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Correcting the Normalized Gain for

Guessing

John Stewart and Gay Stewart, University of Arkansas, Fayetteville, AR

he normalized gain, g, has been an important tool

for the characterization of conceptual improvement

in physics courses since its use in Hake’s extensive
study on conceptual learning in introductory physics.! The
normalized gain is calculated from the score on a pre-test
administered before instruction and a post-test administered
after instruction and is defined as

_ post-test — pre-test
100 — pre-test

(1)

where both the pre-test and post-test have a maximum score
of 100. The statistic has been used in many published works
since Hake’s paper. It has become sufficiently important that
extensions to the statistic? and investigations of its detailed
properties® have recently been published. This paper investi-
gates the effect of students’ guessing on the normalized gain
and develops a correction for guessing for the pre-test and
post-test. The normalized gain is found to be insensitive to
the effects of guessing.

The normalized gain was one of the statistics used by ex-
ternal reviewers of educational projects at the University of
Arkansas to interpret pre-test and post-test results for the
Force Concept Inventory* (FCI) and the Conceptual Survey in
Electricity and Magnetism® (CSEM) given to students in the
introductory calculus-based physics sequence. The use of the
statistic for students in the electricity and magnetism segment
of the introductory sequence has long been a concern for the
instructor of the course. The CSEM is a multiple-choice test
with five possible answer choices per question. Blind guessing
on the part of the students would result in an average score of
20%. The most recent five-year course average for the CSEM
pre-test score is 30%. Extensive discussions with students
indicate that the low scores are a result of a limited familiarity
with the material and not due to strongly held misconceptions
about electricity and magnetism. It seems likely that the 30%
average pre-test score is substantially inflated by guessing.
Since the normalized gain is calculated from the pre-test score,
it also seems likely that guessing could substantially affect the
normalized gain.

Method

To investigate the effect of guessing, the FCI and CSEM
were administered with modified scoring rules. Many stan-
dardized tests employ some technique to minimize the effect
of guessing. The SAT and the GRE penalize the student for
each incorrect answer; a similar method was used to discour-
age guessing in this study. To allow comparison of scores for
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which guessing is discouraged to scores with no penalty for
guessing, the students were required to answer all questions.
The students were also asked to select one of two scoring
methods for each problem. If the first scoring option, denoted
by “I'm sure,” was selected, one point was given to a correctly
answered question, but one quarter of a point was subtracted
if the question was incorrect. If the second scoring option, de-
noted by “I'm guessing,” was selected, one half of a point was
given for a correct answer, but no penalty was imposed for an
incorrect answer. Students selecting the second option were
sufficiently unsure of the answer to sacrifice half the points to
avoid a quarter-point penalty. Most students did not answer
in a pattern, selecting only one of the options for all the ques-
tions, but seemed to make question-by-question decisions
about which option to select.

The FCI and CSEM were given to students in the introduc-
tory calculus-based sequence at the University of Arkansas
with the above scoring rules. Only students who completed
both the pre-test and post-test were included in the study. Stu-
dents taking the FCI in the introductory first-semester me-
chanics course were told that the pre-test would be counted if
they did well but would not be counted if they did poorly. The
FCI post-test was part of the final exam in the first-semester
course. In the second-semester electricity and magnetism
course, both the CSEM pre-test and post-test were graded as
a quiz. The FCI and CSEM were administered with the above
grading policy for two semesters, spring 2006 and fall 2006.

A total of 316 students completed both the FCI pre-test and
post-test and 205 students the CSEM pre-test and post-test.

For the purpose of this study, the tests were graded using
two separate methods. In the first grading method, all prob-
lems were graded with correct answers receiving one point
and incorrect answers none. In the second grading method,
problems where the student selected “I'm sure” received one
point if correct and none if incorrect, whereas problems
where the student selected “I'm guessing” received no points.
Scores generated by the first grading method, where all prob-
lems were graded, will be called raw scores and represent the
scores produced by the normal grading method for the FCI
or CSEM. Scores generated by the second grading method
will be called corrected scores and should better represent
the score a student would receive on the test if guessing was
eliminated. These two scoring methods were chosen to allow
the comparison of the score resulting from the most common
scoring scheme in which all questions are graded to the scores
that would result if guessing was eliminated and the students
only answered questions for which they knew the answer.
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Table I. Comparison of raw scores, where every question is
graded, to corrected scores, where all questions where the stu-
dent answered “I’m guessing” are graded as incorrect. Percent
change is calculated as 100%-(corrected - raw)/raw. The esti-
mated score is calculated using Eq. (2). The estimate error is the
difference between the corrected score and the estimated score
(corrected - estimated).

Raw Corrected % Est- Est-
score score Change Change imated imated
score error

FClI

45.2 29.7 -15.5 -30 29.4 0.3
pre-test
FCI

73.5 69.4 -4.1 -6 66.3 3.1
post-test
FCI
normal- 0.57 0.58 0.01 3 0.54 0.04
ized gain
CSEM

29.7 9.0 -20.7 -69 14.1 -5.1
pre-test
CSEM
post- 65.9 56.7 -9.2 -14 57.2 -0.5
test
CSEM
normal- 0.52 0.52 0.00 1 0.50 0.02
ized gain

Table Il. Correction Equations: This table presents a set of linear
equations that allow the calculation of the corrected pre-test
and post-test scores from the uncorrected raw value of each
quantity.® Pre-test and post-test scores measured from 0 to 100.

N correction R2

FCI pre-test 316 corrected = 1.03 - raw - 14.1 | 0.76

FCI post-test 316 | corrected =1.07 -raw-9.1 | 0.92

FCI pre-test/post- | 632 | corrected = 1.4 -raw -16.8 | 0.90
test pooled

CSEM pre-test 205 | corrected = 0.67 - raw - 11.0 | 0.41

CSEM post-test 205 | corrected =1.19 - raw -21.7 | 0.79

CSEM pre-test/ 410
post-test pooled

corrected = 1.21 - raw - 25.2 | 0.89

All pre-test/post- | 1042 | corrected =1.19 - raw - 21.2 | 0.89
test pooled

Results

The raw and corrected averages for the FCI and the CSEM
are presented in Table I. The results of the individual semes-
ters were pooled to form a two-semester average. As expected,
there is a substantial correction to the CSEM pre-test score,
where a raw average of 30% yielded a corrected average of 9%.
A smaller correction is observed for the FCI pre-test score.

In general, the size of the correction decreases as the average
score increases. Students who know more guess less. While
the pre-test and post-test required significant correction for
both the FCI and the CSEM, the normalized gain was virtu-
ally unchanged.

Linear models were fit to the pre-test and post-test to pro-
duce equations that allow the conversion of a raw score into
a corrected score. These equations are presented in Table I1.
No equation is provided for the raw normalized gain since
the raw normalized gain is an excellent estimate for the cor-
rected normalized gain. The “FCI Pre-test/Post-test Pooled,”
“CSEM Pre-test/Post-test Pooled,” and “All Pre-test/Post-test
Pooled” results in Table II are of particular interest. The first
is our best estimate of an equation to correct the FCI for a
general population of students, the second an equation to
correct the CSEM, and the third an equation to correct a
general multiple-choice test. These first two equations result
from fitting a line to the pooled pre-test/post-test data set of
the FCI and CSEM. The equations correcting the FCI and
CSEM are somewhat different. The FCI equation maps a
raw score of 50% to 40%, whereas the CSEM equation maps
araw score of 50% to 35%. This difference was expected
because the student’s increased personal experience prior
to the course with the subject matter addressed by the FCI
should produce more strongly held misconceptions. The
third equation, to be used to correct multiple-choice evalu-
ations other than the FCI and CSEM, results from fitting
a data set that pools both the FCI and CSEM pre-test and
post-test, and results in Eq. (2):

corrected =1.19 - raw - 21.2. (2)

Equation (2) results from a linear regression of the raw
scores on the corrected scores for a data set that pools the
pre-test and post-test scores of both the FCI and the CSEM
for both the spring and fall 2006 semesters. Since this equa-
tion is drawn from data that pools two different classes
with two different student populations, different grading
policies, and different testing conditions (pre-test and post-
test), it a reasonable estimate of an equation that could be
applied to any class. Equation (2) was used to calculate an
“estimated” value for all quantities in Table I. These esti-
mated values are superior to the raw score for all quantities
except for the normalized gain. The raw normalized gain is
the best estimate of the corrected normalized gain for both
the FCI and the CSEM: the normalized gain can be used
without correction. The insensitivity of the normalized gain
to student guessing is further reason for the continued and
expanded use of the statistic.

Analysis

The normalized conceptual gain was constructed to allow
the comparison of student populations with different back-
grounds and therefore is expected to be somewhat insensi-
tive to the pre-test score. The observed stability is a direct re-
sult of the invariance of the normalized gain to a certain class
of linear transformation. A naive choice for a transformation
to remove the effect of guessing is a member of this class of
invariant transformations. If one wished to correct the pre-
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test or post-test score without resorting to the experiment
above, a natural correction to use is one that maps a score of
20% to a score of zero and leaves a score of 100% unchanged.
This results in Eq. (3):

corrected = 1.25-(raw - 100) + 100 = 1.25-raw -25.  (3)

Equation (3), a reasonable first attempt at a correction for
guessing, is very similar to Eq. (2), our measured general
correction for guessing. If Eq. (3) is used to correct both

the pre-test and post-test score, and the corrected scores are
then used to calculate a corrected normalized gain, one finds
that the corrected normalized gain is exactly equal to the
uncorrected normalized gain. In fact, the normalized gain is
invariant under any linear transformation of both the pre-
test and post-test score that has the form of Eq. (4):

corrected = m-(raw - 100) + 100, (4)

where m is any number except zero. Equation (4) is unique
only in that it leaves a score of 100 unchanged.

The naive correction for guessing, Eq. (3), maps a score of
20% to zero and leaves a score of 100% unchanged. The gen-
eral correction for guessing developed above, Eq. (2), maps
a score of 20% to a score of 3%, implying that a student who
records a score consistent with pure guessing still has some
knowledge, and maps a score of 100% to 98%, showing even a
perfect score is somewhat affected by guessing.

Discussion

The equations in Table I show substantial variation and
none of the pre-test or post-test corrections are identical to
Eq. (2), our general correction for guessing. This equation
underestimates the correction required for very low pre-test
scores, such as the CSEM pre-test. For best results, a scoring
policy on multiple-choice instruments that discourages guess-
ing should be adopted, particularly when low pre-test scores
are expected. Because of its insensitivity to guessing, the nor-
malized gain could still be used to compare results at differ-
ent institutions even when a grading policy that discourages
guessing is in place.
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Conclusion

Pre-test and post-test results on conceptual instruments
are substantially affected by guessing. The magnitude of the
effect decreases as the score on the pre-test or post-test in-
creases. The normalized gain is virtually unchanged by the
effect of guessing and may be safely used even when pre-test
and post-test scores require substantial correction.
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