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Interactive-engagement versus traditional methods: A six-thousand-student
survey of mechanics test data for introductory physics courses

Richard R. Hake®
Department of Physics, Indiana University, Bloomington, Indiana 47405

(Received 6 May 1996; accepted 4 May 1997

A survey of pre/post-test data using the Halloun—Hestenes Mechanics Diagnostic test or more recent
Force Concept Inventory is reported for 62 introductory physics courses enrolling a total number of
studentdN=6542. A consistent analysis over diverse student populations in high schools, colleges,
and universities is obtained if a rough measure of the average effectiveness of a course in promoting
conceptual understanding is taken to be the average normalize{bgaifihe latter is defined as the

ratio of the actual average gain (fosh—%(pre)) to the maximum possible average gain (100
—%(pre)). Fourteen “traditional” (T) courses N=2084) which made little or no use of
interactive-engagemeritE) methods achieved an average géifit.aye=0.23+0.04(std dey. In

sharp contrast, 48 coursebl{4458) which made substantial use of IE methods achieved an
average gaifg) g.ave= 0.48+ 0.14(std dey, almost two standard deviations @) c.ave 2bove that

of the traditional courses. Results for 30 3259) of the above 62 courses on the problem-solving
Mechanics Baseline test of Hestenes—Wells imply that IE strategies enhance problem-solving
ability. The conceptual and problem-solving test results strongly suggest that the classroom use of
IE methods can increase mechanics-course effectiveness well beyond that obtained in traditional
practice. © 1998 American Association of Physics Teachers.

l. INTRODUCTION cent con! and prd? arguments as to whether a high FCI
score indicates the attainment of a unified force concept.
There has been considerable recent effort to improve inNevertheless, even the detractors have conceded that “the
troductory physics courses, especially after 1985 when HalFCl is one of the most reliable and useful physics tests cur-
loun and Hestenéspublished a careful study using massive rently available for introductory physics teacherd® and
pre- and post-course testing of students in both calculus anghat the FCI is “the best test currently available... to evaluate
non-calculus-based introductory physics courses at Arizonthe effectiveness of instruction in introductory physics
State University. Their conclusions werét) “..the stu-  courses.”**? While waiting for the fulfillment of calls for
dent’s initial qualitative, common-sense beliefs about motiorthe development of better teStor better analyses of exist-
and..(its)... causes have a large effect on performance inng tests'? the present survey of publishé®@:%@:.13.14 gnq
physics, but conventional instruction induces only a smalunpublishe®®® classroom results may assist a much
change in those beliefs.(2) “Considering the wide differ- needed further improvement in introductory mechanics in-
ences in the teaching styles of the four professdiavolved  struction in light of practical experience.
in the study... the basic knowledge gain under conventional
instruction is essentially independent of the professor.”;| syRVEY METHOD AND OBJECTIVE
These outcomes were consistent with earlier findings 01l
many researchers in physics educatisee Refs. 1-8 and Starting in 1992, | requested that pre-/post-FCI test data
citations thereih which suggested that traditional passive-and post-test MB data be sent to me in talks at numerous
student introductory physics courses, even those delivered golloquia and meetings and in e-mail postings on the
the most talented and popular instructors, imparted little conPHYS-L and PhysLrnR net€.This mode of data solicitation
ceptual understanding of Newtonian mechanics. tends to pre-select results which are biased in favor of out-
To what extent has the recent effort to improve introduc-standing courses which show relatively high gains on the
tory physics courses succeeded? In this article | report a suFCI. When relatively low gains are achievéas they often
vey of all quantitative pre-/post-test results known to (ime  are they are sometimes mentioned informally, but they are
time to be included in this repgriwhich use the original usually neither published nor communicated except by those
Halloun—Hestenes Mechanics Diagnostic tedD),"@ the  who (a) wish to use the results from a “traditional” course at
more recent Force Concept InventofiyCl),°®® and the their institution as a baseline for their own data,(loy pos-
problem-solving Mechanics Baselin®B)° test. Both the sess unusual scientific objectivity and detachment. Fortu-
MD and FCI were designed to be tests of students’ concepnately, several in the latter category contributed data to the
tual understanding of Newtonian mechanics. One of theipresent survey for courses in which interactive engagement
outstanding virtues is that the questions probe for conceptuahethods were used but relatively low gains were achieved.
understanding of basic concepts of Newtonian mechanics, iSome suggestionsec. VIlI) for increasing; course effective-
a way that is understandable to the novice who has neveress have been gleaned from those chses.
taken a physics course, while at the same time rigorous Some may think that the present survey presents a nega-
enough for the initiate. tively biased sampling of traditional courses, an attitude
Most physicists would probably agree that a low score onwhich has been known to change after perusal of local FCI
the FCI/MD test indicates a lack of understanding of thetest resultg® It should be emphasized that all traditional-
basic concepts of mechanics. However, there have been reeurse pre-/post-test data known to me in time to be included
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S B s s B B e L B graphs. In a companion papg intended to assist instruc-

aoTwl — tors in selecting and implementing proven IE methods, |
» . tabulate, discuss, and reference the particular methods and
— s oLl uny ] materials that were empl_oyed in each of the 62 survey
| Interactive Engagement O O & courses. Also tabulated in R_ef. .(137_ are data for each
0L " _ course: instructor’'s name and institution, number of students
kxg Traditional o ¢ ] enrolled, pre-/post-test scores, standard deviations where
. = N N available, and normalized gains. Survey information was ob-
£ oo B i tained from published accounts or private communications.
¢ Medium-\g N e The latter usually included instructor responses to a survey
= loal o I <<go> 7 ti ire© which asked for information on the pre-/
o b\% . 9>>1a7 | guestionnai w ke tion or p
¢ L O™ post-testing method; statistical results; institution; type of
B - @ O a 0\\ ] students; activities of the students; and the instructor’s edu-
0301~ o} & N S 7 cational experience, outlook, beliefs, orientation, resources,
20 Kf}\‘\é\& Q\\\\ — and teaching methods.
B Low_gfﬂ =G> oo 50 . As in any scientific investigation, b!as in the detectc_)r can
— > W e U — be put to good advantage if appropriate research objectives
- <g>= Islopel = <Gainy / Max. Possible <Gaims~ \\\\\ . are established. We dnot attempt to access thaverage
N T N N Y LI effectiveness of introductory mechanics courses. Instead we

|

20 40 seek to answer a question of considerable practical interest to
physics teachersCan the classroom use of IE methods in-
Fig. 1. %{Gain) vs %Pre-test score on the conceptual Mechanics Diagnos- crease the effectlven_ess of mtro_d_UCtory mechanics courses
tic (MD) or Force Concept InventorfECl) tests for 62 courses enrolling a Well beyond that attained by traditional methods?

total N=6542 students: 14 traditional' | courses N=2084) which made

littte or no use of interactive engagemedti) methods, and 48 IE courses IIl. CONCEPTUAL TEST RESULTS

(N=4458) which made considerable use of IE methods. Slope lines for the

average of the TA courseg((9))14r and 48 IE course§(g))sge are shown, A, Gain versus pre-test graph—all data
as explained in the text.

60
% <Pretest>

To increase the statistical reliabilitpgec. \j of averages
over coursesonly those with enrollmentsl=20 are plotted

in this report are displayed in Fig. 1. More such data unin Fig. 1, although in some cases of fairly homogeneous

doubtedly exists but goes unreported because the gains areigétruction and student populatiofAZ-AP, AZ-Reg,
embarrassingly minimal. PL92-C, TO, TO-Q courses or sections with less than 20

For survey classification and analysis purposes | define: students were included in a number-of-student-weighted av-

. . N erage. Course codes such as “AZ-AP” with corresponding

(@ “Interactive Engagement’(IE) methods as thosde-  gnroliments and scores are tabulated and referenced in Ref.
signed at least in part to promote conceptual under-17.) |n assessing the FCI, MD, and MB scores it should be
standing through interactive engagement of students ifkent in mind that the random guessing score for each of these
heads-on (always) and hands-on (usually) activitiestjye.-alternative multiple-choice tests is 20%. However, com-
which yield immediate feedback through discussionyetely non-Newtonian thinker@f they can at the same time
with peers and/or instructorsall as judged by their rgad and comprehend the questjomsy tend to scorbelow
literature descriptions; ~ the random guessing level because of the very powerful

(b) “Traditional” (T) courses as those reported by in- jnterview-generated distractot@12@
structors tamake little or no use of IE methods, relying |t should be noted that for any particular course point
prlma}rlly on passive-student lectures, recipe labs, a”d(<G’>,(SI’>) on the(G) vs (S plot of Fig. 1, the absolute
algorithmic-problem exams value of the slope of a line connecting@’),(S')) with the

(c) Interactive EngagementE) courses as those reported = . L v ,
by instructors tamake substantial use of IE methods point ((G)=0,(S)=100) is just the gain parameteg’) for

(d) average normalized gai) for a course as the ratio of th_at particular course. The regularities for courses with a
the actual average gaifG) to the maximum possible w!de range of average pretest scp[es_s«sﬁ))sn] and
average gain, i.e with diverse student populations in high schools, colleges,

and universities are noteworthy:

(O =ACH(C)mar=(%6(S:) ~ A(S))/(100-9(S,)), (@ All points for the 14T courses K=2084) fall in the
@ Low-g region. The dafd® yield
ggieéfgrfggé ;Si> ave the finalpost and inféalpre ((@))14r="0.23+0.04sd. (2a)
o High-g courses as those with(¢))=0.7; Here and below, double caretg(X))yp” indicate an
(f)  “"Medium-g courses as thosg with 07((g))=0.3; average of averages, i.e., an averagg Xf over N
(@ “Low-g" courses as those with(§)) <0.3. courses of type?, and se@=standard deviatiofinot to
The present survey covers 62 introductory courses enroll- ~ be confused with random or systematic experimental

ing a total of 6542 students using the conceptual MD or FCI error (Sec. V.

exams, andwhere availablpthe problem-solving Mechan- (P)  Eighty-five percent41 coursesN= 3741 of the 48 IE
ics BaselingMB) test. Survey results for the conceptual and courses fall in the Mediung- region and 15%(7

problem-solving exams are presented below in the form of courses,N=717) in the Lowg region. Overall, the
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dard deviations, plugb) course-to-course variations in the
“systematic errors,” plus(c) course-to-course variations in
the effectiveness of the pedagogy and/or implementation. |
use the term “systematic errors” to mean tHat a single
coursethe errors would affect test scores in a systematic
way, even though such errors might affect different courses
in a more-or-less random way. Statistical fluctuations and
systematic errors ifig) are discussed below in Sec. V. Case
studied”™@ of the IE courses in the low-end bump of the IE
distribution strongly suggest that this bump is relateddo
in that various implementation problems are apparent, e.g.,
insufficient training of instructors new to IE methods, failure
to communicate to students the nature of science and learn-
, ing, lack of grade incentives for taking IE activities seri-
<g> ously, a paucity of exam questions which probe the degree of
conceptual understanding induced by the IE methods, and
use of IE methods in only isolated components of a course.

Fraction of Courses

Fig. 2. Histogram of the average normalized géi: white bars show the
fraction of 14 traditional coursesN=2084), and black bars show tfrac- B. Gain versus pre-test graphs for high schools,
tion of 48 interactive engagement cours@6<(4458), both within bins of  colleges, and universities
width 5(g)=0.04 centered on thég) values shown.
Figures 3a), (b), (c) show separat& vs S, plots for the
T 14 high school N=1113), 16 college N=597), and 32
datd™® yield university coursesN=4832). Although theenrollment %v
_ weighted average pre-test scores increase with el
((@))4pie=0.48=0.14sd. (@D 11S) 1= 28%, (S)c=39%, (S), = 48% (44% if the atypi-
The slope lineg(g)) of Egs.(2a and(2b) are shown cally high Harvard scores are omiti¢din other respects
in Fig. 1. these three plots are all very similar to the plot of Fig. 1 for
(©) No course points lie in the “Highy” region. all courses. For high schools, colleges, and universitie$
courses achieve low gains close to the averé®)tis
=0.23; (b) IE courses are about equally -effective:
<<g>>lOIE(HS):0'55t0'115d1<<g>>13|E(C):0'48t OlZSd, and

| infer from features(a), (b), and (c) that a consistent
analysis over diverse student populations with widely vary

ing initial knowledge states, as gauged (&), can be ob- 3 . .
tained by taking the normalized average géin as a rough <<g.>t>2i'ﬁ(u)._o'?5i.o'|1ESd (0.53¢ 0'9[95d if the averaging
measure of the effectiveness of a course in promoting con?Mis the six-atypical Lovg university courses

ceptual understanding. This inference is bolstered by the fact Figure 3@ shows that, for high schools, highgfs are

that the correlation ofg) with (S;) for the 62 survey courses obtained for honors than for re (L;)Iar courses, consistent with
is a very low+0.02. In contrast, the average post-test scor he observations of Hestenesal.™ The difference between

(Sy) and the average gaifG) are less suitable for compar- hese two groups is perceived differently by different instruc-

. ) : . " tors and may be school dependent: “the main difference is
ing course effectiveness over diverse groups since their CoL i+ 4o 9@ “they differ in their ability to use quantitative

relations with(S;) are, respectively;+0.55 and—0.49. It epresentations of data to draw conceptual generalizations...
should be noted that a positive correlation(8f) with (S)  motivation is... only part of the difference? “both sets...
would be expected in the absence of instruction. (are... highly motivated... the major differences(are...
Assuming, then, thatg) is a valid measure of course ef- their algebraic skills, the degree of confidence in themselves,
fectiveness in promoting conceptual understanding, it aptheir ability to pay attention to detail, and their overall
pears that the present interactive engagement courses are, aiility.” 2> Motivational problems can be especially severe
average, more than twice as effective in building basic confor students in IE courses who dislike any departure from the
cepts as traditional courses sinG®))e=2.1((g))r. The traditional methods to which they have become accustomed

difference and under which their grades, if not their understanding, may
(9 aze—((9))12r=0.25 20 have flourished®26
97)ame™ 1) /1ar =5 Enrollments for the college courses of FigbBare in the

is 1.8 standard deviations ¢fg)).ge and 6.2 standard de- 20-61 range so that statistical fluctuations associated with
viations of ({(g))14r, reminiscent of that seen in comparing “random errors” (Sec. \J could be relatively important.
instruction delivered to students in large groups with one-onHowever, the variations ig) for the 11 Monroe Commu-
one instruction® nity College coursesNl) have been explainé®® by Paul
Figure 2 shows thég)-distribution fortraditional (T) and  D’Alessandri$’ as due to differences in the students or in the
interactive engagementE) courses plotted in Fig. 1. Both instruction: e.g., “With regard to the.(g) differences in...
distributions deviate from the symmetric Gaussian shape, buhe two sections of calculus-based physics in 1995, M-
this does not invalidate characterization of the spread in th®D95b-C...(g)=0.64... was a night course and M-PD95a-
data by the standard deviation. C... {(g)=0.47... was a day course. The difference in the
The widths of thg g) distributions are evidently related to student populations between night and day school is the dif-
() statistical fluctuations ixg) associated with widths of the ference between night and day. The night students average
pre- and post-test score distributions as gauged by their staabout 7—10 years older and are much more mature and dedi-
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6010 — Fig. 3. (a) %(Gain vs %Pre-test score on the conceptual Mechanics Di-
L~ - agnostic(MD) or Force Concept Inventor{FCl) tests for 14high-school
| S _ courses enrolling a total = 1113 students. In this and subsequent figures,
A }_o.ao\\ N course codes, enrollments, and scores are tabulated and referenced in Ref.
'g > QM-PDI. 17(a). (b) %(Gain) vs %Pre-test score on the conceptual MD or FCI tests
v P93~ ] i = .
40 Medi £D93 for 16 collegecourses enrolling a total ™ =597 students. The course code
edium- ~ S “ "o i
E 9 MPpoza TO-C~ = —C” indicates a calculus-based courge). %(Gain vs %Pre-test score
- Owm-pose éQWDgsf'c _ on the conceptual MD or FCI tests for 32 university courses enrolling a total
PLI2 N [
B Qo @M_Pmsf@\ S | N=4832 students. The course code-C” indicates a calculus-based
030"~} -_pBcO® OMcossec > TN course.
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cated, possibly because they are all paying their own wayE methods to the masses in cost-effective ways by means of
through school. The actual instructional materials anda) collaborative peer instructidh®? and (b) employment of
method were the same for both groups. The instructionalindergraduate students to augment the instructional staff

materials do change semester by seme@téope for the
bette)... M-PD94-C had g) = 0.34 (this was the first time |
used my materials in a calculus-based clas4-PD95a-C
had{g)=0.47, and in the Fall of 1995... not included in this
survey becaushl=15... | had &g) of 0.63. This change is,
hopefully, not a random fluctuation but due to the changes i
the workbook. All these were day courses.” Such tracking of;
(g) with changes in IE method or implementation, also ob-
served at Indiana Universit§? enhances confidence in the
use of(g) as a gauge of course effectiveness in building

basic concepts.

(Sec. VI.

The work at Ohio State is part of an ongoing and con-
certeddepartmental effortstarting in 1993, and actively in-
volving about 30% of the facult?® The long-range goal is
.to induce a badly needddee the point for 0S92-C in Fig.
(c)] systemic improvement in the effectiveness of all the
introductory courses. The largest-enrollment introductory
physics course at Ohio State, of concern here, is designed for
engineering students. In this course there is an unusually
heavy emphasis on “using symbolic language with under-

For university coursefFig. 3(c)] six of the IE courses are Standing to solve complex problems.” In addition (& and
in the Low-g region—as previously indicated, detailed case(b), above, use is made ofl) Overview Case Studies

studied™® strongly suggest that implementation problems(OCS,
are responsible. Téfi? of the IE courses in the Medium-

280 Active Learning Problem Set®ALPS)?%® with
context-rich problem& and interactive simulations with

region have enrollments over 100 and four have enrolimentworksheet$2? all of these in interactive “lectures’(called
over 200—0S95-C: 279; EM94-C: 216; IU95S: 209; IU95F: “Large Room Meetings’; (2) cooperative group problem-

388. All the N>200 course®?@-2%3:300.d zttempt to bring

67
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LI B s s e e e o e e ) coefficientr=+0.91. Such a relatipnship is not unreason-

- e s able because the MB testunlike most traditional

80— | <%MB POST> vs <%FCI POST> | g;%\/( - algorithmic-problem physics examsequires conceptual un-

= g&gw 4 derstanding in addition to some mathematical skill and criti-

| o S csoni] cal thinking. Thu_s the MB _test is more difficult for the aver-

n 4 O cpricregoc age student, as is also indicated by the fact that MB averages
Lol ASUVHIOSS € QM'")”"'C? a tend to be about 15% below FCI averages, i.e., the least-
21 L, g RRReC squares-fit line is nearly parallel to the diagonal
s | osse N (%MB=%FCI) and about 15% points below*f.
2L oMLBC_, i It is sometimes objected that the problems on the MB test
2 ole L’ Bucr Oasu-mwios.c | do not suff|C|entIy probe more advanced abilities _such as

| Diagonar,”” M@/ Oz those required for problems known as: “context ricH?’

7 A —— “experiment;” %9 “goal-less;” #'® “out-of-lab;” **° or

-7 M | terngee. O O O || Fermi. On the other hand, some instructors object that nei-
- Tadtional @ © € | ] ther the MB problems nor those indicated above are “real”
207|’ Ll | ] problems because they are somewhat different from
30 m 5 i T “Halliday—Resnick problems.” Considering the differences
<%FCl Posttest> in outlook, it may be some time before a more widely ac-

cepted problem-solving test becomes available.
Figure 4 shows that IE courses generally show both higher

Fig. 4. Average post-test scores on the problem-solving Mechanics BaselineC| averages and higher MB averages than traditional
(MB) t_est vs those on Fhe concgptual FCI Fest for all courses of this sgrveboursesl especially when the comparison is made for courses
for WhICh Qata are avallable_. thirty coursésigh school, college,‘ ar_]d uni- with similar student populations, e.g., Cal PdKZP—C VS
versity) which enroll a totaN = 3259 studentfRef. 17a)]. The solid line is )
a least-squares fit to the data points. The dashed line is the diagonal repr(eCP'RK'Rega'Q CP-RK-Regb-C, and CP-RK-Hoj%C
senting equal scores on the MB and FCI tests. Courses at Monroe Commidarvard (EM90-C vs EM91,93,94,95-C Monroe Commu-
nity College M) with a “?” designation had non-matchindlys>Ng,  hity College (MCC) [M93 vs other M-prefix coursésAri-
because a few students who took the MB did not also take the FCI pre-tesgzona high schoolf(AZ-Reg & AZ-AP) vs MW-Hon]. Thus
as indicated in Ref. 1@. If these “?" points are excluded from the analy- it would appear that problem-solving capability is actually
o then ”;e Co”_e_'ationf Cr?e‘;ﬁde“"mcr‘angf?sl_by '_essl than 0.1% a”d_gl‘e enhancednot sacrificed as some would beli¢wehen con-
change in the position of the least-squares-fit line is almost imperceptible o : e : :
the scale of this figure. Eepts are empggsmed. _Thls is consistent with the olg?)serva—

tions of Mazuf*® and with the results of Thackest al,
showing that, at Ohio State, elementary-education majors
taking an inquiry-based course did better than students en-
rolled in a conventional physics courses for engineers on
both a synthesis problem and an analysis problem.

exercises in “recitations’{called “Small Room Meetings};
(3) an inquiry approach with qualitative questions and ex-
periment problent&® in the labs.

Harvard adds Concept Te$f© a very complete course
Web pag€X® and computer communication between andV. ERRORS IN THE NORMALIZED GAIN
among students and instructé?$)* to (a) and (b).

Indiana University adds t¢a) and (b): SDI labs®33+35 A Statistical fluctuations (“random errors” )
Concept Test8’3® cooperative group problem-solving in
recitations®>3"3® computer communication between and
among students and instructdfsMinute Papers?“° team
teaching®®9@ a mid-coursediagnostic student evaluation
over all aspects and components of the cotitééan aca-
demic background questionndife'® which allows instruc-
tors to become personally familiar with the aspirations an
preparation of each incoming student; a “Physics Forum’

The widths of the distributions of pre- and post-test scores
as characterized by their standard deviati%%—Zl% of
the total number of questions on the eXdf) are quite
large. In most cases these widths are not the result of experi-
mental error but primarily reflect the varying characteristics
l]of the students. If a multiplicity of understandings, abilities,
.skills, and attitudes affect test performance and these vary

domly among the students, then a near Gaussian distribu-
staffed by faculty and graduate students for 5—-8 h/day wherf" . . -
introductory students can find help at any tiflecolor tion would be expected for higN. Redisi* calls this “the

codingg<a)*13'34 of displacement, velocity, acceleration, and individuality or ‘linewidth’ principle.” The large linewidths
force vectors irall components of the course; and the use of¢"€ate “random error” uncertainties in the pre- and post-test
grading acronym°§<e) to increase the efficiency of homework averages and therefore statistical fluctuati¢frandom er-
grading(e.g., NDG=Not Dimensionally Corregt rors”) A(g) in the average normalized gairg). | have
calculatedA(g)’s in the conventional mann&r*®for the 33

V. MECHANICS BASELINE TEST RESULTS survey courses for which deviations are availdfif.For

this subset:
The Mechanics Baseline test is designed to measure more ((g))._,=0.24+0.03sd, (33)
quantitative aspects of student understanding than the FCI. It
is usually given only as a post-test. Figure 4 shows a plot of  ((9))ig24=0.50+0.12sd, (3b)

the average percentage score on the problem-solving M
chanics BaselinéMB) post-test versus the average percent
age score on the FCI post-test for all the available 44ta.

The solid line is a least-squares fit to the data points. The twi
scores show an extremely strong positive correlation with  ((A{(g)))r9=0.04+0.02sd, (49

Similar to the averages and standard deviations for all the
“data as indicated in Eq$2a) and (2b). The random error
gverage:{(A(g))) for the subset are
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((A{Q)))1g24=0.04+ 0.02sd. (4b) 13 have been discussed in the literature, @ané are Indiana
University courses of which | have first-hand knowledge. All

According to the usual interpretatidh,if only random survey-form respondents indicated that they thought they had
errors are present then the standard deviation for an averaggiqaq “teaching to the test” in answering the question

of averages, Eq.3), should be about the same as the uncer-q \hat extent do you think you were able to avoid ‘teach-
tainty in any one average, E@). [For a numerical example g ¢4 the teg)’ (i.e., going over experiments, questions, or
see Ref. 48).] This would suggest that, for the subset, theproblems identical or nearly identical to the test itgis
spread (se0.03) in the(g) distribution can be accounted | jkewise, published reports of the courses in grébpand
for primarily by random error§((A(g)))1o=0.04], while  my own knowledge of courses in group suggests an ab-
the spread (s€0.12) in the(g)e distribution is due to ran- sence of “teaching to the test” in the restricted sense indi-
dom errorg {(A{Q)))e24=0.04] plus other factorscourse- cated in the questior{ln the broadest sense, IE courses all
to-course variation in the systematic error, and course-to“teach to the test” to some extent if this means teaching so
course variation in the effectiveness of the pedagogy and/as to give students some understanding of the basic concepts
implementation. of Newtonian mechanics as examined on the FCI/MD tests.
However, this is the bias we are attempting to meagure.
There has been no evidence of test-question leakage in the
Indiana post-test resul{®.g., significant mismatches for in-
Aside from the previously mentioned controversifover  dividual students between FCI scores and other course
the interpretation of a high FCI score, criticism of FCI test-grade$. So far there has been only one rep8rtof such
ing sometimes involves perceived difficulties such (&s leakage in the literature—as indicated in Ref(a7the sus-
question ambiguities and isolated false positivieght an-  pect data were excised from the survey.
swers for the wrong reasonsnd uncontrolled variables in
the testing conditions such d8) teaching to the test and 3. Fraction of course time spent on mechanics
test-question leakag€) the fraction of course time spent on , .
mechanics(4) post- and pre-test motivation of students, and Comparisons can be made fbrand IE courses within the
(5) the Hawthorne/John Henry effed. same institution w_hgre the_ fractidn=t,,/ts of class timet,,
For both IE andT courses, the influence of erraf@—(5) ~ SPent on mechanio$ncluding energy and momentum con-
would be expected to vary from course to course in a more opervation to the total semestdor semester-equivalenime
less random manner, resulting in a systematic-error “noise’ts is about the same:
in gain versus pretest plots containing data from many arizona State {=0.8) ((9))iga— ((9))713=0.47—0.24
courses. Although the magnitude of this noise is difficult to_ g >3-
estimate, it contributes to the width of tkg) distributions Cal I7:’0Iy (F=1.0):(9))1e5— ()}, =0.56-0.25=0.31;
specified in Eq.(2). The analysis of random errors above .. -4 =0.6):((9) 14— ((g))71=0.56-0.27=0.29;

suggests that the systematic-error noise and the course-to- _ .
L : : Monroe Com. Coll.(MCC), noncalc. §=0.8):{{g))ea
course variations in the effectiveness of the pedagogy and/or
Lrse variaions | V pecngogy ((g))1=0.55-0.22=0.33;

implementation contribute more importantly to the width of — _
the (g),e distribution than to the width of thég) distribu- MCC calculus €=1.0):((9))iea—((9))71=0.47-0.22
tion. =0.25; and

It is, of course, possible that the systematic errors, even Ohio  State  {=0.7)(g))g1—((9))711=0.42-0.18
though varying from course-to-course, could, on averages 0.24.

positively bias the IE gains so as to increase the differencey, s 4 substantial differencg _ ; intai
_ 0))e—((0))r is maintained
((9))ieas—((9))714- | consider below each of the above- \,nare the time factor is equal.
indicated systematic errors. That the gain difference is not very sensitive to the frac-
1. Question ambiguities and isolated false positives tion of the course time spent on mechanics over the range
] ] ] common in introductory courses can also be seen from the
The use of a revised versi®fl of the FCI with fewer fact that the differences quoted above are rather similégto
ambiguities and 7g)smaller likelihood of false positives hagyne another despite the differencesfinand (b) the differ-
had little impact™® on (g)e as measured at Indiana and ence((g)) e45—((9))114=0.25 which characterizes the en-
Harvard Universities. In additiona) interview datd®" tire survey, despite the fact thatvaries among the survey

suggest that ambiguities and false positive; are rel"jltivel}fourses. Questionnaire responses covering 22 of the survey
rare, (b) these errors would be expected to bias the IE&nd courses indicated thdtranged from 0.7 to 1.0 with an av-
courses about equally and therefore have little influence ograge of 0.9-0.1sd

the difference((g))gie—((9)) 14t -

B. Systematic error

4. Post- and pre-test motivation of students

T _ As indicated in 2 above, of the 48 data $&8 for IE
Considering the elemental nature of the FCI questions, fogourses, 27 were supplied by respondents to our requests for
IE courses both the averaggg)),se=0.48+0.14, and data, of which 22 were accompanied by a completed survey
maximum (g)=0.69 are disappointingly low, and below questionnaire. Responses to the question “Did the FCI post-
those which might be expected if teaching to the test or testtest count as part of the final grade in your course? If so give
question Ieakagé were important influences. the approximate weighting factor” were: “No50% of the
Of the 48 data seté? for IE coursega) 27 were supplied 22 courses surveygd“Not usually” (9%); “Yes, about
by respondents to our requests for data, of which &0 5% (23%); “Yes, weighting factor under 10%'(9%); No
were accompanied by a completed survey questionn@ye, Response, 9%. For the 11 courses for whchgrade incen-

2. Teaching to the test and test-question leakage
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tives were offered((g))g11=0.49+0.10sd, close to the av- [the same can be said for 19% of the 36 IE courses with
erage(g) for all the 48 IE courses of the survéyg))ess  ((9))<0.6]. It would thus appear that PER has produced
=0.48+0.14sd. Thus it seems doubtful that post-test gradevery positive results in the classroom.
incentive motivation is a significant factor in determining the For the 48 interactive-engagement courses of Fig. 1, the
normalized gain. ranking in terms of number of IE courses using each of the
As for the pre-test, grade credit is, of course, inappropriaténore _popular methods is—Collaborative Peer Instruction
but(g) can be artificially raised if students are not indutled (CPD™-"" 48 (all courseg Microcomputer-Based Labs
to take the pre-test seriously. All surveyed instructors an{MBL):>’ 35; Concept Test&. ggg)Modelmg._ ~719; Active
swered “Yes” to the survey form question “Do you think L€arning I;g(%blem SetALPS)™" or Overview Case Stud-
that your students exerted serious effort on the FCI preleS (OCS:™" 17; physics-education-research bas%c{?)tgz(t or
test?” Likewise, published reports of the courses not sur!0 text: 13; and Socratic Dialogue Ir;d)qu@pl) Labs™
veyed and my own knowledge of courses at Indiana suggesfs [For simplicity, courses combin&t into one “course”

that students did take the pre-test seriously. TO (8 coursey TO-C (5 coursep and IUpre935 courses
are counted as one course edcFhe ranking in terms of
5. Hawthorne/John Henry effects (Ref. 47) number of students using each method is—CPI: 444B

studenty MBL: 2704; Concept Tests: 2479; SDI: 1705;

These effects can produce short-term benefits associatgdCS/ALPS: 1101; Modeling: 885; research-based text or no
with (a) the special attentiofrather than the intrinsic worth text: 660.
of the treatmentgiven to a research test groddawthorne A detailed breakdown of the instructional strategies as
effecy, or (b) the desire of a control group to exceed thewell as materials and their sources for each of the 48 IE
performance of a competing test grolmhn Henry effegt  courses of this survey is presented in a companion aftiéle.
Such benefits would be expected to diminish when the treatfhe |E methods are usually interdependent and can be
ment is applied as a regular long-term routine to large nummelded together to enhance one another's strengths and
bers of subjects. Among IE courses, Hawthorne effectsnodified to suit local conditions and preferenm%eaoecially
should be relatively small for courses where IE methodseasy if materials are available electronicff}?%-349 so as
have been employed for many years in regular instruction fofo facilitate copying, pasting, and cutting\ll these IE strat-
hundreds of students: five 1994-5 courses at Monroe Conggies, having proven themselves to be relatively effective in
munity Collegé’ (N=169); four 1993-5 courses at Indiana large-scale pre/post-testing, deserve serious consideration
University’®3* (N=917); and three 1993-5 courses atby physics teachers who wish to improve their courses, by
Harvard® (N=560). For these 12 courséég))e,=0.54  physics-education researchers, and by designers of new in-
+0.10sd, about the same as {{g)) o= 0.51+0.10sd av- troductory physics coursé&®->°
erage of the 29 |IE coursdsxcluding the 7 atypical Lovg
coursey for which, on average, Hawthorne effects werev|l. SUGGESTIONS FOR COURSE AND SURVEY
more likely to have occurred. Students may well benefit frompMPROVEMENTS
the special attention paid to them in regular IE instruction
over the long term, but this benefit is intrinsic to the peda- Although the 48 interactive engagement courses of Figs.
gogy and should not be classed as a Hawthorne effect. | shall-3 appear, on average, to be much more effective than
not consider John Henry effects because any correction fdraditional courses, none is in the Highregion and some
them would only decreasgg))r14, and thus increase the are even in the Lovg region characteristic of traditional
difference((9))agie—{{9)) 147 - courses. This is especially disturbing considering the el-

Although no reliable quantitative estimate of the influenceemental and basic nature of the Force Concept Inventory and
of systematic errors seems possible under the present survddechanics Diagnostic test questionéMany instructors
conditions, arguments if1)—(5) above, and the general uni- refuse to place such questions on their exams, thinking that
formity of the survey results, suggest that it is extremelythey are “too simple.”® As indicated above, case
unlikely that systematic error plays a significant role in thestudie$”® of the Lowqg IE courses strongly suggest the
nearly two-standard-deviation difference observed in the avpresence of implementation problems. Similar detailed stud-
erage normalized gains df and IE courses shown in Eq. ies for Mediumg IE courses were not carried out, but per-
(20 and in Fig. 1.Thus we conclude that this difference sonal experience with the Indiana courses and communica-
primarily reflects variation in the effectiveness of the peda-tions with most of the IE instructors in this study suggest that

gogy and/or implementation. similar though less severe implementation problef@sc.
Il A) were common.
VI. IMPACT OF PHYSICS-EDUCATION RESEARCH Thus there appear to be no magic bullets among the IE

) ) ) treatments of this survey and more work seems to be re-
All interactive-engagement methods used in the surveyyired on both their content and implementation. As argued

courses were stimulated in one way or another by physicsnore trenchantly in Ref. 1@, this survey and other work
education researoPER**?and cognitive scienct:* It is suggests that improvements may occur through, @puse
significant that of the 12 IE courst'®2127230MO 54758 AE o0 4s inall components of a course atight inte-
that achieved normalized gaigs=0.60 (see Figs. 1 and)3  gration of all those component: (b) careful attention to
67% were taught at least in part by individuals who hadmotivational factors and the provision of grade incentives for
devoted considerable attention to PER as judged by theiaking IE activities seriously(c) administration of exams in
publication of peer-reviewed articles or books on that subjecivhich a substantial number of the questions probe the degree
[the same can be said for 48% of the 36 IE courses witlpf conceptual understanding induced by the IE methédjs;
({(9))<0.6]. It is also noteworthy that of the 12 IE courses inexpensive augmentation of the teaching/coaching staff by
with g=0.60, 42% utilized text&®52*54%hased on PER undergraduate and postdoctoral studéfits® (e) appren-
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ticeshipeducation of instructors new to IE methdtf&® (f) majors® and science-trained profession&isand (b) raise
early recognition and positive intervention for potential low- the appallingly low level of science litera®/® among the
gain student§? (g) explicit focus on the goals and methods general population. Progress toward these goals should in-
of sciencé®?% (including an emphasis on operational crease our chances of solving the monumental science-
definitiong 8133452 (1) more personal attention to stu- intensive problenf§~88 (economic, social, political, and en-
dents by means of human-mediated computer instruction imironmenta) that beset us, but major upgrading of physics
some area&*%® (i) new types of course¥'9*° (j) advances education on a national scale will probably requité the
in physics-education research and cognitive science. Moreooperation of instructors, departments, institutions, and pro-
generally, aredesign procesgdescribed by Wilson and fessional organizatiorf€,(2) long-term classroom use, feed-
Davis$® and undertaken in Refs. 34 and)&f continuous back, assessment, research analysis, and redesign of
long-term classroom use, feedback, assessment, researafiteractive-engagement methds.
analysis, and revision seems to be required for substantive
educational reform.

Standards and measurement are badly needed in physis€ KNOWLEDGMENTS
educatiofi® and are vital components of the redesign process.
In my view, the present survey is a step in the right direction This work received partial support from NSF Grant No.
but improvements in future assessments might be achievddUE/MDR9253965. My deepest gratitude goes to those
through(in approximate order of ease of implementaji¢h teachers who supplied the invaluable advice, manuscript sug-
standardization of test-administration practit®® (2) use gestions, and unpublished data which made this report pos-
of a survey questionnaif®® refined and sharpened in light sible [see Ref. 17) for details of their worf Albert Alt-
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dardized tesf®10:50a-©.579) py individual instructors so as Bernadette Clemens-Walatka, Paul D'Alessandris, Randall

to monitor the learning of their studentg) observation and Knight, Priscilla Laws, Cherie Lehman, Erlc,Mazur, Roger
analysis of classroom activities by independent evaluaMills, Robert Morse, Piet Molenaar, Tom O’Kuma, Gregg
tors®@ (5) solicitation of anonymous information from a Swackhamer, Lou Turner, Alan Van Heuvelen, Rick Van
large random sample of physics teachdfy; development Kpoten, Mojtaba \_/azarl, W|II|am_Warren, and' Paul thze?
and use of new and improved versions of the FCI and MBVItZ. | have benefited from additional suggestions by Amit
tests, treated with the confidentiality of the MCA®(7) use ~ Bhattacharyya, Emie Behringer, Sister Marie Cooper, Steve
of E&M concept test&? and questionnaires which assess stu-Gottlieb, Ibrahim Halloun, John Hardie, David Hammer,
dent views on science and learnifigand (8) reduction of ~Charles Hanna, David Hestenes, Don Lichtenberg, Tim
possible teaching-to-the-test influence by drawing test qued-0nd, Joe Redish, Rudy Sirochman, Steve Spicklemire, Ri-
tions from pools such that the specific questions are unchard Swartz, Jack Uretsky, and Ray Wakeland. | thank two
known to the instructof® discerning AJP referees for constructive criticism which con-
siderably improved the manuscript. This work would never
have been completed without the encouragement and counsel
of Arnold Arons, David Hestenes, William Kelly, and Ray

Fourteen traditional T) courses K=2084) which made Hannapel.
litle or no use of interactive-engagemeflE) methods ) ) )
aE|ectronic mail: hake@ix.netcom.com

achieved an average ga(rzig>>14T=0_.23tO.04. In Shar? Y(a) I. Halloun and D. Hestenes, “The initial knowledge state of college
contrast, 48 IE coursedN( 4458) which made substantial physics students,” Am. J. Phy§3, 1043-10551985; corrections to the

use of IE methods achieved an average g&ig))ase Mechanics Diagnostic test are given in Ref. {#);“Common sense con-
=0.48+0.14. It is extremely unlikely that systematic errors CePts about motion,ibid. 53, 1056—-10651985.

T . .. 2A. B. Arons, A Guide To Introductory Physics Teachirfg/iley, New
pIay a S|gn|f|cant role in the nearly two-standard-deviation York, 1990; reprinted with minor updates ifieaching Introductory Phys-

difference in the normalized gains of tiieand IE courses. ics (Wiley, New York, 1997. The latter book also contairfdomework

A plot of average course scores on the Hestenes/Wellsand Test Questions for Introductory Physics Teactiijey, New York,
problem-solving Mechanics Baseline test versus those on thel994 along with a new monograph “Introduction to Classical Conserva-
conceptual Force Concept Inventory show a strong positive/ion Laws.” o
correlation with coefficient = +0.91. Comparison of IE and F. Reif, “Educational Challenges for the University,” Scient®4, 537—

. i L 542 (1974; “Scientific approaches to science education,” Phys. Toda
traditional courses implies that IE methodsnhance 39(1(1) 43—54(1986. PP ’ ’

problem-solving ability. . “D. Hestenes, “Wherefore a Science of Teaching,” Phys. Teagh235-
The conceptual and problem-solving test results strongly 242(1979.
suggest thathe use of IE strategies can increase mechanics->J- Clement, “Students’ preconceptions in introductory mechanics,” Am. J.

course effectiveness well beyond that obtained with tradi-,Pys-50 66-71(198. ,
tional methods M. McClosky, “Intuitive Physics,” Sci. Am.2484), 122—130(1983.

L. C. McDermott, “Research on conceptual understanding in mechanics,”

Phys. Today37(7), 24—32(1984).

EPILOGUE 8R. R. Hake(a) “Promoting student crossover to the Newtonian world,”

Am. J. Phys.55, 878-884(1987; (b) “My Conversion To The Arons-

This survey indicates that the strenuous recent efforts toAdvocated Method Of Science Education,” Teach. Edg(@), 109-111

reform introductory physics instruction, enlightened by cog- 9(19913- )

nitive science and research in physics education, have showr? D: Hestenes, M. Wells, and G. Swackhamer, “Force Concept Inven-

very positive results in the classroom. However, hi%Tg; tory,” Phys. Teach30, 141-158(1992. The FClI is very similar to the

— . earlier Mechanics Diagnostic test and pre/post results using the former are
suggests the possibility that such efforts may have little last- ey similar to those using the lattefty) I. Halloun, R. R. Hake, E. P.

ing impact. This would be most unfortunate, considering the mosca, and D. Hestenes, Force Concept InventBiised, 1995in Ref.
current imperative to(a) educate more effective science 29b); (c) Gregg Swackhamefprivate communication, April 96

VIIl. SUMMARY AND CONCLUSION
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