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ultiple-choice questions (MCQs) are

widely used in physics instruction.

They are employed routinely to assess

student understanding and achieve-
ment,! and increasingly, they are used in educational
research to evaluate curriculum materials and teaching
practices.? MCQs are popular because the multiple-
choice format is easy to implement, and the grading
and scoring of student answers can be automated,
saving time and reducing costs. As a research mecha-
nism the multiple-choice format provides an efficient
way to collect and analyze data from large numbers of
students.

Despite the merits and the widespread use of
MCQs, many instructional applications in physics are
not supported by independent research. Further, cur-
rent models of student knowledge and problem solv-
ing in the domain of physics are often inadequate for
making sense of students’ answers to MCQs. In this

and William J. Gerace

article, a detailed example is used to illustrate the diffi-
culties in making sense of students’ answers to MCQs.
We explore how correct answers can be false indicators
of student knowledge and understanding. We suggest
that care is needed when interpreting students’ re-
sponses to MCQs, even if the MCQs have undergone
a formal process of construction and validation.

What Is at Issue?

In order to base instructional decisions on stu-
dents’ responses to a set of MCQs, one needs to know
how students’ answers are related to what they actually
know and understand. Students’ answers are, at best,
only suggestive of their underlying knowledge. Deter-
mining the precise relationship between students” an-
swers to particular MCQs and what they actually com-
prehend requires correlating their answers with other
measures of the same or related knowledge and under-
standing. For example, a question that is intended to
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measure “student understanding of Newton’s third
law” must be investigated to determine what other
types of understanding account for actual performance
on the question.

We will use the phrase response model to describe
the relationships between students’ answers on a par-
ticular MCQ (or set of MCQs) to other indicators of
their knowledge and understanding, and to contextual
factors (such as experience, confidence, and mathe-
matical ability) that could determine how they answer.
(For illustration, a portion of a hypothetical response
model is shown in Fig. 1.) A response model is critical
to making sense of students’ answers to MCQs and
therefore an important resource for drawing conclu-
sions about what students know — and by inference,
about the value of a given instructional approach or set
of curriculum materials. Unfortunately, forming a re-
sponse model is difficult and time consuming, and

!

80% of high school seniors choose the correct answer.

!

In interviews, 60% of students who have no high
school physics get the correct answer by analogy with
typical situations covered in ninth-grade physical sci-
ence without showing any awareness or understand-
ing of Newton'’s third law in other contexts;

—  10% of students who have finished a year of physics
guess the correct answer;

— 40% of students who have finished a year of physics
and answer the original MCQ correctly cannot answer
correctly if the context is altered so that one of the
objects has a very large mass or is moving very fast;

— Only 15% of students who answer correctly are confi-
dent in their answer.
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Fig. 1. Hypothetical response model
Newton’s third law multiple-choice question.

for fictitious

without a theoretical basis to guide its construction, it
is usually too unwieldy to be of practical use.

What Can Go Wrong: An Example

The following example illustrates the need for a re-
sponse model when making sense of students” answers
to MCQs. In the example, we compare a sample of
students’ answers on a chosen MCQ with their an-
swers on two complementary MCQs, all of which
target related conceptual knowledge. The pattern of
performance across the three questions suggests that a
correct answer on the chosen MCQ is, more often than
not, a false indicator of deep conceptual understanding
(or, more precisely, a false indicator of deep conceptual
understanding in the context under study).

For the chosen MCQ), we selected question 1 from
the original Force Concept Inventory (FCI), a multi-
ple-choice test that was designed to measure students’
conceptual understanding of the Newtonian force
concept.” Our decision to focus on an MCQ from the
FCI was due to the perceived status of FCI items and
their widespread recognition. They are based on edu-
cational research and target physics concepts that are
difficult to learn. They are the products of an exten-
sive development process for which the reliability and
criterion-related validity of items has been checked.
Finally, because they have been widely used, there ex-
ists a significant quantity of published data.>?

Survey

To investigate students’ answers to question 1 on
the FCI (FCI#1), we created a survey containing
FCI#1 and two complementary multiple-choice ques-
tions (CMCQ#1 and CMCQ#2). All three MCQs
were constructed around the same problem situation
and are presented in Fig. 2.

In FCI#1 two balls of different weight are dropped
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from the same height, and
students are asked to com- The following questions have been developed to determine your perceptions of real-life situations. Do not

pare the times it takes for be concerned with getting the “correct” answer. We really want to know what you think is happening in

the two balls to reach the
ground. FCI#1 is intended

these situations. The results of this questionnaire will not affect your semester grade in any way.

For each question, indicate the Confidence Level of your response:

1 = notat all confident; I guessed 3 = reasonably confident
to pr obe students concep- 2 = not very confident 4 = very, very confident
tual understanding of the
L. 8 FCI#1.  Two metal balls are the same size, but one weighs twice as much as the other. The balls are
(local) gr avitational force. dropped from the top of a two-story building at the same instant of time. The time it takes for
Speciﬁcaﬂy, it probes the the balls to reach the ground below will be:

(A) about half as long for the heavier ball.
A A . (B)  about half as long for the lighter ball.
Jects Welght and its acceler- (C) about the same time for both balls.

ation — i.e., acceleration is (D)  considerably less for the heavier ball, but not necessarily half as long.
(E)  considerably less for the lighter ball, but not necessarily half as long.

CONFIDENCE LEVEL: (I guessed)1 2 3 4 (very, very confident)

relationship between an ob-

independent of the object’s

weight.?

The two CMCQS were CMCQ#1. Two metal balls are the same size, but one weighs twice as much as the other. The balls are
also intended to probe stu- dropped from the top of a two-story building at the same instant of time. As the balls are falling,

, p the force on the two balls is:
dents Conceptual under- (A)  about twice as large for the heavier ball.
standing of the gr avitation- (B)  about twice as large for the lighter ball.
(C) about equal for both balls.

al force. 'In CMCQ#I two (D)  considerably more for the heavier ball, but not necessarily twice as large.
balls haVlng different (E)  considerably more for the lighter ball, but not necessarily twice as large.

weights are dropped from

. CONFIDENCE LEVEL: (I guessed)1 2 3 4 (very, very confident)
the same height, and stu-

CMCQ#2. Two equal-sized objects, one weighing 2 Ibs and the other weighing 4 Ibs, are released from rest

dents are asked to compare from the roof of a two-story building. Which of the following statements is true?

the forces exerted on the (A)  The force on the 4-Ib object is about twice as large as the force on the 2-1b
object, therefore, the 4-1b object reaches the ground in about half the time.

two balls. In CMCQ#2 (B) T}fe forces on the two objecti are about equa%, therefore, they both reach the

students are asked to com- ground at about the same time.

pare both the forces exerted (C)  The force on the 4-1b object is about twice as large as the force on the 2-1b

. bject, but they both reach the ground at about the same time.
on two objects and the et . &
J d (D)  The forces on the two objects are about equal, but the 4-1b object reaches the

times it takes for them to ground in about half the time.
reach the ground. (E)  None of the above.
The three questions are CONFIDENCE LEVEL: (Iguessed) 1 2 3 4 (very, very confident)

part of a larger survey, the
details of which are de- Fig. 2. Survey instructions and three multiple-choice questions used to probe stu-

scribed elsewhere.4 Four dent understanding of the (local) gravitational force.

different versions of the
survey were created (see Table I), though for the pre- dents. Approximately half of the students received
sent context there are only two subpopulations of stu- ~ FCI#1 and CMCQ#2; the other half received
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Table I. Structure of the four versions of the survey.

Survey Question Versions 1&2 Versions 3&4

1 FCI#1 (time) CMCQ#1 (force)
4 CMCQ#2 (both force & time)

CMCQ#1 and CMCQ#2. Either FCI#1 or CM-
CQ#1 is the first question on each student’s survey,
and CMCQ#2 is always the fourth and last question.
(The other two questions are not relevant to this dis-
cussion.) In addition to answering each question, stu-
dents were asked to indicate their level of confidence
in each answer (see instructions in Fig. 2).

Sample and Procedure

The survey was administered at the University of
Massachusetts and was given to two groups of stu-
dents: (1) those enrolled in the introductory calculus-
based mechanics course for engineering majors
(Physics 151), and (2) those enrolled in the algebra-
based introductory physics course for life-science ma-
jors (Physics 131). We administered the survey to five
classes in all (three classes of Physics 151 and two class-
es of Physics 131) in three separate semesters over a pe-
riod from spring 1995 to spring 1996. The survey was
administered on the first or second day of class. Each
student received one of the versions, selected random-
ly. Students worked individually, and they spent be-
tween 10 and 15 minutes completing the survey. The
total number of students who participated is 1046.

Results and Discussion

The response patterns for the three questions,
FCI#1, CMCQ#1, and CMCQ#2, are shown in
Table II. The upper half of the table shows the break-
down of responses on the first question (FCI#1) by
question 4 (CMCQ#2). The lower half of the table
shows the breakdown of responses on the first ques-

tion (CMCQ#1) by question 4 (CMCQ#2).

Answers to FCI#1. The upper half of the column
on the extreme right shows the results for FCI#1.
Approximately 69% of the students (362 out of 527)
chose the correct answer [(C) the time is about the
same for both balls]. The most frequently chosen
incorrect answers [(A) and (D)] were those for which
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the heavier object takes less time to reach the ground.
This result is consistent with research on students’
common-sense beliefs, which suggests the existence
of a common-sense concept: heavier objects fall faster.
This response pattern for FCI#1 is in good agree-
ment with previously published results.’

Multiple interpretations. There are many possi-
ble circumstances that could cause students to answer
FCI#1 correctly without an appropriate understand-
ing of Newtonian concepts. One possibility is that
students guess the correct answer. Another possibili-
ty is that students know as a factual matter that a//
objects fall at the same rate; these students need not
have acquired any understanding of Newtonian con-
cepts such as force, gravitational force, weight, or
acceleration. Still another possibility is that students
have acquired some Newtonian force concepts, but
have not made links between the different concepts.
These students could know as a fact that all bodies
fall at the same rate. They could also know that the
two objects have the same acceleration and that the
acceleration is 9.8 m/s*. They could have a firm
grasp of the concept of acceleration. Nevertheless, it
is quite possible for students to know all of this (and
much more) without knowing why, from a Newton-
ian viewpoint, two objects of different weight have
the same acceleration in a local gravitational field.

Answers to CMCQ#1. Students’ answers to
CMCQ#1 (see the lower half of the last column of
Table II) suggest that many of the correct responses
to FCI#1 are not based on a deep understanding of
Newtonian force concepts. For CMCQ#1 only
about 35% (180 out of 519) of students select the
correct answer that #he force is about rwice as large for
the heavier ball. This is only about half the rate of
correct responses observed for FCI#1. Further, for
CMCQ#1 nearly half of the students answering (256
out of 519) chose the incorrect answer (C): #he force
on the two balls is about equal for both balls.

The answer pattern for CMCQ#1 suggests that the
rate of false positive answers is nearly 50% for FCI#1
(specifically, a false positive rate of nearly 50% in the
current context). When the answer patterns for
FCI#1 and CMCQ#1 are compared, the results are
somewhat surprising in light of the research literature.
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Table II. Results of first question (either time or force) vs fourth question (both time and force). A yellow back-
ground indicates a correct answer on only one of the questions, and a dark red background indicates a correct

answer on both.

Answer on Question 4, CMCQ#2 (force and time)
(A) (B) © (D) (E)
Variation of Answer on Fq = 2F, Fqs = F, F4 == 2F, Fs = F, None of (left
Question 1 Question 1 ty = Yoty ty =t ty =t t, = %t, theabove blank) TOTAL
FC#1 (time) (A) ty = Y2t 20 1* 5* 18 0 2 46
(N =527) (B) t, = Yaty 9* 0* 2* 7* 0 0 18
Qty =t 5* 160 16* 5 7 362
(D) ty<< t 26 2* 10* 32 5 3 78
(E) ti<< ty 3* 3* 4* 7* 1 1 19
(left blank) 0 0 0 2 0 2 4
TOTAL 63 166 190 82 1 15 527
CMCQ#1 (force) (A) Fy=~2F, 39 16* 8* 3 3 180
(N=519) (B) FL =~2Fy 1% 1% 7= 2% 0 0 11
(CQ) Fy=F, 4* 160 41* 44 3 4 256
(D) Fy>> F, 15 6* 29 8* 5 2 65
(E) FL >> Fy 1% 0* 2% 0* 0 0 3
(left blank) 0 0 1 0 0 3 4
TOTAL 60 183 191 62 1" 12 519

*These combinations of answers are incompatible with each other

For FCI#1, the percentage of correct answers is fairly
high, even though one of the incorrect answers corre-
sponds to a well-documented common-sense miscon-
ception: heavier objects fall faster.> For CMCQ#1, the
percentage of correct answers is comparatively low,
even though the correct answer corresponds to a possi-
ble common-sense conception: larger weight means
larger force. Conversely, the percentage of students
selecting the incorrect choice (C) for CMCQ#1 is rel-
atively high, even though there is no corresponding
common-sense misconception reported in the litera-
ture that force is independent of weight.

The described pattern of answers suggests the possi-
bility that students are applying an over generalized
rule: for dropped objects, “things” are the same. The
“things” are the time in FCI#1 and the force in
CMCQ#1. Since in CMCQ#1 no common-sense
misconception appears to be associated with the popu-
lar incorrect response (C), and the correct answer (A) is
associated with a common-sense concept, we conjec-
ture that the over generalized rule results from students’
rote learning in the science classroom. In other words,
students have learned through drill-and-practice that
the times are the same without learning the underlying
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conceptual basis, and therefore, students conclude that
other features of the situation are the same as well.

Another possibility is that students still believe that
the time is proportional to the force (i.e., heavier objects
fall faster). Perhaps when they are told or witness that
objects reach the ground at the same time, one way to
accommodate this new information is to conclude that
because the times are the same, the forces must be the
same as well.

Answers to CMCQ#2. FCI#1 and CMCQ#1
were given to different, but we assume equivalent,
subpopulations of students. CMCQ#2 was given to
all students and asks them to compare both the forces
on the balls and the times for the balls to reach the
ground. The percentage of students selecting the
correct answer to CMCQ#2 is about 36%. This is
about half the rate at which students answer FCI#1
correctly (69%), but comparable to the rate at which
students answer CMCQ#1 correctly (35%).

In aggregate, students’ answers to CMCQ#2 ap-
pear consistent with their answers to FCI#1 and
CMCQ#1. The rate at which students select an an-
swer indicating that the balls reach the ground at the
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same time [CMCQ#2 answers (B) or (C)] is 70%,
compared with 69% in FCI#1 [answer (C)]. The rate
at which students select an answer indicating that the
force on the heavier object is larger [CMCQ#2 an-
swers (A) or (C)] is about 48%, compared with 47%
on CMCQ#1 [answers (A) and (D)]. Finally, the rate
at which students select an answer indicating that the
force is the same on both objects [CMCQ#2 answers
(B) or (D)] is about 47%, compared with 49% on
CMCQ#1 [answer (C)].

In summary, for FCI#1 more than two-thirds of
the students indicated that the times for the two balls
to reach the ground are the same. Based on students’
answers to CMCQ#1 and CMCQ#2, we learn that
only a little more than a quarter of the students consis-
tently indicated that the times are the same for both
balls 2nd that the force is about twice as large on the
heavier ball. These results suggest that as few as a
quarter of the students may actually understand the
situation presented in FCI#1 in terms of Newtonian
force concepts. If so, the use of FCI#1 as an indicator
of the Newtonian force concept would lead to a false
positive result (in the context under study) approxi-
mately 60% of the time.

Compatibility. Most students’ combinations of
answers are compatible with each other. For instance,
of the 362 students who answered in FCI#1 that the
times are equal [answer (C)], 91% also chose that the
times are the same in CMCQ#2 [answers (B) or
(O)]. Overall, about 84% of students chose compati-
ble pairs of answers.

The other 16% of students (171 of 1046), howev-
er, are a bit of a mystery. On a four-question survey,
how can someone, for instance, answer that the forces
are about equal on question 1, then answer that the
forces are different on question 4? Some of these in-
compatibilities were forced upon students by the
structure of an early version of the survey (22 of 171),
because they were not given the option of (E) None of
the above on CMCQ#2, but the rest are not forced.

The largest group of inconsistent students (45 of
them) answered that the forces on the two balls are
about equal for CMCQ#1, but that the force on the
heavier ball is larger for CMCQ#2. The next largest
group (38) did the reverse, answering that the force on

the heavier ball is larger for CMCQ#1 and that the
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forces are equal for CMCQ#2. One possible interpre-
tation of these results is that students were not taking
the survey seriously, which means that their answers
on different questions would not be related to each
other. This possibility cannot be easily ruled out,
complicating efforts to make sense of students’ an-
swers. Another possibility is that students answer
question 1 without any interference from the
complementary idea. Then, upon encountering the
two ideas together in question 4, they changed their
views without going back and changing their answers
to question 1.

The incompatibility rates for the two subpopula-
tions are not the same: 11% of students in the FCI#1
subgroup chose an incompatible answer on CMCQ#2
(60 out of 527), while 17% of the CMCQ#1 sub-
group did (89 out of 519), which means that it is
about 50% more likely that a student who answered
the force question first will choose an incompatible
combination of answers. Our conjecture is that think-
ing about the times (in question 4) induces a change in
their views about force more often than thinking
about the force induces a change in their views about
the time, perhaps because students are more certain in
their views about time.

Confidence levels. Generally students were con-
fident in their answers, presumably indicating that
most students were not simply guessing. Overall,
83% of students were confident in their answers to
FCI#1 (indicating a confidence level of 3 or 4).
Only 74% of these confident students, however,
answer the question correctly.

A slightly lower percentage of students (76%) were
confident in their answer to CMCQ#1. A much small-
er fraction of the confident students (36%) responded
correctly (i.e., the force on the heavier object is twice as
large). Dismayingly, 52% of confident students an-
swered incorrectly that the forces are about equal, and
among all students who answer that the forces are abour
equal, 80% were confident in their answers.

On CMCQ#2, which asks students to compare
both the forces on the two balls and the times it takes
the two balls to reach the ground, the percent of stu-
dents who were confident in their answers dropped to
64%, and of these, only 41% answered correctly.
Among the students who answered correctly, 74%
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were confident. However, nearly the same fraction
(72%) of students who answered incorrectly that the
forces are about equal, so the balls fall at the same rate
were also confident.

For those students applying a general rule in rote
fashion, we expect approximately the same level of
confidence on each of the questions — i.e., the same
level of confidence independent of the quantity being
compared. For students not using a general rule, we
would expect the confidence level to vary greatly with
the student’s familiarity with, and understanding of,
both the quantity and the problem situation.” Among
students who selected an answer indicating that zhe
forces are about equal on both questions, we find that
the average confidence level is approximately the same
(3.2 for CMCQ#1 and 3.1 for CMCQ#2). Interest-
ingly, the number of confident students is roughly the
same for both questions (132 out of 160 for
CMCQ#1 and 120 out of 160 for CMCQ#2).

Some Final Comments

Through an example, we have attempted to show
that making sense of students” answers to even well-
designed MCQs that are used by a large number of ed-
ucators is an inherently difficult task. We have tried to
highlight how correct answers in some contexts can be
false indicators of students’ knowledge and under-
standing. A detailed response model is helpful to ade-
quately interpret students’ answers to MCQs and use
these answers to make sound teaching decisions. More
research, however, is needed to understand the
relationships between students’ answers to multiple-
choice questions, students’ knowledge and under-
standing, and the contextual factors that could influ-
ence the way students answer questions.

Although MCQs have merit in physics instruction,
some caution is warranted in their use. It is unlikely
that any fixed set of MCQs can adequately represent
students’ knowledge. Information about student
knowledge and understanding — as well as students’
reasoning abilities and problem-solving skills —
should be sought from a variety of sources. These
other sources of information might include student
writings, oral discussions and presentations, problem-
solving projects, and Socratic dialogue. Itis only
through multiple sources of information that a reliable
assessment of a student’s knowledge and understanding
can be obtained.
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