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[This paper is part of the Focused Collection on Instructional labs: Improving traditions and new
directions.] National organizations set goals of engaging students in experimentation and authentic
scientific reasoning while developing normative concepts to help them develop essential skills and
competencies necessary to succeed in our rapidly changing world. One framework that meets these goals is
the investigative science learning environment (ISLE) approach to teaching and learning physics. While
studies have been conducted on student development of scientific abilities in ISLE-based classrooms, little
is known about how formative assessment helps promote student growth in this setting. This paper presents
on the findings from an empirical study on how the revision of written laboratory reports positively impacts
first-year high school student development of scientific abilities in an ISLE-approach classroom. We argue
that the opportunity to revise written work provides students with additional exposures that are necessary to
support their scientific ability development. Furthermore, we explore positive correlations between student
involvement in the collaborative writing process and attitudes regarding experimental physics.
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I. BACKGROUND

Today’s students are preparing for life and a career in a
constantly changing world. Learning how to follow proc-
esses and procedures no longer adequately trains individ-
uals to become productive, contributing members in the
21st century. Society needs scientifically literate citizens
that understand how to think critically. Students need to
develop abilities and skills that are applicable across many
fields [1-5]. They need to be observant. To pose questions,
develop and test explanations, make judgments about the
outcomes of those experiments, and solve complex prob-
lems that do not have one right answer. They are expected
to take ownership of their learning and collaborate and
work effectively with their peers.

With reform efforts to science education [6-9], physics
courses are a natural place to engage in such practices and
develop abilities essential for success in the 21st century.
Most research surrounding student performance in the
laboratory has been conducted at the college level [10]
and focused on the areas of scientific ability development
[11,12], systematic error and critical thinking skills [13,14],
understanding of measurement and uncertainty [15],
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feedback [16], and attitudes [17,18]. In the K—12 setting,
researchers have studied student engagement with authen-
tic science practices [19-23].

As a result, experimental activities that place greater
emphasis on reasoning and practice development have an
increased presence in classrooms both at the high school
and college levels [10,24-27]. These experiences should
help students develop habits of mind, strategies, enthusi-
asm, and confidence [6,18,28-30].

One approach to learning and instruction that engages
students in the appropriate practices is the theoretical
framework and curriculum materials that make up the
investigative science learning environment approach, or
the ISLE approach [31,32]. This student-centered approach
to learning and teaching meets the recommendations of
organizations at the K-12 and college levels [5-9]. ISLE
has two core intentionalities: students learning physics by
engaging in reasoning processes similar to those of
physicists, and that their well being is enhanced by the
experience [33]. Enhancing student well being means
teaching them that intelligence is not fixed [34,35] and
persistence and motivation [36,37] are equally important to
learning physics. Directed feedback [38—40] and multiple
formative assessment opportunities [41-44] will help
students think like physicists and build habits of minds
for 21st century careers [1,2,4].

A. Overview of the ISLE approach

In an ISLE-based classroom, students engage in the
development of physics ideas through reasoning processes

Published by the American Physical Society
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TABLE 1.

Sample ISLE investigations conducted during the mechanics portion of the school year.

Type of experiment

Example

Observational experiment Water design lab

Observe and find a pattern: Equipment: bucket of water, bottled filled with sand, spring scale, ruler.
Design an experiment that will allow you to answer some questions about forces. Focus on the
magnitudes and directions of forces that the water will exert on the bottle...

Testing experiment Fan cart lab

Design an experiment to test whether the fan cart moves at constant speed or constant acceleration.
Make measurable prediction(s) for the outcome of your experiment(s) based on these

two models of motion.

Perform the experiment, record the results, and decide which model you could not disprove and which

model you were able to disprove.

Application experiment Mu shoe lab

Determine the maximum coefficient of static friction between your shoe and a surface using
two independent methods. Only one method may use the spring scale.

similar to those physicists use to construct and apply
knowledge [32]. Students consistently collaborate with
their peers to develop, test, and use physical models in a
variety of contexts. Every new concept starts with a series
of observational experiments. Students look for patterns
and come up with possible explanations (or hypotheses).
Next, students need to determine the plausibility of these
hypotheses. To do this, the students temporarily accept the
hypotheses as true and design experiments whose outcome
they predict using the hypotheses under test. After perform-
ing the testing experiments, students make a judgment
about the hypothesis. If the experimental and predicted
outcomes do not align, students need to revise their
assumptions or reject the hypothesis. If the experimental
and predicted outcomes agree, the students may further test
the hypothesis or apply this knowledge to answer new
questions and solve practical problems [31]. An example of
each type of experiment is provided in Table I. This process
of knowledge development and application through exper-
imentation is integrated into all aspects of the learning (not
just the laboratory) and incorporates natural opportunities
for students to develop scientific abilities.

B. Scientific abilities and rubrics

Scientific abilities are the processes, procedures, and
methods used by physicists as they construct and apply
knowledge. They were constructed based on the history of
practices in physics [45], goals of the physics curriculum
[46], recommendations of cognitive scientists [47], and
analysis of science process test items [48]. It is necessary
for students to develop these abilities in order to produc-
tively contribute to a scientific community. In reformed
courses, these practices are frequently included as general
goals in the laboratory and evaluated using scientific ability
rubrics described below. These abilities are as follows:

1. the ability to represent information in multiple ways,

2. the ability to design and conduct an experiment to
investigate a phenomenon,

3. the ability to design and conduct a testing experi-
ment (testing an idea, hypothesis or explanation, or
mathematical relation),

4. the ability to design and conduct an application

experiment,

the ability to communicate scientific ideas,

6. the ability to collect and analyze experimental
data, and

7. the ability to evaluate models, equations, solutions,
and claims [46].

It takes time for students to develop scientific abilities
using a learning framework such as ISLE [12]. Students need
constructive feedback, opportunities for improvement, and
repeated exposure to each of the abilities in order to develop a
capacity for metacognitive thinking [41,43,49-52].

Within ISLE approach classrooms, students frequently
engage in writing tasks. One of the best places to do science
writing in physics classes is in the laboratory [53].
Historically, writing to learn was tied to the development
of laboratory methods in college science classes [54]. With
recent reform efforts, instructors are moving away from using
lab reports to show completion, and instead utilizing scien-
tific writing as a way to drive instruction in the classroom
[55]. Writing provides students the opportunity to not only
share out well-formulated ideas but also a space to construct
knowledge, synthesize ideas, and reflect on their learning and
understanding [56-58]. Furthermore, the act of writing
makes student thinking visible [57] for their peers which
is essential in a collaborative learning environment. Within
the K-12 [59,60] and college [61-63] classrooms, most
scientific writing takes place in lab classes [64].

ISLE approach investigations are formative [41] and the
framework encourages students to revise their work. Re-
vision is an essential part of the writing process [65] and
shifts the emphasis from a grade toward understanding [41].

e
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TABLE II.

Sample scientific subability rubric for identifying assumptions.

Scientific ability Missing

Inadequate

Needs improvement Adequate

Is able to identify No attempt is made to

An attempt is made to identify

Relevant assumptions All relevant

assumptions made identify assumptions. assumptions, but the are correctly identified assumptions
in using the assumptions are irrelevant but are not significant are correctly
mathematical or incorrect for the for solving the problem. identified.
procedure. situation.

While there are several studies on the use of formative
assessment in physics classrooms [65-69], research on the
effects of revisions on student growth and understanding in
any classroom is limited [19,70,71]. ISLE activities are
designed so that students have the opportunity to take
instructor feedback and make changes to their written work
without penalty, similar to the peer review process in the
production of scientific knowledge.

To assist students with scientific ability development,
each of the seven abilities is broken down into smaller
subabilities that students focus on when conducting an
investigation. Rubrics are used to lay out the expectations
for each scientific subability. The scientific abilities
rubrics are available online (see Ref. [72]). Table II
contains a sample rubric for the subability to identify
assumptions made in using the mathematical procedure.
Assumptions are factors that are assumed to be true when

TABLE III

applying a certain mathematical model to a real-world
situation [28].

All scientific ability rubrics contain evaluation criteria for
assessing the goals, descriptors for each level of achievement,
and a consistent scoring strategy [73-75]. The detailed
explanations in the rubric item subability descriptors are
used to identify current student progress toward proficiency
[76,77]. The scientific ability rubrics make the learning goals
for each task visible so students can use these to self-assess
their progress. Additionally, instructor feedback is provided
by identifying the current level of student performance,
which is either adequate (student performance is at the
expected level), needs improvement (student performance
is on the right track but needs some work), inadequate
(student performance attempts to meet the standards for the
ability but does not), and missing (students do not attempt to
demonstrate understanding of the ability).

Sample student responses for “is able to identify assumptions made in using the mathematical procedure”.

Rubric score Sample student response

Discussion

Missing This is all under the assumption that the fan cart
would be unaffected by other uncertainties,
such as gusts of wind.

Inadequate We assume that the cart is moving

in a straight line on flat ground.

Needs improvement
straight the entire time.

It is assumed that the floor is perfectly flat.

It is assumed that the direction flow
of air in the room is negligible.

Adequate
while conducting the experiment and
analyzing the data. We assumed that
the car is going perfectly straight and
that the only thing causing its motion
was the fan. While calculating the
acceleration with the manual data,

It is assumed that the cart is going perfectly

We made some assumptions during this lab

The student does not make any assumptions that are
relevant for solving the problem.

The student attempts to make assumptions.

The student makes relevant assumptions that are
important, but not significant for solving the
problem as it relates to the mathematical procedure.

The student makes relevant assumptions for solving
the problem. This adequate response makes mention
of other interactions that could affect the motion
of the fan as well as that the cart moves
with constant acceleration (after they’ve determined
this is the motion) and the implication of this
assumption on the mathematical model.

I assumed the car had constant acceleration.

Without constant acceleration, the

instantaneous velocity at the midpoint
of the two times cannot be approximated

by the average velocity between the two times.
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Sample student responses for the subability “is able to
identify assumptions made in using the mathematical
procedure” are shown in Table III.

Typically, investigations focus on four to six subabilities
and students are evaluated on the same rubric items at
multiple points in the school year. Students have the
opportunity to revise their work. At the college level, it
takes approximately eight weeks for students in introduc-
tory physics courses to begin to reach 80% proficiency with
many of the scientific subabilities [12].

At the high school level, it takes students a longer period
of time to develop these abilities, but their performance
often surpasses that of introductory college students [20].

However, educators are not aware of how the opportunity
to revise written laboratory reports helps high school
students in a first-year introductory physics course develop
the ability to think like a scientist. We are unaware of how
individual students contribute when writing up findings
collaboratively. Furthermore, we are unaware of the effect
of scientific ability development on high school students’
attitudes regarding experimental physics.

The study reported in this paper addresses the following
research questions:

1. How does the opportunity to revise written labo-
ratory reports affect whole class development of
scientific abilities?

2. What is the effect of scientific ability development in
an ISLE-approach classroom on student attitudes
toward and confidence with experimental physics?

II. METHODOLOGY

We used a convergent parallel mixed-methods approach
[78] to explore the effects of the opportunity to revise on
high school student development of science-process abil-
ities and attitudes regarding experimental physics in a first-
year physics course.

A. Setting

This study took place in a Northeast suburban public
high school over a consecutive three-year period. At the
time of the study, there were four physics instructors at this
school who were trained in and implemented the ISLE
approach in their classrooms; two of these instructors’
classrooms were sampled. The student population in this
high school was 70% Asian, 20% White, 5% Black, and
5% Hispanic. All students were provided a Chromebook
and school Google account. There was a high expectation
for excellence and achievement in the district from parents
and students.

This study was conducted in ten sections of a first-year
honors physics course (15- to 18-year-old students enrolled
in the course) that followed the ISLE approach. The two
course instructors utilized ISLE-based instructional materi-
als including physics union mathematics [79] curricular

FIG. 1.

Students working collaboratively in the classroom.

resources, scientific abilities rubrics [72], and the active
learning guide [80].

Enrollment was on average 24 students per class and
class periods were either 60 or 80 min depending on the day
in the rotation. Total instructional time ranged from 200 to
280 min per week. The physical layout of the classroom
lent itself to collaboration as students are seated in groups.
These groups changed approximately once a month so
students had an opportunity to learn with all of their peers
over the course of the school year. Figure 1 shows students
working together in class on an investigation. Within these
groups, students engaged with the NGSS science practices
[8] and scientific abilities [46] as they worked together to
develop, test, and apply physics concepts to the real world.

B. Sampling

The students were sampled purposefully [81] from all
honors physics sections offered at the high school each year
(Table IV). Over a three-year period, we collected work from
230 different students in ten sections of honors physics. Fifty-
five percent of these students identified as male while 45%
identified as female. During year 1 and year 2 work was
collected from a single classroom. During year 3, work was
collected from two classrooms. Instructor 1 identified as
female and instructor 2 identified as male. Both instructors
were graduates of the same ISLE-based teacher preparation

TABLE IV. Overview of sections and students sampled for the
study.

Number of Number of Number of

sections sections Number of classroom

Year offered sampled students instructors
Year 1 8 3 69 1
Year 2 7 2 46 1
Year 3 7 5 115 2

020166-4
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TABLE V. Average FCI Scores for sampled sections.

Section Pre Post Gain

Year 1 9.10 £4.38 19.69 +5.43 0.53 +0.28
Year 2 1022 £6.13 19.61 £5.66 0.50+0.43
Year 3, instructor 1  9.17 £4.51 19.02£5.68 0.504+0.30
Year 3, instructor 2 10.17 =4.18 20.02 £5.35 0.52 £0.20
Average 9.65 +4.38 19.59+£5.30 0.51+£0.30

program and had taught the honors physics course for over
SixX years.

The Force Concept Inventory [48] was administered at the
beginning and end of the mechanics unit to learn how similar
or different the sampled students were for instructor 1 at the
start of each school year and instructor 2 during year 3. An
average normalized gain [82] was used to determine the FCI
scores for each class (Table V). Whole class pre- and post-test
scores are within one point of one another; the gains are also
similar. These scores are on the medium to high end of
reformed instruction scores [82]. This means that all four
populations sampled started at the same place with their
physics content knowledge.

C. Implementation of ISLE in the classroom

This study focuses on student development of science-
process abilities through their written laboratory reports.
In this section, we describe the process the students
went through when designing an investigation, writing
up their findings, self-assessing, and revising their work
based on teacher feedback. Within each unit of study, the
students engaged in observational, testing, and application
experiments.

1. Laboratory reports

The students in this environment wrote formal laboratory
reports for one or two investigations per unit of study (such
as kinematics, Newton’s laws, circular motion, etc.). They
conducted the investigations in groups of three or four.
Over the three-year period during which data were col-
lected, the students wrote up their reports either individu-
ally or in groups depending on the year, the task, and the
instructor. In year 1, instructor 1 required one class to write
an individual report and two classes to write group reports
for each investigation. The instructor wanted all students to
have both individual and collaborative experience engaging
with the scientific abilities and writing up their findings. In
year 2, all lab reports except for lab 2 were written
collaboratively. This lab was performed early in the year
and the instructor wanted to make sure all students were
comfortable writing up findings from an investigation.

In year 3, all reports for instructor 1 were written
collaboratively and only lab 1 for instructor 2 was written
individually. Instructor 2 also wanted to ensure that all
students were comfortable writing up their findings before

YOUR #1 FAN

1. Design an Experiment

Design an experiment to test whether the fan cart moves at constant speed or constant
acceleration. Make measurable prediction(s) for the outcome of your experiment(s) based on
the models of motion.

How are the predictions different from the models?

Perform the experiment, record the results, and decide which model you could not disprove and
which model you were able to disprove.

FIG. 2. Excerpt from directions for the fan cart investigation.

writing group lab reports. Recall that laboratory investiga-
tions are used to drive learning in the classroom and students
design and perform these experiments collaboratively. For
these classroom Instructors, writing group reports is a natural
extension of the learning process. For each investigation, the
students were provided an assignment sheet that included
learning goals, scientific subability rubrics, and process-
oriented guiding questions. Figure 2 shows the beginning of a
sample investigation assignment sheet for a kinematics unit
testing experiment. The full investigation is available as
Supplemental Material [83].

This modified physics union mathematics [79] inves-
tigation is an example of a testing experiment. At the end of
the kinematics unit of study, students were tasked with
applying their knowledge of motion to the movement of a
fan cart. They had to design an experiment to test two
competing models: the cart moved at constant velocity or
constant acceleration. This was an appropriate testing
experiment to perform at this point in the curriculum
because the students had not yet learned about forces; it
was reasonable for them to think the cart would move with
constant motion. Students had two class periods to design
the investigation, make the predictions of the outcomes
based on those two different hypotheses, and collect and
analyze their data. After completing their analysis, the
students wrote up their findings in a report. The students
were provided a teacher-created template document
through Google Classroom (Fig. 3).

This template does not provide the students with guidance
on how to write their report; it only contains space for their
work, reflection, and self-evaluation. Providing a template
ensured that the classroom teacher had access to student
progress and the researcher was able to efficiently analyze the
data. Figure 4 contains an excerpt from one group’s report.
The full report is available as Supplemental Material [83].

2. Self-assessment

After writing up their findings, each group was required
to self-assess their work prior to submission. The students
had to evaluate their written report using several scientific
subability rubrics and to provide a commentary justifying
why they believed that they deserved a particular score. As
seen in the sample report (Supplemental Material [83]), the
majority of students completed the self-assessment table at
the end of the report. Some students chose to add comments
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Title
Author(s)

Abstract [Abstract should be 100 words or less and may be size 10 font]

Report [Times New Roman, size 12 font, 1 inch margins, page limit (including diagrams and
tables): 4 pages]

Include the following at the end of your report [you may delete the directions when you are
finished].

Reflection
Reflect on your experience in the lab, including your group’s ability to execute relevant 21st
century competencies.

Self-Assessment

In the table below, mark your proficiency in the corresponding box and justify your score in the
box below each Scientific Ability.

Scientific Missing Inadequate Needs Improvement | Adequate
Ability
1
Justification:
al |
Justification:
FIG. 3. Teacher provided template for written laboratory

reports. Full template is available as Supplemental Material [83].

directly into the text where they felt they met the expect-
ations of each scientific ability. Both approaches are
beneficial to the classroom instructor as they provide
insight into student understanding of the expectations for
each scientific ability.

3. Teacher feedback

Once students submitted their laboratory reports, the
classroom teacher added comments and rubric scores to the
assignment. The purpose of this feedback was to help
students learn how to work with the scientific abilities, not
provide them the correct text to include in their lab report.
Teacher feedback pointed out both areas of strengths as
well as areas for improvement. Feedback ranged from
corrections to their scientific language, to comments about
methods, to questions designed to guide student thinking.
As the year progressed, and students became more com-
fortable working with the scientific subability rubrics,
teacher feedback transitioned from more detailed in-text
comments to rubric scores.

4. Revisions

After receiving teacher feedback, the students had the
opportunity to revise and resubmit their reports. This was
optional, but the majority of students and student groups
chose to revise their work. The students worked collabo-
ratively with their peers, asked the instructor clarifying
questions, and made changes to their submission in a
different color. The different color text allowed for easy
teacher review of their changes. A sample copy of a revised
report is available as Supplemental Material [83]. The
classroom teacher reevaluated the student work, added
new scores to the rubric and updated the grade for the
assignment.

was a running start.

no change in velocity.

Purpose: To determine of the fan cart moves at a constant speed or at a constant acceleration

Hypothesis: The fan cart moves at a constant speed and the acceleration is negligible since there

Prediction: If the fan car is in fact moving at a constant speed, then the slope of the velocity vs
time graph will be a horizontal line and the slope of the acceleration vs time graph would exhibit

will be equivalent.

Purpose: To determine of the fan cart moves at a constant speed or at a constant acceleration

Hypothesis: The fan cart moves at a constant speed-and-the-aceeleration-isnegligible sinee-there
was-a-ranningstart: because the times it will take for the cart to cover intervals of equal distances

Prediction: If the fan car is in faet moving at a constant velocity in a straight line and on a
smooth floor the entire time, then the position vs. time graph of the cart will be linear with a
positive slope and the slopes of the Velocrcy vs. time graph Wlll each be a linear, horlzontal lines.

FIG. 4. Sample group written report for fan cart lab. Top is the initial submission; bottom is the revised submission after receiving
teacher feedback. Revisions are in pink. The full report is available as Supplemental Material [83].
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TABLE VI

Summary of the experiments for which students wrote laboratory reports during the mechanics portion of the school year.

Level of difficulty was determined based on both cognitive and procedural demands of the task by researchers involved in development

of and instruction with ISLE curricular resources.

Lab Type of
No. Title experiment

Level of

Summary difficulty

1 Two cars meet Application

Predict where two cars will meet if they are initially 12

placed 3 m apart and released at the same time.

2 Fan cart

Freefall

Testing

Observational
or testing

Design an experiment to test whether the fan 4

cart moves at constant speed or constant acceleration.
Design an experiment to investigate how objects move
when nothing holds them up. Examine the materials

2

available to your lab group. You may design
an observational experiment or a testing experiment
if you have a hypothesis.

4 Interactions Observational

with water

Observe and find a pattern: Equipment: bucket of water, 3
bottled filled with sand, spring scale, ruler. Design an

experiment that will allow you to answer some
questions about forces. Focus on the magnitudes and
directions of forces that the water will exert

on the bottle...

5 Mu shoe Application

Determine the maximum coefficient of static friction 3

between your shoe and a surface using two independent
methods. Only one method may
use the spring scale.

6 Impulse-momentum Testing

7 Spring into action Testing

Design an experiment to fest the impulse-momentum 4-5
relationship.
You have a spring and a vertically mounted metal pole 3

and other regular lab equipment... Design an experiment
to test work-energy principle using available equipment.

8 Forensic physics Application

Devise a procedure to determine the coefficient 5

of friction between the tire rubber and the asphalt
using a collision process.

Observational
and testing

9 Design your own
experiment

Design an experiment that will allow you to answer 5
some question(s) using the physics knowledge and

lab skills you’ve developed in the first half of the school year.
Which scientific abilities are relevant for your investigation?

D. Data collection

Classroom artifacts include student written laboratory
reports, pre- and postsurveys, and overall class performance.

1. Laboratory reports

The primary data source for this exploration was student
written laboratory reports from the mechanics portion of
the curriculum. These artifacts were collected in order to
answer research question 1. The difficulty of the inves-
tigations varied over the year with the last lab being more
difficult than the first. Table VI contains a brief overview of
each investigation and the level of difficulty relative to the
other investigations.

The level of difficulty was determined based on both
cognitive and procedural demands of the task by research-
ers involved in the development of and instruction through
of ISLE curricular resources.

Students in instructor 1’s classroom had the opportunity
to revise their written reports after receiving feedback. In
total, we collected 631 individual and group reports. The
students revised 296 of those. Table VII highlights how
many individual and group reports (initial and revised) per
investigation were available for analysis. The students in
instructor 2’s classroom did not have the opportunity to
revise their reports.

2. Pre-post surveys

We also collected data from surveys that the students
took at the beginning and end of each school year in order
to answer research question 2. These surveys include the
Colorado Learning Attitudes about Science Survey for
Experimental Physics (E-CLASS) [84] and a short survey
in the semantic differential response format on student
perceived confidence with the scientific abilities and
elements of the ISLE approach. The survey was created

020166-7



DANIELLE BUGGE

TABLE VII. Laboratory investigation artifacts by year. Note that bold numbers indicate the number of reports
written by groups. Regular text numbers indicate the number of reports written individually. Italic numbers (in
parentheses) indicate the number of revised reports. Each student or group of students in the classroom of instructor 1
had one opportunity to revise their work for each investigation. The total number of reports scored by year are included
at the bottom of the table. During year 3, lab 3 was conducted in lieu of lab 2; after year 1, labs 7 and 8§ were combined
into a single investigation; lab 9 was not introduced until year 2.

PHYS. REV. PHYS. EDUC. RES. 19, 020166 (2023)

Investigation Year 1, instructor 1 Year 2, instructor 1 Year 3, instructor 1 Year 3, instructor 2
Lab 1 12 (12) 13 (12) 12 (12) 66
22 (21)
Lab 2 12 (9) 44 (18)
24 (14)
Lab 3 12 (12) 18
Lab 4 12 (8) 13 (6) 12 18
22 (17) 1
Lab 5 14 (6) 13 (8) 13 (9) 17
22 (13)
Lab 6 10 (10) 10 (9) 13 (13) 15
23 (19)
Lab 7 12 (9)
23 (7)
Lab 8 19 (10) 12 (7) 12 (11) 17
Lab 9 46 (16) 13 (8) 11
Total 227 (155) 152 (76) 87 (65) 165

by the classroom teacher (see the Appendix, Table XIII). It
asked students to rank their current level of comfort and
confidence with the scientific abilities such as differentiating
between a hypothesis and a prediction, taking assumptions
into account, making a judgment about the outcome of an
experiment, and performing the three different types of
experiments (observational, testing, application). Instructor 1
distributed this survey for three years prior to the onset of
data collection and during the three years of the study.

E. Data analysis

We used a microgenetic approach to analyze the labo-
ratory reports collected from the high school classroom
[85]. A microgenetic approach focuses on “the moment-by-
moment change examined within a relatively short span of
time for an increased number of meetings” [86] (p. 3). This
approach provides researchers the opportunity to examine
student work at multiple points in the year, not only the end
product. We scored all reports on initial submission and
after revisions. This analysis method helped us answer the
research question 1 of how the opportunity to revise written
laboratory reports affects whole class development of
scientific abilities. Furthermore, we used a case study
analysis to explore how individual students contributed
to written laboratory reports. We also measured gains on
the pre- and postsurveys in order to explore relationships
between scientific ability development through revisions
and student attitudes in the classroom. Finally, we ran a
comparative analysis to explore the association between
whole-class growth and factors such as whole-class

attitudes, and frequency of contributions to the lab report
and revisions.

1. Laboratory reports

The primary coding scheme for the lab report artifacts
follows the descriptors of the subabilities on the scientific
ability rubrics. The categorical values from the rubrics were
converted into numerical responses (0, missing; 1, inad-
equate; 2, needs some improvement; and 3, adequate). The
lab reports were rescored by researchers familiar with ISLE
approach laboratory investigations. This was necessary
because although the classroom instructors were trained in
how to use the rubrics, they did not establish the reliability
procedures required for research when assigning grades
during the instructional process. Rescoring was needed to
ensure research-level reliability. The researchers scored the
same reports and discussed rubric scores. They then scored
additional reports and repeated this process until an interrater
reliability of at least 85% was obtained for all abilities.

Students were evaluated with rubrics on a total of 22
scientific subabilities during the mechanics portion of the
school year. Table VIII contains the scientific subabilities
that students were evaluated on at least three times. Each of
these subabilities were displayed as a 100% stacked bar
chart and we ran a Wilcoxon signed ranks test [87] on the
scores to determine if whole class growth over the course of
the semester was statistically significant. We then com-
pared whole class growth for class sections that had the
opportunity to revise and those who did not revise after
receiving feedback.
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TABLE VIIIL

Scientific subabilities frequently assessed in investigations. Note that lab 9 is omitted from analysis. Students designed

their own experiments and chose the subabilities on which to evaluate their work. It is not possible to measure whole-class growth

because so many different subabilities were selected.

Lab 1 Lab 2 Lab 3 Lab 4 Lab 5 Lab 6 Lab 7 Lab 8

Is able to identify sources of experimental uncertainty
Is able to evaluate specifically how identified uncertainties may
affect the data

Is able to identify assumptions made in using the mathematical procedure
Is able to determine specifically the way in which assumptions might

affect the results
Is able to record and represent data in a meaningful way
Is able to make a reasonable prediction based on the hypothesis
Is able to make a reasonable judgment about the hypothesis
Is able to make a judgment about the results of the experiment

Is able to evaluate the results by means of an independent method

X X X X X X X
X X X X X X X
X X X X X
X X X X X
X X X X X
X X X X
X X X X
X X X
X X X

Individual student contributions. We conducted a quanti-
tative analysis of the revision history of each Google
document to track individual student contributions on
laboratory reports. The benefit of using teacher-provided
Google documents is that we had access to the revision
history. Each document was run through an analysis
program that rebuilt the document and kept track of
individual keystrokes (character count). A quantitative
analysis of each lab report revealed the number of additions
and deletions made by each student for each investigation;
this includes revisions. This analysis did not account for
whether the students worked collaboratively on a single
device as the program was only able to determine which
account typed each keystroke. Table IX contains an
example of what this output looks like for a single
laboratory investigation.

As a part of this analysis, it is possible to obtain
information about which students contributed to which
scientific subabilities. We performed a case study analysis
to answer the research question of how individual students
contribute when writing up and revising laboratory reports
in teams. Although we have data from ten sections of
honors physics, the findings shared in this paper are limited
to a single class section from instructor 1. Selecting one
class was purposeful so all students worked on their
investigations under the same conditions (amount of class
time, teacher directions, etc.). After conducting a whole
class analysis, the work of two students was chosen to
showcase the step-by-step process in the classroom.

The first student contributed to many scientific subabil-
ities on the initial written submission and participated in the
revision process. The second student contributed minimally
to both the initial written submission and the revisions,
and their participation was limited to the same scientific
subabilities.

2. Surveys

Surveys were administered at the start and end of each
school year.

E-CLASS. We administered the Colorado Learning
Attitudes about Science Survey for Experimental Physics
(E-CLASS) survey to all sampled students during the
second and third years of data collection. This survey
assesses student views and attitudes when doing experi-
ments in the classroom and has a score range from —30 to
430 [84]. It was not possible for the high school students to
complete the survey on the digital platform monitored by
the University of Colorado, Boulder because they were
minors at the time of instruction. As a result, we conducted
our own statistical analysis of the data following the
procedure used by Wilcox and Lewandowski [88]. The
5-point Likert item scale was collapsed to a 3-point Likert
item scale. We combined the responses of “(dis)agree” and
“strongly (dis)agree” into a single category as the differ-
ence between ‘“(dis)agree and strongly (dis)agree” is not
necessarily consistent across students [89]. This new

TABLE IX. Sample character count student contribution data for a single lab investigation.

Name Total added Total deleted % total contribution Final version % of final version % of revisions
Jack 2994 719 27.24 2754 35.96 33.68
Scott 1973 1483 25.35 1010 13.19 16.05
Divya 4142 672 35.31 2385 31.14 33.78
Arpun 1537 113 12.10 1510 19.72 16.50
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3-point scale was coded as favorable (41), neutral (0), or
unfavorable (—1) with respect to expert response. The sum
of each individual’s score was obtained. We ran general
descriptives for central tendency and variability on the
dataset. Overall student scores were graphed and the
averages and standard deviations found. Finally, we ran
a Wilcoxon signed ranks test to determine if the difference
in pre- and postscores was statistically significant.

Scientific abilities confidence survey. We ran descriptive
statistics on the pre- and postresponses to the scientific
ability survey. Once again, the Wilcoxon signed ranks test
was run to test for significance in change in confidence
response pre and post.

3. Relationship between artifacts

We ran a bivariate correlation to determine if there were
any significant relationships between different individual
student artifacts including average contribution, the number
of times they revised, FCI gain, E-CLASS difference, and
scientific ability confidence gain. A Pearson correlation
coefficient was used for continuous data and a Spearman
correlation for all other cases.

III. FINDINGS

In this section we present findings related to the effects of
the opportunity to revise written laboratory reports on
student scientific ability development. A table summarizing
the laboratory reports by year and instructor is available in
the Appendix (Table XIV). We also present pre- and
postsurvey results for the E-CLASS and scientific abilities
confidence surveys as well as relationships between the
opportunity to revise and other individual student artifacts.

A. Scientific abilities

We explored changes to whole class overall mastery of
scientific abilities and how the opportunity to revise
affected student growth by studying subabilities. In the
findings we present an overview of this growth for three
types of subabilities: uncertainty-associated abilities,
assumption-associated abilities, and hypothetico-deductive
reasoning. These subabilities were selected for this paper

Instructor 1

Lab5 (N =12)

Lab 8 (N = 12)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

FIG. 5.

because students consistently had multiple exposures over
all three years of data collection. Their work related to these
particular subabilities clearly addresses how the opportu-
nity to revise affects student growth. Findings are presented
from year 3 for uncertainty-associated abilities because
both Instructors provided multiple opportunities for
engagement with these abilities. We present findings for
all three years for assumption-associated abilities and
hypothetico-deductive reasoning as there were only two
formal exposures (student work evaluated with the rubrics)
to each during year 3.

1. Uncertainties

The first formal evaluation with rubrics of experimental
uncertainties in year 3 was on an investigation two to three
weeks into the school year. During the first few days of
school, students were informally introduced to uncertainty
associated abilities through smaller classroom activities.
These activities required students to use uncertainty asso-
ciated abilities but their work was not evaluated with the
rubrics. In this investigation, students were asked to use
their mathematical model for constant motion to predict
where two cars would meet when released a certain
distance apart. The students needed to express the predicted
meeting point as a range and identify the sources of
uncertainty. The students in instructor 1’s class wrote lab
report 1 collaboratively in teams of four while the students
in instructor 2’s class wrote individual reports. This is the
only report that students in instructor 2’s class wrote
individually; the remaining reports were all written collab-
oratively (as discussed in Sec. IIC 1). Students in both
classes struggled with identifying sources of experimental
uncertainty on lab 1 (Fig. 5)—their focus was on either
instrumental or random uncertainty, not both. Over the
course of the semester, students in both sections improved
at identifying all sources of experimental uncertainty. This
reached saturation for instructor 1’s students after lab 2 and
varied slightly as the cognitive demand of each task
increased. While students in instructor 2’s class also
improved at identifying sources of experimental uncertainty,
they did not reach saturation by the end of the semester.

Furthermore, students in both classes demonstrated
significant proficiency (a score of 2 or 3) on their initial

Instructor 2

Lab 1 (N = 66)
Lab5 (N =17)
Lab 6 (N = 15)

Lab 8 (N = 17)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

“Is able to identify sources of experimental uncertainty” rubric scores for year 3. The bars represent the percentage of groups

whose initial laboratory reports received the scores shown on the rubrics. 0, missing; 1, inadequate; 2, needs improvement; and 3,

adequate.
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Instructor 1

Lab 1 (N =12)

Lab 5 (N =12)

Lab 6 (N = 13)
Lab 8 (N = 12)
0% 20% 40% 60% 80% 100%
0 1 m2 m3

Instructor 2

Lab 6 (N = 15) _
Lab 8 (N =17) _
0% 20% 40% 60% 80% 100%
0 1 m2 ®m3

“Is able to evaluate specifically how identified experimental uncertainties may affect the data” rubric scores for year 3. The

bars represent the percentage of groups whose initial laboratory reports received the scores shown on the rubrics. 0, missing; 1,

inadequate; 2, needs improvement; and 3, adequate.

submission with evaluating the identified experimental
uncertainties (Fig. 6). Instructor 1’s students’ scores
reached saturation during lab 5 and decreased significantly
on lab 6 (p < 0.001) (where the task was more cognitively
demanding) before returning to saturation on lab 8.
However, after the first investigation, the majority of
instructor 2’s students struggled with correctly evaluating
the uncertainties and stating the final value as a range of
possible outcomes. After lab 1, their demonstrated profi-
ciency remained at or below 50% for the remainder of the
semester.

Students in instructor 1’s class had the opportunity to
revise and resubmit their work. Figure 7 shows how
revisions affected the initial submission for uncertainty-
associated abilities. Although there appears to be fluc-
tuation in scores throughout the semester, both the content
and cognitive demand of the investigations increased with
time (Table V). Significant changes in scores occurred for
both subabilities when new content was introduced (i.e.,
impulse and momentum in lab 6). Groups returned to
saturated demonstrated proficiency on lab 8.

2. Assumptions

In year 1, students had five formal opportunities to work
with assumption associated abilities. As with experimental
uncertainties, students were introduced to assumptions
during informal classroom activities. Figure 8 shows

Is able to to identify sources of experimental uncertainty

Lab 1 Initial (N = 12)
Lab 1 Revised (N = 12)
Lab 5 Initial (VW = 12)
Lab 5 Revised (N = 12)
Lab 6 Initial (W = 13)

Lab 6 Revised (N = 13)

Lab 8 Initial (N = 12)

Il
il

0% 20% 40% 60% 80% 100%
0 1 m2 m3

FIG. 7.

how revisions affected the initial submission for
assumption associated abilities. Consistent with uncertainty
associated abilities, student scores fluctuated throughout
the semester with each lab when they had the opportunity to
revise.

In year 2 we saw a similar pattern in student growth with
these subabilities over the course of the semester (Fig. 9).
Their ability to identify assumptions made in using the
mathematical procedure was at saturation for lab 1 (a less
cognitively demanding task). This decreased to 50% on lab
2 before returning to close to 100% for the remaining lab
reports. The ability to determine specifically the way in
which assumptions might affect the results was more
challenging for students. On most investigations, the
majority of student groups stated the effects of their
assumptions but did not attempt to validate any of them
(the difference between a score of 2 and a score of 3). There
was also a drop from 80% to 30% between lab 1 and lab 2
that is consistent with other fluctuations in the course.

In year 3, students only had two formal opportunities to
demonstrate proficiency with assumption associated abil-
ities. As seen in Figs. 10 and 11, this was not enough for
growth. Students in both classes started the year with more
than 80% proficiency identifying assumptions on lab 1.
Over the course of the semester, proficiency on both of
these abilities remained constant. Instructor 2’s students
hovered around 70% proficiency for the ability to deter-
mine specifically the way in which assumptions might

Is able to evaluate experimental uncertainties

Lab 1 Initial (N = 12)
Lab 1 Revised (N = 12)
Lab 5 Initial (V = 12)
Lab 5 Revised (N = 12)
Lab 6 Initial (V = 13)

Lab 6 Revised (N = 13)

Lab 8 Initial (V = 12)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

Initial rubric scores for year 3 instructor 1 uncertainty associated abilities for all groups. Revised rubric scores for all groups

who chose to revise. Uncertainty associated abilities for lab 8 were only scored by researchers so students did not have an opportunity to
revise. The bars represent the percentage of groups whose laboratory reports received the scores shown on the rubrics. 0, missing; 1,

inadequate; 2, needs improvement; and 3, adequate.
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Is able to identify relevant assumptions

Lab 1 Initial (V = 34)
Lab 1 Revised (N = 13)
Lab 2 Initial (N = 36)
Lab 6 Initial (V = 33)
Lab 6 Revised (N = 29)
Lab 7 Initial (¥ = 35)

Lab 7 Revised (N = 16)

Lab 8 Initial (V = 19)

Lab 8 Revised (N = 10)
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FIG. 8.

Is able to determine the effects of assumptions

Lab 1 Initial (V = 34)
Lab 1 Revised (N = 18)
Lab 2 Initial (W = 36)
Lab 6 Initial (V = 33)
Lab 6 Revised (N = 29)
Lab 7 Initial (V¥ = 35)

Lab 7 Revised (N = 16)

Lab 8 Initial (¥ = 19)

Lab 8 Revised (N = 10)

o
X

20% 40% 60% 80% 100%
0 1 m2 m3

Initial rubric scores for year 1 assumption associated abilities for all groups. Revised rubric scores for all groups who chose to

revise. Assumption associated abilities for lab 2 were only scored by researchers so students did not have an opportunity to revise. The
bars represent the percentage of groups whose submissions received each rubric score. 0, missing; 1, inadequate; 2, needs improvement;

and 3, adequate.

Is able to identify relevant assumptions

Lab 1 Initial (V = 13)
Lab 1 Revised (N = 12)
Lab 2 Initial (N = 44)
Lab 6 Initial (V = 10)
Lab 6 Revised (N = 9)
Lab 8 Initial (N = 12)

Lab 8 Revised (N = 7)
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FIG. 9.

Is able to determine the effects of assumptions

Lab 1 Initial (V = 13)
Lab 1 Revised (N = 12)
Lab 2 Initial (V = 44)
Lab 6 Initial (V = 10)
Lab 6 Revised (N = 9)

Lab 8 Initial (V = 12)

Lab 8 Revised (N = 7)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

Initial rubric scores for year 2 assumption associated abilities for all groups. Revised rubric scores for all groups who chose to

revise. Assumption associated abilities for lab 2 were only scored by researchers so students did not have an opportunity to revise. The
bars represent the percentage of groups whose submissions received each rubric score. 0, missing; 1, inadequate; 2, needs improvement;

and 3, adequate.

affect the results while instructor 1’s students (who had the
opportunity to revise) remained at 60% proficiency.

3. Hypothetico-deductive reasoning

Hypothetico-deductive reasoning abilities are known to be
challenging for students [12]. In year 1, students had three
formal opportunities where they were asked to make a
reasonable prediction of the outcome of a testing experiment
using the hypothesis under test. They also completed
numerous informal activities in class that engaged them in
this reasoning. As shown in Fig. 12, the opportunity to revise

Instructor 1

Lab 1 (N =12)
0% 20% 40% 60% 80% 100%
0 1 m2 Em3

did not impact students’ demonstrated proficiency on their
initial submission (constant rubric scores). This differs from
uncertainty and assumption associated abilities where the
opportunity to revise contributed to increased proficiency.
During year 3, students in both sections completed
multiple informal ISLE investigations and two formal
lab investigations where they were asked to make a
reasonable prediction of an outcome of a testing experiment
using the hypothesis under test. As seen in Fig. 13, students
in instructor 1’s class were able to demonstrate over 60%
proficiency on the first lab but the entire class proficiency

Instructor 2

Lab 1 (N = 66)

Lab 8 (N = 17)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

“Is able to identify assumptions made in using the mathematical procedure” rubric scores for year 3. The bars represent the

percentage of groups or individual students (lab 1, instructor 2) whose initial submission received each score on the rubric. 0, missing; 1,

inadequate; 2, needs improvement; and 3, adequate.
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Instructor 1

0% 20% 40% 60% 80% 100%
0 1 m2 m3

Instructor 2

0% 20% 40% 60% 80% 100%
0 1 m2 =3

“Is able to determine specifically the way in which assumptions might affect the results” rubric scores for year 3. The bars

represent the percentage of groups or individual students (lab 1, instructor 2) whose initial submission received each score on the rubric.

0, missing; 1, inadequate; 2, needs improvement; and 3, adequate.

Is able to make a reasonable prediction based on a hypothesis

Lab 2 Initial (V = 35)
Lab 2 Revised (N = 23)
Lab 6 Initial (V = 33)
Lab 6 Revised (N = 29)

Lab 7 Initial (V = 35)

Lab 7 Revised (N = 16)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

FIG. 12. [Initial rubric scores for year 1 the ability to make a
reasonable prediction based off the hypothesis under test for all
groups. Revised rubric scores for all groups who chose to revise.
The bars represent the percentage of groups whose submissions
received each rubric score. 0, missing; 1, inadequate; 2, needs
improvement; and 3, adequate.

dropped to 35% on lab 6. For instructor 2’s class the
majority of students were unable to make a reasonable
prediction based on the hypothesis and their demonstrated
proficiency remained roughly constant (lab 3 average
rubric score, 0.548 £ 0.850; lab 6 average rubric score,
0.629 £+ 0.794) throughout the semester.

B. Survey results
1. E-CLASS survey

Students in year 2 and year 3 took the Colorado Learning
Attitudes about Science Survey for Experimental Physics
(E-CLASS) at the beginning and end of the school year.
137 out of the 161 enrolled students completed both the
pre- and post-survey. Table X contains the average score
per student.

The difference between the pre- and post-test means is
statistically insignificant regardless of year or instructor
(Table X). Many students entered the class with positive,

Instructor 1

Lab 3 (N = 6)

Lab 6 (N = 12)

0% 20% 40% 60% 80% 100%
0 1 m2 m3

FIG. 13.

expertlike beliefs in their attitudes toward experimental
physics and this remains after a year of ISLE approach high
school physics. In traditional lab courses at the college
level, student attitudes decrease significantly over the
course of the semester [18]. Question 17 (when I encounter
difficulties in the lab, my first step is to ask an expert, like
the instructor) is the only question where their responses
did not correlate with those of experts.

Although the pre-post means for E-CLASS scores was
statistically insignificant, students showed a statistically
significant change in attitude on some individual questions.
In year 2, students demonstrated a positive change
(p < 0.005) in their understanding of the purpose of doing
physics experiments (question 16). In year 3, students in
both classes demonstrated a positive increase (p < 0.001
for instructor 1 and p < 0.05 for instructor 2) in their
attitude toward assumptions (question 3).

2. Scientific abilities confidence survey

81% of the 231 students enrolled in instructor 1 and
instructor 2’s sections of honors physics completed the pre-
and postscientific ability confidence survey. Consistent
with the E-CLASS scores, student mean responses to each
question started high. Instructor 1’s students demonstrated
statistically significant increase in self-reported confidence
on five of the ten questions. Instructor 2’s students
demonstrated statistically significant increase in self-
reported confidence on nine of the ten questions. This is
inconsistent with their development of scientific abilities.
The only survey item that did not show statistically
significant change for any grouping of participants was
“applying constructed knowledge to the real world.”
Table XI contains significance for year 3 student responses

Instructor 2

0% 20% 40% 60% 80% 100%
0 1 m2 m3

Initial group scores for year 3 instructor 1 and instructor 2 “is able to make a reasonable prediction based on a hypothesis.”

Students in instructor 1’s sections had the opportunity to revise. The bars represent the percentage of groups whose laboratory reports
received the scores shown on the rubrics. 0, missing; 1, inadequate; 2, needs improvement; and 3, adequate.
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TABLE X. E-CLASS pretest and post-test means and signed ranks tests for significance for different subgroups of

the sample population.

Student group Pretest mean Post-test mean Significance
All students (N = 137) 15.63 £5.20 14.94 +6.76 p =0.247
Year 2 N = 40) 14.85 +£5.84 13.58 £6.76 p=0.135
Year 3 Inst. 1 (N = 41) 16.54 +4.83 17.10 £ 6.47 p =0.397
Year 3 Inst. 2 (N = 56) 15.52 £4.97 14.34 £ 6.76 p =0.262

TABLE XI. Scientific ability survey responses per year. Asterisks show confidence gains at significance level *p < 0.05 and
“*p < 0.001.

Year 3 instructor 1 Year 3 instructor 2
Ability (N =42) (N =57)
Using multiple representations to articulate your reasoning 0.004* 0.003*
Applying constructed knowledge to the real world 0.147 0.140
Differentiating between a hypothesis and a prediction 0.143 0.004*
Writing a prediction based on a hypothesis 0.254 0.002*
Analyzing the outcome of an experiment and taking into account assumptions 0.010%* <0.001**
Analyzing the outcome of an experiment and taking into account experimental 0.145 0.001%*

uncertainties

Conducting an observational experiment 0.016%* 0.002%*
Conducting a testing experiment 0.060 0.001**
Conducting an application experiment 0.001%* 0.000%*
Posing your own research question 0.002* 0.039*

when only the students of instructor 1 had the opportunity
to revise.

C. Relationship between artifacts

We ran a bivariate correlation to explore relationships
between individual student contributions and responses on
different artifacts. Table XII contains the outputs for these
relationships for all students. There are statistically sig-
nificant relationships between average contribution and
number of times students revise, their FCI gain, E-CLASS
score, and self-reported confidence with the scientific
abilities.

TABLE XII.

D. Individual student contributions

This paper presents preliminary findings from a larger
case study analysis that investigates how individual stu-
dents contribute when writing up lab reports collabora-
tively. For consistency in instruction and delivery, we
choose to focus these preliminary findings on one class
section (22 total students) from year 2 of data collection for
students who had the opportunity to revise. Year 2 was
selected because the students wrote the majority of reports
collaboratively and they were evaluated multiple times on
many scientific abilities (leading to repeat exposure).
Students wrote five group reports and two individual
reports during the mechanics portion of the semester.

Correlation outputs across all artifacts with independent contributions for all students in the study.

Asterisks show correlations at significance level *p < 0.05 and “*p < 0.001.

Average Number of FCI E-CLASS Scientific ability
contribution revisions gain difference confidence gain
Average contribution 1.000 0.606%* 0.145* 0.016 0.037
Number of revisions 0.606%* 1.000 0.163* 0.246* 0.187
FCI gain 0.145% 0.163* 1.000 0.021 0.120
E-CLASS difference 0.016 0.246* 0.021 1.000 0.273%*
Scientific ability confidence 0.037 0.187 0.120 0.273%* 1.000

gain
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We tallied the number of times students made significant
contributions to the laboratory reports and revisions. For
the purpose of this study, significant contributions are
defined as >20% as students worked in teams of four.
Ninety five percent of students contributed to the majority
(3 out of 5) of group reports with 17 (77%) writing more
than 20% of at least one report. Five students (23%)
contributed more than 20% of the written work on all five
reports. Seventeen students (77%) revised at least one
investigation. Seven (32%) students participated in revising
at least three reports, and two students revised all five of

their lab reports. The students who contributed most
frequently engaged with the largest variety of scientific
abilities, regardless of grouping. Those with minimal
contributions typically wrote the same sections of each
report.

Some of these students were like Riley. Riley contributed
more than 20% of all written work on three of the five reports
and always revised based on teacher feedback. They exhib-
ited a high FCI gain (0.65) and a positive change in expertlike
attitude toward experimental physics on the E-CLASS
survey (11 — 17). On written reports they frequently

Casey (32.638 %) ,  Riley (42.246 %) , Rowan (9.309 %) ,
: “ UNKNOWN (0.000 %),

does not contribute to relative percentages

*

Author(s):

Hypothesis: The relationship, F avg*+tt=m+v , is true.
Prediction: If the +v is 0.45m/s, the mass of the system is 0.675 kg,
then the average force

0.4019N =+0.062N

+t is 0.97s, and the track is frictionless,
should equal

Calculations:
50g weight:
F avg +t=m+v
Favg (0.97s+0.019s)=(0.675kg+0.135kg)(0.45m/s£0.009m/s)
F avg =(0.30375kgm/s+0.00122kgm/s)+(0.97s+0.019s)
Favg =0.313N+0.0626N

100g weight:
Favg +t=m+v
Favg (0.61s+0.0122s)=(0.712kg+0.145kg)(0.69m/s£0.0137m/s)
F avg =(0.49128kgm/s£0.00199kgm/s)+(0.61s+0.0122s)
Favg =0.8177N+0.163N

Analysis:

In our experiment we acknowledged the presence of multiple experimental uncertainties, mostly instrumental
uncertainties because all of the data was collected using instruments. We did not have any random uncertainties
because we only did one trial of each situation to collect our data.

Judgement:

Looking the data collected and taking into account the assumptions and uncertainties, we judge our hypothesis
to hold true. The range of average force calculated with the data we collected differed from the average force
given by the motion detector through LoggerPro by 0.0263. Though the value from LoggerPro did not match
ours, it 1s close enough to show that our lgypothesis is consistent, since we made assumptions that we were
unable to take into account. These assumptions included that the track was frictionless, and that the track was
on a flat surface. We also assumed the cart accelerated constantly on the track. These factors all affect the
outcome of our calculations, especially if the track was not completely flat, which also depends on surface of
the table. A unsmooth surface can cause our data to be slightly off, for the car will not accelerate at a constant
rate. Looking at the difference in values between our calculations and LoggerPro, we can account for them in
our assumptions; hence, we judge our hypothesis to be consistent.

FIG. 14. Excerpts for student contributions to lab 6. Colors are attributed to student keystrokes.
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completed different tasks including the procedure, data
tables, experimental uncertainty analysis, discussion of
assumptions, and the discussion. Riley also inserted images
of diagrams, drawings, and mathematical models on several
investigations. Riley’s written contributions to lab 8 were
minimal as another classmate took control of writing up the
final report, despite the strengths of their peers.

Alternatively, several students in the class contributed
more like Rowan. Rowan’s work always accounted for less
than 10% of the final product. They only contributed to
revisions on two reports. Their FCI gain was also high
(0.52) and they exhibited a positive change in expertlike
attitude toward experimental physics on the E-CLASS
survey (13 — 15). On written reports, they frequently
completed the same tasks including the data table and
experimental uncertainty identification and calculations.

Figure 14 contains an excerpt from a written report for
lab 6 when Riley and Rowan were in the same group. In
this investigation, students were tasked with designing an
experiment to test the impulse-momentum relationship.
Riley (dark green) contributed to the prediction and much
of the discussion. Rowan (pink) contributed primarily to
calculations and uncertainty analysis. Blue text belongs to
other students in the group.

IV. DISCUSSION

A. Research question No. 1

How does the opportunity to revise written laboratory
reports affect whole class development of scientific abil-
ities? We used a microgenetic approach to examine student
written laboratory reports at multiple points throughout the
mechanics portion of the high school curriculum. In the
classroom of instructor 1, students always had the oppor-
tunity to revise and resubmit their work after receiving
feedback. In the classroom of instructor 2, students only
received feedback on their work. Consistent with other
ISLE approach scientific ability development studies
[12,71,90], the development of scientific abilities was
not linear and students’ demonstrated proficiency varied
greatly with the cognitive difficulty of the task, number of
repeat exposures to each ability, and the opportunity to
revise. In addition to the opportunity to revise, our findings
show how the role of the instructor and individual student
contributions play a role in student performance in addition
to this formative assessment strategy.

1. The opportunity to revise

The opportunity to revise work after receiving teacher
feedback is an integral part of the ISLE approach [31,33]
and aided students in instructor 1°s class in the development
of uncertainty and assumption-associated abilities. It also
provides opportunities for students to develop a growth
mindset [36,37] while learning how to fail productively

[91-94]. As evidenced in the findings, student teams in
instructor 1’s class during year 3 showed greater gains than
those in instructor 2’s classes. Over 68% of students and
student groups elected to revise their reports in year 1, 50%
in year 2, and 75% in year 3. This means on average, 75%
of teams in year 3 received twice as many exposures to
the scientific abilities than their peers in instructor 2’s
classroom.

Research has shown that our brains are capable of
reshaping themselves as learning and emotion produce
physical changes in the brain [95,96]. In ISLE approach
classrooms, providing multiple opportunities for engage-
ment with the scientific abilities gives students an oppor-
tunity to strengthen connections between neurons. The
frequent firing of neurons in the cortex creates and
reinforces synapses in the network [95]. Studies have also
shown that practice can increase brain density associated
with a particular task [97].

The students in instructor 1’s classroom had an oppor-
tunity to receive teacher feedback and then work together to
improve upon their current level of understanding. Peer
instruction benefits growth and understanding [98,99]. In
this low-stakes environment, students are able to fill in the
gaps in their understanding and strengthen neural network
connections associated with thinking like a physicist.

Figures 5—11 illustrate that students have greater gains on
those subabilities with repeat exposures compared to those
with only two or three. Students were able to demonstrate
proficiency with uncertainty and assumption-associated
abilities, but struggled with making a reasonable prediction
based on a hypothesis. This variation in proficiency for
different subabilities is consistent with findings at the college
level [12,100]. For example, when asked to make a reason-
able prediction based on a hypothesis, instructor 1’s high
school students remained at approximately 50% proficiency
throughout the year, despite increasing their demonstrated
proficiency on individual investigations to approximately
80% after teacher feedback and revisions.

College students in prior studies had four [12] and nine
[100] formal opportunities to practice making predictions.
While not the same level of proficiency as uncertainty and
assumption-associated abilities, they were able to demon-
strate growth over the course of the semester. This means that
more formal exposures and opportunities to learn from their
mistakes are beneficial for challenging scientific abilities.
Revisions are one type of repeat exposure that may help high
school students develop this reasoning skill as they provide
additional opportunities to strengthen synapses in the brain.

As shown in Table VII, not all students elected to revise
their work. When asked about the revision process at the
end of the school year, some students commented that they
did not need to complete revisions to improve their grade or
understanding. These students felt that the number of
classroom exposures was sufficient for them to maintain
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strong neural connections related to the scientific abilities.
These students consistently earned 2’s or 3’s on the rubrics.
Others acknowledged that they were too busy with other
commitments and did not have the time to revisit their
work. One student remarked how they elected not to revise
at first, but as the year progressed, recognized the benefits.

At first, I didn’t take advantage of the opportunity
to revise. I didn’t have time to do more work, and
was happy with my grade. However, as the
content became more complicated, I realized that
the skills I struggled with in earlier labs were
actually important for my learning and revisions
were helpful in better understanding the class-
room activities.

As the learning is integrated into labs, it became
important for this student to learn from their mistakes in
order to better understand the topics being studied. Treating
the investigations the same as other classroom activities
provided students with a consistent learning routine; they
knew there would be an opportunity to try again if they did
not understand the topic during their first exposure. Several
other students commented that they appreciated this forma-
tive assessment opportunity because it removed the pres-
sure that comes with grades and allowed them to
demonstrate understanding at their own pace. These stu-
dents found themselves engaging with the productive
failure routines encouraged by the ISLE-approach class-
room practices implemented by instructor 1. These feelings
are consistent with the goals of formative assessment
opportunities in the classroom [41-44], support for pro-
ductive failure and mistake approaches to instruction
[91,101,102], and the second intentionality of ISLE
(enhancing student well being) [33]. Furthermore, resil-
ience with challenging tasks will be beneficial to these
learners in their future studies and careers [103].

2. The role of the instructor

One difference between the high school and college level
courses is that the laboratory component is fully integrated
into the instruction at the high school level and there is one
instructor who leads all types of the activities. As a result,
the students in this study were consistently exposed to the
scientific abilities through other classroom activities and
interacted with their instructor on a more consistent basis.
They received more feedback [39] regarding their perfor-
mance than those at the college level.

As can be seen in the findings, in some instances the
opportunity to revise did not play a role in student
demonstrated proficiency. Instructor 2’s students in year
3 for the ability to “determine specifically the way in which
assumptions might affect the results” performed higher

than instructor 1’s students, who had the opportunity to
revise. After conversations with instructor 2, there are
several possible explanations for this difference. First,
instructor 2 provided more guidance and/or scaffolding
when circulating the room during the investigations. While
instructor 1 also provided support during the investigations,
increased temporary support structures can help students
resolve cognitive dissonance when developing laboratory
skills and practices with new concepts [104]. Second,
instructor 2 summarized the experimental goals and key
attributes of the investigation with the students before the
final report was due. Known as “time for telling,” [105] this
sharing of “normative” information provides students an
opportunity to reflect on their own ideas and compare them
to those of practicing physicists. Students may have revised
their reports prior to submission. Third, while both
instructors routinely incorporated these subabilities into
instruction, it is possible that instructor 2 placed greater
emphasis on discussing the effects of assumptions in the
classroom in their whole-class discussions. Further inves-
tigation is needed into informal exposures and the influence
of the high school instructor on student scientific ability
development.

3. Individual student growth

Although our research question explores the effect of
revisions on whole class development of scientific abilities,
it is important to understand how individual students
contribute to collaboratively written lab reports.
Although ISLE classrooms strive for equitable learning
practice [33] it was relatively unknown how students
engaged in collaborative writing of laboratory reports.
Based on the qualitative analysis of student collaborative
reports written on school provided Google accounts, we
found that individual student contributions varied based on
the cognitive demand of the task and grouping of students.
We learned that the written work is not always distributed
equally among students.

This work is part of a broader research study to learn how
individual students contribute to group lab reports. From
the preliminary case study findings, out of a class of 22
students, some (like Riley) frequently completed the
majority of the writing and those students had an oppor-
tunity to practice many different scientific abilities both on
the initial and revised reports. Other students, such as
Rowan, consistently contributed to the same scientific
abilities and did not participate in the revision process.
Students who took ownership of their learning took
advantage of formative assessment opportunities [106]
and due to their resubmission had additional exposure to
the scientific abilities. Awareness of which abilities stu-
dents contribute to on a consistent basis may help teachers
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develop norms and expectations to assist students in more
well-rounded development of these practices.

Based on these findings, it is imperative that instructors
are mindful of student personalities so as not to marginalize
learners. To assist with dominating personalities, instruc-
tors can assign rotating roles or require students to focus on
different subabilities for each investigation. Classroom
teachers need to be aware of these trends in order to better
structure groupwork for more balanced student participa-
tion and student identity development [107-111].

B. Research question No. 2

What is the effect of scientific ability development in an
ISLE-approach classroom on student attitudes toward and
confidence with experimental physics?

1. Attitudes

All sections sampled for this study started the school
year with high expertlike attitudes toward experimental
physics. Many of the students enrolled in this course have
an interest in science and plan to pursue careers in STEM
fields, which may explain their initial E-CLASS results.
Their attitudes over the course of the year remained
positive. These findings are consistent with studies done
at the college level for students who entered the classroom
already embodying expertlike beliefs [112]. Students such
as Riley who contributed to a variety of scientific sub-
abilities on the written reports and revised demonstrated
more expertlike attitudes toward experimental physics on
the pre- and postsurvey. Other students, such as Rowan,
who contributed to the same scientific subabilities had
more varied scores on the pre- and postsurvey. Some
reported positive growth while others reported a decrease
in expertlike attitude. This variation in attitude toward
experimental physics correlates directly to student engage-
ment in the revision of written lab reports (Table XII). We
can conclude that these repeat exposures have a direct
influence on student attitudes because these learners are
physically reshaping their brains when they reflect on their
understanding and work to improve. When students feel
successful upon persevering through a challenging task,
these positive emotions [95] might reinforce their neural
connections associated with scientific ability development.

Although student attitudes did not show statistically
significant change over the course of the school year, there
1s a positive relationship between some attitudes and some
scientific abilities. The only E-CLASS survey question that
directly correlated to one of the scientific abilities was
question 3 (when doing a physics experiment I don’t think
much about assumptions). Students showed significant
growth with assumption-associated abilities and their
increase in expert-like attitude toward assumptions was
statistically significant. This means that not only did

students think more about assumptions in the laboratory,
but they were also able to productively apply this reasoning
to their investigations. Perhaps this positive correlation
exists because students were frequently exposed to
assumption-associated abilities in the classroom, allowing
for deep learning in the cerebral cortex [113]. Alternatively,
as evidenced in the findings, not all students were proficient
at identifying and explaining the effects of assumptions on
their initial lab report submission. Reflecting upon their
assumptions and making changes to demonstrate improved
understanding may have led to an increased awareness of
the importance of considering assumptions when designing
and performing an experiment.

2. Confidence

Furthermore, there is a direct correlation between student
attitudes and student self-reported confidence with the
scientific abilities (Table XII). Helping students develop
self-regulatory capabilities is an important element of teach-
ing [38]. Students who felt more confident about engaging
with the scientific abilities also held positive, expertlike
attitudes toward experimental physics. Unlike student atti-
tudes, student self-reported confidence increased signifi-
cantly over the course of the school year for all groupings
of students. While students in instructor 1’s class showed
gains in both their self-reported confidence and the scientific
abilities over the three-year period, students in instructor 2’s
class during year 3 showed the greatest confidence gains on
the survey. This was surprising because these students did not
demonstrate as much growth with the scientific abilities as
their peers in instructor 1’s classes. This discrepancy is
consistent with the findings of Kruger and Dunning who
showed that students have difficulty assessing their own
learning [114].

In this study, this discrepancy may be due to several
factors. First, instructor 1 identified as female and instructor
2 identified as male. Student perceptions of the two
instructors as teachers based on their genders may have
influenced their confidence [115]. Second, the two instruc-
tors may have provided different levels of emphasis in the
classroom with respect to the varying scientific abilities.
Perhaps instructor 2 spent more time explicitly defining the
abilities and their importance when conducting an inves-
tigation. Students think they learn better from teachers who
provide direction instruction [116,117]. The students in
instructor 2’s class may have interpreted listening to prelab
directions and postlab summaries as learning how to apply
them to new situations. Therefore, these students may have
perceived the difficulty of the investigations as simpler than
they were [118]. Finally, all lab reports were rescored by
researchers. Instructor 2’s original scoring was higher than
that of instructor 1’s. Therefore, students in instructor 2’s
class consistently received feedback that the work they

020166-18



IMPROVING SCIENTIFIC ABILITIES THROUGH ...

PHYS. REV. PHYS. EDUC. RES. 19, 020166 (2023)

produced was in line with the expectations of the scientific
abilities. This positive feedback may have had a direct
influence on their confidence in the lab [39]. This provides
an opportunity to further explore the effects of teacher
feedback in ISLE approach classrooms.

C. Implications for instruction

Although this study was conducted with a specific
population of students, there are several implications for
instruction for any student population that can be drawn
from the findings. National organizations promote learning
science through experimentation and reasoning [5-9].
The results of this study are grounded in multiple theo-
retical frameworks and decades of research on how people
learn. The ISLE approach focuses on student development
of habits of mind that will benefit them in the future as well
as feeling good about themselves as physicists [31,33].

The ISLE approach successfully engages students in the
practices of scientists and does not cause a drastic shift in
student attitude toward experimental physics. The oppor-
tunity to revise work, without penalty, provides students
with additional exposures to the scientific abilities and
helps them develop proficiency in many of these abilities.
To help students develop proficiency, educators need to
make the epistemological structure of the development of
ideas transparent for students. As seen in the findings, this
process is not linear and takes time; one or two exposures to
each scientific ability is not enough. Classroom instructors
need to provide support for students to develop the
resources necessary to productively engage with the sci-
entific abilities. Educators need to appropriately scaffold
the learning so challenging moments help students grow
and find success.

D. Limitations

There are several limitations to this study that need to be
considered when drawing conclusions about the findings.
First, this study was conducted in a single school with two
teachers implementing the ISLE approach. We did not
examine student development of scientific abilities in a
non-ISLE setting. Furthermore, this study was completed
based on artifacts from the classroom. All of the surveys
were administered at the beginning and end of the school
year so there could have been other factors, not considered
here, that may have affected gains. Because of the fact that
the participants were minors, we could not video record
their interactions in the laboratory so can only base our
analysis and findings on written artifacts.

Second, without being able to video record these
interactions, having students submit their work digitally
limited our ability to determine who contributed to each
part of the lab report. Because the computer program
attributed contributions to the Google account under which
the student was logged in, there was no way to know if
students worked collaboratively on the same machine(s) in
the classroom or one student completed the majority of the
writing. As a result, we are only able to speak to whole-
class growth with the scientific abilities and whole-class
correlations between the opportunity to revise, scientific
ability development and attitudes regarding experimental
physics.

The case studies provide us with some insight into
individual student contributions, but their scientific subabil-
ity scores are still tied to a variety of peers. Future inves-
tigations into the artifacts are necessary to understand
individual student growth in a collaborative environment.
Furthermore, the classroom instructor also made modifica-
tions to the labs themselves over the three-year period; this is
most significant in year 3 when a second instructor was
added.

With respect to student groups, changing them frequently
could have helped limit the number of times one student
completed the majority of the work. Additionally, learning to
work with a variety of students with different strengths and
personalities is a valuable skill all learners need to be
successful in their future courses and careers [1,4].

Third, the students sampled for this study come from a
high performing district and the written samples were
collected from the honors section of the physics course.
As a result, the learning progression for these students may
not be generalizable to other populations. Although we do
not aim to generalize the findings from this study, we
believe there are aspects of the instruction, such as
revisions, that may be applicable to other classrooms.
This cannot be a conclusive statement until we examine
how students in other classrooms at other high schools
develop scientific abilities under the ISLE approach.
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APPENDIX

TABLE XIIIL

Scientific ability confidence survey administered by classroom teacher. Students were asked to rank their comfort and

confidence with the following scientific abilities. 0 = I do not know what this is; 5 = I could teach someone how to do it.

Ability

0 1 2 3 4 5

Using multiple representations to articulate your reasoning.

Applying constructed knowledge to real world situations.

Differentiating between a hypothesis and a prediction.

Writing a prediction based on a hypothesis.

Analyzing the outcome of an experiment and taking into account
assumptions.

Analyzing the outcome of an experiment and taking into account
experimental uncertainty.

Conducting an observational experiment.

Conducting a testing experiment.

Conducting an application experiment.

Posing your own research question.

TABLE XIV. Summary of data collected and number of exposures to each ability category discussed in the findings; data exclude lab 9
from years 2 and 3 as students were able to select from all 22 subabilities.

Uncertainty-  Assumption- Hypothetico-
associated associated  deductive reasoning
Year Instructor Revisions Collaborative or individual abilities abilities abilities
1 1 Yes Each section wrote 2 individual lab reports 5 exposures 5 exposures 3 exposures
and 5 collaborative lab reports (rotating)
2 1 Yes Each section wrote 1 individual lab report 6 exposures 4 exposures 2 exposures
and 5 collaborative lab reports
3 1 Yes Each section wrote 6 collaborative lab reports 4 exposures 2 exposures 2 exposures
3 2 No Each section wrote 1 individual 4 exposures 2 exposures 2 exposures

and 5 collaborative lab reports
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