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There have been many investigations into the factors that underlie variations in individual student
performance in college physics courses. Numerous studies report a positive correlation between
students’ mathematical skills and their exam grades in college physics. However, few studies have
examined students’ learning gain resulting from physics instruction, particularly with regard to
qualitative, conceptual understanding. We report on the results of our investigation into some of the
factors, including mathematical skill, that might be associated with variations in students’ ability to
achieve conceptual learning gains in a physics course that employs interactive-engagement methods.
It was found that students’ normalized learning gains are not significantly correlated with their
pretest scores on a physics concept test. In contrast, in three of the four sample populations studied
it was found that there is a significant correlation between normalized learning gain and students’
preinstruction mathematics skill. In two of the samples, both males and females independently
exhibited the correlation between learning gain and mathematics skill. These results suggest that
students’ initial level of physics concept knowledge might be largely unrelated to their ability to
make learning gains in an interactive-engagement course; students’ preinstruction algebra skills
might be associated with their facility at acquiring physics conceptual knowledge in such a course;
and between-class differences in normalized learning gain may reflect not only differences in
instructional method, but student population differen¢dsdden variables’) as well. © 2002

American Association of Physics Teachers.
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[. INTRODUCTION In Secs. Il and Ill, | review the results and limitations of
previous studies on the relation of students’ pre-instruction

A primary goal of research in physics education is to iden-preparation to their performance in physics courses. In Sec.
tify potential and actual obstacles to student learning, andV | describe a widely adopted measure of student learning
then to address these obstacles in a way that leads to mogalled “normalized learning gain” and explain why it is an
effective learning. These obstacles include factors that origiappropriate measure for the objectives of this study. In Sec.
nate during instruction—such as instructional method—ag/ various factors that may be related to learning gain are
well as those that relate to students’ preinstruction preparadiscussed, and the motivation of the present study is pre-
tion. Previous studies have examined various preinstructiogented. The context, methods, and results of the present study
factors that may or may not be related to students’ perforare described in Secs. VI, VII, and VIII, respectively, and the
mance in physics, with mathematics skill being the mostresults are discussed in Sec. IX. The limitations of this study
common factor. However, in almost all of these studies, theare outlined in Sec. X, and implications for instruction are
measures of performance adopted were student grades examined in Sec. XI. The methodological implications of
course exams that emphasized quantitative problem solvinghis study for physics education research are addressed in
Only in a few cases was students’ conceptual knowledg&ec. XIl, and Sec. Xlll briefly summarizes the main results.
assessed through the use of qualitative problems. And with
only a handful of exceptions, there was no attempt to directly; pPREVIOUS RESEARCH ON THE RELATION OF
mstar\jgtrii;he gain in student understanding that resulted frOWARIOUS FACTORS TO STUDENTS'

This paper examines students’ mathematics skills and theI:r)ERFORMANCE IN PHYSICS COURSES
initigl physiqs con'ceptual knowledge as factqrs that' may Una  students’ mathematical preparation
derlie variations in student learning. Learning gain is as-
sessed through pre- and post-testing using a qualitative test Many studies appear to show that mathematical ability
of physics conceptual knowledge. One objective of the(mathematical aptitude or accumulated procedural knowl-
present study is to determine whether individual studentstdge is positively correlated to success in traditional intro-
learning gains are correlated with their initial level of con- ductory physics courses that emphasize quantitative problem
ceptual knowledge as measured by pretest scores on tlselving. Most of these studies have involved college physics
physics concept test. Another objective is to determinestudents; some have examined the preparation that these stu-
whether those learning gains are correlated with the studentdents received in high school. Some studies have found a
mathematics skills, as determined by preinstruction testingositive correlation between physics course grades and
with a college entrance exam or an algebra/trigonometrgcores on the mathematics part of college entrance ekams.
skills exam. Many investigators have found positive correlations between
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grades in college physics and a mathematics skills pretestot discussed explicitly. There is by now a large body of
administered at or near the very beginning of the coursditeraturd®-2#that demonstrates convincingly that good per-
Typically, these pretests involve algebra and trigonometryformance on such problems does not necessarily indicate
althou%h most investigators do not provide samples of theigood understanding of the physics concepts involved. Perfor-
tests>~ mance on such traditional problems may not even be highly
The correlation between mathematics skill and physicsorrelated with conceptual understandifg. The author’s
performance has not been observed to hold consistently. Reenclusion is that virtually all previously published studies
ported correlation coefficients vary widely and are not statison the relationship between mathematics preparation and
tically significant for all groups tested. For example, onephysics course performance leave open the question of how,
study found that the overall correlation between grades andnd whether, such preparation may be related to conceptual
an algebra pretest was not significant for males ( understanding of physics.
=+0.10), while for females the correlation was highly sig- Although  various  factors—such as mathematics
nificant (r = +0.48) & preparation—may be correlated with students’ performance
All the studies cited have focused on student performanc@n Physics exams, this correlation is not direct evidence that
either on a single physics course exam or on a mean gradgere is a causal relationship between the two. To our knowl-
from several such exams. In contrast, Hakal® and Thore-  €dge, no studies directly test for such a relation. Therefore, it
sen and Gros8 have reported preliminary investigations of Would be improper to conclude from previous studies that,
student learning gains in physics courses, determined by bofR instance, requiring students to practice and improve their
preinstruction and post-instruction testing. They found thafhathematics skills before beginning college physics would
students with the highest learning gains in physics hadiecessarily improve their performance in these courses.
scored higher on a mathematics skills test than students with Another important limitation of previous research is its
the lowest learning gains. failure to examine student learning. A student’s !oerformance
Several investigators have found positive correlations be9n & course exam is an indication of the student's knowledge
tween grades earned by students in their college physic¥ate atthe time of the exam, and is not necessarily related to
courses and their previous experience and/or grades in eithgf1at the student has learned in a particular course. Hence, it
high-school, college mathematics courses, or high-schodf Necessary to have some measure of student learning, in
physics course¥: 1 However, the overall weight of the lit- contrast to a measure that merely quantifies students’ knowl-
erature on factors related to college students’ performance i3d9e. One way to provide such a measure is to test students
introductory physics is that the measurable impact on perforP0th at the beginning and &r neaj the end of a course to
mance is substantially larger for mathematics skills as dete/@SS€ss how much they may have learned. In this way we can
mined by preinstruction testing, than it is from any measure?btain a measure of students’ leaming gain, which is the
derived simply from students’ experience or lack of it in quantity that, in principle, is most susceptible to change by

previous physics or mathematics courses. actions of the instructor and students during the course. Stu-
dents’ performance on course exams may or may not be cor-
B. Students’ reasoning skills and other factors related with learning gain, and the relationship between per-

. . . formance and learning gain is, at best, an indirect one.
Another factor that has been studied extensively is thrzlearly all previous studies have failed to directly investigate

possible relation between precourse measures of studenig. <qinle relationship of mathematiesid other prepara-
reasoning ability and their college physics grades. Significa on to students’ learning gain in a college physics course.
correlations between these variables have been reported by

numerous investigators: %8 3However, the reported corre-

lations are not significant for all groups, and in most case$,; NORMALIZED LEARNING GAIN: A KEY

the reports do not provide samples of the specific question,g,IEASURE OF STUDENT LEARNING

used to assess reasoning ability. Recently, Clethéais re-

ported a positive correlation between a pretest measure of The question of how to measure learning gain is not

reasoning ability and learning gain in a high-school physicssimple and is subject to many methodological difficulfies.

course. S Because the maximum on a diagnostic instrument is 100%, it
Other factors that have been found significant to one deis common to observe a strong negative correlation between

gree or another are students’ achievement eXpeCta}ltzonS,students’ absolute gain scorgsosttest minus pretest score

homework grade$, high-school GPA*? college GPAY®  and their pretest scores: higher pretest scores tend to result in

and a variety of cognitive and emotional factofsA large  smaller absolute gains, all else being equal. For example, in

number of significant preparation and demographic factor¢iake's study of 62 introductory physics courses, absolute

were identified by Sadler and T%TWO Studieg’ found that ain scores on the Force Concept |nvent(ﬁ¢|) were Sig_

students’ performance on a pretest of physics conceptugfificantly (negatively correlated with pretest scorer (
knowledge had a significant positive correlation with course_ —0.49) 2 An alternative is to normalize the gain score to

grades. account for the variance in pretest scores. Such a measure is
g, the normalized gain, which is the absolute gain divided by
[ll. LIMITATIONS OF PREVIOUS RESEARCH the maximum possible gain:

Almost all of the investigations discussed in Sec. Il used
students’ scoregor grades derived from those scorem g= : i .
physics course exams as a performance measure. It is very maximum possible scorepretest score
likely that in most cases, all or most of the exam questions
would be described as traditional quantitative physics probHake found that{g), the mean normalized gain, on the FCI
lems, although in most cases the nature of the questions wésr a given course was almost completely uncorrelated (

post-test score pretest score
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=+0.02) with the mean pretest score of the students in thélowever, in a separate stutfythe correlation betweetg)

course”® Therefore, the normalized gain seems to be relaand pretest scores was very low=—0.06 on FCI;r

tively independent of pretest score. This independence leads +0.16 on FMCE.

us to expect that if a diverse set of classes has a wide range The objective of the present study is to aid in building a

of pretest scores but all other learning conditions are similaimodel of the factors that significantly affect students’ learn-

the values of normalized learning gain measured in the difing success in physics. To this end, we examine individual

ferent classes would not differ significantly. This pretest in-students’ normalized learning gain scores using a qualitative

dependence of the normalized gain also suggests that a meast of physics conceptual knowledge; students are tested

surement of the difference ifg) between two classes having both before and after instruction. We hope to deterntie

very different pretest scores would be reproduced even by whether individual learning gains are correlated with stu-

somewhat different test instrument which results in a shiftingdents’ initial level of conceptual knowledge as measured by

of pretest scores. pretest scores on the same physics concept test(2nil
Empirical evidence for this hypothesis is provided by anthose learning gains are correlated with the students’ math-

analysis of the data from Table Il of Ref. 21. Students’ematics skills, as determined by pre-instruction testing with a

knowledge of mechanics concepts was tested with two difeollege entrance exam or an algebra/trigonometry skills

ferent diagnostic instruments, the FCI, and the Force andxam.

Motion Conceptual EvaluatiotFMCE).? The pretest scores

and absolute gain scores yielded by the two instruments were

significantly different, but the normalized gains were statis-VI. CONTEXT OF THIS STUDY

tically indistinguishable. The most persuasive empirical sup- o o ) )

port for use of(g) as a valid and reliable measure is thg} This investigation was carried out in the second semester

has now been measured for tens of thousands of students §fj & two-semester algebra-based general physics sequence.

many hundreds of classes worldwide with extremely consis- N€ data reported here originate in four courses taught by the

tent results for classes at a broad range of institutions witguthor: two at Southeastern Louisiana UniversBU) in
widely varying student demographic characteristicslud- ~ Fall 1997 and Spring 1998, and two courses taught at lowa
ing pretest scoreg’ State UniversityISU) in Fall 1998 and Fall 1999. The num-

ber of students in each course ranged from 65 to 92. The
focus of the course was electricity and magnetism, including
DC circuits. The SLU course consisted of three 50-minute
V. FACTORS THAT MAY BE RELATED TO meetings each week held in the lecture ro¢fseparate lab
NORMALIZED LEARNING GAIN course was optional and was not taught by the lecture course
instructor; there was no recitation sessjoit ISU, in addi-

An obvious question is, What are the factors that are retion to three weekly 50-minute meetings in the lecture room,
lated tog? Is g related to instructional method, or to indi- there is one 50-minute recitation session each weEhere
vidual characteristics of the students and their pre-instructio#f also a separate required lab in which the lecture instructor
knowledge state? has only limited involvement.These courses made much

Hake’s original investigatiof! focused on(g) for me- ~ use of IE instructional rrleztghods and employed a variant of
chanics courses as determined by pre- and post-testing of théazur's Peer Instructioff:*® The primary curricular mate-
FCI. He distinguished two separate groups of courées: rlal was theV\/orkbooK for Introductory Physics Instruction
those taught with interactive-engageméi) methods, and I t_he recitation sessions at ISU was modeled closely on the
(2) traditional courses that make little or no use of IE meth-University of Washington tutorials) although most of the
ods. Many studies have been published that broadly confirfaterial used came from th@orkbook for Introductory
Hake’s major finding€’ which are that normalized learning Physics
gain{g) as measured by the FCI in introductory mechanics
courses is(1) largely independent of class mean pretes
score;(2) virtually independent of the instructor when tradi-tV”' METHODS
tional instructional methods are used; af®l tends to be  gtydents’ conceptual knowledge was assessed by the ad-
significantly higher(by a factor of about two or moyavhen  ministration of a physics concept diagnostic test on the first
IE methods are used in comparison with traditional instrucyn |ast days of class; only students who took both pre- and
tional methods. The issue of whather factors may be re- ot tests are part of the sample. Students’ preinstruction
lated to variations ing, besides instructional method, has, mathematics skill was assessed by their score either on the
with few exceptions, not been addressed. ACT Mathematics Test or on an algebra—trigonometry skills

Another way of investigating the factors that are related taest. A variety of statistical tests were then performed to as-
g is to examine they scores ofindividual students to see if sess the relatiotif any) between students’ individual nor-
the characteristics of individual students may be related tenalized learning gain, and their preinstruction scores on both
their own learning gains. Haket al? found indications that the physics concept test and the mathematics skills test.
students’ mathematics skills and spatial visualization abilities The diagnostic instrument was the Conceptual Survey in
might be related to their normalized learning gain, and simiElectricity (CSB. This 33-item multiple-choice test surveys
lar results were reported in Ref. 10. Research on high-schod&nowledge related to electrical fields and forces and the be-
students has led Clement to suggéshat reasoning ability havior of charged particles. The questions on the CSE are
may be an independent factor. Preliminary data reported ialmost entirely qualitative. About half of the items are also
Ref. 28 strongly suggest that there may be a certain amoumtcluded on the Conceptual Survey in Electricity and Mag-
of variation in{g) that can be ascribed to pretest scdteat  netism(CSEM).!® The creators of the CSEM remark that it
is, students’ initial degree of physics conceptual knowlgdge contains “a combination of questions probing students’ alter-
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Table |. Correlation between normalized learning gain and pretest score on CSE.

Correlation coefficient between student Statistical significance

Sample N learning gaing and CSE pretest score (two-tailed
SLU 1997 45 +0.15 p=0.35(not significant
SLU 1998 37 +0.10 p=0.55 (not significant
ISU 1998 59 0.00 p=0.98(not significant
ISU 1999 78 +0.10 p=0.39 (not significant

native conceptions and questions that are more realisticallylll. RESULTS

described as measuring students’ knowledge of aspects of the

formalism.” ° A. CSE pretest scores are not correlated with individual
On the pretest, students were given enough time to rerormalized learning gain

spond to all 33 questions. Neither grades nor answers for this

retest were posted or discussed. On the last dav of class. t Table | shows the correlation coefficients between indi-
P P ' Y ' .Uledual studentsy scores and their CSE pretest score for the

Iia()r\rxlv?evcérsEstﬁjjn?gTvg]rlzt?s?(%c?stoarnesex(t)rr?;?ggom_dzaBSSofthqur samples. The correlations are very small and none is
! p y Close to being statistically significant. Figure 1 shows the

questions® The CSE was used in this abridged form for :
various reasons. For example, in some cases, the notatioq\@lue ofg and the CSE pretest score for all students in the

conventions differed from what was used in clagsr in- U 1998 sample. The correlation coefficient for this relation
stance, electric field lines are used on the CSE, but only fiell® (=0.005 there is no ewdgnce (.)f any pattern in the data
vectors were used in clgssin other cases, the questions points. This random pattern_ is typical of all four sgmples.
involved material that was covered peripherally or not at all gable I prfetsentj_ﬁcomptansonf F> fotrhselvgegrgl dlfferlen.t
in class. Only the 23 designated items were graded, both a Hbgroups ortwo diiterent samplest-or the sampie in

the pretest and the post-test. All CSE scores discussed in thssggis”b:rg]% rgg;’zrefgzé? E%eotstgjn(:er?;ff’Y\:z?etrgetg?hrgghriit
paper(as well as quantities derived from thgnefer only to P ' group

: ; with the 30 lowest CSE pretest scorg3he 59-student
the 23-item abridged CSE. = o
For the SLU s%mples scores on the ACT Mathematic sample was divided in this way to form two groups of nearly

Test were used to assess pre-instruction mathematics ski qual size; the groups had zero overlap in pretest scores.

; ; . . retest scores ranking #24—-29 were identieajht correc},
This test is a college entrance exam, and so there is typlcallgnd scores in the group #30—43 were edsaben corred!

a 1-3 year gap between the time students take this test ajis method was used to form the other subgroups repre-

the time they take the CSE. The instrument used at ISU is @enteq in Tables Il and 1Y The mean CSE pretest scores of
38-item multiple-choice test originally developed by Hudson

during the course of his investigatiofted in Sec. 1) into

the effect of mathematics preparation on students’ physics
performance. It includes the following topics among others:

solving and manipulating one- and two-variable algebraic 10
equations; factoring quadratic equations; unit conversions; ’ *
elementary trigonometry; straight-line graphs; powers-of-10 .
notation; simple word problems; and addition of numerical
and algebraic fractional expressioiiSee Appendix for rep- e e
resentative problems. *

All students who register for the first semester course in
the algebra-based physics sequence at ISU are required to
take this test; it does not count toward the students’ grade.
Because students take this exam at the beginning dirgte
semester course, there was a gap of at least two m¢éenthn
the case of summer-school studeiiistween when they took
the mathematics test and when they took the CSE. More
often, the gap was 5 to 12 months.

Several modifications were introduced during the ISU
1999 course which, it was hoped, would improve instruction. ¢
Both graduate student teaching assistants for the course were
members of the Physics Education Research Group and had
extensive experience and capabilities in inquiry-based in-
struction. For many of the recitation-session/tutorials, an ad- CSE Pretest Score (% correct)
dIFlonal undergraduate teachlng aSS.IStant was present. Du”%. 1. Scatter plot of ISU 1998 sample; data points correspond to individual
this course, both the teaCh'ng assistants and the course 'Qﬁdents, plotted according to their individual normalized learning gain

structor spent many out-of-class hours in individual instruc-score on the Conceptual Survey in Electridi§SE and their pretest score
tion with students who solicited assistance. on that same exam. Correlation coefficiert0.00.

Normalized Gain vs. CSE Pretest
(ISU 1998)

=) = o
FS o ™
*
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Table 1l. ISU samples: Gain comparison, students with high and low CSETable Ill. Correlation between normalized learning gain and mathematics
pretest scoreg.g) represents the mean of individual students’ normalized pretest score.
gains; s.d=standard deviation.

Correlation coefficient

N Mean CSE pretest score  (g) (s.d) between student
learning gaing and Statistical significance

1998 Sample N mathematics pretest score (two-tailed
Top half 29 44% 0.680.19
Bottom half 30 25% 0.630.23 SLU 1997 45 +0.38 p<<0.01
Top quartile 15 50% 0.680.21) SLU 1998 37 +0.10 p=0.55 (not significant
Bottom quartile 16 20% 0.660.249 ISU 1998 59 +0.46 p=0.0002

ISU 1999 78 +0.30 p<0.01
1999
Top third 30 43% 0.740.18
Bottom third 27 18% 0.720.17)
Top fifth 14 49% 0.730.20 that the pretest score on the CSE is not a significant factor in
Bottom fifth 15 14% 0.670.13 determining a student’s normalized learning gain.

B. Mathematics pretest scores are correlated with

] ] ~normalized learning gain
these two groups were very different, but their normalized

gains were not statistically distinguishable according to the Table lll presents the correlation coefficient and corre-
one-tailed t-test: (Giop nha =0-68, (Gpottom hap =0.63, t sppndlng statistical significandéhat is,p va!ue for the re-
=0.84,p=0.20. A comparison between even more disparatdation between studentg) scores and their scores on the
groups is also shown in Table Il. “Top quartile” refers to Pre-instruction mathematics skills test. The c_orr_e_latlon for
students with the 15 highest CSE pretest scores in the 1998€ SLU 1998 sample was not statistically significant; the
sample, while “Bottom quartile” refers to the 16 lowest in correlations for the other three samples were all statistically
that sample. The normalized gains of these two groups wergignificant at thep<0.01 level.

virtually identical. Table Il also presents a similar set of com- Figure 3 showg) as a function of score on the Mathemat-
parisons for the ISU 1999 sample. The results for this samplées Diagnostic Test for the ISU 1998 sample. A positive cor-
share the main characteristic of the 1998 sample, even for thelation between the two variables is evident. A similar cor-
extreme “Top fifth” and “Bottom fifth” groups: (gwp ey relation(though not as larges also evident in the SLU 1997
=0.73, (Gpotiom iy = 0.67; these gains are not significantly and ISU 1999 sample data. Examination of the residuals, that
different according to the one-tailetttest ¢=0.98, p IS, the differences between data points and regression fit line,
~0.17). shows that there are no marked nonlinearities evident in the

Figure 2 shows the distributions of the normalized gain
among the Top half and Bottom half groups from the 1998

sample; there are no striking differences between the pretest Normalized Gain vs. Math Pretest

groups. A similar result was found for the 1999 sample. This 1.0 (ISU 1998) .
result reinforces the conclusion from the correlation analysis . * .
*
ot e
0.8 RN
$° ¢
OBottom half CSE pretest scores t 8
M Top half CSE pretest scores :tn te ¢
y * *
10 c - ¢ o
= 0.6 *
9 8 *
81 2 “ e o
8 7] N . *
c | ® 0.4 -
[+}) 6 £ * ’.
T 51 s .
3 4 | =z *
n 5 *»
*® ] 0.2 .
r=+0.46
1 * p =0.0002
0 4
QO O O O O O O D O 0.0 T T
o - N [3p] < [Te) © N~ [ce] o
f ¢ ¢ ¢ ¢ ¢ 9 % 9 % 0 10 20 30 40
S 2§ 8988 R 8 3
© 86 o ©o o ©o ©o ©o o o Math Pretest Score (Max = 38)
g Fig. 3. Scatter plot of ISU 1998 sample. Data points correspond to indi-

vidual students, plotted according to their individual normalized learning
Fig. 2. Distribution of normalized learning gains for ISU 1998 sample: light gain g on the CSE and their pre-instruction score on the Mathematics Di-
bars, students with 30 lowest scores on CSE pretest<0.63); dark bars,  agnostic Test. Correlation coefficient= +0.46, p=0.0002; the data are
students with 29 highest scores on CSE pret@pt<£0.68). (g) represents  best fit by the linear relatiog=0.228+ 0.01496M, whereM is the number
the mean of individual students’ normalized gains. of correct answers on the Mathematics Diagnostic Test (maxins@).
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Table IV. ISU samples: Gain comparison, students with high and low math-

ematics pretest scorelgy) represents the mean of individual students’ nor- O Bottom half math pretest scores
malized gains. s.estandard deviation. M Top half math pretest scores
- 10
N  Mean mathematics pretest score(g) (s.d) 9]
1998 o 8
Top half 28 89% 0.750.15 ‘E 7 1
Bottom half 31 63% 0.560.22 @ 6
Top quartile 13 93% 0.770.14 'g 5 4
Bottom quartile 14 49% 0.400.25 ,.‘;; 4
3
1999 LAt
Top half 37 86% 0.750.20 1 -
Bottom half 36 55% 0.660.22 0 -
Top quartile 21 90% 0.780.17) 2 2 2 2 2 3 3832 3 8
Bottom quartile 20 44% 0.600.23 ¢ § § © § 9 © oS «w
o o o o o o (o] o o o
S = 8§ ® ¥ H & K D O
o o o o o o o o o o
g

. . Fig. 4. Distribution of normalized learning gains for ISU 1998 sample: light
data, and further that the sample variances are fairly Uninars, students with 31 lowest scores on the Mathematics Diagnostic Test

formly distributed(that is, the data are “homoscedastic” ((g)=0.56); dark bars, students with 28 highest scores on the Mathematics
Table IV presents comparison data for subgroups chosebiagnostic Test(g)=0.75).
in a manner analogous to that used in Table II. For instance,
the first two lines compareg) for the group of students in _ _ _ _
the ISU 1998 sample with the highest math pretest scorelempting to ascribe these highgrvalues to the differences
(Top half, actually the top 47%o the group with the lowest ln_thg instructional me;hods implemented in 1999, although
scores in the same sampBottom half, the lowest 53%In  this is merely speculation.
lth's case—in shfatrrE) ct\c:vntrast to the snuaug_r]:fm T?bletlr:gthﬁc. The math scorélearning gain correlation is present
earning gains of the two groups are very different, with high¢. o males and females
statistical significance{Jiop haip = 0.75, {Gbottom haiy = 0-56;
p=0.0001(one-tailed. When we go to groups even further ~ Table V presents the correlation coefficients and corre-
separated by their mathematics pretest scores—the Top qu&iRonding statistical significance for the male and female sub-
tile and Bottom quartile groups—we find an even greateidroups of the two ISU sampleselected because they are
difference between their mean normalized g&ig,, quarid larger and contain more reliable datAlthough the value of
=0.77,{9pott iig=0.49,p=0.001(one-tailed a r for males in the ISU 1998 sample is larger than that for
" ' ottom quarti . ) . . . . .. . .
Also shown in Table IV is an analogous set of data for thel€males, the difference is not statistically significant (
ISU 1999 sample. The differences {g) between the Top —0-50, using Fisher transformed valifds In the 1999

half and Bottom half mathematics pretest groups are substafmMPle, the correlation coefficients for males and females are
tially smaller than in the 1998 sample, but are still statisti-nearly identical. All four correlations are statistically signifi-
cally significant: (Gip nad =0.75, (g 'n ha) =0.66, p cant at thep<<0.05 level for a one-tailed test, warranted in

. op hal 9, ottom ha .00,

— 0.04(one-tailed. Moreover, the difference in learning gain this case given the positive correlation observed for both full

is substantially larger for the groups closer to the extremes 0§amples.
the mathematics pretest score range, that is, the Top quartile
and Bottom quartile  groups: (Qiop quarile =0.78, IX. DISCUSSION OF RESULTS

(Ybotiom quartid = 0-60, p=0.005 (one-tailed. This difference  The results in this study regarding theek of correlation

is consistent with the data from the 1998 sample and Slgnlflbetween normalized learning gain and CSE pretest score are
cantly strengthens the case that the observed correlation y&ry consistent. However, the results for the mathematics
real and not an artifact produced by the particular selectiopretest score are in striking contrast to those for the CSE

of the subgroups. pretest score: in three of the four samples, there is a signifi-
Figure 4 shows the population distributions for the nor-

malized gain for the ISU 1998 sample, portraying the top and
bottom mathematics pretest score groups. There is a verable V. Correlation between normalized learning gain and mathematics
noticeable skewing of the distribution toward the high end ofpretest score for males and femal(eSU samples

the g scale for the high math group. Again, this result is
consistent with the correlation analysis and is in striking con-

Correlation coefficient
between student Statistical

trast to the distributions shown in Fig. 2. learning gaing and significance
It is worth noting another feature of Table IV. Although N  mathematics pretest score(one-tailed test

the normalized gains for the Top half and Top quartile groups 1SU 1998 mal p~ oss ool

. . - _ : males . p<0.

in the 1999 sample are nearly identical to those for the cor 1SU 1998: females 37 +044 0<0.01

responding groups in the 1998 sample, that is not the case forISU 1999 males 33 +0.29 p=0.04
the Bottom half and Bottom quartile groups. Thes for ISU 1999: females 45 4031 p=0.03
those groups are substantially larger in the 1999 sample. It is
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cant positive correlation f<0.01) between normalized scores on the mathematics exam range from 0.68 to 0.85.
learning gain and mathematics pretest score. This relatiohherefore, we can be highly confident that—for an equiva-
observed between normalized learning gain and preinstrudent sample—the mean gain of the lowest mathematics group
tion mathematics skill is consistent with the preliminary re-would be below the class mean of 0.65, while that of the
sults presented in Refs. 9 and 10; however, the present studijghest mathematics group would abovethe mean. Obvi-
represents the first comprehensive examination of this relg@usly, no comparable statement could be made about the
tion. groups with the lowest and highest CSE pretest scores. The
Another way to look at the data is to compare the mathorrelations observed for the other samples are lower, and
ematics pretest scores for high gainers and low gainers. HakbBerefore so is the predictive power, but the same pattern
et al® arbitrarily define high and low gainers as those with PErSISts.
g=1.3g) and g<0.7g), respectively, whereg) is the
mean for the class. They found that high gainers scored 199. LIMITATIONS OF THIS STUDY
hig_her on the.mathematics skills pretest.than_d.i(_j the 10wy siudent population
gainers in their sample. If we apply their definitions and . _
examine mean mathematics pretest scongs(m is the per- Students enrolled in calcu]us—based physms courses often
centage of correct respongesve find that (M)pgn gainers have a much more substantial mathematics background than
—Q10 N0 e those in the algebra-based course used in this study; this
=81%, <m>lowgalners_ 60% for ISU 1998 ar"c{m>h|gh gainers back d b iated with diff t relati b
= 80%, (M) o gainere= 65% for ISU 1999. These results are JoorJrouna May be associated with & cirierent reration be-
gainers . . tween mathematics skills and conceptual learning gain in
remarkably consistent with those reported in Ref. 9. hysics. It should also be noted that the population of the
_ The.results of Ref. 8 suggested that any observed correla- 0 ISU samples was 60% female, a high proportion in com-
tion mightnot be a general characteristic of all students, b_“tParison to the calculus-based course.
of females only. Just as CSE pretest scores were a potentially
confounding variable, students’ gender has to be considereg
one as well. With this consideration in mind, the fact that
results forboth ISU samples show statistically indistinguish-  Students have considerably less day-to-day experience and
able correlation coefficients for male and female subpopulaaccumulated common sense notions regarding electric and
tions is very significant. Moreover, all four of these correla-magnetic phenomena in comparison with mechanics. Many
tions were significant at thp<<0.05 level (one-tailed test  of the concepts studieor example, the electromagnetic
for their individual subpopulation. field) are considerably more abstract than most encountered
The relatively low correlation coefficients found in this in the introductory mechanics course. It is conceivable that if
study (between+0.30 and+0.46) yield little predictive @ comparable study were done in connection with student
power regarding the expected value of the learning gain of atfarning in a less abstract and more familiar domain, and if
individual student, based on his or her pre-instruction score@ssessment relied less on interpretation and analysis of for-
on the mathematics skills test. On the other hand, when agnal representations, the results might be different.
sessing the likelihood of a student becoming a high gainer or
a low gainer(defined, in this case, as one with gains above oIC. Instructional methods
below the class median, respectivelgonsiderably more . . . .
predictive power is possible. For instance, if we look at the, 'Tlhe mstructlonalljlmetho%s _use:j n rtlhlj st?qy were cer-
students in the ISU 1998 sample with the lowest mathematt-a.'g y not c(;)mpara Ie to tra hltlona r(;]et 0 ‘?’]0 mstrfuctlon mh
ics scoregthe Bottom quartile in Table I\ we find that only widespread national use. They made much use of IE meth-

21% of them(3 of 14) have gains above the class median 0f0ds; including interactive lectf&and group work in the
- . : . tyle of the University of Washington tutorials. On the ex-
g=0.693. In comparison, among the group with the highes

. ) ms, quizzes, and homework, the emphasis was very much
mathematics score€Top quartile, 77% (10 of 13 have — o yhe'yne of qualitative questions that are used on the Con-
gains above the class median. Therefore, knowledge

. Subject matter

scores could have allowed a fairly high-confidence predic
tion of whether they would end up with above- or below-
average gains.

In striking contrast to this predictability based on math-
ematics pretest score, the knowledge of a student’s CSE pre- Hidd iabl
test score would have allowed no such prediction. The grou@' idden variables
with the lowest CSE pretest scor@ottom quartile in Table It is an inherent limitation of any study that relevant vari-
I1) had 50%(8 of 16) with gains above the class median. At ables might be neglected. For a study such as this one, the
the same time, the group with the highest CSE pretest scorggrticular danger is that some of the neglected variables
(Top quartile in Table Nl also had the same number of above-might actually be so important that their omission is ulti-
median and below-median gai(is of each, with one student mately the source of a spurious apparent correlation that
at exactly the class median would disappear if these variables had been included. This

Higher predictive power is associated with the mean learnean happen if the neglected variable is strongly correlated
ing gains of the subgroups at the high and low ends of thevith the targeted dependent variatjlearning gain, in this
mathematics scale. The students in the ISU 1998 sample wittase)
the lowest mathematics scores have an expected normalizedFor example, logical reasoning ability is a variable that
gain (95% confidence intervatanging from 0.35 to 0.64. In  some investigators have found to be significant. Suppose that
comparison, the expected gain of the group with the highedbgical reasoning ability is strongly correlated with physics

standards. It is possible that the results reported in this study
are related in some fashion to the courses’ instructional em-
phasis on qualitative and conceptual problem solving.
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learning gain, and moreover that this reasoning ability is alsdevels might find that lower learning gains are achieved.
strongly correlated with pre-instruction mathematics skill. However, the poorer expected outcome of using shee
We might find that, for a given level of reasoning ability, instruction with students of lower mathematics skill leaves
there is no separate correlation between mathematics skitpen the possibility that different instructional methods and
and physics learning gain. That would imply that improving curricula might ultimately achieve the same levels of learn-
reasoning ability might improve learning gain, but that im- ing gain success with the new population as with the old. The
proving mathematics skill would not have such an effect inhigher learning gains of the low-math group in the ISU 1999
the absence of any accompanying changes in reasoning abdample (which received modified instructiormight offer

ity. some mild support for this speculation.

XI. IMPLICATIONS FOR INSTRUCTION XIl. METHODOLOGICAL IMPLICATIONS

The evidence from this study is that in an IE course, stu- . o .
dents’ normalized learning gains on the CSE are essential§)- The observed correlations might imply that widely
independenof their pretest scores. The implication is that, atdiverse populations taught with identical instructional
least with this type of instruction, students’ potential to Methods might manifest different normalized learning

achieve gains in understanding is independent of whetheé#&nS

they begin the_ course with high, low, or even zero initial  The |ow-math and high-math subgroups in this study were
levels of physics concept knowledge. Knowledge of Stu-a,ght with identical instructional methodfor all practical
dents’ CSE pretest scores might allow some prediction o

. . ; urposes And yet it is clear that their mean normalized
their probable final level of understanding, but would allow 5hing" gains were significantly different. If one imagines
no prediction of their ultimate learning gains. This result is

. LS an entire class populated with low-math students at institu-
encouraging because it implies that students have an eq

, R n A, and a different class—perhaps at a different institu-
chance at Iearmn.g.regardless of their initial knowledge of;, B—populated with high-math students, it is plausible
concepts in electricity.

TN _ that instruction carried out with identical methods and
Although students’ initial level of physics concept knowl- materials—perhaps with the identical instructor—might

edge may have no impact on their learning gains, the samg,\ctheless result in different values @) for the two
cannot be said for their initial level of mathematics skill. In classes

three of the four samples in this study, students with higher T . .
levels of preinstruction mathematics skill had substantially 'The extent Qf the variation g in a given populatlon that.
ight be ascribed to variations in mathematics preparation

gégPheerirlei?‘ritr; g;gk%?\zf'esg ethgf angzgscgﬁgg%?f__v\mgﬁpggﬁwould depend on the range of mathematics skills represented
in that population; it could be estimated by using the linear

ared to students with lower mathematics skill lev@isie X . : :
fpor both males and females at 15U ve regression equation that is a best fit to ¢heersusM . data,

Whether or not this correlation would hold up if other Where My is the mathematics pretest scdfer example,
variables, unknown and therefore hidden to us, were inthe data shown in Fig.)3Using this method, we estimate for
cluded in the analysis is irrelevant to the potential utility of the ISU samples that variations {g) ascribable solely to
mathematics skill as an indicator of probable high and lowthe average variability of students’ mathematics preparation
gainers. If there are indeed other relevant variables assodithat is, for students haviny! . within the range(M ¢
ated with learning gain, it seems likely that they would be+ 1.0 s.d., where s.d. is the standard deviation of Mhg,
correlated with mathematics skill. Until they are known, score3 are confined to the range(g)~(d)mean
mathematics skill may be used as a substitute measure for0.15g)nean

those variables—perhaps not so directly related as those |f e speculate that mechanics courses would show corre-
other (hypothetical variables to the targeted parameter of jations between normalized gain and mathematics prepara-
learning gain, but associated with it nonethelé$fe possi-  tion similar to those in this study, we can estimate that the
bility of using mathematics skill as an indicator of physics yariation in(g) ascribable to mathematics preparation would
learning potential was suggested in Ref. 9 and by many OBe +0.07 for (g)~0.45 (a typical value for mechanics
the investigators cited in Sec. )lllt should be emphasized courses that employ interactive engagemehhis variation
that the correlation observed between mathematics prepargs o oh smaller than the difference commonly found be-

tion and normalized leaming gain does not imply that mathyeen courses taught with IE and traditional methods, re-
ematics skill iscausallyrelated to physics concept learning spectively.

gains. It simply means that whatever factors may ultimately
be found to be causally related to learning gain, mathematics

skill is probably associated with them in some manner. g |t may be necessary to consider possible second-order
In the same sense in which the lack @fversus CSE  effects due to sample-to-sample differences in
pretest score correlation was encouraging, the positive coryeinstruction knowledge state

lation betweeng and a mathematics pretest score is some- . . ) -
what disconcerting. The implication may be that students This particular statement can easily be put in a familiar
with lower levels of preinstruction mathematics skilighat- ~ context. The author measuregl) on the CSE to be=0.48 in
ever the cauganay be unlikely as a group to attain a level of his courses at SLU. After attempting to improve his instruc-
physics learning gain achieved by those with greater mathtional methods and materials, he foud)~0.67 in the
ematics skill, all else being equal. An instructor who trans-courses he taught at ISUMean CSE pretest scores were
ports instructional methods and curricula from one studen28% at SLU, 32% at ISY Does this difference imply that he
population to another with much lower mathematics skillsucceeded in improving his instruction? Does the large ap-
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parent gain ig) perhaps overstate the actual improvement? (b) 21/20,
This type of practical question is one that we often attemptto  (¢) 10/21,
answer with pre-/post-test data. (d) 18/49,
If one is actually planning an experiment in whi¢t) is (e) 5/21.
to be a measure of comparative learning gains, it is standarg) |f the angleA=4#/6 radians, what is the value @ in
practice to randomize the different samples so that the effects  gegrees?
of any p(_)tentlal uncontrolled variablésuch as mathematics (a) 60°, (b) 120°, (c) 90°, (d) 45°, (e) 210°.
preparatiop may be expected to cancel each other out. One ,
can argue thatg) should never be used to compare poten-(5) 12x10°12x1072=____.
tially nonequivalent(that is, nonrandomizédsamples. The (a8 6x10%, (b) 10x10', (c) 10x107*, (d) 6x 10",
author’s courses at SLU and ISU are a good example of this (€) 10x 1¢°.
problem. Should one directly compare §®'s in the two
cases, or is some set of hidden variables at work, variables
that actually make the two student samples not equivalent?:raiph H. Blumenthal, “Multiple instruction and other factors related to
It is important to emphasize that there is no reason to achievement in college physics,” Sci. Edus, 336—-342(1961).
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