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ABSTRACT

As we move to online teaching and assessment, it is timely to consider how multiple-choice quizzes can best be used to give
accurate information about student knowledge and learning. The gender gap in performance often has been observed on
multiple choice quizzes, including commonly used physics inventories such as the Force Concept Inventory (FCI). Many factors
have been identified that contribute to these gaps, however the gaps have not been closed. In this paper, the effect of question
format of the six Identifying Force (IF) questions of the FCI was investigated. These questions are presented as Complex
Multiple Choice (CMC) questions and were modified to Multiple True-False (MTF) format. Comparing the results of the original
(CMC) and modified (MTF) question format, | found that both male and female students’ performance was lower when MTF
format was used and the gender gap was not reduced. A comparison of students’ answer choices on the two formats indicated
that the CMC (original) format overestimated students’ knowledge and failed to identify some misconceptions. Hence, although
modifying the format from CMC to MTF did not reduce the gender gap, it did provide more information about students’ thinking.
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INTRODUCTION

With so many of our classes and assessments moved online in 2020 in response to the COVID-19
crisis, and many people experimenting with different online assessment types, it is timely to consider
the effect of question format. While Learning Management Systems (LMSs) allow many different
types of questions, multiple-choice questions (MCQs) are particularly easy to implement and allow for
automated marking (Aiken, 1982). Hence, they are a tempting option for instructors under pressure to
quickly move their assessment online.

However, the multiple-choice questions (MCQs) have received some warranted criticisms. While they
may allow quick assessment of students’ declarative and, if well written, their conceptual
understanding (Bates, Donnelly, MacPhee, Sands, Birch & Walet, 2013; Henderson, Stewart,
Stewart, Michaluk & Traxler, 2017; Henderson, Stewart & Traxler, 2019), they are less effective at
assessing procedural knowledge. It is difficult to assess skills such as problem solving using MCQs,
particularly in physics where the drawing of a diagram is often part of the solution process. In addition,
it has been demonstrated that MCQ assessments tend to favour male students over female students
because of the different ways males and females approach questions and the different strategies they
tend to use (Stenlund, EkI6f & Lyrén, 2017). Gender gaps have been commonly observed (Madsen,
McKagan & Sayre, 2013; McCullough, 2004; Wilson, Low, Verdon & Verdon, 2016) in standard
diagnostic tests such as the Force Concept Inventory (FCI) (Halloun, Hake, Mosca, & Hestenes,
1995). Therefore, the choice to use MCQs should be made with caution, and with attention paid to
what exactly is being assessed, and consideration of possible gender bias.

If the decision to use MCQs is made, then there is a choice of MCQ formats that can be used. When
we think of an MCQ, we usually think of a question stem, followed by four or five answer options, of
which only one is the correct answer. This is a simple multiple-choice (SMC) question. It is also
possible, and easy to implement in Learning Management Systems (LMSs), SMCs where multiple
answer options are correct. Another format of an MCQ is the complex multiple-choice (CMC) format.
In CMC format the question consists of a stem with a list of typically three or four items/statements,
and answer options which are different combinations of the listed statements. An example of a CMC
format question is given in Figure 1a below. Students choose only one answer option, and these CMC
guestions are marked as typical MCQs (Ma, 2004). This format was particularly useful before the
widespread use of online quizzes, because students can answer them on the same generic “optical
mark recognition” as SMC papers, allowing automatic marking. A limitation of CMCs is that with three
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or four items in the list, only a small fraction of the possible combinations of listed items can be made
available as answer options (Haladyna & Downing, 1989). Hence students may not be able to choose
an answer corresponding to their understanding or may have a better chance of guessing correctly
using strategies such as elimination of incorrect answers.

A format which overcomes this limitation is the multiple true-false (MTF) format. The MTF format
consists of a stem followed by a list of sub-questions, as shown in Figure 1b. The sub-questions are
analogous to the list of items/statements in the CMC format, however a student must respond to each
sub-question independently as either true or false, and so every possible combination of
items/statements is available as an answer option (Cronbach, 1939; Frisbie & Sweeny, 1982). Hence,
in contrast to typical MC format, the MTF format generates multiple responses through which
students’ thinking can be thoroughly examined. Results of a recent study (Brassil & Couch, 2019)
have shown that students’ correct response rate in SMC format was higher than the MTF format,
suggesting that question format influences students’ performance. With online implementation, this
format is just as easy to use and automatically mark as SMC or CMC questions.

@ The figure below shows a boy swinging on a rope, starting at a point
a

a higher than A. Consider the following distinct forces: o

1. A downward force of gravity.

2. A force exerted by the rope pointing from A to O.
3. A force in the direction of boy’s motion.

4. A force pointing from O to A.

= Fa

Which of the above forces is (are) acting on the boy when
he 1s at position A?

A. 1 only.
B. land2.
C. land3.
D. 1,2 and 3.

E. 1.3, and 4.

The figure below shows a boy swinging on a rope, starting ata
point higher than A. Which of the following forces is (are) O
acting on the boy when he is at position A?

(b)

1. A downward force of gravity. Y N
2. A force exerted by the rope pointing from Ato O. ¥ N
3. A force in the direction of the boy’s motion. Y N &
4. A force pointing from O to A. y N °

Figure 1. (a) Question 18 of the FCI in CMC format. (b) Question 18 of the FCI in MTF format

The Force Concept Inventory (FCI) (Halloun, Hake, Mosca, & Hestenes, 1995) uses a combination of
SMCs and CMCs to assess students’ Newtonian thinking (Hake, 1998; Bates, Donnelly, MacPhee,
Sands, Birch, & Walet, 2013). Of the 30 MCQs of this inventory, 24 questions have typical SMC
format and six questions have the CMC format. All six of the CMC format questions are Identifying
Force (IF) questions in which a list of forces is given, and the answer options are different
combinations of these forces (questions 5,11, 13, 18, 29 and 30). As with the rest of the FCI, these
guestions show a gender gap that favours males (Osborn Popp, Meltzer, & Megowan-Romanowicz,
2011).

This study investigates how changing the question format from CMC to MTF for the six Identifying
Force (IF) questions of the FCI affects performance of male and female students.
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METHOD

The University of New South Wales (UNSW) Sydney provides an introductory calculus-based physics
course called Physics 1A. In 2018, this course ran over twelve weeks in each of two teaching
semesters. In 2019 the university’s teaching mode shifted to a three-term system, with each term
consisting of a 10-week teaching period. Physics 1A, which begins with mechanics, was taught in
both semesters, and during all terms.

The data was gathered from the second semester (S2, n = 207, with 72% males and 28% females) in
2018 and the second and third terms (T2 and T3, with a total of n = 542, 65% males, 35% females) in
2019. Approximately eighty percent of the students were engineering students in all cohorts. Students
who patrticipated in this study were at approximately the same stage of their degree — part way
through their first year, and about to commence their first university level physics course.

In 2018 the S2 Physics 1A cohort was given the FCI in its original format — a combination of SMC and
CMC questions. In 2019 the T2 and T3 Physics 1A cohorts were given a modified version of the FCI
such that the CMC questions were replaced with MTF questions. In each case, the question stem was
unchanged, and the list of forces was given as a set of sub-questions, as shown in Figure 1b above.
In 2018 the 30 questions of the FCI were marked using a number right scoring method in which one
mark was given for the correct answer and zero for an incorrect answer or unanswered question to
give a score out of 30. This was subsequently converted to a percentage. In 2019, in order to mark
the six IF questions given in the MTF format, one mark was awarded only for a fully correct answer
and zero otherwise, to enable scores to be compared across the cohorts. For example, in Figure 1la
above, CMC format, the correct answer is B and a student choosing this answer is awarded one
mark. In Figure 1b above, MTF format, the fully correct answer is ‘yes’ to the sub-questions 1 and 2
and ‘no’ to the sub-questions 3 and 4; therefore, this combination of answers is awarded one mark,
and any other combination is awarded zero marks. The combination of answers in Figure 1b is
equivalent to answer choice B in Figure la.

A one-way Analysis of Variance (ANOVA) was used to investigate the similarity of the three datasets
on the unchanged (SMC) questions. The significance of differences between males’ and females’
scores was investigated using t-tests.

RESULTS AND DISCUSSION

The unchanged (SMC) questions provide a check that any change in performance on the modified
guestions is indeed due to the changed format, and not a difference in the cohorts of students. Table
1 below shows the average percent scores (standard error) of male and female students on the
unaltered questions for the three cohorts.

Table 1: Average percent scores (standard error) of males and females, and p-values in 2018
and 2019 on the 24 unchanged questions

Years 2018-S2 2019-T2 2019-T3 P-values
Total males/females 149 /58 251/110 104 /77 -
Males Avg (s.e) 67.2(1.8) 66.3(1.2) 65.7(2.0) 0.84
Females Avg (s.e) 54.2(2.8) 515(2.0) 51.8(2.2) 0.72

Based on an Analysis of Variance (ANOVA), the difference in the average percentage scores for the
three datasets on the 24 unchanged questions was not statistically significant for either males or
females (p-values shown in Table 1). This gives us confidence in ascribing any change in
performance on the six modified IF questions to differences in question format. In addition, it allows us
to merge the datasets of the two terms of 2019, referred to simply as 2019 hereafter.

The results for the six modified questions are presented in Table 2. These results clearly indicate that

changing the format of the IF questions significantly decreased the average scores for both genders
but did not affect the gender gaps.
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Table 2: Average percent scores (standard error) of males and females, and p-values in CMC
format (2018) and MTF format (2019) on the six identifying force questions

Formats
CMC MTF
Total males / females 149 /58 355 /187
Males Avg (s.e) 56.5 (2.8) 44.6 (1.7)
Females Avg (s.e) 42.2 (4.2) 32.2(2.2)
Gender gaps (s.e) 14.2 (5.1) 12.4 (2.8)
P-values 0.003 6.68 x10-06

As there was no change in scores on the unaltered FCI questions, the decrease in scores on the
modified questions indicates that the CMC format was overestimating students’ knowledge. The
correct answer in CMC format was selected by some students, who would not have done so in MTF
format. Hence the CMC format does not give as accurate a measure of students’ knowledge as the
MTF format does.

To explore in detail how the change in format affected students’ responses, a question by question
analysis was performed. The analysis for one of the questions is presented here as an example.

AN EXAMPLE: FORCES IN CURCULAR MOTION

In question 18 (Figure 1a above) of the FCI, students were asked which forces are acting on a boy
moving in circular motion. There are five possible answers to this question in CMC format, however, in
the MTF format, Figure 1b, there are 16 possible answers. To allow comparison of students’ answer
choices, students’ responses on the MTF format (Figure 1b) were categorised as either equivalent to
one of the CMC answer choices (A, B, C, D or E) or ‘Other’. For instance, if a student responds ‘yes’
to sub-questions 1 and 2 and ‘no’ to sub-questions 3 and 4, this is equivalent to the correct answer
choice B in the CMC format. If a student selects option B, this shows that they are correctly
recognising that there are only two forces acting on the boy — a force of gravity and a tension force
exerted by the rope from A to O. Responding ‘yes’ to sub-questions 1,2, and 3 and ‘no’ to 4 in the
MTF format is equivalent to answer choice D in the CMC format. This answer choice identifies a
common misconception held by students — that there is always a force in the direction of motion. Any
student responses on the MTF format which were not equivalent to CMC answer choices were
grouped in the ‘Other’ category.

Figure 2 below shows the fraction of students choosing each answer option for the two versions of the
guestion. Comparing Figures 2a and 2b below, we can see that the change in format resulted in a
decrease in correct response rate. We can also see that for both formats, more males answered
correctly than females and there was a significant gender gap, although this decreased with the
change in format. However, the decrease in the gender gap from 13% in the CMC format to 9% in the
MTF format was not significant (p-value = 0.64).
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Figure 2: Percentage of males and females choosing answer choices on question 18 of the FCI
in CMC format Figure 2a (left), and in MTF format in Figure 2b (right).

126 | ACSME 2020 Proceedings: A Science Education for Uncertain Times



Refereed Papers

If a student responds ‘yes’ to the sub-question 3 in the MTF format or chooses any of C, D or E in the
CMC format, this indicates a belief in a force in the direction of its motion. Responding ‘yes’ to the
sub-question 4 or answer E in the CMC format shows that a student has the misconception that there
is a centrifugal force (see Eaton, Vavruska, & Willoughby, 2019 for an updated FCI distractor
taxonomy for 1995 version). In the MTF format we can clearly identify which individual
misconceptions a student has — or, what fraction of a class holds that misconception. However, with
the limited answer options available in the CMC format we cannot.

The magnitude of the information lost by the CMC format about students’ knowledge is shown by the
size of the ‘Other’ columns in Figure 2b. Almost one third of students have an understanding which is
not captured by the CMC format, however, it is captured by the MTF format.

When we compare Figures 2a and 2b we can see which options from the CMC students chose when
they could not choose exactly the combination of forces they believed to be acting. From CMC to
MTF, the percentage of students selecting options B, D and E all decreased. The drop in frequency of
correct answer choice (B) by approximately 10% for both genders indicates that a substantial number
of students do not have the level of understanding of forces indicated by the CMC format of the
guestion. These students have chosen the correct answer for the wrong reasons — in some cases a
lucky guess as there is a 20% chance of guessing correctly on the CMC format compared to only a
6% chance on the MTF format. In other cases, a false positive may be due to strategic elimination of
incorrect answers.

Similar to this example, the results of all the other five CMC (also IF) questions showed that the
correct responses decreased for both male and female students when they attempted the MTF
format. However, the gender gaps varied from question to question.

CONCLUSION AND IMPLICATIONS

This study has shown that changing question format from CMC to MTF significantly decreased
performance of both genders on the six IF questions of the FCI. This shows that the CMC format
overestimates students’ knowledge compared to the MTF format. This could be due to the CMC
format providing clues to students by limiting the number of answer choices. For instance, in question
18 of this study, the four forces given in the stem would result in 16 possible answer choices in the
MTF format. Furthermore, identifying correctly that a force is not acting on the object would help
students to eliminate answer choices which contains that force, and, as a result, a student’s chances
to answer correctly increases. In addition, the chances of a correct guess are much higher on the
CMC format questions.

In the example shown, almost one third of students chose combinations of forces which were not
captured in the CMC format. This indicates that not only almost one third of the information about
student understanding is lost by using CMC format rather than MTF, but also students’ marks do not
necessarily represent their understanding. Through the MTF format, instructors can gain more
information about students’ thinking and modify their instruction to improve students’ learning.

While it was hoped that changing the question format would reduce the gender gap, this was not the
case. Although the MTF format did not significantly reduce the gender gap, neither did it increase it —
the change at least did not exacerbate the gap.

In conclusion, in these unprecedented times, when moving assessment online if instructors choose to

use MCQs, they should be aware that there are a range of formats possible and consider carefully
their choice of question format.
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