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We compare open- and closed-response versions of two questions that measure students’ reasoning on
the Physics Measurement Questionnaire, same mean different spread (SMDS), and different mean same
spread (DMSS). We conducted an experiment in one class (N ¼ 248) to test if asking students for their
reasoning on an open-response question changes their answer to the closed-response question. To test
whether answering the open-response question alters students’ closed-response answers, we prompted
half of the students to explain their reasoning before seeing the closed-response options, while the other
half went straight to the closed-response reasoning options. We find no effect of asking students their
reasoning in an open-response question on their subsequent closed-response answers. Additionally, we
investigated whether we measure students’ reasoning differently on the closed-response versus open-
response versions of the question by evaluating the consistency between the students’ open-response and
closed-response answers. Although we measure similarities in students’ reasoning across the two methods,
the differences indicate that the open-response and closed-response questions provide different
information. The results inform the need for critical judgment when deciding between open- and
closed-response assessment formats.

DOI: 10.1103/z9n2-tfr9

I. INTRODUCTION

Historically, education researchers have opted to use
standardized assessments with closed-response questions
over open-response questions in studies with large sample
sizes. The primary motivation for this preference is that
open-response questions require significant investments
of time and effort to analyze each response, whereas
responses to closed questions can be more rapidly analyzed
in aggregate. The gap in the time and effort needed to
analyze open-response versus closed-response data is
decreasing, however, with recent innovations in social
science methods that use machine learning models to scale
qualitative analysis (e.g., Refs. [1–3]). As a result, there is
considerable discussion in the education research commu-
nity about the prospect of analyzing open-response ques-
tionsmore efficiently than ever before. In particular, there is
excitement about leveraging large language models and
other natural language processing methods that have been
shown to analyze data with a level of interrater reliability
comparable to human analysts (e.g., Refs. [4–6]).

The enthusiasm toward machine learning models is
particularly a result of a concern that meeting the needs
of 21st-century science, technology, engineering, and
mathematics (STEM) students requires emphasizing more
dimensions of learning than closed-response questions can
assess [7]. Researchers in K-12 education, for example,
have argued that tasks that ask students to construct a
response provide the strongest evidence of multidimen-
sional learning, but “a lack of resources for scoring”
compels the development of closed-response assessments
[8]. Indeed, a report on “Developing Assessments for the
Next Generation Science Standards” notes that “selected
response items will not likely be adequate for assessing the
full breadth and depth of the Next Generation Science
Standards (NGSS) performance expectations, particularly
in assessing... scientific and engineering practices” [9].
There are, however,many closed-response assessments that
exist to evaluate higher-order thinking and reasoning skills
in physics, such as critical thinking [10,11], scientific
reasoning [12,13], or evaluating experimental data [14].
These developments warrant a renewed discussion

about closed-response and open-response questions, a
discussion that has been ongoing for decades. In physics
education research specifically, for example, there are
many studies comparing students’ performance on open-
response versus closed-response formats of exams, con-
cept inventories, and surveys [e.g., Refs. 15–19]. Two
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meta-analyses found that scores on closed-response ques-
tions were often higher than on open-response questions,
though this gap narrowed when the two types of questions
were “stem-equivalent,” that is, when the closed-response
questions simply added answer choices to the same open-
response question stem [20,21]. The more recent of the
two meta-analyses [20] also found that scores between
closed-response and open-response questions were
strongly correlated, though the effect could vary based
on student characteristics. The conclusions of this study
focused on the policy implications as related to fairness:
does the test format systematically benefit some groups
over others? Related concerns also emerged about test-
taking strategies (e.g., guessing).
The context of the current case study, however, is less

about whether students’ scores will differ with one format
or another. Rather, we are concerned about the measure-
ments of student understanding: do the different formats
provide different information about student understanding,
and if so, which is the most valid approach to use?
To understand the contexts in which it is most

appropriate to choose closed-response or open-response
formats, we must consider what an individual survey
question is intended to measure. Previous research that
has directly compared open-response questions to their
closed-response counterparts has varied results, sug-
gesting that results will be dependent on the nature of
what is being measured [22–24]. The types of claims that
can be made about data depend on the way the question
was generated, the way the data was constructed, and the
context in which it was administered. Furthermore,
previous studies have found that the sequence of items
can influence the way students respond, particularly if the
items have similar surface features [25]. Administering
two versions of a question, open- and closed-response, is
an intuitive way of gathering the data necessary to make a
direct comparison of student responses across them, but it
could alter the responses to the question asked second. As
a result, in this study, we were motivated to investigate
whether students select different reasoning items on
closed-response questions depending on whether or not
they were first asked an open-response version of the
question.
We use the idea of cognitive accessibility [26], as we

have in our previous work [27], to understand why open
and closed-response questions measure students’ explan-
ations differently. Cognitive accessibility refers to the
relative strength with which explanations come to mind,
and, as in Ref. [26], we define the relative accessibility of
an explanation as the “number of times that that explan-
ation is listed in a free-recall task.” For example, consider a
question about comparing datasets, as in the Physics
Measurement Questionnaire (PMQ) [28]. Students are
asked whether or not two datasets agree with each other
(a closed-response judgment question) and then are

asked to explain why they came to this conclusion
(an open-response reasoning prompt). In answering the
judgment question, students will access a subset of all the
pieces of knowledge [29,30] that are “available” to them.
A particular subset of this knowledge may be “accessible”
depending on the context. The open-response reasoning
question asks students to recall the explanations they used
to arrive at their answer. According to Ref. [26], students
will write down the explanations that are most accessible
to them. Following this framework, open-response ques-
tions may be more sensitive to accessibility, whereas
closed-response questions may reveal explanations that
students recognize as relevant when prompted, including
explanations that may have been available but not initially
accessible.
Thus, the model of accessibility and availability sug-

gests that open- versus closed-response questions likely
measure different cognitive processes: open-response
questions assess the pieces of knowledge accessible to
students, while closed-response questions may instead
provide evidence about the availability of ideas that
students recognize when prompted. We must take care,
then, in understanding how the proposed shift toward
open-response questions as a result of machine learning
opportunities may shift the nature of our measurements
and the resulting claims.
Here, we reopen the discussion about how student

reasoning is measured through open- and closed-response
questions as part of a larger project to measure student
thinking about experimental measurements. We were
motivated to explore new contexts to understand and
demonstrate how an open- and closed-response version
of the same question affects measurements of student
reasoning because we wanted to ensure we were using the
best form of the question for our research. In this case
study, we investigate the following:

1. Do students select different reasoning items on
closed-response questions depending on whether
or not they were first asked to write their reasoning
in an open-response question?

2. Do we measure different student reasoning on
closed-response versus open-response questions?

We base our study in the context of the PMQ
[28,31,32], which we were using as part of a larger
study to understand students’ thinking about measure-
ment and uncertainty. This assessment was designed as
an open-response assessment, and recent work sought to
develop natural language processing algorithms to evalu-
ate students’ responses automatically [6]. The assessment
was also converted to a closed-response format [33], and
other researchers have sought to develop closed-response
assessments that probe similar constructs [34,35]. Our
study seeks to interrogate the trade-offs between these
distinct approaches, which we expect to inform discus-
sions across assessment constructs.
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II. METHODS

A. Data sources

Our survey used two questions from the PMQ
[28,31,32]: same mean different spread (SMDS) (Fig. 1)
and different mean same spread (DMSS) (Fig. 2). Both of
these questions were designed to measure patterns in
students’ reasoning about measurement and uncertainty
when comparing datasets. Both questions had two com-
ponents: a judgment portion and a reasoning portion. In the
judgment portion, students were asked to make a judgment
about a pair of datasets by selecting a response from a short
list of options (three options for SMDS and two options for
DMSS). In the reasoning portion, students were asked
about their reasoning behind the selection they made in the
judgment portion.
In the PMQ, these questions refer to an experimental

context that is described using text and an image. The
context is an imagined scenario in which different groups
of students in a lab class collect data for a projectile motion
experiment where they place a ball on a ramp, the ball rolls
down the ramp and off the table, and the students measure
the horizontal displacement x that the ball travels. In our
survey, before being presented with the two questions, the
students watched a short video embedded in the survey (or
read a transcript with an image) that explains the shared
context for both questions.
In SMDS, the students were shown two datasets, which

they were told were collected by two of the groups in the

imagined lab class, Group A and Group B (Fig. 1). Both
datasets had five data points (from five releases of the ball).
Both datasets had the sameaveragemeasurement of 435mm,
but the two datasets had different spreads (a quantity not
given to students, but inferable from the values). In the
judgment portion, students were asked to answer “Which
groups’measurements do you think are better?” by selecting
one of the following options: “Group A,” “Group B,” or
“Groups A and B have equally good measurements.” After
selecting their answer to the judgment question, students
were asked about their reasoning.
In DMSS, the students were shown two new datasets,

which they were told were collected by two more groups in
the imagined lab class, Group D and Group E (Fig. 2). Both
datasets had five data points (from five releases of the ball).
The two groups’ data had similar spreads but different
means: the average of Group D’s data was 433 mm, and the
average of Group E’s data was 435 mm. In the judgment
portion, the students were asked, “Do the results of these
two groups agree?” and could select either “Yes” or “No.”
As in SMDS, after answering the judgment question,
students were asked about their reasoning.

1. Two versions of the questions

We tested both an open-response and closed-response
version of the reasoning portion of the two questions. In the
closed-response version, we prompted students to “Please
choose 1 or 2 of the following statements that are most
relevant to your reasoning for choosing [Response].” Each
statement in the list of itemswas a potential explanation that
a student might provide for making the judgment they did.
These closed-response statements are presented in Table I
(SMDS) and Table II (DMSS). The methods used to
develop these items are described below. In the open-
response version, we directly asked “Please explain your
choice” and provided an open text box, as in the original
administration of the PMQ. All students who received an
open-response version of the question also received the
closed-response version on the next page.
We analyzed the open-response answers to the reason-

ing portion of SMDS and DMSS by identifying which of
the closed-response reasoning items were expressed in the
open-response answers. This analysis is described in more
detail in Sec. II C. The data for this study are available
at Ref. [36].

2. Survey administration

We collected data by administering the survey as a
homework assignment in an introductory experimental
physics course at Cornell University. The homework
assignment was given three-quarters of the way through
the semester, so the students in this population had already
received instruction relevant to these survey questions. We
chose to administer the survey as a homework assignment
to get a higher response rate compared to an optional

FIG. 1. Judgment question for SMDS.

FIG. 2. Judgment question for DMSS.
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survey. The homework assignment was not graded for
correctness, so the students perceived the assignment as
low-stakes. The 413 students who took the survey were
randomly placed in one of two groups, such that approx-
imately half of the students were prompted to provide open-
response reasoning for DMSS but not SMDS, and the other
half were prompted to provide open-response reasoning for
SMDS but not DMSS. All students (both groups) were
prompted to select reasoning items from the closed-
response question regardless of whether or not they had
received an open-response reasoning question. Our dataset

consists of 248 students, after removing nonconsenting
students and students under the age of 18 from the dataset.
As indicated in Table III, 130 of these students were in the
group that gave an open-response answer to SMDS (group
1) and 118 of these students were in the group that gave an
open-response answer to DMSS (group 2).

B. Development of closed-response explanations

Most previous implementations of the PMQ have used
the open-response question to measure students’

TABLE I. Closed-response reasoning items for the SMDS probe. Students were prompted to choose one or two of these statements
that were most relevant to their reasoning for choosing “Group A,” “Group B,” or “Group A and Group B have equally good
measurements.”

Group A Group B Group A and B

A1: Group A’s range is smaller than
Group B’s range.

B1: Group B’s range is larger than Group
A’s range.

AB1: The range of Group A’s measurements
(424–440 mm) is about the same as
the range of Group B’s measurements
(410–460 mm).

A2: Group A’s last measurement is
435 mm, which is the average.

B2: Group B’s data are more spread, so they
are more likely to capture the true value.

AB2: Both groups measured the same
average (435 mm).

A3: Group A probably used better
methods than Group B.

B3: Group B probably used better methods
than Group A.

AB3: Group A and B used the same
methods.

A4: The spread of Group A’s
measurements (e.g., standard
deviation) is smaller than Group
B’s.

B4: Group A’s data are spread more
narrowly, so they may have manipulated
their data.

AB4: The spread of each group’s
measurements (e.g., standard deviation)
are roughly the same.

A5: Group A measured 435 mm
twice.

B5: The spread of Group A’s measurements
(e.g., standard deviation) is smaller than
Group B’s.

AB5: Both groups measured 441 mm,
424 mm, and 440 mm.

AO: Other (please describe). BO: Other (please describe). ABO: Other (please describe).

TABLE II. Closed-response reasoning items for the DMSS probe. Students were prompted to choose one or two of these statements
that were most relevant to their reasoning for choosing “Yes” the groups’ measurements agree or “No” the groups’ measurements do
not agree.

Yes No

Y1: Both groups measured outliers. If we discard the outliers,
the two groups’ measurements are similar.

N1: The averages are different (433 mm and 435 mm).

Y2: Both groups got the values 440, 433, and 432 mm. N2: The percent difference (or percent error) between the two
groups’ measurements is large.

Y3: The ranges in the groups’ measurements overlap. N3: The ranges of each group’s measurements don’t overlap
enough.

Y4: The percent difference (or percent error) between the two
groups’ measurements is small.

N4: Some of the groups’ measurements are different.

Y5: The difference between the two averages (2 mm) is small. N5: The difference between the two averages (2 mm) is large.
Y6: The difference between the two averages (2 mm) is small
considering the spread of the data (e.g., standard deviation).

N6: The difference between the two averages (2 mm) is large
relative to the ranges of each group’s measurements.

Y7: The difference between the two averages (2 mm) is small
considering the size of the average measurements (433 or
435 mm).

N7: The difference between the two averages (2 mm) is large
compared to the size of the average measurements (433 or
435 mm).

Y8: The difference between the two averages (2 mm) is small
relative to the ranges of each group’s measurements.

N8: The difference between the two averages (2 mm) is large
considering the spread of the data (e.g., standard deviation).

YO: Other (please describe) NO: Other (please describe)
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reasoning. We developed a preliminary set of closed-
response reasoning items using the closed-response
options in Ref. [33] as well as the open-response coding
schemes in the original papers reporting on the PMQ
[28,31,32]. We added several options so that multiple point
and set reasoning ideas [32] were available and so that
there were parallel statements between the different
answers to the judgment questions. We then iteratively
revised the statements over the course of three rounds of
interviews with students at Cornell University and
California State University, Fullerton. In the interviews,
all students were prompted to explain their reasoning out
loud before proceeding to the next page that contained the
closed-response reasoning items. The students were also
asked if they had any questions or comments about any of
the closed-response statements. After each round of
approximately four student interviews, the research team
discussed the interviews and made edits to the closed-
response reasoning items, reaching saturation before the
final round. A total of 11 interviews were conducted.

C. Open-response coding

One of our goals was to evaluate whether we measure
different student reasoning from closed-response and
open-response questions, so we developed a coding
scheme to analyze the open-response data for evidence
of whether or not each reasoning item (from the closed-
response version) was included. Each closed-response
option was considered independently, such that there were
no constraints on how many items could be coded for a
given open-response answer. Within an open-response
answer, however, any distinct idea articulated could only
relate to one code, not multiple. For example, if a student
said, “the two averages are close together,” this single idea
would be related to one code; in this example, “the
difference between the two averages (2 mm) is small”
[Y5]. The idea would not also be related to the code, “the
percent difference (or percent error) between the two
groups’ measurements is small” [Y4], because the student
response did not explicitly mention percent difference or
percent error. In cases where a distinct idea was ambiguous
in a way that could overlap with multiple ideas, we
maintained the rule of one code per idea by making a
judgment call for which code is the best fit. For example, if
a student expressed the idea that Group A’s data were
“closer together,” but with no other information, the
response could be consistent with options A1 (“Group

A’s range is smaller than Group B’s range”) or A4 (“The
spread of Group A’s measurements (e.g., standard
deviation) is smaller than Group B’s”). Of these two
reasoning options, A4 was chosen to better match the
student response because “closer together” evokes the idea
of spread more than range and because the student did not
explicitly express that rangewas an important factor (a key
element in option A1). Students had to explicitly mention
range or the upper or lower limits of the dataset to be coded
as A1. While coding the data, the coders had no access to
information about which closed-response items the stu-
dents chose on the subsequent closed-response question.
When coding DMSS “other” responses, we noticed a

common reasoning item that was not present in any of the
closed-response reasoning items; 19% of students articu-
lated the idea that “Group A’s spread is similar to/different
from Group B’s spread.” We identified this idea as YO-S
and separated these responses from those that articulated a
different, other response. Compared with all the closed-
response choices, this idea does not answer the posed
question, even though it is a factually true statement.
We evaluated interrater reliability of our coding scheme

with 10% of the data. The overall Cohen’s kappa for
SMDS was 0.87 and for DMSS was 0.86 between two
independent raters, indicating excellent agreement
between raters [37]. The two raters then divided the
remaining data to code individually.

D. Data analysis

To answer our research questions, we report percentages
of students who were coded as writing (open-response
item) or chose (closed-response item) each reasoning item.
We report uncertainty of these proportions as the 95%
confidence intervals for binomial proportions, estimated
using the Wilson score interval [38]. To answer RQ1, we
compare the closed-response selections of group 1 and
group 2 on each question, evaluating whether the selec-
tions differed depending on whether they saw the open-
response item before the closed-response item. To answer
RQ2, we compare each group’s proportion of coded open-
response reasoning items and selected closed-response
reasoning choices.
We primarily interpret the results by evaluating the

relative size of effects, that is, by comparing the frequen-
cies of reasoning items generated or selected. In the
Appendix, we report two-tailed proportion tests to com-
pare the proportions of students in each group who
selected or generated each reasoning item. We report
the outcome of each proportion test as both an unadjusted
p value and a Bonferroni corrected p value that accounts
for the number of tests in each analysis (i.e., the number of
reasoning items across which comparisons are being
made). We also calculate effect size using Cohen’s h
for binomial data [39]. Although we report statistical
significance, we avoid reliance on statistical significance

TABLE III. Description of the two randomly assigned groups.

Group 1 Group 2

N 130 118
SMDS open-response? Yes No
DMSS open-response? No Yes
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to guide interpretations, as per recommendations in the
literature [40–42].

III. RESULTS

Each judgment question had a most common answer
selected by a large majority of students. In the SMDS
judgment question, the most common choice was “Group
A” (selected by 120 students in group 1 and 105 students in
group 2; 91% of all students). In the DMSS judgment
question, the most common choice was “Yes” (selected by
117 students in group 1 and 98 students in group 2; 87% of
all students). Thus, we focus our analysis of students’
reasoning on the students who selected these two choices
for the judgment questions. The analyses for the responses
associated with the less common judgment choices are
provided in the Appendix. In each case, the percent of
responses that included each reasoning item does not add
up to 100% across all reasoning items because students
could generate or select more than one reasoning item in
their response.

A. The effect of answering the open-response question
on closed-response reasoning

Our first research question investigates the impact of
asking students to first write their reasoning in an open-
response format on their selections to a subsequent closed-
response question. To do so, we compare the reasoning
items selected by both group 1 and group 2 students on the
closed-response reasoning questions.
For SMDS, students selecting “Group A” on the

judgment question largely selected reasoning options A1

and A4 [Fig. 3(a)], with no discernible difference between
groups. The results of the proportion tests (Table IV) show
that we do not detect differences between group 1 and
group 2’s selections for any “Group A” SMDS reason-
ing item.
For DMSS, students selecting “Yes” on the judgment

question selected a wide range of reasoning options
[Fig. 3(b)]. Despite small differences between the groups,
we again do not detect statistical differences between
group 1 and group 2’s selections for any “Yes” DMSS
reasoning item (Table V).
The Appendix (Sec. A 1) contains a similar analysis of

the students who made the less common judgments:
“Groups A and B are equally good measurements” for
SMDS (N ¼ 9 for group 1, N ¼ 12 for group 2) and “No”
for DMSS (N ¼ 13 for group 1, N ¼ 20 for group 2).
These sample sizes are too small to make claims about
reasoning between the two groups, but the trends in the
results do not contradict the pattern of no effect that we see
from the more common judgments. We were unable to
analyze students who made the judgment “Group B” on
SMDS, as only one student in group 1 and only one student
in group 2 selected this option.
To summarize, we find no effect on the closed-response

question if students are first asked for their open-ended
reasoning before asking them the closed-response question
for both SMDS and DMSS.

B. Measuring student reasoning on closed-response
versus open-response questions

Our second research question investigates whether we
measure different student reasoning on closed-response

FIG. 3. The graphs compare the closed-response reasoning choices of students who received either the closed-response question only
or both the open- and closed-response questions. The percentages come from fractions of the students who chose the most common
judgment (A for SMDS and Y for DMSS).
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versus open-response questions. To do so, we compare the
reasoning items generated by students on the open-
response question (according to hand coding) to those
selected by the same students on the closed-response
question. Figure 4 represents a possible Venn diagram
relating students’ generated versus selected reasoning
items. If the closed-response and open-response questions
measured student reasoning in the same way, we would
expect the blue and red circles to overlap completely.

Overall, students generated fewer reasoning items on
the open-response question than they selected on the
closed-response question. Students’ responses to the
open-response question contained an average of 1.2 ideas
(standard deviation of 0.50). On the closed-response
question, the average number of responses selected by
students was 1.78 (standard deviation of 0.50).
The proportions of students selecting (closed-response)

or generating (open-response) each reasoning item (Fig. 5,

TABLE IV. Proportion test results for students who selected “Group A” on SMDS. The proportion test compares the proportion of
respondents in group 1 vs group 2 who selected each reasoning item. The corrected p value is Bonferroni-adjusted. The effect size is
calculated with Cohen’s h.

Reasoning Group Number p value Corrected p value Effect size

A1: Group A’s range is smaller than Group B’s range. Group 1 (N ¼ 120) 99 0.8 1 −0.04
Group 2 (N ¼ 105) 85

A2: Group A’s last measurement is 435 mm, which is
the average.

Group 1 (N ¼ 120) 0 0.13 0.8 0.28
Group 2 (N ¼ 105) 2

A3: Group A probably used better methods than
Group B.

Group 1 (N ¼ 120) 9 0.12 0.8 −0.22
Group 2 (N ¼ 105) 3

A4: The spread of Group A’s measurements (e.g.,
standard deviation) is smaller than Group B’s.

Group 1 (N ¼ 120) 111 0.3 1 −0.13
Group 2 (N ¼ 105) 93

A5: Group A measured 435 mm twice. Group 1 (N ¼ 120) 1 0.3 1 0.16
Group 2 (N ¼ 105) 3

AO: Other (please describe) Group 1 (N ¼ 120) 0 0.13 0.8 0.28
Group 2 (N ¼ 105) 2

TABLE V. Proportion test results for students who selected “Yes” on DMSS. The proportion test compares the proportion of
respondents in group 1 vs group 2 who selected each reasoning item. The corrected p value is Bonferroni-adjusted. The effect size is
calculated with Cohen’s h.

Reasoning Group Number p value Corrected p value Effect size

Y1: If we discard the outliers, the two group’s
measurements are similar.

Group 1 (N ¼ 117) 5 0.04 0.4 0.42
Group 2 (N ¼ 98) 0

Y2: Both groups got the values 440, 433, and 432 mm. Group 1 (N ¼ 117) 2 0.5 1 −0.09
Group 2 (N ¼ 98) 3

Y3: The ranges in the groups’ measurements overlap. Group 1 (N ¼ 117) 32 0.6 1 −0.07
Group 2 (N ¼ 98) 30

Y4: The percent difference (or percent error) between the
two groups’ measurements is small.

Group 1 (N ¼ 117) 34 0.7 1 −0.06
Group 2 (N ¼ 98) 31

Y5: The difference between the two averages (2 mm) is
small.

Group 1 (N ¼ 117) 20 0.6 1 0.08
Group 2 (N ¼ 98) 14

Y6: The difference between the two averages (2 mm) is
small considering the spread of the data (e.g., standard
deviation).

Group 1 (N ¼ 117) 67 0.3 1 0.15
Group 2 (N ¼ 98) 49

Y7: The difference between the two averages (2 mm) is
small considering the size of the average
measurements (433 or 435 mm).

Group 1 (N ¼ 117) 31 0.08 1 −0.24
Group 2 (N ¼ 98) 37

Y8: The difference between the two averages (2 mm) is
small relative to the ranges of each group’s
measurements.

Group 1 (N ¼ 117) 16 0.9 1 0.01
Group 2 (N ¼ 98) 13
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Tables VIII and IX) are similar for most—but not all—
reasoning items. Consistent with the average number of
generated and selected explanations per student, slightly
more students selected any given reasoning item on the
closed-response question than generated that same item on
the open-response question. There were several exceptions
to these general trends.
First, more students generated ideas coded as Other

(AO, YO, and YO-S in Fig. 5) and “Y5” (“The difference
between the two averages [2 mm] is small”) on the open-
response question than selected them on the closed-
response question.
Second, several reasoning items were selected by many

more students on the closed-response question than were
generated on the open-response question. For example,
80% of students selected A1 (“Group A’s range is smaller
than Group B’s range”) on the SMDS closed-response

question, compared with 20% generating it on the open-
response question. We also observe that Y4 (“The percent
difference [or percent error] between the two groups’
measurements is small”) and Y7 (“The difference between
the two averages [2 mm] is small considering the size of
the average measurements [433 or 435 mm])”) are selected
much more frequently (at least 4 times as often) in the
closed-response question than generated in the open-
response question.
To further explore these exceptions, we evaluate, of the

students who generated the most common reasoning items
(on the open-response question), what proportion selected
each of the closed-response reasoning items (Fig. 6). This
group of students represents the overlapping region of the
Venn diagram in Fig. 4.
In SMDS [Fig. 6(a)], 21% of students generated A1 on

the open-response question, 92% of these students selected
A1 and 96% selected A4. Similarly, 83% of students
generated A4, 93% of them selected A4 and 84% of them
selected A1. That is, most students generated A4 (but not
A1) on the open-response question, and most of these
students went on to select both A1 and A4 on the closed-
response question.
InDMSS [Fig. 6(b)], 51%of the students generatedY5 in

the open-response question, yet only 24% of these students
selectedY5 on the closed-response question.More students
who generated Y5 on the open-response question selected
Y3, Y4, Y6, or Y7 than selected Y5 on the closed-response
question. By contrast, 34% of the students generated Y6 in
the open-response question, 70% of whom also selected Y6
on the closed-response question. Finally, 19% of students

FIG. 4. Venn Diagram depicting the options for how students
may answer the closed-response and open-response reasoning
questions.

FIG. 5. The graphs compare the reasoning items either selected (on the closed-response item) or generated (on the open-response
item) by the students who received both the open and closed-response options.
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generated YO-S (“Group A’s spread is similar to/different
from Group B’s spread”) and none of these students
selected YO (Other) on the closed-response question.
Compared with the closed-response choices, it does not
answer the posed question, even though it is a factually true
statement. As a result, this difference does represent a
genuine difference in measuring using open response and
closed response, as our closed-response format made it less

likely that students would provide us with irrelevant
justifications of their reasoning.

IV. DISCUSSION

In this case study, we compared open- and closed-
response versions of two questions that measured students’
reasoning about measurement uncertainty from the PMQ

FIG. 6. The graphs compare the reasoning items selected on the closed-response item by the students who generated common
reasoning items on the open-response question.
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[28,31,32]. We found that first asking students their reason-
ing in an open-response question did not change their answer
to the closed-response question.We also found that students’
reasoning is measured differently between the open-
response and closed-responsequestions in a numberofways.
We explore these differences (elaborated below) through

two lenses. First is that of accessibility and availability [26];
accessibility is the extent to which a reasoning item “comes
to mind” for a student, in particular as measured by a recall
task, while availability refers to whether or not a reasoning
item represents a piece of knowledge that is in the student’s
brain (i.e., an idea they recognize as relevant when they see
it written down). Second is that of framing [43,44]; students
come to a task with a set of expectations and beliefs about
what is happening, in this case, expectations and beliefs
about closed-response questions. We then expand to con-
sider the potential implications of these results on research
and assessment.

A. Discussion of results

We find across two different questions that students
selected more reasoning items on the closed-response
question than they generated on the open-response ques-
tion. Through the lens of cognitive accessibility [26], we
expect, in some cases, that the closed-response options
cued ideas that students recognize as relevant, including
ideas that may have been available but not generated in the
open-response question. This interpretation is supported
by the evidence that many students selected both the
reasoning item they generated and an additional reasoning
item(s) they did not generate. For example, on SMDS,
most students generated item A4, and while it continued to
be selected most often in the closed-response version,
nearly as many students also selected item A1 (Fig. 6).
Through the lens of accessibility and availability, we
would conclude that, for most students, the ideas in A1
and A4 were viewed as acceptable or relevant reasoning
items for this question, even though A4 was the most
accessible on the open-response question.
In some cases, however, students did not select the

reasoning item(s) they generated and only selected differ-
ent closed-response items (e.g., Y5 on DMSS and Other on
both questions, Figs. 5 and 6). DMSS reasoning item Y5
(“The difference between the two averages [2 mm] is
small”) was generated in 50% of open-response answers
but was only selected in 14% of closed-response answers.
In this case, the reasoning item is perhaps a vague or
shortened version of three other closed-response options
that compare the difference between the two averages to a
reference point (Y6: “… the spread of the data,” Y7: “…
the size of the average measurements,” and Y8: “… the
range of the measurements”). Similarly, students who
generated ideas that were coded as Other rarely went on
to select Other on the closed-response items. One explan-
ation for these results is that students’ more accessible but

relatively vague explanations to the open-response format
were replaced by more specific, available explanations in
the closed-response format.
Assessment framing provides a complementary explan-

ation to these results [44]. Students may have held
expectations about closed-response assessments related
to picking what appear to be the “better” items. In the case
of Y5 on DMSS, the alternatively selected items are longer
and more specific than Y5, which may be viewed as more
expertlike responses. In the case of A1 and A4 on SMDS,
both items are relatively long and specific and may have
both been viewed as more expertlike responses. In the case
of Other, students may have assumed that the listed choices
were better selections than to write in their own other idea,
expecting that the test writers would not have left out the
best idea.

B. Implications for research and assessment

Together, our results suggest that (1) providing an open-
response question before a closed-response question has
no measurable bearing on how students answer the closed-
response question compared to answering the closed-
response question alone and (2) open-response and
closed-response questions provide different information
about students’ reasoning. The first finding implies that
researchers need not pair open-response and closed-
response questions if the closed-response questions are
the ones that will be ultimately analyzed. The second
finding, however, reinforces the idea that open-response
and closed-response questions may lead to different con-
clusions about student thinking [45], even though the
responses may be scored similarly [20,21].
Consider, for example, if we had only administered the

open-response version of the SMDS question. We may
have claimed that students think that spread is much more
important than range in evaluating which of two datasets is
better, unaware that the students consider both to be good
answers when presented with both items. If we had only
administered the closed-response version of this question,
in contrast, we may have claimed that students consider
spread and range as equally important, unaware that the
idea of comparing range is less accessible than the idea of
comparing spread.
Similarly, if we had only administeredDMSS as an open-

response question, we may have concluded that students
consider raw differences and differences relative to spread
to be most important and that they do not see the value of
reasoning about overlapping ranges, percent error, or
differences relative to the average. A closed-response-only
version of DMSS would have instead measured that
students frequently recognize or endorse differences rela-
tive to spread, overlapping ranges, percent error, and
differences relative to the average when these explanations
are explicitly presented. Additionally, a closed-response-
only versionwould have completelymissed the observation
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that a lot of students express the two other ideas that the
individual data points are similar or the spreads are similar.
These findings underscore the importance of matching

the type of measurement to the research questions [22–24].
If the goal is to make claims about which ideas come to
mind (accessibility), an open-response question may be
more appropriate. If the goal is to determine which ideas
students recognize or endorse as relevant when explicitly
presented, a closed-response question may be more appro-
priate. A key risk with open-response questions, however,
that emerges from our results is that many students
struggled to articulate their reasoning in a way that could
be precisely and accurately coded by the research team.
We expect that, in some cases, the closed-response options
provided students with more precise language to express
ideas they recognize as relevant, potentially identifying
aspects of their reasoning that may not have been captured
in an open-response format. A key risk with the closed-
response questions, however, is that some students reject
their initially most accessible ideas in favor of ideas that
may “look better,” perhaps because they appear more
expertlike or mathematically sophisticated. In these cases,
students’ selections may reflect their recognition or
endorsement of a reasoning statement after seeing it,
rather than the reasoning that initially informed their
judgment. As a result, closed-response selections may
provide insight into which explanations students view as
relevant or convincing when cued, but not necessarily
which explanations were spontaneously activated during
their original reasoning.
Researchers across physics education are exploring the

effectiveness of machine learning and generative artificial
intelligence (AI) to replace or augment human coding
[2,3,46,47], in order to scale measurements of student
reasoning through open-response questions. The goal, in
many cases, is to replace closed-response questions in
favor of more open-ended formats. As an example, this
study is part of a larger project where we are administering
a survey to measure students’ reasoning about uncertainty
across at least 50 classes at 30 or more institutions. A
previous version of this survey was comprised of a series
of open-response questions that were analyzed individu-
ally by the research team [27,48,49]. As we scale up the
deployment of this survey, we require methods to measure
these ideas more efficiently. For some questions, we are
using machine learning to scale this analysis, leaving the
questions as open-response (as has been done for the PMQ
questions in this study by other researchers as well [6]).
For other questions, we hope to scale up analysis by
converting a previously open-response question to a
closed-response question. Our results from this study
show that both of these options result in some information
gained and other information lost. This analysis demon-
strates the need to evaluate trade-offs in the context of each

question and determine what information is the most
important to measure.
Our results also underscore that there are reasons other

than efficient scoring to convert an open-response question
to a closed-response question. The cognitive accessibility
rule would suggest that, on an open-response task, survey
respondents are less likely to consider multiple explan-
ations for a phenomenon once they have provided the
explanation that is most accessible to them [26]. If we had
only asked our questions as open-response questions, we
would limit the precision of our measurement of student
reasoning and our ability to measure how students think
about less accessible reasoning statements. The emergence
of generative AI and chatbots also means that take-home
open-response questions may become less accurate meas-
urement methods, though we do not currently know to
what extent students look up answers to the closed-
response questions as compared to asking a chatbot to
generate an answer to an open-response question. Future
work should seek to probe this explicitly.
On the other hand, there are also reasons to move to

automated coding of open-response questions instead of
using closed-response questions to scale measurement.
Open-response questions will identify the most accessible
reasoning items and the extent to which students can
articulate them, while also limiting the testing strategies to
selected so-called “better” items.
The important task, therefore, when designing a meas-

urement tool is to evaluate whether you want to measure
students’ most accessible ideas or the broader set of ideas
that may become available when they are presented with
them. The answer to this question is likely context-
dependent [22–24]. It may not always be possible to know
a priori if an open-response or closed-response question is
the better choice for a particular question context. In such a
case, it may be desirable to pilot the question in both the
open-response and closed-response formats to preview the
differences between the results you would measure with
each method. Our results suggest that sequentially asking
both the open-response question and closed-response
question to the same students will not alter the students’
selections on the closed-response question.
In this case study, we only evaluated two questions with

one population of students. Future studies should evaluate
the robustness of these results with different question
contexts (e.g., not measurement uncertainty), different
student populations, and different closed-response for-
mats. Plausibly, results from a choose-one multiple-choice
question may have looked more similar to the generated
ideas on the open-response question, given that many
students only generated one idea. Future studies should
also explore the effectiveness of responsive generative AI
questions that ask students to clarify potentially vague or
underspecified open-response question reasoning.
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APPENDIX

The appendix includes the data and analysis for students
who selected the less common judgment questions on the
two PMQ questions.

1. RQ1

In the SMDS judgment question, the second most
common choice was “Groups A and B have equally good
measurements” (selected by 9 students in group 1 and 12
students in group 2; 8.5% of all students). A list of the
closed-response reasoning items provided to students who
selected this option, along with the number of students in
each group who selected each reasoning item, is provided
in Table VI.
Similarly, in the DMSS judgment question, the second

most common (and only other) choice was “No” (selected

by 13 students in group 1 and 20 students in group 2; 13%
of all students). A list of the closed-response reasoning
items provided to students who selected this option, along
with the number of students in each group who selected
each reasoning item, is provided in Table VII.
These sample sizes are too small to make claims about

reasoning between the two groups, though the results of
these proportion tests do not contradict the pattern of no
effect that we see among students who answered “Group
A” for SMDS and “Yes” for DMSS. We are unable to
analyze students who made the judgment “Group B” on
SMDS, as only one student in group 1 and only one student
in group 2 selected this option.

2. RQ2

In an analysis that parallels the analysis in Sec. III B, we
measured the students’ reasoning on both the open-
response and closed-response reasoning questions by
analyzing the percent of responses that included each
reasoning item for these less common judgment question
responses (Tables X and XI). The measurements from the
open-response and the closed-response questions are
similar for most reasoning items, though slightly more
students selected items on the closed-response question
with the exception of Other. These trends are consistent
with the general trend we observed in the analysis of
students who selected the more common judgment ques-
tion responses in Sec. III B.

TABLE VI. Proportion test results for students who selected “Group A and Group B have equally good measurements” on SMDS.
The proportion test compares the proportion of respondents in group 1 vs group 2 who selected each reasoning statement. The corrected
p value is Bonferroni-adjusted.

Reasoning Group Number p value Corrected p value

AB1: The range of Group A’s measurements (424–440 mm)
is about the same as the range of Group B’s measurements
(410–460 mm).

Group 1 (N ¼ 9) 1 0.8 1
Group 2 (N ¼ 12) 1

AB2: Both groups measured the same average (435 mm). Group 1 (N ¼ 9) 5 0.3 1
Group 2 (N ¼ 12) 4

AB3: Groups A and B used the same methods. Group 1 (N ¼ 9) 5 0.6 1
Group 2 (N ¼ 12) 8

AB4: The spread of each group’s measurements
(e.g., standard deviation) is roughly the same.

Group 1 (N ¼ 9) 2 0.7 1
Group 2 (N ¼ 12) 2

AB5: Both groups measured 441 mm, 424 mm, and
440 mm.

Group 1 (N ¼ 9) 0 � � � � � �
Group 2 (N ¼ 12) 0

ABO: Other (please describe) Group 1 (N ¼ 9) 1 0.8 1
Group 2 (N ¼ 12) 1
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TABLE VII. Proportion test results for students who selected “No” on DMSS. The proportion test compares the proportion of
respondents in group 1 vs group 2 who selected each reasoning statement. The corrected p value is Bonferroni-adjusted.

Reasoning Group Number p value Corrected p value

N1: The averages are different (433 mm and 435 mm). Group 1 (N ¼ 13) 9 0.6 1
Group 2 (N ¼ 20) 12

N2: The percent difference (or percent error) between the
two groups’ measurements is large.

Group 1 (N ¼ 13) 3 0.3 1
Group 2 (N ¼ 20) 2

N3: The ranges of each group’s measurements don’t
overlap enough.

Group 1 (N ¼ 13) 1 0.3 1
Group 2 (N ¼ 20) 4

N4: Some of the groups’ measurements are different. Group 1 (N ¼ 13) 2 0.07 0.6
Group 2 (N ¼ 20) 0

N5: The difference between the two averages (2 mm) is
large.

Group 1 (N ¼ 13) 0 � � � � � �
Group 2 (N ¼ 20) 0

N6: The difference between the two averages (2 mm) is
large relative to the ranges of each group’s
measurements.

Group 1 (N ¼ 13) 2 1 1
Group 2 (N ¼ 20) 3

N7: The difference between the two averages (2 mm) is
large compared to the size of the average
measurements (433 or 435 mm).

Group 1 (N ¼ 13) 1 0.2 1
Group 2 (N ¼ 20) 0

N8: The difference between the two averages (2 mm) is
large considering the spread of the data (e.g., standard
deviation).

Group 1 (N ¼ 13) 2 0.2 1
Group 2 (N ¼ 20) 7

TABLE VIII. Proportion test results for students who selected “Group A” on SMDS (N ¼ 120). The proportion test compares
the proportion of respondents who generated the reasoning statement on open-response (OR) versus the proportion who selected
the reasoning statement on closed-response (CR). The corrected p value is Bonferroni-adjusted. The effect size is calculated with
Cohen’s h.

Reasoning OR/CR Number p value Corrected p value Effect size

A1: Group A’s range is smaller than Group B’s range. OR 25 < 0.001 < 0.001 1.33
CR 99

A2: Group A’s last measurement is 435 mm, which is the
average.

OR 0 � � � � � � 0
CR 0

A3: Group A probably used better methods than Group B. OR 5 0.3 1 0.14
CR 9

A4: The spread of Group A’s measurements (e.g., standard
deviation) is smaller than Group B’s.

OR 99 0.02 0.12 0.31
CR 111

A5: Group A measured 435 mm twice. OR 1 1 1 0
CR 1

AO: Other (please describe) OR 7 0.007 0.04 −0.49
CR 0
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TABLE IX. Proportion test results for students who selected “Yes” on DMSS (N ¼ 98). The proportion test compares the proportion
of respondents who generated the reasoning statement on open-response (OR) vs the proportion who selected the reasoning statement
on closed-response (CR). The corrected p value is Bonferroni-adjusted. The effect size is calculated with Cohen’s h.

Reasoning Group Number p value Corrected p value Effect size

Y1: If we discard the outliers, the two groups’ measurements
are similar.

OR 0 � � � � � � 0
CR 0

Y2: Both groups got the values 440, 433, and 432 mm. OR 0 0.08 0.9 0.35
CR 3

Y3: The ranges in the groups’ measurements overlap. OR 8 <0.001 <0.001 0.31
CR 30

Y4: The percent difference (or percent error) between the two
groups’ measurements is small.

OR 2 <0.001 <0.001 0.99
CR 31

Y5: The difference between the two averages (2 mm) is small. OR 37 <0.001 0.002 −0.82
CR 14

Y6: The difference between the two averages (2 mm) is small
considering the spread of the data (e.g., standard deviation).

OR 34 0.03 0.3 0.33
CR 49

Y7: The difference between the two averages (2 mm) is small
considering the size of the average measurements (433 or
435 mm).

OR 8 <0.001 <0.001 0.74
CR 37

Y8: The difference between the two averages (2 mm) is small
relative to the ranges of each group’s measurements.

OR 3 0.009 0.1 0.39
CR 13

TABLE X. Proportion test results for students who selected “Group A and Group B have equally good measurements” on SMDS
(N ¼ 9). The proportion test compares the proportion of respondents who generated the reasoning statement on the open-response
(OR) question versus the proportion who selected the reasoning statement on the closed-response (CR) question. The corrected p value
is Bonferroni-adjusted.

Reasoning Group Number p value Corrected p value

AB1: The range of Group A’s measurements (424–440 mm) is about
the same as the range of Group B’s measurements (410–460 mm).

OR 1 1 1
CR 1

AB2: Both groups measured the same average (435 mm). OR 3 0.3 1
CR 5

AB3: Groups A and B used the same methods. OR 3 0.3 1
CR 5

AB4: The spread of each group’s measurements (e.g., standard
deviation) are roughly the same.

OR 0 0.13 0.8
CR 2

AB5: Both groups measured 441 mm, 424 mm, and 440 mm. OR 0 � � � � � �
CR 0

ABO: Other (please describe) OR 4 0.11 0.7
CR 1
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