechanism of the lunar phases [34–37].
Some authors [38–40] have generically pointed out the
difficulty with reading and interpreting the images com-
monly used in school textbooks to illustrate astronomical

phenomena as a possible factor that justifies the persistence
of such alternative conceptions. However, previous studies
either focused only on a specific phenomenon or did not
interpret such difficulty in the light of broader results about
visual representations in science education and educational
psychology. This study takes such more general perspective
and examines the relationship between astronomy visual
representations and students’ understanding in the case of
change of seasons, Moon phases, and solar or lunar eclipses.
We chose such phenomena since they have been thoroughly
studied in astronomy education literature and because visual
representations of these phenomena are present in most
science textbooks at middle and high school level.

II. REVIEW OF LITERATURE

A. Students’ interpretation of science visual
representations and textbook images

The increasing use of pictures or graphical representa-
tions in science teaching raises the issue of knowing the so-
called “visual language,” which features functions and
structures like those of verbal language [41,42]. In par-
ticular, knowledge of visual language involves the aware-
ness of semantic and interpretative processes at the basis
of communication through visual representations [43].
In other words, to know the visual language adopted in
science implies to know how information are encoded in
scientific representations through the representational syn-
tax [44,45]. In the teaching of science, visual language
necessary exists alongside with more traditional modalities
of communication such as verbal or mathematical ones
[46–48]. The nature of images used in science teaching
varies according to the school level. Figurative images that
represent ideas or scientific concepts are mostly used at the
primary and middle school level, when students still have a
limited familiarity with the language of mathematics. As
the educational level raises up to university instruction,
science communication increasingly relies on more sche-
matic and technical images. According to Lemke [49],
scientific texts can be considered in general multimodal;
that is, they feature different modes (verbal, mathematical,
and visual), which interact with each other with the aim of
expressing the concepts to be communicated [50]. For
example, a frequently used modality is the verbal-visual
one, where a text is accompanied by one or more Cartesian
graphs that detail the reported contents [51]. A further
example is the illustration-based modality, where the
content is sketched to show only its main features and
to highlight the relationships among different components
of a system [52].
Some authors have suggested that visual representations

might foster students’ learning processes since they pre-
serve geometric and topological relationships with the
objects they represent [43]. Similarly, it has been reported
[53] that students who received information about the
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human circulatory system in diagrammatic form performed
better than students who received the same kind of
information with text. In particular, diagrams helped
students in learning the structure and function of the
circulatory system. The authors interpreted such evidence
as a beneficial effect of diagrams and visual representations
in general on metacognitive strategies of the students as
self-explanation, while other studies [54] suggested that
this result could be due to activation of cognitive strategies
as inference or judging.
It should be pointed out, however, that all the above

studies emphasize that specific support is needed to take
full advantage of visual representations. As evidenced by
some studies [55,56], when such support is lacking, or
when representations are oversimplified or impoverished,
the sole presence of photographs, drawings, and diagrams
in school textbooks does not guarantee a greater effective-
ness in communicating scientific concepts. This may be
due, for instance, to the fact that students need to know how
to decode the specific visual language of an image so that
they can correctly interpret its content [2,44]. For instance,
some studies show that students consider more useful, for
the understanding of a scientific concept, diagrams and not
photographs, which could hide implicit messages not easily
decipherable [19]. Other studies show that images may
produce an effect contrary to that intended by the authors
themselves, unavoidably altering the traditional function
attributed to images of helping the explanation of a concept
[57,58]. To this respect, some authors [59] suggested that
textbooks images do not always provide students with a
suitable textual or graphical context for making sense of
graphs or diagrams, often isolated and not connected to
other representations that would convey the same informa-
tion. Finally, some studies [60] seem to imply that such
difficulty is due to students’ scarce awareness of the role
that visual representations play in communicating science
concepts, or to a poor knowledge of the topic represented in
the image [54]. We will deepen the latest issue in the field
of astronomy education in the Sec. II B.

B. Students’ interpretation of astronomy
textbook images

While many studies have analyzed students’ difficulty
understanding astronomical phenomena [61], only a few
studies have focused on students’ difficulty with the
interpretation of diagrams and iconic representations of
these phenomena. Most research studies generically point
out that representations of astronomical phenomena can be
misleading because they are often complex, ambiguous,
and necessarily represent only a specific view (e.g., top or
side) being the 3D represented phenomena forced into a 2D
depiction [39,62–64]. On the other hand, Vosniadou [65]
suggested that typical textbook representations of astro-
nomical phenomena, as, for instance, those representing the
motion of Earth around the Sun, are conceptual models

and, as such, can be difficult for the students to interpret
because they (i) require a domain-specific knowledge;
(ii) are often not consistent with the perceptually based
models that students have created using their everyday
experience. While the above studies have often called for
more research in order to better understand the role of
visual representations in education, however, only four
studies, to the best of our knowledge, addressed this issue
with a systematic research design [38,66–68].
As far as the cause of seasons is concerned, in a study

with about 100 prospective primary teachers [38], the
author inferred that textbook images contain three poten-
tially misleading representations. The first two concern
representations of the solar rays hitting Earth’s spherical
surface either without or with indication of the tilt of
Earth’s axis (Figs. 1 and 2). In both images, rays are
represented as segments of different length at the polar
regions and at the equator. According to the author, the
different length of the segments indicated as “sunrays”
suggests a distance between the equatorial zone and the Sun
that is “seemingly” shorter compared to that of the polar
regions resulting in a temperature difference between pole
and equator (distance misconception). Students, hence,
should recognize that the perspective of both images is
exaggerated only to highlight the spherical shape of Earth
and the tilt of its axis; and the temperature effect due to
different distances from the Sun of the two terrestrial
regions is negligible.
The third one concerns representations in which Earth’s

orbit around the Sun is represented with an emphasized
eccentricity (Fig. 3). Such representation could be a “visual
pitfall” [40] since it may lead students to think that during
its motion around the Sun, Earth changes significantly its
distance from the Sun, thus justifying seasonal changes
with Earth being closer to (summer) or farther from
(winter) the Sun. The distance misconception may be
reinforced also if the representation of Fig. 3 is used in
combination with those of Figs. 1 and 2 without suitable
explanations. The author also points out that students may
experience difficulty in interpreting the presence of four

FIG. 1. Representation of the nonuniform distribution of solar
light on Earth’s surface. Adapted from Ref. [38].
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Earths in the same diagram, and in correctly inferring the
position of the Sun within the orbit.
In another study with 652 9th grade students, no

significant influence of the elliptical representation of
Earth’s orbit on students’ explanations about the cause
of seasons was found [67]. The author presented six
different shaped diagrams of the orbit of Earth around
the Sun. Four out of six diagrams showed an emphasized
eccentricity of the orbit, while two represented a circular
orbit. In the four diagrams with the elliptical orbit, Earth’s
axis was reproduced with the correct inclination, while in
the two drawings with circular orbits, there was no
reference to Earth’s axis. In three diagrams, a light shading
indicated the portion of the illuminated hemisphere. In all
six diagrams, the Sun and Earth had the same size and the
Sun was always placed at the center of the orbit. All
diagrams featured the presence of text to indicate the
beginning of spring and autumn equinoxes and the begin-
ning of winter and summer solstices. Explanations given by
the students on the cause of the seasons were collected
before and after viewing the diagrams. The results show

that the pronounced eccentricity of Earth’s orbit did not
seem to favor explanations based on the Earth-Sun dis-
tance. In particular, the explanation based on Earth’ axis tilt
was the most frequent amongst the students who received a
diagram with an elliptical orbit. We note, however, that the
inclination was present only in the four diagrams with the
elliptical orbit, and most likely the presence of the tilted
axis could have influenced students’ explanations. On the
other hand, the use of shaded zones seems to have favored
an (incorrect) explanation based on the rotation of Earth
around its axis: one side of Earth is exposed to the sun
(summer), while the other side is farther from it (winter).
Regarding the phases of the Moon, the results of the

studies in Refs. [66,68] concur that common textbook
images are misleading because they either wrongly re-
present the relationship between the planes of the Moon
and Earth orbits or show all phases together as if they were
caused by Earth’s rotation. In particular, results [66] show
that in most of the analyzed diagrams (i) it is necessary to
identify the exact position of the Sun and of the observer to
construct geometrically the image of the Moon as seen by
the observer on Earth; (ii) the Moon’s orbit is often shown
aligned with the ecliptic, so that a confusion between full
(new) Moon and lunar (solar) eclipse may arise; (iii) the
observer’s viewpoint (on Earth) is not explicitly indicated,
so that in some cases Moon phases are represented from the
space viewpoint but with the shape as seen from Earth;
(iv) the relationship between the duration of the phases and
the Moon rotational period is not explicit; (v) the relation-
ship between the represented positions of the Moon and the
illumination received from the Sun is not explicit. Similar
concerns are raised in Ref. [68]. The author suggests that
students’ difficulty in understanding Moon phases is due to
textbook representations, where the Moon orbits around
Earth in a counterclockwise direction and four or eight
moons are simultaneously shown (Fig. 4). In such a way, it
is necessary to reconstruct the conditions for the phase
represented in the image and to relate the snapshot of the
Moon to the positions of the Moon along its orbit around
Earth. Moreover, no indication about the time interval
between two consecutive phases is given. Finally, Earth and
space viewpoints are confused.
In another study [69], about 100 books for children were

analyzed. Analysis focused on three different types of
representations of the Moon: (i) the appearance of the
phases, (ii) the names of phases, and (iii) the sequence of
phases. In particular, reproductions and textual descriptions
in the analyzed books were compared with actual photo-
graphs of the Moon and with textbooks usually adopted in
primary schools. Text and images were coded according to
how the Moon was conceptualized and represented, using
two categories: (i) the scientific category, which groups the
correct representations from the scientific point of view,
and (ii) the alternative category, which groups representa-
tions with misconceptions and scientific errors.

FIG. 2. Representation of the nonuniform distribution of solar
light on Earth’s surface with indication of the tilt of Earth’s axis.
Adapted from Ref. [38].

FIG. 3. Representation of Earth’s orbit around the Sun. Adapted
from Ref. [38].
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For each illustration of the Moon, the researchers first
determined which one of the eight representative phases
(for example, full moon, first quarter, etc.) was illustrated.
Next, the researchers determined if the representation was
scientific or alternative. Results show that more than half of
the illustrations featured in the analyzed books represented
a full moon.
About a quarter of the illustrations included the image of

a crescent moon. Very few representations referred to the
new Moon, gibbous Moon, or quarter Moon. In some other
cases, the representations included illustrations of Moon
phases that were either not observable or not correct. In
particular, about one-third of the crescent Moon represen-
tations were wrong, as well as about one-quarter of the
gibbous Moon representations. All nonscientific represen-
tations were consistent with the misconception that the
phases of the Moon are caused by the shadow of Earth,
a phenomenon that can be observed only during a lunar
eclipse. In other cases, the representations “transformed”
the lunar phases, showing, for example, that the Moon
changes in size in contrast to the observation of everyday
life. Other illustrations showed the crescent Moon in
wedges, with stars in the area where there should be a
part of the Moon not illuminated.
While providing valuable insights, however, the above

studies give only a partial account for the students’difficulty
in reading astronomy-related images since they concern
specific phenomena and do not address how students’
reasoning may vary across different astronomical contexts.

C. Student-generated visual representations
and learning in science

According to Van Meter and Garner [70], “drawing
involves constructive learning processes that engage

nonverbal representational modalities and requires inte-
gration.” Such modalities encompass first the construction
of an internal representation of the concept and then the
effort to externalize it in conventional form through
referential links [71].
From the cognitive point of view, early research studies

found that to involve students in the process of generating
drawings could promote memory, observation, and imagi-
nation [72,73]. More recent findings suggested that draw-
ing might be a beneficial activity for the quality of
children’s writing concerning explanations and procedures
[74]. In this respect, some authors proposed that young
students might use drawings as a way to select and capture
certain features of the reality around them in order to
construct pattern of reasoning about it [75]. It has been also
suggested that drawings may promote learning of science
contents [76], in particular of models [77]. As such,
drawings might be used as formative assessment probes
in their own right [78]. Moreover, the role of drawings as an
effective learning strategy has been clearly supported by
the findings of two studies [79,80]. In the first [79], pupils
(fifth and sixth grade) read a two-page text about the central
nervous system and were asked to make drawings to
represent concepts featured in the text under different
support conditions (from providing an illustration to no
illustration provided). The results showed that pupils in the
most supported condition scored higher marks than the
other participants in the drawing task. Such results were
also confirmed by the subsequent study [80]. More impor-
tantly, the latter study suggested that drawing affects
learning more than simply dealing with visual presentations
without the request to draw. Finally, using an approach that
emphasized the role of visual representations as epistemic
practices, some authors have claimed that to construct,
explain, justify, and refine open-ended representations of
scientific processes may help students learn about con-
ceptual knowledge, the nature of scientific inquiry, and to
communicate scientific evidence [81].
From the research viewpoint, many studies have sup-

ported the “traditional” claim that student-generated draw-
ings could help in uncovering reasoning strategies,
attitudes, and mental representations [82–89]. However,
research findings have been often inconsistent concerning
the effectiveness of drawings as a way to uncover students’
misconceptions and learning outcomes [70]. Such inconsis-
tency has led to a relative paucity of studies about students’
drawings in discipline-based educational areas [90–92] and to
methodological criticisms to drawings as research technique
(see, for example, the case of the Draw-A-Scientist test,
[93–95]). In the effort to mediate between such positions, it
has been theorized [96] that children’ drawings are products
of pictorial conventions in cultural contexts and, therefore, the
conception that is represented in a drawing depends on the
convention chosen by the student for the representation.
Similarly, other authors [97] found that children’s drawings

FIG. 4. Representation of the Moon phases. Adapted from
Ref. [68].
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about the human body were influenced by different choices
related to sociocultural expectations of their community,
artistic aims, and practical reasons. In some cases, relevant
features, with which the students were familiar, had been
simply overlooked. Such results suggest that context and
specific situations may affect drawings.
However, the influence of conventional representations

on students’ drawings seems to decrease as instructional
support increases. For instance, in Ref. [98], drawings
about tropical rainforests produced by 9 to 11 year old
students before and after a site visit were analyzed. The
author used a scoring rubric with three dimensions:
breadth, extent, and depth. The breadth dimension referred
to the quantity of appropriate themes used in the drawings.
The extent dimension referred to the quantity of appro-
priate images used by the pupil in their drawing. The
depth dimension referred to how deeply and richly the
children represented the addressed themes. Results
showed that before the visit, pupils’ drawing mainly
reproduced familiar countryside contexts, while after the
visit, the pupils improved their drawings concerning the
extent dimension of the biodiversity, different species of
trees and plants, and rainforest features. Similarly, in a
recent study [99], third year undergraduate students’
drawings of the leukocyte cascade were examined before
and after a teaching intervention consisting of a lecture
series and laboratory tasks using research publications on
the topic as instructional tools. The results show that most
of the generated drawings were original in nature,
revealing different features of the dynamics of the
leukocyte cascade. Finally, it has been found that a
multimodal teaching sequence, which included field
observations, viewing of photographs and videos, and
drawing as a communication tool, was effective in
increasing students’ knowledge about carnivore plant
structure and function [100].

D. Students’ representations in astronomy

Many studies in astronomy education have used
students’ drawings to elicit misconceptions within written
tasks or interviews [32,101–104]. However, few studies
have analyzed in detail the relationships between students’
drawings and the underlying mental models of familiar
astronomical phenomena, following the trails of the influ-
ential works described in Refs. [30,87].
For instance, to validate her theory of contextualization

of students’ drawing, Ehrlén interviewed 18 students
(age 6–9) when they were engaged in the task of drawing
Earth as a planet in the Solar System [96]. While the results
are in agreement with previous studies, she also found that
students might not differentiate between the concepts of
Earth, country, and planet.
A more detailed study was carried out in Ref. [105]. The

author reports the case study of a pair of fifth-grade students
who were asked to produce visual representation that could

explain the Moon phases. The main purpose was to propose
a theoretical model of the process by which students build
and elaborate explanations of the phases phenomenon
generating and exploiting visual representations. The
hypothesis was that the explanations are manifestations
of the students’ current state of knowledge, and, therefore,
changes in the explanation should provide evidence of
changes in the underlying conceptualizations. The pro-
posed model aims to provide a cognitive interpretation of
the contingent generation of explanations of scientific
phenomena, highlighting the progression of these explan-
ations from initial to most advanced stages, describing at
the same time the dynamics behind this process. Results
show that the students’ mental models of the lunar phases
progress towards more sophisticated explanations of the
phenomenon after appropriate educational stimuli. The
study demonstrates the important role of visual represen-
tations produced by the two students, which were able to
make a transition between different stages of conceptual
understanding.
In Ref. [66], about 78 third-year undergraduate students

were asked to draw a scheme of the Sun-Earth-Moon
system and to justify the phases of the Moon. Moreover,
they were asked also to draw what would have been seen
by an astronaut in a spaceship orbiting around Earth.
Results confirm previous research findings. For instance,
in some cases, drawings suggest that sunrays “obscure”
some portions of the Moon. In other drawings, the Moon is
present only at night, so that the phases might be due to
Earth’s rotation around its axis. Similarly, the role of the
relative position between Earth, Sun, and Moon in the
phases phenomenon seems difficult to grasp. For instance,
when asked to draw how an astronaut would see the Moon
in its quarter phase, the appearance of the Moon was the
same as from Earth. On the contrary, when asked to draw a
full Moon phase as seen from different places on Earth, the
appearance of the Moon was different due to Earth’s
shadow that would cover part of Moon surface.

III. AIMS AND OBJECTIVES

This study aims at exploring two main issues about the
role of images in astronomy education emerging from
the literature. First, to investigate how students’ visual
representations and explanations of the mechanisms
underlying the targeted phenomena are affected when
learning with text or images. Second, to investigate the
effects of images purposely designed to address issues of
traditional textbook visual representations of astronomical
phenomena.
The first two research questions that thus guided the

study were:

RQ1: How are students’ explanations and visual rep-
resentations about familiar astronomical phenomena
affected by different image-support conditions?
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RQ2: How are students’ conceptions about familiar
astronomical phenomena affected by different image-
support conditions?

The image-support conditions will be set out as follows:
traditional textbook imagesþ text; specially designed
imagesþ text; text only. The main hypothesis is that
students who learn in the specially designed imagesþ
text support condition will give better explanations, gen-
erate better representations, and learn more about the
targeted phenomena. Secondarily, we hypothesize that
students who learn in the textbook images support con-
dition will give better explanations, generate better repre-
sentations, and learn more about the targeted phenomena
than students of the text-only support condition.
To further inspect the role of the specially designed

images, a third research question was also set out:

RQ3: Which features of the used images most affected
the students’ visual representations and explanations of
familiar astronomical phenomena?

Given the curricular requirement of the teaching of
astronomy in Italy, the study involved students at the
beginning of secondary school cycle (13–14 year old
students, grade 9). More details about the sample are given
in Sec IV.

IV. METHODS

A. Description of specially designed astronomy images

To construct the instructional context for the study, we
first developed a set of specially designed, “innovative”,
astronomy images about the chosen phenomena: change of
seasons, Moon phases, solar and lunar eclipses. We call
these specially designed images innovative, because their
design principles are research-based and theoretically
driven. In the development of such images, hence, we
started from the available literature in astronomy education
about visual representation, and interpreted the results
using a sociosemiotic theoretical framework [42].
The adopted framework is based on the assumption that

visual representations consist of iconic features related to
the content they depict, on a concrete or abstract level,
through representational structures. Representational
structures are the ways in which symbols and signs are
organized with the aim of expressing the concepts to be
communicated [43]. According to the framework, the
possibility of combining different types of representational
structures generates difficulty with the interpretation of the
message encoded within the image.
Since the framework categorizes visual representations

according to the spatial organization of featured signs
and symbols, also the difficulties encountered by students
when dealing with visual representations can be catego-
rized according to the same criteria. In previous studies

[106–110], such criteria have been organized into a list of
iconic features that are significant when reading and
interpreting documents containing images. The items of
the list that are relevant for this study are reported in Table I.
We remark that the iconic features in Table I do not

reflect the accuracy of a visual representation: rather, they
represent how depicted signs, symbols, and design choices
concur to give meaning to the visual representation. Hence,
in contrast to analytical frameworks, the use in the same
representation of as many iconic features as possible does
not necessarily lead to a “better” visual representation.
The R/S, SEL, SYM, and VER categories represent local

iconic features of an image, whose meaning is independent
of the specific image in which they are used (for example,
the verbal element “m=s” in a Cartesian plot always
indicates the unit measure of speed, regardless of the
appearance of the curve represented in the graph). The
INT and CST categories represent global iconic features of
an image, whose meaning depends on the image in which
they are used [for example, specific sðtÞ and vðtÞ graphs
that refer to the same motion].
The above list allowed us to explain the well-known

difficulty of students with the interpretation of graphs
[107,112,113] and of images regarding geometrical optics
[114]. A very similar coding scheme was used [115] to
analyze graphical representations generated by 14–17 year
old students in a science news-reporting task. Moreover, the
list is in agreement with results of previous studies that
investigated students’ reasoning when dealing with specific
features of visual representations as, for instance, arrows
[116] or labels [117]. Finally, in the light of the obtained
results, we adopted the above list also for the analysis of
students’ difficulties when reading images of basic astro-
nomical phenomena [118]. Our analysis confirmed, for
instance, the claims that the “in perspective” elliptical shape
of Earth’s orbit (Fig. 3) may be problematic since it presents

TABLE I. List of iconic features to read and interpret images
(adapted from Ref. [111], pp. 231–232).

Name Description

R/S Elements representing both real world and schematic or
symbolic entities

SEL Elements to be selected or conceptually highlighted in
relation to textual or graphical features, which do or do
not make them salient

SYM Elements that require appropriate readings of symbols,
and that contain examples of synonymy, homonymy
and/or polysemy of symbols

VER Presence or absence of verbal elements to be read as an
important part of the image, such as captions

INT Presence of two or more conceptually related images
CST Compositional structures that require the interpretation of

spatial distributions and of different representational
structures
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a compositional structure (CST) that mainly highlights
the variation of the Earth-Sun distance along Earth’s orbit.
Similarly, the presence of four or eight moon phases in the
same image (Fig. 4) may be difficult to interpret since they
have to be meaningfully integrated with Earth’s diagram
(INT). In the following, we briefly describe the graphical
features of five images purposely designed for the study.

1. Seasons images

The images designed to explain about seasonal
changes are reported in Fig. 5 (“Seasons 1”) and Fig. 6
(“Seasons 2”). We began the design of the image
“Seasons 1,” by choosing a compositional structure
(CST) in which Earth’s orbit was circular and not elliptical,
as suggested by previous studies [38]. Moreover, with
respect to usual textbook images [118], we did not include
arrows to indicate the rotation and revolution of Earth
(SYM) and other information not relevant for the phe-
nomenon (e.g., segments that connect Earth to the Sun). We
also chose to avoid the use of text (VER), for instance,
avoiding reference to aphelion and perihelion. While we
maintained the conventional representation of four Earths
along the orbit, we changed the appearance of Earth’s axis
using a perspective that emphasizes (SEL) the constant
direction of the axis during the motion. To prevent mis-
leading ideas about a wrong axis’ tilt, we presented a different viewpoint at the bottom of the image: in particular,

we chose the viewpoint of an observer on the same plane of
Earth’s orbit. While such a choice may lead to difficulty in
integrating the two parts of the representation (INT), it
helps clarify that change of seasons can be due to two
combined factors: the motion along the orbit and the tilt of
the axis.
We began the design of the image “Seasons 2” (Fig. 6)

by choosing to focus on two positions (SEL) of Earth along
its orbit represented in Fig. 5. In such a way, students can
adopt the same iconic codes used to interpret the previous
image. Following Ref. [38], the uneven distribution of the
Sun’s radiation due to axis tilt, as seen from the space, is
shown by explicitly reporting (VER) the angle between
the direction of sunrays and the plane tangent to Earth’s
surface at two different times of the year, winter and
summer solstice, to highlight the largest difference in
illumination at that particular place. To help students
connect inclination of sunrays along Earth’s surface and
their experience with different incidence of radiation, the
viewpoint of an observer on Earth is also reported at the
bottom of the image. With such a choice, we followed
the recommendation [38] to represent separately each
season. Despite that the adopted framework predicts that
students might find it difficult to relate different images
(INT), the vertical arrangement of the two panels (CST)
should help relate a specific time of the year (position of the
planet along the orbit) and the inclination of Earth’s axis to
inclination of sunrays (using the same colors). In such a
way, the role of the two factors—orbit and axis tilt—on

FIG. 5. Image “Seasons 1,” designed to explain the role of
Earth’s motion along its orbit around the Sun and of Earth’s
axis tilt in the change of seasons. Translation of Italian labels:
Sun (Sole), Earth (Terra).

FIG. 6. Image “Seasons 2,” designed to explain the variable
incidence of Sun’s radiation on Earth during the year. Translation
of Italian labels: December 21st Latitude 40° N (bottom left
panel), June 21st Latitude 40° N (bottom right panel).
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seasonal change may be further reinforced. In addition, as
for all designed images, to help students relate the two
images in the frame, the same line and color codes were
used to show the phenomenon from different viewpoints.

2. Phases image

For brevity, we describe here only one of the images
designed to explain the lunar phases (image “Phases”,
Fig. 7).
We began the design of the image by unpacking the

relevant information about the Sun-Earth-Moon system in
three distinct but related panels: first, we highlighted the
space perspective by showing two positions of the Moon
with respect to Earth and the Sun, and Earth and Moon
orbits. In such a way, students can be guided to understand
that different positions of the Moon along its orbit lead to
different appearance of Moon from Earth. To this latest
concern, while realistic and symbolic representations of the
Moon are present (R/S) in the top and bottom panels, we
chose to insert the unusual perspective of an observer on the
plane of Earth’s orbit and the line of nodes (SEL) to relate
the two representations. Moreover, this central panel could
be helpful for students to understand that the planes of the
Moon’s and Earth’s orbits are tilted, and such evidence will
be recalled in the eclipses’ images. To avoid similarity of
symbols (SYM) between dashed lines (Earth and Moon
orbits), the line of nodes was represented with a different
color and dot spacing. The Earth’s orbit perspective, in
particular, allows relating the space to Earth’ perspective,
by showing how the Moon surface is illuminated by the
sunlight as the Moon rotates around Earth, and to guide
students to understand that the same Moon phase is seen
from different places on Earth wherever the Moon is

visible. Following Ref. [66], we purposely avoided the
presence of four or eight Moons along the orbit around
Earth and of any verbal element (VER) or arrows (SYM),
so to avoid confusion between the spatial and temporal
sequence of the phases.

3. Solar eclipse image

The image designed to explain solar eclipses is reported
in Fig. 8 (image “S-Eclipse”). In the image we highlight the
condition under which a total solar eclipse may occur,
namely, the alignment along the lines of nodes of Earth, the
Moon, and Sun. As for the image in Fig. 7, we show the line
of nodes as reference for the reader to identify the align-
ment condition (SEL). We also chose to show two different
positions of Earth on the orbit around the Sun, so to
reinforce the idea that a solar eclipse only depends on the
condition of three-body alignment along the line of nodes,
which could occur at any time of the year. If one recalls the
image in Fig 7, it is possible to help students understand
that this is not a frequent case. We chose to highlight that
the total eclipses can be seen only in a small portion of
Earth, due to the different size of the Moon and Earth, by
shading only a small gray triangular area (SEL).

4. Lunar eclipse image

The image designed to explain lunar eclipses is reported
in Fig. 9 (image “L-Eclipse”). In the image of Fig. 9,
we chose to highlight how Earth’s shadow, in which the
Moon falls, is formed. In addition, in this case, we chose
not to represent gradients of grays or penumbral areas, to
focus on the main astronomical mechanism underlying
eclipses, namely, alignment from a three-dimensional view.
Moreover, to relate the shadow formation with the Moon-
Earth-Sun alignment, we explicitly highlighted in both
panels the line of nodes (dashed lines, SEL).
As for the lunar phases, we did not include in Fig. 8

and Fig. 9 any verbal element (VER), symbols (SYM), or
realistic images (R/S) with the aim of showing only the
main cause of the eclipses.

FIG. 7. Image “Phases,” designed to explain full and newMoon
phases. FIG. 8. Image “S-Eclipse,” designed to explain solar eclipses.
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5. Teaching booklets

Once the innovative images were ready, we began the
design of three instructional booklets, one for each targeted
phenomenon. The aim of the booklets was to cover the
same contents of a standard school textbook, with addi-
tional reference to the iconic features of the newly
developed images. Such reference was included in the
images’ captions, following the recommendations in
Ref. [119] about how to integrate text and pictures.
First, in each image caption, we described the main

features of the images and of the underlying semiotic
rationale. In particular, we emphasized how to decode the
used symbols, (for instance, the dashed lines to indicate
orbits) and the different adopted perspectives (for instance
Earth vs space perspective). Then, to foster a better
interaction between students’ mental model and the ele-
ments to be selected or conceptually highlighted, we
overlapped semantic codes of the text and of the images
[120]. This was done, for instance by (i) explicitly reporting
the observer’s position (lunar phases), (ii) linking 2D
representations with 3D perspective (eclipses), and relating
different inclination of sunrays on the observer’s plane to
Earth’s revolution and axis’ tilt (seasonal changes). Third,
we tried to use coherently verbal and visual information
that could activate students’ previously acquired knowl-
edge (for instance, formation of shadows for the eclipses
and propagation of light for seasonal changes). Finally, we
slightly shortened the standard text so to have a comparable
length (around 700 words), including captions. The cap-
tions for the images in Figs. 5–9 are reported in the
Supplemental Material [121].

B. Instructional context and sample

To answer our research questions, we designed three
instructional contexts under increasing support conditions,
involving an experimental and a control group. The
experimental group was divided into two subgroups:
Group 1 received instruction with images and text of the
usual schoolbook; group 2 received instruction with the
specially designed teaching booklets. The control group
(group 3) used no images at all, and only the usual
schoolbook text (same as group 1) was provided.
Students from three complete classes of a secondary school
in Southern Italy participated to the research and were
randomly assigned to the three groups. The students had
not been previously taught about astronomical phenomena.
Details are reported in Table II.

C. Instruments

Three probes were used in the study. Effects of the
different instructional contexts on students’ visual represen-
tations and explanations (RQ1) were investigated through:
(i) a drawing task, during which the students were asked
to make a drawing that would explain to a reader the
change of seasons, Moon phases, and solar or lunar eclipses;
(ii) a written task, in which the students were asked to give a
written explanation for each of the three phenomena; (iii) a
mixed multiple-choice and true false baseline questionnaire
featuring 24 questions, 8 per section devoted to each of
the three phenomena, validated in a previous study by our
group [122]. Answer choices featured one correct option,
one option corresponding to a partial knowledge of the
phenomenon, and two incorrect options corresponding to
well-known student misconceptions.
Data from the drawing and written tasks were also used

to investigate how student-generated visual representations
and explanations were related to the iconic features of the
images received during instruction (RQ3). Data from the
baseline questionnaire were used to investigate the effects
of the different instructional contexts on students’ con-
ceptions of the targeted phenomena (RQ2).

D. Procedure

Data collection began in mid-December 2016 and
finished in late January 2017, and was divided into three
consecutive sessions, one per phenomenon. The first

FIG. 9. Image “L-Eclipse,” designed to explain lunar eclipses.

TABLE II. Demographics of the sample in the study.

Number of students

Group Female Male Average age

1 8 16 13.79� 0.08
2 13 10 13.96� 0.04
3 10 11 13.81� 0.09

Total 31 37 13.85� 0.04
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period was devoted to seasonal change, the second to
Moon phases, the third to solar and lunar eclipses. Each
session included the time given to the students to complete
the research probes and to read the teaching material, as
follows. Two to three days before presenting the materials,
the students were given 20–25 minutes to complete the
drawing and written tasks related to the phenomenon they
were going to be taught about, and a further 15–20 minutes
to complete the corresponding section of the baseline
questionnaire. Participants also reported their sex and age.
Then, two to three days after this first session, the students
received the material (in print) and the following instruc-
tions: “Read the following text, including figures and
captions. You have 1 hour to complete reading. Then, you
will be asked to answer some questions about what you
have read.” Immediately after finishing reading the
instructional material of the booklet, the same day, the
participants were again given the drawing and written
tasks and completed the section of the baseline question-
naire corresponding to the phenomenon addressed.
Considering dead times for distributing and collecting
the booklets, the baseline questionnaire and the written
task, the sessions lasted on average 4 hours for each
phenomenon. The eclipses session was longer since the
students were allowed some extra time to produce two
different drawings, one for the solar eclipse, another for
the lunar eclipse.

E. Data analysis

Drawing task.—The reviewed studies suggest that typ-
ical textbook images about astronomical phenomena fea-
ture iconic difficulties that may lead students to interpret
incorrectly the mechanism underlying the represented
phenomenon. For this reason, we did not use preexisting
scoring schemes focused on accuracy and fidelity in
reproducing the provided images to analyze the students’
drawings [79,123]. For the same reason, we did not adopt

scoring systems based on the number or types of iconic
elements that are present in the drawings [98,124]. While
effective for giving some sort of quantitative assessment of
drawing, these scoring systems tend to adopt highly
prescriptive notions of what should be considered as a
“successful drawing,” and a better fit to the predetermined
“expert” instances [99]. Moreover, such techniques do not
allow clustering emerging students’ models according to
visual features, which are instead essential for correctly
interpreting the represented phenomenon.
To analyze students’ drawings, we used exploratory

factor analysis of iconic features [125], which allows us to
identify emerging representative student models. In par-
ticular, we used results from a parallel study [126], in
which we analyzed about 2000 pupils’ drawings about
seasons change (494), Moon phases (539), and solar (427)
and lunar eclipses (499). We chose factor analysis since it
also allows for (i) negative factor loadings, which indicate
features highly unlikely to be present in a model and

TABLE III. Distribution of students-generated visual represen-
tations amongst models of seasonal changes.

Overall
(%)

Group 1
(%)

Group 2
(%)

Group 3
(%)

Model Pre Post Pre Post Pre Post Pre Post

Distance 1 40 1 58 0 35 0 24 4
Rays 3 5 0 0 4 4 5 10
Distance 2 40 35 21 58 48 9 52 38
Tilt 1 0 0 0 4 0 0 0
Orbit & Tilta 10 25 8 21 9 30 14 24
Orbit & Raysa 6 16 13 17 0 9 5 24
Orbit & Tilt & Raysb 0 18 0 4 0 48 0 0

amodel that resembles typical textbook images.
bmodel that resembles the innovative image presented in the

booklet of group 2.

TABLE IV. Distribution of student-generated visual represen-
tations amongst models of Moon phases.

Overall
(%)

Group 1
(%)

Group 2
(%)

Group 3
(%)

Model Pre Post Pre Post Pre Post Pre Post

Sequence 1 58 19 58 0 52 4 62 57
Sun & Moon 12 3 13 0 9 0 14 10
Orbit 1 16 4 33 0 13 0 0
Orbit & Suna 6 25 4 59 9 13 5 0
Sequence 2 16 4 17 0 17 4 14 10
Sequence & Sun 7 12 4 8 13 18 5 10
Phases & Orbitsb 0 21 0 0 0 48 0 13

amodel that resembles typical textbook images.
bmodel that resembles the innovative image presented in the

booklet of group 2.

TABLE V. Distribution of student-generated visual representa-
tions amongst models of solar eclipses.

Overall
(%)

Group 1
(%)

Group 2
(%)

Group 3
(%)

Model Pre Post Pre Post Pre Post Pre Post

Rays 6 1 8 0 5 0 5 5
SME 21 22 12 17 13 22 38 29
Shading 9 9 0 8 13 4 14 14
Orbit 4 2 0 4 4 0 9 0
Rays 2 38 34 33 46 52 22 29 33
Shading & Rays a 3 4 8 8 0 4 0 0
SM 16 2 30 4 13 0 5 0
SME 2 3 7 9 13 0 0 0 10
Orbit 2b 0 19 0 0 0 48 0 9

amodel that resembles typical textbook images.
bmodel that resembles the innovative image presented in the

booklet of group 2.
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(ii) calculation of factor scores, which allows assigning
each drawing to an emergent model. To perform the
exploratory factor analysis, conceptual and semiotic
features of students’ drawings were first identified and
then grouped by emerging factors, which correspond to
different students’ representations of the phenomena.
Details are reported in Ref. [126]. In the Supplemental
Material [121], we report the description of the resulting

models, which we used to classify drawings of the present
study. We note that the emerging models align to a certain
extent with previous studies on younger students. For
instance, for seasons change, model Distance 1 aligns
with notion 3 in Ref. [32], and with drawings reported in
Ref. [103], while Tilt aligns with notion 6 in Ref. [32].
Similarly, for Moon phases, models Sun & Moon and
Orbit & Sun align with notions 3 and 5 in Ref. [32],
respectively.
To categorize the drawings of the present study, authors

S. G. and I. T. coded half of the drawings separately. Then,
for each phenomenon, Cohen’s kappa was calculated.
When the values of Cohen’s kappa were not satisfactory
(this was the case for solar and lunar eclipses), the two
raters discussed and revised the ratings to reach an agree-
ment. In other cases, new models had to be adopted to
categorize students’ drawings. After further discussions,
values higher than 0.75 for each phenomenon were
obtained and a final categorization of students’ drawings
was agreed upon. Results are reported in Tables III–VI.
Written task.—To analyze students’ written explana-

tions, we adopted a constant comparison method identify-
ing different levels of increasing knowledge about the
targeted phenomena. Levels align with findings of previous
studies [33,34]. A similar procedure to that used for the
drawing was adopted to establish the reliability of the
scoring of students’ explanations. The value of Cohen’s
kappa obtained for the three phenomena was in this case

TABLE VI. Distribution of student-generated visual represen-
tations amongst models of lunar eclipses.

Overall
(%)

Group 1
(%)

Group 2
(%)

Group 3
(%)

Model Pre Post Pre Post Pre Post Pre Post

Rays 1 0 0 0 0 0 5 0
SEM 16 21 17 0 9 17 24 48
Orbit 0 6 0 17 0 0 0 0
Shading 13 12 4 8 22 13 14 14
SM 21 0 21 0 22 0 19 0
Orbit & Earth 1 20 0 54 0 0 5 5
Shading & Raysa 43 20 46 21 48 26 33 14
SEM 2 3 3 8 0 0 0 0 10
Orbit 2b 0 18 0 0 0 44 0 10
SEM 3 2 0 4 0 0 0 0 0

amodel that resembles typical textbook images.
bmodel that resembles the innovative image presented in the

booklet of group 2.

TABLE VII. Rubric for the evaluation of students’ written explanations and corresponding distribution of students’ answers.

Overall
(%)

Group 1
(%)

Group 2
(%)

Group 3
(%)

Topic Level Example Pre Post Pre Post Pre Post Pre Post

Seasons Generic Because the Earth rotates 7 0 20 0 0 0 0 0
Incorrect-a The Earth is closer to the Sun during summer 30 9 38 17 13 4 38 5
Incorrect-b During winter it is colder, since the Earth does not face the

Sun
34 12 21 8 57 9 24 19

Partial Sunrays are more inclined in winter than in the summer 23 38 21 42 17 35 33 38
Correct-a Sunrays are inclined due to axis’ tilt 6 28 0 25 13 43 5 14
Correct-b Sunrays are inclined due to revolution and axis’ tilt 0 13 0 8 0 9 0 24

Moon
phases

Generic Because the Moon rotates 46 35 50 42 43 26 43 38
Incorrect The Earth or the Sun cast a shadow over the Moon 41 15 42 0 39 13 43 33
Partial Phases depend on the Sun 13 43 8 50 17 48 14 29
Correct Phases depend on the position of the Moon with respect to

the Earth and the Sun
0 7 0 8 0 13 0 0

Solar and
lunar
eclipses

Generic A solar eclipse is when the Moon covers the Sun. A lunar
eclipse depends on the motion of the Sun, Moon and Earth

9 0 8 0 5 0 14 0

Incorrect A solar (lunar) eclipse is when the Moon (Earth) blocks the
sunrays

38 7 33 21 39 0 43 0

Partial Solar (lunar) eclipses are due to the Moon (Earth) that casts
its shadows over the Earth (Moon)

32 22 38 42 30 9 29 14

Correct-a During a solar (lunar) eclipse, the Moon (Earth) is aligned
between the Sun and the Earth (Moon)

21 50 21 33 26 65 14 52

Correct-b Eclipses happen when the Moon and the Sun are aligned
along the lines of nodes and the Moon is in a node

0 21 0 4 0 26 0 33

SILVIA GALANO et al. PHYS. REV. PHYS. EDUC. RES. 14, 010145 (2018)

010145-12



higher than 0.73. To reach such agreement, in some cases, it
was necessary to slightly differentiate students’ answers. In
particular, for seasonal changes, we indicated as correct-a
those answers that referred solely to Earth’s axis’ tilt, while
we indicated as correct-b those answers that referred to
both the axis’ tilt and orbital motion around the Sun.
Moreover, we labeled as incorrect-a those answers that
referred to the distance misconceptions, while we called
incorrect-b those incorrect answers whose underlying
reasoning is not related to the distance misconception.
For solar and lunar eclipses, we indicated as correct-a those
answers that referred solely to the alignment of the Sun-
Moon-Earth, while we indicated as correct-b those answers
that referred to the relative inclination of Earth and Moon
orbits’ planes. The determined categories—with typical
examples—are reported in Table VII.

To answer RQ1, we investigated (i) whole sample
differences between pre- and postinstruction categories
and (ii) across-conditions differences in the pre- and
postinstruction drawing and written tasks. To this aim,
we adopted a χ2 analysis. When necessary, categories were
collapsed to meet statistical requirements to apply this
analysis method. To gain further insight and clarify
emerging trends, we also investigated the relationships
between student-generated drawings and explanations
(Table VIII).
Evidence from drawing, written tasks, and their com-

bined analysis was used also to answer RQ3.
Baseline questionnaire.—Analysis was carried out as

follows. We assigned a full credit (1 point) for each true
or false question and multiple-choice question (2 points)
answered correctly. Partial credit (1 point) was given if

TABLE VIII. Distribution of students’ drawings in the categories of written tasks and baseline questionnaire.

Written task

N Pre (%) Post (%) Baseline average score

Topic Models Pre Post Incorrect Partial/correct Incorrect Partial/correct Pre Post

Seasons Distance 1 27 1 46 25 8 0 6.7 a

Rays 2 3 2 5 0 6 a a

Distance 2 27 24 42 35 64 27 7.3 7.8
Tilt 1 0 0 5 0 0 a a

Orbit & Tilt 7 17 4 25 14 28 7.9 8.9
Orbit & Rays 4 11 6 5 7 19 a 8.1
Orbit & Tilt & Rays 0 12 0 0 7 20 � � � 9.3

Moon phases Sequence 1 39 13 63 22 26 12 5.0 7.1
Sun & Moon 8 2 9 33 6 0 5.5 a

Orbit 1 11 2 0 18 14 a 7.1
Orbit & Sun 4 17 5 11 12 38 a 6.9
Sequence 2 11 3 17 11 6 3 5.5 a

Sequence & Sun 5 8 4 23 12 12 4.2 6.6
Phases & Orbits 0 14 0 0 20 21 � � � 8.1

Solar eclipses Rays 4 1 7 0 0 2 a a

SME 14 15 22 14 15 25 6.1 7.9
Shading 6 6 7 14 10 8 7.0 8.3
Orbit 3 1 4 7 0 2 a a

Rays 2 26 23 39 36 55 25 6.9 6.9
Shading & Rays 2 3 0 15 10 3 a a

SM 11 1 19 7 0 2 5.8 a

SME 2 2 5 2 7 5 8 a 6.6
Orbit 2 0 13 0 0 5 25 � � � 8.3

Lunar eclipses Rays 1 0 2 0 0 0 a � � �
SEM 11 14 19 7 15 23 5.7 7.7
Orbit 0 4 0 0 15 2 � � � a

Shading 9 8 11 21 15 10 7.4 8.6
SM 14 0 20 21 0 0 5.6 � � �
Orbit & Earth 1 14 0 7 35 15 a 6.4
Shading & Rays 29 14 44 37 15 23 6.7 7.5
SEM 2 2 2 2 7 0 4 a a

Orbit 2 0 12 0 0 5 23 � � � 8.4
SEM 3 1 0 2 0 0 0 a � � �

aaverage scores were not calculated for models with N < 5 cases.
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students picked the answer choice corresponding to a
partial knowledge of the phenomenon. No penalty (zero
points) for blanks or wrong answers. The total score for
each of the three sections of the questionnaire was 10.
To answer RQ2, differences across groups in the pre- and

postinstruction baseline questionnaire scores were inves-
tigated through analysis of variance (ANOVA).

V. FINDINGS

A. Drawing task

1. Seasonal changes

As reported in Table III, the great majority of drawings
(about 80%) in the preinstruction task aligned with a
“distance”-based model (e.g., Distance 1 in Fig. 10).
The remaining 20% of drawings aligned with models
based on some sort of “inclination”-based reasoning, either
representing inclined sunrays or a tilted Earth’s axis. In the
postinstruction task, all groups showed some improvements
in their drawings. The overall frequency of the inclination-
based drawings (e.g., Orbit & Rays in Fig. 11) increased
from 20% to 64%. Correspondingly, the frequency of
distance-based drawings decreased on average down
to 36%.
The across-groups analysis of the preinstruction draw-

ings shows no significant differences concerning the
distance-based model (frequencies ¼ 79.2, 82.6, and
76.2, respectively, χ2 ¼ 0.278, df ¼ 2, p ¼ 0.870). In
the postinstruction task, 91% students of group 2 generated
inclination-based drawings, (for examples of pre- and post-
instruction drawings, see Figs. 12 and 13, respectively). On
the contrary, students of group 1, after the teaching
intervention, still produced in most of the cases (58%) a
Distance 2 model, while only 42% of them were able to
generate inclination-based drawings. To this concern,
group 3 performed better than group 1, since the frequency
of inclination-based drawings increases to 58%. This led to
a statistical significant difference between the groups in the
postinstruction task (χ2 ¼ 12.932, df ¼ 2, p ¼ 0.002).
Trends are summarized in Fig. 14.

FIG. 10. S64 (group 3) preinstruction drawing about seasonal
changes. Drawing aligns to model Distance 1.

FIG. 11. S58 (group 3) postinstruction drawing about seasonal
changes. Drawing aligns to model Orbit & Rays. Translation of
Italian labels clockwise (summer, spring, winter, autumn). The
dot represents Italy.

FIG. 12. S29 (group 2) preinstruction drawing about seasonal
changes. Drawing aligns to Distance 2 model. Translation of
Italian labels: aphelion (left), perihelion (right).

FIG. 13. S29 (group 2) postinstruction drawing about seasonal
changes. Drawing aligns to Orbit & Tilt & Rays model.
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2. Moon phases

From Table IV, we note that the majority of the drawings
in the preinstruction task (on average 75%) featured the
simple sequence of the phases with or without the indica-
tion of the Moon orbit around Earth (“sequence”-based
models; see, for instance, the model Sequence 2 in Fig. 15).
In the postinstruction tasks, the frequency of these draw-
ings decreased to 40%. All the remaining drawings featured
also a representation of the Sun (“Sun”-included drawings
see, for instance, the model Orbit & Sun in Fig. 16). We
hypothesize that students who produced these drawings
acknowledge in some way the relationships between the
phases and the relative position between the Sun and the
Moon. The percentage of such drawings increased in
postinstruction task for all groups with respect to the
preinstruction task (see Fig. 17).
By comparing the performances of the three groups, we

note that in the preinstruction task the percentages of
“sequence”-based drawings are very similar (79%, 70%,
and 76%, respectively) and differences are not statistically
significant (χ2 ¼ 0.600, df ¼ 2, p ¼ 0.741).
In the postinstruction task, the distribution of Sun-

included drawings amongst the groups is statistically

different (χ2 ¼ 9.884, df ¼ 2, p ¼ 0.007). In particular,
about 60% of group 1 students produced an Orbit & Sun
model, 48% of group 2 generated a Phases & Orbitsmodel,
but no student of group 3 produced a drawing that included
the Sun and the Moon’s orbit. The majority of group 3
students (about 67%) still produced a sequence-based
drawing. To exemplify students’ progression between
pre- and postinstruction task, two examples of pre- and
postinstruction drawings are reported in Figs. 18 and 19.

FIG. 14. Pre-post trends for the inclination-based drawings.

FIG. 15. S35 (group 2) preinstruction drawing about Moon
phases. Drawing aligns to model Sequence 2.

FIG. 16. S11 (group 1) postinstruction drawing about Moon
phases. Drawing aligns to model Orbit & Sun. Translation of
Italian labels (clockwise from left): Moon sickles, Sun, new
Moon, Moon sickles, full Moon.

FIG. 17. Pre-post trends for Sun-included drawings.

FIG. 18. S2 (group 1) preinstruction drawing about Moon
phases. Drawing aligns to Sequence 1 model.
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3. Solar and lunar eclipses

Results are reported in Tables V and VI. Concerning
solar eclipses, we note that in the preinstruction task, on
average about 70% of all students generated a drawing that
featured the Sun, Moon, and Earth aligned with also
sunrays hitting either the Moon or Earth (e.g., Rays 2,
see Fig. 20), and in some cases also the corresponding
shaded areas. Since these drawings feature at least the Sun,
Moon, and Earth alignment, we called them “alignment”
based. In the postinstruction task, the frequency of these
models, which include also drawings similar to the images
received in the booklet (Orbit 2), increased to about 88%.
For these drawings, differences across conditions are not
significant in both pre- and postinstruction tasks (prein-
struction: χ2¼4.856, df¼2, p ¼ 0.088; postinstruction:
χ2 ¼ 5.097, df ¼ 2, p ¼ 0.089).
To further inspect whether the three groups differed for

their drawings, we repeated the analysis excluding draw-
ings featuring only the simple alignment between Sun,
Moon, and Earth (model SME, Fig. 21, upper frame). The
selected drawings are characterized by Sun, Moon, and
Earth alignment as well as rays and shaded areas (“rays and

shaded” based). Also in this case, the differences are not
significant, as can be inferred from the left plot in Fig. 22
(preinstruction: χ2 ¼ 3.226, df ¼ 2, p ¼ 0.199; postin-
struction: χ2 ¼ 2.411, df ¼ 2, p ¼ 0.300).
For lunar eclipses, in the pretest, on average about 74%

of all students produced an alignment drawing in which
the Sun, Moon, and Earth are aligned, and, in some cases,
also shaded areas are present (e.g., Shading, see Fig. 23),
thus suggesting the idea that alignment of the three bodies

FIG. 19. S2 (group 1) postinstruction drawing abot Moon
phases. Drawing aligns to Orbit & Sun model. Translation of
Italian labels (clockwise from left): New Moon, last quarter, full
Moon, first quarter. Label at the center: Earth.

FIG. 20. S53 (group 3) preinstruction drawing about solar
eclipses. Drawing aligns to model Rays 2. Translation of Italian
labels from left to right: Sun, new Moon, Earth.

FIG. 21. S33 (group 2) preinstruction drawings about solar and
lunar eclipse. Upper drawing aligns to SME model, bottom
drawing aligns to SEM model. Translation of Italian labels: solar
eclipse (upper drawing), lunar eclipse (bottom drawing).

FIG. 22. Pre-post trends for the rays- and shaded-based
drawings.
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causes projection of Sun light over the Moon. In the post-
test, such percentage increases up to 91%. Differences
across the three groups are not significant in both pre-
and postinstruction tasks (preinstruction: χ2 ¼ 0.922,

df ¼ 2, p ¼ 0.631; postinstruction: χ2 ¼ 4.074, df ¼ 2,
p ¼ 0.130). As an example of improvement, we report in
Fig. 24 the postinstruction drawings of the student who
produced in the preinstruction task the drawings of Fig. 21.
As for the solar eclipses, we investigated whether there

were differences across conditions for ray- and shaded-
based drawings, hence, excluding SEM model (Fig. 21,
bottom frame). On average about 57% of the students
generated ray and shaded drawings in the pretest, while
such percentage increases in the post-test to about 70%.
In this case, the differences across the three groups are
statistically significant in the post-test (preinstruction:
χ2¼2.145 df¼2, p¼0.342; postinstruction: χ2¼11.257,
df ¼ 2, p ¼ 0.004). Such result is likely due to group 3
performance (see Fig. 22).

B. Written task

1. Seasonal changes

From Table VII we see that the preinstruction answers
were mostly incorrect for the whole sample (overall 70%).
About 30% of the sample gave a distance-based answer,
while about half of the incorrect answers were related to
more sophisticated reasoning, as, for instance:

“In Italy and in all parts of the world seasonal changes
happen because Earth spins around itself and during the
year Italy will be in different positions with respect to the
Sun and hence the length of the days and the climate will
change and hence seasons” (S8, group 1).
“In winter, it is colder because we are nearer the Sun,
and Earth will spin faster. Hence, we receive the rays of
the Sun with less intensity” (S28, group 2).
“The Earth is inclined and some part of it will not face
the Sun fully and will be more distant” (S30, group 2).

In the postinstruction task, all groups performed better.
In particular, the percentage of partially correct answers
increased from 23% to 38% and that of correct answers
from 6% to 41%. Performances improved for all groups:
the percentage of students of group 2 who gave a correct
a=b type explanation increased from 13% to 52%, while for
group 1 the frequency increased from 0% to 33%, and for
group 3 from 5% to 38%. We found that correct-b type
explanations increased mainly in group 3: from 0% to 24%
compared to 8% of group 1 and 9% of group 2:

“Seasonal changes happen because of Earth’s revolu-
tion motion and inclination. The angle formed by the
rays in summer is greater, if it is minimum it is winter”
(S52, group 3).

To investigate differences across conditions we collapsed
partial and correct categories and generic and incorrect
categories, as two different levels. As suggested by the
above data, differences are not statistically significant in

FIG. 23. S39 (group 2) preinstruction drawing about lunar
eclipses. Drawing aligns to model Shading. Translation of Italian
labels from left to right: Moon, Earth, Sun.

FIG. 24. S33 (group 2) postinstruction drawing about solar
(upper) and lunar (bottom) eclipse. Upper and bottom drawings
align to Orbit 2 model for each phenomenon. Translation of
Italian labels: Earth, Moon, Line of nodes, Sun (upper drawing);
Sun, Earth (bottom drawing).
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both pre- and post-test (preinstruction: χ2 ¼ 1.625, df ¼ 2,
p ¼ 0.444; postinstruction: χ2 ¼ 1.220, df ¼ 2, p ¼
0.543). The above trends are summarized in Fig. 25.

2. Moon phases

To give a correct account of the phases phenomenon
proved to be difficult for the students of the whole sample.
In the preinstruction task, only 13% of the students was
able to give at least a partially correct explanation, while
about 87% of the students gave either a generic or incorrect
explanation:

“The different Moon phases happen because the Sun
lights up Earth and the shadow of Earth obscures some
parts of the Moon. If it (Earth) does not obscure, we
have the full Moon” (S36, group 2).

In the post-test, we detected some slight improvement. In
particular, the percentage of students who gave at least a
partially correct explanation increased to 50%, but only 7%
was fully correct:

“The Moon, during its three motions (rotation, revolu-
tion, translation) changes its position with respect to
Earth and the Sun, hence, on the basis of such position
we see the Moon lighted up in different portions. When
the Moon is totally obscured we have a new Moon.
When the (Moon) is completely lighted up we have full
(Moon). In the other cases, we have Moon sickles”
(S28, group 2).

When looking at differences across the conditions, we
note that half of the students of both groups 1 and 2 gave a
partially correct answer in the postinstruction task, while
students of group 3 still had some difficulty correctly
explaining the phenomenon (71% of generic or incorrect
answers). Similarly, partial or correct explanations
increased significantly after the teaching intervention (from
13% to 50%), but most of the students (about 82%) who

elaborated on such kind of explanation belonged to group 1
or 2. In particular, only group 1 and group 2 students were
able to give correct-type explanations (8% and 13%,
respectively). However, by collapsing partial or correct
categories and generic or incorrect categories we obtained
that differences are not statistically significant in both the
pre- and post-test (preinstruction: χ2 ¼ 0.868, df ¼ 2,
p¼0.648; postinstruction: χ2¼5.611, df¼2, p ¼ 0.060).
Trends are summarized in Fig. 26.

3. Solar and lunar eclipses

The analysis of students’ explanations shows that in the
preinstruction tasks, only 21% of students gave a correct
explanation of the phenomenon in terms of alignment
between the Sun, Earth, and Moon. The majority (on
average, 35%) gave either an incorrect or partial response,
as, for instance:

“We have a solar eclipse if the Moon is between the Sun
and the Earth…” (S10, group 1).
“When Earth, Sun and Moon are aligned and the
latter is between the two, we have a solar eclipse”
(S53, group 3).

In the postinstruction task, about 70% of the students
gave a correct answer. However, we note that the
majority of correct-b answers, which give an account of
eclipses in terms of line of nodes, increased mainly in
group 2 (from 0 to 26%) and group 3 (from 0 to 33%):

“The solar eclipse is possible with the new Moon in one
of the nodes of the Moon orbit. During the Earth- Moon-
Sun alignment, the Earth is in a shadow cone projected
by the Moon. Since the shadow is small with respect to
the Earth, only in a small portion of the Earth, it will be
possible to see the Eclipse” (S29, group 2).

Similarly, 42% of group 1 students in the post-test gave a
partial-type explanation, while this percentage was only 9%
and 14% for groups 2 and 3, respectively. In the pretest,

FIG. 25. Pre-post trends for change of seasons partial and
correct explanations.

FIG. 26. Pre-post trends for Moon Phases partial or correct
explanations.
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differences are not statistically significant χ2 ¼ 0.936,
df ¼ 2, p ¼ 0.626), while they are significant in the
post-test (χ2 ¼ 19.725, df ¼ 2, p < 10−4). The above
trends are summarized in Fig. 27.

C. Comparison between the drawing and written tasks

To investigate in more detail the trends that emerged in
the drawings and written tasks separately, we looked at the
distribution of the drawings’ models across the categories
of answers to the written task. Table VIII summarizes
the statistics for the whole sample. Here we focus on
differences across groups.

1. Seasonal change

In the pretest, the percentage of students who produced a
distance-based drawing and who gave an incorrect explan-
ation was very similar across groups (67%, 70%, 48%,
respectively). In the post-test, this percentage decreased in
both group 1 and group 3 to about 20%, while for group 2
such percentage was lower (4.3%). A similar trend can be
found looking at the students who produced an inclination-
based drawing and gave a partial or correct explanation.
In the pretest such percentage was small for all groups
(8%, 17%, 10%, respectively). In the post-test, the per-
centage increases to about 45% for groups 1 and 3, while it
is 83% for group 2. The above trends are summarized
in Fig. 28.

2. Moon phases

For Moon phases, we associated the sequence-based
drawing with incorrect accounts, and the Sun-based draw-
ing with partial or correct accounts of the phenomenon.
In the pretest, the percentage of students with the first
combination of drawings and explanations is high for all
groups (76%, 65%, 71%, respectively). In the post-test,
such a percentage decreases significantly in group 1 and
group 2 (about 15% on average), while it drops at about
43% in group 3.
The differences are even greater looking at the second

combination of drawings and explanations. While the
percentage of students with such a combination increased
to about 50% for group 1 and group 2, it decreased from
10% to 5% for students in group 3. The above trends are
summarized in Fig. 29.

3. Solar and lunar eclipses

For the eclipse’s phenomenon, we focus on the combi-
nation of rays- and shaded-based drawing and partial or
correct explanation. In the pretest, the combination has a low
frequency across the three groups and for both the solar and
lunar eclipse (on average 13%). The postinstruction

FIG. 27. Pre-post trends for solar and lunar partial or correct
explanations.

FIG. 28. Pre-post trends for combined students’ drawings
explanations about change of seasons.

FIG. 29. Pre-post trends for combined students’ drawings
explanations about moon phases.

FIG. 30. Pre-post trends for combined students’ drawings
explanations about solar and lunar eclipses.
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frequencies differ across groups and phenomena, as
expected from the separated analysis of drawings and
explanations.
In particular, for solar eclipses, we observed the most

significant increase for group 2 students (from 22% to
74%), while for group 1 the percentage remains the same
(12.5). For group 3 we have an increase (from 5% to 43%)
similar to that of group 2.
For lunar eclipses, we again found a significant increase

(from 17% to 78%) for group 2, while we have for both
group 1 and 3 similar increases (from about 10% to about
35%) The above trends are summarized in Fig. 30.

D. Baseline questionnaire

The whole sample preinstruction average score was 18.8
(st. dev ¼ 3.2) while in the post-test the average score was
23.1 (st. dev: ¼ 3.4). The difference is statistically signifi-
cant [t ð67Þ ¼ 8.696, p < 10−4]. Differences between the
groups are significant only in postinstruction question-
naires [preinstruction: Fð2Þ ¼ 1.277, p ¼ 0.286; postin-
struction: Fð2Þ ¼ 14.043, p < 10−4].
Figure 31 shows the average scores obtained by the

whole sample in each section of the questionnaire. In both
preinstruction and postinstruction questionnaire, the stu-
dents, on average, scored better on items about seasons
(average pre ¼ 7.1; average post ¼ 8.4) and eclipses
(average pre ¼ 6.4; average post ¼ 7.5) while they had
more difficulty with items about the Moon phases (average
pre ¼ 5.2; average post ¼ 7.2). However, differences
between pre- and postinstruction average scores are sta-
tistically significant for all the three targeted phenom-
ena (p < 10−4).
Looking at between-group results in the post-test

(Fig. 32), we determined that group 2 outperformed group
1 and 3 in the whole questionnaire (average score:
Group 1 ¼ 21.0; group 2 ¼ 25.4, group 3 ¼ 22.9). In
seasons’ items, group 2 scored significantly higher than
group 1 [tð65Þ ¼ 3.199, p ¼ 0.002], while the difference
with group 3 is not statistically significant [tð65Þ ¼ 0.987,

p ¼ 0.327]. For the phases’ items, the difference in the
average score between group 1 and groups 2 and 3 is
statistically significant [tð65Þ ¼ 2.804, p ¼ 0.007], while
such a difference is not statistically different between
group 1 and group 3 [tð65Þ ¼ 0.721, p ¼ 0.474]. For
eclipses’ items, differences between the average scores
of group 1 and group 3 are not statistically significant
[tð65Þ ¼ 1.825, p ¼ 0.073], while the difference between
the average scores of group 2 and those of group 1 and 3 is
statistically significant [tð65Þ ¼ 5.106, p < 10−4].
Results from the baseline questionnaire are consistent

with results of the analysis of drawings and written
explanations (Table VIII).
For instance, the average score on seasons’ items of

students who produced an inclination-based drawing is
9.0 out of 10. Similarly, average scores of students who
gave at least a partially correct explanation are consis-
tently higher than average scores of students who gave an
incorrect or generic explanation, although the differences
are statistically significant only for the eclipses
(Table IX).

FIG. 31. Pre- and postinstruction average scores in the baseline
questionnaire of the whole sample.

FIG. 32. Students’ scores in baseline postinstruction question-
naire amongst groups. An asterisk indicates statistically signifi-
cant differences.

TABLE IX. Distribution of students’ scores in the baseline
questionnaire amongst categories of written explanations (in-
correct or partial, and correct).

Preinstruction baseline
questionnaire
average score

Postinstruction baseline
questionnaire
average score

Phenomenon
Incorrect or

partial Correct t
Incorrect or

partial Correct t

Seasons 6.9 7.6 1.92 7.9 8.5 1.49
Phases 5.0 6.2 1.82 7.3 7.0 0.67
Eclipses 6.3 7.1 2.09a 6.7 7.9 3.42a

ap < 0.04.
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VI. DISCUSSION

This study aimed at investigating students’ visual rep-
resentations, explanations, and conceptions about astro-
nomical phenomena under three different teaching
conditions: traditional textbook imagesþ text; innovative
imagesþ text; text only (RQ1 and RQ2). We primarily
hypothesized that students who were exposed to the
innovative imagesþ text support condition would have
provided better explanations, generated better representa-
tions, and learned more about the targeted phenomena.
Second, we hypothesized that students who were exposed
to the textbook images support condition would have given
better explanations, generate better representations, and
learn more about the targeted phenomena than students of
the text-only support condition. Moreover, we aimed to
identify the iconic elements of the innovative images that
influenced students’ visual representations and explana-
tions (RQ3). In the following, we summarize the obtained
results considering our research aims. To help the reader
parse the obtained evidence we summarize the main results
in Table X.

RQ1 How are students’ explanations and visual repre-
sentations about familiar astronomical phenomena
affected by different image-support conditions?

Concerning the students’ drawings, our main hypothesis
for RQ1 is confirmed only for seasonal changes. Hence, the
innovative images about seasons likely succeeded in help-
ing students grasp the relevance of the orbital motion and of
the tilt of Earth’s axis to explain the phenomenon. In
contrast, no effect of the innovative images condition was
detected for Moon phases and solar and lunar eclipses
over the textbook-images condition. Some beneficial effect
was detected with respect to the no image condition for
phases and lunar eclipses, confirmed also by the drawing-
explanation combined analysis. Hence, we infer that text-
only condition in the latter phenomena was not sufficient to
help students represent from the conceptual viewpoint the
3D relationship among the three celestial bodies—Sun,
Moon and Earth.
Concerning the students’ written tasks, results seem

contradictory in comparison to the previous ones, since
we determined that, in general, also students who produced
drawings with iconic features that could suggest a correct
account of the addressed phenomenon were not able to give

correct written explanations. Such a result is in line with
prior literature that suggests caution in using drawings to
elicit misconceptions or as an assessment tool [70]. We
further discuss this issue in Sec. VII.
For seasonal change explanations, for instance, the

innovative images condition was not more significantly
effective than the other two conditions. However, we note
from the combined analysis of drawings and explanations
that students of group 2 were the most consistent in the two
probes, with a lower percentage (4%) of them producing a
combined distance-based drawing þ incorrect explanation
and a higher percentage of them (83%) giving a combi-
nation of correct-a=b explanation þ an inclination-based
drawing. Such evidence suggests that causal reasoning,
which is relevant to understand seasonal changes [53], may
be enhanced by specially designed image-based support.
For Moon phases, the specially designed images likely

helped the student grasp their underlying mechanism,
which is mainly related to spatial reasoning [122], in a
better way than the text-only condition. On the contrary, for
solar and lunar eclipses, the specially designed images
proposed in the booklet did not support students more than
the text-only condition for generating a correct explanation
of the eclipses, while they were more successful with
respect to textbook images.
As for drawings, such a result may be likely due to the

mechanism underlying the eclipses phenomenon, which
involves reasoning based on geometrical optics rules. Thus,
the text-support condition might have been sufficient to
help students build a correct explanation of the phenome-
non, but not its visual representation, especially in the case
of the lunar eclipse, which requires the use of suitable
iconic elements to foster a correct spatial reasoning. For
solar eclipses, in particular, the mechanism can be likely
more easily traced back into students’ everyday experience
of shadows, making the visual representation used in the
teaching process a less powerful support from the cognitive
viewpoint. This evidence, moreover, confirms that students,
to make sense of visual representations, activate cognitive
resources that are mainly related to their prior and domain-
specific knowledge [17,62,65].
Such a result may be interpreted also in the light of

the conceptual stages framework, reported in Ref. [105].
When constructing explanations of scientific phenomena,
students activate isolated knowledge resources and reor-
ganize them in terms of temporary stable conceptual stages.

TABLE X. Summary of results according to research hypotheses (RQ1 and RQ2). “>” indicates “performs better”.

Drawings Explanations Conceptual Knowledge

Hypothesis Groups Seasons Phases Solar eclipse Lunar eclipse Seasons Phases Eclipse Seasons Phases Eclipse

1st 2 > 1 Yes No No No No No Yes Yes Yes Yes
1st 2 > 3 Yes Yes No Yes No Yes No No Yes Yes
2nd 1 > 3 No Yes No Yes No Yes No No No No
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In the eclipse case, the stable stages build on previously
acquired concepts such as distance in the Cartesian plane
and formation of shadows in geometrical optics.
Our secondary hypothesis for RQ1 was essentially

confirmed for Moon phases and lunar eclipse drawings,
but it was not supported for seasons and solar eclipse
drawings. This result is ultimately consistent with the main
hypothesis except for the seasons drawings. It is hence
worth discussing such cases in detail. In contrast to what
emerged from the study in Ref. [79], the visual model of
seasons change constructed solely from the text was
resonant with the usual textbook visual representation
of the phenomenon. Our interpretation is that this result
is due to the text submitted to students of group 3, which
was essentially the same of that of group 1 except for the
absence of the images. In agreement with previous studies
[54], this text likely activated the same cognitive strategies
in the students of both groups. The different captions in the
text submitted to students of group 2 may justify the
different outcomes between group 1 and 2.
Overall, from our analysis for RQ1, we infer that the

innovative images were mostly effective in helping students
produce informed drawings with respect to text-only
condition for all phenomena, and also more effective than
textbook images when one considers seasonal change
drawings. Moreover, innovative and textbook images were
both effective for producing a correct explanation of the
Moon phases phenomenon. In this case, our evidence is
consistent with prior findings regarding students’ engage-
ment in high-level cognitive strategies when learning
from diagrams [53,54,79]. In other words, the iconic
features of all provided images about Moon phases
(specially designed and usual ones) likely activated rea-
soning patterns at the basis of the formation of spatial
cognition and reasoning [127].

RQ2 How are students’ conceptions about familiar
astronomical phenomena affected by different image-
support conditions?

The main hypothesis is essentially confirmed in the
baseline questionnaire for all the phenomena, except a
slight nonsignificance of the positive difference between
the innovative image condition and the no-image condition
in the seasonal change. We hypothesize that this evidence is
due to the design of the innovative images, which were
constructed considering well-known student misconcep-
tions and the semiotic frame. Hence, their iconic features
likely helped students identify the correct alternative in
the items in a more effective way. On the contrary, the
secondary hypothesis is not supported for any phenome-
non. Our interpretation of this result is that usual textbook
images do not put enough emphasis on usual misconcep-
tions, but rather reinforce some of them (e.g., the distance
misconception using an emphasized elliptical orbit). We
discuss in more detail the above evidence in Sec. VII.

RQ3 Which features of the used images most affected
the students’ visual representations and explanations of
familiar astronomical phenomena?

This question aimed at investigating how students
exploited iconic elements of the given images in their
drawings and explanations.
Let us first discuss about change of seasons images. The

prevalent iconic element of the images about change of
seasons featured in the booklet of group 1 was the elliptical
orbit rather than the tilt of Earth’s axis. In terms of our
framework, the asymmetrical structure (CST) of the image
was likely more attractive from the cognitive viewpoint
than the inclination of the axis (SEL), although the latter
was emphasized through the verbal indication of the tilt
(VER). Our data confirm such theoretically driven analysis
since the textbook image did not help group 1 students
generate better drawings and explanations with respect to
the no-image group, but rather interfered [128] with the
identification of the main underlying mechanism of the
phenomenon. On the other hand, analysis of the group 2
students’ drawings supports the evidence that the choice of
including in the images of the booklet a circular Earth’s
orbit (CST) and the two-panel structure (INT), likely
helped students to better select relevant factors underlying
the phenomenon, as the relationships between the orbital
motion (not the elliptical shape of the orbit), the tilt of
the axis and the inclination of sunrays on Earth’s surface
(SEL). Our result for seasonal change is apparently in
contrast with what reported in Ref. [67], where it was found
that the elliptical shape of Earth’s orbit did not influence
significantly students’ reasoning about the cause of sea-
sons. However, we note that the author does not report
analysis of student-generated visual representations.
Moreover, he reported as a tilt-based explanation the
following example: “It is warmer in the summer because
the Earth is tilted on an axis, so we are getting more direct
rays from the sun. It is colder in the winter because the
Earth is tilted differently from above, so the rays hit us at a
different and less direct angle” [67]. In our study, such
explanations have been categorized as partial or correct-a
type (see Table VII) since they do refer to Earth’s axis, but
they lack the reference to Earth’s orbital motion. Such
explanations were given by about 67% of the students of
group 1 in the postinstruction written task, a frequency that
is very similar to that found in that study (59%). Hence,
we conclude that our results are not in contradiction with
those in Ref. [67]. Rather, our findings add to Lee’s study
suggesting that the distance-based model in visual repre-
sentations and the inclination-based model in written
explanation may coexist.
Our result, on the other hand, confirms the findings

reported in a study about Kepler’s laws [129], where the
authors found that about 70% of the students described
planetary orbits as “not circles,” producing in many cases
highly eccentric depictions even from a top-view
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perspective. The authors hypothesize that the students
likely misinterpreted the side view of the planets’ orbits
in typical textbook and internet images. We found that in
the preinstruction drawing task, the overall percentage of
students who produced an elliptical orbit was 56% and it
increased to 76% in the post-test, in good agreement
with the 70% percentage of elliptical orbits reported in
Ref. [129]. Hence, as the authors suggest, our result
confirms that textbook images may be the source of such
mental representation of Earth, as well as of the other
planets’ orbit. Interestingly, our findings may shed light
also on results of a recent study [130]. In this paper, the
authors investigated the effects of instructional materials
with refutation text and graphics on students’ conceptual
knowledge about changes of seasons. A refutation text aims
at addressing a given misconception (in the seasons case,
the distance-based misconception), first by acknowledging
it and then by giving a correct explanation (in the seasons
case, Earth’s orbital motion and the axis’ tilt). For the
present study, it is important the refutation graphic. A
refutation graphic serves the same aim of a refutation text,
but instead it uses images. The authors of this study used as
a refutation graphic a visual representation with two-sided
images (INT) of Earth orbiting the Sun, both very similar to
our Orbit & Tilt model (see also Fig. 3). The used images
have both highly elliptical orbits (CST), use verbal ele-
ments (VER) to indicate the correspondence between the
position of Earth and the corresponding season, and place
the Sun at one of the foci of the ellipses (SEL). The image
that aims at acknowledging the distance misconception
(labeled with a bold face NO at the bottom) places the
Sun at the focus near the position of the Earth when it is
summer. The image that aims at addressing the distance
misconception is the same except that the Sun is placed in
the focus near the position of Earth when it is winter and is
labeled with a bold face YES at the bottom. They hypoth-
esized that a combination of refutation text and graphics
would have resulted in a better result from the conceptual
knowledge viewpoint. They found that the refutation graphic
did not significantly increase students’ performance. They
also report as an “intriguing” result the fact that students with
standard text and refutation graphic performed worse than
the other groups. They also replicated the study asking the
new participants to pay closer attention to the graphics, but
they obtained again the same result, namely, that the
refutation graphic did not improve significantly the students’
performances. Using our semiotic framework, the findings in
Ref. [130] could reasonably be justified since they confirm
that the asymmetrical structure (CST) of the refutation image
was more attractive from the cognitive viewpoint than the
inclination of the axis (SEL). In our study, about 78% of the
students who gave an incorrect explanation of the seasonal
change produced an elliptical orbit with the Sun in the
“correct” position, namely, slightly closer to Earth during
winter (see Table VII). Hence, it is likely that it is not the

position of the Sun that may trigger a correct explanation of
the seasonal change, since the main iconic obstacle (the
ellipsis) remains the same. For instance, in our study, one
student claimed: “…during winter the Earth is closer to the
Sun, but it is colder since the Earth accelerates due to
Kepler’s law… during Summer, we are farther from the Sun
but the Earth slows down and so we receive more heat… .”
Our results warrant more research to find out if refutation
graphic that uses our representations could enhance students’
conceptual knowledge about seasonal changes.
Concerning Moon phases, students of groups 1 and 2

showed a tendency to reproduce the image they received in
the booklet. Such results confirm the findings reported in
Ref. [96], thus supporting the hypothesis that students rely
on an existing convention when producing a visual repre-
sentation of a phenomenon. From the collected drawings
and explanations of group 1, for instance, we determined
that the position of the Sun with respect to the Moon orbit
(SEL) was one of the most relevant iconic element of the
textbook images for students of group 1. Another relevant
iconic element seems the presence of the 8-moon circle,
which, however, increased the difficulty in interpreting the
overall structure of the image (CST), made up of two
related representations (the 8-moon circle and the appear-
ance of the Moon phases). More specifically, the addition
of the 8 moons in the boxes was not very helpful in
clarifying the mechanism underlying the changing appear-
ance of the Moon during the month, since there was no
reference to the time interval between two phases.
Similarly, it was difficult to combine correctly the Sun
to the different images and the positions of the Moon along
its orbit around Earth (INT). Thus, also for Moon phases,
we detected an interference between two iconic features of
the textbook image, namely its compositional structure and
the relationship between its different parts. A similar trend
emerges from the analysis of drawings and explanations of
students of group 2. The most relevant iconic element was
the orbit of the Moon (SEL), while the relationships
between the space, Earth and Earth’s orbit perspectives
(INT) seems to have been difficult for students to decode.
However, the presence of only one related realistic and
symbolic representation of the Moon (R/S) likely helped
students to avoid producing a sequence-based drawing.
For solar eclipses, the inclusion of Earth andMoon orbits

and of the line of nodes in the images of the booklet seems
to have helped group 2 students gain a correct under-
standing of the phenomenon. The majority of group 2
students reproduced the condition for the eclipse (align-
ment) adding either a shaded area or a circle representing
about the Moon’s orbit (SEL). We note also that all students
who produced the latter drawing gave a correct-b type of
explanation. Seemingly, also the majority of students of
group 1 generated a drawing whose compositional structure
(CST) features the Sun, Moon and Earth alignment as
the main cause for solar eclipse. However, the analyzed
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drawings present a selection of iconic elements (SEL) that
suggests a not complete understanding of the phenomenon:
in particular, students who included in their drawings the
indication of sunlight as rays, more rarely included also
shaded areas. We note that the poor understanding of the
phenomenon by group 1 students is confirmed by the very
small percentage of students who gave a correct-b type of
explanation. Thus, we can infer that the main information
conveyed by the textbook image about solar eclipse was the
simple 2D alignment between the Sun, Moon, and Earth,
as found in our previous study [118]. We remark that to
interpret eclipses only through such 2D alignment model is
not sufficient, for instance, to explain the different con-
ditions under which a new Moon and a solar eclipse
happen, or to understand why solar eclipses are visible
only from small regions of Earth.
We observed this trend also when analyzing drawings

of lunar eclipses. The most relevant iconic feature of the
textbook image used by group 1 was a geometrical optics-
based construction of Earth and Moon shadows using
special “rays” in a similar way to image formation by
lenses. We expected that the resulting compositional
structure (CST) should have helped students relate the
shadow cones to the alignment in space of Earth, Sun, and
Moon (SEL). However, this seems not to be the case since
drawings of group 1 that featured also shaded areas were
less frequent than simple alignment drawings. Shaded areas
were more frequent in the drawings of group 3 students,
who received no image in the booklet. Such evidence
suggests that, also in this case, the compositional structure
of the textbook image interferes with the selection of
relevant factors underlying the phenomenon. On the con-
trary, the images of the booklet used by group 2 seem to
have fostered a more significant use of shaded areas, since
shading appears in most of the postinstruction drawings.
Our interpretation is that the separation of the alignment
information from the “shading” information in two separate
but related panels (INT) may have highlighted how
shadows are produced by projection of sunlight on Earth
and the Moon, without the need to emphasize geometrical
optics rules, which students may be not familiar with. Such
evidence confirms that visual information addressing dif-
ferent factors underlying basic astronomy phenomena are
more effective for students’ understanding if presented
separately with suitable links [38]. Similarly, the collected
evidence supports findings in Ref. [131], which suggest, to
reduce cognitive load, to separate images and text, present-
ing first the visual information and then the text, as we have
done in the booklet of group 2.
Overall, using a contextually situated perspective to

explain the nature of students’ generated representations
[96], the specially designed images likely helped the
students to better link their perceptual framework of the
addressed phenomena (e.g., the appearance of the Moon,
the apparent motion of the Sun during the year) with the

astronomical framework of the Sun-Moon-Earth motion.
In this process of differentiating and relating such frame-
works, a relevant role was likely played by specific iconic
features that helped the students use in a more meaningful
way conventional iconic features used in textbooks (e.g.,
the tilt of Earth’s axis, the position of the Sun relative to
Earth and the Moon, the alignment of the Sun-Earth and
Moon and the shaded areas in an eclipse).

VII. CONCLUSIONS AND IMPLICATIONS

Images of astronomical phenomena have been often
criticized for being ambiguous, not sufficiently explanatory
of the represented phenomena, and in some cases mislead-
ing [38,66,68,69,132]. Evidence at the basis of such
criticisms has been drawn indirectly from the existence
of well-studied students’ alternative conceptions in this
content area [102,104,133], even after specific instruction
[134]. The hypothesized role of images on students’
misconceptions about astronomical phenomena seems
related to a generalized concern about the accuracy of
scientific representations in textbooks [24]. Such concern is
of particular interest for this study since, unlike simple
illustrations that function mainly as representatives of
objects [135], visual representations in astronomy have
the aim also to foster understanding of the underlying
mechanism of the phenomenon they represent [59].
However, few research studies so far had investigated the

possible relationships between students’ drawings, explan-
ation, and interpretation of the represented phenomena
[67,105]. To the best of our knowledge, this is the first
systematic study that addresses this issue triangulating
results across three familiar phenomena—change of sea-
sons, Moon phases, and lunar and solar eclipses—using
three different probes.
The combined analysis of visual representations, carried

out through the adopted sociosemiotic theoretical frame-
work, and of students’ explanations about these phenomena
support criticism of textbook images. In particular, the
textbook images used in the study featured prevalent iconic
elements (e.g., ellipsis, rays, and circles) that plausibly
interfered with the identification of the relevant factors
underlying the phenomena, thus leading to incorrect
explanations. In other words, semiotic affordances of
textbook images’ features likely led the students to interpret
the information contained in the image through partial or
incorrect mental models [136]. On the other hand, the
adopted theoretical framework proved to be useful also in
the design of the innovative images. In this regard, the
collected data allowed identifying some specific iconic
affordances of our images that may play an essential role in
scaffolding meaningful understanding of the targeted phe-
nomena in comparison to usual textbook images.
As first implication, hence, our results may help improve

the design of image-based instructional materials and
teaching-learning sequences in astronomy. In particular,
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findings suggest the need to clarify the convention used in
the images [40], the links between realistic and schematic
iconic elements [43], and to specify the correspondence
between verbal and iconic elements [137]. Moreover, since
students often use similar symbols (e.g., arrows) to indicate
processes or different concepts as space and time transitions
[77,115], it would be appropriate to provide within the
images the suitable decoding keys of the depicted symbols
using, for instance, different colors, shapes, shaded areas,
or line contours. The effectiveness of design choices
adopted for our images encourage the use of compositional
structures that may facilitate students’ development of a
correct modeling, focusing on the relationships between the
spatial structure and the mechanism underlying the phe-
nomenon, such as the use of two different perspectives to
explain the alignment of Sun, Moon, and Earth in a 3D view.
Finally, the old motto “less is more” well resumes the design
choice of avoiding coexistence of a temporal and space
sequence—so as to maintain separate different situations in
time and space—and the presence of iconic features that may
resemble different phenomena (for instance, the arrows
representing Earth rotation in a diagram about seasonal
changes). By showing the effects of different instructional
support, this study represents a first step towards a more
complete picture of how the aforementioned suggestions
may foster correct interpretations and the generation of
visual representations in astronomy.
Our study has also a more general implication for

teaching through and learning from visual representations.
Science textbooks include an increasing use of multiple
visual representations, including drawing, graphs, tables,
and weblike features that try to compensate for the stillness
of a printed image in the attempt to capture the attention
of students while meaningfully explaining the presented
concepts [23]. Moreover, modern digital technologies
implemented on laptops, tablets, or interactive whiteboards
have introduced new communication modalities, providing
also “nonexperts” with the possibility to create and
manipulate images. Such pervasive presence in curricular
materials increasingly requires that teachers acquire skills
and abilities regarding visual languages. In particular,
teachers must be aware of different semantic levels of
iconic features to fully exploit images and visual repre-
sentations [46,90,138–141]. Our results suggest paying
special attention to the relationships between different but
related representations of phenomena; possible dissimilar
meaning of verbal elements or symbols in the same panel;
emphasized graphical features, which could distract stu-
dents’ attention from the main factors underlying the
represented phenomena.
Concerning research about student-generated visual rep-

resentations, our study adds to previous efforts [142] by
showing which mental models of astronomical phenomena
students use more often in visual representations and how
they correlate to explanation categories of increasing

complexity. Understanding how mental models are
expressed through different modalities may help gain some
insight about the often-unclear relationships between stu-
dents’ drawings and their conceptions of the represented
phenomenon [96]. For instance, we have found in the pretest
that the most frequent drawings amongst the students who
gave an incorrect explanation about seasonal changes were
the distance-based ones (Distance 1, 46%; Distance 2,
42%). Correspondingly, the percentage of partial or correct
explanations given by students who made an inclination-
based drawing (Orbit & Tilt, Orbit & Rays, Orbit & Tilt &
Rays) increased on average from 12% up to about 67%. We
found similar patterns also for the other targeted phenom-
ena. For instance, in the pretest, the most frequent drawings
among the students who gave an incorrect explanation about
the Moon phases were sequence-based ones (Sequence 1,
63%, and Sequence 2, 17%), while among the students who
gave a partial or correct explanation of the solar and lunar
eclipses, about half produced a Sun-included type drawing
(Sun & Moon, Orbit & Sun). On the other hand, we also
found, for instance, that the students who gave an incorrect
explanation about the Moon phases, about 40% produced a
drawing featuring the Sun, and the Moon and Earth orbits
(Orbit andPhases&Orbitsmodels). Suchmodels were also
the most frequent ones among students who gave a correct
account of the Moon phases (38% and 21%, respectively).
We found also midway evidence. For instance, the majority
of the students who gave an incorrect or partial answer about
solar and lunar eclipses in the postinstruction task (35%)
produced a drawing featuring the orbit of the Moon and
Earth. Amongst the students who provided a correct
explanation of the phenomenon, a common drawing out-
come was a simple alignment-based model (SEM, 23%).
Such findings thus support suggestions to use drawings

in parallel to written explanations and, if possible, to add a
further probe to triangulate data. In such a way, aspects that
emerge primarily from either drawings or explanations may
be contrasted to figure out a more detailed and nuanced
knowledge of the students’ conceptions. Either way draw-
ings are used, in combination or not with written explan-
ations, our study suggests the reliability of the factor
analysis to elicit students’ models of a given phenomenon
from their drawings. The main advantage of using factor
analysis with respect to typical indexing schemes and self-
made rubrics [91,98] is the possibility to identify common
patterns, focusing on the conception expressed in the
drawing and disregarding the effect of superfluous or
difficult to represent symbols [7]. As a further implication,
the factor analysis of drawing could be extended to other
areas in physics in which misconceptions and visual
representations both play an important role, as, for instance,
that of electric circuits.
Finally, our findings call for further research on learning

support conditions in astronomy education. We used
drawings as a way to elicit underlying models and to
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negotiate evidence-based accounts of such familiar
phenomena [88]. To this concern, studies on computer-
supported drawings [143,144] suggest that to engage
students in the generation of realistic drawings may
favorably affect modeling skills. Similarly, further research
studies are warranted to investigate the effects of simulation
environments on students’ representational competences in
astronomy, in the same way as previous investigations
carried out in chemistry [91]. Follow-up studies could
investigate support conditions different from those exam-
ined in this paper, for instance, drawing vs images vs text,
to foster quality learning from drawing [145].
Although it addresses research issues not well explored

in the literature, this study has some limitations. First,
generalization of the findings is limited by the small
number of the involved students. It is likely that, with
different samples, the distribution of students’ answers
could have been significantly different, However, what we
were interested in was how specific iconic features of
textbook images and of innovative images impacted on
student-generated visual representations and explana-
tions. As such, this is not a major limitation neither to

our results nor to the implications. A second limitation is
related to the kind of images that we have used in the
group 2 booklet. It is likely that more effective images
could have been designed to inspect if other iconic
features of the used framework (e.g., the gestalt of an
image) had an impact on students’ reasoning and visual
representations. Despite that this limitation does not affect
the validity of our results, to address such an issue would
be a fruitful objective for future research studies in the
field of astronomy education.
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