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In this paper, we present the results of an investigation into the effects of engaging with robotic
telescopes during an Astronomy 101 (Astro101) course in the United States and Canada on the self-efficacy
of students. Using an astronomy self-efficacy survey that measures both astronomy personal self-efficacy
and instrumental self-efficacy, the authors probed their covariance with the respondents’ experience of an
Astrol01 course that uses robotic telescopes to collect astronomical data. Strong effects on both self-
efficacy scales were seen over the period of a semester utilizing a scalable educational design using robotic
telescopes. After participation in the course, the results show that the gender gap in self-efficacy between
self-identified men and women is largely reduced to statistically insignificant differences compared to the

initial large significant difference.
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I. INTRODUCTION
A. Astrol01 and robotic telescopes

First-year nonscience-major astronomy courses at under-
graduate institutions in the United States, herein referred
to as “Astrol01,” have a comparatively long history as a
focus for broad scientific literacy in the populace [1-3].
Estimates in the past have shown that in any given year,
roughly a quarter of a million students take such courses as
part of the general requirements of their degree [4,5]. These
courses are available at local community colleges all the
way up to ivy league R1 research institutions. The majority
of students taking these courses are not majors in any of the
science, technology, engineering, and mathematics (STEM)
fields and are spread across the humanities, business, law,
medicine, and various other fields of study [6]. Not only are
these subjects seen as providing an arena for broadening
scientific literacy but also potentially influencing students’
making career decisions more closely aligned to the STEM
fields, hence influencing the “leaky pipeline” [7,8] issue in a
positive manner.

“Present address: Charles Sturt University Panorama Avenue,
Bathurst 2795, Australia.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2469-9896/24/20(1)/010137(14)

010137-1

Similar to AstrolO1, a course-focused change agent in
educational programs, robotic telescopes are an instrument-
focused change agent for scientific literacy and career
clarification. Robotic telescopes have a long history of
being extolled as a potential game-changer for science
education [9-11], providing direct access, via the Internet,
for students to collect their own novel data affording them a
much more powerful sense of ownership over their own
learning. However, robotic telescopes are “just” an instru-
ment. Placing a robotic telescope in a field and simply
waiting for students or instructors to use it will not change
science education. Bain and Weston [12] articulated the
idea that there is an implicit “belief that teachers and
students with access to and mastery of technology would
transform education.” Bain and Weston [12] see this as a
failure of the education system and not of technology. They
argue that education research needs to inform the mani-
festation of technology in education settings, rather than
education settings adopting every new technology. In the
context of schools, there is often a quick rush toward certain
technologies without the pedagogical considerations or
evidence that they have a positive impact on student
outcomes. One example of this is the various manifesta-
tions of 1:1 laptop initiative in schools, which has had its
fair share of criticism and support [13]. The key here is that
any new technology or rather any new pedagogical inter-
vention requires the appropriate support for teachers to
allow them to use it in their classroom. Therefore, robotic
telescopes have to be embedded appropriately in a well
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thought-through educational design and setting, supported
by robust pedagogical theory and research in order to have
any chance of achieving such a goal [14].

Within the context of instrument-focused Astrol01
courses, the University of North Carolina (UNC) at
Chapel Hill has been developing a unique astronomy
curriculum—*"“Our Place In Space!” (OPIS), primarily for
undergraduate students, for the past 13 years. The goal of
this curriculum is to significantly boost STEM enrolments
on a national scale as well as boost students’ technical and
research skills. This curriculum leverages ‘“Skynet”—a
global network of about two dozen professional-grade,
robotic telescopes that we have deployed across four
continents and five countries. The provision of OPIS! to
more than two dozen institutions nationally has allowed
more than 3500 students to have authentic astronomy
experiences in courses that have access to these telescopes.
The broad reach of this program allows for a deep inves-
tigation into the development of self-efficacy and change in
motivation to persist with science due to using astronomy
instrumentation in an authentic way. This then provides the
basis for the development of survey instruments in which we
situate this paper.

OPIS! [15] is a sequence of eight laboratory activities
(labs) in which students use the same research instrumenta-
tion as professionals to collect their own data. They then use
this self-collected data (astronomical images and spectra) to
reproduce some of the greatest astronomical discoveries of
the past 400 years, such as measuring the orbits of the
Galilean moons around Jupiter and the use of Cepheid
variable stars to measure distances to objects within the
Milky Way galaxy. In addition, they gain technical and
research skills at the same time. Although students are not
carrying out cutting-edge research, they are using cutting-
edge research instrumentation. In addition, they are collect-
ing and analyzing their own data and working collaboratively
with peers. Consequently, there is great overlap with the
course-based undergraduate research experience (CURE)
pathway model [16], where these labs including observa-
tional experiences are specifically designed to pair with
standard introductory astronomy curricula. Thereby the
design of the courses allows for the facilitation of widespread
adoption.

OPIS! is built around the cosmic distance ladder, the
method by which astronomers successively measure the
distance to more and more distant objects in the universe
using the previous step as the calibration for the next step
and which serves as an organizing principle in most
introductory astronomy courses or sequences, and as such,
it reinforces students’ classroom experiences. The goal of
OPIS! is to move beyond laboratory experiences in which
students learn how to use a telescope for its own sake,
instead of using these instruments to enhance the learning
of science concepts. This is in line with other research on
the implementation of new technologies such as expressed
by Saubern et al. [14].

B. Self-efficacy, motivation, and the pathway
to change

Influencing the development of scientific literacy and
student career decisions is not a simple one-step process.
As hypothesized by Wooten et al. [16], there are numerous
“pathways” through which this can be developed. These
include increased technical skills or increased content
knowledge through increased self-efficacy or increased
motivation to the endpoint of enhanced science identity
and career clarification. For our purposes, we simplify this
path model to that presented in Fig. 1.

It can readily be seen that self-efficacy is a key
hypothesized gatekeeper toward the intended long-term
outcomes of these courses alongside motivation [16,17].
Self-efficacy is influenced by four sources: mastery expe-
riences [ 18,19], vicarious experiences [20], social persuasion
from important or similar others [21,22], and from physio-
logical and affective states [18]. Because self-efficacy is
domain and even task specific [23], it needs to be studied
within each science field. It has only recently been studied
within the domain of undergraduate astronomy courses
[24-26]. Bailey et al. [24] studied the interrelationship
between self-efficacy, interest, and knowledge gains relating
to star properties in Astrol01 classes. For the courses in
which there were self-efficacy increases, interviews with
instructors indicated there was a higher level of scaffolding
and more purposefully planned opportunities for students to
experience mastery of course tasks. Hewitt et al. [25] found
increases in research self-efficacy for students in a course-
based undergraduate research experience in an online
astronomy class. Additionally, in their latent profile analysis,
Galano et al. [27], using a modified version of our self-
efficacy instrument [28], found a significant positive rela-
tionship between attitudes toward astronomy and astronomy
self-efficacy.

As a quantitative statistical tool to measure such changes
in self-efficacy had not been developed, we created an
instrument to do so with the initial exploratory factor
analysis presented in an earlier published paper [28].
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FIG. 1. Diagram of how research experience inputs influence

medium- and long-term outcomes for students. Increased self-
efficacy leads to enhanced science identity, persistence in science,
and increased STEM career choices.
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The development of this instrument led to further querying
a hypothesized link between the variety of Astro101 inputs
and short-term outcomes (e.g., work collaboratively or
increased project ownership) and long-term outcomes (e.g.,
enhanced science identity and persistence in science).
However, currently, there is no evidence of a robust way
to measure this at scale. It is the development of this tool
that we use in this paper to attempt a longitudinal inves-
tigation into the covarying effects on the self-efficacy of
students through engaging with robotic telescopes in the
same Astronomy 101 course adopted by tertiary institutions
in the United States and Canada.

C. Gender differences in science self-efficacy

Research into gender differences in STEM participation
goes as far back as the early 1970s [29], and to date, there is
an extensive body of research that continues to explore
various constructs of self-efficacy, ability, self-esteem, per-
ceptions, and gender in the context of STEM from psycho-
logical, sociological, and educational perspectives [30-34].
Although studies such as the meta-analysis conducted by
Huang [35] reported a difference in self-efficacy between
women (art, language) and men (mathematics, computer, and
social sciences), there is much more to this than a simple
demarcation between disciplines.

There is a distinct lack of women in astronomy, both
professionally [36,37] and in the large amateur astronomy
community in the United States [38], although there seems
to be a potential increase in the field of astronomy
education research [39]. There are many research papers
documenting that women have lower self-efficacy in STEM
fields than men at all levels of their educational and career
trajectories [40—44]. Women in science face not only a
masculine-oriented environment [45,46] but also stereotype
threat [47] and microaggressions [48]. A 2007 National
Academies review of the literature found that women are
lost to science and engineering careers at every educational
transition [49]. More recently, White [50] has shown that
there continue to be gender disparities in all aspects of
physics education and careers with women earning fewer
degrees, having less support in graduate school, and earn-
ing less money in their careers. Studies by Nissen [51] and
Nissen and Shemwell [52] suggest that inequities in self-
efficacy are a systemic feature of physics education and
addressing these inequities at all levels is a critical
component of educational design practices.

There have been various explanations provided to
account for the gender gap in STEM [36,48,53-55].
There is an association between STEM attrition and
declining self-efficacy in STEM early in college [56,57].
A meta-analysis covering four decades identified “five
meta-narratives: individual background characteristics;
structural barriers in K-12 education; psychological factors,
values, and preferences; family influences and expect-
ations; and perceptions of STEM fields” [58] (p. 137).

The key here is that the gender gap is a complex interaction
of various constructs, some of which can evolve with time.
Therefore, linking gendered differences in self-efficacy to
any discipline is perhaps not the solution, but rather a step
toward exploring why this is the case.

II. CONTEXT
A. Context of the scale under study

Our previous paper detailed the exploratory factor
analysis (EFA) computed on 27 items [28] intended to
measure the level of students’ self-efficacy in both
astronomy and dealing with robotic telescope systems.
We identified two scales of high reliability. The first,
with a Cronbach’s alpha of 0.93, measured students’ sense
of self-efficacy in relation to the current state of their
astronomical knowledge. We named this scale Astronomy
Personal Self-Efficacy (APSE). The second, with a
Cronbach’s alpha of (.88, measured students’ sense of
efficacy in utilizing the associated hardware and software
associated with online robotic telescopes. We named this
scale Instrumental Self-Efficacy (ISE).

In the EFA paper, two problems with the ISE scale were
noted: it was highly skewed for the students who had used
robotic telescopes in their lab work and it appeared to suffer
from a ceiling effect given that there were only five items in
the scale that related to this construct with those students’
prior experiences influencing their initial self-efficacy. Since
the eventual aim of our project is to investigate causal path
models that can help explain relationships among various
constructs such as self-efficacy, attitudes toward science,
science identity, science performance, and career intentions
in the STEM domain, we had a problem, viz., the scales have
to be largely multivariately normal. The original ISE scale
clearly did not meet these requirements.

In subsequent research, we explored how a number of
items probing the level of students’ confidence in dealing
with aspects of robotic telescope operations and the images
they produced could improve the construct of ISE. Using
the outcomes of our previous EFA study, our subsequent
approach involved a confirmatory factor analysis (CFA),
before undertaking reliability analyses and construct val-
idity analyses [59]. Such a CFA approach is driven by
theory with collected data being evaluated in ways as to
how well the model fits the data. We demonstrated that the
two modified factors of APSE and ISE were very robust.
The scales possessed high reliabilities (Cronbach’s alphas
of 0.895 and 0.917 for the APSE scale and 0.920 and 0.929
for the ISE) on the pre- and postoccasions, respectively. We
also demonstrated that both scales possessed high construct
validities on both occasions of testing.

B. Context of the curriculum

In this paper, we report the results of a repeated measures
investigation into the changes in these two aspects of
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FIG.2. OPIS!is a series of eight, interconnected labs that teach
the evolution of our understanding of Earth’s place in the
universe, and the cosmic distance ladder. Lab 6 makes use of
what was learned in lab 5 to teach the Great Debate. In lab 7,
students use Skynet to collect 21-cm spectroscopy from Green
Bank Observatory’s 20 m-diameter radio telescope to measure
the Galaxy’s rotation curve and mass distribution [60].

self-efficacy of students who had been involved in using
Skynet. Accompanying this system is a specialist curricu-
lum (OPIS!) that makes extensive use of Skynet to generate
astronomical data for students to use in their Astrol01
course and also addresses the common topics typically
found in such courses.

Within the OPIS! course, there is an introductory lab
where students learn how to use (i) Skynet and (ii) the
image-analysis application—Afterglow. Students (indi-
vidually or collaboratively as groups or as a whole class)
collect and make measurements of their images to distin-
guish between geocentric and heliocentric models. To do
so, they use the phase and angular size of Venus (lab 3),
measure the mass of a Jovian planet using the orbit of
one of its moons using Newton’s modification of Kepler’s
third law (lab 3), measure the distance to an asteroid using
parallax measured simultaneously by Skynet telescopes in
different hemispheres (lab 4) and measure the distance to a
globular cluster using RR Lyrae stars as standard candles
(lab 5) to address the Great Debate about the nature of
“spiral nebulae.” Further work is done with archival data
that takes longer than a semester to collect (e.g., cepheid
stars, type Ia supernovae, etc.). See Fig. 2 for more.

III. METHOD

Using the initial astronomy self-efficacy instrument that
we developed [28], data were collected from students
enrolled in Astrol01 courses in the Fall of 2020, Spring
2021, and Summer 2021 across 22 schools, colleges, and
universities in the United States of America and Canada.
Consent was obtained from participants by clicking on the
link after the plain language statement of purpose that took
them to the questionnaire. The plain language statement

informed them of the purpose of the research and that this
had been cleared by the administering university under IRB
Protocol 20-2062.

Through the analysis of the self-efficacy data, we found
that the skewed nature of the ISE scale was going to be a
problem in subsequent structural equation modeling analy-
ses. Consequently, in the Fall semester of 2021, changes
were made to the self-efficacy instrument by adding addi-
tional questions that probed students’ confidence in using
aspects of robotic telescopes. We tested these items using a
confirmatory factor analysis approach. The successful
outcomes of this investigation are published in Freed et al.
(accepted). The two modified self-efficacy scales reported
in that paper are used to report the results in this paper.

On the preoccasion of data collection in Fall 2021, a total
of 1264 responses were received representing approxi-
mately 84% of the 1500 expected participants and 801 on
the post-occasion. Extensive data cleaning was performed
involving a variety of approaches. The first level of
cleaning involves a custom python script developed by
and based on the work of Salimpour et al. [61,62]. The
automated python script removes extra columns generated
by Qualtrics (e.g., external reference, distribution channel,
user language, Q recaptcha score) from the raw data;
recodes required written script to numerical codes; and,
labels the variable columns accordingly. Having an auto-
mated cleaning script means that new data can easily and
consistently produce a comma-separated values file for
import into the Statistical Package for the Social Science
v28 (spss) [63] where more detailed data cleaning and
statistical analyses can be affected. This next step of data
cleaning involved deleting incomplete responses followed
by detection and deletion of any duplicate entries detected
by spss where an individual with the same student ID
from the same institution had attempted the questionnaire
twice or more. We also undertook further data cleaning
through visual scanning, automatic detection of anomalous
responses, and detection of various forms of pattern
marking for which we had written extensive spss syntax.
We visually inspected those cases identified by spss and our
syntax before either accepting or deleting them.

The net effect of this extensive data cleaning yielded
1117 cases (approximately 75% of the expected partic-
ipants) on the preoccasion of data collection before students
had begun to engage with the AstrolOl course. The
cleaning process was repeated again at the end of their
course to produce the postoccasion dataset of 705 valid
cases from the original 801 responses submitted. The
amalgamated data-matching procedure employed by spss
revealed a total of 1301 students who had supplied a
response on at least one of the two occasions of data
collection. Of these, 521 students completed both the pre-
and the postquestionnaires.

Before proceeding any further, we investigated the data
to see if there was any selection bias given that some
institutions had offered course credit for completing the
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questionnaire. Here, we compared the means and standard
deviations for all those who had submitted a response on
both occasions of testing with those who provided a
response only on the preoccasion and those who had
submitted a response only on the postoccasion.

We were also interested in institutional differences in any
self-efficacy changes that may be apparent. This led to us
eliminating those institutions where only small numbers of
respondents had submitted both pre- and postdata. This led
to the elimination of a further 170 cases from 16 institutions
leaving a total of 326 matched cases from the remaining 5.

Of this set of 326 matched responses, participants iden-
tified their gender as either “prefer not to say” (4) or “other”
(1). Given that we also intended to probe the effect of
gender on any changes in self-efficacy, we removed these
five students from our analyses because the N in each
of these two groups does not meet the criterion that any
group size should be large enough to provide a reasonable
estimate of the mean and standard deviation [64].
Consequently, the removal process left 321 student
responses for which we report the results below.

In our analyses, we employ a multivariate analysis of
variance (MANOVA) with repeated measures on the
occasion of testing for both the pre- and postoccasions
of testing for the two self-efficacy dependent variables
simultaneously and using institution and gender as the
independent variables in attempts to search for changes in
the students’ reported sense of self-efficacy that may covary
with the intervention of the OPIS! curriculum and the use of
robotic telescopes. Where a between-group analysis of this
nature is concerned, the statistic called Box’s M is required
to ensure that the distributions of variables in the cells of
the MANOVA meet the requirements of statistical math-
ematics. Statistical mathematics relies on the distributions
within each cell of the computation being normally
distributed both within a cell and overall. That is to say,
the distributions of the dependent variables (DVs) indi-
vidually grouped by the independent variable(s) (IVs) and
collectively must all be distributed approximately normally.
In short, Box’s M tests the null hypothesis that the observed
“covariance matrices of the dependent variables are equal
across groups” [63]. If the covariance matrices are not
equal, then the significance of any main effects or inter-
actions cannot be interpreted with any great degree of
confidence. When Box’s M is significant, mathematical
transformations of the errant DVs should be calculated so
that the covariance matrices are not significantly different
from equality across groups. It is only then that the
statistical output can be regarded with any confidence.

We employ a graphical approach to explore significant
interactions in the output of the MANOVA. For example, as
we illustrate below in the between-groups analysis, there
are significant first-order interactions between the occasion
of testing and institution and for the occasion of testing and
gender. To investigate the interactions, we first plot the
means of the four DVs for the different institutions on one

graph and for women and men on both occasions of
testing on a second graph. We then inspect the respective
gradients of Astronomy Personal Self-Efficacy (APSE) and
Instrumental Self-Efficacy (ISE). This approach allows the
reader to assess our claims quickly and visually rather than
poring over the tables of numbers that we also supply. In
addition, we also compute Cohen’s d effect sizes to explore
the magnitude of any changes that have occurred and to
triangulate our interpretation of the graphical output.

IV. RESULTS

Table I shows the means, standard deviations, and Ns of
both self-efficacy variables for the two occasions of testing.
In order to probe whether there were any selection effects or
coercion effects, we introduced an independent variable to
reflect the occasions for which we received a valid response
(1 = preoccasion only, 2 = postoccasion only, 3 = both
occasions).

We computed four analyses of variance using the
responses supplied for each of the two self-efficacy
variables. That is to say, the group of 596 who supplied
preoccasion-only data is compared with the 521 who
supplied data on both occasions as well as those 184
who responded only on the postoccasion compared with
the 521 who supplied data on both occasions.

It should be noted that because four univariate statistical
tests are being computed, we modified the p value below
which significance is indicated rather than using the
“normal” 95% level of confidence where an apparent claim
that something is statistically significant is often made. The
reason for the modification given the four univariate tests is
because we would not have the 95% level of confidence in
saying that something was significant when in fact the
actual level of confidence is only approximately 81% given
that four univariate tests are being computed (i.e., the actual
confidence level is (0.95)*). Thus, in order to maintain an
overall 95% level of confidence, the p value for each test
has to be lowered. Thus, we apply a Sidak’s adjustment to
the p value of 0.05 because the DVs are correlated with
each other (mean Pearson’s p = 0.422). This yields a value
of p < 0.023 below which significance can be claimed.

The analysis revealed that there were no significant
differences in the means of the APSE and ISE self-efficacy
variables between the 596 respondents who supplied data
only on the preoccasion and the 521 who supplied data
on both occasions. However, on the postoccasion only,
there was a significant difference in the APSE variable
[F(1,704) = 9.892, p = 0.002] but not for the ISE variable
[F(1,704) = 4.862, p = 0.028] for the 184 who supplied
data on only the postoccasion and the 521 who supplied data
on both occasions. Those who supplied post-only data had a
mean score of 2.7 APSE points lower than those who
supplied data on both occasions.

If there had been a selection effect for this group (the
184 respondents), then they may have been motivated to
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TABLE I. Results of significance tests to evaluate selection effects in the pre- and postmeans on both self-efficacy
instruments, APSE and ISE, using the entire study population (both matched and unmatched).
Response occasion Pre-APSE Post-APSE Pre-ISE Post-ISE
Preoccasion only Mean 34.148 27.5369
Standard deviation 17.678 18.715
N 596 596
Postoccasion only Mean 35.246" 54.250
Standard deviation 10.597 17.585
N 184 184
Both occasions Mean 32.687 37.923° 27.177 57.459
Standard deviation 17.583 9.680 18.804 16.748
N 521 521 521 521
Total Mean 33.466 37.224 27.369 56.621
Standard deviation 17.641 9.989 18.749 17.016
N 1117 705 1117 705

“Indicates a significant difference with p < 0.023 (Sidak’s adjustment).

respond to gain the extra credit offered by instructors while
not realizing that supplying only one set of data made them
ineligible to receive the five or ten points of credit on offer.
There may be a small selection effect for the group who
supplied data on both occasions and who wished to receive
credit points for completing both questionnaires. This
cannot be interpreted as coercion for at least three reasons:
given that the research team was not involved in the
collection of data; the fact that a large number of respon-
dents (596) completed only the preoccasion questionnaire
while a smaller number (184) completed only the post-
occasion version; and no institution provided a complete set
of data on both occasions of testing. Thus, we can
reasonably conclude that there is little, if any, selection
effect with respect to the changes in self-efficacy detected
in the matched pre- and postdata. That is, the changes are
likely to be real.

The three research questions that we were interested in
probing for the matched dataset involved computing a
MANOVA with repeated measures on the occasion of
testing involving both the efficacy dependent variables
(DVs) and gender of the respondents simultaneously. The
first research question relates to the different ways that
the OPIS! program and robotic telescope use could be
implemented by the different institutions and the potential
effects on self-efficacy. That is to say, “Are there any
institutional differences that covary with the implementa-
tion of the OPIS! program?”. The second question relates to
the gender of the respondents: “Is there a difference in the
way that women and men react to the OPIS! program?”.
The third research question relates to any potential effects
of implementing the OPIS! program on the self-efficacy of
respondents. That is, “Does engagement in the OPIS!
program involving robotic telescopes in their Astrol01
course covary with any changes in the self-efficacy of
students who engage with it?” That is to say, is there a Main

Effect due to the occasion of testing? These questions can
be answered simultaneously using just one MANOVA. We
do not mean to imply that any main effect is “caused” by
the OPIS! program because we do not have a control group
who did not use the OPIS! course or robotic telescopes.

In the analysis that follows, we have eliminated those
institutions where the number of responses was too low to
make any safe inferences about the findings and have
matched the data supplied by the respondents from the pre-
to the postoccasion in five institutions. We have also
eliminated those individuals who do not identify their
gender in a binary way (female or male) because the
numbers in the other categories are too low. This yielded
five institutions with large enough Ns on the pre- and
postoccasions of testing to produce an observed power
>0.6 for main effects and interactions indicating that the
likelihood of the actual differences indicated in the analysis
is real. In particular, the observed power for all main effects
was greater than 0.97, and significant first- and second-
order interactions were greater than 0.65. We can thus be
reasonably confident in the findings as they relate to this
research.

Table II shows the means, standard deviations, and Ns of
the 321 students in the five institutions who identified their
gender in a binary way and who supplied data on both the
pre- and postoccasions of testing. Examination of Table 11
can lead the observer to note that the means of both scales
for all of the institutions differ on both the preoccasion and
the post-occasion. Moreover, the means increase from the
pre- to postoccasion of testing with the ISE means
increasing more than the APSE means. In addition, the
mean scale scores are lower for women on the preoccasion
of testing than for men but the gap closes quite markedly on
the postoccasion of testing.

For this between-groups MANOVA with repeated mea-
sures on the occasion of testing using institution and gender
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TABLE II. Matched pre- and postdescriptive statistics of the self-efficacy measures (APSE and ISE) by gender
and institution.

Pre-APSE Post-APSE
Institution Gender Mean Standard deviation N Mean Standard deviation
1 Female 31.024 15.946 42 37.403 11.608
Male 38.568 18.435 37 36.930 10.323
Total 34.557 17.460 79 37.182 10.958
16 Female 26.932 14.746 59 37.097 9.006
Male 34.897 17.077 58 40.832 6.796
Total 30.880 16.371 117 38.948 8.171
17 Female 30.630 15.252 27 36.014 10.115
Male 43.292 17.033 24 41.082 8.496
Total 36.588 17.180 51 38.399 9.640
20 Female 22.484 15.015 31 38.005 8.562
Male 38.053 12.638 19 39.614 7.995
Total 28.400 15.968 50 38.617 8.306
21 Female 23.786 15.473 14 29.316 12.380
Male 25.500 10.395 10 30.045 10.470
Total 24.500 13.355 24 29.620 11.387
Total Female 27.451 15.390 173 36.535 10.212
Male 36.946 16.907 148 39.012 8.857
Total 31.829 16.766 321 37.677 9.676
Pre-ISE Post-ISE
Mean Standard deviation N Mean Standard deviation
1 Female 25.000 17.518 42 54.286 16.407
Male 33.973 20.582 37 53.081 18.087
Total 29.203 19.420 79 53.722 17.113
16 Female 17.525 15.133 59 63.441 11.856
Male 30.431 16.781 58 63.155 12.084
Total 23.923 17.172 117 63.299 11.919
17 Female 26.556 20.083 27 54.370 19.109
Male 44.583 19.633 24 60.667 17.074
Total 35.039 21.671 51 57.333 18.277
20 Female 24.097 19.393 31 62.935 12.091
Male 27.737 13.678 19 61.526 10.532
Total 25.480 17.383 50 62.400 11.434
21 Female 19.000 11.293 14 45.786 22.192
Male 32.000 12.832 10 49.800 15.533
Total 24.417 13.393 24 47.458 19.413
Total Female 22.046 17.333 173 58.283 16.172
Male 33.372 18.290 148 59.122 15.276
Total 27.268 18.631 321 58.670 15.746
as the IVs, Box’s M = 117.409, p = 0.089, which means (i1) There is no significant difference in the means of the
that the equality of the covariance matrices can be considered self-efficacy DVs of women and men; and,
equal thus allowing us to interpret the output with con- (iii) There is no significant difference between the means
fidence. The null hypotheses in this analysis are as follows: of the self-efficacy DVs from the pre- to the
(1) There is no significant difference in the means of the postoccasion of testing for those who supplied data
self-efficacy DVs across the various institutions; on both occasions.
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FIG. 3. First-order interaction of combined mean pre- and
postscores of efficacy variables by institution.

There are two between-groups main effects. The first
is due to the institution to which respondents belong
[F(4,311) = 3.763, p = 0.005]. This result indicates the
mean scores of the combined self-efficacy variables are
significantly different across the institutions. This result
leads us to reject the first null hypothesis. The second
between-groups main effect is due to gender [F(1,311) =
19.057, p < 0.0001]. This indicates that the mean scores of
the combined self-efficacy variables for the women and the
men are significantly different from each other. This result
leads us to reject the second null hypothesis of no differ-
ence between the genders.

In this between-group analysis, there is no significant
first-order interaction between institution and gender
[F(4,311) = 0.855, p = 0.492]. That is to say, the pattern
of results for women and men is largely the same across all
institutions. While at first glance, these results are a
significant finding, in the MANOVA with repeated-mea-
sures domain, the main effects require further careful
examination, more especially in the within-groups analysis
where significant first and higher-order interactions are
found. Indeed, the story is slightly more complicated than
these between-groups main effects would indicate.

The analysis showed that there are two significant
within-groups main effects. The first is due to the occasion
of testing [F(1,311) = 320.761, p < 0.0001]. This result
leads us to reject the third null hypothesis of no difference
between the pre- and post-test self-efficacy scores. This
means that there is a significant change in the means of
the combined self-efficacy variables from the pre- to the
postoccasion for all respondents. The second within-groups
main effect is due to the efficacy variables [F(1,311) =
143.142, p < 0.0001]. That is to say, there is a significant
difference in the means of the two combined self-efficacy
variables over both occasions of testing across the five
institutions.

As noted above, of greater interest to us are the within-
group interactions. There are three first-order interactions
that we explore in Figs. 3-5. There is one significant

Q25
Gender -
Selected

Choice

—Famale
=" Male

8
8

8
8

rs
S
=1
=]

8
8

Means of the combined Self-efficacy variables

38
8

Pre- Post-

Occasion of testing

Error bars: +/- 1 SE

FIG. 4. First-order interaction of the pre- and post-self-efficacy
scores and gender.

second-order interaction that we explore in Fig. 6. Please
note that all error bars mean +1 standard error of the mean.

The first significant first-order interaction is between the
occasion of testing and the institution [F(4,311) = 10.349,
p < 0.0001]. This indicates that respondents in the differ-
ent institutions vary in their responses to the self-efficacy
variables. In this component of the computation,
MANOVA computes the mean score of each individual’s
self-efficacy score for both the pre- and postoccasion of
testing before computing these single scores as an ANOVA
by institution as the IV.

The significant first-order between-groups interaction
[F(4,311) = 10.349, p < 0.0001], illustrated in Fig. 3,
may be attributed to the differing gradients for the five
institutions from the pre- to the postoccasion of testing.
Two of the institutions (16 and 20) start near the bottom of
the institution mean scores and end up at the top on the
postoccasion. The other three institutions (1, 17, and 21)
have shallower gradients and are largely parallel. Taken
together with the between-subject main effect for institu-
tion, this illustrates the potentially differing covarying
effects of the OPIS! program in the different institutions.
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FIG. 5. Mean scores showing the first-order interaction of
occasions and the two self-efficacy variables.
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FIG. 6. Second-order interaction of occasion of testing, the self-efficacy scales and institution. Left: APSE; right: ISE.

Figure 4 above illustrates the probable reason for
the second significant first-order interaction between the
occasion of testing and gender [F(1,311) = 19.620,
p < 0.0001]. Here the likely cause of the interaction is
the fact that the mean of the combined self-efficacy scores
for the women is much lower on the preoccasion of testing
compared with the men while on the postoccasion, the
difference is much less and the standard errors of the means
overlap. Another way of expressing this significant inter-
action is to say that by the end of the semester, there is no
significant difference in the combined mean self-efficacy
scores of women and men.

Figure 5 helps illustrate the probable cause of the
significant first-order interaction [F(1,311) = 381.231,
p < 0.0001] between the occasion of testing and the two
self-efficacy variables. One can see that the gain in the ISE
variable is much greater than the gain in the APSE variable.
Thus, the slope for the ISE variable is much greater than the
slope for the APSE variable. While this is an expected
outcome given that the respondents had not used robotic
telescopes before, the magnitude of the difference in ISE is
large, while simultaneously their self-efficacy in relation
to their astronomical knowledge has increased by a much
smaller margin.

The significant second-order within-groups interac-
tion for the occasion of testing, the two self-efficacy
variables, and the institution to which respondents belong
[F(4,311) =5.791, p < 0.001] are explored in Fig. 6.
Here two graphs are employed side-by-side with one for
each efficacy variable. The graph on the left shows the
mean scores of the APSE scale for each institution on the
two occasions of testing while the one on the right shows
the mean scores for the ISE.

Observation of Fig. 6 shows that the probable cause of
the significant second-order interaction is likely due to the
major difference in gradients for the APSE and ISE scales,
and the fact that two of the five institutions (16 and 20) have
greater gains in both the self-efficacy scales compared with
the other three. This probably indicates that the respondents

in the different institutions reacted to the two efficacy scales
in different ways.

Of particular note in this analysis is the lack of a significant
fourth-order interaction of occasion of testing, efficacy
variables, institution, and gender [F(4,311) = 2.025,
p = 0.091). This indicates the men and women in all of
the institutions reacted to the two efficacy scales on the two
occasions of testing in similar ways. That is to say, while
there were institutional differences as indicated by the
significant between-groups main effect as well as gender
differences in the two self-efficacy scales, using the analyses
of the significant first- and second-order interactions, we are
able to conclude that the introduction of the OPIS! program
covaried with major changes in self-efficacy and with greater
changes in the self-efficacy of women in all of the institutions
compared with their male peers.

A. Effect sizes

In this section, we explore the effect sizes for the dif-
ference in means of both the institutions and the women’s
and men’s scores using the two scales for self-efficacy.
“Effect size” is a measure of how large the difference is in
the means of two scores. We use Cohen’s d because it
expresses the difference in means in terms of a standard
deviation (¢ or sigma) carefully chosen as the divisor of the
difference in the two means on the Occasions of Testing.
We have chosen to use the “pooled standard deviation”
because the standard deviations are different on the two
occasions of testing [65].

Cohen defines a value for the Effect Size as being “very
small or inconsequential’ if Cohen’s d < 0.2, small if it is
in the range of 0.2 to 0.4, moderate if d is between 0.4 and
0.7, and large if d lies between 0.7 and 1. The effect size
can be described as very large if Cohen’s d is greater than
1.0 [65,66]. To obtain a Cohen’s d of greater than “2” in a
group learning situation is highly unusual.

Bloom [67] refers to very large effect sizes greater than 2
as the ‘“2-sigma problem” where the outcomes of the
learning are mostly achieved by one-to-one tutoring while

010137-9



RACHEL FREED et al.

PHYS. REV. PHYS. EDUC. RES. 20, 010137 (2024)

TABLE III. Cohen’s d effect sizes for the self-efficacy variables, by gender and occasion of testing.
Efficacy scale Gender-occasion Mean o N Pooled o Cohen’s d
APSE Female-pre 27.451 15.390 173 13.060 0.696
Female-post 36.535 10.212 173
Male-pre 36.946 16.907 148 13.496 0.153
Male-post 39.012 8.857 148
All-pre 31.829 16.766 321 13.688 0.427
All -post 37.677 9.676 321
ISE Female-pre 22.046 17.333 173 16.763 2.162
Female-post 58.283 16.172 173
Male-pre 33.372 18.290 148 16.851 1.528
Male-post 59.122 15.276 148
All-pre 27.268 18.631 321 17.249 1.821
All-post 58.670 15.746 321

sigmas greater than “1” are achieved mostly through
“mastery learning” [67]. The challenge for educators is
to design learning environments and programs that can
produce the learning gains corresponding to one-to-one
tutoring but within an educational framework that is
economically justified and sustainable.

Table IIT shows the magnitude of the effect sizes for each
of the two self-efficacy variables: APSE and ISE for
women and men separately in the five institutions and
of note is the 2-sigma effect size for women in the
Instrumental Self-Efficacy scale. Also of interest is the
effect size for men in the same ISE variable (Cohen’s
d = 1.528) which is also “very large” and symptomatic of
approaches that involve mastery learning. Also of interest
are the much lower effect sizes for the APSE scale for both
women and men. Nonetheless, the effect size for women
can be described as “moderate” while for men it is “very

small” (i.e., <0.2). We will address these issues in the
discussion.

Table IV shows the descriptive statistics for each of the
five institutions and the 321 cases that we used to compute
the MANOVA with repeated measures on the occasion of
testing for the APSE and ISE variables. The table shows
varying sizes of gains. Some of the institutions appear to
have made larger gains in the ISE scale, such as the ones
coded as “16” (Gain = 40.1) and “20” (Gain = 36.9),
while others such as “1” and “17” made more modest
gains (24.3 and 22.3, respectively)., In their APSE scores,
all institutions made much more modest gains with the
institutions labeled as “16” and “20” making the largest
(8.1 and 10.2, respectively).

We can also probe the graphical evaluations of the first-
order interactions presented in the above figures using the
effect sizes achieved by each institution. Table IV shows

TABLE IV. Descriptive statistics of APSE and ISE by institution with Cohen’s d effect size.

APSE pre- and post-

ISE pre- and post-

Institution-occasion N Mean Standard deviation Cohen’s d Mean Standard deviation Cohen’s d
1-pre 79 34.557 17.460 0.180 29.203 19.420 1.340
1-post 79 37.182 10.958 53.722 17.113

16-pre 117  30.880 16.371 0.624 23.923 17.172 2.664
16-post 117 38948 8.171 63.299 11.919

17-pre 51 36.588 17.180 0.130 35.039 21.671 1.112
17-post 51 38.399 9.640 57.333 18.277

20-pre 50 28.400 15.968 0.803 25.480 17.383 2.509
20-post 50 38.617 8.306 62.400 11.434

21-pre 24 24.500 13.355 0.413 24.417 13.393 1.382
21-post 24 29.620 11.387 47.458 19.413

Total-pre 321 31.829 16.766 0.427 27.268 18.631 1.821
Total-post 321 37.677 9.676 58.670 15.746
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Cohen’s d for each institution for both efficacy scales over
the two occasions of testing. Two of the five institutions
have effect sizes greater than 2 sigma on the ISE scale.
Indeed, Table IV shows that the institution identified as
“16” for the ISE variable shows the largest effect size of
2.664 and a moderate effect size of 0.624 for the APSE
variable, while the one identified as “20” shows an effect
size of 2.509 for changes in the ISE scale and a large effect
size of 0.803 in the APSE scale. The examination of the
effect sizes presents a consistent picture of our graphical
interpretations of the first- and second-order interactions
computed in the MANOVA for the APSE and ISE variables
by institution and gender.

V. DISCUSSION

We have used the two self-efficacy scales of APSE and
ISE, developed by the authors, to probe their covariance
with the respondents’ experience of an AstrolO1 course
that employs robotic telescopes for students to collect
astronomical data. Students then use these data in their
laboratory sessions to cover the normal content of such a
course. We cannot say that the robotic telescope experi-
ences have caused these changes in the self-efficacy scales
since we did not have a control group over the extent to
which robotic telescopes were used or the extent to which
the OPIS! program was implemented by instructors. As we
progress this research with future cohorts of students using
a multiple-baseline, multiple-probe research design, we
will be able to attribute a degree of causality to any changes
that consistently appear from semester to semester. It will
also allow for further interrogations into the delivery of the
course across multiple institutions and determine how the
depth of delivery impacts the self-efficacy of the students.

We have demonstrated the usefulness of the two self-
efficacy scales, shown to be reliable and valid in an earlier
paper [28], in probing changes that occur over the course of
a semester of study with women and men as well as with
different institutions. Future research planned by the
research team will allow us to probe such things as the
effectiveness of the approach; the effect of instructor
experience through repetition of delivery; the emergence
of science identity and testing of the CUREs pathway of
Wooten et al. [16].

In the context of this current study, the decrease in the
self-efficacy gap between women and men on the post-
occasion provides further evidence that authentic experi-
ences with regard to STEM may support the positive
changes observed here in self-efficacy although we do
not mean to imply causality. This echoes the work of
Bandura [18,68], with regard to mastery experiences, and
the work by Lent ef al. [21], who showed such experiences
as being the strongest contributor to positive changes in
mathematics self-efficacy. However, the work of Zeldin and
Pajares [69] showed that “vicarious experiences and verbal
persuasions were instrumental sources for the development

and maintenance of self-efficacy beliefs for women in
mathematics-related careers.” (p. 227). In the context of our
study, perhaps there is an interaction between the mastery
required to use robotic telescopes and the other vicarious
experiences that contribute to the positive changes in
self-efficacy. This may be due to the nature of the OPIS!
curriculum, the use of research-grade instruments, and the
fact that the students come from a variety of non-STEM
majors. There is an extensive body of research spanning
decades that highlights the fact that students’ experi-
ences and perceptions of science are not so positive during
school [70-75].

Nonetheless, the positive change in self-efficacy evi-
denced by the decrease in the gender self-efficacy gap is an
important finding. This is because irrespective of the factors
that negatively impact self-efficacy, and that self-efficacy is
shaped early [76], it would appear that there are ways
to change female students’ perceptions through such
authentic experiences more than males. Therefore, authen-
tic telescope use within this collaborative Astrol01 setting
appears potentially to help redress gender biases in physics
education.

VI. LIMITATIONS

Gender self-efficacy is a complex construct encompass-
ing a variety of factors, which may impact it. While this was
not a direct focus of this study, it would lend itself to future
investigations in our research context. Furthermore, while
the delivery method within the different institutions was not
a focus of this paper; it may impact the generalizability
of the effect sizes we found. Implementation integrity is
thus important, which lends itself to significant further
studies. Another constraint on the generalizability of
findings in this research relates to the fact that the statistical
analysis was constrained to those institutions that provided
a large enough N of matched responses on both occasions
of testing. The situation may become clearer and more
generalizable as we amalgamate further data over sub-
sequent semesters from the smaller institutions to achieve
large enough N's as we progress the research using the same
efficacy scales.

VII. CONCLUSION

Astronomy 101 courses with remote access to telescopes
may play a significant role in increasing self-efficacy in this
STEM domain with a special emphasis on closing the
gender gap in STEM self-efficacy. This study covered a
broad and diverse range of institutions, including com-
munity colleges and four-year research-focused univer-
sities, and found self-efficacy increases in all cases. While
female respondents started out with lower self-efficacy in
both the APSE and ISE constructs, the gender gap was
closed, with no significant difference in either measure at
the end of a semester with the implementation of robotic
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telescope-based labs. Importantly, this research provides an
encouraging insight into ensuring that engaging young
women in authentic science experiences, while increasing
their self-efficacy, may work toward developing a greater
flow through the STEM pipeline.
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