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Scientific abilities rubrics developed at Rutgers University are an assessment and self-assessment tool.
They consist of tables, each representing a broad scientific ability (for example, “to collect and analyze
data”), the listing of subabilities (for example, “independent and dependent variables are identified””) and
the criteria to assess to which degree the subability has been developed. We introduced scientific abilities
rubrics to assess student work in the project laboratory, a project-based course where groups of students
solve open-ended experimental physics problems. They submit a report in the form of a web page, which is
evaluated and returned to the students with feedback on what needs to be improved. These iterations are
repeated until the report is deemed acceptable. We present our experience with the rubrics, and the
development of a new rubric for the web report. We show that the introduction of the rubrics reduced
the workload of the graders, while increasing the quality of the reports. Based on these results we conclude that
using scientific abilities rubrics is a very efficient way of assessing experimental project-based work. We also
present an analysis of which abilities, assessed by the rubrics, appear to be the most difficult to develop.
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I. INTRODUCTION

A. Motivation and research questions

Project work is an increasingly important instructional
method. It helps students develop the skills needed to
design, run, and complete an experimental project, as well
as to present its results. Physics curricula have a long
tradition of so-called traditional laboratories, where the
student is guided through the process of completing a
particular experimental procedure using a set of step-by-
step instructions. For simplicity we will use in this article
the terms cookbook and confirmational experiments. The
term cookbook experiments refers to experiments that give
students very little freedom, as most of what they need to do
is explicitly stated, sometimes down to the point of exactly
which values to use in the experiment. The term confirma-
tional experiments refers to experiments where the theo-
retical model is given in advance and the purpose of the
experiment is to confirm (validate) the model experimen-
tally. We want to make an explicit distinction between a
confirmational and a testing experiment [1]. A testing
experiment is designed to reject a given hypothesis, while
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a confirmational experiment is designed to confirm it.
Sometimes instructions accompanying confirmational
experiments go as far as specifying exactly what values
of controllable variables to use, to avoid ending up outside
the range of validity of the model. The laboratories that
contain such experiments are not without merit. They
usually focus on familiarizing the students with equip-
ment and occasionally with additional or more specific
content. Research shows, however, that traditional labo-
ratory work does not significantly help the students
improve their content knowledge [2], nor does it help
develop research abilities needed to design and complete a
research project [3—6].

Project-based work has been shown to develop these
abilities more efficiently [7-9]. However, students’ project
work is difficult to assess. Assessment strategies employed
in inquiry-based learning in general include assessment of
work during the project, assessment of reports, and assess-
ment of project outcomes [10]. Assessment tools involve
questionnaires, tests, rubrics, and written feedback.

In the course project laboratory at the department of
physics of the faculty of mathematics and physics,
University of Ljubljana, we assess project work via reports
that the students submit after the project work is completed.
Graders evaluate the reports and provide feedback to the
students to improve them. Previously, this feedback was in
the form of written comments, and was a very time
consuming practice. In 2014 we decided to try using the
Rutgers scientific ability rubrics for assessment [11-13].
Following the introduction of the rubrics, we assessed their
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effects on the project laboratory course. We posed the
following research questions:

(i) To what extent do scientific abilities rubrics help
reduce the grader’s workload in the project labo-
ratory course?

How do scientific abilities rubrics affect the quality
of students’ work in open-ended project labora-
tory tasks?

How quickly do students develop certain abilities
and can the scientific abilities rubrics be used to
evaluate this?

For simplicity, we will refer to the period before the
introduction of the rubrics as the prerubrics period, and
the period after their introduction as the rubrics period.
We will refer to the fall semester of 2014, during which we
introduced a shortened version of the rubrics, as the
intermediate period.

The structure of this paper is as follows: In Sec. I we give
a literature overview on each research question. In Sec. 11
we discuss the setting. In Sec. Il we discuss the instru-
ments for data collection and the methods of analysis for
each research question. In Sec. IV we present the findings
related to each research question. In Sec. V we discuss
the findings for each research question and in Sec. VI we
present our answers to the research questions. The research
questions are identified as grader workload, quality of the
reports, and developing scientific abilities.

(ii)

(iif)

B. Review of the literature
1. Scientific abilities rubrics

A rubric is a set of guidelines that defines expectations
related to the learning goals in a given course. Rubrics often
come in the form of a table where specific scores are
assigned to different levels of the achievement of the
learning goals. For the Rutgers scientific abilities rubrics,
these goals are proficiencies in the processes and proce-
dures in which physicists engage when developing new
knowledge, or apply it [12,13]. One line from such a rubric
is given in Table I and an entire rubric is presented in the
Appendix. The levels are labeled: “missing,” indicating that
the use of the ability has not been observed; “inadequate,”
indicating major flaws or omissions in the use of the ability;
“needs improvement,” indicating that the ability is used

mostly adequately, but still requires small improvements;
and “adequate,” indicating an adequately developed and
used ability. For convenience, the levels are assigned
numerical scores 0, 1, 2, and 3, respectively. The goals
are consistent with the general learning goals of the inves-
tigative science learning environment (ISLE) [1,13,14]. The
term scientific abilities describes some of the most important
procedures, processes, and methods that scientists use when
constructing knowledge and when solving experimental
problems. Etkina and colleagues used the term scientific
abilities instead of science process skills, because the term
“skills” might imply something that can be automatized
through repetition, like riding a bicycle, while these abilities
need to be used reflectively and critically.

The Rutgers group identified seven abilities. These are
(labeled as in the rubrics in Ref. [11]) the abilities to
(A) “represent information in multiple ways,” (B) “design
and conduct an experiment to investigate a phenomenon,”
(C) “design and conduct a testing experiment (testing an
idea, hypothesis, explanation, or mathematical relation),”
(D) “design and conduct an application experiment,”
(F) “communicate scientific ideas,” (G) “collect and ana-
lyze experimental data,” and (I) “evaluate models, equa-
tions, solutions, and claims.” Furthermore, there are over
30 subabilities for which assessment rubrics have been
developed (for more information see Refs. [1,12,13]). The
rubric for ability B, to design and conduct an experiment to
investigate a phenomenon, and its subabilities is shown in
Fig. 7 in the Appendix; all other rubrics can be found at the
website in Ref. [11].

Studies conducted by the Rutgers group found that the
students who use rubrics for self-assessment of their
experimental work transfer these abilities to new content
and different contexts [15]. It takes a significant time for the
majority of students to develop proficiency in using the
abilities when designing, conducting, analyzing, and
reporting experiments. However, after an average of 25—
30 h of practicing, the majority of the students develop
them at an acceptable level [16,17].

2. Grader workload

In the field of economics education, McGoldrick and
Peterson [18] report that the rubrics can reduce the time

An example of a line in a rubric. This example is taken from the rubric to assess the “ability to collect and analyze

Needs improvement Adequate

TABLE L.
experimental data.”
Ability Missing Inadequate

G4 Isabletorecord Data are either Some important data are
and represent absent or absent or
data in a incomprehensible. incomprehensible. They
meaningful are not organized in tables
way or the tables are not

labeled properly.

All important data are
present, but recorded in a
way that requires some
effort to comprehend. The
tables are labeled but
labels are confusing.

All important data are
present, organized, and
recorded clearly. The
tables are labeled and
placed in a logical
order.
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spent assessing learning as well as the subjectivity in
grading, while also making the class activities more in
line with the learning objectives. They do not, however,
quantify any of these benefits. In physics education, an
early form similar to a rubric is reported by Allie et al. [19].
Upon introduction, teachers expected an increase in grad-
ing time, but noticed none. A decrease in grading time is
not reported. Holmes and Wieman [6] suggest that ISLE-
based labs [12] and SQILabs [20] use group reports and
rubrics to reduce grading time, but the reduction is not
quantified in either reference.

3. Student performance

Other studies address the effectiveness of open-ended
laboratories and the use of rubrics. Numerous reports find
that open-ended laboratory work enhances students’ perfor-
mance in a generic way [3-5]. Strubbe and colleagues [21]
investigated the effect of traditional laboratory work and
SQILabs [20] on students’ beliefs about physics, using the
E-CLASS tool [22]. They report that after traditional
laboratories students’ beliefs are less expertlike than before
the laboratories, while open-ended SQILabs laboratories
change their beliefs towards more expertlike. Wilcox and
Lewandowski [22] arrived at similar results investigating the
effect of traditional and open-ended laboratories using the
USA national data set of results of the E-CLASS survey.
Berg et al. [23] compared an open-ended and a traditional
version of the same experiment and found that the students
engaged in the open-ended experiment had significantly
higher learning gains than the students engaged in the
traditional experiment at higher taxonomy levels (applica-
tion, analysis, synthesis, and evaluation) Holmes and
Wieman [6] specifically mention ISLE-based laboratories
[12] and SQILabs [20] as examples of open-ended labo-
ratories, which develop students’ research abilities. Both of
these use rubrics to provide feedback and guidance.

The efficiency of rubrics in providing quality feedback
extends beyond laboratory work. Mason and Singh [24]
report a study, where students were given an identical
subset of problems in midterm and final exams, and despite
being given the answers to midterm exams, their answers to
the same problems in the final exam did not improve. This
suggests that students would benefit from a more specific
focus on self-reflection, and guidance on what and how to
improve. Research suggests that rubrics can provide such
support [25-28]. Ene and Kosobucki [29] report in a case
study that the use of rubrics on its own improved a student’s
essay writing, although more concrete feedback comments
were valued more. Cockett and Jackson [30] did a meta-
study on the use of rubrics in nursing education. They
found that the use of rubrics increases self-assessment
and self-regulation of students and the transparency of
grading criteria. The largest increase was observed when
students cocreated the rubrics. Howell [31] found that the
use of rubrics was the strongest predictor of students’

achievement on an apply-theory-to-practice assignment in a
juvenile delinquency class, with its effect size 0.49 nearly the
double of the second predictor. In a metastudy, Jonsson and
Svingby [28] conclude that rubrics improve transparency,
facilitate teacher’s feedback to students, and increase stu-
dents’ self-assessment. And, while it is not possible to say
that the use of rubrics alone improves learning, because they
are mostly combined with other interventions, the majority
of the studies show improvement at least in some areas, for
example, on essay type questions, but not on multiple choice
questions, or in biology and algebra, but not in english and
government [32]. In areas where an improvement was not
observed, no negative effects were observed. In another
metastudy, Panadero and Jonsson [26] arrived at similar
conclusions, adding that rubrics decrease anxiety in students
before exams, because of the increased transparency of the
expectations. The primary cause of the beneficial effects on
students appears to be the increased self-assessment [33].

4. Developing scientific abilities

Rutgers scientific abilities rubrics were purposefully
designed to address scientific abilities, rather than specific
content. A study by Rajapaksha and Hirsch [34] show that
competency-based teaching increases learning outcomes
compared to content-oriented teaching. A previous study
using the Rutgers scientific abilities rubrics [16] showed
which abilities are the most difficult to develop. However,
our setting is different and thus provides additional infor-
mation on the topic. In Etkina and colleagues’ study [16]
they examined a series of different laboratory activities. For
each activity the students handed in individual reports. The
reports were scored and the feedback returned to the students
in the form of scores on the rubric. Then the process was
repeated for the next laboratory, and so on. The development
of each student’s abilities was followed by the researchers
throughout the course. Because of the changing of experi-
ments, this study included the transfer of the abilities
between various contexts. In our setting, the students
complete one project and hand in one report per group,
which is then scored and the feedback returned to the
students mostly in the form of scores on the rubrics, but also
with short comments on more specific issues. The students
then improve the report and hand it in again. The process
continues until the report receives adequate scores on all the
rubrics. The students can improve a specific report multiple
times. Transfer between contexts could not be investigated,
because each group worked on only one project.

II. STUDY SETTING

Project laboratory is an elective course at the department
of physics, faculty of mathematics and physics, University
of Ljubljana offered to first and second year physics
students [35]. The course is based on open-ended tasks
that help students develop scientific abilities [12]. The
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focus on scientific abilities is in line with the educational
recommendations in Europe and the U.S. [36—38] and the
choice of open-ended problems is in line with the research
data, which shows that traditional laboratory work is
inefficient in developing these abilities [3-6].

Students in the project laboratory course work on open-
ended experimental physics problems. They work in
groups of four to five students, which they form by
themselves. The course is structured in the following
way: in week 1 students are assigned a problem, they
study it and come up with ideas on how to solve it. In week
2 they refine their ideas after discussion with the grader. In
weeks 3-5 students perform experimental work in the
laboratory for 3 h per week. Problems are of one of the
three types (classification was adopted from Ref. [39]):
observational experiments, testing experiments, and appli-
cation experiments. In observational experiments, students
are expected to collect data, identify patterns and come up
with an explanation and a model for an observed phe-
nomenon. In testing experiments, the students are given
two or more hypotheses that attempt to explain the same
phenomenon, and have to design and conduct experiments
to differentiate between those hypotheses. This is done
by rejecting or failing to reject each hypothesis. The best
testing experiments are those that can reject multiple
hypotheses. In application experiments, the students have
to use previously developed knowledge to solve a practical
problem. In weeks 6 and 7 students write the report on their
research in the form of a web page. This report is assessed
by the grader and returned to the students to be revised and
improved. In weeks 8—15 students improve their reports
based on the feedback provided by the grader. Students are
given one week for improvement at each iteration. The
iterations continue until the report is considered acceptable,
but not longer than until the end of the semester. The goal is
that the reports receive an adequate score on all subabilities.
The groups that finish early are not given new assignments,
because the goal of the course has been achieved.

The reports are graded “pass” or “fail.” The criterion for
a passing grade in the prerubrics period was how well a
report matched the form and content of scientific papers,
based on the grader’s personal experience. It was the
grader’s professional decision whether a report was graded
pass or fail. In the rubrics period the criterion is receiving
an adequate score on all rubrics. In the prerubrics period
the pass rate was 85% (N = 33) and in the rubrics period it
was 95% (N = 22), considering only the reports analyzed
in this paper.

Prior to the introduction of the rubrics in the course, the
students had a short lesson at the beginning of the semester,
where the course instructor explained what was expected in
terms of the research and the report, as well as commented
on some issues common in previous reports. Since the
introduction of the rubrics, this step has been replaced with
a short lesson on how to use the rubrics. Students receive

the rubrics at the beginning of the project and can use them
to guide their work throughout the course.

III. METHODS

A. The grading in the prerubrics
and rubrics periods

Assessment of students’ abilities in the project laboratory
course is based on the written reports of the groups. Each
group submits one report, which is assessed by the teaching
assistant. Before the introduction of the rubrics, the assess-
ment was entirely subjective. The two or three teaching
assistants involved in the course each year agreed on the
basic goals that have to be assessed: (i) a clear description of
the investigation process, (ii) labels on figures and graphs,
(iii) argumentation of claims, (iv) correctness of the physics,
and (v) correctness of the data analysis, including attention to
experimental uncertainties. Teaching assistants commented
on the report and returned it to the students for improvement.
Students then typically improved the report and turned it in
again for a second evaluation, and the process continued
until the report was satisfactory or the students gave up,
which happened in 5 out of 33 reports in the prerubrics
period and 1 out of 22 reports in the rubrics period.

In the fall semester of 2014 (referred to as the inter-
mediate period), we introduced a shortened version of the
Rutgers scientific abilities rubrics. Among the Rutgers
rubrics, we selected two, because we were afraid that
introducing more rubrics would be overwhelming for the
students who have never seen rubrics before. We chose
rubric B for the ability to design and conduct an experiment
to investigate a phenomenon, and rubric F for the ability to
communicate scientific ideas. We expected the feedback to
the students to consist only of the scores on the rubrics. The
report would be accepted when the scores on all subabilities
reached the level of adequate.

When scoring the reports of that semester we observed
that students were not able to adequately improve their
reports only based on the scores on the rubrics. To guide
them we needed to add specific comments to the scores.
These comments were sometimes specific corrections,
which needed to be made, and sometimes corrections
related to the data analysis, which was not covered by
the rubrics. We also observed that we had difficulties
providing feedback to groups who were assigned an
application experiment. In an application experiment the
results of one method should be compared to results from a
different, independent method and the comparison must
take into account experimental uncertainties. This part was
often missing. In rubric B (designing and carrying out an
experiment to investigate a phenomenon) there is no
subability that addresses either of these. Therefore, we
concluded that this rubric is not well suited for an
application experiment and that we should probably
include other existing Rutgers rubrics, which address
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TABLE II. In the table, the “X” shows the rubrics that are used
for each type of project.

Rubrics
Project B C D E G
Observational X X X
Testing X X X
Application X X X

application experiment related abilities, data analysis abil-
ities, and others.

In the spring semester of 2015, we introduced the
Rutgers rubrics in their original form (this marks the
beginning of the rubrics period). Among the rubrics we
selected the ones for the following five abilities: (B) “to
design and conduct an experiment to investigate a phe-
nomenon,” (C) “to design and conduct a testing experi-
ment,” (D) “to design and conduct an application
experiment,” (G) “to collect and analyze experimental
data,” and (F) “to communicate scientific ideas.” Since
the rubric for the ability to communicate scientific ideas
was developed for a written laboratory report, not a web-
based report, we revised it to develop a new one specifically
for a web-based report. We labeled it (E), since the original
Rutgers rubrics do not contain a rubric labeled (E). We
discuss its development in Sec. III D.

At the beginning of their work on the projects, each
team of students received three rubrics as shown in

TABLE III.

Table II. The initial intention was to provide feedback
to the students only in terms of rubric scores. We found
later that specific comments were still necessary occa-
sionally and in small numbers only for shortcomings that
were so specific that they were not covered by the rubrics
and it was unlikely for students to notice them only based
on the scores on the rubrics (e.g., severe grammatical
errors, or small notation lapses).

To make sure that the rubrics indeed covered all our main
goals, we compared the statements in the adequate column
of the rubrics with the elements that we paid attention to
during the prerubrics period. Table IIT shows that all the
listed elements are covered in the rubrics. The “correct
physics” element is not mapped to a specific subability,
because it is covered by more subabilities. Since the rubrics
have been developed through research, this suggests that
there is not a single overarching correct physics subability,
but rather that physics is used in different ways in different
subabilities. This emphasizes the fact that knowing correct
physics is often context dependent, as many research
have shown (see, for example, Ref. [40]). Also, some
other rubric items (e.g., G4) do not match exactly with the
prerubrics criteria. One reason is that the rubrics have not
been developed by us, but adopted from Rutgers University
and hence differences in the grouping or formulation of
criteria are to be expected. Another important reason is
that there has to be a balance between providing good
and concrete guidance and the number of rubric items.
Separating every single element of what it means to, for

A comparison between the subabilities in the prerubrics period (first column) and the subabilities in the rubrics period.

Note that all criteria can be mapped to statements in the adequate column of the new rubrics.

PRERUBRICS criterion

SUBABILITY in the rubrics

ADEQUATE level

Clear description of the F1
procedures.

Use of figures completely.

Adequate labels on

figures. meaningful way

Supporting claims
about the hypothesis.
Correct data analysis

(incl. expt.
uncertainties)

Correct physics
observed pattern.

C4 Are able to make a reasonable prediction

based on a hypothesis.

D7 Are able to choose a productive
mathematical procedure for solving the

experimental problem.

Are able to communicate the details of an
experimental procedure clearly and

G4  Are able to record and represent data in a

C8 Are able to make a reasonable judgment

G5 Are able to analyze data appropriately.

B9 Are able to devise an explanation for an

Diagrams and/or experimental procedure are clear and
complete. Figures are appropriately chosen and
correctly labeled. It takes no effort to comprehend.

All important data are present, organized, and recorded
clearly. The tables and graphs are correctly labeled and
placed in a logical order.

A judgment is made, consistent with the experimental
outcome, and assumptions are taken into account.

The analysis is appropriate, complete, and correct.

A reasonable explanation is made. It is testable and it
explains the observed pattern.

A prediction is made that follows from hypothesis, is
distinct from the hypothesis, accurately describes the
expected outcome of the designed experiment, and
incorporates relevant assumptions if needed.

Mathematical procedure is fully consistent with the
design. All quantities are calculated correctly with
proper units. Final answer is meaningful.
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example, “represent data in a meaningful way”” would be no
different than providing concrete instructions on what to
do. Instead, the rubrics are designed to be somewhat
general so that students are forced to reflect on what it
is that they did wrong. The reflection is the positive effect
of rubrics on learning practices, which is mentioned the
most in literature [28,33].

B. Sample and data collection

Our data consist of feedback given to each report in each
iteration. The analysis was done on 61 reports, involving
297 students between the years 2008 and 2018. For 16 of
the older reports we could not retrieve all the feedback, so
we made approximations described in Sec. IIIC1b to
include as many reports as possible. We only used reports
assessed by one grader (S.F.) who remained the same
throughout the considered period 2008-2018. The grader
was trained by E. Etkina (E. E.) to use the rubrics in 2015.
The training involves a novice and an experienced grader
grading the same report and comparing and discussing their
scores. In our case, the novice was S. F. and the experienced
grader was E. E. She also helped establish reliability using
15% of the reports. The interrater agreement before dis-
cussion was about 80% and after discussion 100%.

The total number of reports that we could retrieve was
69. Out of these, 61 were included in the analysis. We
excluded from the analysis all groups that have not
completed the course (five in the prerubrics, none in the
intermediate, and one in the rubrics period). One report
was excluded because it contained more than one type of
experiment and had to be evaluated on all the five rubrics
instead of just three, which makes it an exception. Another
report was excluded because the notes on the feedback and
the content of the feedback could not be clearly understood.
The remaining 61 reports were included in the analysis.

C. Procedure
1. Grader workload

a.The grading process.—We can conceptualize grading of a
report to consist of three phases: (1) reading the report,
(2) pondering the quality and contemplating the comments,
and (3) writing the feedback. The times related to each
phase will be called reading time (R), pondering time (P),
and writing time (W), respectively. Their sum will be called
the total grading time T =R+ P+ W.

The reading time is assumed to be the same in prerubrics
and in the rubrics period. The writing time can be objectively
assessed by the number of words in the feedback.

The pondering time is the most difficult to assess,
especially since we do not have any objective data on this
from the prerubrics period. Instead, we conducted a small
investigation to assess the total grading time using two
reports and four graders. The details are explained in
Sec. HIC 1c.

Our goal was to determine the ratio between the grading
times in the prerubrics period (index comments) and in the
rubrics period (index rubrics). We were able to determine
the ratios Wrubrics/ Wcomments and Trubrics/ Tcomrnents'

b.Number of words in a feedback.—The number of words
in the feedback to one report was determined by counting
the number of words in the feedback of all iterations for that
report. This could be done on 17 reports from the prerubrics
period, 6 reports from the intermediate period, and 21
reports from the rubrics period.

We had 16 additional reports from the prerubrics period
available, but for these not all feedback was available. For 11
of these reports only the first feedback and the number of
iterations was available, and for 5 of these reports only the
second feedback and the number of iterations was available.
In order to include these reports in the analysis we estimated
the total word count for these reports in the following way.
On the vertical axis of a graph we plotted the total word
count for the 17 prerubrics reports for which the total word
count was available. On the horizontal axis of the graph we
plotted the number of iterations (Njierations) times words in the
first feedback (wy,) for the same 17 reports (Fig. 1). The
plot shows an approximately linear relation with the slope
0.55. Using the function 0.55N;rationsWrirst (OF 0.55Njierations
Weecond fOI 5 reports) we estimated the total number of words
in the feedback for the 16 reports, for which we did not have
all the feedback available.

c.Total grading time.—The writing time is an important
part of the feedback process, but it does not reflect directly
the total grading time. To quantify the total grading time
with each method we did the following: (i) S. F. estimated
the time spent grading using both methods. (ii) We asked S.
F., Breena (a grader with a few years experience), Carl and
Dennis (both novice graders) to grade two reports (I and II),
one with the rubrics and the other with comments. The
reports I and II were selected at random among the reports
from the current year. No consideration was given to

7000
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y=0.5528x+8.7114
5000 R*=10.9205

B 4000
= 3000 °
..
2000 b
e .@
[
1000 .0 °
e ®
0 [ J
0 2000 4000 6000 8000 10000 12000
NiterationsWiirst
FIG. 1. The plot of total words versus words in the first

feedback times the number of iterations. The coefficient in the
fit was used to estimate the total words in the feedback for those
reports, for which we could not retrieve all the feedback.
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whether the reports are comparable. Table X in the findings
section shows the graders, the graded reports, the grading
methods, and the total grading times. These data allowed us
to estimate the total grading time and calculate the ratio
between rubrics total grading time and comments total
grading time (Tyuprics/ T comments) fOr all combinations of
graders and reports.

The collected data allowed us also to make a rough
estimate of the ratio between the total grading time and the
words in the feedback. We counted the words in the
comments style feedback and calculated the ratio between
the reported total grading time and the number of words in
the feedback for all graders.

S.FE’s estimate could be potentially biased. We thus
employed two methods to check the plausability of his
estimate. The collected data allowed us to make a rough
estimate of the ratio between the total grading time and the
words in the feedback (7/w). We counted the words in the
comments style feedback and calculated the ratio 7'/w for
S.F. alone and the average of this ratio for all four graders
and used each of them to estimate the total grading time
based on the average number of words per iteration in the
prerubrics period. The average number of words per iteration
was calculated as Z wrepon/ (Z N iterations — N. rcports)’ where
> Wreporr i the number of all words in all iterations,
>~ Niterations 18 the number of all iterations, and Nyepors is
the number of reports. The subtraction of the number of
reports from the denominator is due to the fact that there is
no feedback after the last iteration, just an acknowledgment
of acceptance.

2. Quality of the reports

In the prerubrics period, it was the grader’s professional
decision whether a report was graded pass or fail. In the
rubrics period an adequate score is ultimately required on
all the rubrics. Note that all groups of students have
opportunity for multiple revisions and resubmissions of
their reports without penalties.

To assess the quality of the reports in the rubrics period
(new reports) compared to the quality of the reports in the
prerubrics period (old reports), we selected a random sample
of six old reports that received a pass grade and evaluated
them using rubrics. The pass grade means that the reports
were considered adequate in the prerubrics period and we
wanted to see if they would receive an adequate score also
when graded using rubrics. An unweighted average was
calculated from the numerical values of the scores received
on each subability. Weighing was unnecessary, because any
average below 3 would mean that the report would not have
received a pass grade in the rubrics period.

3. Developing scientific abilities

We used the opportunity of scoring the old reports using
rubrics to calculate the average score given to the

old reports on each rubric item. This is a measure of
which subabilities remained poorly developed in the
prerubrics period.

To estimate which abilities were the most difficult for
students to develop in the rubrics period, we analyzed the
feedbacks of all iterations for each report and followed the
progression of the score on each rubric item through
the subsequent iterations. As a measure, we took the
number of iterations after which the item received a full
score. If the report received the full score on an item when it
was first submitted, the value would be 1, not 0.

Based on previous research that indicates that traditional
laboratories do not develop all of the scientific abilities
assessed by the rubrics [15], we hypothesized that many of
the difficulties that we might identify could be potentially
explained by students being exposed to only cookbook,
confirmational experiments. To substantiate this hypothesis
at least a little, and in an attempt to minimize confirmation
bias, we decided to approach this as a testing experiment.
We gave the rubrics to an instructor who was not involved
in the data analysis. The instructor was from our faculty and
had over ten years of experience with traditional, mostly
cookbook, confirmational university level physics labora-
tories for nonphysics majors. We asked him to predict
which of the subabilities listed in the rubrics he thinks the
students would have most problems with, based on the
assumption that they have only been exposed to cookbook,
confirmational experiments. We asked him to assign one of
three difficulty levels (L-low, M—medium, H-high) to each
subability. After receiving the scores, we wanted to account
for the fact that we are scoring the report, not the actual
process, therefore some subabilities will necessarily
develop, if the project is to be completed. For example,
the instructor will intervene if the students are unable to
design an adequate experiment. Therefore, subability B2
(designing a reliable experiment) will necessarily receive
an adequate score at first iteration and will, therefore, be
considered (L). We assigned to each such subability the
value (L), even if they have already been assigned some
other value by the instructor. This was then the final
prediction. The process is admittedly subjective, but it
provides at least some form of testing our hypothesis.

D. The design of a new rubric

One of the nontraditional elements of the project
laboratory course is the fact that our students submit a
report in the form of a web page [41]. A web page based
report is different from a written report in several ways.
First, the report can be nonlinear. Hyperlinks enable
branching. This also makes the report inherently difficult
to print, hopefully saving some paper and thus reducing its
impact on the environment. Second, the report is uploaded
to a server and publicly available, which means that
copyright laws must be taken into consideration. And
third, the report can use a lot of web functionality and
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TABLE IV. The first line of the new rubric for the ability of writing a report in the form of a web page.

Subability 0: Missing

1: Inadequate

2: Needs improvement 3: Adequate

El Are able to structure The web report does The web report is written
as a monolithic story.
It is difficult to access
information about the
different steps of the

not load, is
missing or is
extremely unclear.

the web report in a
way that it shows
the important steps
of the project
project.

The structure of the web
report clearly shows
all the important
steps of the project
and allows quick
access to them.

The structure of the web
report allows quick access
to the different steps of the
project, however, some
important steps are missing
or difficult to access.

the advantage of dynamic elements. As a consequence, we
needed to develop a special rubric for the web report
(rubric E). We started from the Rutgers rubric F for
communication. The two items of the rubric deal with
(F1) a clear and complete report and (F2) the evaluation of
the purpose of the experiment and the meaning of the
findings. These were merged to make item E3 on the new
rubric. In collaboration with E.E. from Rutgers, we
formulated the other items of rubric E for the ability to
compose a web-based report about the findings (see
Tables IV-VIII). This rubric has been revised during the
course of its development and is given here in its form as of
2018 during the writing of this article.

Subability E1 (Table IV) concerns the nonlinear structure
of the report. We expect all the important steps of the
experiment to be available quickly, probably directly from
the main menu.

Subability E2 (Table V) concerns the structure of the
report. The usual introduction, methods, results, and dis-
cussion (IMRAD) structure common for traditional labo-
ratory reports is not appropriate for all types of experiments.

This line of the rubrics encourages students to use different
report structures for different types of experiment. It is
important for the students to understand different relation-
ships between experiments, hypotheses, models, predictions,
and evaluation in different types of experiments, and differ-
ent flow of the thought process. In observational experiments
one first observes, then measures, then produces models and
then compares the model with the measurements (experi-
ment, hypothesis, evaluation). In application experiments,
the order is reversed. One first lists the knowledge and
models on which the experiments are based. Then, one
applies these to the problem at hand, and in the end compares
the obtained results with the results from an independent
source (model, experiment, evaluation). In the case of a
testing experiment, one starts with the phenomenon and the
hypotheses. Then, testing experiments are suggested and
the predictions for the outcomes of these experiments are
given, based on the various hypotheses. In the end, the
experiments are performed and a judgment is made about the
hypotheses based on the comparison between predictions

TABLE V. The second line of the new rubric for the ability of writing a report in the form of a web page.

Subability 0: Missing 1: Inadequate

2: Needs improvement

3: Adequate

E2 Are able to design
the web report so

It is not possible to The type of the
infer the type of  project is listed

that the type of the  the project from  in the web
experiment the structure report, but its
(observational, of the web structure is not
testing or report. consistent with

applicative) is
clear from the
structure and the
order of the tabs
in the navigation
menu.

it (see adequate).

The structure of the web The structure of the web report and the order

report is consistent
with the type of the
project, but some of
the tabs should be
reordered to better
follow the structure
of the type of the
project. (See
adequate.)

of the tabs are consistent with the type of
the project. E.g., 1. In the case of an
observational project, the tabs with the
description of patterns, their
mathematical representations, the
explanations and the models come
AFTER the tabs with the descriptions of
the experiments. 2. In the case of a testing
project, the tabs with the descriptions of
the experiments and the predictions of the
outcomes based on the tested hypotheses
come BEFORE the description of the
actual outcomes of the testing
experiments. 3. In the case of an
applicative project, the tab with the
relevant theory and models comes first,
THEN the tab with the description of the
experiments and THEN the one with the
analysis of data.
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TABLE VI. The third and fourth lines of the new rubric for the ability of writing a report in the form of a web page. The subabilities
E3a and E3b were joined together as E3 for some time during the rubrics period, but were soon split again into two separate subabilities.
Subability 0: Missing 1: Inadequate 2: Needs improvement 3: Adequate

E3a Are able to The description  The descriptions of the experiments The descriptions of the The descriptions of the
communicate and/or the and procedures are unclear to the experiments, physical ~ experiments, physical
the details pictures or point where it is necessary to guess considerations, considerations,
of an sketches of the  about some parts, perhaps because  procedures and procedures and
experimental experimental the pictures or sketches are missing findings contain minor findings are clear,
procedure setup are or the structure of the text is such shortcomings. Pictures complete and correct.
clearly and missing or that it is difficult to follow the line of ~ or sketches are The pictures or
completely. unintelligible. thought. The pictures or sketches are  included and sketches are

unclear or inadequately chosen
(maybe some crucial ones are
missing). The physical
considerations contain major
mistakes. Comprehending the
descriptions takes a lot of effort.

adequately chosen, but
contain minor
shortcomings.
Comprehending the
descriptions takes
some effort.

adequately chosen and
labeled. The various
representations are
consistent with each
other.

E3b Are able to

communicate the point of the discussed, but vaguely. There
the point of the  experiment is is no reflection on the quality
experiment present. and importance of the findings.
clearly and

completely.

No discussion of The point of the experiment is

The point of the
experiment is
presented clearly.
Discussion of the
quality and importance
of the findings are
superficial.

The point of the
experiment is
presented clearly.
There is deep
reflection on the
quality and importance
of the findings.

and outcomes (hypotheses—suggestion of experiment—
prediction—experiment—evaluation).

In the original Rutgers rubrics, subabilities E3a and E3b
(Table VI) are separate. In the development of rubric E we
first joined them together into a single subability E3.
However, we noticed that many students failed to
adequately address the purpose of the experiment and
the validity of the conclusions (E3b), but did well in
describing everything in the experiment (E3a). A low score
on the joined rubric E3 did not give them useful feedback
about what they needed to develop more. Therefore, we
separated again the two subabilities into E3a and E3b.

Subability E4 (Table VII) deals with the proper use of
internet technology. Since the introduction of web reports
in 2002, internet technology has changed multiple times in
different ways. Throughout all these changes it became
clear that insisting on the most basic web technology (pure
HTML, no plug-ins), while allowing the spectrum of most
important benefits (hyperlinks, thumbnails, colors, and
menus) was the best method to make the reports available
across multiple platforms. Here we had in mind high school
teachers, who were among our target audience, and in our
opinion could not be expected to always have access to up-
to-date computers. So in this line of the rubrics we
encourage hyperlinks to allow easier access to different
parts of the report and to auxiliary data and resources. We
also encourage the use of thumbnails (small, low resolution
figures that link to higher resolution figures when clicked).

On the other hand, we mention technologies that we find
unproductive and unnecessary, such as fixed width text, the
use of plug-ins (Flash, Java), and external scripts.

Subability E5 (Table VIII) addresses the copyright of
pictures and other content from the Internet. We observed
that it was tempting for students to just pick any useful
picture from the Internet and use it in their report. Since the
reports are published on the department webpage, we could
not afford to have copyright infringement problems.
Moreover, we found this to be a welcome opportunity to
teach the students about the basics of copyright law.
Therefore, we included copyright issues in the rubrics.
We required the students to state under which license the
material from the Internet was published and under which
license they published their own work, especially pictures.

The rubric does not contain an item for the grammatical
correctness of the language. Item E3a already covers clear
communication, which includes adequate language.

The rubric evolved with use. We added examples of
general, frequently observed shortcomings to the descrip-
tions in the columns inadequate and needs improvement
(see these columns in Table VII). We made similar slight
modifications also to all the other rubrics, such that some, if
now translated from Slovene back to English, might reflect
a slightly different meaning or emphasis than the original
Rutgers rubrics from which they were adapted. This reflects
the importance of adaptation rather than just translation
when using materials developed in different contexts.
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TABLE VII. The fifth line of the new rubric for the ability of writing a report in the form of a web page.
Subability 0: Missing 1: Inadequate 2: Needs improvement 3: Adequate
E4 Are able to The advantages There is minimal use of web Some quotations are ~ Quotations are hyperlinked
use web of web technology. The quality of the not hyperlinked to to citations. All
technology technology are images is not adapted to viewing on their citation. The hyperlinks offer the
appropriately.  not used. If the screen (figures unnecessarily use a page does not possibility to open in a
report was lot of memory or their resolution is display entirely new tab or window. All
printed out, it  too poor). If the report was printed correctly displayed images have a
would loose out, it would loose only the benefit (overlapping text, size below 200 kB. If
nothing. of cross hyperlinks. Unproductive or ~ missing accented necessary, they serve as
distractive use of web technology: letters, superscripts, thumbnails to larger
e.g., excessive use of animated tabs subscripts, size of versions. The authors
and frames, use of Flash or other images...). No gave some thought to
non-HTML elements for content that thought was given to how the page would
can be equally well presented using  the page displaying display on tablets, mobile
only HTML, difficulties in saving correctly on phones, and other
specific pages, unnecessary visual different systems or systems. All scripts used
effects, parts of text or images even different screen by the page are stored
overlap, etc. The page relies on resolutions. locally. There are no
external scripts to function properly. automatic redirections.
The page is not displayed correctly
on some systems.
TABLE VIII. The sixth and last line of the new rubric for the ability of writing a report in the form of a web page.
Subability 0: Missing 1: Inadequate 2: Needs improvement 3: Adequate

E5 Are aware of There is no Most of the sources

copyright citation of of nonoriginal

legislation. sources of material are cited,
nonoriginal but among those
elements. without cited

sources it is
unclear whether
they are original.

The sources of all nonoriginal The sources of all nonoriginal material
material are cited. It is clear
which source refers to which
material. The sources of all
material taken from the web
are cited, but it is unclear
under which license they
were published. The original
material does not contain
licensing information.

are cited. It is clear which source
refers to which material. The sources
of all material taken from the web are
cited, and it is clear under which
license they were published on the
web. The authors of the original
material are stated and the
information about the permissions
for further use (licensing) is given.

E. Students’ reception of the rubrics

Positive attitude is beneficial for learning. In the years
2015 and 2016 we collected students’ reflections on their
own learning after their project has been successfully
competed. We did not specifically ask for their perception
of rubrics, but some included it in their reflection. We
analyzed these reflections and in the findings in Sec. IV D
we present some of the students’ quotes.

IV. FINDINGS

A. Grader workload
1. Number of words in the feedback

The number of words per group is shown in Fig. 2. With
the introduction of the Rutgers rubrics in 2015 the total
word count in the feedback changed from an average
of 1549 to an average of 728 (0.69 standard deviations).
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FIG. 2. An estimate for the number of words used to write all
the feedback for each group. In the color graphic, red indicates
the prerubrics period (before 2014-F), green indicates the
intermediate period (the semester 2014-F), and blue indicates
the rubrics period (from 2015-S on). Fifty percent of all reports
fall within the respective shaded areas (the interquartile
ranges). The lines indicate the respective medians. The labels
on the horizontal axis indicate the year and semester [spring (S)
and fall (F)].
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The ratio is Wiprics/ Weommens = 0-47 and is statistically
significant (z-test, two-tailed, p < 0.01). The median num-
ber of words changed from 1267 to 658 words per group.
The ratio is Wprics/ Weomments = 0-52. The Kruskal-Wallis
test on the two distributions found that the two distributions
are significantly different (p < 0.01). In the intermediate
period, the average number of words was 1292 and the
median was 1206. We use medians in addition to averages,
because they are less susceptible to outliers.

2. Total grading time

To assess the total grading time we used two methods:

(1) S.F’s total grading time in the rubrics period on a
sample of six reports was T pprics = 48 = 8 min. He
estimated his average grading time with comments
in the prerubrics period as T .omments =90+ 15 min.
Therefore, T yprics/ T comments = 0-53 £ 0.24. This es-
timate could be unintentionally biased. Table IX
serves to test the plausibility of S. F.’s estimate and
shows the total grading times (7)) and the number
of words in the comments of each grader (w).
The ratio 7/w for S.F. in the single measured
report is 0.11 min /word. His average number of
words per iteration in the prerubrics period
was 570. This gives an estimated time of 63 min
per iteration. Taking the average of all graders
T/w = 0.23 +0.13 min /word, one gets an esti-
mate of 130 £ 70 min. Based on these results we
find the estimate of 90 + 15 min plausible.

(i) All four graders graded two reports using either
rubrics or comments. The total grading times, in-
cluding the grader, the graded report and the grading
method are shown in Table X. The average of all the

TABLE IX. The table shows the grader, their reported total
grading time, the number of words in their feedback, and the ratio
T/w along with the average ratio 7/w.

Grader Time (min) Words T /w (min/word)
S.FE. 40 378 0.11
Breena 90 209 0.43

Carl 60 285 0.21
Dennis 74 414 0.18
Average 0.23 £0.14

TABLE X. The table shows the grader, the report, the grading
method and the total grading times. The method is indicated by
font: roman font for rubrics and italic font for comments.

Grader Report 1 Report II
S.F 40 min 50 min
Breena 40 min 90 min
Carl 60 min 40 min
Dennis 60 min 74 min

ratios Typrics/ T comments fOT all combinations of grad-
ers and reports iS Tryprics/ Teomments = 0-79 £ 0.30.
This average has been compared to 1 with a ¢ test and
the difference is significant (p < 0.01). The Kruskal-
Wallis test gives a p = 0.19. Excluding the data from
S. F. due to potential bias, the avearage of the ratios is
T ubrics/ T comments = 0.64 £ 0.18. A t-test compari-
son with 1 and a Kruskal-Wallis comparison of the
distributions both give a p < 0.001.

B. Quality of the reports

The average score that the sample of the old reports
received on the new rubrics is shown in Fig. 3. Only one
report received adequate on almost all rubric items (a
numerical score of almost 3). The report 2011-S was scored
twice. Once with the rubric for an observational experiment
[2011-S(a)] and once with the rubric for a testing experi-
ment [2011-S(b)]. The reason is that in the prerubrics
period practically no project was specifically designed to be
a testing experiment. This one came the closest and we
wanted to see whether using a more suitable rubric would
change the score. It improved it, but only slightly.

C. Estimating which subabilities
are most difficult to develop

The distribution of scores per rubric item of the prerubric
period reports are shown in Fig. 4 as a box-and-whiskers
type diagram. All reports received an adequate score on
several rubric items. However, a median of 0 was found for
items B6 and D8 and a median of 1 for items G1, G2, and
G3. Table XI lists all the items with a median of 2 or below.

In the rubrics period, a measure of the difficulty to
develop a subability is the number of iterations required for
a report to receive an adequate score on that rubric item,
shown in Fig. 5. The closer the number is to 1 (adequate
score at first hand-in), the easier the ability is to develop or
the more it has been emphasized during previous instruc-
tion. The box-and-whiskers representation offers a natural
set of criteria for sorting the scores into four discrete
difficulty levels, based on a single threshold (see Fig. 5).
We named the levels low difficulty (L), medium difficulty
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FIG. 3. Accepted old reports scored with the new rubrics. The
figure shows the average score over all subabilities of each report.

020136-11



FALETIC and PLANINSIC

PHYS. REV. PHYS. EDUC. RES. 16, 020136 (2020)

N=3 N=1 = =

5@8““ S

whiskers: top and bottom 25% w/o outliers

DARRRARRAR DOUDOO0E AARAAARA
Rubric item
Omiddle 50% =median
FIG. 4. The scores given to the old reports on each rubric item
shown in a box-and-whiskers type diagram. The black line
represents the median, it indicates the value under which at least
50% of all reports scored. The gray area is the interquartile range
with at least 50% of the scores, and the whiskers are the
remaining at most 50% of the scores. The outliers are represented
as separate points (gray circles).! Rubric C was only used for one
report, so there is no distribution of scores. Examples: On rubric
item B6, the majority of the scores were O (at least 50%—
median), while scores reached up to 3. Rubric items G2 and G3
have both at least 50% of the scores between 0 and 1, but G2 has
only one outlier with a score of 3, while G3 has between 25% and
50% of the scores between 1 and 3. Therefore, although the
median is the same, the distribution of G2 is peaked towards
lower scores, while of G3 towards higher scores. Both, however,
contain at least one score 3.

(M), high difficulty (H), and very high difficulty (V). The
threshold was chosen such that we obtained a reasonable
distribution between the values (L),(M), (H), and (V). For the
threshold we chose the value 2 on the vertical axis (meaning
adequate score at second iteration) and the criteria are as
follows: (L) is assigned to all subabilities for which the gray
area is entirely below the threshold (inclusive), meaning that
75% of reports achieved an adequate score by the second
iteration. (M) is assigned to all subabilities for which the
threshold is within the gray area, with the median equal or
below it, meaning that 50% of reports achieved an adequate
score by the second iteration. (H) is assigned to all
subabilities for which the threshold is within the gray area,
with the median above it, meaning that 50% of reports
needed more than two iterations to achieve an adequate
score. And (V) is assigned to all subabilities for which the
gray area is entirely above the threshold (exclusive), mean-
ing that 75% of reports needed more than two iterations to
achieve an adequate score.

The abilities that appear difficult to develop, levels (H)
and (V) are listed in Table XII.

'In a standard box-and-whiskers diagram, the lower quartile is
the value below which 25% of all points lie and the upper quartile
is the value below which 75% of all points lie. The interquartile
range is the difference between the upper and lower quartile. The
outliers are defined as points lying above the upper quartile plus
1.5 times the interquartile range and below the lower quartile
minus 1.5 times the interquartile range. The “whiskers” extend to
the lowest and highest point excluding outliers.

TABLE XI. The subabilities that received low scores on the
reports of the prerubrics period. Only subabilities with a median
below 2 are included.

Subability (in order of increasing median)

D8: Are able to determine how their assumptions affect the
results obtained from the mathematical model.

B6: Are able to identify the shortcomings of the experiment and
suggest improvements.

G2: Are able to estimate how particular experimental
uncertainties affect the end result.

Gl: Are able to recognize the sources of experimental
uncertainties.

G3: Are able to describe how to minimize experimental
uncertainties and they do it.

C6: Are able to identify how specific assumptions affect the
result.

C7: Are able to decide whether the outcome agrees with the
prediction.

D4: Are able to make a judgment about the outcome of an
experiment or measurement.

D5: Are able to design a new, independent experiment to
evaluate the results of the previous one.

The results of our prediction of difficulty levels are
shown in Fig. 6. Three subabilities, B1, B2, and B3, were
post hoc assigned an (L) value in the prediction, because
the instructor would have intervened, if the students had not
achieved an adequate level on these subabilities before the
end of the practical part of the project. These are indicated
by an “O” (for “overridden”) in Fig. 6. The predictions are
compared to the measured data from Fig. 5, where we
replaced the measured values with the values (H), (M), and
(L) as described above. Values (H) and (V) were grouped
together. Figure 6 shows that 53% of the measured values
match with the prediction. Among the rest, 22% had a
lower measured difficulty level than predicted and 25% a
higher measured difficulty level than predicted. The corre-
lation coefficient between the predicted and measured
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FIG. 5. The number of iterations needed before a report in the
rubrics period received a full score on a particular rubric item
represented as a box-and-whiskers type diagram. The difficulty
levels are determined as described in the text. The threshold is

indicated by the dotted line.
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TABLE XII. The subabilities that take the most iterations to
develop. Included are only subabilities assigned a difficulty level
(d.1.) of H or V. See text for explanation.

Subability d.l.

Observational experiment

B8 Are able to represent a pattern mathematically \Y
(if applicable).

Testing experiment

C4 Are able to make a reasonable prediction based H
on a hypothesis.

C6 Are able to determine specifically the way in which H
assumptions might affect the prediction.

C7 Are able to decide whether the prediction and the H
outcome agree or disagree.

Data analysis

G1 Are able to identify sources of experimental H
uncertainty.

G2 Are able to evaluate specifically how identified H
experimental uncertainties may affect the data.

G4 Are able to record and represent data H

in a meaningful way.

Web report
E3 Are able to communicate the details of an experimental VvV
procedure clearly and completely. Are able to reflect
on the point of the experiment and the importance of
the findings.
E4 Are able to adequately use web technology. H
E5 Are aware of copyright laws. H

values is 0.44. Among the subabilities that we predicted
would have a high difficulty level, 44% were actually
measured with a (H) or (V) difficulty level.

D. Students’ reception of the rubrics

The students’ perception of rubrics is reflected in the
following quotes:

“... The rubrics were also useful, because they contain
all the important elements of experimental work such as
assumptions and experimental uncertainties...”

“... When writing the report, we had to consider all the
experiments again and all the details that could affect
the results,... I learned a lot while thinking about all the
parameters, such as control of variables and exper-
imental uncertainties, and even more about considering
them in general. In doing this the rubrics proved to be
very useful...

“... I think the basic idea of the course is very good, also
the rubrics were very carefully designed and proved to
be very helpful in our work...”

One student who participated in the project laboratory
course in both the prerubrics and the rubrics periods
commented that he missed the detailed feedback of the
prerubrics period.
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FIG. 6. Comparison of our predictions and the measured
difficulties of students. The difficulty levels are as described in
the text. The labels O indicate the overridden values, as described
in the text.

“The first time that I was in the project laboratory
course, we received 4 pages of comments, which
encouraged some new ways of looking at the problem,
while this time we only received numbers and a few
characters in front of them. Which is not necessarily a
bad thing, because it forces you to think about where
did you go wrong and what needs to be fixed and with
this offers you a new dimension. But, it can be time
consuming...”

These quotes are representative of the sample. Of
particular importance is the last quote comparing the
prerubrics period and the rubrics period feedback.

V. DISCUSSION
A. Grader workload

Earlier we conceptually divided grading a report into
three phases. The first phase, reading the report, is assumed
to take the same amount of time using either the comments
method or the rubrics method.

The third phase, writing the feedback, was approxi-
mated with the number of words in the feedback. Figure 2
shows that the introduction of the rubrics greatly reduced
the writing time of the grader. The overall ratio
W oubrics/ Weomments 18 approximately 50% and the change
is statistically significant (¢ test, single tailed, p < 0.01;
Kruskal-Wallis, p < 0.01).

Our analysis of the total grading time based on two
reports and four graders (Table X) shows that the total
grading time using the rubrics is on average (79 = 30)%
of the total grading time using comments (¢ test, single
tailed, p < 0.01), and is as low as (64 + 18)% when
excluding S.F. due to potential bias (¢ test, single
tailed, p < 0.001, and Kruskal-Wallis, p < 0.001.).
All other methods of calculating either average ratio
give similar results, which supports the robustness of
both results.

The anecdotal result from S. F. in his 11-years experience
indicate an even bigger difference (7 iuprics/ T comments =
0.53). While there might be some unintentional bias in
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this result, the result is within 1 standard deviation of both
results reported above. A larger scale investigation in the
future could give more reliable results.

In Table X, there is one instance of the grading time with
comments being shorter than the grading time with rubrics
(S. F.). We have no particular explanation for this instance,
but we note that it is not entirely unexpected. Similar
instances can be observed also for the number of words in
Fig. 2 (for example 2012-F and 2015-F). Despite this, the
average ratio T yprics/ Tcomments 18 Still statistically signifi-
cantly different from 1. Even more so, if the times of S. F.
are excluded.

The most difficult time to assess is the pondering
time. On one hand, using rubrics might make a novice
grader often go back and forth between the rubrics and
the report to decide what grade to give on a particular
subability.

On the other hand, when not using rubrics, the commit-
ment to consistency in grading, i.e., using the same criteria
for grading every report, often makes the grader go back to
the reports that they have already graded and correct those
grades based on new data from later reports.

It is arguable how similar these times are and which is
shorter, but since the total grading time is shorter using
rubrics, any difference in the pondering time does not
compensate for the difference in the writing time.

These findings show that using the rubrics can substan-
tially reduce the total grading time. A more thorough
investigation with a larger sample of reports and graders
remains for future research.

We suppose that due to the decrease in the workload
of the grader, there is probably an increase in the work-
load of the students, who have to first identify the
concrete shortcomings before correcting them. A quote
from a student presented in Sec. IV D seems to support
this supposition.

B. Quality of the reports

From Fig. 3 we can conclude that the quality of the
reports in the rubrics period increased. As mentioned in
Sec. III D, the only feature of the reports that was possibly
better in the prerubrics period is the grammatical correct-
ness of the language. To test that grammatical comments
did not contribute significantly to the prerubrics feedback
length, we extracted the linguistic comments from seven
randomly selected feedbacks from the prerubrics period
(21% of the prerubrics period reports). The maximum
percentage of words in a feedback that these comments
covered was 2.3%, with four feedbacks containing no such
comments. The average was 0.5% of all words in a
feedback. Therefore, we conclude that the mere exclusion
of grammatical comments from the rubrics period feedback
did not significantly affect the observed decrease in the
workload.

C. Developing scientific abilities
1. The subabilities difficult to develop

Figure 4 shows the scores that the accepted reports from
the prerubrics period received when scored with the rubrics.
The subabilities that received a full score have been
obviously well developed even before the introduction of
the rubrics. This could be due to the course work students
have taken prior to the project laboratory course or due to
the emphasis during the course itself. The subabilities that
received low scores have been obviously poorly developed
before the introduction of the rubrics. It appears that the
grader did not consider them important during the scoring,
or was perhaps even unaware of them. These subabilities
are shown in Table XI. In addition to being a measure of
which subabilities the instructors might have neglected, this
is also an indicator of the subabilities that are likely among
the more difficult to develop, even if this is simply due to
students and/or instructors not paying much attention to
them during instruction.

A better measure of the difficulty level of the subabilities
is the number of iterations needed for a subability to be
scored as adequate, which was measured in the rubrics
period and is shown in Fig. 5. Some of the highest scoring
(most difficult to develop) subabilities are shown in
Table XII. A comparison between Table XI and XII, as
well as Figs. 4 and 5 reveals that the following subabilities
are difficult to develop according to both criteria: Gl
(sources of experimental uncertainties), G2 (how uncer-
tainties affect the result), C6 (how assumptions affect the
prediction of a model), and C7 (deciding whether the
prediction and outcome agree). Moreover, subabilities D4
(making a judgment about the outcome of an experiment or
measurement) and D8 (how assumptions affect the result of
a mathematical model) are borderline difficult according to
the criterion in Fig. 5 (the median is at 2, but not above).
This indicates that many of the subabilities, which have
been poorly developed in the prerubrics period, appeared
difficult to develop also in the rubrics period. On the other
hand, subabilities B6 (identify shortcomings and suggest
improvements) and G3 (minimizing experimental uncer-
tainties), both among the poorly developed in the prerubrics
period, have been quickly developed in the rubrics period.
This suggests that these two subabilities are easily devel-
oped when students are provided with clear expectations. In
the following paragraphs we discuss the possible reasons
for the difficulties.

All subabilities in the G rubric, which have high or very
high scores on the difficulty level scale, refer to exper-
imental uncertainties. Subability G1 deals specifically with
identifying the experimental uncertainties. Students,
enrolled in the project laboratory course, have all had at
least three years of physics in high school (210 hours in
total) with at least 30 h of experimental activities in total.
The estimation of and calculation with experimental
uncertainties is included in the high school curriculum.
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However, in school practice, the experimental uncertainties
are rarely estimated from a single measurement and are
most often of a statistical nature and calculated via repeated
measurement. This could explain why identification of
other types of uncertainties, such as systematic ones, and
estimation of uncertainties from single measurements were
found to be more difficult to develop. For example, Munier,
Merle, and Brehelin [42] found that almost all elementary
school students in their research considered commercial
measurement devices free of systematic uncertainty.
Similarly, Allie et al. [43] report that 51% of first year
university students in their study did not take into account
systematic uncertainty.

From the content analysis of some of the reports, we
observed that much of the difficulties with G2, evaluating
the uncertainty of the final result, arise from students not
explaining adequately how they arrived at the reported
uncertainty, rather than having it calculated wrongly. Some
additional difficulties probably arise from the fact that most
high school experiments are of the cookbook type. In such
experiments, the experimental setup is predetermined and
instructions often include the number of measurements to
do. Therefore, students did not learn in high school how to
make these kinds of decisions, because the decisions were
made for them. Several studies indicate that the idea of a
measurement result being a single value is very persistent
and special educational interventions are required to
address the role of experimental uncertainties [42-45].
Students can, however, still reduce the experimental
uncertainties by carefully reading out the equipment output
(avoiding parallax etc.) and carefully controlling initial
(and all other) conditions.

The entire ability C, which on average scored high on the
difficulty level scale in the rubrics period, deals with the
testing experiments. This type of experiment is practically
never present in high school, which would explain a higher
difficulty level. The items C4 and C7 deal with the essence
of a testing experiment: make predictions and evaluate the
outcome with regard to the prediction. Neither of the two
subabilities are typically addressed in high school physics
courses. Tasquier, Levrini, and Dillon [46] report that in the
middle of an intervention about the role of models in
physics, only 1 out of 26 students mentioned that models
are used to predict an outcome and 2 out of 26 students
mentioned that “model is for testing, for example, ‘Model
is a prototype for testing a phenomenon’”. The study by
Armold et al. [45] focuses specifically on testing experi-
ments and among the tasks identified by the researchers, the
task of predicting the outcome based on the hypothesis is
not included. Item C6 deals with assumptions. The high
difficulty level is likely due to students not being used to
even thinking about them. A study by Slisko and Corona
Cruz [47] found that high school students only thought
about assumptions when their results were surprising and
they could not find any other explanation. The study by

Arnold et al. [45] does not address assumptions specifi-
cally, but it includes controlling for “confounding varia-
bles,” which could be arguably thought of as variables that
are assumed to remain constant or to be irrelevant for the
outcome of the experiment. Arnold et al. found that 75% of
students did not consider these variables at all. High school
experiments and physics courses in general rarely empha-
size the limitations of the models that are being taught.
Therefore, students seldom experience the failure of a
model due to its assumptions not being valid and hence
overlook the role of the assumptions.

Subabilities D4 and D5 deal with the evaluation of an
experiment. If students have always performed only con-
firmational experiments, they have never been exposed to a
situation where they do not know the “correct” answer and
have to figure it out in an independent way. The study by
Allie et al. [43] report that at best 30% of the students in
their sample are aware of the importance of experimental
uncertainties when comparing two datasets. However, they
report that only 15% use this knowledge consistently.

Our students have probably also never been exposed to a
situation where the results of an experiment do not match
the predictions and a rejection of a hypothesis or model is
presented to them as a legitimate option. A study by Girault
et al. [48] found that although in their sample only 33% of
laboratory instructions could be considered completely
cookbook, 81% of laboratories still only had one way of
completing the task. So not only do ill-structured instruc-
tions still appear to be close ended, they also do not appear
to address the possibility of a hypothesis being rejected.
Therefore, it is understandable that these subabilities took
longer to develop.

The ability E deals with the web report. The subability
E3a includes the descriptions of everything. As long as there
is anything remaining unclear in the descriptions, this item
cannot receive a full score. If students have indeed mostly
performed cookbook experiments prior to the project labo-
ratory course, the descriptions would have already been
included in the material they received. Therefore, the ability
to describe their own experiment has typically not been an
explicit learning goal thus far. Subability B8 is similar to E3a
in the sense that a full score requires a correctly developed
mathematical model. As long as there are any shortcomings
in it, the item cannot receive a full score. Confirmational
experiments do not help develop this subability, since the
mathematical model is given in advance. One study shows
that only 38% of students were able to create a mathematical
model from a given situation without errors [49]. Other
studies show that special activities are required to develop
modeling skills [50-53].

The subability E3b requires a short reflection on the
experiment: What did the students attempt to achieve with
it and how well did they achieve it? Specifically, we want
them to evaluate their conclusions. How solid are they? If
the students have mostly done confirmational experiments
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in the past, they have most likely never been asked to
defend their findings since they already matched with the
established theory. And, if the outcomes did not match the
theory, the students were usually asked to explain why
the experiment “went wrong,” and not to defend their actual
findings. This may explain why it is difficult for the
students to evaluate the validity of their conclusions. In
fact, many do it by comparing them with whatever they
think is the theoretical result, instead of judging the merit of
their method on its own.

The subability E4 refers mostly to the use of thumbnails,
hyperlinks, avoiding unnecessary animated elements, like
blinking menus, etc. Students have the most problems with
the use of hyperlinks to link between pages. Rubric E
encourages easy access to various parts of the report. We
expect that every time a part of the report is referenced, it
would also be hyperlinked, but students rarely do this.

Figure 6 indicates that approximately half of the diffi-
culties that the students have may be expected based on the
assumption that they have only been exposed to cookbook,
confirmational experiments. This is consistent with the
findings of Etkina et al. [15] that traditional laboratories do
not develop all the sub-abilities assessed by the rubrics, and
the study by Berg et al. [23], which shows that open-ended
experiments significantly increase learning gains at higher
taxonomy levels (application, analysis, synthesis, and
evaluation) in comparison with traditional experiments.

For three subabilities in Fig. 6 our predictions and the
measured values differ by two difficulty levels. These are
summarized in Table XIII. Here we comment on them.

The subability C7 deals with matching the outcome of an
experiment with the prediction of the outcome. It appeared
to us that students should be able to do this easily once the
prediction has been made. As it turned out that making
predictions has a high difficulty level (see subability C4 in
Fig. 5), it may be that predictions have been made in a way
that was not helpful in matching the outcomes to them.
Only after the predictions have been corrected, the match-
ing could be done properly. In fact, within the four testing
experiments in our sample, in three cases the subability C7
received the score of adequate in the same iteration as C4
and in one case one iteration later. This is consistent with
the explanation above.

TABLE XIII. A list of abilities for which there is a two level
difference between our prediction and the measured difficulty
levels.

Subability Pred. Meas.

C7 Are able to decide whether the prediction L H
and the outcome agree or disagree.

G3 Are able to describe how to minimize H L
experimental uncertainty and
actually do it.

E4 Are able to adequately use web technology. L H

The subability G3 deals with minimizing the experimental
errors. We expected that this would be hard for students,
since in cookbook experiments most parameters that deter-
mine the experimental uncertainties (the setup, the equip-
ment to use and the number of measurements to do) are
decided in advance. It appears that our population of students
nonetheless payed adequate attention to these parameters.

We assigned E4 (technical aspects of the report) a low
value, because we believed, and still do, that the description
in this rubric item is so clear and specific that it should not
be a problem following it. At the moment we have no
explanation why this subability would have a high diffi-
culty other than the possibility that the students simply left
it for last.

2. Comparison with previous studies

We compare our findings about the difficulty level of the
subabilities with those in the report by Etkina, Karelina, and
Ruibal-Villasenor [16], because our rubrics were adapted
from the rubrics used therein, making the comparison
particularly meaningful. In the study by Etkina, Karelina,
and Ruibal-Villasenor, the analysis of six subabilities is
presented. Their setup is different from ours. They have
studied multiple groups of students engaged in a series of 12
consecutive laboratory activities in one course. All groups
engaged in the same laboratory at the same time and then
moved on to the next laboratory. Each report for each
laboratory activity was assessed only once. For comparison
with our study, we had to assign the difficulty level of a
specific subability. We based it on the number of laboratory
activities it took before at least 80% of the reports received a
score of needs improvement or adequate on that subability.
The criterion was chosen such that it gave a reasonable
distribution of (L),(M), and (H) values, and was the
following: if 80% of the reports received the score of needs
improvement or adequate by laboratory No. 4 (inclusive), we
assigned (L), if by laboratory No. 7 (inclusive), we assigned
(M), if later, we assigned (H). The assigned difficulty level
values of the six subabilities are in Table XIV.

From Table XIV we can see that only one subability has
a larger than 1 difference in difficulty level. There is a one
level difference for subabilities D7 and D8, both dealing
with assumptions. It is not surprising that identifying
assumptions and their effects in a setup where the context
changes every time is more difficult than in a setup where
one repeatedly tries to identify them in one context. An
unexpectedly large difference is on subability G1, which
deals with identifying experimental uncertainties. Etkina,
Karelina, and Ruibal-Villasenor [16] report that in their
study there was special emphasis placed on the uncertain-
ties in the first lab. This may explain the difference.

D. The effect of rubrics on the teachers and the students

We observed a positive effect of the rubrics on our
instruction. Figure 3 shows that some reports, which have
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TABLE XIV. A tentative comparison between the difficulty
levels of some subabilities as reported by Etkina, Karelina, and
Ruibal-Villasenor [16] and as determined in our study. We used
three difficulty levels as explained in the text.

Our
Reference [16] study
C3 Are able to differentiate between an M/H* M
explanation and a prediction.
D5 Are able to evaluate the results by M M
means of an independent method.
D7 Are able to identify the assumptions M L
made in using the mathematical
procedure.
D8 Are able to determine specifically H M
the way in which assumptions might
affect the results.
Gl Are able to identify sources of L H
experimental uncertainty.
G2 Are able to evaluate specifically how H H

identified experimental uncertainties
may affect the data.

*The data is reported in Ref. [16] differently from the other
subabilities, so the same criterion to assign L, M, or H as for the
other subabilities could not be applied. Based on the data, two
assignments are reasonably possible.

received a passing grade in the pre-rubrics period,
would not meet the criteria for passing in the rubrics
period. This indicates that in the pre-rubrics period even the
instructors have not been sufficiently paying attention to
some sub-abilities. If even we have not noticed these
shortcomings in the reports, we have probably not payed
any attention to them during the course and neglected to
develop them.

The rubrics also made us explicitly aware of the
importance of testing experiments. As mentioned above,
in the pre-rubrics period, we have never designed an
entirely testing project task. We considered it part of the
observational experiment and never gave it special empha-
sis. Thus, students have likely never encountered a spe-
cifically testing experiment before, which explains why it
was somewhat difficult for our students to develop the
abilities associated with testing experiments. Only after
focusing additionally on teaching the epistemology of
physics did we realize the importance of the testing
experiments and the ability to perform them as a separate
and important ability. Most groups of students who were
given a testing project wanted to start out by looking for
known “theory” on the topic and applying it to evaluate the
suggested hypotheses. This “theory-first” approach is not
unexpected, since the usual process of exploring a scientific
question is to first look for literature already published on
the topic. Students often asked us, why should they perform
or even design a testing experiment, if it is “clear” from the
theory, which of the hypotheses is correct. Since these are

physics students, the obvious answer is that they will need
this ability in the future when they make new discoveries
and need to test their innovative ideas, for which there
might be no theory to consult. However, the question itself
reveals that they are not aware that designing a testing
experiment in itself is a relevant learning goal. They seem
to focus on the specific content goals rather than the general
ability being developed in the process of achieving the
content goals. This might help explain the consistent
findings here and in Ref. [16] that the ability to design a
testing experiment is among the most difficult abilities to
develop. Students do not appear to be aware that this is an
ability in itself.

However, students like to see the usefulness of what they
are doing in the short term, therefore, providing an
immediate relevant context might be beneficial. One such
context is related to the communication of science. When
the general public are confronted with an idea that they
might not find intuitive or have heard competing hypoth-
eses about, which seem more intuitive to them, they might
not be convinced by a scientist simply saying that: “It
follows from all we already know.” Therefore, designing a
testing experiment that shows especially the invalidity of
some of the competing hypotheses might be an important
tool for the communication of science, and especially the
communication of the epistemology of science to a general
audience. This is an ability that is useful for any scientist
to have.

The students’ positive perception of the rubrics is an
important element in making them an efficient tool for
learning. The positive reception can be seen in the state-
ments quoted in Sec. IV D.

The last comment mentions that they appreciated the
longer comments of the prerubrics period, but find also value
in the self-reflection required by using rubrics. This seems to
be in agreement with the findings of Ene and Kosobucki [29]
who reported that in an essay assignment the rubrics were
valued, but concrete comments were valued more. They also
mention that using the rubrics forces self-reflection, but it
can be time consuming. This seems to confirm our suppo-
sition that due to less workload on the grader, there is
somewhat more workload on the students.

VI. CONCLUSIONS

A. Answers to research questions

We have described the introduction and use of assess-
ment and self-assessment scientific abilities rubrics in a
project-based course. With the study, we answered the
research questions as follows:

(i) To what extent do scientific abilities rubrics help to
reduce the grader’s workload in the project labo-
ratory course?

The use of rubrics can reduce the writing time of
the grader to approximately 50%. Evidence from a
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short investigation shows that it can reduce the total
grading time to approximately 75%. Anecdotal
evidence from one grader indicates a possibly even
greater decrease in total grading time.

(ii) How do scientific abilities rubrics affect the quality
of students’ work in open-ended project laboratory
tasks?

The use of rubrics increases the quality of
students’ reports compared to the reports accepted
when feedback was given in the form of comments.

(iii) How quickly do students achieve certain abilities
and can the scientific abilities rubrics be used to
evaluate this?

The abilities that take the most time to learn are
handling experimental uncertainties and conducting
a testing experiment. Among the other abilities,
there are some subabilities that take longer to
develop than others. These are mainly those related
to conveying a clear description of the methods and
procedures used, and those related to assumptions.
We believe that the scientific abilities rubrics can be
used to determine how quickly students achieve each
ability by following the progression of the scores
either in improving one lab report or through
multiple subsequent lab reports.

In addition we found the following:

(iv) Providing students with the rubrics and the explan-
ation of how they are used helps them quickly
acquire subabilities related to the optimization of
the experiment and the minimization of experimen-
tal uncertainties.

(i) Rubrics are useful also for the instructors, because
they clearly formulate learning goals of the course,
which then guide the instruction. Specifically, with-
out the rubrics, in the prerubrics period, we have
been paying too little attention to some important
aspects of scientific inquiry, such as designing
testing experiments, the epistemological role of
testing experiments, and the role of the assumptions
in evaluating the results of both testing and appli-
cation experiments.

We also propose that many of the students’ difficulties in
achieving adequate scores on the rubrics could be potentially
explained by the fact that in all their prior education, our
students mostly had experience with cookbook, confirma-
tional experiments, which do not develop many of the
subabilities evaluated with the rubrics. With this explanation
we managed to predict 44% of the students’ difficulties,
assuming we correctly anticipated which subabilities such
experiments would and would not develop.

B. Implications for instruction

Based on our conclusions, we recommend the use of
rubrics, especially in project-based course work. Our

experience with the adaptation and the development of
new rubrics taught us that introducing rubrics as tools for
assessment and self-assessment is an iterative process. We
suggest starting out with validated rubrics and translating
them, if necessary, and then gradually modifying them to
best suit the needs of the course. The work of Nadji and
Lach [54] and Buggé and Etkina [17] shows that this can be
efficiently done also in high school. If more teachers teach
the same or similar courses, we recommend that they
develop the rubrics together. This can help clarify the
learning goals of the course for the instructors and also
help develop the best possible phrasing of the rubrics
themselves. Students are different and might interpret the
meaning of a statement in different ways, not necessarily as
intended by the instructor. While such occurrences will
eventually be corrected in the iterative process, having
multiple developers can help correct them already during
preparation.
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APPENDIX: THE SCIENTIFIC ABILITY
RUBRICS

The Rutgers scientific abilities rubrics are freely avail-
able [11]. Each rubric represents a scientific ability.

A detailed description of the rubrics can be found in
Ref. [13]. We give here one example. The rubric in Fig. 7
assesses the ability to design and conduct an observational
experiment and is the source for our rubric to assess the
ability to design and conduct an experiment to investigate a
phenomenon. We have already mentioned that when trans-
ferring to our environment some modifications were
necessary, so our rubric B is slightly different from the
one in Fig. 7. We present here the source that is freely
available in English in Ref. [11], and therefore easily
accessible to larger audience.

Each row in the rubric represents a subability, which is
an aspect of the ability. The columns describe the profi-
ciency levels: 0—"“missing, 1”—*"“inadequate,” 2—*"“needs
improvement,” and 3—"“adequate.” In the first column of
each row, there is the description of the subability. In the
other columns, there are short descriptions of what would
be considered evidence that the subability has been
expressed at a certain level in the assessed work. These
descriptions can provide guidance to students on how to
improve their abilities. The most important is the last
column, which represents the evidence that the ability has
been adequately developed. The descriptions in the cells of
this column are used as guidelines to describe what is
expected of the students.
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RUBRIC B: Ability to design & conduct an observational experiment

Scientific Ability Missing Inadequate Needs improvement |Adequate
B1|Is able to identify the No phenomenon is The description of the The description of the The phenomenon to be investigated
phenomenon to be investigated. |mentioned. phenomenon to be iphenomenon is vague or is clearly stated.

investigated is confusing, or
it is not the phenomena of
interest.

incomplete.

B2

Is able to design a reliable

experiment that investigates the

phenomenon.

The experiment does not
investigate the
phenomenon.

The experiment may not
yield any interesting
patterns.

Some important aspects of the
phenomenon will not be
observable.

The experiment might yield
interesting patterns relevant to the
investigation of the phenomenon.

B3

Is able to decide what physical

quantities are to be measured
and identify independent and
dependent variables.

'The physical quantities are|
irrelevant.

Only some of physical
quantities are relevant.

The physical quantities are
relevant. However, independent
and dependent variables are not
identified.

The physical quantities are relevant
and independent and dependent
variables are identified.

B4

Is able to describe how to use
available equipment to make

/At least one of the chosen
measurements cannot be

IAll chosen measurements
can be made, but no details

IAll chosen measurements can be
made and all details of how it is done

|All chosen measurements can be
made, but the details of how it is

explain, both in words and by
means of a picture of the
experimental setup.

measurements. made with the available [are given about how it is done are vague or incomplete. are clearly provided.
equipment. done.
B5|Is able to describe what is No description is A description is incomplete. |A description is complete, but Clearly describes what happens in
observed without trying to mentioned. No labeled sketch is present. mixed up with explanations or  [the experiments both verbally and

Or, observations are adjusted|pattern. The sketch is present but (with a sketch. Provides other

to fit expectations.

is difficult to understand. representations when necessary

(tables and graphs).

B6

Is able to identify the

shortcomings in an experimental

and suggest improvements.

No attempt is made to
identify any shortcomings
of the experimental.

The shortcomings are
described vaguely and no
suggestions for
improvements are made.

Not all aspects of the design are
considered in terms of
shortcomings or improvements.

|All major shortcomings of the
experiment are identified and
reasonable suggestions for
improvement are made.

B7

Is able to identify a pattern in the

data.

No attempt is made to
search for a pattern.

The pattern described is
irrelevant or inconsistent

with the data.

The pattern has minor errors or
omissions. Terms proportional
are used without clarity- is the
proportionality linear, quadratic,
etc.

The patterns represents the relevant
trend in the data. When possible, the
trend is described in words.

B8(Is able to represent a pattern
mathematically (if applicable).

No attempt is made to
represent a pattern
mathematically.

'The mathematical
expression does not
represent the trend.

No analysis of how well the The expression represents the trend
expression agrees with the data isjcompletely and an analysis of how
included, or some features of the |well it agrees with the data is

attern are missing. included.

B9(Is able to devise an explanation
for an observed pattern.

No attempt is made to
explain the observed
pattern.

pattern.

lAn explanation is vague, not
testable, or contradicts the

|An explanation contradicts |A reasonable explanation is made. It
previous knowledge or the is testable and it explains the
reasoning is flawed. observed pattern.

FIG. 7. The rubric for the ability to design and conduct an observational experiment, which corresponds to our rubric for the ability to

design and conduct an experiment to investigate a phenomenon.
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