A summary of research-based assessment of students’ beliefs about the nature of
experimental physics

Bethany R. Wilcox and H. J. Lewandowski

Citation: American Journal of Physics 86, 212 (2018); doi: 10.1119/1.5009241
View online: https://doi.org/10.1119/1.5009241

View Table of Contents: https://aapt.scitation.org/toc/ajp/86/3

Published by the American Association of Physics Teachers

ARTICLES YOU MAY BE INTERESTED IN

Introductory physics labs: We can do better
Physics Today 71, 38 (2018); https://doi.org/10.1063/PT.3.3816

Recommendations for the use of notebooks in upper-division physics lab courses
American Journal of Physics 86, 45 (2018); https://doi.org/10.1119/1.5001933

The process of transforming an advanced lab course: Goals, curriculum, and assessments
American Journal of Physics 81, 63 (2013); https://doi.org/10.1119/1.4768890

Measuring the impact of an instructional laboratory on the learning of introductory physics
American Journal of Physics 83, 972 (2015); https://doi.org/10.1119/1.4931717

Resource Letter RBAI-2: Research-based assessment instruments: Beyond physics topics
American Journal of Physics 87, 350 (2019); https://doi.org/10.1119/1.5094139

Comparative Cognitive Task Analyses of Experimental Science and Instructional Laboratory Courses
The Physics Teacher 53, 349 (2015); https://doi.org/10.1119/1.4928349

AME RI CAN 1The =
JOURNAL Physics
Qf P HYS IC Su Teachers

See Physics in Action

VIDEO ABSTRACTS TO VISUALIZE POPULAR ARTICLES




@ CrossMark
& clickfor update

PHYSICS EDUCATION RESEARCH SECTION

The Physics Education Research Section (PERS) publishes articles describing important results from the
field of physics education research. Manuscripts should be submitted using the web-based system that can
be accessed via the American Journal of Physics home page, http://ajp.dickinson.edu, and will be forwarded
to the PERS editor for consideration.

A summary of research-based assessment of students’ beliefs about

the nature of experimental physics

Bethany R. Wilcox
Department of Physics, Colorado School of Mines, Golden, Colorado 80401

H. J. Lewandowski
Department of Physics, University of Colorado Boulder, Boulder, Colorado 80302 and JILA,
National Institute of Standards and Technology, and University of Colorado, Boulder, Colorado 80309

(Received 26 May 2017; accepted 11 October 2017)

Within the undergraduate physics curriculum, students’ primary exposure to experimental physics comes
from laboratory courses. Thus, as experimentation is a core component of physics as a discipline, lab
courses can be gateways in terms of both recruiting and retaining students within the physics major.
Physics lab courses have a wide variety of explicit and/or implicit goals for lab courses, including
helping students to develop expert-like beliefs about the nature and importance of experimental physics.
To assess students’ beliefs, attitudes, and expectations about the nature of experimental physics, there is
currently one research-based assessment instrument available—the Colorado Learning Attitudes about
Science Survey for Experimental Physics (E-CLASS). Since its development, the E-CLASS has been
the subject of multiple research studies aimed at understanding and evaluating the effectiveness of
various laboratory learning environments. This paper presents a description of the E-CLASS assessment
and a summary of the research that has been done using E-CLASS data with a particular emphasis on
the aspects of this work that are most relevant for instructors. © 2018 American Association of Physics Teachers.
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I. INTRODUCTION

Experimentation is a core component of physics as a disci-
pline. Understanding and appreciating the nature and process
of experimental physics is one trademark of practicing physi-
cists. Within the undergraduate physics curriculum, students’
primary exposure to experimental physics comes from labora-
tory courses where students are able to directly engage with
various aspects of experimentation. For many students, these
courses provide their first, and potentially only, exposure to
physics as an experimental science. As such, lab courses can
be gateways in terms of both recruiting and retaining students
within the physics major. Even for students who do not con-
tinue on to major in physics or another science, introductory
laboratory courses often represent one of the only experiences
these student will get with the process of scientific experimen-
tation. Building a general understanding of the process and
nature of scientific experimentation is a necessary element of
preparing students to be informed consumers of scientific
information.

In addition to being discussed in the physics education
research (PER) literature (e.g., Refs. 1 and 2), the importance
of physics laboratory courses in terms of cultivating moti-
vated and well-prepared physics graduates has also been
called out by multiple professional groups.>” Research
focusing specifically on understanding and improving the
laboratory learning environment is a new, but growing, sub-
field within PER. This body of work highlights the wide
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variety of explicit and/or implicit goals for lab courses,
many of which go beyond just conveying physics concepts
and extend to, for example, helping students to develop
expert-like beliefs about the nature and importance of experi-
mental physics, and science more generally.>”

For physics teachers interested in improving their students’
ideas about experimental physics, there is currently one
research-based assessment that they can use to measure the
effectiveness of their lab course at accomplishing this goal.
This assessment—known as the E-CLASS (Colorado
Learning Attitudes about Science Survey for Experimental
Physics)—is designed to target students’ beliefs about the
nature and importance of experimental physics, as well as
their confidence when doing physics experiments. Since its
development, the E-CLASS has been administered in more
than 130 physics lab courses at more than 70 institutions. The
assessment has also been the subject of multiple research stud-
ies aimed at understanding and evaluating the effectiveness of
various laboratory learning environments. This paper presents
a summary of the E-CLASS assessment and the research that
has been done using E-CLASS data with a particular emphasis
on the aspects of this work that are most relevant for instruc-
tors. In doing so, we address the following questions: what is
the E-CLASS? (Sec. I A), how do E-CLASS scores relate to
other measures of student success in lab courses? (Sec. IIB),
what does E-CLASS tell us about students’ ideas about exper-
imental physics? (Sec. IIC), and how do students’ E-CLASS
responses vary based on characteristics of the course or
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Table I. List of the paper titles discussing the E-CLASS assessment which are summarized in Sec. II, along with a brief summary of the paper or key findings.

SectionsReferences

Title and key results/findings

IITA 7

Epistemology and expectations survey about experimental physics: Development and initial results—Describes the motivation,
theoretical grounding, development, and expert validation of E-CLASS

10 Students’ epistemologies about experimental physics: Validating the Colorado Learning Attitudes about Science Survey for
Experimental Physics—Demonstrates the full statistical validation of E-CLASS scores for a broad student population
11 Alternative model for administration and analysis of research-based assessments—Describes the development of the E-CLASS
centralized and automated administration system
1B 16  Correlating students’ beliefs about experimental physics with lab course success—E-CLASS scores show zero correlation with course
grades in first-year courses, and only a small correlation with course grades in beyond-first-year courses
17 Impact of grading practices on students’ beliefs about experimental physics—E-CLASS scores show a moderate correlation with
students’ perceptions of the importance of certain activities for their grade in the course
IIC 18 Students’ views about the nature of experimental physics—Despite being relatively capable of predicting the expert-like response to
E-CLASS, students often enter and leave lab courses with personal views that are inconsistent with those of experts
19  Improvement or selection? A longitudinal analysis of students’ views about experimental physics in their lab courses—Longitudinal
increases in E-CLASS averages in consecutive courses are dominated by selection effects rather than the impact of instruction
D 20  Research-Based Assessment of Students’ Beliefs about Experimental Physics: When is Gender a Factor?—The gap in E-CLASS
averages between men and women disappears in all but the first-year, non-physics major population after accounting for differences in
preinstruction scores, course level, and major.
29  Impact of instructional approach on students’ epistemologies about experimental physics—Courses using research-based curricula
realize higher E-CLASS scores than courses using only traditional guided labs and this effect is larger for women
30 Open-ended versus guided laboratory activities: Impact on students’ beliefs about experimental physics—Courses using open-ended
activities realize higher E-CLASS scores than courses using only guided labs
34

Developing skills versus reinforcing concepts in physics labs: Insight from a survey of students’ beliefs about experimental physics—
Courses focusing on developing lab skills rather than reinforcing concepts realize higher E-CLASS scores and this effect is larger for women

student? (Sec. IID). The goal of this paper is to provide a
comprehensive primer on the E-CLASS assessment for labo-
ratory physics teachers interested in learning about the assess-
ment and its findings and/or potentially implementing it in
their course. Where appropriate, we have replicated some of
the quantitative results and analyses from these studies here;
however, readers interested in the full quantitative analyses
behind these findings summarized here should refer directly to
the source publications. For reference, Table I provides a list
of the papers summarized in each of the sections below along
with a summary of the major findings of each.

II. THE E-CLASS ASSESSMENT
A. What is E-CLASS?

The E-CLASS assessment was developed in conjunction
with laboratory course transformation efforts at the University
of Colorado Boulder (CU) with the goal of providing a quan-
titative measure of the effectiveness of those transforma-
tions.” The choice to develop an assessment targeting
students’ attitudes and beliefs, rather than a more traditional
conceptual assessment, was motivated by both the laboratory
learning goals articulated by physics faculty and the practical
constraints of laboratory courses. With respect to learning
goals, researchers at CU conducted interviews and group dis-
cussions with interested physics faculty members in order to
articulate consensus learning goals for CU’s upper-division
lab courses;® these goals were then used to guide the course
transformation efforts and the development of an appropriate
assessment instrument.” The resulting set of goals did not
emphasize developing specific physics content or teaching
specific lab techniques. Instead, faculty focused on the need
for experiments that required students to apply their knowl-
edge of physics and develop expert-like habits of mind while
carrying out experiments and using measurement tools.
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Another motivation for not developing a conceptual
assessment for lab courses is the large variation in the con-
tent covered by these courses.” Research-based assessments
are most useful when they can be compared across different
courses. However, the specific content and experiments used
in labs tend to vary significantly from course to course.
Given such variation, creating a single conceptual assess-
ment that includes content appropriate for a wide swath of
even just introductory lab courses would be nearly impossi-
ble. This issue is further compounded if the goal is to design
an assessment that can be used to track students’ progress
across multiple levels of lab courses (e.g., introductory to
advanced labs). Additional motivation for the value of an
attitudinal assessment like the E-CLASS comes from prior
research within lecture environments, which has demon-
strated that students’ beliefs and expectations about the
nature of doing and knowing physics can be linked to both
their decision to pursue physics (i.e., retention and 9persis-
tence) and their content learning in a physics course.®

An example of one of the E-CLASS’s 30 Likert-style item
prompts is given in Fig. 1. In each item, students are

When I am doing an experiment, I try to make

predictions to see if my results are reasonable.
Strongly Strongly
disagree agree

1 2 3 45

What do YOU think when
doing experiments for class?

What would experimental
physicists say about their
research?

Fig. 1. An example item from the E-CLASS assessment. Students are asked

to rate their agreement with the statement from their own perspective and that
of an experimental physicist. See Appendix for a list of all item prompts.
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presented with a statement and asked to rate their level of
agreement—‘strongly agree” to “strongly disagree”—from
their individual point of view when doing experiments for
their lab course. To ensure that they respond honestly to this
first prompt, students are also asked to predict what they
think an experimentalist might say about their research. This
paired question format allows for comparison of students
personal views with what they believe the “correct” answer
to be. After its initial development, the E-CLASS was
reviewed by 23 practicing experimentalists and lab instruc-
tors.” These expert reviews not only ensured that the assess-
ment prompts were accurate and interesting to physics
faculty but also established the consensus, expert-like
response to each item (see Appendix). As described in Ref.
6, expert agreement was greater than 90% on all but six
questions for which the agreement was greater than 70%.
The assessment was also given to 42 students in an inter-
view setting to ensure that students were accurately inter-
preting the prompts and responding in ways that were
consistent with their articulated reasoning.

Scoring of the E-CLASS is done relative to the estab-
lished, expert-like response for each item. While each
E-CLASS item provides five possible response options from
strongly agree to strongly disagree (Fig. 1), students’
responses to “strongly (dis)agree” and “(dis)agree” are col-
lapsed to a single (dis)agree category for the purposes of
scoring. When reporting scores to instructors, students are
awarded 1 point for each item where their response is consis-
tent with the expert-like response and zero points otherwise.
Thus, the average score on any given item represents the
fraction of students who responded favorably to that ques-
tion. The overall E-CLASS score is then given by a sum of
the 30 individual item scores and represents the average
number of favorable responses from each student. This 2-
point scoring scheme does not differentiate between neutral
and unfavorable responses (both receive 0 points) but pro-
vides scores with a straightforward interpretation. When
scoring the E-CLASS for research purposes, neutral and
unfavorable responses are not collapsed and instead are
awarded O points and —1 point, respectively. This 3-point
scoring scheme accounts for students who, for example, shift
from neutral before instruction to unfavorable after instruc-
tion but provides averages with a less straightforward inter-
pretation. Additional discussion of these different scoring
schemes can be found in Ref. 10.

Students’ responses to the E-CLASS are typically col-
lected online and directly by the CU research team at the
beginning and end of the lab course using a centralized and
automated administration system.'' To utilize the E-CLASS
via this system, interested instructors complete a Course
Information Survey (CIS, available in Ref. 12), which col-
lects logistical (e.g., course start and end dates), structural
(e.g., course content and enrollment), and pedagogical (e.g.,
instructional strategies) information about the course. Using
information from the CIS, the system then generates unique
links to the pre- and post-instruction E-CLASS for each
course and sends them to the instructor to distribute to their
students at the beginning and end of the laboratory compo-
nent of the course, respectively. After students have
responded to the survey, the system sends a list of participant
names to the instructor so they may optionally offer partici-
pation credit to motivate the students to complete the assess-
ment. After the post-instruction survey is complete, the
system also generates and sends a report that breaks down
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the students’ performance before and after instruction both
overall and by item and provides comparison data from other
similar courses in our national dataset. This centralized
administration system reduces the burden on instructors by
removing the need for them to handle most of the tasks usu-
ally associated with administering and analyzing research-
based assessments. '

In addition to reducing the burden on lab instructors, the
E-CLASS centralized system has allowed for the aggregation
of a large-scale, national dataset of students’ responses. To
date, the E-CLASS has been administered pre- and post-
instruction in more than 130 distinct lab courses at more than
70 institutions. These institutions represent a variety of dif-
ferent types, including 2-year and 4-year colleges, as well as
masters and Ph.D. granting institutions. Courses in this data-
set also span the full range of undergraduate lab course levels
from introductory to advanced. This growing dataset pro-
vides a resource that can be used by instructors to compare
their students’ performance to students in similar courses, as
well as by researchers to investigate the laboratory learning
environment.

A subset of the current E-CLASS dataset was used to
demonstrate the statistical validity and reliability of the E-
CLASS for a broad student population.'® This process
involved demonstrating that the E-CLASS accurately and
consistently measured students’ beliefs about experimental
physics. To do this, we calculated multiple test statistics
based on students’ responses from 71 courses (N=23591).
These data showed that, for this population of students, the
E-CLASS average scores fell within acceptable ranges, ade-
quately differentiated between high and low performing stu-
dents, and provided consistent scores on subsets of items.
The E-CLASS scores were also shown to be stable against
retesting effects, as well as independent of testing environ-
ment (i.e., in-class vs out-of-class) and how long the students
took to complete the survey. These data were also used to
perform an exploratory factor analysis,'> which showed that
students’ responses to the E-CLASS items did not support
the existence of coherent subgroups of related questions. The
results of the factor analysis imply that, despite the appeal of
grouping related questions in order to facilitate interpretation
of the results, students’ scores on each item should be
reported individually.

B. How do E-CLASS responses relate to other measures
of student success?

Another important aspect of interpreting the results of a
research-based assessment like the E-CLASS is determining
how (or if) its scores are related to other measures of student
success. However, with a few exceptions,m’15 there is a
dearth of research-based assessments specifically targeting
lab courses, and those that do exist have not been widely
adopted. In the absence of other research-based assessments
with which to compare, another potentially interesting com-
parison measure of students’ success is their laboratory
course grade. To explore the relation between students’ E-
CLASS scores and their course grade, we focused on two
semesters of E-CLASS data from the four core lab courses at
CU spanning introductory mechanics, E&M, and modern
physics, as well as upper-level electronics and optics
(N=873)."° Only CU courses were included in this study
because, as the authors’ home institution, CU was the only
institution for which we had access to matched student grade
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data. Final letter grades were collected for all students in
these courses and were translated to standard grade point val-
ues (i.e., A=4.0, A-=3.7, B4+ =3.3, B=3.0, etc.) for the
purpose of quantitative analysis. We then calculated correla-
tions between students’ overall post-instruction E-CLASS
score and their final courses grade point value.

We found no statistically significant correlation between
students post-instruction overall E-CLASS scores and their
final course grade for students in our first-year (FY) introduc-
tory lab course (r=0.01).'° Alternatively, we found a small
(r=0.19) but statistically significant positive correlation for
students in our more advanced, beyond-first-year (BFY)
courses. While we are not arguing that the relationship
between E-CLASS scores and final grades is a causal one,
these results do suggest that the link between course perfor-
mance and students’ beliefs about experimental physics is
stronger in more advanced lab courses than in the FY labs.
One possible explanation for this increase in correlation for
BFY students was the inclusion of a final, open-ended pro-
ject in some of the BFY courses. Open-ended activities that
provide opportunities for student agency are one place where
we might expect to see clearer connections between stu-
dents’ beliefs and their success or failure when completing
their projects. However, even in the BFY courses, the corre-
lation between grades and E-CLASS scores was fairly weak,
suggesting that E-CLASS scores were not good predictors of
students’ course performance at either level or that students’
beliefs were not being effectively captured by their final
course grades.

To add nuance to the finding discussed above, we also
examined how students’ perceptions of their grades relate
to their beliefs about experimental physics as measured by
the E-CLASS assessment.'” To do this, we examined stu-
dents’ responses (N =7167) to an additional section on the
post-instruction E-CLASS. This section included 23 items
asking students to rate on a 5-point Likert scale how impor-
tant—"“not at all important” to “very important”—particular
elements of experimental physics were for earning a good
grade in their course. Each of these 23 questions targeting
students’ perceptions of grading was designed to pair with
one of the E-CLASS prompts (the remaining seven E-
CLASS prompts do not have a matched grade question); for
example, the E-CLASS item “Working in groups is an
important part of doing physics experiments” has the
matched grade question “How important for earning a good
grade was working in a group.” Correlations between stu-
dents’ responses to each grade question and its matched
post-instruction personal question were statistically signifi-
cant for all sets of questions. Moreover, the size of this cor-
relation was moderate (r > 0.3) for seven questions in both
the FY and BFY student populations.'” The magnitude of
these correlations was generally larger than the correlations
observed between E-CLASS scores and their actual course
grades, suggesting a stronger link between students’ beliefs
about experimental physics and their perceptions of the
grading practices than with the actual grading practices.
While the causal mechanism for these correlations cannot
be established from these data, these findings do suggest
that laboratory course instructors should take care not only
to intentionally design their grading practices to target the
aspects of experimental physics they value and want their
students to value but also to make those grading practices
transparent to their students.
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C. What does E-CLASS tell us about students’ ideas
about experimental physics?

The research described in Secs. IIB and IT A established
the validity and reliability of the E-CLASS assessment, as
well as how its scores relate to other measures of student suc-
cess. The E-CLASS can also be used to gain insight into the
status and dynamics of students’ beliefs about the nature and
importance of experimental physics in terms of both their
personal views and their predictions of what practicing phys-
icists would say (Fig. 1).'"® Using the full E-CLASS dataset
(N=7167), we calculated average scores both overall and
on individual questions for students in FY and BFY courses
separately (see Fig. 2). We found that undergraduate students
in physics lab courses often entered and left these courses
with a variety of ideas about experimental physics, some of
which were inconsistent with those of practicing physicists.
This trend held for both FY and BFY students, though
upper-level students’ personal views were more consistent
with those of experts than introductory students. With
respect to the impact of our lab courses in aggregate, BFY
courses did not tend to result in significant shifts in students’
views over the course of one semester, and introductory lab
courses tended to cause small (but statistically significant)
negative shifts. When predicting the responses of practicing
physicists, students in upper-level courses were marginally
more accurate; however, both BFY and FY students were, on
average, able to correctly predict what the “expert-like”
response would be for more than 80% of the questions. This
finding suggests that students, even FY students with mini-
mal experience with physics labs, are relatively good at pre-
dicting the expert response, and this trend holds even when
their personal views disagree.

While the findings above suggest that BFY students
tended to have more favorable views about the nature of
experimental physics than FY students, it is not clear what
caused this increase. For example, the increase in favorable
views could be a result of instruction as students advance
through the curriculum. Alternatively, it could be caused by
a selection effect in which only those students whose
beliefs were already expert-like persist to the higher-level
lab courses. To distinguish between these two possible
mechanisms, we collected E-CLASS data from three con-
secutive lab courses at CU over the course of eight semes-
ters.'” Each of these courses is required for both physics

075
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with favorable responses
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FY (N=5609) BFY (N=1558)

Fig. 2. Average fraction of questions with favorable responses both before
and after instruction for the FY and BFY populations separately. Error bars
represent one standard error of the mean and asterisks indicate statistically
significant differences. Note, to facilitate visualization of the error bars, the
axis has been truncated at 0.6.
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and engineering physics majors at CU and was taught pri-
marily in a traditional guided lab format. By examining the
scores of students for whom we had matched pre- and post-
instruction E-CLASS responses in multiple courses (i.e.,
longitudinal data), we found that these students both started
and ended the lower level course with higher E-CLASS
scores than the general population of students in that course
who did not take the next course in the sequence. This find-
ing suggests that for traditionally taught courses, the
increase in E-CLASS scores between the FY and BFY
courses was not driven by a cumulative impact of labora-
tory instruction, but rather a selection effect in which stu-
dents who persisted into higher level lab courses already
had higher E-CLASS scores than their peers when they
started the lower level courses.

D. How do E-CLASS responses vary across courses and
students?

Section II C provided a summary of general trends in stu-
dents’ responses to the E-CLASS both in the aggregate data-
set and broken out by course level. However, we have also
explored how these trends vary based on other course or stu-
dent characteristics. For example, it is reasonable to expect
that physics majors may have more expert-like personal
views about experimental physics than students with other
majors. Consistent with this expectation, we found that the
population of physics and engineering physics majors had
significantly higher pre- and post-instruction E-CLASS
scores than the population of students with other majors
(including other science majors).'**® Moreover, physics
majors showed less negative shifts over the course of a
semester than non-physics majors. '

Many research-based assessments in physics have also
shown differences in performance between men and
women.?! To investigate the presence of gender differences
in E-CLASS scores, we examined overall and by-item scores
from men and women separately in the full E-CLASS dataset
(N =7167).%° We found that men typically started and ended
with higher E-CLASS scores than women; however, the size
and even significance of this trend varied significantly
depending on the subpopulation. For example, there was no
significant gender gap in the population of BFY physics
majors, but the gender gap did appear in the population of
BFY non-physics majors. To address the intersection of
these different demographic and course factors, we utilized a
statistical technique known as analysis of covariance
(ANCOVA).22 ANCOVA is a statistical method for compar-
ing the difference between population means while account-
ing for the variance associated with other factors. In this
case, we were looking at the difference between post-
instruction E-CLASS means for men and women while
accounting for the impact of pre-instruction scores, major,
and course level.”” The results of the ANCOVA indicated
that, after accounting for differences in pre-instruction
E-CLASS score, major, and course level, gender was a sig-
nificant predictor of E-CLASS performance only for FY,
non-major students. This, combined with previous research
linking students’ beliefs and confidence with their interest
and persistence in the major,®” suggests that the population
of FY non-physics women may be a key population for
instructors and researchers to consider when working to
improve students’ attitudes about physics, as well as the per-
sistence and recruitment of women into the physics major.
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We also investigated the impact of differences in class-
room structure or instructional strategies on students’ E-
CLASS responses. The majority of physics lab courses are
taught using a traditional guided lab approach. However,
these guided labs have been heavily critiqued as being cook-
book and inauthentic.?*** To address this issue in introduc-
tory courses, the PER community has worked to design
laboratory learning environments that allow students to
engage more authentically in the process of experimental
physics. Examples of these environments within our dataset
include Investigative Science Learning Environment
(ISLE),25 Modeling Instruction,26 and integrated lab/lecture
environments such as studio physics?’ or SCALE-UP
(Student-Centered ~ Activities for Large Enrollment
University Physics).”®

To determine if the use of these transformed approaches
to laboratory instruction had a positive impact on students’
E-CLASS scores, we compared the E-CLASS responses of
students in FY courses using only traditional guided labs
with those of students in FY courses in which the instructor
reported usinég one or more of these transformed instructional
approaches.”” We found that students in transformed courses
had similar preinstruction scores and significantly higher
post-instruction scores relative to students in purely tradi-
tional courses (Transformed: Pre =17.1 pts, Post =17.3 pts;
Traditional: Pre =16.4 pts, Post=14.4 pts).?* This post-
instruction difference was driven by a negative shift in the
scores of students in traditional courses and no shift in the
scores of students in transformed courses. Moreover, an
ANCOVA analysis of these data showed that students in
transformed courses had higher E-CLASS scores even when
controlling for the variance in other factors such as pre-
instruction score, student major, and student gender. The
ANCOVA also demonstrated that, while both men and
women benefited, the increase in scores associated with
transformed instructional approaches was significantly larger
for women by as much as a factor of two.

Another approach to creating more authentic laboratory
learning environments that better reflect actual experimental
work, which has been used in both FY and BFY courses, is
to incorporate open-ended activities that provide additional
opportunities for students to have agency over what and how
physical phenomena are investigated.*® To investigate the
impact of open-ended activities on students’ E-CLASS
scores, we compared the responses of students in courses
using only traditional guided-lab activities to courses in
which the instructor reported including one or more weeks
of open-ended activities in their course. We found that
courses using open-ended activities had higher pre-
instruction E-CLASS scores that showed a small but statisti-
cally significant positive shift over the course of the semester
(Pre = 16.9 pts, Post=17.5 pts).*® Alternatively, the scores
of students in courses using only traditional guided-lab activ-
ities shifted down significantly over the semester (Pre = 16.2
pts, Post = 14.4 pts).*® To account for the difference in pre-
instruction score, we also used an ANCOVA, which showed
a positive impact from including open-ended activities even
after controlling for the variance associated with course
level, student gender, and student major.

As previously discussed, there are a wide range of implicit
and explicit goals for lab courses.”**! In addition to foster-
ing students’ understanding of, and appreciation for, the
nature and importance of experimental physics,>%'~? two
common goals are to reinforce the physics concepts taught
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within the lecture courses*'~* and to develop students’ prac-

tical lab skills.*® These learning goals may not be indepen-
dent, meaning that a focus on one goal may help or hinder
the achievement of one of the other two. To explore this
dynamic, we asked instructors to report whether the main
purpose of their lab course was to reinforce physics concepts
(concepts-focused), develop lab skills (skills-focused), or
both (both-focused).34 BFY courses were much more likely
than FY courses to report being skills-focused, while almost
no BFY courses reported being concepts-focused. For FY
courses, we found that students in skills-focused courses
showed more expert-like post-instruction responses and
more favorable shifts than students in either concepts-
focused or both-focused courses and these differences were
statistically significant (Skills: Pre=16.9 pts, Post=17.6
pts; Concepts: Pre=17.7 pts, Post=14.9 pts).** We also
found that instructors in skills-focused courses used fewer
verification labs, provided more opportunities for student
agency, and more often asked students to quantify uncer-
tainty in a measurement and maintain a lab notebook than
instructors in concept-focused courses. An ANCOVA also
demonstrated that, while both men’s and women’s scores
were higher in skills-focused courses, this effect was signifi-
cantly larger for women.

III. SUMMARY AND RECOMMENDATIONS

Undergraduate physics lab courses represent an important
and unique element of the undergraduate physics curriculum.
In particular, lab courses can be one of the primary environ-
ments in which students gain experience with the nature and
process of experimental physics, as well as its place within
the discipline as a whole. The E-CLASS assessment was
designed as an easy-to-use tool to assess physics lab courses
with respect to how successful they are at encouraging stu-
dents to adopt beliefs about the nature and importance of
experimental physics that are consistent with those of prac-
ticing physicists. This paper presents a comprehensive over-
view of this laboratory-focused, research-based assessment
that can be used to guide and assess attempts to improve our
physics lab courses. The E-CLASS was developed based on
consensus learning goals for lab courses articulated by phys-
ics faculty. Additionally, the statistical validity and reliabil-
ity of E-CLASS scores was demonstrated using a large
dataset of students’ responses from multiple courses and
institutions.

Using this large dataset, we also established that, while
post-instruction E-CLASS scores have at most a small corre-
lation with students’ final course grades, these scores corre-
late more strongly with students’ perceptions of the grading
structure, specifically what elements of experimental physics
they believe are important for earning a good grade in the
course. This dataset has also been extensively studied to
determine overall trends in students’ ideas about experimen-
tal physics, as well as how these trends vary across different
student populations, courses, and types of instruction. These
data also represent a resource for physics lab instructors and
researchers looking to compare their students’ performance
against other courses with similar structure or content.

For the physics lab instructor interested in improving their
students’ beliefs about the nature and importance of experi-
mental physics, the results summarized above suggest a
number of potential starting places and things to consider.
For first-year, introductory courses, use of one of the
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research-based instructional approaches that have been
developed for these courses (i.e., ISLE, Modeling instruc-
tion, or integrated lab lecture) resulted in higher average E-
CLASS scores and more favorable shifts. These transformed
instructional approaches have the added benefit of being well
documented and established in the literature, reducing the
need for instructors to come up with completely new materi-
als or instructional approaches. Additionally, first-year
courses that focused more on developing students’ practical
lab skills than on reinforcing physics content also saw higher
average E-CLASS scores and more favorable shifts.

In both of the cases discussed above—using transformed
instructional approaches and focusing on developing lab
skills—the bump in these first-year students’ E-CLASS
scores was larger for women than for men. This trend is par-
ticularly important given that analysis of gender gaps in E-
CLASS scores indicated that first-year women, particularly
non-physics majors, represent the most at risk population
with respect to the appearance of significant gender gaps.
Thus, the use of transformed instructional approaches and/or
the focus on skills development have the potential not only
to improve students E-CLASS scores but also to reduce the
gender gap amongst first-year students.

Another strategy that our data suggest that lab instructors
might use in both first-year and beyond-first-year courses is
the inclusion of some open-ended activities. Open-ended
activities are those activities that provide opportunities for
students to take some agency in what and how physical phe-
nomena are investigated. For all levels of lab courses in our
data, the inclusion of one or more weeks of open-ended
activities resulted in higher average E-CLASS scores and
more favorable shifts. One advantage of this approach is that
it can potentially be implemented with less drastic changes
to the lab environment. Many traditional guided-lab activi-
ties can be modified to be more open-ended through rela-
tively small scale changes to the course framing and lab
guides without requiring a complete overhaul of the actual
lab experiments.

There are several important caveats and considerations for
a physics lab instructor to take into account when consider-
ing the recommendations above. The E-CLASS assessment
targets only a particular subset of the various potential goals
for a physics lab course; there are many other valuable learn-
ing outcomes that E-CLASS does not target. Instructors
should carefully consider whether the items on the E-CLASS
align with their specific learning goals prior to using the
assessment. Additionally, our large dataset allows us to
detect overall trends in students’ scores based on different
instructional strategies; however, this large dataset also tends
to wash out the variation in the overall success of any partic-
ular implementation of these strategies. The particulars of
how each strategy is implemented will likely have a signifi-
cant impact on its overall success. None of the recommenda-
tions given above represents a magic bullet for improving a
lab course; successful implementations will need to take into
account the goals and constraints of the particular courses, as
well as the specific needs of the student population.
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APPENDIX: LIST OF E-CLASS ITEM PROMPTS

Consensus expert-like response given in parentheses at the
end of each statement.

Q1: When doing an experiment, I try to understand how
the experimental setup works. (agree)

Q2: If T wanted to, I think I could be good at research.
(agree)

Q3: When doing a physics experiment, I don’t think much
about sources of systematic error. (disagree)

Q4: If I am communicating results from an experiment,
my main goal is to create a report with the correct sections
and formatting. (disagree)

Q5: Calculating uncertainties usually helps me understand
my results better. (agree)

Q6: Scientific journal articles are helpful for answering
my own questions and designing experiments. (agree)

Q7: I don’t enjoy physics experiments. (disagree)

Q8: When doing an experiment, I try to understand the rel-
evant equations. (agree)

Q9: When I approach a new piece of lab equipment, I feel
confident I can learn how to use it well enough for my pur-
poses. (agree)

Q10: Whenever I use a new measurement tool, I try to
understand its performance limitations. (agree)

QI1: Computers are helpful for plotting and analyzing
data. (agree)

Q12: T don’t need to understand how the measurement
tools and sensors work in order to carry out an experiment.
(disagree)

QI13: If I try hard enough, I can succeed at doing physics
experiments. (agree)

Q14: When doing an experiment, I usually think up my
own questions to investigate. (agree)

Q15: Designing and building things is an important part of
doing physics experiments. (agree)

Q16: The primary purpose of doing physics experiments
is to confirm previously known results. (disagree)

Q17: When I encounter difficulties in the lab, my first step
is to ask an expert, like the instructor. (disagree)

Q18: Communicating scientific results to peers is a valu-
able part of doing physics experiments. (agree)

Q19: Working in a group is an important part of doing
physics experiments. (agree)

Q20: I enjoy building things and working with my hands.
(agree)

Q21: I am usually able to complete an experiment without
understanding the equations and physics ideas that describe
the system I am investigating. (disagree)

Q22: If I am communicating the results from an experi-
ment, my main goal is to make conclusions based on my
data using scientific reasoning. (agree)

Q23: When doing an experiment, I try to make predictions
to see if my results are reasonable. (agree)

Q24: Nearly all students are capable of doing physics
experiments if they work at it. (agree)

Q25: A common approach for fixing a problem with an
experiment is to randomly change things until the problem
goes away. (disagree)

Q26: It is helpful to understand the assumptions that go
into making predictions. (agree)

Q27: When doing an experiment, I just follow the
instructions  without thinking about their purpose.
(disagree)
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Q28: I do not expect doing an experiment to help my
understanding of physics. (disagree)

Q29: If I don’t have clear directions for analyzing data, I
am not sure how to choose an appropriate analysis method.
(disagree)

Q30: Physics experiments contribute to the growth of sci-
entific knowledge. (agree)
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