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ABSTRACT

Effective writing is important for communicating science ideas, and for writing-
tolearn in science. This paper investigates lab reports from a large-enrollment
college physics course that integrates scientific reasoning and science writing.
While analytic rubrics have been shown to define expectations more clearly for
students, and to improve reliability of assessment, there has been little
investigation of how well analytic rubrics serve students and instructors in large-
enrollment science classes. Unsurprisingly, we found that grades administered by
teaching assistants (TAs) do not correlate with reliable post-hoc assessments from
trained raters. More important, we identified lost learning opportunities for
students, and misinformation for instructors about students’ progress. We believe
our methodology to achieve post-hoc reliability is straightforward enough to be
used in classrooms. A key element is the development of finer-grained rubrics for
grading that are aligned with the rubrics provided to students to define
expectations, but which reduce subjectivity of judgements and grading time. We
conclude that the use of dual rubrics, one to elicit independent reasoning from
students and one to clarify grading criteria, could improve reliability and
accountability of lab report assessment, which could in turn elevate the role of lab
reports in the instruction of scientific inquiry.

Keywords: Science writing assessment, Physics lab reports, Analytic rubrics, Writing
assessment reliability.
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INTRODUCTION

Writing plays a central role in communicating about scientific ideas, experiments and results,
yet instructors find it challenging to provide undergraduate science students with rigorous
instruction in science writing. This is especially true in the large-enrollment classes that are the
norm in bigger public schools. This paper presents a study of a post-hoc reliability assessment
of physics lab reports from a large-enrollment college curriculum that integrates several
increasingly difficult writing assignments. The curriculum was designed to support the
development of scientific reasoning through theory-evidence coordination [1], and was
informed by the Science Writing Heuristic (SWH) [2]. A growing body of evidence finds that
asking students to put science ideas into writing enhances inquiry-based science instruction
(Graham, Kiuhara, and MacKay 2020; Gere et al. 2019; Huerta and Garza 2019; Clabough and
Clabough 2016; Timmerman et al. 2011). An important component of learning to write,
however, is to provide students with timely, reliable and informative assessments with
appropriate feedback [9]-[11]. We investigated the reliability of the original grades assigned to
physics lab reports, and time on task to complete the grading. We present an approach that
involves the use of an analytic assessment rubric that can improve reliability, timeliness and
informativeness of lab report assessment.

An analytic rubric defines the expectations of a writing assignment along multiple dimensions,
such as the ability to state a clear hypothesis, to present claims that test the hypothesis, and to
give supporting evidence for each claim using experimental results. Each rubric dimension is
rated on the same scale. Studies have shown that analytic rubrics can have multiple benefits,
including transparency and accountability for students, and reliability of assessment [8], [12],
[13]. To achieve reliable grades post-hoc, we developed distinct assessment rubrics with
specific criteria for assignment of distinct degrees of partial credit on each rubric dimension.
Concurrently, we trained raters until they could apply the assessment rubrics reliably. A
comparison of grades assigned by teaching assistants (TAs) and our post-hoc assessments
shows the TA grades to be unreliable, with similar time-on-task for both.

We analyzed over 2,000 physics lab reports to address three research questions:
* RQ 1: To what extent do analytic grading rubrics, which are more specific than rubrics
provided to students to define lab report expectations, produce reliable assessments?
* RQ 2: How far from reliable were the original grades assigned by TAs?
* RQ 3: What does the reliable assessment reveal about students’ science writing?

A critical factor for achieving reliability is that we created distinct assessment rubrics that
parallel the original rubrics where expectations for students are defined, but which provided

much more detailed and objective criteria for grading. A comparison of the TA and rater effort
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appears in the first subsection of our Results section, suggesting that a more specific assessment
rubric potentially reduces the time spent on assessment. To address RQ 2, we show concretely
how far the TAs’ grading behavior is from the reliable post-hoc assessment, presented as the
second subsection of our Results section. In our Discussion section, we discuss which rubric
dimensions students find most challenging (RQ 3), based on our reliable post-hoc assessment.
Reliable assessment supports more meaningful conclusions about trends in student writing,
and identification of science ideas students struggle with.

Inconsistency in rubric application is a well-known issue [14] that counterbalances the
evidence for the efficacy of rubrics to improve student writing [15]. However, we find little
published work on exactly how unreliable classroom grading is, and what the losses might be
regarding instructors’ ability to adapt classroom practice to the needs of students. Our main
objectives are to highlight the potential gains from improved reliability of classroom
assessments, along with recommendations for ways to improve reliability of classroom grading.

Science Writing and Assessment

Writing is an important part of science that serves to document and communicate ideas, and in
addition, supports science learning [5], [16], [17], and the development of scientific reasoning
(SR) skills [18], [19]. Three best practices for incorporating writing into science instruction are
(1) the use of analytic rubrics to define student expectations, such as how to construct an
argument from evidence [8], [12], [13], (2) frequent opportunities for students to practice
writing over extended periods [16], [20], [21], and (3) timely feedback for how well a given
piece of writing meets expectations [9]-[11], [22]. We present evidence here for the importance
of a fourth criterion, that assessment feedback should also be reliable. In his text on teaching
science and engineering [23], Kalman notes that students find it difficult to shift from oral to
written discourse. He points out that in conversation, listeners provide feedback that shows a
speaker which parts of their discourse are engaging or confusing through explicit comments, or
implicit signals such as eye gaze and facial expression. In [9], the authors delineate numerous
opportunities for students to receive feedback. They also argue for students and teachers to
build assessment literacy, such as how to set expectations about the type of feedback students
should receive and how they should use it. An important role of a writing rubric is to account to
students for each grade point in their assessment, so that students can tackle the next report
with a better understanding of how to meet expectations. For a rubric to serve as feedback,
however, it must be applied reliably.

Theory-Evidence-Coordination Lab Curriculum

Current education goals include fostering high end skills, such as non-routine problem solving,
systems thinking, and critical thinking [24], [25], all of which are foundational for scientific
reasoning [26]. Unfortunately, research has shown that students have difficulty applying
scientific reasoning (SR) skills to science-related or everyday life contexts [26]-[32]. Informed
by research on the development of SR [25], [33], [34], the physics curriculum we investigate
here has multiple components. For a series of four increasingly complex investigations to
address specific research questions, the components are pre-lab instruction and exercises that
target specific SR skills, authentic scaffolded practice of the targeted skills in classroom
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experiments conducted by groups of three to four students, and lab report writing to
communicate outcomes.

Although multiple research-validated curricula promote learning through conceptual change
[35], [36], our labs expand on these and emphasize mathematical modeling while promoting
higher order reasoning through the process of theory-evidence-coordination (TEC) (see Figure
1) [1], [37].

Student’s
Existing Theories

(including bias,
misconceptions)

New
Knowledge
Multi-variable Generated
Evidence-based

Reasoning

Scientifically
Accepted
Theories

(Lab: controlled

experiments) (Lecture)

Figure 1. TEC process for knowledge generation.

TEC is an integrative reasoning framework where new knowledge is constructed through the
intersection of student’s existing theories, data-driven outcomes, and scientifically accepted
theories. In the TEC process, students need to master a rich set of SR subskills, including (1)
control of variables (COV) reasoning, or the ability to evaluate experimental designs for use of
controls, (2) data analytic skills, which extends COV reasoning to identify, manipulate, and
evaluate covariation relations from multivariable data; and (3) relating valid evidence
(covariation data and relations) with given or hypothesized theoretical claims for explanatory
or predictive evaluation under different conditions. Research has shown that students struggle
with the TEC process, most likely due to weak SR subskills and limited practice in this type of
thinking [26], [38], [39]. Therefore, our labs and lab reports target the SR abilities underlying
the TEC process to provide students with rich multi-week investigations. Most of the SR skill
development occurs in weekly pre-lab activities in which students are provided with repeated,
deliberate practice of select skills within hypothetical scenarios. In the laboratory, students
work through the TEC process starting from a research question-such as “What impacts the
period of the pendulum?’-followed by brainstorming to elicit students’ prior knowledge
(theories). Students then generate and test hypotheses with supporting or refuting evidence.
This process continues until consistency is reached between the best evaluated hypothesis and
supporting evidence. Students are then guided to coordinate their outcomes with scientifically
accepted theory, which may lead to new cycles of hypothesis testing, thereby generating new
knowledge.

The curriculum has had many successes, especially for retention of underrepresented
minorities (URM). Prior to 2013, our labs were cookbook-style with unclear expectations, and
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the percentage of students receiving a D, F, or Withdrawing (DFW rate) was 25-28% across all
students. Since that time, we have reduced the DFW rates to 6% for non-URM students and 8%
for URM students through clearer course expectations and the use of rubrics that clearly define
how each assignment is assessed [40], [41].
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Figure 2. Mean lab report scores across four terms.

However, the effectiveness of the lab report writing has reached a plateau. Figure 3 shows the
mean scores of students’ lab reports for the four labs over four years. Supporting structures that
were added after 2012, such as providing students with writing prompts to guide the TEC
process, and rubrics for self-assessment, led to a big initial improvement. The 2019 classroom
data suggests that students’ lab reports do not continue to improve across the term. However,
the apparent trend, as well as our diagnosis, is limited by inconsistency in lab report
assessment. More reliable assessment could potentially facilitate improvements in the
curriculum, as well as improve student learning.

METHODS
Achieving a reliable post-hoc assessment of the physics lab reports was a necessary step
towards measuring the reliability of the TA grades. In this section, we describe the lab reports,
the raters, our metrics for measuring reliability, the rubrics, and reliability monitoring during
the raters’ assessments of the lab reports.

Dataset of Lab Reports
Table 1. Counts of two lab reports by semester and major.

Semester | Life Sci. | Eng. Subt. Semester | Life Sci. Eng. Subt.
Spr.2018 | - 1 1 Spr.2018 | - - -
Fall 2018 334 - 334 Fall 2018 292 - 292
Spr. 2019 164 509 673 Spr. 2019 164 547 711
Fall 2019 1 71 72 Fall 2019 1 1 2
Totals 499 580 1079 Totals 457 548 1005
Pendulum reports. Newton’s second law reports.
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For this investigation, we used the first two of the four lab reports. The first report addresses
whether the period of a pendulum is affected by the length of the string, the mass of the bob on
the string, or the angle of release. The second report is about how the acceleration of a system
changes when the applied force changes (Newton'’s second law). Table 1 gives the breakdown
of both lab report assignments by semester and by student major. As shown, we re-assessed a
total of 1,079 pendulum reports and 1,005 reports on Newton'’s second law, primarily from the
Fall 2018 and Spring 2019 semesters, with a few reports from other semesters. Students
majoring in the health or life sciences take the course in their third or fourth year, and their
mathematics training typically stops with algebra. These students have often had multiple lab
report writing experiences in their biology and chemistry courses. Students majoring in
engineering programs take the course in their first or second year, have had at least one
semester of calculus, and tend to take the course in the spring.

Rater Recruitment and Training

Four advanced undergraduate majors in computer science with one to three years of prior
course work in physics were recruited as raters. Each training phase involved application of an
assessment rubric to sets of 5-6 reserved reports, measures of inter-rater agreement, and two
group meetings per week to discuss discrepancies and to revise the rubric for more consistent
assessment. During training on each report, a bank of consensus examples was created to serve
as benchmarks for self-calibration [42]. Training included multiple discussions of examples
from actual reports to develop among the raters a common understanding of how to apply the
rubric, as recommended in [43].

Metrics

To assess inter-rater agreement among pairs of raters, we used the Pearson correlation
coefficient to measure the degree to which two raters applied the same scores per rubric
dimension to the same report. As discussed below, we also applied a variant of a kappa score.
Pearson correlation measures whether two ordered series of numbers define lines with the
same slope. It therefore emphasizes the correlation between pairs of raters across the several
dimensions of a rubric. High correlation supports more consistent feedback to students and
instructors regarding identification of students’ strengths or weaknesses. The critical value of
the Pearson correlation, which is dependent on the degrees of freedom (the number of rubric
dimensions plus two), indicates whether the achieved value is statistically significant, meaning
whether we can reject the null hypothesis that there is no linear correlation between pairs of
raters. We calculated the Pearson correlation coefficient p for the rubric dimensions on a given
lab report, the average p over the six pairs of raters for a given report, and the overall average
for a batch of student reports that had been assigned at the same time. We refer to this final
average of the average correlations for all pairs of raters as the macro-average p. A training
period ended after meeting three criteria: raters achieved a macro-average p = 0.60, revisions
to the rubric were no longer needed, and raters no longer had consequential questions about
how to interpret the rubric. The Pearson correlation does not measure closeness of the absolute
values assigned by two raters, in contrast to the family of inter-rater agreement metrics that
factor out chance agreement, including Cohen’s kappa [44], quadratic weighted kappa [45], and
Krippendorff’s alpha [46]. The kappa-like metrics, however, share the limitation that they are
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more open to interpretation, and provide no measure of statistical significance. To get another
perspective on inter-rater agreement, we used Krippendorff’s alpha, which is a flexible metric
that can handle any number of raters, a wide range of data scales, and missing values. We used
it with an interval scale for ordered values, which treats the difference between a rating of 5 and
3 as twice the difference between a rating of 5 and 4. One final issue with these chanceadjusted
metrics is that on values that raters assign more often, the probability that two raters will agree
will be higher, and therefore chance-adjusted agreement will be lower, giving rise to the so-
called paradox of kappa [47], [48].

Development of Assessment Rubrics

Two of the authors supervised the modifications to the original rubrics to produce assessment
rubrics, and trained the raters. Given that rubric scales ranging from four to six points tend to
be the most achievable [49], and that more than seven could lead to cognitive difficulty [50], we
chose to convert the original 3-point scale used by the TAs to a 6-point scale (0 to 5). This also
accords with best practice for fine-grained analytic rubrics [51], [52]. The size of a rubric scale
affects the ability to make meaningful distinctions [49], [52]. Along with widening the scale, we
developed specifications for each point on the scale, for each rubric dimension. The assessment
rubric for the pendulum report, which has seven dimensions, appears in Figure 3. The two
supervising authors developed a first draft of this rubric. In phase one of the pendulum rubric
training, each rater working independently assessed the same three reports, and then we
discussed divergent ratings. These discussions led to a revision of three rubric dimensions (2
through 4) that pertain to the three experiments testing the effects of mass, length and angle of
release on the period of a pendulum. We added the criterion that students should discuss what
conclusions can be drawn from the graphs and error bars. A similar process led to a final
revision, where we broke both dimensions 5 and 6 down into five distinct elements (see Figure
3). On a final training batch of forty reports, raters reached a new macro-average p = 0.61. The
rubric for the second report on Newton’'s second law, shown in Figure 4, has one more
dimension than the pendulum rubric, and several of the dimensions differ. In the pendulum
report, students were to describe three experiments, each investigating how mass, length, or
angle of release affected periodicity (dimensions 2-4), whereas for the second report, there is
only one experiment (dimension
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Inadequate (1) |

Inadequate (2)

Needs improvement (3)[

Needs improvement (4)|

Complete (5)

1. Is able to state the research question for reader clarity.

Research question is included
but incorrectly stated. Does not
give an explicit statement of the
three variables.

Research question is included
but incorrectly stated, Gives an
explicit statement of the three
variables.

Research question is included
and correctly stated. Gives an
explicit statement of the three
variables.

Research question is included
and correctly stated. Gives an
explicit but incomplete
statement of the three variables.

Research question is included
and correctly stated: “What
affects the period of a
pendulum?”

Includes an explicit statement of
the three variables: mass, angle
of release, and string length.

2. Is able to describe how

the experiment with mass as the independent varia

claim can be made. The mass vs. period graph and error bars are referred to

in the discussion.

ble addressed the research question and what

Claim about mass is wrong
(correlates mass to period).
Does not mention holding other
variables constant. Does not
refer to the plots with error
bars.

Note: Error bar discussion could
also have a correct explanation
of standard deviation of
uncertainty, one standard error,
a particular confidence interval
or one other way to explain
error bars.

Claim about mass is wrong
(correlates mass to period).
Mentions holding other
variables constant. Does not
refer to the plots with error
bars.

OR

Correct claim about mass (no
correlation of mass to period).
Does not mention holding other
variables constant. Refers to the
plots with error bars.

Claim about mass is correct (no
correlation of mass to period).
Mentions holding other
variables constant. Does not
refer to the plots with error
bars.

OR

Claim about mass is wrong
(correlates mass to period).
Mentions holding other
variables constant. Refers to the
plot with error bars.

Claim about mass is correct (no
correlation of mass to period).

Does not mention holding other
variables constant.

Refers to plot with error bars.

A discussion is included with
adequate reasoning or
Jjustification for how the
evidence (graphed data)
supports the claim (no
correlation of mass to period).
Mentions holding the other
variables constant. Error bars,
their size, and the equivalency
criterion are discussed with
respect to how the mass affects
the period.

3. Is able to describe how

the experiment with length as the independent vari

claim can be made. The mass vs. period graph and error bars are referred to

in the discussion.

able addressed the research question and what

Claim about length is wrong (no
correlation of length to period).
Does not mention holding other
variables constant. Does not
refer to the plots with error
bars.

Note: Error bar discussion could
also have a correct explanation
of standard deviation of
uncertainty, one standard error,
a particular confidence interval
or one other way to explain
error bars.

Claim about length is wrong (no
correlation of length to period).
Mentions holding other
variables constant. Does not
refer to the plots with error
bars.

OR

Claim about length is correct
(correlates length to period).
Does not mention holding other
variables constant. Refers to the
plots with error bars.

Claim about length is correct
(correlates length to period).
Mentions holding other
variables constant or the specific
relationship to length. Does not
refer to the plots with error
bars.

OR

Claim about length is wrong (no
correlation of length to period).
Mentions holding other
variables constant. Refers to the
plots with error bars.

Claim about length is correct
(correlates length to period).
Refers to plot with error bars.
Does not mention holding other
variables constant or the specific
relationship to length.

A discussion is included with
adequate reasoning or
Jjustification for how the
evidence (graphed data)
supports the claim (correlates
with length, linear with square
root of length or power law
relationship). Mentions holding
other variables constant. Error
bars, their size, and the
equivalency criterion are
discussed with respect to how
the length affects the period.

4. Is able to describe how the experiment with angle of release as the independent variable addressed the research question and
The mass vs. period graph and error bars are referred to in the discussion.

what claim can be made.

Claim about angle of release is
wrong (correlates angle of
release to period). Does not
mention holding other variables
constant. Does not refer to the
plots with error bars.

Note: Error bar discussion could
also have a correct explanation
of standard deviation of
uncertainty, one standard error,
a particular confidence interval
or one other way to explain
error bars.

Claim about angle of release is
wrong (correlates angle of
release to period). Mentions
holding other variables constant.
Does not refer to the plots with
error bars.

OR

Claim about angle of release is
correct (no correlation of angle
of release to period). Does not
mention holding other variables
constant. Refers to the plots
with error bars.

Claim about angle of release is
correct (no correlation of angle
of release to period). Mentions
holding other variables constant.
Does not refer to the plots with
error bars.

OR

Claim about angle of release is
wrong (correlates angle of
release to period). Mentions
holding other variables constant.
Refers to the plots with error
bars.

Claim about angle of release is
correct (no correlation of angle
of release to period). Does not
mention holding other variables
constant. Refers to the plots
with error bars.

A discussion is included with
adequate reasoning or
Jjustification for how the
evidence (graphed data)
supports the claim (no
correlation of angle of release to
period). Mentions holding other
variables constant. Error bars,
their size, and the equivalency
criterion are discussed with
respect to how the angle of
release affects the period.

5. Is able to provide the correct theoretical equation for the period of a pendulum and discuss how the mathematical model
produced from the lab data supports, or does not support, the theoretical model.

1) Use correct reference diagram to fit the mathematical model, give correct formula (t T = 2 VL). (1 point)
2) Provide explanation with respect to size of the constant and the exponent. (1 point)
3) Gives the correct theoretical equation (T = 2 it sqr{L/g)). It could also be things like this: T = 2.0061(s/vm)L®5, (1 point)

4) Results from curve fitting are included in the discussion; for example, the computing the R-value is an attempt of curve fitting. (1 point)
5) Discuss how the mathematical model produced in lab supports the theoretical model is complete and accurate. (1 point)

6. Is able to identify random errors and how they were reduced or could be reduced. (Systematic errors are included when

applicable.)

1) Discusses at least 1 random error. (1 point)

2) Discusses at least 1 way to redu

ce 1. (1 point)

3) Discusses at least 1 systematic error. (1 point)

4) Discusses at |east 1 way to redu

ce systematic error. (1 point)

5) Includes one or more additional random or systematic errors. (1 point)

7. Is able to identify constraints within the experiment and discuss how these may affect the generalizability of the results.

Mentions incorrect constraints
only.

Does not mention one of the
constraints of length, mass, and
time. Possibly mentions other
constraints, like time limitations
or poor equipment for the
experiment.

Mentions one of the constraints
of length, mass, and time.
Possibly mentions other
constraints, like time limitations
or poor equipment for the
experiment.

Mentions exactly two of the
constraints of length, mass, and
time. Possibly mentions other
constraints, like time limitations
or poor equipment for the
experiment.

Mentions all three constraints:
length is measured only up to a
certain amount; mass is
measured only up to a certain
amount; time limitations on
experiments. These can lead to
not enough granularity in mass
or length measurements.

Figure 4. Pendulum report assessment rubric: Seven dimensions.
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Dimensions 3 and 4 instead asked students to discuss the findings of other student teams.
Similar to the pendulum rubric, dimension 5 asked students for the theoretical equation
accounting for the effect of force on acceleration. Dimension 6 asked students to provide a

second theoretical equation, to account for the way multiple forces would affect the acceleration
of a system.
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Inadequate (1)

\ Inadequate (2)

Needs improvement (3) |

Needs improvement (4) | Complete (5)

1. Is able to restate the research question for reader clarity.

Includes an incorrect or

research question.

imprecise statement of the

Includes a correct but overly
general statement of the
research question that does
not relate to the design of the
experiment (i.e., what
variables are manipulated).

Includes a specific but brief
statement of the research
question that explicitly
mentions investigating how
the application of force
changes acceleration, but
without going into detail about
how the experiment is
designed to answer this
question.

Includes a specific statement
of the research question that
explicitly mentions
investigating how the
application of force changes
acceleration, with a general
explanation of how the
experiment is designed to
answer this question

Research question is included
and correctly stated: “How
does the acceleration of a
system change when the
applied force changes?”
Includes a detailed
explanation of how the
experiment is designed to
answer this question that
indicates what variables are
manipulated, e.g., by stating
explicitly what the dependent
and independent variables are

2. Is able to describe how the experiment with hanging weight as the independent variable addressed the research question and what claim can be made. The
acceleration vs. hanging weight graph and its error bars are referred to in the discussion.

1) Mentions the mass of the system is held constant. (1pt)
2) States the claim about how the hanging weight affects the acceleration: as the applied force increases, the acceleration increases. (1pt)
3) Refers to the plots with error bars. (1pt)
4) Gives adequate reasoning or justification for how the evidence (graphed data) supports the claim. (2pt)
# Error bars could also be correct explanation of standard deviation of uncertainty, one standard error, a particular confidence interval or things that can explain error
bar, Large error bars indicate a lack of confidence in the actual measurements)

3. s able to describe how the findings of a group different from the author’s group either support or refute the author’s group’s results and conclusions.

The other group’s findings are clearly presented. Discrepancies and agreements between the groups’ data and claims are stated and discussed.
1) Mentions another group’s claim or hypothesis. (1pt)

2) Mentions another group’s formula. (1pt)

3) Mentions another group’s data (unit or other stuff). (1pt)
4) Discusses the discrepancies and agreements between the groups’ data and claims. (2pts, or 1pt for a few details)

4. Is able to describe how the findings of a second group different from the author’s group either support or refute the author’s group’s results and conclusions.

The other group’s findings are clearly presented. Discrepancies and agreements between the groups’ data and claims are stated and discussed.
1) Mentions another group’s claim or hypothesis. (1pt)

2) Mentions another group’s formula. (1pt)

3) Mentions another group’s data (unit or other stuff). (1pt)
4) Discusses the discrepancies and agreements between the groups’ data and claims. (2pts, or 1pt for a few details)

5. Is able to provide the correct theoretical equation for the acceleration of a system by a single force and discuss how the experimental mathematical model supports,
or does not support, the theoretical model.

1) Theoretical equation a=F/m,,, is provided. (1pt)

2) Mathematical model a=C1*w+C2 is provided. (1pt)
3) The discussion for how the experimental mathematical model supports the theoretical model is complete and accurate. (1pt)
4) Includes results from curve fitting. (1pt)
5) How the system mass relates to the fitting parameters are included in the discussion. (1pt)
# How confident are you in the mathematical model provided by Excel? Comment on how well the trendline passes through the set of plotted data points. Cite the R2
value as well and discuss what this value indicates to you.

6. Is able to provide the correct enhanced theoretical equation for the acceleration of a system by more than one force and discuss how the experimental
mathematical model supports, or does not support, the theoretical model.

external force).

1) Enhanced theoretical equation a=F/mg + Fuq/My is provided. (1pt)
2) Enhanced Mathematical model a=C1*w+C3*w is provided. (1pt)
3) The discussion for how the experimental mathematical model supports the theoretical model is complete and accurate. (1pt)
4) How the extra force(s) relate(s) to the fitting parameters are included in the discussion. (2pts; 1pt for pointing out the force, 1pt for stating the result of that

# For those factor(s) that have impact, describe how each affects the numerical values in your mathematical model.
# For instance, discuss how the tilt of the air track affects the sign and magnitude of C3. Also discuss how the retarding force affects the magnitude of C3.

Jr. Is able to identify random errors and how they were reduced or could be reduced. (Sy

ic errors are included when applicable.)

1) Discusses one random error. (1 pt)

2) Discusses one way to reduce random error. (1 pt)

3) Discusses one systematic error. (1 pt)

4) Discusses one way to reduce systematic error. (1 pt)
5) Includes one or more additional random or systematic errors. (1 pt)

8. Is able to identify constraints within the experiment and discuss how these may affect the generalizability of the results.

Identifies incorrect
constraints.

An attempt is made to identify
constraints, but the discussion
is missing for how these may
affect the generalizability of
the results.

Gives some valid constraints,
and explains how they may
affect the generalizability of
the results.

At least one major constraint
is mentioned, and an
explanation is given about
how it limits generalizability.

At least two of three major
constraints are identified and
included in a discussion for
how they may affect the
generalizability of the results:
1) Length of track or limits the
measurements that can be
taken for cart acceleration.

2) Maximum mass of cart or 3)
force applied are based on
materials provided.

Figure 5. Newton'’s second law assessment rubric: Eight dimensions.

Rater Reliability

To perform the post-hoc assessment, after raters had been trained, we assigned separate
batches to each rater to assess independently. Unknown to raters, each batch had a small
URL: http://dx.doi.org/10.14738/aivp.112.14406.
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random subset that was assessed by all four raters for monitoring their reliability throughout
the assessment. We continued meeting regularly with the raters to discuss any patterns of
disagreement. Table 2 for the pendulum report shows the size of each batch in the Count column
(raters were given latitude in choosing their batch size), followed by the number of reports that
all four raters assessed in common (Reli.), the average time per report (in tenths of hours,
Hr./Rep.), and the macro-averaged p for the reports assessed in common. By batch 2, the raters
reached macro-average p above 0.70, which they maintained through all remaining batches. The
correlations thus exceeded the critical value of 0.67 for statistical significance at the 0.05% level
(df=5).1

Table 2. Reliability monitoring while assessing the pendulum reports.

Batch | Count | Reli. Subset | Hr./Rep. Mac. Avg. p | Avg. a-interv.
1 50 10 0.14 0.62 0.51
2 80 10 0.14 0.73 0.65
3 70 15 0.11 0.76 0.65
4 80 15 0.11 0.77 0.65
5 275 15 0.08 0.72 0.59

The last column of Table 2 reports average Krippendorff’s alpha (interval scale) for each batch
of the pendulum reports. Interpretation of kappa-like scores is subjective. Scores between 0.41
and 0.60 are considered moderate in agreement, with scores above that having substantial
agreement, according to [53]. As shown here, the raters had high average alpha scores on
batches 2-4 and moderate alpha on batches 1 and 5. Recall that alpha values for rating values
that occur frequently will be lower, due to the paradox of kappa. We observed that the data was
skewed towards scores of “5” on dimension 1 (68.0% of the ratings) and dimension 6 (41.0%
of the ratings).

Table 3. Reliability monitoring while assessing the Newton's second law reports.

Batch | Count | Reli. Subset | Hr./Rep. | Mac. Avg. p | Avg. a-interv.
1 40 10 0.11 0.57 0.44
2 45 10 0.13 0.78 0.69
3 40 10 0.11 0.50 0.56
4 45 10 0.12 0.72 0.60
5 50 10 0.11 0.76 0.67
6 50 10 0.11 0.72 0.62
7 50 21 0.11 0.75 0.63

1 The total number of reports assessed in Table 2 is }'i(4 X (|Counti| — |Relii|)) + |Relii|)) fori € [1:5] =1085.
For six of these reports, we could not recover the TA grades, so these are not included in Table 1. 2 One of the
raters was unavailable for batch 3.
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For the second set of lab reports, we followed the same procedure to revise the rubric and train
raters. For this assessment rubric, fewer revisions were needed due to our greater experience.
Table 3 shows that during the assessment phase, raters consistently maintained p = 0.65, apart
from batch 3.2.2 The critical value for statistical significance at the 0.05% level for the
8dimension rubric is p 2 0.63. The Krippendorff’s a values are high for batches 2 and 4-7,
despite

highly skewed data where 68% of the time, raters assigned scores of ‘0’ for rubric dimension
6.2

Ethics Approval and Consent

The research reported in this manuscript is a retrospective study, and ethical approval was
sought prior to starting the study. The ethics committee that reviewed the proposed research
was the Institutional Review Board of the University of Cincinnati (FWA #000003152). The IRB
determined that the proposed activity was not research involving human subjects. The data
involved was historical and de-identified. The IRB ID provided during the review was
20200172.

RESULTS Comparison of TA and Rater Effort

The most costly step in the reliability study was the iterative process of rubric revision and rater
training. On average, each rater spent 5.67 hours on assessment of reports during training.
Raters also spent about 4 hours in joint review meetings among raters and researchers to
discuss divergent scores assigned by raters, and to revise the rubric. Once the raters were fully
trained, the average time for trained raters to assess a single report was approximately six and
a half minutes, compared with an estimated ten minutes per report that TAs spent. We
speculate that TAs could achieve greater reliability during classroom grading with a few
straightforward changes. First, TAs could use the more objective assessment rubrics. They could
also be given a training session for each rubric, along with calibration examples. The extra hours
of TA training would likely be balanced out by greater efficiency per report. In addition, training
in the use of the rubrics could give the TAs greater confidence that their efforts could have a
positive impact on students, and thus increase their satisfaction.

Reliability of TA Grading

To make the TA grades and raters’ scores commensurate, we converted all scores to percentages.
The TAs graded lab reports that included sections describing experiments and results along
with data tables and plots that had all been previously assessed, and included in the final reports
for cross reference. Given our focus on students’ scientific writing skills, our raters assessed
only the discussion and conclusion sections. The TA mean percentages of the relevant sections
on both reports are much higher than those of the same sections scored by the raters, as shown
in Table 4. P-values of t-tests comparing the two pairs of means are effectively p=0.00. The low

2 The total number of reports assessed in Table 3 is },i(4 X (|Counti| — |Relii|)) + |Relii|])) fori € [1:7] =1057.
We could recover the TA grades for 1005 of these; see Table 1.
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Pearson correlations of TA grades and rater assessments for the pendulum reports (p=0.32) and
the Newton’s second law reports (p=0.19) show that the TA grades do not correlate with the
rater assessments.

Table 4. Comparison of TA and rater assessments.

TA Mean (sd)

Rater Mean (sd)

TA Mean (sd)

Rater Mean (sd)

0.89 (0.11) 0.59 (0.17) 0.92 (0.09) 0.43 (0.16)
T-test p=0.32 T-test p=0.19
p =0.0000 p =0.0000

(a) Pendulum reports. (b) Newton’s second law reports.
Comparison of the TA grades versus the rater assessments provides a picture of the impact on
instruction. Although it was a more challenging report, the average TA grade assigned to the
Newton’s second law report was 3% higher than the grade average TAs gave the first report. In
contrast, the average rater score on the second more challenging report was 30% lower than on
the first report. Section 7 includes measures of average student performance on different rubric
dimensions for both reports, which reveals which aspects of the reports are most difficult for
students.

DISCUSSION
Reliable assessment is a necessary precondition to identify the strengths and weaknesses in
student writing. It could benefit student learning if students engage with the feedback about
how well they performed on each dimension of a lab report. It could also inform how instructors
plan subsequent class meetings. Finally, as observed in the introduction, it could inform
revisions to a curriculum. Here we point to observations that emerge about students’ strengths
and weaknesses. We also report an apparent TA bias that favors the engineering majors.
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(a) Pendulum report. (b) Newton’s second law report.

Figure 6. Breakdown of student performance by rubric dimension.

Figure 6 shows box and whisker plots of the mean points achieved on each rubric dimension on
both reports on the reliable assessments. Sameness of color coding across the two plots reflects
rubric dimensions that appear in both reports. Overall, students did better on the pendulum
report. We see a similar trend for the dimensions that recur, thus students did best on stating
the research question (dimension 1 in both reports), and explaining how random versus
systematic errors affect the results
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Pendulum Report, Dimension 3: Experiment about length of string

Score Student text excerpts

5 | The third experiment investigated whether or not the length of

the string affects the period of the pendulum. The graph of

length of string vs. period of the pendulum shows points that

slope upward, proving there is a positive correlation between

the length of the string and the period of the pendulum. This
claim holds true when the angle of release of the pendulum is

held constant or under 20 degrees. The error bars on the graph

do not overlap or touch, so the trend is not due to error.

3 | To test the string length factor, the angle of release and
weight on string were kept constant while the length of string
was varied across all the trials. The claim was made that the
string length was directly relate (sic) to the period because

increased length led to increased period.

Newton Report, Dimension 3: Findings of a Different Group

Score Student text excerpts

3.75 | In Group 3, they had made the same hypothesis we did, that the applied
force will affect the acceleration of the system. ...they had a
experimental model equation of y=>5.0587x-0.0419. This equation and
their data supports our claim, of the applied force affecting the
acceleration. ... All our experimental model equations have the

same positive linear relationship between the applied force and the
acceleration. Our data is different from each of the other groups
because all the groups had a different system mass. Thus, giving

us all different accelerations and experimental model equations.

2.25 | As one can see our different values for the three trials of the experiment
are similar to those of the other groups, validating our data, the
differences van be attributed to random error primarily, because everyone

did only one iteration of each run, meaning that no averages were taken . . .

Figure 7. Excerpts from pairs of high and medium scoring lab reports.

(dimension 6 in the pendulum report, dimension 7 in the Newton’s second law report). Students
did better in the first report on describing the three pendulum experiments (dimensions 2-4)
than describing the Newton’s second law experiment (dimension 2). In the second report,
students did similarly well at comparing their results to those from other teams (dimensions 3
and 4) as they did on describing the experiment (dimension 2). They did only moderately well
in both reports on providing the correct theoretical equation (dimension 5, both reports). On
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the second report, they did poorly on providing an enhanced theoretical equation that deals
with multiple forces rather than a single force (dimension 6). Students showed improvement in
explaining experimental constraints that might affect the generality of results. On the pendulum
report, this is dimension 7, where the average was p = 1.94 (o = 1.43); in the second report, this
is dimension 8, where the average score was p = 2.30 (o = 1.58). Figure 6 illustrates contrasting
pairs of excerpts from both reports, alongside the average of the four raters’ scores. The top half
shows a high versus low scoring passage that addresses dimension 3 of the pendulum rubric.
In the first passage, mass vs. period graph and error bars are referred to in the discussion
(boldface font). The second states a correct claim but does not refer to the error bars. The
bottom half of Figure 6 shows a pair of passages that addresses dimension 3 of the second
rubric: Is able to describe how the findings of a group different from the author’s group either
support or refute the author’s group’s results and conclusions. The higher scoring excerpt goes
into detail about the reasons for differences in the empirical equations, while the lower scoring
excerpt provides no details and little reasoning.

TA Grades vs. Rater Assessments by Major TA Grades vs. Rater Assessments by Major
1.00 T% 1.00 T
0.80 | 0.80
0.60 T 0.60
0.40 . 0.40 F
0.20 0.20
0.00 0.00
1 1
B TA Life Sci. B TA Eng. B RA Life Sci. 1 RA Eng. B TA Life Sci. M TA Eng, M RA Life Sci. ™ RA Eng.
(a) Pendulum report. (b) Newton’s second law report.

Figure 8. Whisker plot comparison of TA grades and rater assessments by major.

Recall from section 4 that students represent two majors, different seniority in school, different
mathematics training, and different prior experience with lab report writing. Figure 7 compares
the two pools of students, based on the TA grades versus the rater assessment. According to the
TA grades, engineering majors perform slightly better than the life science majors on the
pendulum report (ANOVA yields p=0.0120), but had no significant difference in mean scores on
the Newton’s 2nd law report. In contrast the raters’ scores show no significant difference by
major on the pendulum report, whereas on the more challenging second report, the relative
performance by major is flipped: the health or life sciences majors’ have a mean score of 0.46
compared with that of the engineering majors of 0.41, which is significantly better (ANOVA
yields p=2.6 x10-6). Thus, the TA grades reveal a bias that favors the engineering students. Our
comparison of TA grades to a post-hoc reliable assessment of lab reports points to lost
opportunities for student learning, for instructors’ understanding of student achievement, and
for curriculum revision, due to rubric-based assessments that are not reliable. Our investigation
of the resources needed to achieve reliability suggest that highly specific assessment rubrics
could simultaneously reduce time to provide feedback, improve assessment reliability, and
enhance accountability of students and TAs alike. It might also reduce bias.

URL: http://dx.doi.org/10.14738/aivp.112.14406. 641




European Journal of Applied Sciences (EJAS) Vol. 11, Issue 2, April-2023

We speculate that the use of distinct assessment rubrics could also improve students’
understanding of how they met or failed to meet expectations. There has been little
investigation of the role of feedback to students on science writing, including the question of
whether rubric-based grades are an important component of feedback. In [9], it is argued that
there are many opportunities for students to get feedback during a course, and that these should
be co-ordinated with one another. They further argue for improved assessment literacy (see
above) on the part of instructors and students alike. For this to occur, we believe there is a need
for more research on different forms of feedback, and how students engage with feedback. In
our future work, we hope to investigate students’ engagement with feedback in the form of the
kind of assessment rubric discussed here. Although the rubrics presented here are for a specific
curriculum, we believe our results could benefit science writing in general as they provide
evidence for the use of dual analytic rubrics. Here, one rubric would define the expectations for
the students in a general way, and a second one, aligned with the first, would be used for
assessment through detailed and objective specifications at each point increment for each
analytic dimension. Providing students with an assessment combined with the grading rubric
would also serve as detailed feedback regarding ways to improve their lab report writing. We
speculate that reliability, consistency, and efficiency of TA grades in STEM curricula could be
improved through utilization of rubrics specifically designed for assessment and feedback. We
hope to investigate the use of dual rubrics in classroom instruction in our future work.

CONCLUSION

No one recipe for integration of writing into science instruction could possibly apply across the
diversity of students, instruction methods, and science disciplines in present day colleges and
universities. However, decades of investigation into the science writing heuristic have shown
that different kinds of writing exercises for students, from informal reflective writing [23] to
highly structured reports [54], each have benefits. For example, a recent meta-analysis of SWH
[7] found that most of the significant effects of writing on learning come from studies within a
given genre, such as science writing, rather than across genres. Our study highlights the
challenges inherent in the assessment of formal writing assignments, a task that college science
instructors find difficult [55], and our results suggest a strategy that may better support both
instructors (or TAs) and students. We have demonstrated that for lab reports from two
semesters of a large-enrollment, introductory physics lab curriculum, the grades assigned by
TAs were not reliable, while a reliable post-hoc assessment reveals valuable information about
students’ strengths and weaknesses. The role of science writing in this lab curriculum is to
instruct students in science reasoning in a manner that shows up in their writing, so as to
promote further learning. In conclusion, reliable assessment of writing could elevate the role of
lab reports in the overall instruction of scientific inquiry.
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